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Preface

Molecular biomimetics is an emerging active field and important frontier with
interdisciplinary subjects of chemistry, physics, molecular biology, and nanotech-
nology. Taking lessons from biology, molecular biomimetic is the attempt to
construct new highly ordered supramolecular structures through artificial molecule
design and assembly at molecular level, which mimic the structures and functions
of a unit or organ in biological systems. It is based on the fact that many
biomolecules or bioactive molecules like polysaccharides, lipid, peptide, proteins,
and dendrimers can self-assemble into well-defined structures and further to a
supramolecular architecture while combining with other organic, inorganic, or
metal oxide compounds. The molecular biomimetic approach opens up new
avenues for the design and utilization of multifunctional molecular systems with a
wide range of applications in nanotechnology and biotechnology.

In this book, we present recent achievements in biomimetic systems based on
supramolecular chemistry and their potential applications in the biomedical field.
These include biomimetic membranes, biomacromolecules supramolecular
chemistry, hierarchical organic/inorganic hybrid systems, and molecular assembly
of motor proteins. We will show our readers the exciting challenges in this unique
research area and we hope to convince them of many new research opportunities.

I fell honored to edit this book. I would like to sincerely acknowledge every
contributors who have accepted my invitation and taken much time to write the
chapters. Dr. Yi Jia has spent a lot of time to organize every chapters and revise the
entire book Figures and Tables. She shall be also deeply acknowledged. I am also
grateful to all help from the surrounding students.

Beijing, China Junbai Li
April 2017
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Chapter 1
Molecular Biomimetics and Molecular
Assembly

Junbai Li

Abstract Molecular biomimetics is mimicking the structures and functions of
biological systems at the molecular scale via molecular assembly of biomolecules
or synthetic components. It not only provides experimental models for guiding
researches on biological mutation and evolution in organisms, but also opens up
new avenues for the design and fabrication of novel functional materials. In this
chapter, main contents of individual chapters are briefly introduced to give readers
an overview of this book.

Keywords Molecular biomimetics � Layer-by-layer assembly � Self-assembly �
Biomimetic membranes � Biomacromolecules � Motor proteins � Dendrimer �
Polyoxometalates

Biological systems have evolved over millions of years to adapt to nature and
develop highly fascinating structures and outstanding performances. Biomimetics,
inspired by biological structures and their functions, focused on emulating or
duplicating biological systems using biomolecules or synthetic components via
diverse approaches. With the rapid developments of molecular biology and nan-
otechnology, biomimetics is now entering the molecular scale, that is, molecular
biomimetics. The capability of biological molecules to self- and co-assemble into
highly ordered nanostructures provides molecular assembly with a novel approach
in which well-defined structures and biological functions similar to those existing in
nature are produced. Thus, molecular assembly of biomimetic systems opens up
new avenues for the design and fabrication of well-defined nanostructures and
multifunctional materials with a wide range of applications in nanotechnology and
biomedicine. A major advantage of molecular assembly of biomimetic systems is
that both biochemical and physical parameters can be controlled precisely.

J. Li (&)
Beijing National Laboratory for Molecular Sciences, CAS Key Laboratory
of Colloid, Interface and Chemical Thermodynamics, Institute of Chemistry,
Chinese Academy of Sciences, 100190 Beijing, China
e-mail: jbli@iccas.ac.cn

© Springer Nature Singapore Pte Ltd. 2017
J. Li (ed.), Supramolecular Chemistry of Biomimetic Systems,
DOI 10.1007/978-981-10-6059-5_1
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Therefore, it is feasible to utilize biomimetic systems as experimental models for
guiding research on biological mutation and evolution in organisms. More
importantly, biomimetics is not limited to just copying nature, with the develop-
ment of modern biology, scientists can directly utilize biological units themselves to
construct new types of systems sometimes as hybrid nanostructured materials. As
will be illustrated in this book, natural molecular machines such as motor proteins
are integrated into the engineering of active biomimetic systems, as well as the
construction of artificial molecular machines via molecular assembly of synthetic
components.

This book covers practical techniques and potential applications of biomimetic
systems based on supramolecular chemistry. It also presents the advantages and an
overview of supramolecular chemistry of biomimetic systems that consists of the
following four topics covered in individual chapters.

1.1 Nanoarchitectonics of Biomimetic Membranes

Biomembranes are key components in biological systems that are composed of
proteins, lipids, and polysaccharides. They form the natural boundary between cells
to separate inner components from outer environment. The interactions between
biomembranes and various biomolecules play an important role in many biological
processes, including molecular recognition, signal transfer and so forth. Investigation
of these processes requires constructing artificial model membranes. Fortunately, as
one of the most important assembly strategies, molecular biomimetics will be the
optimal method, which have great implications in exploring membrane materials and
intensifying membrane processes.

In Chap. 3, we primarily focus on nanoarchitectonics of biomimetic membranes
and introduce various examples of nanoarchitectonics approaches for bio-related
thin films and membranes, including two-dimensional biomimetic membrane
(molecular recognition, receptor tuning, and nanomaterial film for life control) and
layer-by-layer biomimetic membrane (bioreactor, hierarchic assembly, sensing, and
drug delivery).

1.2 Biomacromolecules Based Molecular Assembly

Self-assembly of biological building blocks has attracted increasing attention due to
their biocompatibility, biodegradability, functional versatility, easy available for
bottom-up fabrication, and widespread applications. Many biomolecules including
polysaccharides, peptides, and proteins can interact and self-assemble into highly
ordered supramolecular architectures with functionality. The self-assembly process
is achieved through synergistic effects of some weak noncovalent interactions such
as hydrogen bonding, electrostatic interaction, hydrophobic forces, p–p stacking
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interactions, chiral dipole–dipole interactions, and so on. Therefore, the precise
control of supramolecular architectures and performances could be easily achieved
by changing the concentration, solvents or adding functional molecules. These
biomolecules-based assemblies have potential applications in both biological and
nonbiological areas, including drug delivery, blood substitutes, bioseparation,
biosensors, photocatalysis, as well as functional templates for nanofabrication.

In Chaps. 4–6, we mainly describe the molecular assembly of polysaccharides
and proteins. Layer-by-layer assembled polysaccharides and proteins
multilayers/microcapsules were constructed via different driving forces (electrostatic
interaction, hydrogen bonding, covalent bonding, etc.). Layer-by-layer assembly
technique provides these multilayers/microcapsules with engineered features
including sizes, shape, thickness, composition and permeation. The applications of
these biomacromolecules-based multilayers/microcapsules in drug delivery, blood
substitutes, biosensors and photoelectrochemical cells were addressed.

In Chap. 7, we present the controlled self-assembly of aromatic dipeptides and
the modulation of the self-assembled nanostructures. Besides, the co-assembly of
aromatic dipeptides with other functional molecules and materials, including por-
phyrins, azobenzenes, photosensitizers, polyoxometalates, quantum dots, and glu-
taraldehyde, were discussed. Finally, we highlight the applications of peptide-based
nanomaterials in the areas of biomimetic photosystem, photocatalysis, and
biomedicine.

In Chap. 8, we summarized the recent advances in self-assembly based surface
modification of different guest substances on the surfaces of cellulose nanofibers of
bulk natural cellulose substances for the preparation of functional nanomaterials as
well as their related applications. Versatile guest substrates such as metal oxide,
nanoparticles, small molecules, polymers, biomacromolecules, and sp2-hybridized
carbons were employed for the self-assembly approaches, yielding various nanos-
tructured materials with diverse applications.

1.3 Molecular Assembly of Motor Proteins and Artificial
Micro/Nanomotors

Motor proteins or molecular motors are active proteins that abound in biological
cells, which could transform chemical energy into mechanical work. They play
essential roles in the activities of cells and regulate specific functions through their
stimuli–responsive mechanical motions. Molecular motors can be divided into two
categories: linear molecular motors (myosin, kinesin, dynein, etc.) and rotary
molecular motors (FoF1-ATP synthase, bacterial flagella). Linear motors myosin
drive muscle contraction and kinesin or dynein transport vesicles from one end of the
cell to the other. All of these linear motors are supplied by biological energy through
the hydrolysis of the universal ‘‘fuel’’ molecule, adenosine 5′-triphosphate (ATP).
The rotary molecular motor FoF1-ATP synthase (or FoF1-ATPase) is responsible for
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the catalytic synthesis of ATP molecules in biological organisms. Therefore, the
integration of natural molecular machines such as motor proteins into active bio-
mimetic systems is of great importance that has great implication in biological
process and has great potential as smart multifunctional micro/nanodevices.

In Chap. 9, we present a general view of myosin family and focus on the
structure, function, and regulation of three myosins, i.e., smooth muscle myosin-2
(SmM), myosin-5 (Myo5), and myosin-19 (Myo19).

InChap. 10,we introduced howbiomimetics can be applied to the reconstitution of
FoF1-ATPase in artificial systems and explored their biomimetic performance in vitro.
Several functional components, such as actin filaments, metal nanoparticle/nanorods,
dimeric particles and DNA double-strand linked gold nanorod were employed to
couple with FoF1-ATPase to perform special task or act as biosensors. The reconsti-
tution of FoF1-ATPase in liposomes, layer-by-layer assembled protein or
polymer-based microcapsules was particularly stressed and their application in the
synthesis of ATPwas demonstrated.Moreover, the controlled synthesis of ATP could
be easily modulated by external fields and these biomimetic systems can serve as a
smart container for the storage and release of the synthesized ATP.

Although biological motors are capable of complex and intricate functions, a key
disadvantage of their application in vitro arises in their inherent instability and
restrictions in their operational conditions. By contrast, wholly synthetic systems
can tolerate much more harsh conditions than biological motors and offer consid-
erable advantages in the development of smart micro/nanodevices.

In Chap. 11, we introduced the recent progress on the fabrication and regulation
of synthetic micro-/nanomotors based on the controlled molecular assembly
(especially layer-by-layer assembly) assisted by several “top-down” technologies.
Diverse functional components, such as biomacromolecules, metal nanoparticles
(nanoshells or layers) were employed as building blocks and were incorporated into
the assemblies. The potential applications of the self-assembled micro-/nanomotors
in biomedical fields, such as targeted delivery and remotely controlled release of
drugs as well as the photothermal therapy of cancer cells were demonstrated.

1.4 Hierarchical Dendrimer, Polyoxometalates Complexes
and Inorganic-Organic Hybrid Systems

Dendrimers, also known as cascade, cauliflower, or starburst polymers are booming
in recent years because of their unique structures and properties. They are a class of
highly branched, monodispersed, multivalent, synthetic macromolecules with
abundant terminal functional groups. They have significant advantages over other
polymers due to their well-defined structure, possibility of facile surface modifi-
cation, and capacity of entrapping diverse molecules or nanoparticles. High gen-
eration dendrimers exhibit three-dimensional spherical structure with their sizes and
physicochemical properties resembling those of biomolecules, e.g., proteins,
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therefore they are often referred to as ‘artificial proteins’. All these merits enabled
them an excellent building block for molecular biomimetic systems.

Poly(amidoamine) (PAMAM) dendrimers are the first complete dendrimer family
to be synthesized, characterized and commercialized. In Chap. 12, we review some
recent advances made in multifunctional poly(amidoamine) dendrimer-based
nanoparticles for gene delivery applications. The surface amine groups of poly
(amidoamine) dendrimers were conjugated with functional molecules (hydrophobic
moieties, b-cyclodextrin, polyethylene glycol, etc.) and targeting ligands (folic acid,
arginine-glycine-aspartic peptide), while the unique interior of dendrimers were
employed to entrap metal nanoparticles. These modifications render the
dendrimer-based vectors with the ability for targeted and enhanced gene delivery,
including pDNA and siRNA delivery.

Polyoxometalates (POMs) are a type of inorganic polyanionic clusters bearing
well-defined topologic architecture that are comprised of transition oxo-metalates.
The framework structures and compositions of polyoxometalates can be modulated
widely through simple chemical synthesis. Due to their negatively charged features,
active oxygen atoms, various dimensions, acidity and so forth, POM clusters
provide various binding modes with metal ions and organic groups closing to
biological nanostructure surfaces through hydrogen bonding, coordination, and
electrostatic interaction, etc., which make them vigorous candidates for biological
utilizations.

In Chap. 13, we first present a brief introduction about POMs’ structures and
fundamental properties, and then we discuss the interaction of POMs with amino
acids, peptides and proteins, the cocrystallization of proteins with the help of
POMs, the inhibitory effect of POMs on enzymes and some diseases, the mimetic
enzyme functions of POMs for hydrolysis of peptides and proteins, the antiviral,
antibacterial and antitumoral activity of POMs, and their bio-imaging features.

In Chap. 14, we present an overview of supramolecular architectures formed by
nanoengineered polyoxometalates, including the layer-by-layer assembled POMs
multilayer thin films, self-patterning porous films composed of POMs-based giant
vesicles, onion-like structures formed by a fullerene C60-POM hybrid and
self-assembled honeycomb films of hydrophobic surfactant-encapsulated POMs at
air/water interface, as well as the promising applications of those films.

1 Molecular Biomimetics and Molecular Assembly 7



Chapter 2
Advantages of Self-assembled
Supramolecular Polymers Toward
Biological Applications

Michal Halperin-Sternfeld, Moumita Ghosh
and Lihi Adler-Abramovich

Abstract Supramolecular self-assembly provides ameans of achieving “bottom-up”
fabrication of nanoscalematerials. Theirmechanical properties and functionality arise
from the assembly of relatively simple molecular building blocks. These materials
have selective affinity to different interfaces, high capacity for interfacial adsorption,
nanostructure, and spontaneous formation of unique nano-self-assemblies which
exhibit remarkable simplicity and biocompatibility. Due to these attractive features,
supramolecular nanostructures, particularly peptide-based, have recently been
explored as effective nanomaterials in applications ranging from controlled release
and drug delivery, nano-fabrication, skin care, biomineralization, sensing, antimi-
crobial materials, and tissue engineering. This range of applications is facilitated by
the diverse primary sequences of the short peptides, which can be either biomimetic or
de novo designed. Thus, their self-assembling mechanistic processes and nanos-
tructures also vary enormously. This chapter highlights recent advances in studying
self-assembled peptide systems, focusing on the formation of different nanostructures
and their applications in diverse fields.

Keywords Self-assembly �Hydrogel � Peptides �Nanostructures � Supramolecular
polymers

List of Abbreviations

SAP Self-assembling peptide
CPTNs Cyclic peptide nanotubes
CPs Cyclic peptides
PAs Peptide amphiphiles
RGD Arginine–glycine–aspartic acid
CryoTEM Cryogenic transmission electron microscopy
CMC Critical micelle concentration

M. Halperin-Sternfeld � M. Ghosh � L. Adler-Abramovich (&)
Department of Oral Biology, The Goldschleger School of Dental Medicine,
Sackler Faculty of Medicine, Tel Aviv University, Tel Aviv 69978, Israel
e-mail: LihiA@tauex.tau.ac.il

© Springer Nature Singapore Pte Ltd. 2017
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DOX Drug doxorubicin
CPP Cell penetrating peptide
GQDs Graphene quantum dots
FF Diphenylalanine
Fmoc Fluorenylmethoxycarbonyl
Boc-FF Tert-Butyloxycarbonyl-diphenylalnine

2.1 Introduction

2.1.1 Self-assembly in Nature

Nature endows intricate mysteries regarding biologic processes underlying the
formation of a wide variety of complex biological structures. Thus, it has been our
greatest “teacher” of all times. Do we ever think of what it takes to turn an egg to an
entire animal? Or how a densely packed group of hexagonal cells comprise multiple
honeycombs parallel to each other, with a relatively uniform bee space? How does a
seed turn into a single tree and the trees to a forest? Or how do sand grains
collectively form a sand-dune or a desert? How, depending on different environ-
mental circumstances, can simple water molecules take the form of rain to ocean,
ice cube to iceberg, steam to cloud, and super-cooled cloud droplets freezing into
magnificent snowflakes?

Nature accomplishes all these phenomena with high level of precision and
complexity. It offers “bottom-up” nano-fabrication, constructing materials atom by
atom or molecule by molecule to produce beautiful supramolecular self-assembled
architectures. Self-assembly is a ubiquitous process in biology where it plays
numerous important roles and underlies the formation of a wide variety of complex
biological structures. Phospholipid molecules spontaneously arrange themselves in
exceptionally ordered structures to form cell membranes and compartmentalization
of elements within these membranes, a process which has probably led to the
foundation of cells and thus to “LIFE.” Protein folding, the formation of DNA
double helix, morphogenesis, etc., are some of the most complex, spontaneously
formed self-assembled systems. One of the easiest modes of understanding the
intricacies of living systems is to explore their components. The basis underlying
such processes lies in the tendency of single units to interact with each other to
create a unique, complex, but highly organized system.

Over the past two decades, materials scientists have aspired to exploit nature’s
self-assembly principles to develop biomimicking systems. Toward this goal, both
biological and synthetic building blocks have been subject of extensive research. In
fact, molecular self-assembly has become increasingly important for the develop-
ment of biomaterials as it offers a great platform for constructing materials with
high level of precision and complexity, while integrating order and dynamics, to

10 M. Halperin-Sternfeld et al.



achieve functions such as stimuli-responsiveness, adaptation, recognition, transport,
and catalysis. The importance of peptide self-assembling building blocks has been
recognized in the last years, as they offer a great diversity of biochemical (speci-
ficity, intrinsic bioactivity, biodegradability) and physical (small size, conforma-
tion) properties to form self-assembled structures with different molecular
configurations.

This chapter provides an overview of the design principles of peptide
self-assembly and illustrates how these principles have been applied to manipulate
self-assembly across the scales. Applications of self-assembling peptides as
nanobiomaterials, including carriers for drug delivery, hydrogels for cell culture and
tissue repair, are also described.

2.1.2 Self-assembly and Supramolecular Chemistry

Molecular self-assembly is a spontaneous organization of molecular units into
ordered structures [1]. The assembly process is facilitated by recognition and
association of molecules, controlled by the balance of attractive and repulsive
forces within and between them, leading to weak non-covalent intra- and inter-
molecular interactions including Van der Waals, electrostatic, hydrogen bonding,
and p–p stacking interactions [2, 3]. Together, these weak interactions form the
basis for fabrication of very stable supramolecular architectures and bio-inspired
nanomaterials with chemical complementarity and structural compatibility [4]. The
arrangement of the nanostructures depends on molecular composition, assembly
kinetics, and variations in the assembly environment (pH, solvent, co-assembling
molecules, temperature, and ionic strength) [5, 6].

Self-assembly underlies the generation of many biological nanostructures. DNA
double helix formation through hydrogen bonding interactions between nucleotide
bases, formation of tertiary or quaternary protein structures through folding of a
polypeptide chain, and the formation of cell membranes upon self-assembly of
phospholipids are some of the most straight-forward and extensively studied
self-assembled structures in a biological system.

The understanding of the spontaneous molecular self-assembly process, along
with advances in the design and characterization of such self-organization princi-
pals in molecular engineering, have led to the fabrication of new materials using
natural building blocks, such as phospholipids, oligosaccharides, oligonucleotides,
proteins, and peptides. Amongst the wide variety of molecules often used in this
nanotechnology field, several unique properties make peptides, peptide derivatives
and proteins particularly attractive building blocks for the construction of
supramolecular materials. First, they display an inherent ability to self-organize into
well-defined structures. Second, they can deliver potent and selective biological
signals to cells, thus enabling to manage varying cellular responses. Third, they can
be fabricated by a number of means, including solid- and liquid-phase chemistry,
biocatalysis, metabolic engineering, and recombinant expression biotechnologies.

2 Advantages of Self-assembled Supramolecular Polymers Toward … 11



Peptide chemistry is well-established, highly reproducible, and allows easy incor-
poration of non-peptidic moieties [7, 8]. In other words, peptides are easily
accessible not only to chemists, but also to biologists, biochemists, and materials
scientists who may not be capable of overcoming the synthetic challenges posed by
other non-peptidic small molecules. Peptides thus seem ideal candidates for bio-
logical applications.

Self-assembling peptide (SAP) systems involve synthetic scaffolds capable of
presenting multiple cell-interactive components in spatially resolved networks via
supramolecular self-assembly. In addition, peptides have become known as
immensely useful building blocks for the formation of self-assembled nanostruc-
tures in medical applications due to their biocompatibility, biodegradability, and
versatility. They can be used for drug delivery, tissue engineering, scaffolds for
regenerative medicine, matrices for cell cultures, antimicrobial agents, imaging
tools, energy storage, biomineralization, and membrane protein stabilization. These
applications employ self-assembled peptides with bioinspired nanostructures
showing different properties, including nanotubes, nanofibers, nanospheres, nano-
belts, and hydrogels. A number of peptide-based building blocks, such as amphi-
philic peptides, surfactant-like oligopeptides, and aromatic dipeptides, have been
designed and developed for generating supramolecular structures and their possible
applications in biology and nanotechnology are explored. SAP systems are also
capable of displaying functional amino acid sequences or chemical groups on the
surface of their self-assembled fibers and these peptides can also serve as anchors
for different ligands.

2.2 Supramolecular Materials

2.2.1 Cyclic Peptide Nanotubes

2.2.1.1 Design of Cyclic Peptide Nanotubes

In recent years, considerable effort has been devoted to the preparation of artificial
nanotubular materials. One of the most successful approaches for the construction
of non-covalently bonded nanotube entities is the self-assembly of cyclic
polypeptides in stacks that are stabilized by hydrogen bonds.

In 1993, cyclic peptide nanotubes (CPTNs) were presented as a new class of
organic nanotubes in a pioneering work by Ghadiri et al. CPTNs form hollow tubular
nanostructures by self-assembly containing even numbers of alternating D- and
L-amino acids [9]. This unique architecture results in flat ring-shaped subunits
stacked together into a b-sheet conformation through intermolecular hydrogen bonds.
The closed cycle and the alternating D- and L-conformations direct the side chains
outward of the ring and the backbone amides approximately perpendicular to the
ring’s plane. The internal diameter of the nanotubes ranges between 7 and 8Å and can
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be controlled by changing the number of the amino acids in the cyclic peptide
sequence. By tailoring the chemical structure of the cyclic peptide moieties, the
self-assembled supramolecular architectures can be adjusted to meet the requirements
of a variety of applications, including antibacterial agents, stimuli-responsive
nanomaterials, ion channeling, and ion sensing.

2.2.1.2 Application of Cyclic Peptide Nanotubes

(1) Antimicrobial agents

CPNTs have been of particular interest as antibacterial agents [10, 11]. They act on
bacterial membranes and other generalized targets, thus making bacterial resistance
unlikely [12]. The mechanism of their antibacterial activity includes binding to the
target membrane, in which they transform their structure [13, 14]. At a certain
threshold concentration, CPNTs permeabilize the membrane, either by forming a
discrete pore or by disrupting the bilayer structure [15]. Membrane selectivity, a
major requirement for antimicrobial materials, was assessed by subjecting the cyclic
peptide to a hemolysis assay.

The antibacterial activity of CPNTs is governed by several factors including the
ring size of the cyclic peptide being either six or eight amino acids, the type of
amino acids composing in the peptide, and the type and number of basic amino
acids in the peptide sequence [16].

In one early example, Ghadiri’s group showed that octameric or hexameric
alternating D,L-CPNTs cause permeabilization of the bacterial membrane, thereby
showing antimicrobial activity [17]. Selective activity against gram positive
(S. aureus, MRSA) or gram negative (E. coli) bacteria compared to mammalian
cells was demonstrated. They also established that control peptides comprising
linear sequences did not have antibacterial activity when compared to their cyclic
counterparts [17]. In addition, hexameric cyclic peptides were shown to be less
effective antibacterial materials than octameric CPNTs. They also found that
increasing the number of basic residues in the cyclic peptide increased the
antibacterial activity, while switching the chirality of the basic amino acids had no
significant effect on either antibacterial or haemolytic activity. Introduction of
histidine as a basic residue in the hexa- or octameric cyclic peptide, however,
resulted in a loss of broad-spectrum antibacterial activity, along with an increase in
haemolytic activity, and thus loss of membrane selectivity. In a recent study, the
cyclic peptide Labaditin was proven as highly efficient in killing S. aureus. With
assays of membrane permeability, it was found that Labaditin induced leakage in
large unilamellar vesicles, via formation of pores [11].

(2) Ion channels

The ability of cyclic peptides to integrate into lipid bilayers and disrupt membranes
makes them suitable for ion channeling [18]. Ghadiri’s group elaborated this fact
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and have constructed artificial ion channel models that exploit the self-assembly of
conformationally flat cyclic peptides (CPs) into supramolecular nanotubes [19].
They have also designed a cyclic peptide nanotube based on eight amino acids
which was shown to serve as an artificial transmembrane ion channel and display
transport activities for potassium and sodium [20]. The peptide incorporated leucine
and tryptophan residues to favor its partitioning into lipid bilayers. The pores
formed spontaneously upon addition of the peptide to an aqueous liposome dis-
persion. Single-channel conductance and proton efflux (pH-sensitive dye fluores-
cence) confirmed the presence of ion channels [20]. Another cyclic peptide
composed of cyclo[-Trp-Dap-Leu-D-Ala-Trp-Ser-Val-D-Ala-Trp-Ser-Ile-Gly-] was
found to be capable of forming artificial transmembrane ion channels by
self-assembly of planar peptide rings, with hydrophilic groups arrayed in the
interior of the channel [21].

(3) Ion sensors

The self-assembly of cyclic peptides into tubular channels in organosulfur
self-assembledmonolayers on goldfilms enables the construction of diffusion-limited
size-selective sensors [22], which have been used to probe redox ion complexes in
solution. Through measurements of redox activity, Motesharei and Ghadiri showed
that negatively charged [Fe(CN)6]

3− and positively charged [Ru(NH3)6]
3+ complexes

were able to traverse the channel lumen. However, upon the addition of the larger
[Mo(CN)8]

4− anion, no redox activity was observed. In addition, selectivity was
confirmed when a mixture of [Fe(CN)6]

3− and [Mo(CN)8]
4− was added to

self-assembled monolayers [22]. In the recent works, a new self-assembly process
based on an a,c-cyclic peptide was utilized to design molecular rotors ion sensors
[23]. In another study, a phosphorylated cyclic peptide was used as a fluorescent
sensor for the detection of uranyl ions with high selectivity and sensitivity [24].

(4) Gene delivery

CPNTs have been used as dose-dependent inhibitors of adenovirus mediated gene
delivery. Horne et al. showed that the designed cyclic D,L-a-peptides can rapidly
permeate selected cellular membranes and counteract the development of a low pH
environment inside endosomes [25]. The CNPTs could potentially prevent aden-
ovirus infection, thus showing potential supramolecular approach toward the design
and discovery of broad-spectrum antiviral agents.

(5) Responsive supramolecular polymers

The transition between intermolecular and intramolecular dimerization could be
controlled using N-methylated peptides covalently linked together with an
azobenzene linker. Upon irradiation at 366 nm, the azobenzene switches from the E
to the Z isomer, leading to a switch from intermolecular dimers, which form a
supramolecular polymer, to discrete intramolecular dimers [26]. Steinem et al.
reported that the supramolecular polymers undergo reversible structural changes at
the air–water interface upon UV or visible light irradiation. Such changes could
provide a new route toward the design of novel photoactive materials [27].
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2.2.2 Peptide Amphiphiles

Peptide amphiphiles (PAs) are composed of oligopeptides consisting of an
N-terminal alkyl tail, a b-sheet-forming central segment, and a C-terminal func-
tional segment representing a flexible platform for incorporating a variety of dif-
ferent molecular features [28]. These molecules generally assemble into high aspect
ratio rods/cylinders with a hydrophobic core consisting of 12–16 carbon alkyl tails
and the peptide presented radially from the core. Formation of rods by PAs is driven
by a combination of both the hydrophobic interaction between the alkyl tails and
the hydrogen bonding of the peptides, hence providing a b-sheet conformation [2].
PAs have been designed with increasingly complex and bulky functional domains
such as fluorophores, branched with two arginine–glycine–aspartic acid
(RGD) ligands or one YIGSR and one IKVAV ligand, cyclic RGD ligands, and
others [28]. Stability can be provided by modifying the N-terminal alkyl by the
inclusion of diacetylene groups, whereas flexibility has been demonstrated by
incorporating proteolytically susceptible amino acid sequences in the central por-
tion of the PAs [29]. The rigidity of the rods can also be altered by the addition of a
phospholipid. A low percentage of phospholipids allows the rheological properties
of the gel to be altered with a slight increase in the mechanical properties, possibly
due to a more optimal geometry of interactions between PA molecules for hydrogen
bonding [30]. Thus PAs, owing to their predictable self-assembly, their ease of
synthesis, and their capacity for incorporating a wide variety of functional com-
ponents and mechanical properties, have been used for a number of interesting
applications.

Stupp and coworkers have developed a series of lipid-peptide molecules com-
prising a hydrocarbon chain (e.g., palmitoyl) covalently attached to an amphiphilic
peptide (e.g., VnAnEn) which is able to form b-sheet-rich supramolecular struc-
tures. When dispersed in water, these PAs formed hydrogels at concentrations as
low as 1% (w/v) in the presence of calcium ions that triggered gelation through
charge screening. Interestingly, these PAs kept their hydrogel-forming capacity
even after covalent conjugation of dexamethasone or prodan to the peptide moieties
via acid-cleavable hydrazone bond [31, 32]. This feature makes these PAs a ver-
satile system for sustained release of a wide range of medicines. While in most
cases, PAs were utilized for drug delivery in hydrogel forms, in a recent study, PA
fibers conjugated to a collagen binding peptide showed promising results for tar-
geted delivery to an injured artery via systemic administration following vascular
intervention. Importantly, findings indicated that applying the specific targeting
ligands in combination with fibrous morphology was crucial to get the optimal
binding at the site of interest in the vasculature [33].

Recently, Deshmukh et al. have shown the role of water molecules in the
dynamic equilibrium of micelle-fiber formation in self-assembly of PAs [34]. The
various stages of self-assembly from micelles, fibers, and bundled fibers take place
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at a particular time scale (Fig. 2.1a), thus providing extensive insights into early
fiber formation and the role of solvent in the process of self-assembly [34].
Moreover, the ability of the fibers to structurally adapt to bind important bioactive
targets was recently demonstrated [35]. PA molecules formed nanofibers in water,
with a diameter of approximately 7 nm and lengths in the range of micrometers, as
observed by cryogenic transmission electron microscopy (CryoTEM; Fig. 2.1b–c).
Amphiphiles were fluorescently labeled with Cy3 and Cy5 fluorophores and the
distribution of dyes integrated into initially single-color nanofibres was quantified
using correlative image analysis. Fluorescently labeled nanofibers revealed similar
morphology to that of non-labeled counterparts, as shown by cryoTEM (Fig. 2.1d).
Diffraction-limited fluorescence microscopy images of Cy3- (Fig. 2.1e) and
Cy5-labeled (Fig. 2.1f) PA nanofibers show similar morphology.

Fig. 2.1 Peptide amphiphiles self-assemble into various morphological structures. a Schematic
representation of the various stages involved in PA self-assembly with the timescale denoted in
blue (Reprinted with permission from Ref. [34]. Copyright 2016, Macmillan Publishers Limited,
part of Springer Nature. b Molecular structure of non-labeled PA and PA molecules labeled with
photo-switchable sulfonated cyanine dyes, namely Cy3 (green) and Cy5 (red). c–d CryoTEM
images of nanofibres self-assembled in 150 mM NaCl, pH 7.5, c from non-labeled PA alone and
d from a molecular mixture of non-labeled and Cy5-labeled PAs (scale bar, 200 nm).
e–f Diffraction-limited fluorescence microscopy images of Cy3- (e) and Cy5- (f) labeled PA
nanofibres (scale bar, 1 mm) (Reprinted with permission from Ref. [35] Copyright 2016, Nature
Publishing Group, Macmillan Publishers Limited)
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2.2.3 Surfactant-Like Peptides

Surfactants are defined as materials that can greatly decrease the surface tension of
solvents when used at very low concentrations [36]. A typical surfactant-like
peptide molecule consists of two parts: a hydrophobic tail composed of several
consecutive hydrophobic amino acids and a hydrophilic head composed of one or
two hydrophilic amino acids. Various surfactant-like peptides can be designed by
selecting different hydrophobic or hydrophilic amino acids. For example, the
hydrophilic head can be designed as positively charged Arg, Lys, and His, or
negatively charged Asp and Glu, producing cationic or anionic surfactant-like
peptides, respectively. On the other hand, the hydrophobic tail can be designed by
choosing different hydrophobic amino acids such as Gly, Ala, Val, Leu, and Ile
with different levels of hydrophobicity, so that the overall hydrophobicity of a
surfactant-like peptide is controlled. The design of the typical surfactant-like pep-
tide is based not only on the selection of amino acids, but also on the position of the
hydrophilic head which can be set at either the C- or N-terminus [37]. The length of
the surfactant-like peptide is controlled by the number of hydrophobic amino acids
in the tail.

The assembly mechanism of the peptides leads to different nanostructures used
for different applications. One self-assembly model of surfactant-like peptides is
based on a tail-to-tail alignment to form bilayer structures which further form
nanotubes and nanovesicles. In addition to forming a tail-to-tail bilayer structure,
traditional surfactants can also form micelles by packing the tails in a hydrophobic
core and exposing the hydrophilic heads outside. This kind of self-assembly model
has also been observed for surfactant-like peptides, which can form nanofibers
instead of nanotubes or nanovesicles [38]. Cationic surfactant-like peptides can
form nanofibers, nanorods, and nanospheres with various lengths by packing in the
unique orientations as described above.

Surfactants, as their name suggests, have a general tendency of moving to the
surface (air/water) or interface (oil/water), and thus they are also known as “surface
active agents.” The dual characteristics of surfactant molecules show a wide range
of properties mainly connected to two key features, namely adsorption at interfaces
and self-assembly in bulk solution. Structure–function relationships on the surface
and solution properties have been investigated for a wide range of surfactant types
with the aim of utilizing them toward relevant applications. Depending on the
nature of the hydrophilic moiety ensuring the water affinity of the molecule,
surfactant-like peptides can be categorized into anionic, cationic, nonionic and
zwitterionic.

2.2.3.1 Anionic Surfactants

Historically, anionic surfactants are the earliest and the most common surfactants.
They are surface active substances in which, e.g., one hydrophobic group is
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connected with one or two hydrophilic groups. In aqueous solution, dissociation
occurs into an anion and a cation. The anion is the carrier of the surface active
properties. The ionized moiety can be a carboxylate, sulfate, sulfonate, or phos-
phate. Surfactants can be used as detergents (alkylbenzene sulfonates), soaps
(carboxylic acids), foaming agents (lauryl sulfate), wetting agents (di-alkyl sulfo-
succinate), and dispersants (lignosulfonates).

2.2.3.2 Cationic Surfactants

Cationic surfactants, which also contain a hydrophobic hydrocarbon group and one
or several hydrophilic groups, also dissociate into cation and anion in aqueous
medium. Here, however, the cation is the carrier of the surface active properties.
Cationic surfactants are characterized by their very high substantivity on various
substrates, especially the negatively charged ones, and by the subsequent surface
modifications. They are often used as conditioning agents in fabric care and hair
products. They are also used as germicidal agents (bactericides and fungicides) and
to produce antistatic and hydrophobic effects, and are thus commercially valuable
as corrosion inhibitors.

2.2.3.3 Nonionic Surfactants

Nonionic surfactants are surface active substances which do not dissociate into ions
in aqueous solutions. The solubility of these substances in water is provided by
polar groups such as polyglycol ether groups or polyol groups.

2.2.3.4 Amphoteric or Zwitterionic Surfactants

Amphoteric or zwitterionic surfactants are characterized by one anionic and one
cationic functional groups whose dominance is usually regulated by the pH, namely
anionic in alkaline pH and cationic in acidic pH. Near the isoelectric point, these
surfactants display both charges and are amphoteric in nature with a minimum of
interfacial activity and a maximum of water solubility. Amphoteric surfactants,
particularly those composed of amino acids, are quite biocompatible and used in
pharmaceuticals and cosmetics.

2.2.3.5 Gemini Surfactants

Over the past two decades, dimeric or gemini surfactants attracted considerable
interest aiming at developing “next-generation” high-quality surfactants [39]. These
surfactants are constructed by linking two monomeric surfactants with a spacer at
the level of or in close vicinity to the head groups. They have many unique
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properties that are superior to those of their corresponding monomers, such as
significantly lower critical micelle concentration (CMC), high surface activity, low
Krafft temperature, unusual rheological properties, better wetting ability, etc. Their
unique aggregate morphologies in solution are also of intense research interest [40].
Gemini surfactants are used as promising surfactants in industrial detergency, as
nano-templating agents, as skin care agent, and for catalysis [41].

2.2.3.6 Applications of Surfactant-like Peptides

(1) Stabilization of membrane proteins

Surfactant-like peptides have shown promising potential in the study of membrane
proteins. About one-third of all cellular proteins are membrane proteins, which
contain at least one transmembrane domain and play vital roles in every aspect of
cellular activities, including cell signaling, cell migration and movement, energy
transformation, and substance transport [42]. However, due to their unstable nature,
stabilization is required for analysis. In the past decades, various traditional sur-
factants, such as detergents and lipids, were used for stabilization, purification, and
crystallization of membrane proteins. However, due to the complexity of membrane
protein–detergent–lipid interactions, their efficacy is still lacking. In contrast, based
on their molecular structure, surfactant-like peptides can bind to the hydrophobic
section of a membrane protein through their hydrophobic tails and sequester it from
the water, thus preventing its denaturation [43].

(2) Drug and gene delivery

Since surfactant-like peptide molecules can be easily designed and modified to form
various nanostructures, they can be easily tailored for drug or gene delivery. The
hydrophobic core within the nanostructure can potentially encapsulate
water-insoluble molecules and deliver drugs and other biological molecules.
Moreover, the hydrophilic head can be modified with functional groups for
cell-targeting.

Surfactant-like peptides have been shown to form vesicular structures, depending
on the primary sequence, peptide concentration, pH, and ionic strength of the dis-
persing media [44–46]. For example, the SA2 peptide (Ac-AAVVLLLWEE) forms
discrete nanovesicles with a radius of 60 nm when dispersed in aqueous media at
physiological pH. The formed peptide vesicles precipitate out of solution at pH
values below the pKa of the glutamic acid side groups, which could be fully reversed
when the pH was raised again to 7.4 [45]. SA2 peptide vesicles can be loaded with a
photosensitizer with virtually no water solubility. Incubation of different cultured
cells (HUVECS, COS-7, and C26) with SA2 peptide vesicles loaded with this
photosensitizer resulted in accumulation of the photosensitizer inside the cells. Upon
illumination to excite the delivered photosensitizer, concentration-dependent cyto-
toxicity was observed, in contrast to non-illuminated control cells [46].
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Recently, self-assembled polymeric micelles from amphiphilic copolymers and a
hydrophobic tail were investigated as nanocarrier systems for the controlled release
of various anticancer drugs [47–49]. In an in vitro study, micelles were loaded with
ibuprofen and the anticancer drug doxorubicin (DOX) and the sustained release
behavior was examined [47]. Due to the incorporation of targeted RGD sequences
and the cell penetrating peptide (CPP) residue octa-arginine (R(8)), the micelles
could be specifically recognized by cancer cells, as well as be efficiently transported
through the cell membrane. The loaded micelles showed high phototoxicity against
cancer cells, indicating a powerful potential for effective photodynamic therapy.
Furthermore, due to the low cytotoxicity of the peptide against both HeLa and 293T
cell lines, the surfactant-like peptide developed in this study may be promising for
targeted drug delivery in clinical application [47]. Cui et al. further synthesized
reduction-sensitive micelles for enhanced drug delivery effect. These micelles, are
stimuli-sensitive and may be triggered by changes in temperature, pH, light,
magnetic field, ultrasound, and redox potential, and are thus considered “smart drug
carriers” for tumor drug delivery. Upon reaching the target tumor cells, the
drug-loaded micelles can be intracellularly localized and subsequently aroused by
stimulus to rapidly release the drugs due to the transformation of the chemical
structures or the physical properties of the carriers, resulting in aggressive activity
inside tumor cells, enhanced therapeutic efficacy, and relatively few side effects.
The reduction-sensitive polymeric micelles containing disulfide bonds have been
extensively studied for tumor targeting due to the high difference in the redox
potential between the mildly oxidizing extracellular milieu and the reducing
intracellular fluids. Moreover, tumor tissues are highly reducing and hypoxic
compared to normal tissues, with at least fourfold higher concentrations of reducing
agents in tumor tissues [50]. The micelles developed by Cui et al. were based on the
amphiphilic polymer mPEG-S-S-C16 synthesized by conjugating the hydrophilic
mPEG with the hydrophobic alkyl chain by a reduction-responsive disulfide bond
followed by self-assembly into micellar aggregates in aqueous solution. These
micelles efficiently delivered DOX to the cell nuclei and showed enhanced drug
effects when compared to control micelles without a disulfide bond [48].

Sufactant-like peptides have been suggested as DNA delivery systems for gene
therapy. Due to the ability of cationic surfactant-like peptides to self-assemble into
cationic micelles, the negatively charged DNA binding efficiency was increased
[51]. Furthermore, co-delivery of DOX with luciferase reporter gene and p53 gene
was demonstrated using micelles [52].

Gemini surfactants have also been proposed as candidates for gene therapy
toward mitochondrial diseases. They were shown to successfully deliver a plasmid
DNA construct designed by including a codon, which codes for an amino acid only
if read by the mitochondrial ribosomes, thus bearing the potential to transform the
therapeutic landscape of mitochondrial genetic diseases [53]. Various types of
gemini surfactants have been designed for gene therapy for the treatment of various
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diseases. To this end, they have been utilized as candidates for the formation of
non-viral vectors. The transfection efficiency of different types of gemini surfactants
has been evaluated in a recent review [54].

(3) Tissue engineering

Surfactant-like peptides can be used as surface modifying molecules for
scaffold-free tissue engineering by promoting cell adhesion and growth. A6K, a
cationic surfactant-like peptide, was shown to self-assemble on mica surface to
form a monolayer, thus turning the surface into a hydrophobic one, which is
suitable for cell adhesion and growth. Along with the growth of cultured cells, A6K
peptide composed of natural L-amino acids could be gradually biodegraded, and the
hydrophilic mica surface could be re-exposed, thereby allowing for an easy release
of the cells from the mica surface [55].

Recently, Panda and coworkers have developed a novel surfactant mediated
fusion of polylactide particles into scaffold-like structures at room temperature,
which enables the fabrication of the desired shape and size. In the presence of
ethanol, evenly spread surfactant coated polylactide particles fused immediately
into membrane-like structures. These scaffolds supported three-dimensional growth
of animal cells in vitro. They were also found to be good wound dressing materials,
as well as demonstrated to release a model protein in a sustained manner for a long
period of time, making them suitable for various biomedical applications [56].

(4) Template for nano-fabrication

Recently, a surfactant-like AGD peptide, which could undergo self-assembly in
nonpolar solvent system, was shown to bear a potential for the fabrication of
nanostructures and nanodevices. This peptide was designed to have a shape like an
inverted wedge which prevented it from self-assembling in an aqueous solution.
However, in a nonpolar mixture of water and tetrahydrofuran, and in the presence
of copper ions, the peptide could self-assemble into nanorings by forming reversed
micelles [57]. Copper ions were shown to be bound to the negatively charged head
of the peptide and embedded in the core of the nanoring. The peptide could thus be
applied as a template for fabricating novel metallic nanostructures.

The self-assembly of surfactants has enabled the synthesis of ordered meso-
porous silica nanoparticles with high surface area, diverse compositions, variable
pore structures, and tunable pore sizes, which are promising materials for various
applications, such as drug delivery, catalysis, and sensors [58, 59]. Kim and
coworkers have developed a facile, one-step method for achieving systematic
control of the surface properties of highly fluorescent graphene quantum dots
(GQDs), thus giving them a surfactant-like property. The surface-modified GQDs
could effectively stabilize oil-in-water Pickering emulsions and submicron-sized
colloidal particles in mini-emulsion polymerization. These newly developed GQD
surfactants were also employed in liquid–solid systems, for tailoring the dispersion
of graphite in methanol. In addition, their luminescent property makes them
potentially applicable as fluorescent sensors and for imaging [60].
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2.2.3.7 Amyloid Nanofibrils

Another class of self-assembling peptides is the amyloid nanofibrils, which
aggregate into b-sheet-rich supramolecular polymers. They have been reported to
play a central role in the pathogenesis of various diseases ranging from neurode-
generative diseases (e.g., Alzheimer’s disease and Parkinson’s disease) [61] to type
II diabetes [62] and cardiovascular diseases [63]. In addition to their pathological
role, amyloid fibrils have recently been reported to serve as biocompatible and
functional materials. For instance, amyloid fibrils deposited onto an inorganic
surface can lead to the formation of a biological thin film that is suitable for
bacterial growth [64, 65]. Amyloid fibrils can act as a catalytic scaffold [66] that
enhances a biochemical reaction, and as a transporting or storing agent that contains
or transmits genetic information [67, 68] and/or hormones [69]. Moreover, amyloid
fibrils have recently been employed for developing biomimetic and functional
materials whose properties can be controlled. For example, Li et al. developed a
biomimetic composite material synthesized by coupling amyloid fibrils and gra-
phene sheets and showed that the properties of such a composite material can be
tuned by controlling elements of the chemical environment, such as humidity [70].
Moreover, Tuomas et al. have shown that a thin film made of amyloid protein fibrils
was both biologically compatible and highly rigid, with a Young’s modulus of up to
5–7 GPa, which is comparable to the highest values for proteinaceous materials
found in nature [71].

Recent studies have reported that the mechanical properties of amyloid fibrils are
determined by their molecular structures, such as steric zipper pattern or helical
pattern, and by their length [72–75]. Furthermore, Lee et al. have recently shown
that the structural characteristics (e.g., helical pitch, diameter, and length) of
amyloid fibrils can be controlled using microwave-assisted chemistry. The micro-
wave affects the thermodynamics of protein aggregation, which is responsible for
the formation of amyloid fibrils [76]. This study may provide insight into the
conformational heterogeneity of amyloid fibrils, not only for further understanding
the origin of amyloid-driven pathogenesis, which is dependent on the conforma-
tional diversity of amyloid fibrils, but also for consolidating a design principle that
is applicable for developing biocompatible and biomimetic materials [77].

2.2.4 Short Aromatic Peptides

A very interesting class of peptide nanostructures is based on the use of short
aromatic peptides which form well-ordered nanostructures. The first peptide
described in this group was diphenylalanine (FF), which is the core recognition motif
of the b-amyloid polypeptide [78]. Through a systematic reductionist approach, FF
was recognized as the smallest sequence to form peptide tubular nanostructures by
self-assembly. These biocompatible and water soluble tubes are formed under mild
conditions and are easy and inexpensive to manufacture [78]. Since its discovery, the
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FF motif has gained popularity as a minimalist building block to drive the
self-assembly of short peptides and their analogues into different morphologies by
subtle chemical changes introduced to the structure of the FF dipeptide or to the
solvent [79, 80]. Various FF peptide derivatives were shown to self-assemble,
forming ordered nanostructures, including tubes, spheres, plates, and hydrogels [81–
84]. In addition, temperature-induced reversible self-assembly of the FF peptide and
its structural transition from organogel to crystalline nanowires in acetonitrile and
isopropanol solvent have been reported by Huang et al. [85] (Fig. 2.2a). Another
interesting example is the protected dipeptide, tert-Butyloxycarbonyl-diphenylalnine
(Boc-FF), which can associate into distinct morphologies at the nanoscale as a result
of variations in the assembly conditions, such as solvent composition or peptide
concentration [80]. Under certain conditions, the process of assembly can undergo
several stages, and a clear phase transition is observed. Boc-FF first assembles into
spheres, then forms filaments and finally transforms into tubular structures
(Fig. 2.2b) [86].

2.2.4.1 The Short Aromatic Peptide Unique Physical Properties

The tubular structures formed by aromatic short peptides have been extensively
studied over the past decade, and their unique properties were characterized. The FF
nanotubes have been shown to be stable in the presence of organic solvents and to
have extraordinary thermal stability properties [87, 88]. In addition, the FF peptide
nanotubes (PNTs) exhibit a variety of physical and chemical functionalities, such as
optical wave guidance [89, 90], luminescence [91], semi-conductivity [92], and

Fig. 2.2 Short aromatic peptide self-assembles into various morphological structures.
a Diphenylalanine peptide (FF) self-assembles into nanowires in acetonitrile and into organogel,
flakes nanofibers and nanowires in isopropanol (Reprinted with permission from Ref [85]
Copyright 2014 Royal society of chemistry. b Boc-FF peptide exhibits phase transition from
spheres to filaments and finally into tubular structures (Reprinted with permission from Ref. [86]
Copyright 2014 Macmillan Publishers Limited, part of Springer Nature)
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piezoelectricity [93, 94]. In addition, the FF nanotubes show remarkable mechan-
ical rigidity, with direct atomic force microscopy (AFM) measurements indicating
an average point stiffness of 160 Nm−1 and a calculated Young’s modulus of about
20 GPa for nanotubular peptide assemblies [95]. A similar Young’s modulus value
(27 ± 4 GPa) was obtained in an independent study using a bending beam model
[96]. Based on their mechanical properties, FF PNTs were utilized as nanofillers for
composite materials with epoxy resin as the matrix. This resulted in an increase of
about 70% in shear strength and a 450% increase in peel strength as compared to
unmodified epoxy, while preserving the thermal and elongation properties similar to
the original resin. These effects exceed the reinforcement effect of several known
inorganic nanofillers, making FF PNTs excellent nanofillers for composite materials
[97].

The mechanical properties of the spherical Boc-FF structures were also explored.
A direct set of measurements, conducted using an AFM diamond-tip cantilever,
demonstrated a remarkable Young’s modulus of *275 GPa, an order of magnitude
higher than the tubular FF assemblies [98]. The mechanical properties of the
nanostructure can also be tuned using two peptides of differing stereochemistry: the
L-form of the FF peptide and the D-form of the dinapthylalanine peptide, which
co-assemble to form nanotubular structures. Elevating the portion of the dinapthy-
lalanine peptide in the peptide mixture decreases the nanostructure’s stiffness [99].
A density function theory (DFT) study was used to evaluate the basis for the
mechanical rigidity of the nanotubes, suggesting that despite the porous nature of the
crystal lattice, there is an array of rigid nanotube backbones with interpenetrating
“zipper-like” aromatic interlocks that result in stiffness and robustness [100].

2.2.4.2 Low Molecular Weight Hydrogels

Chemical modification of short peptides by a variety of aromatic groups may aid in
self-assembly via p–p stacking. For example, it has been shown that the addition of
an aromatic group, such as carbobenzyloxy, naphthalene, or fluorenylmethoxy-
carbonyl (Fmoc), to the N-terminus of some peptides allows them to form stable
hydrogels [101]. The short hydrogel-forming aromatic peptide systems are com-
posed of four main components: a synthetic aromatic moiety coupled to the
N-terminus of a short sequence peptide, typically a dipeptide or even a single amino
acid [2], a linker between the peptide sequence and the N-terminal aromatic moiety
which influences the structural orientation of the nanostructure [102], and a
C-terminus which can be functionalized [103–105] and is also essential for the
balance between protonated and ionized forms. Together, these four segments form
a stable self-supporting system, which enables self-assembly of a short peptide
sequence, whereas previous systems required a minimum of eight amino acids in
each peptide chain [28]. This design is possible due to the combination of p–p
stacking interactions and hydrogen bonding of the peptide portion [106].

Hydrogels are of great interest as a class of materials for tissue engineering and
regeneration, since they offer 3D scaffolds to support the growth of cultured cells.

24 M. Halperin-Sternfeld et al.



The short aromatic peptide-based hydrogels are self-supporting and display rheo-
logical behavior that is characteristic of solid like gel materials [101, 107, 108]. In
particular, Fmoc-FF hydrogel can support cell growth, release of small molecules in
a controllable manner, and exhibits remarkable physical properties. The Fmoc-FF
hydrogel storage modulus G′ was shown to be higher than 2 � 104 Pa, whereas
other peptide hydrogels have a G′ value of 50 Pa at a frequency of 1 Hz [108].This
study was later expanded by examining additional members of the aromatic
dipeptide family, with a new set of Fmoc-peptides, which included both natural and
non-natural aromatic amino acids. One product of the peptide building blocks
assembly was a hydrogel that presented the cell-adhesive arginine–glycine–aspar-
tate (RGD) motif as a bioactive ligand at the fiber surface and thus mimicked
certain essential features of the extracellular matrix [83, 106]. The nanofibrous
hydrogel presented by Zhou et al. is a mixture of two short aromatic peptide
derivatives, Fmoc-FF and Fmoc-RGD. Cylindrical nanofibres interwoven within
the hydrogel causes the presence of RGDs in tunable densities on the fiber surface
[106]. These scaffolds may offer an economical approach for fabricating 3D-culture
scaffolds with other bioactive ligands for in vitro tissue regeneration.

Moreover, QDs were incorporated into 3D fibrous organogel scaffold based on
the FF peptide. To prepare the organogels, FF dipeptide is first dissolved in HFIP
and the organic solvent is then added to enable gel formation. The gelation process
can be observed exclusively in chloroform or in aromatic solvents, such as toluene
or xylene. The FF gelation occurred in the presence of QD solution and the gels
displayed photoluminescence from the embedded QDs. The emission maxima of
the QDs in fibrous networks were slightly blue-shifted compared to those of free
QDs, indicating the attachment of the QDs to the fibrils, but they maintained the

Fig. 2.3 Fmoc protected aromatic peptide self-assembles into various morphological structures in
the presence of Ca2+ ions. a SEM images of Fmoc-FF nanofibers formed in the presence of Ca2+

ions. b SEM images of Fmoc-FF-alginate hydrogel beads formed in the presence of Ca2+ ions.
c Schematic representation of Ca2+ ion-triggered co-assembly of peptide and alginate at an
aqueous liquid–liquid interface to synthesize Fmoc-FF–alginate hydrogel beads (Reprinted with
permission from Ref. [110] Copyright 2016 Royal society of chemistry)
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original photoluminescence colors [109]. A new approach was reported by Xie
et al. [110] who used calcium ions to trigger the self-assembly of the Fmoc-FF
peptide into nanofibers with diameter of about 30 nm (Fig. 2.3a) while alginate was
rapidly crosslinked by the calcium ions, thus forming stable hybrid hydrogel beads
(Fig. 2.3b). Figure 2.3c shows a schematic representation of co-assembly of pep-
tide and alginate at an aqueous liquid–liquid interface induced by calcium ions to
synthesize Fmoc-FF–alginate hydrogel beads. They further used these hydrogel
beads for drug delivery applications in vitro.

2.2.4.3 Applications of Short Aromatic Peptides

The minimal size and the simple synthesis of the short peptide building blocks, as
well as the efficient and reproducible assembly procedures and unique physical
properties, have attracted many research groups to develop various applications
utilizing the aromatic dipeptide system. The short aromatic peptides are used in
various applications ranging from biomedical applications, including nanomedi-
cine, drug delivery, tissue engineering and biomaterials, to technological applica-
tions, including metal–organic frameworks applications, ultra-sensitive sensors,
energy storage devices, and hydrophobic coatings [111–113].

Recently it was shown that self-assembled tetra-peptides which include the FF
motif are substrates of cathepsin proteases, which are highly elevated in cancer and
other pathologies. The degradation of one of these substrates by cathepsin led to the
release of 91.8 ± 0.3% of the incorporated anti-cancerous drug Doxorubicin from
the nanofibers within 8 h. Therefore, such peptides could serve as a platform for
targeted drug delivery to pathologies in which protease activity is highly elevated
[114]. Furthermore, Bonetti et al. showed that fluorinated b-peptides containing two
aryl units can form nanotubes that are stable to protease degradation and to heating
up to 120 °C and can locate in the perinuclear region of cells. Cytotoxicity assays
were performed on cultured primary human smooth muscle cells, which are derived
from human blood vessels, and thus offer a good model to represent the most
abundant cell type directly exposed to nano-therapeutics present in the blood sys-
tem. After 48 h, no cytotoxic effect was noted for peptide concentrations ranging
from 1 to 100 µM, while at 200 µM cell viability was significantly reduced to
approximately 80% relative to the control [115].

Another example is the growth of FF peptide microrods with fully controlled
polarization and improved piezoelectricity for fabricating a power generator. The
outputs of the FF peptide-based generators were shown to exceed other bio-inspired
generators, and are even better than some inorganic generators. This study makes a
significant step toward developing bio-inspired materials for piezoelectric devices
to be used to generate renewable and biocompatible energy sources and for
biomedical applications, and opens up a portal to the next generation of multi-
functional electronics compatible with human tissue [116].
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2.2.5 Coiled Coils

The coiled coil is one of the basic folding patterns found in native proteins, con-
sisting of two or more a-helical peptides that are twisted around each other in super
helical manner [2]. The primary structure of coiled coil forming proteins is char-
acterized by a heptad repeat pattern (abcdefg)n, where n is the number of repeats.
Positions a and d are occupied by hydrophobic amino acids that form the
hydrophobic core of the coiled coil, which is characterized by a tight packing of the
hydrophobic amino acid side chains in a “knobs-in-holes” fashion, while e and g are
charged amino acid functional groups, which can interact to form stabilizing
inter-strand salt bridges. The hydrophobic interaction between residues a and d and
the electrostatic interaction between residues e and g contribute to the stability of
the coiled coil structure [2, 117]. Expansion of the hydrophobic core to include the
e and g positions and restriction of ionisable residues to positions b, c and f
improved the oligomerization state and thermal stability of the coiled coil [118,
119]. In this stable arrangement, the side chains were positioned along the outside
of the coil. The specificity and stability of coiled coils depend on the number of
helical strands and the orientation of the helices and are affected by hydrophobic
core packing and inter-helical ionic interactions [117].

The highly selective and specific binding properties of coiled coils and their easy
manipulation using external stimuli, as well as the biological applications of many
coiled coils, have stimulated the interest in the use of these fascinating motifs as
building blocks for the development of novel bio(hybrid) materials. Coiled coil
based bio(hybrid) materials have been recently used for various applications,
including drug delivery, protein labeling, and bio-sensing [120].

Like other supramolecular building blocks, coiled coils can be used to construct
a variety of distinct nanostructures of controlled size and shape in some selective
solvents. For example, Holowka et al. reported the preparation of charged amphi-
philic block copolypeptides that formed vesicles and micelles in water. These coiled
coil nanovesicles composed of peptides with hydrophilic residues in one part and
hydrophobic residues in another part, allowed encapsulation of dextran [121]. The
stability and unfolding of coiled coil motifs depend on the temperature, pH, and
ionic strength, which is often used in the design of controlled release delivery
systems that respond to a specific stimulus [117]. Furthermore, the distinctive
association-dissociation and spatial recognition of coiled coils make them ideal
candidates for physical cross-linkers of protein-based supramolecular fibrils or
polymer hydrogels [122, 123].

A number of examples of coiled coil a-helical fibrous structures have been
presented by the Woolfson group [124–126]. Using a bottom-up design approach,
they developed a two-component peptide system for making hydrogels, termed
hSAFs (hydrogelating self-assembling fibers) [127]. These dual-peptide systems
form gel only on mixing, which allows for tight control over assembly. They have a
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wide variety of potential applications in biotechnology and medicine, such as the
controlled delivery and release of cells, cosmetics and drugs, and as supports for
cell growth and tissue engineering. The peptide sequences can be engineered to
alter the underlying mechanism of gelation and, consequently, the hydrogel prop-
erties. Furthermore, the original two-peptide hSAF system can be supplemented
with other components to endow cell-binding functions to the system, hence
building up complexity and functionality [124].

Recently, Mondal et al. presented the first-ever self-assembling single heptad
repeat module, based on the ability of the non-coded a-aminoisobutyric acid to
stabilize very short peptides in helical conformation [128]. A conformationally
constrained peptide comprised of aromatic, but not aliphatic, residues at the first
and fourth positions formed helical fibrillar assemblies. New analogues of this motif
can be accurately designed due to the high-resolution crystal structure of the helical
assemblies. Substitution at different positions of the heptad sequence while main-
taining the relative arrangements of hydrophobic amino acids and introduction of
additional functionalities through side chain modifications can give rise to a vast
repertoire of helical assemblies with possible applications in bionanotechnology
and biomaterials.

2.3 Conclusions and Future Perspectives

SAPs have been gaining increasing attention as versatile structural building blocks
with the ability to generate diverse supramolecular architectures with tunable
functionalities. Since various functionalities can be incorporated into the peptide
sequence, including self-assembly, cell attachment, or signaling domains, versatile,
multifunctional structures can be generated from a single molecular entity. Along
with their easy production, these advantages make SAPs attractive for various
biomedical applications. However, extensive studies are still required addressing
the rational peptide design to understand thoroughly the role of hydrophobicity,
electrostatics, and size on pattern formation and to examine the fundamental
physical interactions that drive their unique self-assembly. Particularly, for bio-
logical applications, a systematic structure–function understanding of
self-assembled peptides are required to evaluate the properties of peptide nanos-
tructures upon pH change, high protein and salt concentration, control of the size of
peptide nanostructures for developing drug delivery systems and biosensors, as well
as to develop nanostructures of equivalent dimension for the fabrication of
bio-sensing platforms and determine an optimal balance of hydrophobicity and
charge to minimize aggregation through hydrophobic groups. Also, the study of
unexplored peptide sequences is required to develop the next generation of
self-assembled peptides for various applications.
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Chapter 3
Nanoarchitectonics of Biomimetic
Membranes

Katsuhiko Ariga

Abstract Emerging concept, nanoarchitectonics, which is an emerging concept is
especially suitable for fabrication of materials systems from organic and biomaterials
through self-organization and directed-organization. Nanoarchitectonics tries to
control uncontrollable situations through harmonizing various factors and interac-
tions. The most successful example of functional harmony of nanoscale objects can
be seen in biological systems and biomimetic systems. In this chapter, we here focus
on nanoarchitectonics of biomimetic membranes. This chapter introduces various
examples of nanoarchitectonics approaches for bio-related thin films and mem-
branes: (1) two-dimensional biomimetic membrane (molecular recognition, receptor
tuning, and nanomaterial film for life control); (2) layer-by-layer biomimetic
membrane (bioreactor, hierarchic assembly, and sensing and drug delivery).

Keywords Nanoarchitectonics � Langmuir–Blodgett film � Layer-by-layer
assembly � Molecular recognition � Bioreactor � Sensor � Drug delivery

3.1 Introduction: Nanoarchitectonics

Although structures and properties of individual molecules and nanomaterials have
certain level of varieties, objects from their assemblies exhibit much more complex,
useful, and attractive functions. Therefore, investigation and understanding of
individual molecules is not enough to explore functions of materials. It may be
especially emphasized in biological and/or biomimetic materials that alter their
properties depending on spatial and temporal organization of component molecules.
Materials and systems constructed with weak interactions including hydrogen
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bonding, hydrophobic interaction, and coordination often exhibit novel functions
that cannot be expected simple summation of individual properties.

The above-mentioned organization of component molecules and materials is
supposed to be done in microscopic and nanoscopic structural precision. As
methodology to control of structures in submicro- and nano-regimes, nanotech-
nology has been paid much attention. This concept considerably promoted science
and technology of materials systems in these small regions. The nanotechnology
concept has potentials to fabricate nano-objects into highly functional materials. So
far, nanotechnology approach has many successes in controlling systems and
materials with hard inorganic and metallic materials. However, application of
nanotechnology to organic and biological components is not always successful.

In order to improve the above-mentioned situation, a certain kind of paradigm
shift from current nanotechnology to nanoarchitectonics is necessary [1, 2]. This
nanoarchitectonics concept was first proposed by Masakazu Aono at an interna-
tional conference in 2000. After one decade past, nanoarchitectonics gradually
became an emerging concept in many research fields from fundamental physico-
chemical science to practical targets including energy/environmental technologies
and biological/biomedical applications [3]. The nanoarchitectonics is especially
suitable of fabrication of materials systems from organic and biomaterials through
self-organization and directed-organization [4].

For fabrication and organization of soft organic and biological components,
keeping their dynamic natures are important for utilization of their advanced func-
tions. If materials systems include features of dynamism in nanoscale phenomena,
formation and maintenances of systems suffer influences from uncontrollable dis-
turbances and fluctuation including thermal/statistical fluctuations and even some-
times quantum effects. In such materials systems, external actions such as signal
inputs to the systems often induce perturbations to themselves and surroundings,
resulting in additional further disturbances. Nanoarchitectonics tries to control such
uncontrollable situations through harmonizing various factors and interactions. The
most successful example of functional harmony of nanoscale objects can be seen in
biological systems. In biological systems, countless numbers of nanoscale compo-
nents from molecules to biomaterials are working together under unavoidable and
substantial thermal fluctuations. Biological systems and biomimetic objects might be
regarded as the most important target of nanoarchitectonics.

However, construction of three-dimensional biomimetic systems is rather tough
subject. As an initial trial, systems with reduced dimension, two-dimensional sys-
tems, might be better target. On the basis of these considerations, we here focus on
nanoarchitectonics of biomimetic membranes. This chapter introduces various
examples of nanoarchitectonics approaches for bio-related thin films and mem-
branes: (1) two-dimensional biomimetic membrane (molecular recognition, receptor
tuning, and nanomaterial film for life control); (2) layer-by-layer biomimetic
membrane (bioreactor, hierarchic assembly, and sensing and drug delivery).
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3.2 Two-Dimensional Biomimetic Membrane

As seen in self-assembled monolayers (SAM) and Langmuir–Blodgett (LB) films
(especially Langmuir monolayers), amphiphiles with various functional groups can
be assembled and organized in two-dimensional plane. The formed structures can
be regarded as mimics of cell membrane surface.

3.2.1 Molecular Recognition

Molecular recognition is one of the fundamental supramolecular events. Selective
recognition of signal molecules at biomolecular receptors can transmit external
stimuli into cells. Highly specific reactions by enzymes are supported by precise
molecular recognition at the enzyme reaction pockets. Genetic information can be
handled through precise base-pairing of DNA and RNA. These molecular recog-
nition events do not occur in molecularly dispersed states in solution. In fact,
recognition of biofunctional molecules is always carried out at certain kinds of
interfacial media such as cell membrane surfaces, protein surfaces (outside and
inside), and surfaces of bi-macromolecules such as DNA. Therefore, two-
dimensional biomimetic membranes can supply nice models to investigate molec-
ular recognition of bio-related molecules.

One example of effective molecular recognition of biomolecules was first sug-
gested by Kitano and Ringsdorf with shifts of surface-pressure/molecular area
isotherms of an adenine-based amphiphile in the presence of thymine derivative at
the air–water interface [5]. This example suggests contribution of hydrogen-bonded
base-pair mimics in the presence of water although the corresponding monomeric
base-pair formation is not achieved in bulk aqueous phase. Kunitake and
co-workers systematically investigated molecular recognition of various biomole-
cules [6]. They synthesized amphiphilic molecules with molecular recognition sites
as hydrophilic head groups that were spread as a monolayer at the air–water
interface. At the formed two-dimensional biomimetic membranes (cell surface
mimics), recognition of aqueous biomolecules can be investigated using various
analytical methods including FT-IR spectroscopy and X-ray photoelectron spec-
troscopy (XPS). Efficient molecular recognition with enhanced hydrogen bonding
capability at the air–water interface was observed for many biomolecules including
amino acids, peptides, sugars, nucleic acid bases, and nucleotides (Fig. 3.1).

With fixing molecular recognition pair, molecular recognition efficiencies were
investigated at various environments, molecularly dispersed states in water),
mesoscopic dynamic interfaces (micellar and bilayers surfaces in water), and
macroscopic interface (the air–water interface) (Fig. 3.2) [7]. Biding constants
between guanidinium and phosphate significantly changed from 1.4 M−1 (in water
dispersion) to 102–104 M−1 (aqueous mesoscopic interface) and 106–107 M−1
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(macroscopic air–water interface). The obtained surprising results indicate that
surrounding environments have crucial effects on molecular–molecular interaction,
resulting in incredible modulation on molecular recognition efficiency.

Molecular recognition at the air–water interface was also theoretically investi-
gated by Sakurai and co-workers using quantum chemical calculations [8, 9]. As
illustrated in Fig. 3.3, a model recognition pair, (hydrophilic) phosphate and (hy-
drophobic) gaunidinium was put at various positions between high dielectric water
phase and low dielectric lipid phase. A energy of the phosphate and guanidinium is
plotted as a function of distance between this recognition pair to give its binding
energy. The calculated binding constant decreases as the position of the recognition
pair shits toward water phase with high dielectric constant, and finally becomes zero
completely in water phase. However, the position of the phosphate group exactly at
interface line with the phosphate position within aqueous phase can regenerate the
binding energy and constant that were obtained in actual experiments. Even though
binding site itself stays in water medium, effects from low dielectric phase at

Fig. 3.1 Efficient molecular recognition for biomolecules with enhanced hydrogen bonding
capability at the air–water interface
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vicinity has sufficient contributions in molecular recognition. It is a key mechanism
of enhanced efficiency of molecular recognition at interfacial environments.

In addition to promoted molecular interaction, two-dimensional interfacial
environments supply media for nanoarchitectonic formation of molecular receptor
sites through self-assembly. Because of high advantages in high motional freedom
at the air–water interface, multiple kinds of amphiphile host molecules with dif-
ferent recognition sites can be spontaneously assembled into complicated receptor

Fig. 3.2 Molecular recognition efficiencies between guanidinium and phosphate functional
groups were investigated at various environments, molecularly dispersed states in water),
mesoscopic dynamic interfaces (micellar and bilayers surfaces in water), and macroscopic
interface (the air–water interface)
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structures. Some examples are shown in Fig. 3.4. An example of binary system of
monoalkyl guanidinium and dialkylmelamine can give recognition site for flavin
mononucleotide (FMN). Highly efficient recognition site for FMN with a binding
constant of more than 107 M−1 was formed just by mixing two rather simple host
molecules [10]. More complicated binding site for flavin adenine dincleotide
(FAD) can be created by trinary recognition system at the air–water interface [11].
In the latter case, one FAD molecule is supposed to bind diaminotriazine at
isoalloxiazine ring, two guanidinium molecules at phosphate groups, and one
orotate molecule at adenine sites. This two-dimensional molecular assembly strat-
egy can be also used for different functional purpose such as nanofabrications not
limited to molecular recognition [12]. Array of specific molecular pair of several
amphiphile molecules with aqueous guest molecule leads to formation of regular
two-dimensional surface pattern structures with nanometer structural precision.

Fig. 3.3 Theoretical models for molecular recognition at the air–water interface using
(hydrophilic) phosphate and (hydrophobic) gaunidinium recognition pair
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3.2.2 Receptor Tuning

If we consider two-dimensional interfacial environment from lateral direction,
another important role of interfaces can be recognized. It is a role for connection
between macroscopic mechanical actions and nano-level molecular functions.

Fig. 3.4 Multiple kinds of amphiphile host molecules with different recognition sites: binary
system and trinary
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At dynamic interfacial media, macroscopic motions including compression,
expansion, and bending are applicable to lateral directions of the interface and
properties in nanometer-scale dimension will be induced at the same time.
Therefore, molecular systems can be controlled at dynamic interfacial media upon
application of macroscopic inputs such as mechanical motions. A novel conceptual
paradigm, hand-operating nanotechnology, has been proposed on the basis of these
characteristics of dynamic interfaces [13, 14]. With this concept, we successfully
control functions of molecular machines by hand-motion-like conventional
macroscopic mechanical motions. For example, capture and release of guest
molecules by molecular machines with capability of reversible cavity formation
was demonstrated by hand-motion-like macroscopic mechanical motions [15, 16].
In addition, completely efficient energy conversion from macroscopic motions to
molecular-level motion of molecular pliers at the interface has been recently
achieved [17].

The above-mentioned methodology is applied for fine tuning of receptor
structures, resulting in molecular recognition with molecular tuning concept. As
shown in Fig. 3.5, conformational structures of a molecular receptor, armed cyclen
(a 1,4,7,10-tetraazacyclododecane core with four cholesteric side arms as N-sub-
stituents), was finely tuned by application of lateral mechanical force [18]. Because
this receptor can be twisted, resulting in modification of surface chiral environ-
ments. For example, chiral selectivity in amino acids binding (their L-isomer and
D-isomer) can be tuned by applied surface pressures. The most stable conformation
of the molecular receptor at the air–water interface can be continuously shifted upon
lateral mechanical force, and dramatic changes of chiral selectivity of guest binding

Fig. 3.5 Chiral discrimination of amino acids by application of lateral mechanical force of a
molecular receptor, armed cyclen (a 1,4,7,10-tetraazacyclododecane core with four cholesteric side
arms as N-substituents)
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are resulted. Similarly, structural tuning of another receptor, cholesterol-substituted
triazacyclononane, resulted in highly efficient discrimination between thymine and
uracil derivatives [19] that cannot be distinguished by naturally occurring nucleic
acids, DNA and RNA. This molecular tuning strategy may be capable to create
molecular recognition sites better than those of standard biological systems.

In Fig. 3.6, major types of molecular recognition mechanisms are historically cat-
egorized [20]. Pioneering systems for molecular recognition as seen in host-guest
chemistry by crown ethers and cyclodextrins basically uses one energy most stable
states. This mechanism actually received Nobel Prize of Chemistry in 1987. One
epoch-making innovation was made by Shinkai et al. to create two stable states though
photo-isomerization of azobenzene bridge between two crown ether units in order to
switch recognition efficiency [21, 22]. This is regarded as switching mechanism in
molecular recognition. This switching mechanism is origin of molecular machine
operation that is basically corresponding to creation of multiple states and switching
between them. Molecular machines have received Nobel Prize of Chemistry in 2017.
Unlike these two previously used mechanisms, our molecular tuning mechanism can
continuously utilize numerous numbers of molecular states. Among these infinite
possibilities, we can select the most desirable state. Therefore, receptor tuning for
molecular recognition canbedefined as completelynewmode inmolecular recognition.

Fig. 3.6 Major types of molecular recognition mechanisms: one stable state; switching; tuning
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3.2.3 Nanomaterial Film for Life Control

Fabrication of nanoscale and microscale structures at interfacial media is also
effective to control life activity control. For example, aligned array of fullerene
whiskers were architected at the air–water interface and were used as a scaffold for
cell culture (Fig. 3.7) [23]. Incubation of mouse skeletal myoblast C2C12 cells on
the fabricated fullerene whisker arrays induced well-aligned cell growth, and the
aligned direction was highly correlated with the direction of the fullerene whisker
arrays. Possibilities of cell control were not limited to cell alignment. Even cell
differentiation was regulated by the fabricated fullerene whisker arrays. Along
directions of cell growth, cell fusion was induced and formation of oriented
myotubes progresses. In addition, myogenic differentiation can be promoted in both
early and late stages.

Such scaffold films for cell culture was further controlled by external mechanical
flow in our new fabrication method, vortex-flow LB technique (vortex-LB) [24].
Mechanical stirring of the medium under the monolayer of nanomaterials activated
mechanical flow of water (or solvents) and induce alignment of nanomaterials at the
interface. For example, oriented alignments of fullerene whiskers can be achieved
along with flow of centrifugal rotation at liquid surface. Straight alignment and
curved alignment were both created depending positions from the center of vortex
flow. Transfer of the aligned fullerene whiskers array on various types substrates

Fig. 3.7 Aligned array of fullerene whiskers architected at the air–water interface for a scaffold
for cell culture
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including paper, mica, glass, gold, and boron nitride. Human osteoblast MG63 cells
were adhered preferentially at the surface of aligned fullerene whiskers, and the
adhered cells grow along direction of aligned fullerene whiskers. In addition, cell
proliferation experiments confirmed low toxic nature of the used fullerene whiskers.

The interfacial process can organize nanoarchitectonics objects of biomaterials,
DNA origami [25]. DNA origami sheets with rectangular shape (90 nm � 65 nm)
were first complexed with cation lipid molecules to dissolve the DNA origami in
organic solvent. The resulting solution of the DNA origami was spread on water to
form Langmuir film. Macroscopic mechanical motion at the air–water interface can
induce self-alignment of the DNA origami pieces (Fig. 3.8). Repeated compres-
sion–expansion cycles between 3 and 30 mN m−1 twice resulted in formation of
long belt structures with length up to 4900 nm with keeping its height and width in
monomeric size. In this fabrication process, dynamic motions are necessary for
formation of unidirectional assembly of the DNA origami pieces. If the DNA
origami on water is placed at both low and high pressures, formation of
one-dimensional array cannot be achieved.

3.3 Layer-by-Layer Biomimetic Membrane

The alternate layer-by-layer (LbL) assembly is applicable to huge variety of target
materials including various polymers, inorganic nanomaterials, and biomaterials
with many kinds of driving forces such as electrostatic interaction, hydrogen

Fig. 3.8 Self-alignment of the DNA origami pieces upon macroscopic mechanical motions at the
air–water interface
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bonding, coordination, and bio-specific recognition [26]. Only with inexpensive
apparatuses such as beakers and tweezers, nanometer level thin films in designed
later sequence can be prepared by dipping, spin-coating, and spraying. Not limited
to use flat films as morphologies, LbL films can be fabricated into various types of
shapes including spheres, capsules, and tubes. The LbL assembly is one of the
powerful methods for preparation of biomimetic membranes.

3.3.1 Bioreactor

The LbL assembly is a method highly capable for immobilizing biomaterials in
well-organized ways. Because most of biomaterials such as proteins working in
aqueous media have certain amount of surface charges, these biomaterials are easily
assembled into layered organization by electrostatic LbL assembly. The assembling
processes are usually done in bio-friendly their aqueous solutions under mild
conditions. In addition, it is proved that various stabilities (thermal, pH variation,
and duration) of proteins immobilized within the LbL multilayer films with poly-
electrolytes are significantly enhanced.

One of attractive application for protein multilayered films would be sequential
enzyme reactor [27]. As shown in Fig. 3.9, the multi-enzyme reactors including
layers of glucose oxidase (GOD) and glucoamylase (GA) with polyelectrolyte
layers were prepared on an ultrafilter. An aqueous solution of starch substrate was
placed on the top of enzyme films and then moderate pressure was applied. Starch
was first converted into glucose by GA through hydrolysis of the glycoside bond in

Fig. 3.9 Multi-enzyme reactors including layers of glucose oxidase (GOD) and glucoamylase
(GA) with polyelectrolyte layers prepared on an ultrafilter
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starch. Glucose was then converted to gluconolactone by GOD with H2O2 as a
co-product. In addition unreacted starch was not detected in the filtrate at all,
because starch with high molecular weight cannot pass through the filter. As a
result, separation of substrate and products without additional procedures.

Because the LbL strategy allows free choice of layer sequences of two kinds of
enzymes and polyelectrolytes, relation between layer sequences of the enzymes and
reaction efficiency. Just by changing the dipping sequences, various film structures
with desirable layering structures are easily nanoarchitected. Therefore, optimiza-
tion of reactor capability through adjusting the number of layers, layering sequence,
and layer separation can be achieved. In the cases of GA-GOD multilayer reactors,
the enzyme sequence with the top of GA and the bottom of GOD is essential. In
addition, separation between the GA layer and GOD layer is also crucial, because
the products of reaction by GOD may have effects of inhibition to GA. Design
approach for multi-enzyme reactors by the LbL assembly is a versatile method to
create novel reactors with free choice of enzymes and their performance
optimization.

3.3.2 Hierarchic Assembly

Biological organization themselves basically have hierarchic nature, as seen in
biomolecules, organelles, cells, tissues, and organs. The LbL assembly is also
effective to architect complicated hierarchic structures not limited to simple layered
structures. For preparation of nanostructured materials with high biofunctions,
architecting hierarchic structures based on the LbL assembly would be one of the
attractive methods.

As artificial cell membranes, spherical capsule objects with a skin of lipid bilayer
membranes have been well investigated as seen extensive research of liposomes
and vesicles. More advanced mimics of biomembranes would be their hierarchic
assemblies. However, these spherical cell mimics often have limited mechanical
stability and tend to cause collapse with rapture of their capsule structures upon
assembling process. In order to overcome this problem, Katagiri et al. developed
lipid bilayer vesicles with covalent linkage of siloxane frameworks, which can be
architected into advanced organization as multi-cellular systems. The prepared
vesicles possess the siloxane networks covalently attached to the surface of bilayer
membrane. These objects were named as cerasome (ceramics + soma) (Fig. 3.10)
[28]. Cerasomes are prepared using alkoxysilane-bearing lipids that are dispersed in
a slightly acidic aqueous solution. Formation of bilayer vesicle structures and the
siloxane network structures spontaneously proceed to results in robust cell mimics.

Upon design of the alkoxysilane-bearing lipids, both cerasomes having positive
and negative surface charges can be prepared. These charged cerasomes can be
subjected to LbL assembly for formation of advanced hierarchic cell mimic assem-
blies (Fig. 3.11). For example, anionic cerasome objects were assembled in
layer-by-layer fashion with cationic polyelectrolytes, poly(diallyldimethylammonium
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Fig. 3.10 A cerasome of the siloxane networks covalently attached to the surface of bilayer
membrane

Fig. 3.11 LbL assemblies of cerasomes for formation of advanced hierarchic cell mimic
assemblies
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chloride) (PDDA) [29]. In addition, direct LbL assemblies between anionic cera-
somes and cationic cerasomes without using intermediate polyelectrolytes were also
accomplished to form hierarchic assemblies only with cell membrane mimics [30].
Successful processes of these LbL assembly of robust cell mimics, cerasomes, were
confirmed by continuous mass changes of the assemblies upon measurements by a
quartz crystal microbalance (QCM). Preservation of spherical shapes of individual
cell spherical mimics was also confirmed by observation with atomic force micro-
scopy (AFM).

These attempts to architect hierarchic assemblies of cell membrane mimics
would promote cell membrane research from individual cell stage to tissue mimic
stage. This progress makes the related research fields more applicable to biomedical
fields.

3.3.3 Sensing and Drug Delivery

The LbL assemblies can be used for various applications including advanced sensing
and drug delivery systems. The LbL assemblies between reduced graphene oxides
and ionic liquid can be used as sensor materials for toxic aromatic gasses [31].
Graphene oxide sheet was reduced to reduced graphene oxide sheet in the presence of
ionic liquids (imidazolium salts) in water. This process gives formation of charged
composites between graphene sheets and ionic liquid. The resultant charged com-
posites were then assembled with anionic polyelectrolytes, poly(sodium styrenesul-
fonate) (PSS), into layer-by-layer structure (Fig. 3.12). Layer-by-layer architecture of
both p-electron rich components, graphene sheets and imidazolium ionic liquids,
resulted in formation of highly p-rich nanospace. A QCM sensor coated with these
LbL assemblies can be used for highly selective and sensitive detection of aromatic
toxic gas substances. Exposure of the QCM sensor with the LbL composite films to
various saturated vapors of target gas substances results in an in situ decrease in
frequency of QCM. One sensor exhibited considerably higher selectivity for benzene
(more than 10 times) over cyclohexane although these substances have similar
molecular sizes, molecular weights, and vapor pressures.

For application of hierarchic LbL structures to sensing applications, LbL films of
mesoporous carbon capsules with couterionic polyelectrolytes were prepared
(Fig. 3.13) [32]. The mesoporous carbon capsule object has homogeneous
dimensions (1000 � 700 � 300 nm3) with 35-nm-thick mesoporous walls with a
uniform pore size distribution centered at 4.3 nm in diameter, and a specific surface
area of 918 m2 g−1. Because the mesoporous carbon capsules have no charges,
these capsules were first coated with charged surfactants and subjected to LbL
assembly with the aid of appropriate polyelectrolytes onto a QCM sensor plate.
Similarly, this sensing system provides high sensitivity to aromatic hydrocarbons
such as benzene and toluene as compared with aliphatic hydrocarbons such as
cyclohexane. Particular advantage of this sensing system with hierarchic LbL
structures is modification of sensing selectivity through doping of the second
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sensing components into the inner cores. For example, sensors with carbon capsule
film doped with lauric acid exhibited the greatest affinities for non-aromatic amines.
Selectivity of the sensors have strong sensitivity to acetic acid when the meso-
porous carbon capsules were doped with dodecylamine.

Sensing performance of hierarchic LbL films in solution phase was also inves-
tigated by LbL assembly of mesoporous carbon on a QCM plate (Fig. 3.14) [33].
For successful LbL assembly, negative carboxylate groups was introduced onto
surfaces of mesoporous carbon (CMK-3) through partial oxidation and then the
charged mesoporous carbon materials were assembled with appropriate polyelec-
trolytes such as cationic PDDA into layer-by-layer architectures on a QCM sensor.
Sensing properties of the LbL-modified QCM in aqueous phase were investigated

Fig. 3.12 Layer-by-layer
architecture of both p-electron
rich components, graphene
sheets and imidazolium ionic
liquids, for sensor application
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after immersion of the sensor plate in water. Injection of tannic acid solution to the
water phase immediately caused frequency shifts. The frequency shifts due to
adsorption of tannic acid much exceed those for catechin and caffeine. The resulting
sensitivity ratios of tannic acid to catechin or caffeine. Effective p–p interactions
and hydrophobic effects on the basis of multiple phenyl rings structure of the tannic
acid molecule would be more advantageous for facilitate sensing. The adsorption

Fig. 3.13 LbL films of mesoporous carbon capsules with couterionic polyelectrolytes for sensor
application

Fig. 3.14 LbL assembly of mesoporous carbon on a QCM plate for sensing application in
aqueous phase
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profile of tannic acid to the CMK LbL has a sigmoidal behavior at low concen-
trations of tannic acid, suggesting highly cooperative nature of adsorption of tannic
acids into carbon nanopores. Accumulation of such unusual observation would
promote understanding of molecular interactions within nanospaces.

Not limited to sensing application, hierarchic LbL assemblies are used for the
other bio-related applications. Hierarchic LbL assemblies between hollow meso-
porous silica capsules and PDDA with co-adsorber of silica nanoparticles exhibited
unusual release of drug and liquid substances (Fig. 3.15) [34]. Quantitative analyses
of water release from the silica capsule LbL films on the basis of QCM measure-
ments exhibited a stepwise behavior of water release even without any external
stimuli (automatic on–off periodic release). The similar behaviors were observed for
the other liquid drugs, too. Liquid guests entrapped in outer mesopore channels
evaporate to the air (release process). When the most of the liquid guest in the
mesopore regions released, the release process become almost terminated (stop
process). However, supply of the liquid guest from inside reservoir space to the

Fig. 3.15 LbL assemblies between hollow mesoporous silica capsules and PDDA with
co-adsorber of silica nanoparticles for unusual release of drug and liquid substances

56 K. Ariga



outside mesopore region resume material release process. These on–off materials
release process repeated regularly until all the liquid guests were released. This is a
rare example of a stimulus-free controlled release system of possible drug mole-
cules. The system of great utility for development of energy-less, clean
stimulus-free, and patient-friendly controlled drug release applications.

3.4 Summary

This chapter explains various types of biomimetic membranes with some functions.
Interfacial environments provide unique properties that are surely useful to promote
molecular recognition of biomolecules and to control organization of
bio-components. The layer-by-layer assembly is a certain kind of versatile strategy
to construct well-designed layered architectures. Especially, construction of hier-
archic structures by the LbL assembly would allow us to fabricate advanced bio-
mimetic membranes like tissues. Use of the fabricated structures are demonstrated
with their functions in reactors, sensors, and drug delivery. These objects are
architected from nanocomponents through various component interactions and
self-organization. The latter strategy is supported by emerging concept, nanoar-
chitectonics. Contributions of nanoarchitectonics to biomimetic membranes would
become more and more important in future.
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Chapter 4
Polysaccharides-Based Microcapsules

Yi Jia, Xiyun Feng and Junbai Li

Abstract LbL-assembled microcapsules have gained great interests in diverse
fields due to their versatile and engineering properties. In this chapter, we focus on
the microcapsules fabricated from biocompatible and biodegradable polysaccha-
rides. Various interactions, including electrostatic interaction, hydrogen bonding,
covalent crosslinking, ionic crosslinking, and host–guest interaction are introduced
and employed as driving forces to construct polysaccharide microcapsules with
specific stimuli-responsivity. The functionalization of polysaccharide microcap-
sules with bioactive moieties (such as cell surface receptor ligands) is presented and
their applications in cancer therapy and blood substitutes are highlighted.

Keywords Polysaccharides � Layer-by-layer assembly � Schiff base �
Microcapsule � Cancer therapy � Blood substitute

4.1 Introduction

Multifunctional microcapsule systems have attracted great attention because of their
wide potential applications in fields of catalysis, energy storage, cosmetics, espe-
cially in drug delivery, and other biomedical applications. In the past few decades,
numerous approaches have been developed for the construction of multifunctional
microcapsule systems and significant progress has been made. As a powerful
molecular assembly technique, layer-by-layer (LbL) assembly has been extensively
used for the fabrication of multifunctional microcapsules because it possesses
engineered features including size, shape, thickness, composition, permeation, and
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the capability of incorporating different functional molecules [1–4]. The micro-
capsules are fabricated by the sequential deposition of polymers onto a sacrificial
template followed by the removal of template. Almost all the interactions (such as
electrostatic interaction, hydrogen bonding, covalent crosslinking, charge transfer,
metal coordination, specific recognition, etc.) could be used as the driving force for
the LbL assembly of microcapsules. Therefore, an unprecedented variety of
molecules or materials were selected as wall components and a wide variety of
LbL-assembled microcapsules were obtained [1, 2, 5–7]. Microcapsules fabricated
from biomolecules are of special interest owing to their biocompatibility,
biodegradability, specific molecular recognition ability, simple modifiability, and
easy availability for bottom-up fabrication. Many biomolecules, such as phospho-
lipids, polysaccharides, peptides, and proteins are employed as building blocks to
construct multifunctional microcapsule systems and have successfully applied in drug
carriers, bioreactors, biosensors, and other biomedical fields [2, 7–11].

In this chapter, we specifically focus on polysaccharides-based microcapsules and
show some of their most significant applications in biomedical field. In details, we
first describe the main features of polysaccharides and outline the basic principles for
the preparation of polysaccharides-based microcapsules via LbL assembly tech-
niques. We then present the biomedical applications of these polysaccharides-based
microcapsules, including cancer therapy and blood substitutes.

4.2 The Structure and Properties of Polysaccharides

Polysaccharides are polymers of monosaccharides linked by glycosidic bonds.
These natural polymers are the most abundant renewable resource on the Earth,
with an annual formation rate exceeding the world production rate of synthetic
polymers by several orders of magnitude. They have various origins including algal
origin (e.g., alginate, agar, and carrageenan), microbial origin (e.g., dextran and
xanthan gum), plant origin (e.g., cellulose, starch, pectin, and guar gum), and
animal origin (e.g., chitosan, chondroitin, heparin, and hyaluronic acid) [8, 12, 13].
The chemical structures and main properties of some conventional polysaccharides
are listed in Table 4.1. These polysaccharides are diverse in chemical structures,
molecular weight, physicochemical properties as well as biological activities.
However, all of the polysaccharides have some favorable characteristics in common
such as excellent biocompatibility, biodegradability, stability, hydrophilicity, low
toxicity, low immunogenicity, and ease of chemical modification. These out-
standing behaviors of polysaccharides are mainly attributed to, (i) originating from
extracellular matrices of plant and animal tissues, (ii) bearing numerous terminal
hydroxyl groups of glucose units, (iii) existence of a large number of active
functional groups (free carboxyl, primary amino, acetamido, etc.). Due to the
presence of these active groups on the polysaccharides backbone, chemical func-
tionalization can be easily realized through oxidation, sulfation, amidation,
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Table 4.1 The chemical structures and main properties of conventional polysaccharides

Polysaccharides Main properties

The only natural polycationic
polysaccharide; soluble in
acidic solution; facile
adherence to mucosal surfaces;
wide availability, superior
wound-healing, and
antibacterial properties

Water soluble at physiological
pH and highly mucoadhesive

Water soluble;
non-immunogenic; the only
non-sulfated
glycosaminoglycans; plays key
roles in cell motility,
proliferation, and
differentiation; can function as
a lubricant and shock absorber;
active targeting to specific
membrane receptors present on
most mammalian cells; water
retention ability

Highly water soluble, lacks
nonspecific cell binding, and
resistant to protein adsorption

(continued)
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esterification, or grafting methods, resulting in many kinds of polysaccharide
derivatives [8, 14]. Moreover, these hydrophilic groups could form non-covalent
bonds with biological tissues (mainly epithelia and mucous membranes), forming
specific bioadhesion on mucosal surfaces (such as colon) and prolonging the drug
residence time. All these merits make polysaccharides excellent building blocks for
biomedical applications.

Table 4.1 (continued)

Polysaccharides Main properties

High negative charge density;
anticoagulant activity and
antiviral activity; regulate
angiogenesis and inhibit
complement activation

Unique cup-like morphology
with a hydrophilic exterior and
a hydrophobic cavity that
enables them to encapsulate
small hydrophobic molecules
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4.3 Preparation of Multifunctional Polysaccharide-Based
Microcapsules

With the development of biotechnology and nanotechnology, more and more
polysaccharide-based microcapsules emerge, which greatly enrich the versatility of
polysaccharide-based carriers in terms of category and function. According
to structural characteristics, these polysaccharide-based microcapsules are prepared
mainly via five mechanisms, namely electrostatic interaction, hydrogen bonding,
covalent crosslinking, ionic crosslinking, and host–guest interaction.

4.3.1 Polysaccharide Microcapsules Fabricated
via Electrostatic Interaction

Electrostatic interaction is considered as one of the main driving forces exploited
for LbL assembly. It is attractive for its simplicity and mild preparation conditions.
In a general strategy, oppositely charged components are alternately deposited on
templates and hollow capsules are obtained followed by removal of templates.
Therefore, the assembly of polysaccharide-based microcapsules can be easily
obtained through electrostatic interaction of ionic polysaccharides with oppositely
charged polysaccharides or polymers. From the standpoint of polyelectrolyte,
polysaccharides can be divided into polycationic polysaccharides (chitosan (CHI))
and polyanionic polysaccharides [alginate (ALG), heparin (HP), chondroitin sulfate
(CS), hyaluronic acid (HA), carboxymethyl cellulose (CMC), dextran sulfate
(DEXS), etc.]. Among these polysaccharides, CHI is the only natural polycationic
polysaccharide derived from partial deacetylation of chitin, which consists of
glucosamine and N-acetyl glucosamine units. Owing to its wide availability,
superior wound-healing and antibacterial properties, CHI is widely used as poly-
cations in the preparation of polysaccharide-based microcapsules. Any polyanionic
polysaccharides or their derivatives could be assembled with CHI through elec-
trostatic interaction, such as CHI/ALG, CHI/HP, CHI/CMC, CHI/DEXS multilayer
microcapsules, and so on [15–20]. As alternatives to polysaccharides or their
derivatives, other charged polymers like polyelectrolyte, proteins, and polypeptides
were also exploited as oppositely charged polymers for the fabrication of
polysaccharides-based microcapsules [21–23], which could endow the microcap-
sules with specific properties or functions. Moreover, these polysaccharides-based
microcapsules fabricated through electrostatic interaction are often responsive to pH
and ionic strength, making it well suitable for stimulus-responsive drug release.
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4.3.2 Hydrogen-Bonded Polysaccharide Microcapsules

Since most polysaccharides have numerous active functional groups (typically,
carboxyl, carbonyl, hydroxyl and amine groups, etc.) that can serve as hydrogen
bond donors and acceptors, hydrogen bonding was also employed in the LbL
assembly of polysaccharides-based microcapsules. Compared to electrostatic inter-
action, hydrogen bonding allows the fabrication of multilayer microcapsules both in
aqueous solution and organic solvents, which increase the diversity of components
used in the construction of microcapsules. What is more, hydrogen-bond interaction
is sensitive to pH and humidity change, endowing the microcapsules with
stimulus-responsive drug release behaviors as well as those fabricated via electro-
static interaction [24]. As an example, poly(N-isopropylacrylamide) (PNIPAAm)/
ALG multilayer microcapsules were fabricated through hydrogen bonding between
amide carboxyl groups of the PNIPAAm and hydroxyl groups of the ALG [25].
These hydrogen-bonded (PNIPAAm)/ALG microcapsules were demonstrated to be
pH-responsive for fluorescent probe molecules FITC-dextran (Mw � 2000 kDa).
It is permeable for FITC-dextran below pH 5.8, while impermeable above pH 6.8.
The distinct permeability of the microcapsules is mainly ascribed to the strength of
hydrogen bond and ALG-Mn2+ complexation formed at different pH values. In
addition, the introduction of PNIPAAm also enabled the polysaccharide micro-
capsules thermosensitivity. This dual sensitivity may provide new opportunities for
these capsules as efficient drug delivery carriers.

In general, hydrogen bonding was not used alone in LbL assembly of
polysaccharide-based microcapsules, which is always used in combination with
other interactions. In the case of the insulin/ALG microcapsules, both hydrogen
bonding and electrostatic interaction contributed to the successful assembly of
microcapsules [26].

4.3.3 Covalent-Bonded Polysaccharide Microcapsules

As polysaccharides are often weak polyelectrolytes, the microcapsules fabricated
through electrostatic interactions were not strong enough and thus restricted their
practical applications. To obtain robust polysaccharide microcapsules, covalent
crosslinking was introduced in the assembly process. Most of covalent crosslinked
polysaccharide microcapsule systems were prepared using the available –NH2 and
–OH groups and crosslinkers that can form a number of linkage chemistries,
including amine–carboxylic acid bonding and amine–aldehyde bonding (commonly
known as Schiff base bonding) [2, 21]. Here, we specifically focus on polysac-
charide microcapsule systems fabricated through Schiff base interaction. First, it is
worth to mention the outstanding superiority of Schiff base interaction [2, 27].
(i) Schiff base reaction proceeds under ambient conditions without activation and
involves only water as a by-product, avoiding the contamination of the
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microcapsules by impurities. (ii) Compared to noncovalent bonding, the robustness
and stability of covalent Schiff base-bonded polysaccharide microcapsules were
significantly improved. (iii) The formation of Schiff base bond enables the
microcapsules with autofluorescence, attributing to the n–p* transition of the C=N
bonds. (iv) Schiff base bond is a dynamic covalent bond that the stability of these
bonds decreases as the pH decreases. All these merits make Schiff base-bonded
polysaccharide microcapsules attractive in biomedical application, especially for
biological tracing and controlled drug delivery.

Typically, Schiff base-bonded polysaccharide microcapsules can be formed by
using small molecule aldehyde or aldehyde polymer as crosslinkers.

4.3.3.1 Glutaraldehyde Crosslinked Polysaccharide Microcapsules

As a familiar crosslinking agent, glutaraldehyde (GA) was frequently used to prepare
stable microcapsules. The aldehyde groups of GA can easily react with amino
groups of polysaccharides to form Schiff base bonds. After alternate assembly of
polysaccharide and GA on decomposable template, hollow single-component or
multi-component polysaccharide microcapsules can be obtained [28]. Compared to
the microcapsules fabricated through electrostatic interaction, the stability of
GA-crosslinked polysaccharide microcapsules against extreme pH treatments was
substantially improved. Moreover, other amino-containing compounds such as
proteins and peptides could also react with GA to endow the polysaccharide
microcapsules with specific recognitions or functions. However, it is noteworthy that
GA is relatively toxic to living organisms and it is associated with calcification in
certain bioapplications [29]. To reduce the toxicity of GA-crosslinked polysaccha-
ride microcapsules without compromising its stability, lower concentration of GA,
or posttreatment with GA after LbL assembly was recommended [15, 30].

4.3.3.2 Aldehyde Polysaccharide-Crosslinked Polysaccharide
Microcapsules

In order to avoid the use of toxic GA, researchers tend to pre-functionalized
polymer chains of polysaccharides with reactive aldehyde groups. Since most of the
polysaccharides have cis-diol groups in their structure, mild periodate oxidation is
used to confer the polysaccharide chain with aldehyde functionalities (namely
aldehyde polysaccharides) [31], which have highly reactive nature toward
amino-containing compounds. Aldehyde polysaccharides are excellent biological
crosslinkers due to their low toxicity, biocompatibility, and biodegradability, and
they are usually employed both as a crosslinker and as a wall component in
covalent assembly of polysaccharide microcapsules [31–33]. Recently, we oxidized
ALG to generate alginate dialdehyde (ADA) and prepared CHI/ADA multilayers
microcapsules through electrostatic interaction and Schiff base interaction [31],
Fig. 4.1. The formation of Schiff base bond enabled the CHI/ADA microcapsules
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with enhanced stability and pH-dependent permeability. In acid condition, the
crosslinked shells become incompact and permit the diffusion of FITC-dextran
(20 KDa), while impermeable in neutral and basic solution. This feature is highly
preferable for specific pH-triggered drug release. Moreover, the Schiff base-bonded
polysaccharide microcapsules were found to be autofluorescent, which ascribe to

Fig. 4.1 a The Schiff base reaction between CHI and ADA, b TEM image and c–d CLSM images
of CHI/ADA multilayer microcapsules, e–g CLSM images of CHI/ADA multilayer microcapsules
in different pH media with FITC-dextran (20 kDa) as a probe molecule: pH 5, pH 7, and pH 9
(from left to right). Reproduced from Ref. [31] by permission of The Royal Society of Chemistry
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the n–p* transition of the C=N bonds. The autofluorescence would be beneficial in
tracing and monitoring safety and efficacy of microcapsules in organisms, avoiding
the use of extra fluorochromes. Therefore, this study provides a simple and
promising strategy for making autofluorescent and pH-responsive materials. Based
on this, we further used ADA to crosslink with amino-containing small molecule,
drugs, and proteins to obtain autofluorescent and pH-responsive polysaccharide
microcapsules and confer them with specific or extra functions [33–36]. In addition
to ADA, we also synthesized other aldehyde polysaccharides, such as dialdehyde
heparin (DHP) and dialdehyde starch (DAS), and then crosslinked them with CHI
to prepare polysaccharide microcapsules [31]. The successful preparation of
CHI/DHP and CHI/DAS multilayers microcapsules demonstrated that this approach
is also applied to other polysaccharides and their derivatives, further confirming the
versatility and broad applicability of the method.

4.3.4 Ionic-Crosslinked Polysaccharide Microcapsules

Ionic crosslinking is a specific electrostatic interaction. In ionic crosslinking,
polyions or small ionic molecules react with the polyelectrolytes and the formed
ionic bond act like bridges along the polymer chains. Compared with other inter-
actions, ionic crosslinking is more simple and mild. Once opposite charged poly-
mers and ions are mixed together, ionic networks are formed immediately. For
polycationic CHI and their derivatives, polyanion tripolyphosphate (TPP) is the
most widely used ionic crosslinkers [37, 38]. It can form a gel by ionic interaction
between positively charged amino groups of CHI and negatively charged counte-
rions of TPP. Compared to other polyphosphates that only bind on the surface of
CHI droplets, TPP can diffuse into CHI droplets or films freely to form ionically
crosslinked chitosan beads or films [39]. For polyanionic polysaccharides bearing
carboxylic groups on the molecular chains, di- and tri-valent ions (Ca2+, Ba2+, Sr2+,
Al3+) are suitable ionic crosslinkers. Typically, ALG forms hydrogels by means of
Ca2+, which positions in the interstices between G blocks, leading to an ordered
conformational structure called “egg-box” array [38]. In our earlier study, we used
Ca2+ as crosslinkers to alternatively assemble with ALG, nano-hydroxyapatite
(nHA) on tube-like template, and 3D hydrogel scaffolds were finally obtained [40].
By simply regulating the Ca2+ crosslinking intensity, the elastic modulus, swelling
behavior, permeability, and diffusivity of the hydrogel scaffold can be easily tuned.
In another study, porous spherical CaCO3 are used as effective ‘casting’ template to
prepare Ca2+-crosslinked ALG microcapsules [41]. Here, CaCO3 microspheres
were used not only as a template but also as an ionic crosslinking agent provider.
The crosslinking of Ca2+ and ALG happened when CaCO3 template was dissolved.
Such Ca2+-crosslinked ALG microcapsules or beads are pH-responsive and have
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been intensively explored for site-specific oral delivery. Generally, Ca2+ crosslinked
ALG microcapsules showed slow drug release in acidic pH due to the poor swel-
ling. Oppositely, in phosphate buffer and simulated intestinal fluid, the swelling and
the release are promoted as phosphate ions extract the Ca2+ from ALG hydrogels
microcapsules.

4.3.5 Polysaccharide Microcapsules Fabricated
via Host–Guest Interaction

Cyclodextrins (CDs) are cyclic oligomers of glucose that have a hydrophilic ex-
terior and a hydrophobic cavity. They can act as hosts to hydrophobic molecules
and form water-soluble inclusion complexes with small molecules and portions of
large compounds. This unique ability enables CDs-based assemblies widely utilized
in the biomedical and pharmaceutical fields to improve bioavailability of poorly
soluble or biodegradable drugs and to enhance permeability of biological mem-
branes [42, 43]. Supramolecular microcapsules (SMCs) based on CDs and their
derivatives exploited host–guest interactions as the main driving force. Compared
to the well-known electrostatic interactions, supramolecular host–guest interactions
may offer additional benefits, such as tunable binding affinity, reversibility, incor-
poration of neutral molecules and/or biomolecules, straightforward control over the
growth process and layer thickness by structural and steric design of the building
blocks, and so on. Zhang and co-workers reported the preparation of SMCs by
alternately depositing carboxymethyl dextran-graft-b-CD (CMD-g-b-CD) and
polyaldehyde dextran-graft-adamantane (PAD-g-AD) on CaCO3 particles via host–
guest interaction [44]. Simultaneously, adamantine-modified doxorubicin
(AD-Dox) was also loaded on the LbL wall via host–guest interaction. Because the
AD groups were linked to dextran or Dox via pH-cleavable hydrazone bonds, AD
moieties can be removed under the weak acidic condition, leading to destruction of
SMCs and release of Dox. Meanwhile, they designed photo-switchable polysac-
charide microcapsules based on host–guest interactions between a-cyclodextrin
(a-CD) and azobenzene (Azo) [45]. The obtained capsules could be dissociated
upon UV irradiation due to the transformation of trans–Azo to cis–Azo, followed
by the release of the drug. Analogously, some functional molecules or responsive
polymers could be assembled or grafted with CDs to provide the polysaccharide
microcapsules with multi-responsiveness or specific recognitions and serve as smart
drug reservoir [42, 46].
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4.4 Biomedical Applications of the Polysaccharide-Based
Microcapsules

4.4.1 Cancer Therapy

LbL-assembled polysaccharide microcapsules usually have good biocompatibility,
biodegradability, low immunogenicity with tunable size, morphology, surface
properties, and permeability. Thus, they have great advantages and important
applications in biomedicine. One of the most important applications of polysac-
charide microcapsules is used as drug carriers for cancer therapy. Their high
loading capacity and tunable properties are favorable to deliver and unload anti-
cancer drugs. Effective cancer therapy is achieved by specific targeting to tumor and
controlled drug release. Typical examples are summarized in Table 4.2 and
introduced.

Table 4.2 LbL-assembled polysaccharide microcapsules and their applications

Assembled pairs Driving force Application References

CHI/ALG Electrostatic
interaction

Folate receptor
mediated targeting

[16]

TRAIL/ALG Electrostatic
interaction

Death receptor
mediated targeting

[47]

CHI/HP Electrostatic
interaction

Enzyme-responsive
drug release

[18]

CHI/DEXS Electrostatic
interaction

Enzyme-responsive
drug release

[20]

PNIPAAm/ALG Hydrogen bond pH- and
temperature-responsive
drug release

[25]

Insulin/ALG Electrostatic
interaction and
hydrogen bond

Sustained drug release [26]

CHI/ADA Electrostatic
interaction and
covalent Schiff base
bond

pH-responsive drug
release

[31]

Dox/ADA Electrostatic
interaction and
covalent Schiff base
bond

pH-responsive drug
release

[35]

ADA/CM Electrostatic
interaction and
covalent Schiff base
bond

pH- and
redox-responsive drug
release

[34]

PLGA/CHI Electrostatic
interaction and
covalent amide bond

pH-responsive drug
release

[23]

(continued)

4 Polysaccharides-Based Microcapsules 73



4.4.1.1 Specific Targeting to Tumor

Specific targeting to tumor cells could increase bioavailability of anticancer drugs
as well as reduce toxic side effects to normal cells resulting from nonspecific uptake
[49]. The strategies for specific targeting polysaccharide microcapsules to tumor
cells mainly employ surface functionalization with bioactive moieties such as cell
surface receptor ligands (receptor mediated targeting).

Hyaluronic acid (HA) is a natural anionic polysaccharide that represents one of
the main constituents of the extracellular matrix (ECM) in mammalian organisms.
Moreover, HA can bind to specific receptor cluster determinant 44 (CD44) that
overexpress in various cancer cells [50]. When HA is bound to CD44, it is cleaved
into lower molecular weight segments as low as 20 kDa by the membrane anchored
enzyme Hyal-2 and readily internalized to the cells. Therefore, polysaccharide HA
itself is a tumor cell surface receptor ligand and HA-containing microcapsules are
suitable for tumor-targeted drug release. Making use of the specific tumor recog-
nition of HA and the unique inclusion complexation of CD, Auzély-Velty and
co-workers fabricated polysaccharide microcapsules through LbL deposition of
HA-modified CD molecules and poly(L-lysine) (PLL) on calcium carbonate par-
ticles [46]. The poorly water-soluble anticancer drug paclitaxel (PTX) molecules

Table 4.2 (continued)

Assembled pairs Driving force Application References

ADA/Ca2+ Ca2+ crosslinking Folate receptor
mediated targeting,
chemotherapy and PDT

[41]

HA-CD/PLL Host–guest
interaction

CD44 receptor
mediated targeting,

[46]

CMD-g-b-CD/PAD-g-AD Host–guest
interaction

pH-responsive drug
release

[44]

PAA-C12-
Azo/CMD-g-a-CD

Host–guest
interaction

Photo-responsive drug
release

[45]

ADA/CAT Covalent Schiff base
bond

PDT [36]

ADA/fLuc Covalent Schiff base
bond

PDT [33]

CHI/ALG Electrostatic
interaction

PTT [48]

Hb/DHP Electrostatic
interaction and
covalent Schiff base
bond

Blood substitutes [32]

Abbreviations
TRAIL Tumor necrosis factor-related apoptosis-inducing ligands; ACHI Adenine-modified
chitosan; HA-CD HA-modified CD; CMD-g-a-CD Carboxymethyl dextran-graft-a-CD;
PAA-C12-Azo poly(acrylic acid) Naminododecane p-azobenzeneaminosuccinic acid; PLGA poly
(l-glutamic acid); fLuc firefly luciferase
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were loaded in the LbL assembled wall via selectively complexed by CD.
PTX-loaded polysaccharide microcapsules showed greater cytotoxicity than PTX in
solution for breast cancer cells that overexpressed HA receptor, suggesting that they
were specifically bound to cancer cells and taken up by the cancer cells via HA
receptor-mediated endocytosis.

The folate receptor (FR) is a confirmed tumor-associated antigen that binds
folate and folate-modified assemblies with very high affinity and shuttles these
assemblies inside cells via an endocytic mechanism. A wide variety of drug carriers
employed folate as the ligand for FR-positive tumor cells targeting and showed
enhanced cytotoxicity to tumors. Our group fabricated CHI/ALG and ALG/Ca2+

microcapsules and coated these polysaccharide microcapsules with folate-linked
liposomes [16, 41]. In vitro tests show that the introduction of folate on the surfaces
of polysaccharide microcapsules leads to selective recognition to cancer cells with
increased cell uptakes and enhanced anticancer efficiency. Besides folate, we also
exploited TRAIL (tumor necrosis factor-related apoptosis-inducing ligand) as
tumor cell surface receptor ligands to modify polysaccharide microcapsules. TRAIL
is a cognate ligand of tumor necrosis factor (TNF) receptors. It binds or interacts
with cell surface proapoptosis receptors to assemble a cell-death-inducing signaling
complex that can induce cell apoptosis. Specially, TRAIL can induce apoptosis
selectively in many cancer cell lines, whereas normal cells are relatively resistant
[49]. Based on this, we fabricated TRAIL/ALG multilayers on the surfaces of
Dox-loaded CaCO3 particles via LbL assembly technique (Fig. 4.2) [47].
Flow-cytometry analysis demonstrated that TRAIL as the outer layer of the system
retained its activity and remarkably enhanced the selectivity of polysaccharide
nanoparticles to recognize cancer cells. The ratio of TRAIL-functionalized
polysaccharide particles uptake by cancer cells reached up to 91.3 ± 4.1%, while
nude CaCO3 particles were only 43.5 ± 3.3%. After cell endocytosis, DOX loaded
in the polysaccharide particles slowly released in tumor cell. Notable anticancer
activity of the nanocomposite was observed due to the synergistic effect of TRAIL
targeted extrinsic apoptosis pathway and DOX triggered apoptosis pathway.

4.4.1.2 Controlled Drug Release

Controlled drug delivery systems (DDSs) provide an alternative approach to reg-
ulating the bioavailability of therapeutic agents. In DDSs, an active therapeutic is
incorporated into a polymeric network structure and the drug is released from the
system in a predefined manner. LbL-assembled polysaccharide microcapsules are
excellent DDSs that have good biocompatibility, biodegradability, and tunable
properties. Controlled drug release from polysaccharide microcapsules can be
fine-tuned via endogenous and exogenous stimuli (such as pH, redox, enzyme,
glucose, temperature, light illumination, etc.).

Since the tissues around cancer cells have a lower pH than those of normal cells,
pH-responsive polysaccharide microcapsules were designed for the controlled
release of anticancer drugs. Doxorubicin (Dox) is one of the most common

4 Polysaccharides-Based Microcapsules 75



low-molecular chemotherapeutic agents used in the cancer treatment. It could be
encapsulated in capsules through preloading in porous template or postloading via
physical adsorption. In view of the existence of abundant amino groups on Dox, our
group used ADA to crosslink with Dox through covalent Schiff base bond
(Fig. 4.3) [35]. As discussed before, the stability of Schiff base bonds decreases as
the pH decreases [2]. Thus, controlled release of Dox could be achieved through pH
stimulus. As shown in Fig. 4.3b, the release rate of Dox from Dox/ADA capsules
was much faster at pH 5.5 compared to that at pH 7.4. Moreover, the Dox/ADA
microcapsules induced sustained drug release and exhibited high efficiency against
tumor cell proliferation.

Considering the differences between the environment in the bloodstream (neutral
pH and low concentration of GSH) and subcellular structures in tumor cells (low
pH and high concentration of GSH), we further prepared pH and redox-responsive
(ADA/CM)5 microcapsules via covalent Schiff base bond and disulfide bond [34].
The microcapsules were shown to be permeable at low pH due to the hydrolysis of

Fig. 4.2 a Schematic illustration of the fabrication of Dox-loaded TRAIL/ALG–CaCO3

nanocomposites, b Flow-cytometry diagrams of the uptake of hollow shells by HeLa cells
cultured in three different way, c HeLa cells viability in vitro measured by MTT assay, and the
cells were cultured: [1] in a normal way; [2] with nude CaCO3 nanocomposites; [3] with
TRAIL/ALG-CaCO3 nanocomposites; [4] with Dox-loaded CaCO3 nanocomposites; [5] with
Dox-loaded TRAIL/ALG-CaCO3 nanocomposites. Reproduced from Ref. [47] by permission of
The Royal Society of Chemistry
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Schiff base bond, or after adding a reducing agent to cleave the disulfide bonds
within the formed multilayers. Thus docetaxel-loaded (ADA/CM)5 capsules were
readily triggered drug release in tumor cells and prevented unwanted release in
bloodstream.

In comparison with endogenous stimuli (pH, redox, enzyme, glucose), exoge-
nous stimuli (light, ultrasound, magnet) are more simple and easy to manipulate.
Light is a superior external stimulus for drug release since it can be remotely
manipulated to attain both spatial and temporal control with high precision [51].
Photosensitive polysaccharide microcapsules were fabricated by assembling
polysaccharides with photosensitive polymers or particles [33, 36, 45]. Drugs can
be released from these polysaccharide microcapsules by photocleavage, photoiso-
merization, or photoactivation of the assembled polymers upon light irradiation.

Photodynamic therapy (PDT) and photothermal therapy (PTT) are two typical
and much more promising cancer therapies that have been widely reported [52, 53].
Both therapies possess obviously outstanding advantages such as specific

Fig. 4.3 a Schematic illustration of the fabrication of DOX/ADA microcapsules against tumor
cell proliferation, b quantitative analyses of in vitro release of DOX from DOX/ADA
microcapsules at pH 5.5 and 7.4 at 37 °C, c cytotoxicity results for MCF-7 cells with a drug
concentration (14 lg mL−1) incubated with different time stages. Reproduced from Ref. [35] by
permission of John Wiley & Sons Ltd
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spatiotemporal selectivity, minimal side effects, low toxicity and remote control-
lability, especially avoiding chemo-resistance. Photodynamic therapy (PDT) is a
treatment that employs light illumination produced reactive oxygen species
(ROS) to kill cancer cells. It usually consists of three components: photosensitizers
(PSs), light and oxygen-containing substrates (e.g., molecular oxygen, water).
These three components are indispensable and play crucial roles in the efficacy of
PDT. In the PDT treatment, PSs were first injected into patients and then irradiated
with light of appropriate wavelength at the diseased tissues. Nevertheless, most of
PSs are insoluble and easily aggregate in aqueous media, which reduced the
quantum yield of ROS and limited their anticancer efficacy. Therefore, many kinds
of PSs’ carriers have been developed to overcome this problem. For example, our
group employed LbL-assembled ALG/CHI microcapsules as PSs’ carriers and
loaded hypocrellin B (HB) on shells of microcapsules [54]. These HB-loaded
polysaccharide microcapsules showed high cytotoxicity after exposure to visible
light. It indicates that polysaccharide microcapsules are suitable as PSs’ carriers and
can efficiently avoid unwanted aggregation.

PSs are usually excited by short-wavelength UV–Vis light, so its poor tissue
penetration has become the obstacle in treating deep-seated tumors below the skin,
which hinders the widespread clinical use of PDT [52]. Fortunately, the external
near-infrared (NIR) light/X-ray-excited PDT, as well as internal self-illuminating
PDT have brought about a novel technique of deep PDT with great promise for the
efficient treatment of deep-seated tumors. Recently, we designed and fabricated a
kind of bioluminescent microcapsules by covalent LbL assembly of ADA and
luciferase (fLuc) on luciferin-coprecipitated CaCO3 microparticles [33]. In the
presence of O2, Mg2+, and ATP, fLuc could catalyze the oxidation of its substrate
luciferin to produce light. This light was then used to activate PSs for the pro-
duction of active oxygen (1O2), as shown in Fig. 4.4. Cytotoxicity tests confirmed
that PSs in the capsules could be activated by the excitation of bioluminescent
microcapsules in the dark without external light and effectively prevent the pro-
liferation of tumor cells.

In addition to PSs’ aggregation and poor penetration depth of light, PDT is also
restricted by the low concentration of molecular oxygen (O2) in tumor’s hypoxic
microenvironment [53]. To increase the availability of O2, an oxygen-generating
system was constructed by LbL assembly of CAT/ADA [36]. In this system,
catalase (CAT) catalyzes the decomposition of intracellular hydrogen peroxide
(H2O2) into H2O and O2. The produced O2 can be utilized by PSs to produced 1O2

under light excitation and thus effectively enhanced the anticancer efficiency of
PDT. Moreover, the reduced cellular levels of H2O2 may also help to inhibit tumor
proliferation.

In combination with desirable components, LbL-assembled polysaccharide
microcapsules hold great promise for efficient cancer therapy and well tackle the
challenges of both chemotherapy and PDT. This also applies for PTT.
LbL-assembled CHI/ALG multilayer microcapsules loaded with gold nanorods
(GNRs) were constructed and can be used for enhanced PTT (Fig. 4.5) [48]. These
polysaccharide microcapsules were served as support matrices and can avoid
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unwanted aggregation of GNRs. GNRs were reported to have a strong absorption in
the NIR region and induce faster and higher heating effects compared to other gold
materials. Upon irradiation with NIR light, the GNRs absorb the energy and quickly
transform it into heat, which may selectively ablate cancerous cells within the
irradiated zone and achieve high efficiency to suppress tumor growth. More
interestingly, the significant increase of local temperature triggered the autonomous
movement of these polysaccharide microcapsules, with the speed ranging from 1.3
to 23.27 lm/s upon the increase of incident laser power. This system is promising
as a versatile drug carrier and paves a new way to design self-propelled drug
delivery system for diverse biomedical application in future.

4.4.2 Blood Substitutes

As essential structural components of both plant and animal cells, polysaccharides
play many different roles in vivo. For instance, cellulose and chitin are the major
components of cell walls; starch and glycogen act as energy reserves in biological
systems; HA and CS are responsible for the unique hydration and mechanical
properties of cartilage, synovial fluid, and tendons [55]. Therefore, proper
polysaccharides need to be selected for specific bioapplications.

Heparin (HP) is known as an anticoagulant and growth factor-binding agent. It
was also found to inhibit cancer cell adhesion, deactivate heparinase, and activate

ADA D-luciferinfLuc Oxyluciferin Photosensitizer

ADA
fLuc

..

.

Remove template

CaCO3

1O2

*

+

O2

Luciferin+ATP+O2                                Oxyluciferin+AMP+ppi+H 2O+light
Luciferase

Mg2+

Fig. 4.4 The fabrication and bioluminescent process of ADA/fLuc microcapsules. Reproduced
from Ref. [33] by permission of John Wiley & Sons, Ltd
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Fig. 4.5 a Schematic illustration of CHI/ALG/GNRs multilayer microcapsules, b–d video frames
of CHI/ALG/GNRs microcapsules without NIR laser illumination; e–g video frames of
CHI/ALG/GNRs microcapsules under continuous NIR laser illumination (3.23 J/cm2).
Reprinted from Ref. [48], Copyright 2015, with permission from Elsevier
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natural killer (NK) cells. Thus, it has been extensively exploited to develop bio-
functional multilayer films [17, 56]. However, strong anticoagulant activity limits
its use. Dialdehyde heparin (DHP) produced by periodate oxidation of HP, was
shown to be a good alternative to HP [32, 56]. It has lower anticoagulant properties
than HP, which could prevent severe bleeding complications in biomedicine.
Meanwhile, DHP has good biocompatibility, biodegradability, and hemocompati-
bility as same as HP. In view of its excellent features, DHP was used both as a wall
component and as a crosslinker in the fabrication of Hb/DHP multilayer micro-
capsules to mimic artificial red blood cells (RBCs) (Fig. 4.6) [32]. Hemoglobin
(Hb) in RBCs possesses the ability of delivering and releasing oxygen. However,
stroma-free Hb could not directly be used as an oxygen carrier since it is liable to
dissociate into dimers, leading to severe renal toxicity. The Schiff base bond formed
between Hb and DHP in the microcapsules effectively prevent the dissociation of
the Hb tetramer into dimers and thus avoiding renal toxicity. Moreover, the Schiff
base-bonded Hb/DHP microcapsules were found to be autofluorescent. This is
helpful to monitor the microcapsules in humans, avoiding the use of extra fluor-
ochromes. DHP as the outer layer also provides the microcapsules with good
“stealth” effect similar to PEGylation, which would be favorable to reduce uptake
by macrophages and prolong the blood retention time of microcapsules in vivo.
More importantly, DHP-crosslinked Hb maintained its intrinsic bioactivity of
reversibly binding and releasing oxygen. All these characteristics make Hb/DHP
microcapsules good candidates as blood substitutes.

Fig. 4.6 a Hb/DHP multilayer microcapsules fabricated through Schiff base interactions for use
as blood substitutes, b CLSM image of Hb/DHP microcapsules. Reproduced from Ref. [32] by
permission of John Wiley & Sons Ltd
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4.5 Conclusions

Polysaccharides are the most abundant renewable resources on the Earth that
possess excellent biocompatibility, biodegradability, stability, hydrophilicity, low
immunogenicity, and ease of chemical modification. They are gaining increasing
attention as components to construct well-defined micro/nanometer-sized struc-
tures. In this chapter, we highlight recent progress on LbL-assembled polysac-
charide microcapsules. Different interactions were used as driving forces to prepare
polysaccharide microcapsules and contributed to diverse stimuli-responsivity. In
combination with specific bioactive moieties (such as cell surface receptor ligands),
the as-prepared functional polysaccharide microcapsules are highly promising as
excellent drug carriers for both specific targeting and controlled release in various
cancer therapy (chemotherapy, PDT, PTT, combined therapy, etc.). In addition,
taking advantages of their unique properties or native functions, polysaccharide
microcapsules could also be applied in other biomedical fields, such as blood
substitute. With the rapid development of science and nanobiotechnology,
LbL-assembled polysaccharide microcapsules are bound to embrace a brighter
future and eventually realize important applications in biomedical field.
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Chapter 5
Hemoglobin-Based Molecular Assembly

Li Duan, Yi Jia and Junbai Li

Abstract Development of protein-based molecular devices is an active area of
research due to their broad applications in biotechnology, biorelated chemistry,
bioelectronics, and biomedical engineering. Hemoglobin (Hb) is a physiologically
important oxygen-transport metalloprotein present in the red blood cells. In this
chapter, we present the recent development in fabrication and tailoring of a variety
of hemoglobin protein shells via covalent layer-by-layer (LbL) assembly combined
with template technique. Also, the developed strategy is effective and flexible,
advantageous for avoiding denaturation of proteins. The as-fabricated Hb shells
have better applications in drug delivery and controlled release, biosensors, bio-
catalysis, and bioreactors due to the enhancement of biological availability. In view
of the carrying-oxygen function of Hb protein in blood, we particularly focus on the
potential applications of hemoglobin-based nanoarchitectonic assemblies as artifi-
cial blood substitutes. These novel oxygen carriers exhibit advantages over tradi-
tional carriers and will greatly promote research on reliable and feasible artificial
blood substitutes.

Keywords Hemoglobin protein � Layer-by-layer assembly � Template technique �
Covalent cross-linking � Carrying-oxygen function � Artificial blood substitutes
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5.1 Introduction

Biomimetics has proved very useful in the design and fabrication of new func-
tionally structured materials on the micro- and nanoscale [1]. Biomimetics refers to
human-made processes, devices, or systems that mimic or imitate certain aspects of
biological systems and have proven useful in providing biological inspiration from
natural efficient designs [2–4]. Engineering biomimetic materials encompass a wide
variety of research, from nanomaterials to the mechanics of how biological mole-
cules such as proteins and enzymes can function as analogous man-made structures.
With the development of modern biology, biomimetics is not limited to just
copying nature. Scientists can directly utilize biological units themselves to con-
struct hybrid nanostructured materials. In this chapter, we mainly focus on how
molecular biomimetic applied to engineering functional materials, particularly
fabricating the hemoglobin protein shells via covalently Layer-by-Layer
(LbL) assembly, and its application in biomedical fields. This method to fabricate
protein capsules is simple and inexpensive, advantageous for avoiding denaturation
of proteins and is applicable to nearly any proteins, which shows a wide range of
application.

5.2 Hemoglobin—An Oxygen-Carrying Protein

Hemoglobin (Hb) plays an important role in vital activities. It’s the main functional
constituent of the red blood cell that causes blood as a red color, and transports
oxygen to the cells from the lungs and carbon dioxide away from the cells to the
lungs. Red blood cells must contain adequate hemoglobin. A deficiency of
hemoglobin would lead to various diseases, such as anemia. In mammals, the Hb
protein makes up about 96% of the red blood cells’ dry content (by weight), and
around 35% of the total content (including water). Each erythrocyte contains 200–
300 molecules of hemoglobin. Hemoglobin is also found outside red blood cells
and their progenitor lines. Other cells that contain hemoglobin include the A9
dopaminergic neurons in the substantia nigra, macrophages, alveolar cells, and
mesangial cells in the kidney. In these tissues, hemoglobin has a
non-oxygen-carrying function as an antioxidant and a regulator of iron metabolism
[5].

Hemoglobin (Hb) is a conjugated iron–protein compound in which each mole-
cule is a tetramer composed of four monomers held together by weak bonds
(Fig. 5.1). It is made up of four globular polypeptide subunits (a1, b1, a2, b2),
noncovalently bound to each other by salt bridges, hydrogen bonds, and the
hydrophobic effect. Each globular subunit contains an attached heme molecule
composed of iron plus a protoporphyrin molecule. This porphyrin ring consists of
four pyrrole molecules cyclically linked together (by methine bridges) with the iron
ion bound in the center. The iron ion, which is the site of oxygen binding,
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coordinates with the four nitrogen atoms in the center of the ring, which all lie in
one plane. The iron is bound strongly (covalently) to the globular protein via the N
atoms of the imidazole ring of F8 histidine residue (also known as the proximal
histidine) below the porphyrin ring. A sixth position can reversibly bind oxygen by
a coordinate covalent bond, completing the octahedral group of six ligands. Oxygen
binds in an “end-on bent” geometry where one oxygen atom binds to Fe and the
other protrudes at an angle. When oxygen is not bound, a very weakly bonded
water molecule fills the site, forming a distorted octahedron. The iron ion may be
either in the Fe2+ or in the Fe3+ state, but methemoglobin (Fe3+) cannot bind oxygen
[6]. In binding, oxygen temporarily and reversibly oxidizes Fe2+ to Fe3+ while
oxygen temporarily turns into the superoxide ion, thus iron must exist in the +2
oxidation state to bind oxygen. If superoxide ion associated to Fe3+ is protonated,
the hemoglobin iron will remain oxidized and incapable of binding oxygen. In such
cases, the enzyme methemoglobin reductase will be able to eventually reactivate
methemoglobin by reducing the iron center.

Several diseases are related to heme and hemoglobin disorders. Gene mutations
result in a group of hereditary diseases termed hemoglobinopathies, among which
the most common are sickle-cell disease and thalassemia. Decreased levels of
hemoglobin and heme synthesis lead to symptoms of anemia, whereas alterations of
heme metabolic pathways generate porphyrias syndromes. The decrease of hemo-
globin’s oxygen-binding capacity affected by molecules such as carbon monoxide
(CO) (for example, from tobacco smoking, car exhaust, and incomplete combustion
in furnaces) can result in hypoxia and asphyxiation. It is because carbon monoxide
competes with oxygen at the same heme binding site on Hb. Hemoglobin binding
affinity for CO is 200 times greater than its affinity for oxygen [7], meaning that
small amounts of CO dramatically reduce hemoglobin’s ability to transport oxygen.

Thus, we have recently devoted to the molecular assembly of hemoglobin shells
and its application study to imitate in some sense hemoglobin structural function in
the living system and better understand its capacity to select ions.

Fig. 5.1 Structure of hemoglobin
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5.3 Covalent LbL Assembly of Hemoglobin Protein

Development of protein-based molecular devices has become an active area of
research due to their broad applications in biotechnology, biorelated chemistry,
bioelectronics, and biomedical engineering [8]. Up to now, a variety of methods has
been used to construct protein molecular films, including LB technique, sol-gel
method, physical adsorption, and covalent cross-linking strategies, etc. [9–11].
Also, the LbL approach has been applied widely in constructing protein multilayer
assemblies [12]. The LbL technique was based on the alternating adsorption of
charged species onto an oppositely charged substrate via electrostatic interactions,
which was introduced firstly by Decher and his coworkers [13]. The procedure is
simple and basically applicable to many different kinds of the substrate (1-D, 2-D,
or 3-D). Now, different types of films containing charged and uncharged species
have been successfully prepared, including polypeptides, polysaccharides, DNA,
proteins, viruses, nanoparticles [14–16]. As a molecular assembly technique, LbL
assembly has been extensively used in biology, spanning biomimetics, biomedi-
cine, and tissue engineering [17–19].

Since 1996, multi-protein assemblies has been successfully built up on planar
solid surface or on 3D colloidal particles through alternated electrostatic adsorption
between charged proteins and oppositely charged polymers [20]. And their appli-
cations in catalysis and immune sensing have also been demonstrated. However, in
all these reports, the deposition of proteins was based on the electrostatic interac-
tions between them and oppositely charged polyelectrolytes. The existence of the
other polymers may result in a lack of desirable properties or functionality of such
proteins multilayer [8, 21]. In 2004, a novel type of protein nanostructures was
constructed with the LbL assembly technique, which was introduced by Martin and
his coworkers [22]. They developed a method with glutaraldehyde (GA) as a
covalent cross-linker to fabricate hemoglobin (Hb) nanotubes and glucose oxidase
(GOX) nanotubes, respectively. The studies showed that the protein nanotubes
prepared in this way could remain the electroactivity and catalytic activity. Later,
our group extended this strategy to sacrificial 3-D colloidal particles and hollow
protein capsules were obtained without the use of any polymer [23–26], different
from the assembly of proteins and oppositely charged polyelectrolytes. Here, we
mainly introduce the fabrication of this kind of microcapsules and their applications
in biomedical engineering and biologically related chemistry, in which they can be
flexibly designed to be stimuli-responsive under physiological conditions and allow
for the incorporation of uncharged species, which is important for capsule’s
multifunctionalization.

88 L. Duan et al.



5.3.1 Hemoglobin Protein Hollow Shells Fabricated
Through Covalent LbL Assembly

Our group has recently prepared hemoglobin (Hb) protein microcapsules by using a
covalent LbL technique [24]. The use of covalent bonds to assemble LbL micro-
capsules can provide significant advantages compared to traditional electrostatic
assembly [27]. In particular, they have high stability due to the covalent bonds
formed, and therefore do not disassemble with changes in pH or ionic strength. In
this work, GA is used as a chemical cross-linker because it has less effect on the
protein activity. Poly(ethylenimine) (PEI) was firstly adsorbed on template particles
to produce an amino-functionalized surface. Then the GA and Hb were alternately
adsorbed. Figure 5.2a shows a schematic representation of a covalently cross-linked
hemoglobin protein capsules. Direct information on the capsules formation can be
obtained from the measurements by TEM and CLSM (Fig. 5.2b). The results show
that the wall thickness of capsules can be controlled by the adsorption cycles of
alternate GA/Hb. The UV-visible spectra of GA/Hb capsules show the absorption
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Fig. 5.2 a Schematic representation of the assembled hemoglobin protein microcapsules via
covalent layer-by-layer assembly. b TEM and c CLSM images of (GA/Hb)5 capsules at a dried
state. Reprinted from Ref. [24], Copyright 2007, with permission from Elsevier
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band of heme at 411 nm, indicating that Hb essentially remains in the capsules.
Cyclic voltammetry and potential-controlled amperometric measurements confirm
that cross-linked Hb capsules keep their heme electroactivity and are not denatured.
The typical amperometric response toward the successive additions of H2O2 shows
the electrocatalytic property of GA/Hb capsules. The permeability of the assembled
GA/Hb microcapsules was tested by using fluorescein isothiocyanate (FITC)-dex-
tran with different molecular weight as fluorescent probes. The results show that the
(GA/Hb)5 capsules are impermeable to FITC-dextran with molecular weights of
2000 kDa and 500 kDa, while FITC-dextran with molecular weights below 70 kDa
can partly, and even completely permeate into the capsules interior. In comparison
with traditional (PAH/PSS)5 capsules, the Hb protein shells have a selective per-
meability. Similarly, the permeability decreases with the increase of wall thickness.
Using FITC-dextran with a molecular weight of 20 kDa as a fluorescent probe, the
fluorescence recovery in the capsules interior as a function of time is observed at
lower excitation intensity. As a consequence, (GA/Hb)5 microcapsules have a
permeability of 4 � 10−8 m/s. The improved permeability of Hb capsules is helpful
to better tune the storage and release of encapsulated small molecules. The fabri-
cation of Hb capsules could imitate in some sense its structural function in the
living system, and may help us to understand its properties and can be expected to
have better applications in medicine, catalysis, and cosmetics, as well as
biotechnology.

5.3.2 Glucose-Sensitive Microcapsules from Glutaraldehyde
Cross-Linked Hemoglobin and Glucose Oxidase

Loading a therapeutic agent into LbL films/capsules is fundamental for developing
these systems for drug delivery applications. Also, engineering release of the cargo
from the multilayer systems is essential for therapeutic delivery applications. An
ideal method to load and release drug is by incorporating components within
multilayer films that are responsive to specific environmental stimuli [28].

Encouraged by the successful assembly of Hb capsules via GA cross-linking, the
above approach was extended to fabricate a type of comparative, two-enzyme
microcapsules including those composed of hemoglobin and glucose oxidase
(Hb/GOD capsules), and those composed of catalase and glucose oxidase
(CAT/GOD capsules). In this section, we described the fabrication of
glucose-sensitive protein multilayer microcapsules by the alternate assembly of Hb
and GOD with glutaraldehyde (GA) as cross-linker (Fig. 5.3a) [29, 30]. GOD
catalyzes the oxidation and hydrolysis of b-D-glucose into gluconic acid and H2O2.
Hb can catalyze the reduction of H2O2 due to its certain intrinsic peroxidase
activity. This reduction can be monitored by nonfluorescent Amplex red, which is
oxidized by H2O2 into resorufin (a fluorescence dye). Thus, the system involves
two enzymatic catalysis reactions, and it offers two advantages. One is that the
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fluorescence of resorufin makes it convenient to monitor the reactions process,
which may facilitate the development of an approach to design new fluorescence
sensors for glucose. The other is that the consumption of glucose enhanced the
permeability of the capsule wall and increased the release of the encapsulated drugs
(Fig. 5.3b), which is highly attractive for the fabrication of glucose-responsive
release systems. So, it is anticipated to apply this system in developing a fluores-
cence sensor to detect glucose qualitatively in vitro. In addition, it is also believed
the observed glucose-stimulated enhancement of the wall permeability could play
an important role in the development of drug delivery vehicles and may find
widespread application in drug loading and release in the coming future.

Fig. 5.3 a Schematic illustration of coupled enzymatic process based on glucose oxidase
(GOx) and hemoglobin (Hb) coimmobilized as LbL microcapsules components; b illustration of
glucose-stimulated FITC-dextran release (green circles). The consumption of glucose enhanced
the release of the encapsulated materials. Reprinted with the permission from Ref. [29]. Copyright
2009 American Chemical Society
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5.3.3 Assembly of Lipid Bilayers on Covalently
LbL-Assembled Hemoglobin Capsules
as a Biomimetic Membrane System

In our subsequent work, Hb protein multilayer-supported liposomes or lipid
bilayer-coated Hb protein microcapsules were fabricated through the conversion of
liposomes into lipid bilayers to cover the capsule surface in analogy to the cell
membrane [25]. These lipid-coated protein microcapsules can be considered as an
ideally supported biomimetic membrane system to mimic the real cell membrane. It
can not only conveniently tune their morphological properties, including the
exterior shape, interior space, and shell structure, but also realize their multifunc-
tionalization. Protein multilayer-supported liposome systems should be useful for
the understanding of the principles of the interaction between membranes and
biopolymers enzyme, and enable the design and application of new biomimetic
structured materials.

It is well known that the production of adenosine 5′-triphosphate (ATP) is one of
the most important chemical reactions in living organisms. The enzyme primarily
responsible for the production of ATP is ATP synthase, which is a rotary motor
protein. This enzyme drives the generation of ATP from adenosine 5′-diphosphate
(ADP) and inorganic phosphate by utilizing proton gradients. ATP synthase con-
tains two domains, the membrane- embedded F0 part and the soluble F1 domain,
and is hence also called F0F1-ATPase. The F0 part is involved in proton transport
across the membrane, which is accompanied by a rotation of the intramembrane
subunits (rotor), whereas the F1 part catalyzes the synthesis and hydrolysis of
ATP. The integrated F0 and F1 complex drives protons toward the F1 side of the
membrane, resulting in the synthesis of ATP [31]. Over the last decade, under-
standing of the functioning of ATPase has advanced dramatically to the point where
the enzyme is now being studied by scientists interested in developing nanoma-
chines for information storage and energy interconversion. Several groups have
been working on the reconstitution of CF0F1 in liposomes to drive the motor
proteins to carry out ATP biosynthesis [31–35]. Recently, we have created a route
to generate a proton gradient by varying the pH values within and outside polymer
microcapsules, with the CF0F1 species reconstituted within the walls of the capsules
[36]. In this section, we performed the reconstitution of chloroplastic F0F1-ATPase
(CF0F1-ATPase) within lipid bilayer-coated hemoglobin (Hb) protein microcap-
sules (Fig. 5.4a) to imitate the system in living cells governed by molecular motors
[25].

Commonly, the first step of this biomimetic membrane fabrication process
consists of preparing the hollow Hb microcapsules by covalent LbL assembly
technique, as above-mentioned [36]. Then, CF0F1-proteoliposomes were prepared
by the incorporation of CF0F1-ATP synthase into liposomes according to the
method described previously in the literature [37]. Briefly, phosphatidylcholine/
phosphatidic acid liposomes have been added into a Triton X-100-solubilized
CF0F1-ATPase buffer solution, followed by the slow removal of Triton X-100 by
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Biobeads SM-2. This leads to the formation of CF0F1-proteoliposomes. It is noted
that, as phosphatidylcholine lipid is a major component of biological membranes,
egg phosphatidylcholine was specially chosen as a lipid model to cover the cap-
sules, but a small fraction of negatively charged lipid, phosphatidic acid, was added
in order to promote the adsorption and fusion of vesicles. In other words, the lipid
composition on the surface could easily be varied and fine-tuned to specific con-
ditions. The existence and stability of the lipid bilayer were proved by means of
CLSM. The fluorescent orb arises from the presence and continuous distribution of
lipids on the capsule shells. Following that, a suspension of Hb capsules was first

Fig. 5.4 a Schematic representation of ATP synthesis catalyzed by CF0F1-ATPase reconstituted
in lipid-coated Hb microcapsules. b ATP synthesis catalyzed by reconstituted CF0F1 in
proteolipid-coated (GA/Hb)5 microcapsules as a function of the reaction time. Reproduced from
Ref. [25] by permission of John Wiley & Sons Ltd
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mixed with pyranine by shaking for several minutes, subsequently followed by
washing with buffer solution. Next, CF0F1-proteoliposomes were added to the
mixture and incubated for 30 min, followed by centrifugation and three washing
cycles with buffer solution. As a result, the pyranines were encapsulated within the
Hb protein capsules, and ATPase–proteoliposomes were assembled onto the outer
shell of Hb capsules. It should be noted that only in the case of F1 subunits of the
CF0F1 complex extending toward the interior of the assembled capsules, ATP
synthesis inside the capsules could become possible. A standard luciferase assay
was used to quantitatively determine the ATP amount. Figure 5.4b show that the
ATP production continuously increases as a function of the reaction time under
driven by a proton gradient between the interior and exterior of the microcapsules.
The results indicated that ATP catalyzed by reconstituted CF0F1 in proteolipid-
coated (GA/Hb)5 microcapsules have been synthesized inside the microcapsules.
Such assembled microcapsules are very stable under physiological conditions.
Their longer lifetime will enhance the ATP production efficiency. The well-defined
microcapsules may serve as containers for the storage of the synthesized ATP as an
energy currency. By using this system, it becomes possible to study the function of
ATPase in a biomimetic unit in detail. Furthermore, as vital activities need energy,
ATP could be released from the assembled capsules to provide energy on demand.
Hence, we have built a micrometer-sized energy-storage device suitable to power
biological activity.

5.3.4 Assembled Hemoglobin and Catalase Nanotubes
for the Treatment of Oxidative Stress

Oxidative stress can induce the occurrence of diseases like nonalcoholic steato-
hepatitis (NASH). The increased oxidative stress in patients will cause the
pro-oxidation environment against the antioxidant enzyme activities. In that case,
the local H2O2 concentration will rise up. The excessive H2O2 can be converted to
reactive oxygen species (ROS) or released into the extracellular environment.
Therefore, how to eliminate the oxidative stress is a big challenge. Hemoglobin
(Hb), the main oxygen transporter in erythrocytes, can be expressed in non-
hematopoietic organs (in hepatocyte or mesangial cells) to balance the oxidative
stress [38]. Oxidative stress upregulates hemoglobin expression, and hemoglobin
overexpression suppresses oxidative stress in pathological cells [39, 40]. Thus, the
drug constituted mostly by hemoglobin can provide an efficient treatment for
oxidative stress induced disease like NASH.

Comparing with other nanostructures, the tubular structure presents several
advantages to nanospheres. The multifunctionalities can be introduced on the inner
and outer surfaces independently [41]. Second, open-end terminals enable quick
loading of target molecules without the structural change. Third, nanotubes can
have long circulation persistence in the bloodstream [42, 43]. One of the most
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efficient methods to prepare the structure-defined nanotubes is using the LbL
technique. The flexibility of the LBL assembly allows us to create nanoreactors to
scavenge H2O2 by an enzymatic reaction.

Hence, our group fabricated biomimetic nanotubes with H2O2-scavenging
capabilities through LbL assembly of hemoglobin, catalase, and dialdehyde heparin
(DHP) (Fig. 5.5a) [44]. Both hemoglobin and catalase are potential candidates to
scavenge H2O2, and DHP is used as one of the wall components, an auxiliary drug
in liver diseases, and also as a cross-linker. With the LbL assembly technique, the

200 nm

Fig. 5.5 a Schematic illustration for the fabrication of (Hb/DHP)5 and (Hb/DHP)5Cat nanotubes.
b Scanning electron microscopy (SEM) images of the (Hb/DHP)5 nanotubes. c (Hb/DHP)5Cat
nanotubes improved the HepG-2 cells viability against oxidative stress. HepG-2 viability when
exposed to H2O2 of (A) 1000, (B) 500, (C) 250, and (D) 0 lM for 24 h as extracellular oxidative
stress was evaluated by the CCK-8 assays. The white column represents the experiment group, and
the gray column represents the control group. Each error bar represents the mean of at least six
measurements (±SD). Reprinted with the permission from Ref. [44]. Copyright 2013 American
Chemical Society
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size, and behavior of as-prepared nanotubes could be well controlled and adjusted
by changing the template inner pore size and the wall components (Fig. 5.5b). All
these merits endow the nanotubes with great potential in the treatment of oxidative
stress. In this work, in order to assess the H2O2-scavenging capacities of the
as-assembled nanotubes in vitro, we evaluated cell viability under oxidative stress
by the CCK-8 assays. As shown in Fig. 5.5c, when they were exposed to the 1000
and 500 lM H2O2, respectively, the improvement of the HepG-2 cells viability by
the (Hb/DHP)5Cat nanotubes is obvious. With no additional H2O2, the viability of
the experiment group is about 92% of that of the control group, which further
proves the biocompatibility of the nanotubes. These results suggested that the
assembled (Hb/DHP)5Cat nanotubes have a positive effect on the HepG-2 cells
under oxidative stress. The as-prepared nanotubes were modified with a catalase
interior layer after the PC dissolution process, which protects the enzyme from
inaction within the loading process and also enhances the capabilities of the nan-
otubes in the treatment of oxidative stress. With the modification process, the
behavior of hemoglobin-based nanotubes is open to a wide range of variations.
These variations could provide a basis for maximizing the advantages of
hemoglobin-based nanotubes and minimizing its disadvantages by means of sys-
tematic and reasonable design, which make the obtained nanotubes promising
candidates for applications in the treatment of oxidative stress and other possible
biomedical fields.

5.4 Hemoglobin-Based Nanoarchitectonic Assemblies
as Artificial Blood Substitutes

Medical interest toward Hb is related to the possibility of its administration as blood
substitutes to re-establish oxygen homeostasis in tissues. At present, blood trans-
fusions are mostly applied for this purpose, but the need of the right type of blood
and its short shelf life are still serious problems to be overcome. In this case, the use
of autologous transfusions prevents the need of cross-matching and virus trans-
mission, although autologous transfusions are considered the safest, they are not
always feasible because they may cause perioperative anemia and are more
expensive than allogenic transufions [45].

The development of oxygen carriers is particularly indicated in the case of urgent
need of oxygen delivery to tissues and to solve the above-mentioned problems
related to blood transfusions. The ideal oxygen carrier would deliver oxygen, not
transmit disease, not have immunosuppresive effects, would have less strict storage
requirements than that for human blood, would not need cross-matching, would be
available at reasonable costs, be easy to administer, and able to reach all areas of
human body, including ischemic tissues [46].

In the past decades, artificial oxygen carriers have been extensively studied and
have gone through a rapid development. Up to now, there are mainly two types of
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oxygen carriers: totally synthetic oxygen carriers (including perfluorochemicals and
heme hybrids) [47] and hemoglobin-based oxygen carriers (HBOCs) [48]. Among
these oxygen carriers, HBOCs attracted the most attention owing to unique
oxygen-transport ability and normal metabolic pathways of Hb [49]. However,
stroma free Hb could not directly be used as an oxygen carrier since it dissociated
into dimers that have a short circulation time, renal toxicity, high oncotic pressure
and high O2-affinity. To overcome these problems, hemoglobin must be chemically
modified or microencapsulated to prevent its dissociation and thus evolved two
types of HBOCs: acellular hemoglobin-based oxygen carriers (HBOCs) and cellular
hemoglobin-based oxygen carriers, as shown in Fig. 5.6 [50].

Acellular HBOCs refer to chemically modified Hb and can be separated into two
generations. The first generation of HBOCs aims to prevent the dissociation of Hb
tetramer into a dimer, and mainly includes intra-molecular cross-linked Hb,
inter-molecular cross-linked Hb, polymer-conjugated Hb and recombinant Hb [48].
The second generation of HBOCs is on the basis of the first generation that
co-assembly of Hb with antioxidant enzymes such as superoxide dismutase
(SOD) and catalase (CAT) [51, 52] to further stabilize the assemblies and mean-
while avoid the formation of inactive methemoglobin (metHb). Hb is also
intramolecularly cross-linked with ATP, and intermolecularly cross-linked with
adenosine, and conjugated with reduced GSH [53] to prevent the dissociation of Hb
and the formation of homogeneous polymers, regulate the blood vessel tone, and
protect heme from reactive oxygen species. Up to date, some of the
above-mentioned Hb-based assemblies have gone through different stages of
clinical trials and a few have been approved for routine clinical uses in South Africa
or anemia treatment in canines.

Despite acellular HBOCs have made great progress, side effects still occurred
in some cases due to the striking different structure in comparison with red blood
cells (RBCs). Therefore, the importance of cellular structures like RBCs, that is, the
third generation of HBOCs, became apparent. For cellular HBOCs, Hb molecules
are encapsulated inside oxygen carriers of various structures. Cellular HBOCs

Fig. 5.6 A list of hemoglobin-based oxygen carriers (HBOCs). Reproduced from Ref. [50] by
permission of John Wiley & Sons Ltd
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could well protect Hb molecules from direct contact with surrounding tissues and
blood components, and avoid the leakage of Hb molecules from the vessel walls. In
addition, an appropriate size of cellular HBOCs could enable Hb-based assemblies
with long-term circulation in the body and ensure oxygen availability to all body
compartments. Generally, there are mainly two types of cellular HBOCs: liposome
encapsulated hemoglobin (LEH) and polymer encapsulated hemoglobin
(PEH) [47].

LEH has been proposed and investigated as early as the 1970s. The size, surface
properties, in vivo efficacy and safety evaluation of LEH have been thoroughly
studied in the past decades. Despite the properties of LEH have been well improved
through adjusting the components of lipid or surface modification with PEG, some
defects still exist. For example, phospholipids are expensive and may induce per-
oxidation in ischemia reperfusion. In addition, lipid membrane is impermeable to
some reducing agents present in the circulating blood that is important for
depressing the formation of metHb [54].

Compared to LEH, the researches on PEH have aroused increasingly concerns
due to the easy availability, low price, broad variety, and biocompatibility of
polymers. Theoretically, PEH is more like a red blood cell than LEH. It has a better
physical strength, a better permeability, and ease of adjustment than LEH. Up to
date, various strategies were developed to fabricate PEHs and great progress have
been made. For instance, a double emulsion-solvent diffusion/evaporation
technique was utilized for the encapsulation of Hb in polymers [54]. Chang et al.
employed polylactic acid (PLA), poly(lactic acid-co-glycolide) (PLGA) and poly-
isobutycyanoacrylate as the matrix polymer and obtained Hb-loaded particles or
capsules with a diameter of 70–200 nm. As a natural process that spontaneously
organizes molecular units into well-ordered structures, molecular self-assembly
technique is emerging as a powerful method for functional materials fabrication. It
is well documented that amphiphilic block copolymers or grafted copolymers could
self-assembly into nano/micro-vesicles or capsules in aqueous solutions. Palmer
and coworkers [55] successfully employed amphiphilic diblock copolymers poly
(butadiene-b-ethylene oxide) (PBD-PEO), poly(ethylene oxide-b-lactide)
(PEO-PLA) and poly(ethylene oxide-b-caprolactone) (PEO-PCL) as building
blocks to prepare polymersomes for Hb encapsulation through rehydrate and
extrusion method.

LbL assembly technique is a versatile method for fabricating assemblies with a
specific shape, size, material composition, and functionality [56]. As mentioned
above, our group has successfully fabricated Hb-based hollow microcapsules
through covalent LbL assembly technique combined with templating porous par-
ticles. It is worth to note that LbL assembly technique enables many conceivable
ways to adjust and improve the behaviors of these Hb-based assemblies. First, the
size and properties of Hb-based assemblies could be easily controlled by adjusting
the size of the template and the assembled composition. Second., some functional
particles or reagents like Fe3O4 nanoparticles, allosteric effector or methemoglobin
reductase could be readily loaded into Hb-based assemblies for further function-
alization and optimization of Hb-based oxygen carriers. In our subsequent works
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[57–60], the assembly and application of hemoglobin-based microspheres/capsules
as artificial blood substitutes were deeply researched. The integration of modern
nanobiotechnology and self-assembly technique has greatly facilitated the devel-
opment of artificial oxygen carriers. The as-prepared Hb spheres may have potential
to be developed as useful artificial blood substitutes in future.

5.4.1 Highly Loaded Hemoglobin Spheres as Promising
Artificial Oxygen Carriers

In order to enhance the loading content of Hb in a well-defined structure, we
explored a facile and controllable avenue to fabricate Hb spheres with a high
loading content as promising oxygen carriers [57]. In this work, Hb spheres were
prepared by templating decomposable porous CaCO3 particles in combination with
covalent LbL assembly. Hb proteins were firstly encapsulated in the porous tem-
plate particles by the co-precipitation of protein and CaCO3. A biomedical
cross-linking agent, glutaraldehyde (GA), was then applied to stabilize the Hb
spheres by the formation of covalent bonds between the aldehyde groups of GA and
free amino groups of Hb. Covalent cross-linking can stop the rapid decomposition
of Hb tetramers into dimers, prolong its vascular retention and eliminate nephro-
toxicity [61]. In the following, additional Hb was furtherly assembled on the outer
shell of the Hb-loaded CaCO3 particles by covalent LbL assembly with GA to
obtain a higher loading of Hb in an individual particle. Finally, the surface of the
Hb spheres was further chemically modified by biocompatible polyethylene glycol
(PEG) to protect and stabilize the system, prolong the retention time in intravascular
circulation and also provide a more stable and semipermeable system, which can
allow small molecules such as O2 and CO2, the life-sustaining glucose in plasma,
reducing agents and metabolic products to diffuse into/out of the system, just more
like the active behavior of RBCs.

Figure 5.7a shows a schematic representation of the assembled Hb microspheres
with the surface modified by PEG. On the one hand, we obtained a high loading of
Hb in an individual particle by a facile way, which is very favorable for application
in an urgent need for large amounts of artificial blood, such as natural disasters and
battlefield. On the other hand, the surface of the resulting particles can readily be
modified chemically and biologically for prolonging the retention time in the body,
and introducing new functions such as targeting, antibacterial, antibody function
and decreasing cytotoxicity. Compared to the previous reports [62–65], the loading
concentration of Hb spheres assembled in the present work would be apparently
higher, because a number of micro- and nano-pores of the CaCO3 templates are
accessible for Hb molecules (Fig. 5.7b). In addition, the LbL technique can further
help the loading of Hb by coating the external surface of CaCO3 with encapsulated
Hb inside (Fig. 5.7c). Both factors contribute to the high loading of Hb in the
spheres, and also present adjustable permeability [24], which is of great importance
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for maintaining the normal functionalities of natural RBCs, allowing life-sustaining
small molecules such as oxygen, carbon dioxide, glucose, reducing agents and
metabolic products to diffuse into/out of the system. More importantly, such Hb
protein after covalently cross-linked and modified by PEG retains well its whole
structure and especially its oxygen-carrying function. Figure 5.8 shows the results
from UV-vis absorption measurement on the carrying and release of oxygen by Hb.
It could be obviously seen that the absorption spectrum of the as-prepared Hb
spheres shows changes similar to those of deoxygenation and oxygenation of free
Hb and cross-linked Hb. All these results demonstrated that the LbL-assembled
Hb-based microspheres are much more suitable to function as artificial oxygen
carriers, particularly for an urgent need of large amounts.

300 nm
2 μm 

(c) 

1 μm 
3 μm 

(b) 

(a) 

Fig. 5.7 a Schematic representation of the assembled Hb microspheres with the surface modified
by PEG. b SEM images of Hb spheres after removing CaCO3. c SEM images of Hb spheres with
additional Hbs as the outer shell after removing CaCO3. Reprinted with the permission from Ref.
[57]. Copyright 2012 American Chemical Society
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5.4.2 Construction and Evaluation of Hemoglobin-Based
Capsules as Blood Substitutes

In the preceding section, we prepared the (Hb/DHP)6 microcapsules to mimic
artificial RBCs via covalent LbL assembly technique and template method
(Fig. 5.9) [58]. The oxidized heparin (dialdehyde heparin, DHP) was specially used
both as one of the wall components and a cross-linker because of its nontoxicity,
biodegradability, biocompatibility and hemocompatibility. In addition, the negative
charges of DHP on microcapsules’ surface would be beneficial to prolong the blood
retention time of microcapsules in vivo. The amino groups of Hb react easily with
aldehyde groups of DHP through Schiff’s base reaction. The formation of Schiff’s
base bonds among the Hb/DHP multilayers enabled the (Hb/DHP)6 capsules with
autofluorescence, which attributed to the n–p* transition of C=N bonds. This
property would beneficial in predicting and monitoring the safety and efficacy of
(Hb/DHP)6 capsules in humans, while avoiding the use of external fluorochromes
for biological tracing. In addition, the cross-linking reaction between amino groups
of Hb and aldehyde groups of DHP effectively prevented the dissociation of the Hb
tetramer into dimers.

(a) 

450 500 550 600 650 700

0.04

0.08

0.12

0.16

350 400 450 500 550 600 650 700

0.2

0.4

0.6

0.8

1.0

Wavelength (nm)

free Hb
 deoxy- Hb
 oxy-Hb

A
bs

or
ba

nc
e

(b) 

450 500 550 600 650 700
0.08

0.10

0.12

0.14

400 450 500 550 600 650 700
0.08

0.12

0.16

0.20

A
bs

or
ba

nc
e

Wavelength (nm)

deoxy-Hb spheres
 oxy-Hb spheres

350 400 450 500 550 600 650 700

0.2

0.4

0.6

A
bs

or
ba

nc
e

Wavelength (nm)

Hb spheres

450 500 550 600 650 700

0.08

0.12

0.16

0.20

0.24

450 500 550 600 650 700

0.04

0.08

0.12

0.16

350 400 450 500 550 600 650 700
0.0

0.2

0.4

0.6

0.8

1.0

A
bs

or
ba

nc
e

Wavelength (nm)

Hb/GA
 deoxy-Hb/GA
 oxy-Hb/GA

(c) 

Fig. 5.8 UV-vis absorption spectra of deoxy-Hb and oxy-Hb. a Hb spheres; b free Hb;
c cross-linked Hb. Inset image in detail shows the absorption between 450 and 700 nm. Reprinted
with the permission from Ref. [57]. Copyright 2012 American Chemical Society
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In this work, the biocompatibility of (Hb/DHP)6 microcapsules is evaluated
through 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (MTT)
assay and cell experiment. Figure 5.10 clearly shows that the cell coexisted with
microcapsules without any abnormalities, which confirmed the biocompatibility of
the microcapsules. It is also worth to note that microcapsules with red fluorescence
are distributed around cells without being uptaken by the cells. It can be attributed
to the electrostatic repulsion between negative charges on cell membrane surface
and microcapsules surface, which will help to prolong the blood retention time of
microcapsules in vivo [66]. To access the degradation behavior, the (Hb/DHP)6
microcapsules were incubated with trypsin solution for 24 h. The results show that
no microcapsule was observed after degradation, confirming that (Hb/DHP)6
microcapsules were biodegradable. Hemocompatibility of (Hb/DHP)6 microcap-
sules is also characterized in terms of prothrombin time (PT), thrombin time (TT),
activated partial thromboplastin time (APTT) and hemolysis rate. Oxygen-carrying
capacity of the microcapsules is demonstrated by converting the deoxy-Hb state of
the microcapsules into oxy-Hb state. All these results demonstrated that the Hb
assembled in the (Hb/DHP)6 microcapsules still maintained its own bioactivity and
possessed the essential oxygen-transporting function of an oxygen carrier, as well
as nontoxicity, biodegradability, biocompatibility, and hemocompatibility. It is
indicated that the as-prepared hemoglobin-based capsules have great potentials to
function as blood substitutes.

It is worth to note that in view of the advantages of LbL assembly technique,
there are many conceivable ways to adjust and improve the behaviors of the

Fig. 5.9 Schematic illustration to show the fabrication process of Hb/DHP microcapsules through
Schiff’s base bond. Reproduced from Ref. [58] by permission of John Wiley & Sons Ltd
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Hb-based capsules that functional groups or reagents (such as allosteric effector,
superoxide dismutase, and methemoglobin reductase) may be chemically modified
or covalently coupled to hemoglobin, in addition to the possibility of replacing
DHP itself by other polysaccharides or their derivatives, such as dialdehyde starch,
dialdehyde alginate, etc. [67]. Consequently, the construction and behavior of
hemoglobin-based capsules are open to a wide range of variations. These varia-
tions could provide a basis for maximizing the advantages of hemoglobin-based
capsules and minimizing its disadvantages by means of systematic and reasonable
design, which make the obtained microcapsules promising candidates for applica-
tions in blood substitutes, oxygen carriers, and other biomedicine fields.

Fig. 5.10 a, b CLSM images of HUVEC cells stained with Alexafluor 488 incubated with
(Hb/DHP)6 microcapsules by excitation at 488 and 559 nm, c corresponding bright field image of
b, d the overlapped image of b and c. Reproduced from Ref. [58] by permission of John Wiley &
Sons Ltd
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5.4.3 High Impact of Uranyl Ions (UO2
2+)

on Carrying-Releasing Oxygen Capability
of Hemoglobin-Based Blood Substitutes

Recently, our group investigated the effect of radioactive UO2
2+ on the structure

and carrying-releasing oxygen capability of hemoglobin-based oxygen carriers
in vitro [59]. It is well-known, radioactive metal toxins seriously threaten the
human health and environments because of their radiological and chemical toxicity.
Radioactive uranyl ion (UO2

2+) is an important contamination discharged into
environment mainly from nuclear power reactor effluents. However, it is not so
clear how the accumulation of radioactive uranyl ions (UO2

2+) in blood cells can
cause immune system damage. It is would be helpful to explore the damage of
UO2

2+ on the biofunction and physical chemistry mechanism of the blood cells. In
this work, the magnetic Hb microspheres fabricated through covalent LbL assembly
on iron oxide (Fe3O4) loaded porous CaCO3 particles were utilized as blood sub-
stitutes for the damage study of UO2

2+ on the biofunction of blood cells. The
carriers with magnetic properties can help to solve some technical operations [68],
which facilitate their trapping from the medium with the help of an external magnet.
For the separating process of UO2

2+ adsorbed on the Hb microspheres, the mag-
netically assisted chemical separation (MACS) method is introduced as a rapid and
easy avenue based on biocompatible magnetic nanoparticles by applying an
external magnetic field. Figure 5.11a, b shows a schematic representation of the
fabrication process of the magnetic Hb microspheres and their specific adsorption
for UO2

2+. Magnetic nanoparticles of iron oxide (Fe3O4) are first encapsulated in
porous CaCO3 particles after ultrasonic dispersion. Then, hemoglobin proteins are
chemically modified on the surface of the Fe3O4-loaded CaCO3 microspheres to
form the Hb shells based on covalent LbL assembly. To study its chemical toxicity,
the UO2

2+ is mixed with the as-assembled magnetic Hb microspheres. The results
from UV-vis absorption measurement on UO2

2+ before and after being adsorbed on
magnetic Hb microspheres (Fig. 5.11c) shows that UO2

2+ are highly adsorbed on
the as-assembled magnetic Hb microspheres. The damage experiments of
radioactive UO2

2+ on magnetic Hb microspheres (Fig. 5.11d) obviously proved that
the presence of UO2

2+ in vivo seriously caused Hb microspheres to be inactivated
and denaturalized, and resulted in the loss of the oxygen-transporting capacity. It
may be attributed to the highly binding coordination of UO2

2+ with an iron atom of
Hb, and the tight electrostatic interaction between positive UO2

2+ and negative Hb.
Our works well confirmed that the accumulation of radioactive uranyl ions (UO2

2+)
in blood cells can seriously damage the human health, especially the
transporting-oxygen capability of blood cells. In addition, in view of the high
adsorption capacity of the as-assembled magnetic Hb microspheres, the assembled
magnetic Hb-based microspheres may open a new highly effective way for removal
of UO2

2+ from the radioactive-contaminated body or from the nuclear power reactor
effluents before discharge into the environment. It can also be applied in the
removing of other metal toxins from blood due to its biocompatibility.
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5.5 Conclusions and Perspectives

As an important protein in vital activities, hemoglobin-based molecular assembly
has been extensively explored and applied. In this chapter, hemoglobin-based
multifunctionalized microcapsules fabricated by covalent layer-by-layer assembly
combined with template technique were introduced. The fabrication of Hb capsules
could imitate in some sense its structural function in the living system, and may help
us to understand its properties and can be expected to have better applications in drug
delivery and controlled release, biosensors, biocatalysis and bioreactors due to the
enhancement of biological availability. In particular, in view of the carrying-oxygen
function of Hb protein in blood, the covalently LbL-assembled Hb microcapsules
may have great potential to be developed as useful artificial blood substitutes in
future. The integration of modern nanobiotechnology and self-assembly technique
has greatly facilitated the development of Hb-based oxygen carriers. The as-prepared
Hb spheres with highly loaded content are much more suitable for artificial oxygen
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Fig. 5.11 a Schematic illustration of the fabrication of magnetic hemoglobin microspheres by the
porous template strategy and Layer-by-Layer assembly technique and its adsorption for UO2

2+.
b The coordinating interaction of UO2

2+ with iron ion of heme. c UV-vis absorption spectra of
UO2

2+ in aqueous solution before and after adsorbed on the magnetic Hb microspheres. d The
sorption percentage of UO2

2+ with pure CaCO3 particles and the magnetic Hb microspheres with
different adsorption cycles of Hb/PEG as outer shell. Reproduced from Ref. [59] by permission of
John Wiley & Sons Ltd
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carriers, particularly for an urgent need of large amounts. By using magnetic Hb
microspheres, the damage of radioactive metal toxins on the biofunction and
physical chemistry mechanism of the blood cells were detailedly studied in vitro.
Furthermore, the as-assembled Hb microspheres may be considered as a highly
effective adsorbent for removing the metal toxins from the radioactive-contaminated
body.
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Chapter 6
Photosystem II Based Multilayers

Peng Cai, Guangle Li, Jiao Li, Yi Jia, Zhongfeng Zhang
and Junbai Li

Abstract During billions of years of evolution and development, photosynthesis
has formed an effective mechanism for solar energy fixation and conversion. The
unique property of photosystem II (PSII) to split water in ambient condition makes
it the key role in the process of photosynthesis. Assembly of PSII-based multilayers
toward the construction of water splitting systems has attracted more and more
attention. As a means to study PSII, it might lead to quicker solutions to understand
the electron transfer mechanism in such hybrid systems and how activities of PSII
can be affected by different physicochemical or environmental factors. Such sys-
tems might also provide guidelines for the design and fabrication of artificial
photosynthetic energy conversion systems. In this chapter, we concentrate on the
design and development of PSII-based water splitting systems, in which photo-
electrochemical (PEC) cells utilizing PSII will be discussed in detail.

Keywords Photosystem II � Molecular assembly � Water splitting � Energy
conversion � Layer-by-layer assembly � Photoelectrochemical systems � Electron
transfer

6.1 Introduction

The development of new technologies for renewable and clean fuels based on solar
energy has been greatly accelerated because of global climate and environmental
problems caused by continuous consumption of fossil fuels [1–3]. How to capture
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and transform solar energy efficiently to energy forms that can be directly used for a
sustainable future has long been the most important topic in current research [4–6].
Nature provides us the most effective way of harnessing solar energy, that is
photosynthesis. Photosynthesis is a sustainable, effective, and complex process that
harnesses sunlight for the conversion of CO2 and water into high energy com-
pounds like carbohydrates and release of O2 as a by-product. It is possible for
mankind to imitate natural photosynthesis and to convert solar energy effectively
into clean energy. Among many active proteins involved in photosynthesis, pho-
tosystem II (PSII) with unique property of splitting water in ambient condition has
been thoroughly investigated [7–10]. The construction of solar energy conversion
system based on native proteins, especially PSII, has attracted significant interest
[11, 12].

6.1.1 Structure of Photosystem II

PSII is a transmembrane multi-polypeptide complex found in thylakoid membranes
of higher plants, algae, and cyanobacteria. It existed as dimeric complex with total
molecular weight around 650 kilodalton. Each monomer contains about 20
polypeptide subunits and many cofactors, such as chromophores, plastoquinones,
and a manganese–calcium (Mn4Ca) cluster (Fig. 6.1) [13]. Subunits like CP43 and
CP47, which are involved in the transfer of photonic energy, are located in the
periphery of PSII. While D1 and D2 subunits are in the center of each monomer,
which make up reaction center (RC) complex and are responsible for the transfer of
energy in the form of electrons. Other subunits that constitute PSII are distributed
among and around the above four subunits. The Mn4Ca cluster located in close
proximity to the P680 is well known as the oxygen evolving complex (OEC) or the
water-oxidizing complex (WOC) [10]. Unlike most other enzymes showing varia-
tions of divergent and convergent evolution, the organization and operation of PSII’s
OEC seem to have no difference among all organisms studied thus far [14]. The OEC
is comprised of a cubane-like structure with three Mn ions and one Ca ion linked by
oxo-bridges and a fourth Mn ion linked to the cubane via one of the oxo groups.
Although the detailed mechanism of water oxidation still remains unclear, the
coordination of OEC with surrounded amino acid residues certainly plays a key role
in the deprotonation of the substrate water molecules. There have been excellent
works on the design of artificial manganese clusters for water oxidation [15, 16].

6.1.2 Function of Photosystem II

PSII collects photonic energy through surrounded light-harvesting proteins and
transforms it into electrochemical potential within RC complex. With a primary
charge separation taking place in a few picoseconds, a chlorophyll center
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Fig. 6.1 Overall structure of PSII. a View of the PSII dimer perpendicular to the membrane
normal. b View of the PSII monomer along the membrane normal from the lumenal side.
Reprinted from Ref. [13], Copyright 2004, with permission from Elsevier
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(designated PD1, PD2, ChlD1, and ChlD2 in Fig. 6.2) known as P680 is oxidized and
a pheophytin molecule (chlorophyll molecule without a Mg ion ligated into its
tetrapyrrole head group) is reduced. The redox potential of the oxidized primary
electron donor in PSII (P680+) is about +1.25 V versus normal hydrogen electrode
(NHE), which is high enough to oxidize water in a pH neutral aqueous solution
[17]. The OEC is oxidized to reduce P680+, building up oxidizing equivalents to
extract electrons from water. On the other side, the redox potential of the anion
radical (Pheo−) is about −0.6 V versus NHE [18]. As soon as the primary charge
separation takes place, the electron is rapidly transferred by Pheo− to a tightly
bound quinone cofactor, QA. Owing to the physiological stability of charge

Fig. 6.2 Simplified schematic representation of the RC complex with the D1 (PsbA), D2 (PsbD)
subunits and core components involved in photosynthetic electron transfer. Reproduced from Ref.
[11] by permission of the Royal Society of Chemistry
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separation [P680+-QA
−] for several hundred microseconds [19], the probability for

back reaction is considerably reduced. Therefore, the quantum yield for the primary
charge separation in RC complex approaches unity. The electron then transfers
from QA

− to a second quinone molecule, QB, which is weakly bound to D1 subunit.
After QB receives two electrons, it diffuses out into the thylakoid membrane in the
form of H2QB to continue the photosynthetic electron transfer chain at the cyto-
chrome b6f complex. The reducing equivalent is then passed along the electron
transfer chain to photosystem I (PSI) and is excited again to give a redox potential
of −1 V or more, which drives the fixation of carbon dioxide.

6.1.3 Applications of Photosystem II

At present, investigation of PSII-based systems and their potential applications
mainly concentrates in the following two aspects. On one hand, due to its high
sensitivity, PSII can be used in biosensing applications to detect herbicides. On the
other hand, the robustness against charge recombination and fairly high quantum
yield make PSII an ideal building block for the construction of PEC cells.

6.1.3.1 Photosystem II Based Biosensors

The investigation of PSII being utilized for the detection of herbicide has drawn
extensive attention since 40% of herbicides could influence the process of photo-
synthesis by inhibiting PSII activities [20]. Triazine, diazine, phenolic, and urea
herbicides could lead to severe damage to PSII. These compounds occupy the QB

binding site of D1 protein, interacting with different amino acid residues and
inhibiting photosynthetic electron transfer process [21]. The signals could be
transformed into information such as current, potential, and optical signals, which is
directly proportional to the concentration of herbicide being detected. Thus, the
concentration of the herbicide could be precisely determined. A biosensor for the
detection of triazine and phenylurea herbicides has been reported by Koblizek et al.
immobilizing isolated PSII on a graphite-Ag/AgCl screen-printed electrode [22].
The obtained biohybrid electrode can detect diuron, atrazine, and simazine down to
nano-molar concentrations.

Heavy metal pollution is one of the most common environmental problems.
It works by inhibiting the photosynthetic enzymes, such as protochlorophyllide
oxidoreductase, plastocyanin, and PSII. Some heavy metal ions (Hg2+, Cu2+, Cd2+,
and so on) could replace the Mg2+ ion in the chlorophyll molecule, consequently
inhibit photosynthesis. Loranger and Carpentier used thylakoid membranes
cross-linked with albumin for phytotoxicity measurements [23]. The immobilized
membranes were much more stable and as sensitive as free thylakoids for the
detection of inhibitors of photosynthetic electron transfer, including herbicides and
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heavy metal ions. By measuring the current changes of the electron transport chain,
the concentration of Pb2+ and Cd2+ ions could be detected down to mg L−1.

6.1.3.2 Photosystem II Based Water Splitting Systems

Photosynthesis, an enduring blueprint for photochemical water splitting, harnesses
sunlight and transfers it efficiently into chemical energy. Inspired by nature, arti-
ficial photosynthesis utilizing synthetic water oxidation catalysts has attracted more
and more attention, which carries out light-driven water splitting reaction and
releases protons and electrons for the production of clean and renewable energy [6,
24, 25]. One important research approach for artificial photosynthetic system is the
development of PEC cells [26]. PEC cells can perform kinds of electrochemical
half-reactions. In a simple regenerative cell, the anode and the cathode carry out
reversible reactions and the cell generates electricity. As the core enzyme complex
in the photosynthetic chain, PSII is responsible for the efficient extraction of
electrons from water, evolution of O2, and establishment of the proton gradient that
drives adenosine triphosphate (ATP) synthesis [27]. The investigation of PSII
integrated electrodes for the construction of PEC cells will not only help better
understand the function and mechanism of PSII and related electron transfer chain,
but also provide guidelines for bioinspired artificial photosynthetic systems.

6.2 Photosystem II Based Multilayers for Photoanodes

As basic components of PEC cells, photoanodes must combine good visible light
absorption with efficient charge separation and high chemical stability [28].
Unfortunately, no such material has been found to date that possesses all these
properties to the desired extent. PSII can absorb light centered at 675 and 420–
440 nm. In vivo, the overall quantum yield of charge separation in PSII is reported
to be above 85% [29]. Besides, the self-repair machinery of PSII that replaces the
photo-damaged D1 protein with a new copy under both low light condition and
intense illumination makes it an excellent candidate for the construction of pho-
toanodes [30]. However, the isolated PSII does not yet match the performance of
in vivo PSII. The key problem is that PSII is not efficiently wired to the electrode
and the electron generated by PSII could not be passed rapidly. At present, a lot of
work has been done to the nano-engineering of PEC cells through the assembly of
PSII on the electrode surfaces. Various strategies to immobilize the PSII on con-
ductive surfaces and different methodologies to electrically wire it with the elec-
trode are presented. Co-assembly of PSII with other molecules and/or materials for
multilayers shows great promise, which will be discussed in the following text.
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6.2.1 Integration Photosystem II with a Self-assembled
Monolayer

Self-assembly monolayers (SAMs) are a commonly used approach for the surface
functionalization of electrode materials. PSII has been integrated with various
electrode materials using this approach. For example, PSII with a His-tag on the
stromal side of the C-terminus of CP47 or CP43 was linked to a gold electrode
modified with a SAM of a nickel-nitrilotriacetic acid (Ni-NTA), as shown in
Fig. 6.3 [31]. PSII could be bound tightly to the electrode owing to the strong
affinity of Ni-NTA to the His-tag. This method could effectively solve the problem
that bare gold surfaces are hydrophobic in nature and do not interact favorably with
proteins in direct contact. The Ni-NTA/PSII bilayer modified gold electrode acts as
a photoanode and could generate photocurrents upon light irradiation. Furthermore,
by the deposition of increasing quantities of gold nanoparticles on the gold surface
(Fig. 6.3b), the surface roughness of the electrode was increased. Following the
modification of the roughened surfaces with Ni-NTA/PSII bilayer, enhanced pho-
tocurrents were achieved (Fig. 6.3c).

Another representative work was reported by Kato et al., which integrated PSII
onto SAM-modified electrodes both electrostatically and covalently, Fig. 6.4 [32].
In this study, the PSII was first adsorbed electrostatically onto a nanostructured
indium tin oxide (ITO) electrode, which was modified with a SAM of phosphonic
acid ITO linkers with a dangling carboxylate moiety (Fig. 6.4a). A higher direct
electron transfer (DET) photocurrent density was observed with PSII immobilized
onto the negatively charged surface compared to that of positively charged. This
phenomenon was attributed to the positive dipole on the electron acceptor side of
PSII, which makes the terminal quinones of the PSII in close contact with the
electrode surface via Coulomb interactions (Fig. 6.4b). Photocurrent response of
mediated electron transfer (MET) of the electrode was also investigated using a
diffusional redox mediator, 2,6-dichloro-1,4-benzoquinone (DCBQ). However, no
significant difference was observed in MET photocurrent between PSII modified
positively and negatively charged surface, which suggests that the electron medi-
ators can, in principle, receive electrons from almost all active PSII immobilized on
the electrode independent of the orientation of PSII. Subsequently, treatment of the
SAM-CO2

−/PSII modified electrode with the peptide coupling agents 1-
(3-dimethylaminopropyl)-3-ethylcarbodiimide (EDC) and N-hydroxysuccinimide
(NHS) was performed to investigate the effect of covalent immobilization
(Fig. 6.4c). The observed DET photocurrent of the covalently bonded PSII was
almost twofold compared to that of electrostatically adsorbed PSII. Moreover, the
photocurrent stability of the photoanode was also increased. This study demon-
strates that the linkage between the PSII and the electrode surface is critical for
electron transfer efficiencies and enzyme stability in PEC studies.
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Fig. 6.3 Preparation
procedures of the
His-tag-PSII immobilized
a planar (PSII/A) and
b nanostructured gold
electrodes (PSII/B, PSII/C).
c Action spectra of
His-tag-PSII immobilized
planar (PSII/A) and
nanostructured (PSII/B,
PSII/C) gold electrodes.
Irradiated light: 680 nm
(3.3 mW), electrolyte
solution: 0.4 M sucrose,
15 mM CaCl2, 15 mM
MgCl2, and 0.1 M NaCl in
40 mM MES-NaOH buffer
aqueous solution (pH 6.4).
Applied potential: 0.2 V
versus Ag/AgCl (sat. KCl).
Reprinted from Ref. [31],
Copyright 2007, with
permission from Elsevier
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6.2.2 Integration of Photosystem II with Polymer

Diffusional electron mediators could, in principle, deliver electrons generated from
all layers of active PSII to the electrode [11]. However, MET is limited by the mass
transport of diffusional redox mediators, which is a relatively slow kinetic process.
The use of redox active polymers is an attractive alternative to avoid this problem.
In one of the studies, PSII was entrapped in the osmium-containing poly(vinyl)
imidazole-based redox polymers and immobilized onto the electrode surfaces,
Fig. 6.5 [33]. The redox polymer worked as both immobilization matrix and
electron acceptor for PSII. The redox potential of OsIII/OsII is +0.39 V versus NHE,
which allows for efficient electron transfer between PSII and the electrode.
A photocurrent density of 45 lA cm−2 for redox polymer/PSII modified electrode
was achieved. In the meantime, the system represents a significant improvement of
the operational life time with approximately 85% of the initial photocurrent
remaining after *1 h of continuous light irradiation.

Conducting polymers with unique electrical and optical properties as well as
electrochemical stability have attracted great interest since they are abundant and
cost-effective [34]. Due to conjugated structure and backbone of adjoining sp2

hybridized orbitals, the delocalized p electrons are formed along their backbone and

Fig. 6.4 Schematic representation for a the assembly of SAM-CO2
− modified mesoporous ITO

electrode. b Electrostatic immobilization and c Covalent immobilization of PSII on SAM-CO2
−

modified mesoporous ITO electrode. d Red-light-driven DET and MET resulting in photocurrents
with SAM-CO2

−/PSII modified electrode. Reprinted with the permission from Ref. [32].
Copyright 2013 American Chemical Society
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the electrons can be transferred through them quickly [35]. Conducting polymers
such as polyaniline and polypyrrole (PPy) have been widely used in biomedicine,
energy storage, and chemical sensors [36–38]. The preparation of electroactive and
conducting polymer films can be realized by electropolymerizing relevant mono-
mers onto the electrode [39]. After immobilizing enzymes, the thin films could
serve as highly sophisticated nanoreactors for chemical transformations and solar
energy conversion [40, 41]. Li et al. developed a novel biohybrid photoanode with
enhanced photocurrent and increased stability by assembling PSII-enriched mem-
branes with three-dimensional doped PPy hierarchical nanostructures, Fig. 6.6 [42].
Compared to conventional planar electrode, surface area of the nanostructured
electrode is increased to promote the effective loading of PSII (Fig. 6.6a, b). Upon
light illumination, benzoquinone (BQ) doped PPy nanowires act as highways to
allow electrons from water oxidation by PSII to flow to the ITO electrode.
Moreover, redox molecules (BQ) conjugated on the backbone of conducting
polymers serve as mediators to permit more efficient electron transfer between PSII
and ITO electrode. Indeed, at the same applied bias potential ranging from 0 to
0.5 V versus saturated calomel electrode (SCE), this integrated photoanode always
shows a higher photocurrent than PSII modified planar electrode. Notably, the
photocurrent is enhanced about 39.0-fold with increased stability at 0.25 V versus
SCE, compared to that for ITO/PSII. Such assembled system coupling natural
photoactive protein with artificial conducting polymer may have great potential
applications in advanced solar energy conversion.

Fig. 6.5 a Schematic representation for PSII entrapped within a mediator-modified redox
polymer. b Structure of poly(vinyl)imidazole Os(bipy)2Cl-polymer. Reproduced from Ref. [33] by
permission of John Wiley & Sons Ltd
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6.2.3 Layer-by-Layer Assembly of Photosystem II Based
Multilayers

The layer-by-layer (LbL) assembly technique, which was introduced by Decher and
colleagues, was initially based on alternating deposition of polyelectrolytes, with
opposite charges on a planar substrate [43]. Up to now, the driving forces have been
extended to covalent bond, hydrogen bond, base pair interaction, and host–guest
interaction. This technique allows the coating of diverse species in various shapes
and sizes, with uniform layers and controllable thickness [44–46]. The LbL tech-
nique is especially suitable for protein assembly because of the mild assembly
condition and convenient assembly process which is beneficial to the maintenance
of protein activities.

Fig. 6.6 Schematic representation of the biohybrid photoanode integrating PSII with BQ-doped
PPy hierarchical nanostructures on the ITO substrate. a SEM image of purified PPyBQ
nanostructures with a lower magnification. The inset shows their cross section. b SEM image of
the components with a higher magnification. The inset shows relevant TEM image. Reproduced
from Ref. [42] by permission of John Wiley & Sons Ltd
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Graphene-based materials are of great interest due to their extraordinary prop-
erties [47, 48]. The solution processing capability of reduced graphene oxide (rGO)
makes the material more attractive for large area applications [49]. The transparent
nature of graphene enables the use of a highly effective and opaque mediator to
amplify photocurrents greatly. For example, by mounting graphene on glass, we
can irradiate the cell through the transparent graphene electrode rather than through
the solution, enabling the use of opaque mediators at higher concentrations to boost
photocurrents [50]. In one study where LbL assembly was used, negatively charged
PSII was integrated with positively charged PEI-rGO, Fig. 6.7a [51]. The DET
photocurrents of the ITO-(PEI-rGO/PSII)n increased gradually with the number of
bilayers. Notably, increasing the amount of PSII did not lead to enhancement of
photocurrent for ITO-PSII films. Comparison of the photocurrents of different

Fig. 6.7 a Schematic representation of an ITO electrode functionalized with LbL co-assembly of
negatively charged PSII and positively charged PEI-rGO multilayered films as a photoanode.
b Comparison of the photocurrent responses of pure ITO, ITO-rGO, ITO-PSII, ITO-PEI/PSII,
ITO-PEI-rGO/PSII, and ITO-PEI-rGO/PSII with additional 30 lM 3-(3,4-dichlorophenyl)-
1,1-dimethylurea (DCMU) as the inhibitor of PSII in an electrolyte buffer solution. The latter
four films possess the identical amount of PSII. The above photocurrents were measured with a
bias potential of 0.25 V versus SCE in an aqueous electrolyte buffer solution (pH 6.5, 20 mM
4-morpholinoethanesulfonic acid (MES), 50 mM KCl, 5 mM MgCl2 and 3 mM CaCl2) under
light illumination (800 nm > k > 550 nm, P680 nm = 10 mW cm−2) at 25 °C. Reproduced from
Ref. [51] by permission of The Royal Society of Chemistry
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anodes possessing the identical amount of PSII (Fig. 6.7b) demonstrates that
PEI-rGO sheets facilitate the electron transfer between PSII and the electrodes. The
co-assembled photoanode with improved stability and ca. twofold enhancement of
DET photocurrent confirms that rGO is a promising candidate for the integration
with photoactive proteins.

Yehezkeli et al. co-assembled PSII and PSI on ITO electrodes through LbL
technique, where two different noble metal-free redox active polymers, poly N,N′-
dibenzyl-4,4′-bipyridinium (poly-benzyl viologen, PBV2+) and poly lysine benzo-
quinone (PBQ), were used as potential electron acceptors and charge carriers,
Fig. 6.8a [52]. The photocurrent action spectrum shows that the photocurrent of
PBV2+/PSI/PBQ/PSII multilayers is about sixfold enhanced as compared to that of
PBV2+/PSI/PBV2+/PSII multilayers (Fig. 6.8b). While the reversed bilayer assem-
bly, consisting of a PSII layer linked to a layer of PSI by PBV2+, generates an
inefficient cathodic photocurrent. These results suggest that PBV2+ and PBQ are
superior charge trapping and electron transport layers for PSI and PSII, respec-
tively. The energy diagram for the coupled electron transfer reactions in the PBV2+/
PSI/PBQ/PSII multilayers (Fig. 6.8c) reveals that the appropriate ordering of PSI
and PSII layers on the electrode is essential to the efficiency of the resulting pho-
tocurrents. The advantage of LbL technique for composite film construction was
well manifested.

6.2.4 Integration of Photosystem II with Semiconductor

Semiconductors have many advantages such as superior chemical and optical sta-
bility, tunable band structures, and high photocatalytic efficiency [53, 54].
Exploring suitable semiconductor material to construct a new hybrid system with
PSII is of great importance. Wang et al. present a hybrid photoanode integrating
PSII with a hematite film for water oxidation, Fig. 6.9 [55]. The hematite phase
Ti/Fe2O3 films exhibit a three-dimensional mesoporous structure with a pore
diameter of ca. 200 nm and thickness of 300 nm (Fig. 6.9a, b), which is in favor of
PSII adsorption [10]. The fluorescence of the PSII-Ti/Fe2O3 films modified elec-
trode suggests that the PSII distributes on the whole surface of the electrode uni-
formly (Fig. 6.9c). As demonstrated by the author, the electrons generated from
PSII multilayers are injected into the valance band of the excited Ti/Fe2O3 and
significantly enhanced photocurrent is observed.

Among the various semiconductor materials developed to construct PEC cells,
TiO2 is one of the most promising choices due to its low-cost, nontoxic, and so on
[56]. A recent study reported a strategy to integrate PSII into a hierarchical nan-
otubular titania-modified electrode to assemble a hybrid photoanode system
(PSII/TiO2-NT-modified ITO electrode), in which the nanotubular titania materials
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Fig. 6.8 a Schematic
assembly of PBV2+/
PSI/PBQ/PSII multilayers on
an ITO electrode.
b Photocurrent action spectra
corresponding to: (curve a)
the PBV2+/PSI/PBV2+/PSII
multilayer, and (curve b) the
PBV2+/PSI/PBQ/PSII
multilayers. c Energy diagram
for the cascaded electron
transfer processes in the
integrated PSI/PSII
multilayers. The effective
illumination area was
0.25 cm2. All measurements
were performed in an
Ar-deaerated phosphate buffer
(0.1 M, pH = 7.2).
Reproduced from Ref. [52] by
permission of John Wiley &
Sons Ltd
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(TiO2-NTs) were achieved by a surface sol-gel method using natural cellulose
substances as scaffolds, Fig. 6.10 [57]. The titania materials used to modify the
surface of the bare ITO slide show hierarchical porous nanotubular structures
replicated from original cellulose (Fig. 6.10a, b). The diameters of individual titania
nanotubes range from 50 to 200 nm, and the titania nanoparticles forming the
nanotubes are in the pure anatase crystal phase. What’s more, the space between
each titania nanotube is well suited for PSII loading. PEC measurements under
irradiation with red light or white light demonstrate that the PSII/TiO2-NT-modified
ITO electrode reveals superior photocurrent generation ability and an enhanced
incident photo-to-current efficiency compared to the PSII and TiO2-NT-modified
ITO electrodes. This semiconductor–protein hybrid photo-bioelectrochemical sys-
tem enhances DET (1.3 µA cm−2) and MET (10.6 µA cm−2) photocurrents,

Fig. 6.9 SEM images of the Ti/Fe2O3 film: a top view and b side view. c The fluorescence
intensity image of PSII-Ti/Fe2O3 hybrid electrode. d Proposed schematic configuration of the
PSII-Ti/Fe2O3 hybrid electrode. Reproduced from Ref. [55] by permission of The Royal Society of
Chemistry
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benefiting from the well-defined hierarchical nanostructured surface of the electrode
for protein loading, and the fine titania nanocrystals facilitating electron transfer
from PSII to the electrode.

Fig. 6.10 Schematic illustration of a fabrication process of a hybrid PSII/TiO2-NTs-modified ITO
photoanode system. a FE-SEM image of the TiO2-NTs; inset of a shows the photograph of this
sample. b TEM image of an individual titania nanotube; inset of b displays the HR-TEM image.
Reproduced from Ref. [57] by permission of The Royal Society of Chemistry
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6.3 Photosystem II for Complete Solar Energy Harvesting
Systems

The construction of PSII-based photoanodes has achieved much progress in recent
years. However, as electrochemical half-cells, most of these systems included
sacrificial electron donors or acceptors for electron transfer and used a potentiostat
as a sink for the electrons. Electrically coupling of PSII-based photoanode with a
cathode for the construction of complete and autonomous solar energy harvesting
systems have attracted more and more attention [58, 59].

Willner group reported the assembly of a photo-biofuel cell that composed of
PSII/poly-mercapto benzoquinone (pMBQ) functionalized electrode, acting as a
photoanode for the light-induced oxidation of H2O to O2, and an electrically wired
bilirubin oxidase/carbon nanotubes (BOD/CNTs) modified electrode acting as a
cathode for the reduction of O2 to H2O, Fig. 6.11a [60]. It was the first
photo-bioelectrochemical device (bio-photovoltaic cell) that integrated two inter-
connected electrodes. Upon irradiation of the photoanode, electrons generated from
water oxidation were transferred from PSII to the pMBQ. The electrons were then
injected into the cathode and used for the biocatalytic reduction of O2. Photocurrent
responses upon a cyclic ‘ON-OFF’ illumination with different light intensities
indicate that the current in the cell originates from the photoexcitation of the PSII
protein, and the photocurrent density is dependent on the light intensity
(Fig. 6.11b). The full-cell performance was further investigated by conducting
discharge measurements under variable external resistance, Fig. 6.11c, from which
a maximum power output of ca. 18 lW cm−2 was achieved. The main reasons for
the relatively low power output are the inappropriate orientation and low surface
coverage of PSII on the photoanode, and the relatively low potential difference
between the two interconnected electrodes.

Kothe et al. reported the first experimental setup to serially couple PSII-based
photoanode and PSI-based photocathode [61]. The resulted photovoltaic cell could
operate as a closed system without any sacrificial electron donors or acceptors
(Fig. 6.12). The electron transfer communication between PSII and the anode was
realized with an imidazole-coordinated bispyridyl osmium complex-based redox
hydrogel, which was reported early by Badura et al. [33]. And the PSI was
entrapped into a pyridine-coordinated bispyridyl osmium complex-based redox
active hydrogel [62]. Upon light irradiation, water molecules are split into electrons
and protons. The electrons are transferred to the cathode via the outer circuit, where
PSI reduces the electron acceptor (methyl viologen). The methyl viologen radical
cation is re-oxidized by molecular oxygen, resulting in water as the final product.
The cell could generate a steady-state photocurrent of ca. 1 lA cm−2 with maximal
power output of ca. 20 nW cm−2. By mimicking Z-scheme of natural photosyn-
thesis, this work enables the extension of the principle to simultaneous electrical
and chemical energy generation.
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6.4 Other Photosystem II Based Energy Conversion
Systems

It is important to find ways to reduce the cost of water splitting catalysts, improve
the conversion efficiency of biomass, and construct the next generation of photo-
voltaics with better performance for making solar derived fuels competitive with
fossil fuels. As pointed out by many scientists, it is equally important to figure it out
how to store these solar derived fuels [63, 64]. One important way is to store the
energy through chemical bond, like the photosynthesis does. Solar-powered cat-
alytic water splitting process can be exploited for the release of protons and elec-
trons that can be used to produce hydrogen, which possesses remarkably high
energy density [65, 66]. PSII-based overall water splitting systems that produce
hydrogen at the cathode and oxygen at the anode have drawn enormous attention
[67]. Reisner group [68] constructed a PEC cell integrated isolated PSII with the H2

JFig. 6.11 a Schematic presentation of the pMBQ/PSII//BOD/CNTs photo-biofuel cell.
b Photocurrent responses of the pMBQ/PSII anode upon the application of intermittent light
illumination at variable irradiation intensities: a1 P = 0.04, a2 P = 0.07 and a3 P = 0.10 W.
c Polarization curve (panel I), and power output (panel II) corresponding to the discharge of the
pMBQ/PSII//BOD/CNTs photo-biofuel cell at variable resistances. In all measurements, the
electrolyte was a phosphate buffer (pH 7.4, 0.1 M). Reprinted by permission from Macmillan
Publishers Ltd: ref. [60], copyright 2012

Fig. 6.12 Representation of the proposed biophotovoltaic cell combining a PSII-based photoan-
ode and a PSI-based photocathode. Reproduced from Ref. [61] by permission of John Wiley &
Sons Ltd
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evolving enzyme, hydrogenase, where oxygenic and anaerobic reactions can be
separated (Fig. 6.13). The application of an external voltage was also allowed to
study the additional energy needed to drive the overall photoreaction. The excep-
tionally high loadings of both enzymes were realized through integration with the
hierarchically structured ITO electrodes. A light-to-hydrogen conversion efficiency
of ca. 5.4% under 0.25 mW cm−2 red light irradiation was achieved.

Besides the construction of PEC systems, the development of PSII-based nat-
ural–artificial hybrid photocatalytic systems has also been proposed as an alterna-
tive approach to realize overall water splitting. Well water dispersed PSII-inorganic
photocatalyst integrations were constructed by Wang et al., Fig. 6.14 [69].
A self-assembly approach driven by hydrophilic interactions was applied for the
coupling of the PSII membranes with photocatalyst (Ru/SrTiO3:Rh). An inorganic
donor/acceptor pair Fe(CN)6

3−/4− (Eo = 0.358 V vs. NHE) was used as the electron
shuttle to transport the electrons from PSII to artificial photocatalysts, because its
electrochemical potential lies between that of QB and the level of Rh3+ doped in
SrTiO3:Rh. The photoactive colloidal suspension could carry out overall water
splitting reaction and produced H2 and O2 without any sacrificial reagent under
visible light irradiation. Moreover, no apparent loss of activity was found for at
least over 3 h in direct sunlight.

A recent promising application of the isolated PSII component is its integration
with ATP synthase (FoF1-ATPase) as artificial chloroplast for light-driven ATP
synthesis, Fig. 6.15 [70]. The hydrogel-like PSII-based microspheres were prepared
through a coprecipitation method, followed by cross-linking with glutaric dialde-
hyde and subsequent core removing. Isolated FoF1-ATPase are reconstituted into
liposomes to get proteoliposomes and further coated on the surface of

Fig. 6.13 Schematic representation of the PSII-hydrogenase PEC cell for overall water splitting.
Reprinted with the permission from Ref. [68]. Copyright 2015 American Chemical Society
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Fig. 6.14 Schematic illustration of the charge separation, electron flow, and water splitting
reaction in a PSII-photocatalyst hybrid system for overall water splitting. Reprinted with
permission from Macmillan Publishers Ltd: Ref. [69], copyright 2014

Fig. 6.15 Schematic representation of ATP synthesis catalyzed by co-assembly of CFoF1-ATPase
and PSII. Reprinted with permission from Ref. [70]. Copyright 2016 American Chemical Society
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above-mentioned microspheres. The co-assembled chloroplast-like system could
split water and produce ATP under light illumination. Thus, light energy is con-
verted and stored in the form of chemical energy. The system may have great
implications in the fabrication of light-triggered ATP-driven micro-/nanodevices or
miniature energy harvesting and conversion systems.

6.5 Summary

In this chapter, we reviewed the recent research progress on the design of
PSII-based solar energy conversion systems from several research groups.
A fundamental topic of high scientific interest is the assembly of PSII-based
multilayers for the above purpose as it offers unique advantages over any parallel
approach in terms of simplicity, operability, and variety of co-assembly materials.
Although the PSII-based solar energy conversion systems are not mature enough
for practical applications, continuous advancements in relevant areas could
potentially make it an alternative to present day photovoltaics or similar tech-
nologies in the future. Such systems might also provide guidelines for the design
and fabrication of artificial photosynthetic energy conversion systems.
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Chapter 7
Peptide-Based Supramolecular Chemistry

Qianli Zou, Kai Liu, Manzar Abbas and Xuehai Yan

Abstract Supramolecular chemistry of highly important biomolecules and bioin-
spired molecules has attracted tremendous interest due to its acknowledged
importance in construction of novel functional materials and in revealing the
mechanisms of formation and evolution of natural living organisms. As one kind of
representative biomolecules, peptides are among the most appealing programmable
building blocks for supramolecular self-assembly. In this chapter, we present recent
progresses in supramolecular chemistry of self-assembling aromatic dipeptides,
including self-assembly of aromatic dipeptides and co-assembly of aromatic
dipeptides with various functional molecular motifs, such as porphyrins, azoben-
zenes, photosensitizers, polyoxometalates, quantum dots, and glutaraldehyde.
Particularly, hierarchical self-assembly of peptides and structural transition of the
self-assembled peptide architectures are in-depth discussed in controllable fabri-
cation of peptide materials along with revealing the non-covalent interactions that
determine the self-assembly and the structure–property relationships of the formed
peptide materials. Also, the applications of peptide-based supramolecular materials
as optical waveguiding materials, biomimetic energy materials, and biomaterials are
highlighted, providing an increased understanding of the role of peptide-based
supramolecular chemistry in construction of novel functional materials.
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7.1 Introduction

Supramolecular self-assembly is a ubiquitous phenomenon in naturally evolving
living systems [1–3]. Numerous functional structures and materials in living
organisms are formed by self-assembly of biomolecules such as peptides, proteins,
lipids, DNAs, and saccharides [4–6], through non-covalent intramolecular and
intermolecular interactions [7]. Common non-covalent interactions including
hydrogen bonding, p–p stacking, hydrophobic effect, electrostatic interactions, and
van der Waals forces [8]. Inspired by naturally occurring self-assembly,
supramolecular self-assembly of biomolecules based on non-covalent interactions
and biomimetic principles is emerging as an efficient and elegant method to con-
struct functional materials [9–12]. Such materials not only show ordered structures
ranging from molecular scale to nanoscale, even to microscale, but also possess
fantastic physical, chemical, and biological properties, enabling them as competi-
tive candidates for various applications such as biomaterials, electronic materials,
renewable energy, and biomedicine [13–17]. In the bottom-up process of
self-assembly, the organization of building blocks can be readily tuned by
manipulation of the non-covalent interactions through physical or chemical means
[18]. Also, co-assembly of distinctly different building blocks provides an easy but
highly efficient way to create nanomaterials with more sophisticated structures and
properties [19–23]. Moreover, the self-assembled materials can be endowed with a
variety of morphological transitions by incorporation of responsive groups into the
building blocks, resulting in control of the structures and properties of the materials
on demand in applications [24, 25].

Among natural and nature-derived biomolecules, peptides are appealing building
blocks for supramolecular chemistry due to their simple structures, flexibility in
sequence manipulation, relatively high stability along with good biodegradability,
high biocompatibility, and ease of production on a large scale [26, 27]. The 20
natural amino acids offer enormous sequence space for exploring proper building
blocks toward specific self-assembling properties based on their diversity in charge,
hydrophobicity, and polarity [28]. Unnatural amino acids have also been incorpo-
rated into the peptide sequences to increase the diversity of self-assembling peptides
and the complexity of self-assembled materials [29]. Other than the primary
structures defined by the sequence of amino acids, peptides as self-assembling
building blocks are also characterized by their secondary structures. Secondary
structures of peptides can serve as building blocks for higher levels of self-assembly
[30, 31]. Hence, peptides are particularly suitable for hierarchical assembly, the
most powerful yet challenging tool to nanoengineer functional materials. In the
formation of secondary and higher levels of peptide structures, hydrogen bonding,
mainly from polar amide, amino, and carboxyl groups in the backbone and side
chains of peptides, is recognized as an important and in many situations dominating
driving force due to its universality, selectivity, and directionality.
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With the advances of synthetic methods for peptides, especially solid-phase
peptide synthesis, a lot of peptides have been designed, synthesized, and applied
toward supramolecular self-assembly [32, 33]. Successful peptide self-assembly has
been demonstrated by using cyclic peptides, dendritic peptides, polypeptides,
amphiphilic peptides, and aromatic dipeptides. In many cases, the sequence of
peptides is designed by bioinspired approaches and the structures and properties of
the self-assembled materials are highly reminiscent of natural biological systems.
Due to their biological inspiration, peptide-based supramolecular materials have
shown advantages in various biomedical applications, such as drug delivery, tissue
engineering, bone regeneration, antibacterium, imaging, and immunotherapy [34–
37]. Since self-assembled peptide-based materials are highly ordered at nanoscale,
their properties and functions are not only related with the sequence of amino acids
but also are related with their supramolecular nanostructures. Thus, the controllable
construction and manipulation of peptide nanostructures are the primary goal in the
field of peptide-based supramolecular chemistry. By varying self-assembling pep-
tides and the corresponding non-covalent interactions, supramolecular nanostruc-
tures, including nanospheres, nanotubes, nanobelts, nanofibers, and nanogels have
been obtained in peptide self-assembly [38, 39]. The non-covalent interactions,
thermodynamics, and kinetics in formation of the nanostructures and structure–
property relationships of the formed nanomaterials are also acquired [40–42]. In
return, these results provide information for revealing the non-covalent interactions
of natural peptide and protein based systems.

Aromatic dipeptides, mainly derived from L-Phe-L-Phe (FF), are the simplest
peptides that exhibit self-assembling characteristics. Self-assembly of FF is inspired
by the formation of amyloid plaques by FF-containing polypeptides in the progress
of Alzheimer’s disease [43]. In recent years, aromatic dipeptides have been
demonstrated as versatile building blocks for supramolecular construction of
ordered nanostructures [44, 45]. As compared to other self-assembling peptides,
aromatic dipeptides have advantages of simpler molecular structures, lower costs of
synthesis, and ease of modification and modulation, which are highly valuable for
both reveal of inherent self-assembling mechanisms and manipulation of properties
toward specific applications.

In this chapter, we focus on supramolecular chemistry of aromatic dipeptides
and their analogs. We first present controlled self-assembly of aromatic dipeptides
and the modulation of the self-assembled nanostructures with emphasis on
self-assembled peptide crystals with optical waveguiding properties. Then, we
discuss co-assembly of aromatic dipeptides with other functional molecules and
materials, including porphyrins, azobenzenes, photosensitizers, polyoxometalates
(POMs), quantum dots (QDs), and glutaraldehyde (GA). Finally, we highlight the
applications of peptide-based nanomaterials in the areas of biomimetic photosys-
tem, photocatalysis, and biomedicine.
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7.2 Self-assembly of Peptides

Many ordered nanostructures and macrostructures, such as nanotubes, nanowires,
nanobelts, macroporous honeycomb scaffolds, crystals, and mesocrystals can be
formed through controlled self-assembly of FF and its analogs. Intriguingly, the
self-assembled structures show reversible transitions under stimuli, such as dilution
and addition of trace solvent. In addition, peptide crystalline structures show
attractive optical waveguiding properties.

7.2.1 Controlled Self-assembly of Peptides

Self-assembly of FF has attracted a lot of attention in nanotechnology since the
formation of nanotubes from FF was observed [43]. Further studies discover that
other low dimensional nanostructures, such as nanofibrils and nonowires, can be
readily obtained by self-assembly of FF in different conditions [46, 47]. To achieve
three-dimensional (3D) self-assembled structures of FF, a simple approach toward
hierarchical self-assembly of FF was proposed [48]. In this approach, hierarchical
spheres with a diameter of 20 lm were obtained simply by adding tetrahydrofuran
(THF) to the solution of FF in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP). Scanning
electron microscopy (SEM) reveals that the peony flower-like spheres consist of
hundreds of flakes, which are characterized as mesocrystals. The formation of flakes
or flower-like spheres can be induced by other solvents, such as 1,4-Dioxane and
pyridine. Detailed analyses show that the structures self-assembled from FF by the
solvent exchange method are related with the polarity of solvents: nanotubes are
formed in hydrogen bond accepter solvents such as water; flakes are formed in
hydrogen bond donor solvents; nanofibrils and gels are formed in solvents that
provide no sites for hydrogen bonding, such as toluene. Such solvent-related
morphology changes are consistent with the fact that the self-assembly of FF is
mainly directed by hydrogen bonding and p–p stacking. It is found that the amount
of HFIP, which is usually only regarded as a good solvent for dissolving FF, also
has a significant impact on the morphology of the self-assembled materials, prob-
ably due to its effect on supersaturation of FF in mixed solvent. In addition, tem-
perature also influences the growth of mesocrystals.

Due to the high roughness and surface area, the flower-like spheres exhibit
exciting surface-related properties. For example, when a silica substrate covered by
the flower-like spheres was further modified by the vapor of fluoroalkylsilane, the
modified surface showed excellent superhydrophobicity as well as oleophobicity,
suggesting that the hierarchical self-assembled structures of FF can support the
formation of antiwetting surfaces. Peptide-based supramolecular materials can serve
as templates for construction of functional metallic nanostructures because peptides
can be easily removed by solvents or enzymes. A crust of flower-like spheres was
obtained by sputtering Au on the surface of flower-like spheres, followed by
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removing FF with ethanol [49]. SEM and transmission electron microscopy
(TEM) images confirm that the obtained metallic structures consisted of only Au
nanoparticles preserve the flower-like morphology. Such hierarchical metallic
structures show a remarkable surface enhancement factor for surface-enhanced
Raman scattering (SERS) measurements.

Integration of supramolecular self-assembly of FF with the protocol of breath
figure is a facile method to generate ordered macrostructures of FF [50]. The
formed architectures are honeycomb scaffolds with uniformly distributed and
hexagonally organized macropores. The pore sizes and morphology of the scaffolds
are readily manipulated by controlling solvent, substrate, air humidity, FF con-
centration, and air speed. Circular dichroism (CD) and Fourier transform infrared
spectroscopy (FTIR) spectra demonstrate that FF in the scaffolds is ordered in the
configuration of parallel b-sheet, which is clearly different from the antiparallel
configuration of FF organogel formed in toluene. Under ultraviolet (UV) light
irradiation, the scaffolds show red-shifted fluorescence, indicating strong p–p
stacking and ordered organization of FF in the scaffolds. Significantly, the scaffolds
can support the adhesion and growth of human embryo skin fibroblast (ESF) cells,
suggesting that such self-assembled macrostructures of FF are promising bioma-
terials for biomedical applications, such as tissue engineering.

7.2.2 Structural Transition of Self-assembled Peptide
Nanostructures

Supramolecular self-assembly of the same peptide can form different nanostructures
since self-assembly of peptides is relatively susceptible to changes that influence the
non-covalent interactions, providing an opportunity to induce structural transition
between self-assembled nanostructures. An extensively investigated example is the
reversible transition between cationic dipeptide nanotubes and vesicles (Fig. 7.1a)
[51]. Cationic dipeptide H-Phe-Phe-NH2�HCl (CDP), an analog of FF,
self-assembles into nanotubes at high concentration and nanovesicles at low con-
centration (Fig. 7.1b). Hence, the structural transition is easily manipulated by
dilution and concentration. CD spectra reveal that the structural transition occurs
along with a change in the second structure of CDP (Fig. 7.1c). CD spectra of
assembled CDP nanotubes show characteristic signals of a-helical peptides. Also,
the existence of p–p stacking among the aromatic side chains and hydrogen
bonding among the main chains is indicated by CD results. No significant signal
corresponding to second structure of CDP is observed for the form of nanovesicles,
suggesting that the transition from nanotubes to nanovesicles is a disassembly
process in which electrostatic repulsion possibly plays a key role other than p–p
stacking or hydrogen bonding. Moreover, jointed nanovesicles in the shape of a
necklace were observed as intermediate structures in the transition between nan-
otubes and nanovesicles (Fig. 7.1d). An equation presented to demonstrate the
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experimental results reveals that the structural transition of peptide-based nanos-
tructures is basically related with the concentration of the building block, the
molecular size, and the tension of the solution/aggregate interface [52].

Oligonucleotide delivery has been demonstrated by using CDP nanotubes as
carriers for single-stranded DNA (ssDNA) [51]. Negatively charged ssDNA labeled
by a fluorescent dye was loaded on the surface of CDP nanotubes through elec-
trostatic interactions. After the nanotubes were changed to nanovesicles under
dilution, the fluorescence was found on the obtained nanovesicles, suggesting that

Fig. 7.1 Structural transition of peptide nanostructures. a Schematic illustration of structural
transition of the CDP nanotubes (CDPNTs) into vehicles for oligonucleotide delivery. b Optical
images showing the conversion of the CDPNTs into vesicles. c CD spectra of the CDPNTs and
vesicles at different concentrations (A 10, B 8, C 7, D 5, E 2, F 1 mg mL−1). d TEM image of
diluted CDPNTs (Reprinted with permission from Ref. [51]. Copyright 2007, Wiley-VCH)
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ssDNA was retained with CDP nanostructures in the process of disassembly and
reassembly of CDP. When HeLa cells were incubated with ssDNA-bounded nan-
otubes for 24 h, ssDNA was successfully delivered into the cells. The delivery of
ssDNA by CDP nanotubes relies structural transition from nanotubes to
nanovesicles upon dilution by cell culture media.

Structural transition from nanofibers to nanobelts was observed in an
organogel-based system [53]. The system was constructed by in situ encapsulated
of a lanthanide ion (Tb3+) and a photosensitizer (salicylic acid) into FF organogels.
SEM imaging reveals that the hybrid organogels consist of small fibers. Due to the
presence of Tb3+ and salicylic acid, the stability and mechanical strength of the
hybrid organogels are lower than that of pure FF organogels formed in toluene.
However, the stability and mechanical properties of the hybrid organogels were
significantly enhanced by the treatments of heat or water. After the treatments,
uniform nanobelts were observed as the main components of the gels, suggesting
the structural transition from fibers to nanobelts induced by heat and water. FTIR
and X-ray diffraction (XRD) analyses show that the encapsulation of Tb3+ and
salicylic acid and water treatment have no impact on the secondary structure of FF
while the heat treatment induces a change from a b-sheet to a b-turn structure in the
organogels. Fluorescence spectra demonstrate that the fluorescence emission of
Tb3+ is enhanced by synergistic energy transfer from FF and salicylic acid.

7.2.3 Solvent-Induced Structural Transition of Peptide
Nanostructures

Self-assembly of peptides in solutions not only involves peptide–peptide interac-
tions but also involves peptide–solvent interactions. Hence, solvent can be a pre-
dominant factor to tune peptide nanostructures. The solvent-induced structural
transition from organogels to flower-like microcrystals was demonstrated in a
system containing FF, toluene, and ethanol [54]. Self-assembly of FF in pure
toluene generates organogels. SEM images reveal such organogels consist an
entangled network of nanofibers and fiber bundles. In changing pure toluene to a
mixture of ethanol and toluene, the self-assembled nanostructures of FF vary from
organogels to flower-like microcrystals. SEM images show that the flower-like
microcrystals are composed with ribbons. FTIR spectra indicate that the nanos-
tructures obtained in pure toluene and in a low amount of ethanol (10%) show the
characteristics of antiparallel b-sheet secondary structures, while the flower-like
microcrystals obtained in the presence of a high amount of ethanol have parallel
b-sheet secondary structures. The impact of solvent on the morphology is due to
different properties of ethanol and toluene: toluene molecules participate in the
self-assembly of FF though p–p stacking while ethanol interacts with FF through
hydrogen bonding.
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Hydrogen bonding is an important interaction involved in self-assembly of
biomolecules in biological systems. For example, water-related hydrogen bonding
is believed to play a key role in the formation of proteins fibrils in the Alzheimer’s
disease [55, 56]. Systematic investigation of FF self-assembly in dichloromethane
in addition of a trace amount of hydrogen bonding solvent provides a direct evi-
dence for the importance of hydrogen bonding in peptide self-assembly (Fig. 7.2a)
[57]. In pure dichloromethane, self-assembly of FF leads to the formation of
crystalline structures (Fig. 7.2b). FIIR and XRD results show that crystalline
structures are similar with the hexagonal structures in nanotubes and single crystals
of FF. When a trace amount of hydrogen bonding solvents such as ethanol,
dimethylformamide, or acetone, is added to toluene, long fiber or ribbon structures
are formed, suggesting that the assembly of FF in one dimension is induced by
directional hydrogen bonding (Fig. 7.2c). In contrast, the addition of n-hexane, a
solvent that only shows van der Waals forces with FF, cannot promote fiber
structures.

Fig. 7.2 Trace solvent-induced structural transition of FF nanostructures. a Schematic illustration
of the transition. b SEM image of FF/CH2Cl2. c SEM image of FF/CH2Cl2/ethanol (Reprinted with
permission from Ref. [57]. Copyright 2016, American Chemical Society)
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7.2.4 Self-assembled Peptide Crystals with Optical
Waveguiding Properties

The crystalline structures of FF provide platforms for constructing optical waveg-
uiding materials. The waveguide based on self-assembled peptide materials was
first demonstrated by aldehyde-induced cyclization and crystallization of FF [58].
To produce the optical waveguiding peptide crystals, organogels were prepared by
adding a solution of FF in HFIP into aldehyde-containing toluene. The gels
imperceptibly turned into white precipitates in a period of about 1 month. SEM and
TEM images demonstrate that the precipitates consist of rectangular platelets,
which are composed of anisotropic peptide fiber or ribbon nanostructures. The
selected area electron diffraction (SAED) analysis reveals the platelets as
single-crystalline peptide platelets. Matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF) mass spectrometry and 1HNMR spectroscopy show
that FF is converted to cyco-Phe-Phe (CPP) in the platelets due to aldehyde-induced
cyclization. FTIR and photoluminescence spectra suggest that the formation of
platelets is triggered by enhanced hydrogen bonding and p–p stacking interactions.
Under excitation at 330–380 nm, the crystalline platelets show blue photolumi-
nescence emission and their ends show remarkably bright spots (Fig. 7.3a, b).
When one end of a platelet is excited, bright spots of blue emission can be observed
at the other end (Fig. 7.3c, d), suggesting that the light is guided inside the platelet
from one end to another. Since the wavelengths of the emission and excitation light
are different, the waveguiding based on CPP platelets is a kind of active waveg-
uiding, in which the processes of photoluminescence and waveguiding take place
together. Intriguingly, the optical properties of the platelets can be readily tuned by
incorporation of other dyes in the process of crystallization. For instance, incor-
poration of Nile Red into CPP platelets leads to the formation of red light-emitting
platelets (Fig. 7.2e, f).

Other than the aldehyde-induced cyclization, CPP platelets can also be prepared
by a fast and facile solvothermal approach [59]. It is found that heating the orga-
nogels of FF in toluene in sealed vials at a temperature higher than 110 °C gen-
erates CPP platelets in 10 min. SEM images reveal that such solvothermally
prepared CPP platelets consist of rectangular ultralong nanobelts, similar with those
obtained by aldehyde-induced cyclization. Surprisingly, curved crystalline platelets
are observed in the precipitates and they show curved optical waveguides upon
excitation. Such curved waveguiding along the curved axial of peptide crystalline
nanobelts opens a novel way for advanced optical biomaterials.

Self-assembled nanomaterials of FF with crystalline structures also possess
optical waveguiding properties. One example is the hexagonal FF microtubes
prepared by controlled self-assembly of FF upon solvent thermal annealing [60].
The formation of microtubes from FF is a progress of self-similar-structured
growth, which includes the hexagonal packing of FF molecules, ampliative packing
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of the initially formed subunits and the formation of hexagonal nanotubes, and
further hierarchical amplification of the nanotubes and the resulting of hexagonal
hollow microtubes (Fig. 7.4). Such hierarchically self-assembled FF microtubes
show similar XRD patterns with FF single crystals, leading them as promising
candidates for active waveguide materials. FF nanofibers, microtubes, and micro-
rods constructed through controlled self-assembly of FF in mixture of HFIP and
water with the assistance of ultrasonication also show optical waveguiding char-
acteristics [61]. Moreover, peptide optical waveguide is demonstrated on
self-assembled rectangular CDP microtubes and microrods [62].

Fig. 7.3 Optical waveguiding of peptide crystals. a Photoluminescence image of platelets excited
at 330–380 nm. b Photoluminescence image of a single platelet. c Bright-field image and
d waveguiding image of a single platelet with local excitation at one end. e Bright-field image and
f waveguiding image of a single platelet incorporating Nile Red dye with local excitation at one
end. The red circle indicates the excitation area, and the green arrow denotes the emission at the
other end (Reprinted with permission from Ref. [58]. Copyright 2011, Wiley-VCH)
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7.3 Peptide-Modulated Self-assembly of Photoactive
Molecules

Co-assembly of peptides and other functional molecules provides a simple but
efficient strategy for fabrication of functional nanomaterials. Based on such
co-assembly strategy, photoactive materials have been constructed through
peptide-modulated self-assembly of porphyrins, azobenzenes, and photosensitizers.
These photoactive materials show intriguing optical properties due to the ordered
arrangement of photoactive molecules inside their nanostructures.

7.3.1 Peptide-Modulated Self-assembly of Porphyrins

Inspired by the natural light-harvesting complexes constructed by chromophores
and proteins, a novel and facile strategy has been developed to fabricate
light-harvesting architectures via peptide-tuned self-assembly of porphyrins based
on the synergy of multiple weak intermolecular interactions [13]. Tetrakis
(4-sulfonatophenyl) porphine (TPPS) was chosen as a model light-harvesting

Fig. 7.4 Schematic illustration of the hierarchical self-assembly of FF in the formation of
hexagonal FF microtubes through self-similar-structured growth (Reprinted with permission from
Ref. [60]. Copyright 2011, Wiley-VCH)
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porphyrin for its similar photochemical properties to chlorophyll, good water sol-
ubility, and capability to self-assemble into higher structures, such as J-aggregation
and H-aggregation. Co-assembly of FF and TPPS produces microspheres
(Fig. 7.5a) [63]. The microspheres show strong birefringence (Fig. 7.5b), indicating
that the TPPS molecules of the microspheres are orderly arranged. SEM images of a
single microsphere cross section show that that the microspheres are porous with a
multi-compartment interior constructed by many interconnected nanorods
(Fig. 7.5c). Uv–vis absorption spectra of the microspheres show a new absorbance
peak at 490 nm as compared with that of TPPS, indicating that the TPPS molecules
in the microspheres are in J-aggregation. Compared to pure J-aggregated TPPS, this
band broadens variously, suggesting that FF perturbs the regular organization of
TPPS molecules. The formation of the microspheres is controlled by hierarchical
multi-scale self-assembly (Fig. 7.5d). Initially, intermolecular (FF and TPPS) and
intramolecular (TPPS) electrostatic interactions combine FF and TPPS molecules
together and then co-assemble into nanorods. The nanorods further stack to form
microspheres, probably through p–p interactions derived from the benzene ring
of FF.

Another light-harvesting model was developed by using hydrophilic
L-Lys-L-Lys (KK) to direct the self-assembly of TPPS [64]. In an acid solution, KK
and TPPS can co-assemble into long fiber bundles. The fiber bundles are made up
of nanorods or nanofibers, which are orderly arranged along the long axis. The fiber
bundles show red emission due to the fluorescent of porphyrins. Birefringence

Fig. 7.5 Hierarchical microspheres assembled from FF and TPPS a Bright-field image.
b Polarized image of microspheres when placed between crossed polarizers. c SEM image of
the cross section of a single microsphere. d Proposed hierarchical assembly mechanism (Reprinted
with permission from Ref. [63]. Copyright 2014, Wiley-VCH)
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extinction was observed for two orthogonal fiber bundles at the cross point, sug-
gesting that the nanorods or nanofibers are uniformly distributed on the fiber
bundles. Characteristic absorption peak of J-aggregated TPPS was also observed in
the fiber bundles, indicating that the TPPS molecules are in J-aggregation. In
addition, the chiral signal corresponding to the J-aggregated TPPS increases during
the self-assembly process. Similar with FF-promoted self-assembly of TPPS, the
KK-promoted self-assembly of TPPS is also a hierarchical organization process.
Initially, electrostatic and hydrogen bonding interactions between KK and TPPS
promotes the formation of nanorods consisting of J-aggregated porphyrin. Then, the
resulting nanorods self-organize at long range to form long fiber bundles.

The self-assembly mechanisms of the dipeptide-porphyrin systems have been
further analyzed by multi-scale theoretical study [65]. Molecular dynamics simu-
lation proves that the KK3+ molecules are distributed on the surface of H2TPPS

2−

nanorods (Fig. 7.6a). The residues of FF+ (benzyl groups) are more likely to bind
with the J-aggregated H2TPPS

2− nanorods via hydrophobic interaction (Fig. 7.6b).
Core–shell structure made of H2TPPS

2− and dipeptides has been constructed by
dissipative particle dynamics (DPD) simulation. The KK3+ molecules tend to be

Fig. 7.6 Simulation of peptide-porphyrin hierarchical assembly. Structures of assembled
a TPPS-KK and b TPPS-FF obtained by molecular dynamics simulation. Morphologies of
c TPPS-KK and d TPPS-FF at different simulation times in DPD simulation (Reprinted with
permission from Ref. [65]. Copyright 2016, Royal Society of Chemistry)
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released from the interface of the cores, promoting the coalescence of cores, and
thus the J-aggregated H2TPPS

2− are better ordered to generate fiber bundles
(Fig. 7.6c). When these rods stack together, FF+ is more likely to create
crosslinking, resulting in formation of equilibrium microspheres (Fig. 7.6d).

7.3.2 Peptide-Modulated Self-assembly of Photosensitizers
and Azobenzenes

Photosensitizers can be excited by light and generate single oxygen to kill tumor
cells and tissues in photodynamic therapy (PDT) [66–68]. However, most photo-
sensitizers are poorly soluble in water, which results in low bioavailability [69, 70].
Dispersive nanoparticles of photosensitizers have been constructed by co-assembly
of photosensitizers with simple dipeptide or amphiphilic amino acid to as
photosensitive drug delivery systems [71]. CDP and 9-Fluorenylmethoxy-
carbonyl-l-lysine (Fmoc-L-Lys) were used as models of an amphiphilic dipeptide
and amino acid, respectively, due to their excellent biocompatibility, nonim-
munogenicity, and easy availability. CDP or Fmoc-L-Lys can tune self-assembly of
Chlorin e6 (Ce6), a model hydrophobic photosensitive drug, to form uniform
nanospheres (Fig. 7.7a, b, c). The Soret band for Ce6 was broadened and
red-shifted in the assembled nanodrugs (Fig. 7.7d), indicative of intermolecular
hydrophobic and p–p interactions. The nanospheres disassembled at high ionic
strength, suggesting the existence of electrostatic forces in the co-assembly process.
Therefore, the multiple weak intermolecular interactions, including electrostatic,
p–p stacking, and hydrophobic interactions drive the self-assembly.

Tetraphenylethylene (TPE) is a propeller-like molecule with the behavior of
aggregation-induced emission (AIE) due to restriction of intramolecular rotations
[72]. The emission properties of TPE are usually tailored by using time-consuming
organic synthesis. Dynamic regulation of the emission intensity of TPE has been
realized by facile peptide-tuned assembly of TPE [73]. After dropping solutions of
CDP or Fmoc-L-Lys into TPE-COOH nanoparticle suspensions, the emission of
CDP/TPE-COOH nanoparticles has an increase than that of bare TPE-COOH
nanoparticles. In contrast, the Fmoc-L-Lys/TPE-COOH nanoparticles show a
decreased fluorescence. CDP can enhance the fluorescence presumably due to
restriction of intramolecular rotations of TPE molecules via hydrophobic interac-
tion, while Fmoc-L-Lys can weaken the emission of TPE nanoparticles probably
due to p–p stack-induced charge transfer.

Photoswitchable sulfonicazobenzene 4-[(4-ethoxy)phenylazo] benzenesulfonic
acid (EPABS) was used to manipulate the self-assembly of CDP [74]. The trans-cis
conformational change of EPABS induced by light can obviously change the
assembled structures of CDP. When EPABS is in the transform, it can co-assemble
with CDP into branched structures. After UV irradiation, higher hydrophilic
cis-EPABS is formed, leading to disassembly of the structures. The released CDP
molecules can form vesicle-like structures via a self-assembly process. Sulfonic
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azobenzenes also show a good capability to tune the self-assembly of CDP and
diverse assembled structures including urchin-like, flower-like, and plate-like
microstructures can be formed [75].

7.4 Self-assembly of Peptide-Inorganic Hybrid
Nanomaterials

Self-assembly of peptide-inorganic hybrid nanomaterials is particularly powerful
because in such approaches the ease and control offered by the self-assembly of
organic components can be combined with the electronic, magnetic or photonic
properties of inorganic components.

7.4.1 Peptide-Modulated Self-assembly of Polyoxometalates

POMs are multifunctional nanoclusters of polyatomic ions [76]. Co-assembly of
phosphotungstic acid (PTA), a typical POM, with CDP in aqueous solution

Fig. 7.7 Dipeptide- or amino-acid-tuned self-assembly of photosensitizers (PSs). a Schematic
illustration. b SEM image of assembled nanoparticles using Fmoc-L-Lys and Ce6 as building
blocks (FCNPs). c SEM image of assembled nanoparticles using CDP and Ce6 as building blocks
(CCNPs). d Uv–vis absorption spectra of assembled nanoparticles (Reprinted with permission
from Ref. [71]. Copyright 2016, Wiley-VCH)
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generates hybrid spheres with a diameter of about 150 nm (Fig. 7.8a, b) [77].
Energy dispersive X-ray (EDX) spectroscopy on the SEM reveals that the nano-
spheres are formed by both PTA and CDP. The high-resolution TEM (HR-TEM)
imaging shows that the assembled spheres are formed by the organization of
peptide-encapsulated clusters (PECs), which consist of single POM clusters and a
surrounding peptide shell (Fig. 7.8c). Hence, a hierarchical assembly process is
believed responsible for the formation of the nanospheres. FTIR spectra suggest
that the initial formation of PECs from PTA and CDP is due to strong electrostatic
interactions, while further assembly of PECs is based on multiple non-covalent
interactions, including, p–p stacking, hydrophobic effect, and van der Waals forces.
It is also found that such nanospheres are able to encapsulate various functional
molecules and nanomaterials with distinctive properties, such as positively charged
Rhodamine 6G, neutral fluorescein isothiocyanate, negatively charged Congo Red,
dextran, hypocrellin B nanoparticles, and hydrophilic gold nanoparticles. The
adaptive encapsulation of guest materials is easily realized by adding the guest
materials to the solution containing PTA before mixing PTA and CDP. Profoundly,
the colloid nanospheres of PTA and CDP are responsive to the stimuli of pH and
temperature. Moreover, the transition from nanospheres to surface-supported hybrid
films under near-infrared (NIR) irradiation is demonstrated [78]. The versatile
encapsulation ability of the nanospheres along with their responsiveness to external
stimuli suggests such peptide-inorganic hybrid materials are promising for
biomedical applications.

Fig. 7.8 Co-assembly of CDP and POM. a Schematic illustration of the formation of the PECs
and the hybrid spheres. b TEM image of the spheres. c HR-TEM image of the spheres showing the
PECs (Reprinted with permission from Ref. [77]. Copyright 2010, Wiley-VCH)
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7.4.2 Peptide-Modulated Self-assembly of Quantum Dots

Semiconductor QDs are nanoscale particles. Due to their small size, QDs show
specific optical and electronic properties [79]. Assembly of such small nanoparticles
into higher order architectures while keeping their optical and electronic properties
unaffected is of great interest. Supramolecular nanostructures of peptides provide
suitable scaffolds to achieve higher order architectures of QDs. The immobilization
of QDs by peptides is demonstrated by gelation of a QDs dispersed toluene solution
by FF (Fig. 7.9a) [47]. TEM images indicate that most of the QDs are attached to
the peptide nanofibers (Fig. 7.9b, c). The gels of the encapsulated QDs show
characteristic fluorescence signals of individual QDs though the emission peaks
slightly blue-shifted due to the ligand interactions between FF molecules and the
QDs (Fig. 7.9c), suggesting that the photophysical properties of the encapsulated
QDs remained mainly. Hence, the encapsulation by self-assembled peptide
nanostructures provides a suitable method for construction of higher order archi-
tectures of QDs.

Since the supramolecular structures of peptides are responsive to external
stimuli, the gels of the encapsulated QDs can be manipulated to other architectures
[80]. To demonstrate this structural transition for higher order architectures of QDs,
gels encapsulated QDs are prepared by gelation of a toluene solution containing
QDs by CDP. Then, toluene is removed from the gels by vacuum drying to form the
xerogels of encapsulated QDs. By means of adding water to the xerogels and
ultrasonic treatment, the xerogels of encapsulated QDs are manipulated to stable
nanospheres. In addition, the size of the nanospheres is readily controlled by
varying the duration time of ultrasonic treatment and the concentration of
CDP. EDX analyses reveal that the colloid nanospheres are composed by both CDP
and QDs. The photoluminescence images demonstrate that the assembled QDs in
the nanospheres remain their original luminescence properties. Moreover, the col-
loid nanospheres are stable in a serum-containing cell culture media. When the

Fig. 7.9 Encapsulation of QDs in FF gel. a Photoluminescence photograph of four hybrid gels
with different QDs. b TEM image of the encapsulated QD523 nanocrystals in the fibril network.
c Magnified TEM image of the QD523 nanocrystals immobilized to the fibril. d Emission spectra
of the free QDs in toluene (solid line) and the encapsulated QDs in gel (dash dot) (Reprinted with
permission from Ref. [47]. Copyright 2008, American Chemical Society)
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nanopsheres were incubated with HeLa cells, they were successfully internalized by
cells and accumulated mainly in the cytoplasm. Cell viability analyses show that the
nanospheres are biocompatible at the concentration of 200 lg mL−1. The structural
transition of peptide-modulated architectures of QDs along with their high bio-
compatibility suggest that self-assembling peptides may be widely applicable for
construction of biocompatible functional organic–inorganic biomaterials.

7.5 Schiff Base Interaction-Induced Self-assembly
of Peptides

In situ generation of peptide-based self-assembling building blocks is realized by
Schiff base formation from peptides and GA. It is initially found that CDP and GA
assemble into nearly monodisperse nanoparticles with a size of about 450 nm in
water gradually when aging the mixture of them at room temperature for about 24 h
[81]. The nanoparticles show a positive surface charge, probably due to the pres-
ence of positively charged amino groups on their surface. X-ray photoelectron
spectroscopy (XPS) spectra reveal that the formed nanoparticles contain carbon–
nitrogen double bonds, indicating the formation of Schiff base between the amino
group of CDP and the aldehyde group of GA. Spectra of MALDI-TOF mass
spectrometry show that the building blocks of the nanoparticles are mainly
CDP-2GA-CDP and CDP-3GA-CDP, the products of the reaction of CDP, and
oligomeric GA (Fig. 7.10a). Further experiments reveal that the size of the
nanoparticles can be controlled by prereaction of CDP and GA in HFIP before the
addition of water [82]. When the reaction time for CDP and GA in HFIP is more
than 24 h, the size of the obtained nanoparticles drops to 70 nm (Fig. 7.10b, c),
suitable for in vivo applications. Mass spectrometry analyses suggest that the
variation of building blocks is responsible for the change of the sizes.
CDP-2GA-CDP is the main building block for nanoparticles with less prereaction
time, while CDP-3GA-CDP is the main building block for nanoparticles with the
prereaction of more than 24 h. In addition, the surface change of the nanoparticles
can be reversed from positive to negative by surface decorating negatively charged
heparin. Such reversion of surface charge by heparin decoration is highly valuable
for in vivo applications not only because negatively charged nanoparticles might
have a longer circulation time in the bloodstream but also because heparin has been
reported as a natural substance that can interfere with tumor metastasis.

GA-induced self-assembly of peptides has also been demonstrated by using FF.
Intriguingly, reaction and self-assembly of GA and FF in emulsions of toluene and
water follow an interfacially controlled process and are driven by synergistic
thermodynamic and kinetic control [83]. At the beginning, the formed nanostruc-
tures are crescent-like nanoparticles, which gradually turn into bowl-like
nanoparticles along with time and eventually grow into solid interior nanoparti-
cles as the final structures. More sophisticated microstructures can be realized
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according to the strategy of GA-induced self-assembly of FF by using other
emulsions. For instance, multicompartmental hollow spheres have been constructed
in emulsions of water/HFIF/hexane [84].

7.6 Applications of Peptide-Based Supramolecular
Nanomaterials

Supramolecular peptide nanomaterials have attracted a lot of attentions for bio-
mimetic and biomedical applications due to their advantages of functional diversity
and excellent biocompatibility. Nanostructures constructed from peptide-tuned
self-assembly of porphyrins have been applied for biomimetic photosystem and
photocatalysis. Self-assembled and co-assembled peptide nanoparticles have been
evaluated as delivery vehicles for antitumor drugs.

7.6.1 Applications in Biomimetic Photosystem

The FF-TPPS microspheres and KK-TPPS fiber bundles can in situ mineralize Pt
nanoparticles via photo-deposition [63, 64]. Porphyrin is excited by light and the
resulted anionic porphyrin radical can reduce the K2PtCl4 to Pt. After illumination,
discrete Pt nanoparticles of 2 nm are formed on the surfaces of the microspheres
and Pt nanospheres and Pt nanowires are observed locally on the fiber bundles

Fig. 7.10 Aldehyde-induced self-assembly of CDP. a The formation of CDP-2GA-CDP and
CDP-3GA-CDP through reaction between CDP and GA (Reprinted with permission from Ref.
[81]. Copyright 2015, Wiley-VCH). b Size of the formed nanoparticles under different prereaction
times. c TEM images of the formed nanoparticles under different prereaction times (Reprinted with
permission from Ref. [82]. Copyright 2016, American Chemical Society)
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(Fig. 7.11). The growth of Pt nanoparticles is oriented along the long axis of the
fiber bundles, resulting in the formation of Pt nanowires. In addition, TiO2

nanoparticles of 5 nm can be mineralized on the surface of the KK-TPPS fibers
after incubation with titanium (IV) bis(ammonium lactato)dihydroxide (TiBALDH)
in aqueous solution at a high temperature [85]. The HR-TEM analyses show the
orientation of the anatase (101) plane. The synthesis of TiO2 nanoparticles contains
several steps. Initially, anionic TiBALDH molecules bind to the amino groups of
KK through electrostatic interaction. Subsequently, the mineralization reaction

Fig. 7.11 TEM images of the Pt nanomaterials reduced by peptide-porphyrin microspheres or
fiber bundles from a photocatalytic pathway. a TEM image and b higher magnification of Pt
incorporated microsphere (Reprinted with permission from Ref. [63]. Copyright 2014,
Wiley-VCH). c TEM image and d higher magnification of Pt nanowires and nanospheres
synthesized by fiber bundles (Reprinted with permission from Ref. [64]. Copyright 2015,
Wiley-VCH)
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follows the acid–base catalysis of the peptide molecules, leading to the hydrolysis
of the TiBALDH complexes, followed by condensation of trihydroxyl species, and
ultimately resulting in the formation of TiO2.

7.6.2 Applications in Photocatalysis

The FF-TPPS microspheres show photocatalytic capability of oxidation of I− to I3
−

(Fig. 7.12a) [63]. In addition, the microspheres possess enhanced photostability as
compared to the pure J-aggregates under illumination for an extended period of
time, as proved by the changes of Soret and Q bands. Thus, the yield of iodide is
maintained over longer time in the presence of the microspheres (Fig. 7.12b),
suggesting that binding of FF to the [H4TPPS]

2− dianions, or the structural stability
of the microstructured matrix, may result in the sustained catalytic performance.
The microspheres can also catalyze the conversion of organic matter under illu-
mination, such as photo-reduction of 4-nitrophenol (4-NP) to 4-aminophenol
(4-AP) (Fig. 7.12c and d).

The co-assembled KK-TPPS fibers can be flexibly self-functionalized of reaction
center (TiO2/Pt) in a volcanic hydrothermal “prebiotic soup”: acidic (pH 2), hot
(70 °C), and mineral-containing (Na+, Ti4+, Pt2+, and so forth) water [85]. The
porphyrin in the hierarchical fiber bundles has a similar organization to that of
chlorosomes. TiO2/Pt can be regarded as a primitive reaction center model, which
uses the energy from light-harvesting porphyrin assemblies to achieve charge
separation and catalyze proton reduction for generation of hydrogen. Thus, such
system resembles the architectonics of green sulfur bacteria. After illumination by
visible light, H2-evolution occurs on the hybrid fibers in the prebiotic soup
(Fig. 7.13a, b). Integration of TiO2 and Pt simultaneously into the fibers leads to the
biggest hydrogen production rate. Interestingly, the H2 evolution activity of the
hybrid fibers turns out to be dramatically increased by 13 times when increasing the
NaCl concentration of the prebiotic soup (Fig. 7.13c), probably due to the enhanced
exciton delocalization via NaCl-induced coupling of porphyrin monomers or nan-
otubular subunits. Additionally, the hybrid fibers show sustainable H2 production in
response to light illumination.

7.6.3 Applications in Biomedicine

The assembled photosensitizer nanodrugs (Fmoc-L-Lys/Ce6) have tunable size,
high loading efficiency, and responsiveness to the stimuli of pH, surfactants, and
enzymes [71]. Therefore, we evaluate their applications in antitumor PDT. The
nanodrugs can be uptaken by tumor cells and disassembled in lysosome to release
free drugs (Fig. 7.14a). 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bro-
mide (MTT) assay shows significantly better anticancer efficacy for the nanodrugs
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Fig. 7.12 Photocatalysis by FF-TPPS microspheres. a UV–vis absorption spectra showing
time-dependent changes corresponding to product formation under irradiation of sodium iodide.
b Plots of intensity at 353 nm versus irradiation time for tri-iodide formation in the presence of a
dispersion of the microspheres (red) or TPPS J-aggregates (blue). c Illustration of photocatalytic
reduction of 4-nitrophenol (4-NP) into 4-aminophenol (4-AP) in the presence of a dispersion of the
microspheres. d Time-dependent UV–vis absorption spectra showing the production of 4-AP from
4-NP in the presence of the microspheres (Reprinted with permission from Ref. [63]. Copyright
2014, Wiley-VCH)

Fig. 7.13 Photocatalytic hydrogen evaluation by TPPS/KK/TiO2/Pt fibers. a Photograph of H2

bubbles produced from the hybrid fibers in the test tube during illumination. b Time dependence of
the H2 production of TPPS/KK/Pt, TPPS/KK/TiO2 and TPPS/KK/TiO2/Pt fibers. c Effect of NaCl
on the hydrogen production of the hybrid fibers (Reprinted with permission from Ref. [85].
Copyright 2016, Wiley-VCH)
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than free drug (Fig. 7.14b). No cytotoxicity was observed in the dark, confirming
the good biocompatibility of the nanodrugs. The nanodrugs also show preferable
biodistribution. After intravenous injection, the nanodrugs exhibited sustained and
stronger Ce6 fluorescence at the tumor site than free drugs (Fig. 7.14c), mainly due
to the enhanced permeability and retention (EPR) effect [86]. These therapeutic
features result in good PDT efficacy in vivo, leading to almost complete tumor
inhibition after receiving only a single treatment (Fig. 7.14d).

Nanoparticles constructed from GA-induced self-assembly of CDP are versatile
drug delivery vehicles for both chemotherapy and PDT. GA/CDP nanoparticles
show a loading efficiency of more than 50% in encapsulation of doxorubicin
(DOX), a chemotherapy drug [81]. The release rate of DOX from the
GA/CDP-DOX nanoparticles is responsive to enzymes. In phosphate-buffered
saline solution, only about 12.7 ± 0.3% of the loaded DOX is released within
10 days. In contrast, 75.3 ± 1.4% of the loaded DOX is released in the presence
of tyrisin, due to enzyme-induced degradation of GA/CDP nanoparticles.

Fig. 7.14 Amphiphilic dipeptide- or amino-acid-tuned self-assembly of photosensitizers for
in vitro and in vivo PDT. a Internalization of the assembled FCNPs by MCF7 cells. The red
staining is from the photosensitizer while nuclei are stained by blue and cell membrane is stained
by green. b In vitro cytotoxicity and photocytotoxicity of FCNPs. c Fluorescence images of
tumor-bearing mice showing in vivo distribution of FCNPs and free Ce6. d Tumor growth curves
of the mice in different groups (Reprinted with permission from Ref. [71]. Copyright 2016,
Wiley-VCH)

7 Peptide-Based Supramolecular Chemistry 157



Significantly, GA/CDP-DOX nanoparticles exhibit a better inhibition capacity
toward HeLa cells than the equivalent dose of free DOX, especially at the low
concentration of DOX. Also, GA/CDP nanoparticles with a smaller size and surface
heparin decoration are demonstrated as efficient drug delivery vehicles for Ce6 [82].
In vivo PDT results show that the drug-loaded nanoparticles (Hep/CDP/Ce6 NPs)
are efficient in inhibition of MCF-7 tumors (Fig. 7.15).

7.7 Summary

In summary, peptide-based supramolecular chemistry, including self-assembly of
peptides and peptide-modulated self-assembly of functional components have been
widely investigated for controllable fabrication of advanced micro- and nanoma-
terials. Peptide-based materials show tremendous potential for biomimetic and
biomedical applications with advantages of tunable micro- and nanostructures and
corresponding functions, ease of incorporating organic and inorganic materials, and
customized responsiveness to external stimuli. Particularly, hierarchical assembly
and structural transition of peptide-based micro- and nanomaterials can be readily
realized by manipulation of the non-covalent interactions at different organization
levels, providing the formed materials with increasing higher ordered architectures
and corresponding functions. As a special kind of peptide-based materials, peptide
crystals have shown intriguing optical waveguiding capability promising for optical
bio-applications.

Although peptide-based supramolecular chemistry and materials have been
significantly promoted by successful examples of both experimental and theoretical

Fig. 7.15 Nanoparticles self-assembled from GA and CDP as drug delivery vehicles of Ce6
toward antitumor PDT. a Tumor growth profiles in MCF-7 tumor-bearing mice during PDT.
b Photographs of the isolated tumors at the end of experiment. The eliminated tumors were
expressed in red circles (Reprinted with permission from Ref. [82]. Copyright 2016, American
Chemical Society)
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studies, there are still formidable challenges in tailored fabrication of peptide-based
functional materials for biomimetic and biomedical applications. Even for short
peptides, such as dipeptides, the prediction of their self-assembly behavior at var-
ious conditions has not been fully realized. Hence, more experiment-based simu-
lations are needed to reveal relationships among environmental parameters,
non-covalent interactions, nano- and microstructures, and morphology from the
molecular level to material level. With respect to applications in biomimetic energy,
integration of more functional units, such as various pigments, charge separators,
and reaction centers in the process of peptide-modulated assembly is highly desired
in order to mimic the complexity and functions of natural photosystems. For
biomedical applications, future clinical translation of peptide-based nanomaterials
relies on comprehensive evaluation of their biocompatibility and efficiency in vivo,
for example, through the pharmacokinetic and pharmacodynamic analysis. Also,
introducing antimicrobial, anticancer, and immunomodulatory sequences into the
peptide building blocks is expected to be an efficient method to construct
peptide-based functional biomaterials.
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Chapter 8
Functional Nanomaterials Via
Self-assembly Based Modification
of Natural Cellulosic Substances

Shun Li, Yuanqing Gu and Jianguo Huang

Abstract Natural cellulose substances possess inherent sophisticated hierarchical
structures and morphologies which are impossible to be created by artificial
methods at the present time. Precise surface modification of cellulose matters with
specific guest substances at the molecular and nanometer scales provides a facile
shortcut to combine the unique physical properties of cellulose materials and
specifically designed chemical functionalities to give a large variety of new
nanomaterials for various practical applications.

Keywords Cellulose � Self-assembly � Nanomaterials � Surface modification �
Biomimetic syntheses � Surface sol–gel process

8.1 Introduction

Natural biological organisms exhibit a series of superb properties such as the optical
behavior of butterfly wings, superhydrophobicity of water strider legs, and the high
porosity of diatoms. Such distinguished functionalities seem to require some
complex systems, but these features are intrinsically originated from their naturally
produced unique three-dimensional structures actually. Though these natural
structures are generally hard to be achieved by artificial approaches, surface
modifications of these multilevel structured natural substances with various inor-
ganic or organic guest substrates can readily introduce the amazing structure-related
properties of biological species into artificial functional materials [1]. As pioneered
by Prof. S. Mann, versatile natural substances, such as silk [2], pollen, insect wings,
and so on [3], have been employed as scaffolds for the facile, effective, and
environmentally friendly bio-inspired materials syntheses, and a variety of func-
tional native structures were introduced into man-made materials [4].
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Among the versatile biological species, cellulose substances are well known as
one of the especially important essential materials in both industries and daily lives.
In recent research works, it has been revealed that the natural cellulose substances can
be used as ideal host matrices for the self-assembly of many kinds of guest substrates
to form novel functional materials with specific properties. Natural cellulose is a
natural linear polysaccharide of b-(1 ! 4)-D-glucopyranose (Fig. 8.1). It possesses
plenty of surface hydroxyl groups, which form abundant inter- and intramolecular
hydrogen bonds. With these hydrogen bonds, the polymer chains assemble into
elementary fibrils (diameter 1.5–3.5 nm), bundle to microfibrils (nanofibers, diam-
eter tens to hundreds of nanometers), and further build up randomly cross-linked
hierarchical networks of microfibrillar fibers (microfibers, diameter in the micrometer
scale or larger), leading to the familiar bulk cellulose substances such as wood,
cotton, and moreover the paper-based products after artificial processing [5]. The
unique natural fiber-based networks construct a well-defined hierarchical order of
supramolecular organization and the partially crystalline fiber domains, which result
in the characteristic features of cellulose substances such as flexibility, high porosity,
strong mechanical property, hydrophilicity, and significant adsorption as well as
swelling behaviors [6].

These low-cost, lightweight, widely available, easily processable, and portable
hierarchical-structured natural cellulose substances are ideal choices as platforms
for the design and fabrication of advanced functional materials. For example,
amorphous domains of natural cellulose fibers of filter paper were etched by the
plasma treatment, and the increased surface roughness resulted in enhanced
hydrophobicity [7–10]. To apply cellulose substances as substrates, the chemically
inert surface of cellulose fibers due to the hydrogen bond networks among the
abundant hydroxyl groups is a severe disadvantage for the functional surface
modification through self-assembly of determined guest substrates. This drawback
has been overcome by ultrathin metal oxide film coating of each cellulose nano-
fibers at nanometer precisions, which activate the cellulose fiber surfaces and enable
self-assembly of versatile guest substrates on them [11]. The sufficient surface
hydroxyl groups of the natural cellulose fibers serve as a suitable substrate for thin
metal oxide film deposition by the surface sol–gel process. The ultrathin nature of
the metal oxide films perfectly reserve the morphological hierarchies and
cross-linked structures of natural cellulose substances (such as filter paper and
cotton) from macro scales to nanometer level. Self-assemblies with a wide variety
of functional guest species on the surface of the as-deposited thin metal oxide films

Fig. 8.1 Molecular structure of cellulose (n refers to the degree of polymerization). Reprinted
with permission from Ref. [6]. Copyright 2005, John Wiley & Sons Ltd.
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provide a facile and effective route to combine the specific chemical properties of
the guest substances and the unique structural features of the natural cellulose
substances, targeting the development of a large number of novel nanostructured
functional materials. Though self-assembly on cellulose nanofibrils is studied [12]
and similar hierarchical structures could be obtained from premodified cellulose
pulp, bacterial nanocellulose, or regenerated cellulose dispersion [13], this
paper-making approach requires additional process to assemble the modified cel-
lulose fibers into bulk sheets. Obviously, surface modification of the bulk natural
cellulose substances is a facile straightforward technique to design and fabricate
advanced functional materials [14].

In this chapter, we summarized the recent advances in self-assembly based
surface modification of different guest substances on the surfaces of cellulose
nanofibers of bulk natural cellulose substances for the preparation of functional
nanomaterials as well as their related applications. Versatile guest substrates such as
metal oxide, nanoparticles, small molecules, polymers, biomacromolecules, and
sp2-hybridized carbons were employed for the self-assembly approaches, leading to
the corresponding nanostructured materials. The natural fiber-based hierarchical
networks of the natural cellulose substances are introduced into the artificial
materials with tailored functionalities, and the morphologically complex cellulose
substances offer effective captivating platforms for surface self-assemblies of varied
guest species to nanostructured materials that are superior to the traditional flat
two-dimensional matrices.

8.2 Surface Coating of Cellulose Substances
with Inorganic Substrates

8.2.1 Deposition of Thin Metal Oxide Films

By applying natural cellulose substances as matrices for surface modification for
materials syntheses, the unique natural structure-related functions can be introduced
into artificial materials. To fully retain the nature-produced morphological features
of cellulose in the corresponding composite products, the key point is to reserve the
finest details of the initial cellulose structures. To this aim, the surface sol–gel
process-based ultrathin metal oxide film coating of natural cellulose substances was
developed, achieving faithful transcription of the macro- to nanoscopic details of
cellulose fibers [11]. As illustrated in Fig. 8.2, a dry filter paper washed by ethanol
was placed in a suction filtration unit, and titanium n-butoxide solution (100 mM in
1:1/v:v toluene/ethanol solution) was first added to allow chemosorption of titanium
alkoxide on the hydroxyl-terminated cellulose nanofiber surfaces. Subsequently,
ethanol was suction-filtered to remove the excessive solution. Then, pure water was
passed through the filter paper to facilitate hydrolysis of the chemisorbed titanium
alkoxide, forming an ultrathin titania layer (*0.5 nm thick) covering each cellulose
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nanofiber of the filter paper. By repeating the titania deposition cycle, thin titania
films with desired thickness were deposited onto the cellulose fibers. Due to the
ultrathin nature of the as-deposited titania gel films, the macroscale as well as
nanoscopic details of the cellulose substances were precisely reflected to these thin
films. Moreover, the formed new hydroxylated surface enables further modifica-
tions with other guest substrates. This facile approach is applicable for the depo-
sition of versatile oxides, and zirconia [11] or silica [15, 16] films were deposited
faithfully to coat each cellulose nanofiber of filter paper.

Besides the surface sol–gel process, the ultrathin film coating of titania was also
realized by atomic layer deposition (ALD), which is a self-limiting chemical
gas-phase methodology for thin film deposition [17]. For the deposition of titania
film on each cellulose nanofiber of filter paper, titanium methoxide and water were
used as the titanium and oxygen precursors, and the reaction temperatures were
controlled at 150 and 250 °C, respectively. Briefly, titanium methoxide vapor was
pulsed into the reactor where filter paper was placed; then inert gas was purged to
remove the excess titanium precursor; and water vapor was subsequently pulsed
into the above reactor to grow a titania (sub) monolayer conformally coating the
cellulose nanofibers. The film thickness was precisely regulated by altering the
number of the titania deposition cycles (growth rate *0.03 nm per cycle).
Meanwhile, the as-deposited titania films were controlled to be in amorphous or
crystalline states according to the deposition temperature. The ultrathin titania films

Fig. 8.2 a Schematic illustration of the surface modification of natural cellulose fibers with
ultrathin metal oxide layers by the surface sol–gel process. b Transmission electron micrograph
(TEM) images: (i) a virgin cellulose nanofiber of filter paper; (ii) A titania gel film coated cellulose
nanofiber; deposition of the ultrathin titania film was repeated 20 times for this sample. Reprinted
with permission from Ref. [67]. Copyright 2011, Elsevier Ltd.
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accurately replicated the nanoscale structures of the original filter paper; and the
surface area of the titania/cellulose composite was 4 m2 g−1, which was comparable
to that of the original filter paper. The prepared cellulose/anatase titania composite
sheet demonstrated effective photocatalytic activity, and the photocatalytic reduc-
tion of Ag(I) to Ag by this composite sheet was verified. Similarly, thin alumina
film coated cellulose fibers were achieved by ALD process using trimethyl alu-
minum and water as precursors [18, 19]. In both cases involving ALD processes,
additional metal iridium monolayers were deposited onto the surfaces of the metal
oxide films precoated cellulose nanofibers to enhance the catalytic performances for
photodegradation of methylene blue under ultraviolet (UV) irradiation [18].

Conductive coatings on fibrous networks of bulk cellulose substances are
attracting interest for new electronic and other functional systems. Flexible con-
ductive sheets were prepared by depositing thin zinc oxide films on the woven
cotton sheet and the paper using diethylzinc and water in an ALD sequence [20].
The thickness of the zinc oxide film was controlled at a growth rate of *0.21 nm
per ALD cycle. According to the 4-probe method, the effective conductivity of the
thin zinc oxide film precoated cotton fibers and paper was measured up to 24 S
cm−1. Similarly, aluminum oxide films were grown on the surface of the woven
cotton fibers at determined growth rates [21, 22].

Natural polysaccharide cellulose is a good source of carbon, and the car-
bonization of cellulose nanofibers precoated with specific guest species gives a new
shortcut to synthesize nanofibrous carbon materials for particular applications.
A bulk hierarchical-structured nanofibrous titania-coated carbon material was pre-
pared by applying filter paper as the scaffold and carbon precursor [23]. Each
cellulose nanofiber of the filter paper was first coated with ultrathin titania gel films
through the surface sol–gel process. Upon the subsequent carbonization at 450 °C
under nitrogen gas, the titania surface coating prevented the coalescence effect of
the formed carbon species, and the initial cellulose nanofibers were transformed
into isolated porous carbon nanofibers with 3–6 nm pores (diameters from tens to
hundreds of nanometers). At the same time, the as-deposited amorphous titania gel
films were turned into crystalline titania in anatase phase coating the carbon
nanofibers (thickness *12 nm, average anatase titania nanocrystallites size
*4.5 nm). The obtained hybrid material possessed hierarchical network composed
of bundled porous carbon nanofibers, which was uniformly coated with ultrathin
shells of anatase phase titania (Figs. 8.3a, b). This bulk hybrid sheet was highly
porous, and its specific surface area achieved 404 m2 g−1. With the high porosity,
the carbon nanofibers performed as a coadsorbent and significantly enhanced the
catalytic efficiency of anatase titania for the photodegradation of various dyes in
aqueous solutions. As shown in Fig. 8.3c, only about 50 min was needed to
completely decompose the methylene blue aqueous solution (initial concentration
0.03 mM) under high-pressure, fluorescent mercury lamp irradiation.

Titanium carbide is a high-temperature structural material, which shows high
chemical stability and significant thermal as well as electrical conductivity. By
carbothermal reduction of the paper with each cellulose nanofiber precoated with
thin titania films, hierarchical titanium carbide was synthesized [24]. Cellulose
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substance and aqueous-based Tyzor-LA were employed as the carbon precursor and
the titania source, respectively. The as-prepared cellulose/titania composite sheet
was carbothermally reduced in argon (temperature above 1300 °C). The final
product maintained the original cellulose structures upon the agglomeration of
10–50 nm titanium carbide nanoparticles, which were in cubic phase with high
crystallinity.

Alternatively, the pyrolysis of the iodine-adsorbed traditional Japanese washi
paper resulted in carbon paper [25]. While the washi paper and ordinary paper both
possess natural fiber-based hierarchical cellulose networks, the washi paper con-
sisted of relatively longer microfibers. The washi paper was first exposed to iodine
gas at room temperature for several days in a sealed glass vessel, and then the
pretreated paper was pyrolyzed at a temperature over 800 °C in nitrogen gas
(heating rate 10 °C min−1). The iodine adsorbed on the surfaces of the cellulose
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Fig. 8.3 Hierarchical nanofibrous titania-coated carbon material derived from filter paper. a Field
emission scanning electron microscope (FE-SEM) close-up image of the carbon/titania hybrid fiber
obtained by carbonization of filter paper whose nanofibers were precoated with thin titania films,
arrows indicate the carbon–titania core–shell nanostructure; the inset is a photograph of the black
bulk material. b TEM micrograph of one individual titania-coated carbon nanofiber. c Variations in
the concentrations of methylene blue in an aqueous suspension as a function of the irradiation time
under high-pressure, fluorescent mercury lamp irradiation for the nanofibrous titania-coated carbon
material (square), the nanotubular titania material (circle), and the carbon material (triangle).
Reprinted with permission from Ref. [23]. Copyright 2010, John Wiley & Sons Ltd.
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fibers in the washi paper inhibited the thermal decomposition of cellulose at the
high-temperature carbonization process, which significantly improved the carbon
yield and led to the reservation of the fibril structures of the initial washi paper at
high quality. The crystalline degree and the electrical conductivity of the obtained
carbon paper were improved by the pyrolysis at higher temperatures, and the carbon
paper fabricated at 1800 °C exhibited the electrical conductivities of 24–27 S cm−1.

8.2.2 Modification with Nanoparticles

Apart from thin film coating of the cellulose fibers, modification with tiny particles
also provides a pathway to obtain bulk functional materials. For example, colloidal
titania was fixed onto cellulose fibers of filter paper with silica sol as the binder,
retaining improved photocatalytic performance for anionic dyes [26]; zinc oxide
crystals (diameter*5 lm) were adsorbed on filter paper directly, realizing UV light
detection through time-dependent current response [27]; zinc oxide nanoparticles
(average diameter *20 nm) were attached onto the fibrous network of filter paper
through hydrogen bonding by ultrasonication under base condition, showing
antibacterial activity against Escherichia coli [28]; the montmorrilonite clay/PAA
nanocomposites were coated onto filter paper using a hand coater, achieving superior
barrier properties against water and water vapor [29]; redox nanoparticles of cerium
oxide (diameter 20 nm) and glucose oxidase were co-immobilized onto the fibers of
filter paper through a silanization process, attaining hydrogen peroxide induced col-
orimetric sensing of glucose with a detection limit of 0.5 mM and a good reversibility
[30]; biocidal additives like colloidal silver, silver nitrate, cetyltrimethylammoni-
umbromid, and octenidine were dispersed in silica sol and coated onto the cellulose
fibers’ surfaces through the sol–gel process [31–33], demonstrating an excellent
long-term inhibition against fungi growth; silver nanoparticles were printed as ink
onto paper, performing as radio-frequency identification tags and wireless sensor
nodes [34]; manganese ferrite (MnFe2O4) nanoparticles, CdSe/ZnS quantum dots,
silver nanoparticles, poly(ethyl-2-cyanoacrylate), and wax particles were, respec-
tively, modified onto cellulose microfibers through hydroxyl group induced poly-
merization of ethyl-2-cyanoacrylate as the cross-linker, endowing paper with
magnetism, photoluminescence (emission peak at 580 nm), antibacterial effect, and
hydrophobicity (water contact angle 140 ± 2°) [35].

Semiconductor nanocrystals show unique features like the relatively pure
emission, the high photoluminescence quantum yield, size-depended optical
properties, and durability to photobleaching, which promote their extensive studies
as functional materials. Yet, such nanocrystals are usually unstable when dispersed
in liquid dispersions. For practical applications, it is desirable to stabilize these
nanocrystals into certain matrices. Doped zinc sulfide nanocrystals were deposited
onto cellulose fibers of bulk paper by direct adsorption of nanocrystals dispersed in
aqueous solution [36]. The resulting composite sheet retained the hierarchical
structures with zinc sulfide nanocrystals (diameter 30 nm) homogeneously
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distributed on cellulose fiber surfaces, achieving high tensile strength and flexibility
as well as luminescence.

Novel luminescent sheet material was also prepared by the self-assembly of
cadmium selenide (CdSe) nanoparticles on natural cellulose substance (common
commercial filter paper) as the scaffold [37]. The surface of each cellulose nanofiber
of the filter paper was first coated with ultrathin titania film, and then stearic acid was
deposited onto these nanofibers covalently. Subsequently, the trioctyl-phosphine-
oxide/hexadecane capped CdSe nanoparticles and stearic acid were alternatively
self-assembled on the above-mentioned hybrid nanofibers through hydrophobic
interactions. The initial morphological hierarchy and the fibrous structure of the
natural cellulose scaffold were perfectly preserved in the final product, promising the
strong mechanical property and good swelling behaviors. The retained natural
structure derived large surface area and high porosity enabled high-density immo-
bilization and stabilization of CdSe nanoparticles without further particle aggrega-
tions, resulting in stable green fluorescence of the obtained sheet material for even
several months (Fig. 8.4). The luminescent cellulose sheet demonstrated the char-
acteristic UV-Vis absorption band centered at around 500 nm (Fig. 8.4e, dotted line)
and a narrow photoluminescent emission peak at near 530 nm (Fig. 8.4e, solid line),
which agree with the virginal monodispersed CdSe nanocrystals. This facile precise
surface modification approach opens new opportunities for the design and synthesis
of cellulose-based stable luminescent materials for practical applications.
Alternatively, cellulose was partially regioselective dendritic functionalized as
(HO2C)27-dendrimerized-cellulose, and cadmium sulfide (CdS) quantum dots were
self-assembled onto the dendrimerized part of the cellulose through hydrogen bonds,
forming CdS/cellulose hybrids with corresponding photoluminescence [38].

Functionalization of cellulose substances with magnetic nanoparticles provides
chances for important applications such as security tags, magnetic actuators, elec-
tromagnetic shielding materials, and magnetographic printing. Recently, magnetic
microactuators were prepared through wetting the cellulose fibers of commercial
paper with a ferrofluid [39]. The nanofillers impregnated the pores among the
fiber-based cellulose networks by forming a magnetic layer. To improve the water
resistivity of the composite sheet, polymer layers were further covered on the sheet
surface. In another approach, a hydrophobic superparamagnetic nanocomposite
with hierarchical cellulose networks was obtained by dip-coating a piece of paper in
an ethyl-2-cyanoacrylate monomer solution containing superparamagnetic man-
ganese ferrite colloidal nanoparticles (weight ratio 5/95 of nanparticles/ethyl-2-
cyanoacrylate) for 15 s and drying [40]. Upon the moisture initiated polymerization
of the reactive monomers on the cellulose fiber surfaces, a thin nanocomposite shell
forms around each fiber (100–150 nm thick). Inside the polymer shell, many
MnFe2O4 nanoparticles with average diameter of 9 nm were embedded. The overall
physical features of the initial paper were not affected obviously, forming a
three-dimensional soft superparamagnetic hydrophobic shell. The nanocomposite
coating endowed the cellulose fibers with water repellent (contact angle 120°–140°)
and superparamagnetism (saturation magnetization 61 emu g−1 at room tempera-
ture). The quantity of the nanoparticles entrapped in the composite shells was
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Fig. 8.4 Luminescent cellulosic sheet fabricated through self-assembly of CdSe nanoparticles on
cellulose nanofibers. a FE-SEM, b TEM, c bright field micrograph, d corresponding fluorescence
micrograph of the filter paper/titania/SA/(CdSe/SA)5 sample; the insets of a and b are the
photographs of the luminescent cellulosic sheet and the enlarged TEM image of the surface of the
resultant sample, respectively, and e UV-Vis (dotted line) and photoluminescent (solid line)
spectra of the luminescent cellulosic sheet. Reprinted with permission from Ref. [37]. Copyright
2011, Royal Society of Chemistry
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controlled by their initial concentration in the monomer/nanoparticles solution as
well as the density of the overall solution, and further affected the magnetic
response of the final product. Such hydrophobic and magnetic material opens up the
way for the applications of cellulose sheets in sensors and fluidics uses with huge
economic benefits.

Noble metal nanoclusters such as silver nanocrystals (AgNCs) are usually
consisted of several to some tens of atoms. Their sizes are typically below 2 nm and
are comparable to the Fermi wavelength of electrons, which result in discrete
electronic energy levels and molecular-like properties like strong fluorescence.
Such fluorescence of the nanoclusters is highly sensitive to the changes in their
local microenvironment, which offers a powerful opportunity to develop ultrasen-
sitive nanoscale sensors for the ions such as the copper(II) ion. For practical
applications, fluorescent AgNCs were immobilized onto a paper as a sensing
platform, forming sensitive test paper for the detection of copper(II) ions [41]. In a
typical procedure, azobenzene-modified poly(acrylic acid) (MPAA) was first syn-
thesized by stirring poly(acrylic acid) (PAA), 4-aminoazobenzene, and 1.2 equiv. of
dicyclohexylcarbodiimide in N-methyl-2-pyrrolidone at 60 °C for 24 h. A freshly
prepared silver nitrate solution (19.1 g L−1, 5 mL) was added into the solution of
MPAA (5 g L−1, 20 mL). The mixture was incubated in the dark for *30 min, and
then was subjected to UV light exposure by a 250 W high-pressure Hg lamp for
3 min for photoreduction, producing fluorescent AgNCs. Filter paper pieces were
then soaked in the solution of AgNCs for a few hours and dried in air under room
temperature. AgNCs uniformly adsorbed onto the cellulose fibers of the filter paper
pieces, and they kept their fluorescence response toward copper(II) ions. With the
presence of copper(II) ions in barreled drinking water and river water samples, the
quenching of initial fluorescence was observed by the naked eye under UV irra-
diation. By applying paper as the platform, a new avenue to the development of
robust clusters-based sensing materials is opened up.

Copper is one of the well-known broad spectrum biocides, which shows effective
growth inhibition of bacteria, fungus, and algae. Copper-based nanomaterials
coating of cellulose fibers of paper based on electrostatic assembly process repre-
sents an effective pathway for imparting antimicrobial properties [42]. First of all,
carboxymethylated cotton fabric was synthesized by immersing cotton samples in an
aqueous mixture of the sodium salt of chloroacetic acid and sodium hydroxide at
60 °C for 15 min. The cleaned fabrics were then immersed in 1–10 mM copper
sulfate and incubated at room temperature for 3 h. After washing with pure water,
the cotton-Mn+ chelate was reduced to copper nanoparticles by treating with an
aqueous solution of sodium borohydride (50 mM), and dried in air. The cupric ions
were grafted onto the chemically transformed anionic cellulose fiber surface through
chelating interactions, and zero-valent metal particles formed after the subsequent
reduction treatment. A stable and conformal surface coating of sub-5 nm copper
nanoparticles were thus deposited onto the cellulose fiber surfaces. The resulting
copper–cotton composites demonstrated highly effective antimicrobial activity
against a multidrug resistant bacterium Acinetobacter baumannii (e.g., 8-log
reduction in the target bacterium in 10 min). While the silver-cotton materials
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identically prepared from silver nitrate as the precursor release silver nanoparticles,
no copper nanoparticle was released from the copper–cotton composites, and the
latter sample can support mammalian cell growth. These results highlight the
nanoparticle–polymer composites with respect to the development of stable, highly
efficient antibacterial coatings.

8.3 Self-assembly of Polymers on Cellulose Fibers

8.3.1 Self-assembly of Conjugated Polymers

Conjugated polymers show conductivity when doping with specific electron
acceptors or donors. For instance, polypyrrole (PPy), polyaniline (PANI), poly-
thiophene, and their derivatives are an especially important class of polymers.
Unfortunately, their potential applications are often faced with limitations because
of their inherent intractability, infusible properties, brittleness, and low solubility in
most solvents. Thus, the micro-to-nanometer scale morphological control over the
conjugated polymer materials is desired. Self-assembly based thin film coating of
conjugated polymer on cellulose nanofiber surfaces of natural cellulose substances
opens a comparatively direct shortcut to achieve functional composite materials
with greater processability, reasonable conductivity, high flexibility, and environ-
mental stability for practical uses.

By the polymerization-induced adsorption process, thin PPy films were depos-
ited coating each cellulose nanofiber of the filter paper, attaining composite
materials composed of cellulose/PPy bi-hybrid or cellulose/titania/PPy tri-hybrid
nanocables with well-reserved interconnected network structures of the initial cel-
lulose substance (Fig. 8.5) [43]. To obtain the cellulose/PPy composite sheet, a
piece of filter paper was immersed into an extremely dilute polymerization solution,
in which the pyrrole oligomers were adsorbed onto the cellulose nanofiber surfaces
and polymerized into homogeneous ultrathin amorphous PPy films (*20 nm),
forming bi-hybrid nanocable structure. These nanocables were composed of cel-
lulose nanofiber core with seamlessly PPy sheath covered their outside. The
thickness of the retained PPy films was precisely controllable by altering the
adsorption time. With the retained fiber-based porous network of cellulose, the
resultant hierarchical PPy/cellulose composite sheet was provided with meaningful
properties like high mechanical strength and large surface area of PPy. Meanwhile,
this surface nanocoating approach was also shown to be an effective way to control
the surface physical properties of cellulose substances (e.g., the hydrophilicity).
This in situ polymerization-based nanocoating of PPy was also applied to cotton
fabrics [44]. To achieve the surface nanocoating of PPy, the affinity between pyr-
role monomers and/or oligomers for the surface of the matrix substance is crucial.
As for the mechanism of surface coating with PPy, it was proposed that PPy
oligomers adsorb to the matrices once their molecular length grow too long to be
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soluble, with subsequent preferential adsorption of oligomers to the PPy nucleation
points [45]. When the filter paper is applied as the matrix, the strong chemical
interaction between the amine groups in pyrrole and available hydroxyl groups
present at the surface of cellulose fibers promote the adsorption of PPy oligomers
onto each of the cellulose nanofiber [46]. As revealed by the X-ray photoelectron
spectroscopy studies, a shift in the O1 s peak corresponding to C–OH bonds
occurred from 533.3 to 530.6 eV for the virginal cellulose and the PANI-coated
analogue, which indicates the existence of the chemical bonding between available
hydroxyl groups in cellulose and amine groups in the related polymer chains [47]. It
is noteworthy the aggressive acidic environment should be avoided for the surface
coating of conductive polymer on cellulose fibers, as it would cause degradation of
cellulose and thus damage the tensile strength of cellulose composites [48]. This
methodology is of sufficient generality and opens new doors for the design and
fabrication of nanostructured materials with insoluble conjugated polymers. Instead
of copper chloride, iron(III) chloride was applied as oxidative reagent for the in situ
polymerization process and cellulose/PPy composite sheet was reported [48].

Alternatively, PPy thin layer was deposited onto the nanofibers of wood
cellulose-based commercial filter paper and the Cladophora cellulose paper by a
dip-coating polymerization process [49]. First, the paper sheets were soaked in the
3.3 M pyrrole solution. The soaked sheets were further immersed in the 3.0 M
iron(III) chloride solution for 10 min, and then the composites were washed with
water and dried in air. Both composite sheets retained the initial morphological

Fig. 8.5 PPy-coated filter paper. a FE-SEM image of the sample, envisioning the fibrous
assembly; the inset is a photograph of the bulk sheet. b FE-SEM image of a PPy-coated cellulose
fiber which was broken by extended exposure to the electron beam; morphology of the broken part
is schematically illustrated in the right inset. c TEM image of a PPy-coated cellulose fiber.
Reprinted with permission from Ref. [43]. Copyright 2005, Royal Society of Chemistry
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hierarchy as well as the fibrous bundling structures, and the PPy components
modified as spherical nanoparticles on the cellulose fibers. By repeating the
dip-coating process, the quantity of the PPy nanoparticles was increased. The
charge capacity of the dip-coated filter paper ranged from 50 to 80 C g−1.
Dip-coating of poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] on
pure cotton fibers was also performed [50], and a photoconductive composite with
the excellent white-light emission consisted of blue-, green-, and red-light-emitting
bands.

Due to the high surface area of the cellulose scaffold, the as-deposited
cellulose/PPy composite sheet showed a total anion exchange capacity of ca.
1.1 mol kg−1. By changing the electronic charge through the galvanostatic oxida-
tion and reduction of the deposited conformal PPy layer coating on each cellulose
nanofiber, the cellulose/PPy composite sheet was used for the extraction and the
subsequent release of the negatively charged fluorophore tagged DNA oligomers
[51]. The tested (dT)6, (dT)20, and (dT)40 DNA oligomers were all extracted by the
cellulose/PPy composite sheet, and the oligomers were preferentially released
during the reduction of the PPy layer. The electrochemically controlled extraction
and release behaviors of the cellulose/PPy composite sheet provide an inexpensive
and efficient shortcut for the batchwise extraction of a range of different biomole-
cules. Besides, the application of PPy surface-coated cloth as the heating pad under
a fixed voltage was reported [52], and the heat generated was up to 1000 W m−2

depending on the percentage of the modified pyrrole.
Compared with other conjugated polymers, PANI possesses unique reversible

doping/dedoping chemistry accompanied with color changes. The PANI backbone
is protonated by hydrochloride and transforms green colored emeraldine salt type of
PANI, and these polymer chains are deprotonated and form blue emeraldine base
one with the presence of ammonia. This obvious color change behavior was utilized
as an acid/base indicator, and filter paper was coated with PANI film through the
in situ polymerization process for the colorimetric detection of gaseous and aqueous
ammonia [53]. Originating from the large surface area of cellulose network, the
obtained material realized low detection limits for ammonia vapor (45 ppm) and
ammonia solution (14 ppm) by the naked eye.

The polymerization behavior of conductive polymer PANI is electrically
responsible, and thus PANI coating on cellulose nanofiber of paper was accom-
plished by electrochemical polymerization of the surface adsorbed aniline mono-
mers on cellulose fibers [54]. Briefly, the paper was first successively printed with
silver paste and carbon paste via forcing the respective ink. After drying, the printed
paper was immersed in the solution containing 0.3 M aniline in 1 M hydrochloride,
and the solution was exposed to a potential cycling (n = 9) between −200 and
+1200 mV versus the reference electrode at a scan rate of 100 mV s−1 employing
cyclic voltammetry to promote polymerization. Thus, the stable and uniform
conducting PANI film was coated onto the filter paper. With the 1-ethyl-3-
[3-dimethylaminopropyl]carbodiimide hydrochloride and N-hydroxysuccinimide as
the crosslinkers, the monoclonal antibodies of the human cardiac Troponin I were
further immobilized onto the fibers of the as-prepared composite sheet, realizing the
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troponin (a cardiovascular biomarker) detection in a physiological range of 1–
100 ng mL−1 with a sensitivity of 5.5 lA ng−1 mL−1 cm−2. This approach shows
potential applications for the development of low-cost and high-sensitive
point-of-care diagnosis. As the conducting polymer PPy and PANI possess redox
properties, further deposition of silver nanoparticles on the polymer precoated
cellulose fiber surfaces are allowed to impart antimicrobial activity to it [55].

Poly(3,4-ethylenedioxythiophene) (PEDOT) is a sort of highly conductive
polymer with high thermostability and light resistance, which afforded as coating
substrates for bulk cellulose substances [56]. To fabricate the conductive
PEDOT-coated paper, 3,4-ethylenedioxythiophene and Baytron oxidizing agent
(ferric chloride and p-toluenesulfonate in methanol) were mixed and spread on the
filter paper with a glass rod. In the ambient atmosphere, the mixture underwent
polymerization quickly, and the color of the filter paper gradually changed from
white to black. Through in situ polymerization of 3,4-ethylenedioxythiophene, a
PEDOT layer was uniformly formed on the cellulose fibers of filter paper, forming a
hierarchical structured conductive composite paper. Due to the PEDOT coating, the
composite paper exhibited the electrical conductivity of *1.8 S cm−1 and drasti-
cally increased tensile strength, which are promising for practical applications.

Alternative to the chemical modification of cellulose substances, the printing
methodologies with the inks containing certain nanomaterials were also used to
deposit guest substrates on paper substances [57]. PANI–dodecylbenzenesulfonic
acid patterns were produced on the paper by the roll-to-roll printing method with
the gravure printer, achieving the surface resistivity of 10 kX sq−1 [58];
PEDOT/poly(4-styrene sulfonate) was coated onto paper using a labcoater/dryer,
retaining a surface resistivity of 5.5 X sq−1 [59]. It should be noted that the inkjet
printing technique on cellulose fibers is not applicable to involve the direct
chemical polymerization of conductive polymers, because the most commonly used
oxidants like iron(III) chloride, ammonium persulfate, etc., require low pH (typi-
cally pH * 2) and the corrosive nature of these oxidants would deteriorate the
printing devices [60].

By surface coating of conductive polymers on natural cellulose substances, the
unique structural properties of cellulose were introduced into these polymers,
achieving flexible, mechanically strong, and low-cost conductive sheets. Though
the energy density of this sort of cellulosic materials would be relatively lower than
those of many metal-based systems, these conductive composite sheets could be
applied to the fields where other devices cannot be used due to the demands for
flexibility, conformability, and environmental friendliness, for example.

8.3.2 Modification with Other Polymers

2,7-Poly(9,9-dialkylfluoreneco-fluorenone) (PFFO) is one of the photoluminescent
polymers. It possesses fast hole mobility and high photoluminescent quantum yield
within emission wavelengths in the blue spectral region, and they blew up
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increasing interest for potential applications in electro-optics and optoelectronics.
PFFO has a good thermal stability in both solutions and thin films, which allows
their usage as building blocks to construct many kinds of functional structures. By
electrostatic interactions mediated direct adsorption of cationic PFFO colloidal
polymer particles on the cellulose fibers of the bulk paper, homogeneous photo-
luminescent sheet was fabricated [61]. To deposit these luminescent colloidal
polymer particles onto cellulose fibers, the fibers in the paper were first oxidized to
enhance the electronegativity, and then the polymeric colloidal spheres were
self-assembled onto the surfaces of the oxidized cellulose fibers through direct
electrostatic interactions, forming composite paper sheets showing efficient yel-
lowish photoluminescence.

Layer-by-layer (LBL) self-assembly has been proven to be a facile and effective
approach to modify solid matrix surface through forming thin multilayers with
designated composition and properties [62]. With the LBL self-assembly technique,
various combinations of oppositely charged polyelectrolytes such as (poly-
dimethyldiallylammonium chloride/poly(styrene sulfonate), polyallylamine (PAH)/
PAA, polyethylene oxide/PAA [63, 64], and (2-(dimethylamino)ethyl methacry-
late)/(2,2,2-trifluoroethyl methacrylate) were deposited on to the fibers of cellulose
substances [65], and the contract angle of the cellulose fibers was increased to
107°–160° depending on the hydrophobicity of the modified multilayer films.

Atom transfer radical polymerization (ATRP) is a technique to form carbon–
carbon bond using transition metal catalysts [66]. This method was utilized to graft
specific polymers onto cellulose nanofibers, the initially hydrophilic cellulose fibers
were turned into hydrophobic ones, resulting in superhydrophobic cellulose-based
materials [67]. First, the cellulose fiber was modified via the reaction of the
hydroxyl groups with 2-bromoisobutyryl bromide as the initiator; then, with the
mediation of tris(2-(demethylamino)ethyl)amine and copper(I) bromide, methyl
acrylate was grafted onto the initiator at ambient temperature, and further poly-
merized employing ethyl acetate. Because the degree of polymerization depended
on the ratio between the free initiator and the monomer, ethyl 2-bromoisobutyrate
was applied as a sacrificial initiator to control the polymer length of the poly(methyl
acrylate)-grafts. With the grafted polymer, the fabricated composite paper became
hydrophobic, and the water contact angle reached 133°.

Various cationic polymers have been widely investigated for applications in
medical diagnostics and molecular biology due to their unique binding behaviors
and availability to interact with biological molecules in sophisticated biological
environments. Through ATRP of the initiator bound on the cellulose fiber surface
of the paper, linear cationic polymer brushes were grafted onto cellulose paper [68].
To grow the polymer brush on the paper surface, the initiator was first immobilized
onto the cellulose fiber surface by immersing the paper in a mixture solution
containing 25 mM 2-bromoisobutyryl bromide (BIB), 27.5 mM triethylamine, and
a catalytic amount of 2-dimethyl aminopryridine in 40 mL tetrahydrofuran. As the
BIB component was less hydrophilic, the BIB grafted paper turned to slightly
hydrophobic. By immersing the BIB-modified paper in a reaction mixture of
40 mmol 2-(dimethylamino)ethyl methacrylate, 1 mmol BIB, 0.125 mmol N,N,N′,
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N′,N′′-pentamethyldiethylenetriamine, 0.125 mmol copper chloride, 0.0034 g L-
ascorbic acid, and 30 mL tetrahydrofuran, the mixture was left for 30 min to 2.5 h
to guarantee polymer further grafted on the BIB-modified cellulose fibers. The
cationic polymer grafted paper was able to interact with PicoGreen, demonstrating
specific identification of nucleic acids at the nanomolar level in the homogeneous
solution and in a biological serum. ATRP with hydroxyl groups of cellulose as the
initiator, the surface modifications of cellulose fibers of filter paper were accom-
plished with versatile guest substances such as PMA [69], poly(2-hydroxyethyl
methacrylate) [70], poly(e-caprolactone), and poly(L-lactic acid) [71]. Instead of
directly polymerizing on cellulose surface, polymerization of polystyrene-b-poly
(ethylene oxide)-b-poly(styrene) block copolymer was first proceeded with poly
(ethylene oxide)chloro telechelic as macroinitiator and copper chloride/2,2′-bipyr-
idine as the catalyst, and then printed onto paper using a bar coater [72]. The ratio
of hydrophilic and hydrophobic blocks in the adsorbed block copolymers served to
control the water absorption behavior of paper, and the synthesized block
copolymer containing 10 wt% polystyrene retarded water absorption considerably.

Using reversible addition–fragmentation chain transfer polymerization, 2-
(dimethylamino)ethyl methacrylate was grafted on to the cellulose fibers of filter
paper, forming antibacterial cellulose sheet [73]. After grafting poly(2-(dimethy-
lamino)ethyl methacrylate) chains on cellulose fiber surfaces, the tertiary amino
groups of these poly(2-(dimethylamino)ethyl methacrylate) chains were then
quaternized using alkyl bromides with varied chain lengths, leading to cellulose
modified by quaternary ammonium groups. In the resultant composite sheet sam-
ples, the hydrophobicity and the antibacterial activity of the samples were decided
by the alkyl chain lengths of the quaternary ammonium groups and the degree of
quaternization, respectively. With this polymerization approach, controlled grafting
of polystyrene [74], poly(methyl methacrylate), and PMA was accomplished on
cellulose fibers [75].

Alternatively, the superhydrophobic cellulose-based materials were fabricated by
the means of polymethylsiloxane coating through the chemical vapor deposition
(CVD) technique [76] and the solution-immersion process [77]. For the CVD
approach, trichloromethylsilane molecules were adsorbed onto cotton fibers and
reacted with the halide at the hydroxyl group, followed by hydrolysis in pyridine
aqueous solution. After the subsequent polymerization, porous composite sheet
with each cotton fiber was coated with polymethylsiloxane. For the second case,
cotton fabric or filter paper was applied as the scaffold. The scaffold sheet was
immersed in potassium methyl siliconate aqueous solution, and then the mixture
was bubbled with carbon dioxide gas to adjust the pH value within a range of 7.5–
8.5. The methyl siliconate gradually formed silanol and slowly condensed, giving
oligomeric and polymeric siloxane coating on the surfaces of the cellulose fibers. In
both cases, the initial porous cellulose networks were well preserved. With the
natural cellulose structures and grafted polymers, the initially hydrophilic cellulose
surfaces successfully become superhydrophobic ones with satisfying durability.

To improve the surface hydrophobicity of cellulose substance, another practical
approach is to increase the surface roughness by attaching polymeric nanoparticles
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(diameter 90–105 nm) onto the hierarchical fibrous network of paper [78, 79].
Nanoparticles were synthesized by partial imidization of styrene maleic anhydride
in the presence of ammonium hydroxide, and the aqueous dispersions of these poly
(styrene maleic anhydride) nanoparticles were spread onto paper using a laboratory
bar coater with determined bar speed. Through hydrogen bonding, the nanoparticles
were adsorbed onto the cellulose nanofibers uncontinuously. The unique rough
structure achieved a stable water contact angle of 120 °C, and the wettability of
as-prepared paper was controlled by changing the imide content and the average
surface roughness.

Plasma-assisted coatings have a significant application potential as nanometer-
thick films which can be tailored to impart some desirable surface property to cel-
lulose platform. Coatings are achieved by energizing suitable vapor-phase monomers
in a plasma reactor and the activated species are formed as a coating on the surface of
cellulose fibers. In this way, perfluoromethylcyclohexane [80], pentafluoroethane,
octafluorocyclobutane [81], pentadecafluorooctylacrylate, perfluorododecene, tri-
decafluorooctene, perfluoromethylcyclohexane [82], methane [83], hexamethyldis-
ilazane, n-hexane, and tetraethyl orthosilicate [84] were used as initiate monomers for
the surface modification of cellulose fibers, forming hydrophobic sheets.

8.4 Molecular Monolayer Nanocoating on Cellulose Fibers

8.4.1 Self-assembly of Long Alkyl Chain Molecules

The ultrathin titania film deposited coating each cellulose nanofiber of cellulose
substances by the surface sol–gel process not only reserves the initial morphology
of cellulose fibers, but also activates the chemically inert cellulose surface, allowing
further deposition of molecular monolayers with expected functions on the cellulose
platform [11]. By immersing natural cellulose substances like filter paper and cotton
with each nanofiber precoated by ultrathin titania film (thickness *2.5 nm), a long
alkyl chain siloxane (octyltrimethoxysilane, OTMS) monolayer was deposited on
the nanofiber surfaces, giving bulk cellulosic materials with significant superhy-
drophobicity (water contact angle > 150°) (Fig. 8.6) [85]. The formed superhy-
drophobic cellulosic materials exhibited remarkable self-cleaning performances and
long-term chemical stabilities. The superhydrophobicity remained stable within a
wide pH range from 3.0 to 11.0 (Fig. 8.6b). The contact angle decreased appre-
ciably only with strong acidic (pH 1.0) and strong basic (pH 13.0) droplets due to
the instability of titania under these conditions. The combination of titania
nanocoating and subsequent self-assembly of alkylsilane monolayer opens a facile
and effective door to alter extremely hydrophilic natural cellulose into superhy-
drophobic materials. Various siloxane precursors such as tetraethoxysilane, methyl
triethoxysilane, dimethyl diethoxysilane, and trimethyl monoethoxysilane were
employed to achieve hydrophobic coating on cellulose fibers of paper through sol–
gel dipping process [86]. It was revealed that the hydrophobic behavior of the
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prepared samples is proportional to the methyl number of the siloxane precursor.
Increasing the thickness of the coating films simply improved the mechanical and
thermal properties of the obtained samples, but it does not affect the hydrophobicity
of the samples. Instead of liquid-phase self-assembly, vapor-phase esterification of
cellulose was preceded by exposing filter paper to mixed vapor of trifluoroacetic
anhydride and acetic acid or trifluoroacetic anhydride and acetic anhydride at room
temperatures, and the hydrophobicity was improved to water contact angles with
*98° [87].

While the changes in wettability is increased by surface roughness, the surface
modification of the cellulose nanofiber offilter paper with photosensitive azobenzene
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Fig. 8.6 Superhydrophobic cellulosic material fabricated by nanocoating of siloxane monolayer
on cellulose fibers. a Schematic illustration of the superhydrophobic cellulosic materials fabricated
by nanocoating with ultrathin titania/OTMS films. b Contact angle measurement of droplets with
different pH values on the surface of the superhydrophobic filter paper; the inset shows the
photograph of water droplet placed on the surface. Reprinted with permission from Ref. [85].
Copyright 2010, the Chemical Society of Japan
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derivative (CF3AZO) achieved smart materials, which was capable of reversible
change in hydrophilic state with external UV irradiation [88]. Each cellulose nano-
fiber of filter paper was first coated with five-layer thin titania film (*2.5 nm thick)
through the surface sol–gel process to activate the fiber surface, and then the
as-deposited filter paper was immersed in CF3AZO solution (10 mM in ethanol) in
the dark at room temperature for 24 h to promote self-assembly of CF3AZO mole-
cules onto the titania precoated cellulose nanofibers coordinatively. The resultant
yellow cellulose/oxide/CF3AZO composite sheet retained the original micro- to
nanoscale rough morphology of the filter paper, and it showed a high hydrophobicity
with water contact angle of 145.2 ± 1.6°. When the composite sheet was irradiated
with UV irradiation for 13 h, the water contact angle was reduced to 24.2 ± 4.1°.
This hydrophilicity was recovered to the initial antiwetting state after dark storage.
The reversible change in water contact angles of the fabricated composite sheet
originated from the photoisomerization of the CF3AZO molecules in the surface
monolayer. As schematically illustrated in Fig. 8.7a, the conformational transfor-
mation of the CF3AZOmolecules accompanied by dipole moment was induced, and
chain order changes as well as surface hydroxyl groups on the titania gel layer surface
were generated under UV irradiation, resulting in the sharp decrease of the contact
angle on the surface of the composite cellulose sheet. With similar process, surface
modification of CF3AZO was also performed on the thin silica gel film precoated
cellulose nanofibers of filter paper. However, no obvious change in the hydrophobic
state occurred for the filter paper deposited with thin silica/CF3AZO composite films
after UV irradiation. Because the CF3AZO molecules were bonded to the silica gel
layer surface through esterification, which caused more disorder of the CF3AZO
molecular chains in the monolayers. The bacterial cellulose membrane with UV light
controlled hydrophobicity was reported by hydrogen bond mediated adsorption of
1′,3′,3′-trimethyl-6-nitrospiro(2H-1-benzopyran-2,2′-indoline), which shows pho-
tochromic behavior accompanied with the chemical structure change of the modified
guest substances under UV irradiation [89]. The cellulosic materials with switchable
wettability possess great potential applications in various fields such as sensors,
intelligent membranes, self-cleaning surfaces, and so on.

As described above, the surface roughness and the surface energy are the main
factors adjusting the surface wettability. It is effective to coat hierarchical structured
cellulose with low surface energy compounds for superhydrophobic surfaces.
However, most of the attained superhydrophobic surfaces are oleophilic, and they
have difficulty in repelling liquids with surface tensions which are lower than water
(72.8 mN m−1) such as hexadecane (27.5 mN m−1). To improve the surface
oleophobicity of the cellulosic materials, commercial laboratory filter paper was
first etched using 17.5% sodium hydroxide aqueous solution and then successively
surface modified with ultrathin titania films and 1H,1H,2H,2H-perfluorooctyl
trimethoxysilane (PFOTMS) monolayers through the surface sol–gel process
(Fig. 8.8) [90]. The surface-etched cellulose fibers of filter paper were endowed
with enhanced surface roughness, and the thin titania gel films deposited coating
each cellulose nanofiber of the filter paper enable further deposition of the
PFOTMS monolayer thereon with low surface energy. The obtained composite
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exhibited excellent antiwetting effects both to water and hexadecane droplets. The
contact angle for water and hexadecane achieved 158° and 146.5°, respectively.
Moreover, as a result of the amphiphobic behavior, the fabricated composite cel-
lulose sheet effectively suppressed the adhesion of bacteria such as lysogenic
Escherichia coli. The amphiphobic cellulosic materials hold great potentials in
versatile fields including self-cleaning surfaces, antifouling surfaces, intelligent
membranes, and so on. The superhydrophobic is able to be patterned by printing
with high surface energy black ink. The shape and size of the ink islands show
different adhesion forces, which enable the manipulation of liquid drops on the
paper substrates [91]. Paper was also patterned into hydrophilic and hydrophobic
channels, which direct the fluid analyte into different detection zones and sense
multiple analytes simultaneously [92, 93]. The patterned paper pieces were used for
the colorimetric detection of glucose and protein in artificial urine [94, 95].

(a)

(b) (c)

Fig. 8.7 Cellulose substance with reversible photoresponsive wettability. a Schematic illustration
of the reversible wettability on the surface of the filter paper with each nanofiber surface-coated by
the ultrathin titania/CF3AZO film. b Reversible contact angle changes on the composite sheet
surface during cyclic UV irradiation and dark storage. c Solid UV-Vis spectra of the five-layer
titania gel film precoated filter paper, and the ultrathin (titania)5/CF3AZO film-modified filter
paper before and after UV irradiation, and after subsequent dark storage. Reprinted with
permission from Ref. [88]. Copyright 2011, Royal Society of Chemistry
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8.4.2 Self-assembly of Functional Molecules
for Colorimetric Sensors

The well-defined natural hierarchical networks of cellulose nanofibers endow natural
cellulose substances with high porosity as well as large specific surface area. When
such bulk cellulose substances are used as scaffolds for specific surface modification,
the unique natural structural features allow assembling of a large number of sensor
molecules and enhance the sensing ability of the resulting sensor materials. In earlier
studies, paper-based test strip was prepared for the determination of chromium in
water samples [96, 97]. By immobilization of di-tetrabutylammonium cis-bis
(isothiocyanato)bis(2,2′-bipyridyl-4,4′-dicarboxylato)-ruthenium(II) (N719) mono-
layer onto each titania ultrathin film precoated cellulose nanofiber of commercial
filter paper, a highly selective, sensitive, and reversible cellulose-based chemosensor
material was achieved for the colorimetric detection of mercury ions in water [15].
First of all, a titania film of *7.5 nm thick was deposited onto the individual
nanofibers of the filter paper by the surface sol–gel process. Subsequently, N719
molecules were self-assembled onto the as-deposited titania film surface, resulting in
an N719 monolayer coating each titania gel film precoated cellulose nanofiber
(Fig. 8.9a). The obtained composite cellulosic sheet demonstrated extraordinary
high sensitivity as well as selectivity and favorable detection reversibility for the
colorimetric sensing of mercury ions in water media. With the presence of mercury
ions in aqueous solutions, the mercury ions selectively coordinated with the thio-
cyanate groups of N719 dye molecules, and the initially purple color of the com-
posite sheet immediately changed into obvious orange. The high surface area offilter

Fig. 8.8 Schematic illustration of the fabrication process of the amphiphobic cellulosic sheet.
a Cellulose microfibers of the filter paper; b rougher cellulose fibers of the filter paper caused by
the alkaline solution etching; c cellulose nanofiber of the etched filter paper deposited with
ultrathin titania/PFOTMS composite films; d and e structure of the ultrathin titania/PFOTMS
film-modified cellulose nanofiber, PFOTMS molecules are covalently bonded onto the titania film
surface forming a monolayer; and f the resultant amphiphobic cellulosic sheet shows a contact
angle of 146.5° for hexadecane. Reprinted with permission from Ref. [90]. Copyright 2012, Royal
Society of Chemistry
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Fig. 8.9 Colorimetric sensing materials yielded by immobilization of ruthenium dye N719 onto
titania precoated cellulose nanofibers of filter paper. a Schematic representation of mercury ion
sensing using titania/N719 multilayer coated cellulose fibers of filter paper. (b1–b8) Color change
of the (titania)15/N719-modified filter papers upon exposure to mercury nitrate aqueous solutions
of different concentrations, scale bars: 5 mm. c Solid UV-Vis spectra of the (titania)15/N719
multilayer-modified filter papers after dipping in aqueous solutions of various metal ions.
Reprinted with permission from Ref. [15]. Copyright 2010, Royal Society of Chemistry
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paper scaffold largely increased the sensitivity of the resultant composite sheet, the
detection limit of mercury ions reached *10 ppb (50 nM) by naked eyes
(Fig. 8.9b). Even in mixed metal ions solutions with the concentration of other metal
ions higher by a factor of 100, the selective detection of mercury ions was achieved
(Fig. 8.9c). The specific surface modification of filter paper was not limited to
sensitive colorimetric mercury ion detection, it was also applied to the design and
fabrication of ion-trapping materials for the adsorption of other heavy metal ions
from diluted solutions. By surface modification with (3-mercaptopropyl)
trimethoxysilane or N-[3-(trimethoxysilyl)-propyl)]ethylenediamine monolayers
onto the thin silica film precoated filter paper, effective adsorbent materials for
mercury or copper ion were fabricated. Due to the large surface area and the unique
swelling behavior of filter paper, these materials were able to adsorb the heavy metal
ions from aqueous solutions readily via the filtrations of the solution through the
composite sheets.

Mercury in thymine–Hg2+–thymine complex has stronger affinity to the free
sulfydryl of cysteine (Cys). On the other hand, through the competitive coordina-
tion between the sulfur atoms of di-tetrabutylammonium cis-bis(isothiocyanato)bis-
(2,2′-bipyridyl-4,4′-dicarboxylato) ruthenium(II) (N719) and mercury ions, the
purple ruthenium dye N719 conjugates with mercury ions and form orange N719–
Hg2+ complex. Taking advantage of these two features, the N719–Hg2+ complex
immobilized cellulose nanofibers of filter paper yielded sensitive, selective, and
reusable solid-phase colorimetric Cys chemosensor [98]. Each cellulose nanofiber
of filter paper was first covered with a uniform 10-layer zirconia gel film by the
surface sol–gel process, and the filter paper was immersed in a solution of
0.1 M N719–Hg2+ complex to promote the immobilization of N719–Hg2+ complex
onto the surface activated nanofibers of the filter paper. As a result of the specific
mercury displacement by Cys from the modified N719–Hg2+ complex, the obtained
composite sheet generated apparent color change from orange to purple upon
contact with aqueous solution containing Cys (Fig. 8.10a). The detection limit of
this naked-eye assay achieved 20 lM (Fig. 8.10b), and the selectivity for Cys
against disturbance of the other 19 natural amino acids and their mixture was fairly
splendid (Fig. 8.10c). Thus, it is demonstrated that for surface decoration of cel-
lulose substances with varied probe molecules, a wide variety of functionalized
cellulosic material with engineered function can be applied to detection or analysis
of many important target analytes such as biomolecules, organic compounds,
inorganic ions, and so on.

Titanium(IV) oxo complex is intrinsically colorless, but it turns to bright yellow
upon complexation with hydrogen peroxide through the exclusively selective tita-
nium(IV)-peroxide bond. This unique feature of titanium(IV) oxo species was used
to fabricate paper-based colorimetric sensor for hydrogen peroxide [99]. A water
solution of titanyl oxalate was drop-casted onto the cellulose fibers of a paper towel,
resulting in a homogeneous distribution of titanyl salt among the cellulose networks
of the paper towel. By regulating the initial concentration of titanyl oxalate, the
loading amount within the paper matrix was controlled. The initially white sensor
materials became bright yellow (UV absorption at around 400 nm) upon exposure
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to the vapor of hydrogen peroxide, whereas no response was found to other
common liquids or solid chemicals. The detection limit of the sensor materials
achieved 0.4 ppm.

In medical diagnosis of diabetics, frequent daily blood glucose test is usually
required. “Dip-and-read” type of test strips are convenient and less costly for end
users, as they do not need electronic devices such as glucometers to conduct blood
glucose detection. To prepare such test strips, the biodegradable and widely avail-
able cellulose paper is an ideal choice as carrier matrix to realize the colorimetric
chemistry-based quantitative analysis. For the paper-based glucose test strips, there
are three key components: chromogen, enzymes, and gelatin. They were prepared as
a mixture and then applied to a paper by soaking/dipping [100]. Briefly, 4.0 cm
2.5 cm filter paper strips were soaked in a mixture solution containing gelatin,
glucose oxidase, peroxidase, citric acid buffer solution, 2,4,6-tribromo-3-hydroxy
benzoic acid (TBHBA), and 4-aminoantipyrine (APP) for 5 min and dried at room
temperature. The positively charged chromogen agent TBHBA/APP was firmly
fixed onto the electronegative cellulose fibers of the paper through charge interac-
tions. Glucose oxidase and peroxidase were used to catalyze the reaction between
chromogen agent and the target glucose molecules. Meanwhile, gelatin was
employed to stabilize and improve the catalytic activity of the above enzymes, and to
control the diffusion rate of sample solution to meet the overall color-forming
process. With the enzymes possessing increased catalytic activity and durability, the
strip sample shows obvious red color (absorption at 510 nm) when glucose is pre-
sent. The exhibited color intensity was correlated to the glucose concentration in the
solutions in the range of 0.18–9.91 mg ml−1. This sensitive paper strips have
potential applications in monitoring the blood glucose concentration.

Oligodeoxyfluoroside (ODF) dyes are a category of short DNA-like oligomers
with the initial DNA bases replaced by fluorophores. Such dyes are water-soluble,
and possess fluorescence properties which are responsive to the changes in their
immediate environment. As described above, guest substrates showing good affinity
with cellulose can be applied as ink to be printed onto the paper sheets, and tetra-
meric ODFs of varied distinct sequences were printed on cotton paper by a com-
mercial inkjet printer [101]. 5% w/v polyethyleneglycol (average molecular weight
8000) was added to the aqueous solutions of the synthesiszed ODF (50 mM), and the
solution was charged to commercial black inkjet cartridges. Then the ink was printed
on a designed square of 100% cotton paper (2 cm2) six times over the identical
position by a commercial thermal inkjet printer to ensure evenness of deposition, and
the printed paper was dried in air. The ODFs printed paper was qualified for food

JFig. 8.10 Colorimetric Cys chemosensor for fabricated by N719–Hg complex onto zirconia
precoated cellulose nanofibers of filter paper. a Color transition of the cellulose/(zirconia)10/
N719�Hg papers upon exposure to aqueous Cys solutions with varied concentrations, scale bars:
5 mm. The sample denoted as “Blank” is the initial cellulose/(zirconia)10/N719�Hg paper. b Solid
UV-Vis spectra of the cellulose/(zirconia)10/N719�Hg papers after being dipped into aqueous
solutions of various amino acids and aqueous solution of the mixture of all the other 19 natural
amino acids. Reprinted with permission from Ref. [98]. Copyright 2012, Elsevier Ltd.
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spoilage monitoring, which is important to human health. The as-prepared paper
exhibited fluorescence intensity and/or color changes during exposure to spoiled
food volatiles such as meat (ground beef and shrimp), dairy (milk and cheese), fruit
(orange juice), grain (bread), and vegetable (lettuce) sources, and each of the shown
color was distinguishable by the relative differences among RGB channels. This
approach benefits for the preparation of convenient, effective, and economical
chemosensors for a disposable one-time measure of food spoilage.

8.4.3 Modification with Other Small Molecules

Carbohydrates play essential roles in a great majority of living things, and thus
glyco-modification of solid cellulose surfaces is attractive for the potential appli-
cations. In natural world, condensations of carbohydrates are often accomplished by
enzymes. With the assistance of 1,4-b-D-glucan 4-glucanohydrolase from
Trichoderma viride, surface modification of a cotton fiber filter paper with lactose
was successfully achieved [102]. To activate the chemically inert cellulose surface,
filter paper was immersed in lithium chloride/dimethylacetamide mixture. As this
mixture would inhibit the enzymatic activity, the enzyme molecules were protected
by forming water-in-oil emulsion using dioleyl-N-D-glucona-L-glutamate. The
gluco-modified filter paper showed increased cell adhesion performance, which is
attractive for further practical applications. With similar concept, the chemoenzy-
matic modification of a cellulose fiber surface of filter paper with xyloglucan was
realized by employing the combination of lipase and endotransglycosylase for the
activation of solid cellulose surfaces [103, 104].

8.5 Biomacromolecule Assembly in Cellulose Substances

For bioactive functional surfaces, immobilization of protein molecules on
two-dimensional matrices like gold, silicon, and glass has been carried out.
Compared with such conventional flat plates, protein immobilization on the mor-
phologically sophisticated surfaces of cellulose substances affords vast superiority,
because the fabricated materials retain the native hierarchical structures as well as
the related functions of proteins. Immobilization of protein on filter paper as the
matrix forms a new type of bio-nanomaterial [105]. The chemically active surface
of the nanometer-thick titania films coated cellulose nanofibers is biocompatible,
which is capable of successive modification with biotin and protein (streptavidin)
molecules through the high-affinity biospecific biotin–streptavidin interaction. The
streptavidin molecules anchored on the three-dimensional cellulose nanofiber sur-
faces reserved their biological activities. Due to the hierarchical porous network and
large surface area of the original cellulose substance, the assembled protein
molecules demonstrate high sensitivity with the detection limit of 10−9 M
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(Fig. 8.11). The exhibited functions were better than those on planar ones, and the
resulting cellulose/protein composite sheet showed potential application as
biosensors. Cellulose substances with each nanofiber coated with precise titania
films at nanoprecision are proved to be promising platforms for construction of
biomolecular architectures, which provides a critical pathway to combine the
physical features of cellulose substances and the unique properties of biomacro-
molecules. The streptavidin immobilized cellulose fibers of filter paper allow further
modification with biotinylated titania particles (100 nm large) through the biotin–

(a)

(b) (c)

Fig. 8.11 a Schematic representation of immobilization of protein molecules (streptavidin) on
each cellulose nanofibers and their successive binding to fluorescence-labeled biotin (not to scale).
Left panel illustrates the formation of biotinylated surface on cellulose nanofiber; and right panel
represents subsequent binding of streptavidin and biotin-tagged species. The thickness of titania
layer is *5 nm. b Fluorescence micrographs of filter paper in which the cellulose fibers were
decorated with Alexa 488-labeled streptavidin. c Fluorescence micrograph of native
streptavidin-modified cellulose fibers upon binding with biotin-4-fluorescein. Reprinted with
permission from Ref. [105]. Copyright 2006, John Wiley & Sons Ltd.
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streptavidin interaction, which demonstrated efficient catalytic decolorization for
UV sensitive dyes [106].

DNA detection has considerable applications in wide areas such as biomedical
diagnostics, gene expression, disease prevention, reaction discovery, forensic
determination, and so on. For detection of DNA, the immobilization of a DNA
probe on a solid substrate has been demonstrated to be an effective approach, which
realizes hybridization assay with a target DNA in a homogeneous solution. By
immobilization of oligonucleotides on the morphologically complex cellulose
substance, a sensitive and duplicated fluorescence-based recognition for corre-
sponding complementary target DNA was achieved at a nanomolar level [107].
A uniform ultrathin zirconia gel film was first deposited onto the surface of each
cellulose nanofiber in the common commercial filter paper by the surface sol–gel
process using zirconium n-butoxide as a precursor. Then the zirconia precoated
cellulose nanofibers of the filter paper were functionalized with oligonucleotides
through a coordination effect between zirconia and the phosphate group of the
probe DNAs. The faithfully reserved natural hierarchical structures of the filter
paper provided a large surface area, and the extensive concentration of probe DNA
was immobilized onto the zirconia precoated cellulose fiber surface, achieving
sensitive detection of the fluorescence-labeled complementary DNA chains with
detection limit of 10−9 M. With the intrinsic properties of nontoxicity, degrad-
ability, and flexibility, biologically functionalized cellulosic materials show
potentials in versatile practical and challenging fields including biomolecular
enrichment, separation, sensing, and immunoassay.

Besides metal oxides, methacryloxy groups modified onto each cellulose nano-
fiber of the filter paper by a silane coupling technique also act as the binding sites for
immobilization of enzyme such as lipase [108]. To achieve modification of cellulose
fibers with methacryloxy groups, 100 mg 3-(trimethoxysilyl)propyl methacrylate
was added to an acetic acid aqueous solution (pH * 4, 10 ml) and vigorously
stirred for 30 min to form reactive silanol groups. A piece of cellulose paper was
subsequently immersed in the resulting solution for 2 h, and the acetic acid aqueous
solution was evaporated at 40 °C for 3 h under reduced pressure. Then, the obtained
paper was heated at 110 °C for 3 h, washed with ethanol, and dried at room tem-
perature. Through the condensation reaction between the Si–OH of the
organofunctional silane coupling agent and the C–OH of cellulose, methacryloxy
groups were modified onto each cellulose fiber surface. Immobilization of lipase
onto the methacrylate-modified paper was then accomplished by immersing the
as-modified paper in the lipase solution (pH * 6.86, ionic strength: 0.1 M, 10 ml)
and stirring at 23 °C for 12 h. Through the hydrophobic interaction, lipase enzymes
were immobilized on the methacrylate-modified cellulose fibers surfaces, and the
insoluble components adsorbed onto the paper was washed away via stirring the
as-prepared sample in a phosphate buffer solution (pH * 6.86, ionic strength:
0.1 M, 10 ml) at a stirring rate of 150 rpm for 3 h. The fabricated enzyme immo-
bilized paper exhibited improvement in hydrophobicity (111.3 ± 1.9°) as well as
physical strengths in both dry and wet states. The Young’s modulus and tensile
strength were enhanced for 0.19 GPa and 3.39 MPa (dry), 0.13 GPa and 5.02 MPa
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(wet), respectively. The interconnected porous structure of the paper offered
preferable flow paths for the reactant solution, resulting in high catalytic activity,
selectivity, and reusability for the nonaqueous transesterification of 1-phenylethanol
and vinyl acetate to form 1-phenylethylacetate. Hence, the enzyme immobilization
of paper provides a green catalytic material for the effective production of useful
chemicals. The silane coupling technique is a facile and versatile pathway to
introduce functional groups into cellulose fibers, and modification of cellulose paper
with amino groups was similarly accomplished [109].

Another practical approach to immobilize biomacromolecules onto cellulose
fibers is the electrostatic force driven layer-by-layer self-assembly. By alternative
assembly of anionic cibacron blue F3GA dye and cationic lipase that was obtained
from Candida rugosa on acetylated cellulose template, biocatalytic membrane was
fabricated [110]. With the maintained hierarchical cellulose network and the protein
bioactivity of lipase, the prepared membrane exhibited an efficient catalytic prop-
erty for olive oil, which was kept to be about 45% of that of free lipase.

Rapid and accurate determination of human blood type is crucial in many
medical procedures. Taking advantage of the strong adsorption performance and
high porosity of paper sheets, the rapid, flexible, and reproducible blood typing
devices become available [111]. Typically, a 10 mm � 10 mm filter paper piece
was dipped with undiluted commercial antibody solutions and left to dry for
10 min. The affinity between the antibody molecules and cellulose components
allows the antibody molecules to strongly adsorb onto the cellulose fibers’ surfaces.
When blood samples were introduced to the antibody treated paper, the RBCs in the
blood were immobilized onto the adsorbed antibody molecules through the specific
antibody–antigen interaction. Meanwhile, a substantial fraction of the antibody
molecules (<40%) was desorbed from the cellulose fiber surface, and the released
antibody molecules facilitate the bridging between the RBCs dispersed in the blood
sample and the RBCs immobilized on the cellulose fibers surfaces. Moreover, these
desorbed antibody molecules also formed agglutinated RBC lumps, which were too
large to pass through the pores of the paper sheet. The unique behaviors of the
antibody molecules on cellulose fibers significantly enhanced the blood typing
effect and demonstrated obvious purple color after staining, which was far sensitive
and swift than the traditional blood typing assays. The paper scaffolds create new
chances for swift, sensitive, and easy-to-use diagnostic sensors in clinics, and a
series of paper-based blood typing devices have been developed [112–117].

8.6 Sp2-Hybridized Carbon Assembly
in Cellulose Substances

The studies on sp2-hybridized carbon such as carbon nanotubes (CNTs) and gra-
phene are now proceeding at an astonishing pace because of their attractive
properties and great potentials in wide applications like electricity, sensor, and so
on. By conformal single-walled CNTs coating on the cellulose fibers of paper
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through simple solution processes, commercially available paper is made highly
conductive [118, 119]. Printable solution processing is a low-cost technique to
deposit versatile nanomaterials such as nanocrystals, nanowires, fullerene, and
CNTs as ink onto flat substrates like silicon wafers, metallic films, glass, and
plastics for large-scale applications. Commercial CNTs were first dispersed in
aqueous solution with sodium dodecylbenzenesulfonate as the dispersant, and then
the mixture ink was dipped onto paper. The three-dimensional hierarchical porous
structure of paper led large capillary force for the ink and promoted strong adhesion
for the nanomaterials dispersed in ink without any additives required to support the
ink adhesion on the cellulose fibers. After drying out the solvent, the conformal
coating of the flexible CNTs was formed on the fibers of paper without damaging
the original fiber-based morphological hierarchy of the paper. The CNTs were
tightly attached with the cellulose fibers with a high contacting surface area between
them. The porous nature and the large surface area of the formed conductive paper
guaranteed more efficient accessibility of ions, resulting in a low sheet resistance
*1 X sq−1. By applying this approach with the ink of silver nanowires, conductive
paper whose cellulose nanofibers coated with dense silver nanowires were obtained.
The sheet resistances were affected by the effective film thicknesses of the
as-deposited CNTs and silver nanowires. This CNT-conductive paper was qualified
for the application as supercapacitors, and the material showed a specific capaci-
tance of 200 F g−1, a specific energy of 30–47 Wh kg−1, a specific power of
200,000 W kg−1, and a stable cycling life of more than 40,000 cycles. In the
fabricated conductive sheet, the flexibility of each CNTs, the strong bind of the
CNTs with the cellulose fibers, and the natural hierarchical structure of the paper
worked together, bringing up the relaxation of the bending strain, high flexibility,
and increased mechanical strength, which allow the application of the conductive
paper for varied rolled up devices. Meanwhile, the resultant conductive paper was
mechanically robust, and no crack or breakage was observed from it in either air or
liquids. If the resulting conductive paper is used instead of the heavy metallic
current collectors, the battery weight will be decreased for up to 20% with
acceptable internal resistance. The concept of solution processing of nanomaterials
on hierarchical cellulose paper as a platform provides a simplified route for
advanced applications in energy storage and conversion, and the obtained materials
are promising for all-integrated paper and textile electronics [120, 121].

With this solution-based process, sensors electrodes were drawn onto a piece of
filter paper using graphite conductive ink, giving a sensitive photoconductive
infrared (IR) detector [122]. To increase the conductivity to the detector, 1 drop
(* 35 mL) of an electrolyte solution of potassium bromide was dropped on to the
paper surface. Because potassium bromide is transparent to a wide spectrum of light
radiation, the origin of the optical absorption of the detector was isolated. The paper
detector was dried at 120 °C after the drop deposition to evaporate the water. The
hygroscopic cellulose promotes the formation of thin films on its surface, and the
C–O bonds in cellulose absorb mid-range IR radiation (*1000 cm−1) and turn into
heat through the radiative heating effect, which contributes in a detectable electric
current variation. Thus, the IR radiation sensing was achieved by monitoring the
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current change. The conductivity of the detectors improved with the addition of
glycerol and electrolyte salts. Also, the electrical conductivity of these IR detectors
depended largely on humidity and temperature, originating from mobility change in
the ionic current involving electrolyte salts dissolved in the thin liquid layer dis-
persed over the paper. This kind of IR radiation sensor could be applied to rec-
ognize IR signatures of specific molecules, and also detect human, animals, and any
other type of target with a temperature above the background. Besides, the paper
was printed with conductive carbon ink and Ag/AgCl ink, and they were applied as
electrodes for electrochemical detection of heavy metal ions [123]. The paper
containing the analytes inhibited the convective movement of the solutions after
complete wetting of the paper channel with fluids. Therefore, the accuracy of
time-dependent chronoamperometry and chronopotentiometry was increased.

Instead of drawing and spreading inks with a rod, a graphene nanosheets sus-
pension was vacuum filtered through a piece of filter paper to obtain flexible energy
storage materials [124]. Graphene was first exfoliated from natural flake graphite
powders through successive oxidation, thermal expansion, and hydrogen reduction,
and was then dispersed in N-methylpyrolidone and sonicated to form a graphene
nanosheets suspension (average size *2 lm, concentration *0.2 mg mL−1).
Subsequently, the graphene nanosheets suspension was vacuum filtered through
both sides of the filter paper in turn until the initially black suspension became
colorless. After vacuum drying at 100 °C for 8 h, N-methylpyrolidone component
was removed, and a cellulose/graphene membrane was obtained. The porous
structure of the filter paper allowed the graphene nanosheets to be filled in the
pores. The penetrated graphene nanosheets were strongly bound to the cellulose
fibers through the abundant functional groups on these cellulose fibers, forming a
continuous conductive interwoven network around the cellulose fibers of the filter
paper. The graphene contents of these cellulose/graphene membranes were readily
changed by controlling the volume and/or the concentration of the pristine graphene
suspension. The resultant membrane combined the macroporous network and high
strength of the filter paper as well as the good electrical conductivity and elec-
troactivity of graphene nanosheets. As a result, distinguished mechanical flexibility,
practical cyclic stability, excellent specific capacitance, and power performance
were achieved. Their electrical conductivity reduced for only 6% after being bent
1000 times; the capacitance per geometric area was 81 mF cm−2; the capacitance
just reduced <1% over 5000 cycles of bending. These membranes were employed
to prepare freestanding and binder-free electrodes for flexible supercapacitors, and
the supercapacitors exhibited a high capacitance per geometric area of 46 mF cm−2

for the complete devices under highly flexible conditions. When CNTs were used as
fillers instead of graphene, the prepared sheet showed conductivity of
3 � 10−2 S cm−1 [125]. The flexible supercapacitators based on the
cellulose/graphene membrane have considerable potential applications in flexible
and portable micropower devices.

In the above solution-based method, a stable ink with the right rheological
properties, a hydrophilic platform, and thermal treatment as well as cleaning for the
removal of the surfactants in ink after deposition are required, which pose
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challenges for a wide range of applications of this methodology. Inspired by the fact
that graphite is an outstanding electrode material for electrochemical double layer
formation and pencil trace on paper is highly conductive, supercapacitors were
fabricated by directly drawing on cellulose paper with a graphite rod or pencils
[126]. The solvent-free process is similar to directly drawing with regular pencil on
paper. The drawing was repeated accurately with ruler guidance in orthogonal
directions for three times to obtain a stripe of uniform coating. The first round of the
drawing was carried out in the direction of the fiber orientation in order to prevent
fraying of the paper surface, which would cause a significant reduction in electrical
conductivity of the paper electrodes. The rough surface of the paper allowed
exfoliation and adhesion of the graphitic materials, which resulted in continuous
conducting paths on the surface and offered significant adsorption area for double
layer formation at the same time. The graphite trace was very stable, and it
remained conductive even on bending down to a radius of 2 mm. The obtained
sheet resistance was *2.23 X m−1. To form the supercapacitor, a virgin paper was
sandwiched between two as-prepared conductive paper electrodes. The highly
porous paper substrate served as the separator for the supercapacitor, which prevent
occasional penetration of the deposited graphites and guaranteed rapid diffusion of
ionic species [127]. The resultant supercapacitors demonstrated a high areal
capacitance of 2.3 mF cm−2 and long-term cycling performance. This solvent-free
method is highly scalable, low cost, which can be potentially applied for the fab-
rication of integrated paper-based energy devices.

To control the load content of CNTs on paper, silica was employed as the carrier
[128]. The CNTs were dispersed in the dilute sol and were airbrush sprayed onto
paper surface together. Through the sol–gel process, CNTs were fixed in a thin
silica film continuously coating the cellulose fiber surfaces. The high degree of
connectivity of the stranded structure of the CNTs in the silica films reached a
specific electrical conductivity of 3 � 103 X−1 m−1.

8.7 Conclusions

In summary, the surface modification based on the self-assembly of a great variety
of guest substrates on the fibers in natural cellulose substances sheds a considerable
light on new opportunities for the development of novel nanostructured materials
with tailored functionalities. Versatile guest species such as metal oxides,
nanoparticles, polymers, small molecules, biomacromolecules, and sp2-hybridized
carbons were successfully modified into fibers of the bulk cellulose substances. The
synergetic effects of the natural structural features of the well-maintained unique
hierarchical cellulose networks and the specific properties of the guest substrates
achieve various high functionalities, yielding unique functional materials.
Biomimetic synthetic approaches provide ideal pathways to the fabrication of
functional materials [129–131], where the self-assembly technique has been widely
adopted for this purpose [132–135]. Self-assembly based surface modification in
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cellulose substances demonstrates an effective pathway to combine the physical
features of biological matters and the chemical properties of the guest substrates,
which provides a pathway for the advancement of bio-inspired artificial materials.
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Chapter 9
Directional Transportation of Assembled
Molecular Linear Motors

Ning Zhang and Xiang-Dong Li

Abstract The transport and localization of organelles within a eukaryotic cell are
dependent on a complex network of protein filaments called the cytoskeleton and
the associated proteins, including actin filaments and myosins. Myosin is a
molecular motor which has ATPase activity and is able to convert the energy from
ATP into mechanical movement along actin filaments. To transport cargo efficiently
and to prevent the futile hydrolysis of ATP, the motor activity of myosin must be
tightly regulated. In the past two decades, considerable progress has been achieved
in understanding new myosins and regulatory mechanism of myosin motors. This
chapter will present a general view of myosin family and focus on the structure,
function, and regulation of three myosins, i.e., smooth muscle myosin-2, myosin-5,
and myosin-19.

Keywords Actin � ATP � Molecular motor � Myosin � Regulatory mechanism

9.1 Introduction

The eukaryotic cell has an elaborate internal membrane system, including a number
of functionally distinct membrane-bounded compartments (organelles). Cells use
the cytoskeleton and associated molecular motors to move, position, and segregate
their organelles to ensure their homeostasis [1, 2]. Intracellular transport is an
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important cellular process, which is essential for various cellular physiological
functions including endocytosis, extocytosis, cytokinesis, cell motility, muscle
contraction, movement of mRNA, and organelles. Intracellular transport is
dependent on microtubule-based, long-range movements and actin-based,
short-range movements. The former are driven by kinesin and dynein, and the latter
by myosin. Myosins are actin-based molecular motors which are able to efficiently
convert the chemical free energy of adenosine triphosphate (ATP) hydrolysis to
mechanical force and movement. This chapter will present a general view of
myosin family and focus on the structure, function, and regulation of three myosins,
i.e., smooth muscle myosin-2 (SmM), myosin-5 (Myo5), and myosin-19 (Myo19).

9.2 Structure, Classification, and Function of Myosin

Phylogenetic analysis of the motor domain divided the myosin superfamily mem-
bers into 35 classes [3]. The human genome contains 38 myosin genes, belonging
to 12 classes based on sequence homology of the motor domain and tail domain.
Figure 9.1 shows an unrooted phylogenetic tree and predicted structure of all
myosin encoded by human myosin genes [4].

In general, myosins are composed of three domains. At the N terminus is the
motor domain containing both an ATP-binding site and the binding region for
filamentous actin, linking to a repeated cycle of ATPase activity during its move-
ment along actin filaments. Two surface loops named loop 1 and loop 2 may be
important for both ATP and actin binding. Loop 1 (25–50 kDa) is near the
ATP-binding site: substitutions within this region in myosin-2 have led to alteration
in ADP release rates [5]. Loop 2 (50–20 kDa) has been implicated in myosin–actin
interaction: substitutions within this domain in myosin-2 have resulted in altered
myosin-actin affinity and actin-activated ATPase rates of the myosin [5]. Analysis
of the vertebrate myosin-2 sequences suggested that loop 1 is relatively conserved,
while loop 2 may have a class-specific function [5].

The motor domain is followed by a neck that consists of a variable number of IQ
motifs with the consensus sequence IQXXXRGXXXR, which serve as the binding
sites for light chains of calmodulin (CaM) or the CaM-like proteins. The neck
domain complexed with light chains is also referred to as the lever arm, which is
able to amplify small nucleotide-dependent changes that originate at the active site,
allowing a large power stroke to occur following ATP hydrolysis.

In contrast to the conserved motor domain, the tail domains of myosin are highly
variable. Nearly half of the known myosin classes, including myosin-2, -5, -6, -7, -
8, -14, and -18, contain coiled-coil structures in the tail. Therefore, the myosins in
those classes are predicted to form a homodimer via the coiled-coil structure.
Indeed, biochemical analysis and electron microcopy observation show that some
of those classes, including class-2, -5, -18, form homodimer. On the other hand,
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some classes (e.g., myosin-6 and -7) contain very short coiled-coil structure in the
tail and cannot form stable dimer.

In addition to the coiled-coil structure, a number of class-specific structures are
found in myosin tail regions. For example, SH3 domain which participates in
protein–protein interaction is found in the myosin-1s. MyTH4 domain
(myosin-tail-homology domain 4) and FERM domain are presented in the tails of
myosin-4, -7, and -15. The tail domain of myosin-5 and -11 contain a specific
globular tail domain (named dilute domain). Myosin tail domain not only plays a
role in regulating the function of the motor domain, but also serves as the binding
site for myosin to interact with the cargoes.

Myosin-2 s are a large family of filament-forming conventional myosin which
were discovered over 150 years ago. Myosin-2 is also named as conventional myo-
sins and others classified as unconventional myosins. Myosin-2 is the most abundant
protein in muscles, including skeletal, cardiac, and smooth muscles. In muscles,
myosin-2 together with actin makes up the major contractile proteins. The thick
bipolar myosin filaments and thin actin filaments slide toward each other causing the
muscle contraction. Importantly, myosin-2 also present in nonmuscle cells and
involved in cell migration and control of cell shape [6]. Myosin-2 molecules are

Fig. 9.1 The myosin family tree in humans. The 38 genes encoding myosins in humans are
divided into 12 different classes. To generate the tree, the sequences of the motor domain for all of
these myosins were aligned using ClustalW and the alignment was used to generate a tree using a
maximum likelihood approach (MEGA5.0)
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comprised of three pairs of peptides: two heavy chains of *200 kDa, two 20 kDa
regulatory light chains (RLCs), and two 17 kDa essential light chains (ELCs).

Myosin-1 is the first unconventional myosin discovered in Acanthamoeba
castellanii in 1973 [7]. Myosin-1 is widely expressed in vertebrate tissues and has
eight different isforms which were named as a to h in human [8]. Myosin-1 is a
single-headed molecule containing a motor domain, a neck or lever arm domain
(three or four IQ repeats each of which binds a CaM), and a short tail domain
interacting with phospholipid membranes. Myosin-1 is involved in many cellular
processes, such as the ultrastructure of intestinal microvilli, transcription regulation,
cell adhesion, and so on.

Myosin-5 is one of the most ancient members of the myosin superfamily, dis-
tributing from lower eukaryotes, such as yeast, to vertebrates. Myosin-5 functions
as a cargo-transporting motor, moving various cargoes along actin filaments to the
specific destination in cells. In the Drosophila melanogaster compound eye,
myosin-5 plays two distinct roles in response to light stimulation: transport of
pigment granules to the rhabdomere base to decrease light exposure and transport of
rhodopsin-bearing vesicles to the rhabdomere base to compensate for the rhodopsin
loss during light exposure [9]. In vertebrate, there are three distinct subclasses of
myosin-5, named Myo5a, Myo5b, and Myo5c among which Myo5a is so far the
best characterized in terms of cellular function and molecular regulation. In
mammal, myosin-5 was not only involved in transporting of pigment granules, but
also in the movement of receptors in neurons. Mutations in Myo5a could lead to
Griscellis syndrome and that in Myo5b could cause the retraction of microvillus in
small intestine.

Myosin-6 plays a particularly important role within the cell, as it is the only
myosin moving toward the minus end of actin filament. Myosin-6 exists as a
monomer in isolation; however, cargo binding could induce the formation of
homodimer to fulfill a number of specialized cell biological functions [10].
Myosin-6 participates in the formation of stereocilia in cells of the auditory system
[11], membrane internalization [12], and delivery of membrane to the leading edge
in migratory cells [13]. In humans, defects in myosin-6 also cause deafness and an
inherited form of hypertrophic cardiomyopathy [14, 15]. Importantly, myosin-6 is
dramatically up-regulated expressed in breast, lung, prostate, ovary, and gastre-
sophagus carcinoma cells, therefore, it is regarded as an early marker of cancer
development, aggressiveness, and cancer–cell invasion [13, 16–19].

9.3 Characterization of Myosin

Myosins are molecular machines that convert the chemical energy derived from
ATP hydrolysis into mechanical work such as muscle contraction and cellular
motility. Since the discovery of myosin more than 100 years ago, many techniques
have been developed for myosin research. Here, we will introduce several com-
monly used techniques in characterization of myosin motor.
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9.3.1 ATPase Activity

The most basic characterizations of myosin are the ATPase activity and the acti-
vation of ATPase activity by actin. Myosin motors are mechanoenzymes which can
efficiently convert the energy from ATP hydrolysis to mechanical work, such as
contraction of muscles, the transport of organelles, and the generation of
cytoskeletal tension. Therefore, the motor domain of myosin could be considered as
an ATPase, which works with actin filaments to generate force or movement.

Although myosins share a core of conserved residues in their motor domain,
containing the ATP-binding site and the actin-binding site, their ATPase activities
are quite variable, ranging from *0.13 to *390 s−1 [20]. Several myosins, such as
Drosophila myosin-20, do not have detectable ATPase activity and cannot produce
force or movement [21, 22].

In general, myosin’s ATPase activity is correlated with its motor activity.
Because it is relatively easier to measure the ATPase activity than to measure other
myosin-specific activity, such as in vitro actin-gliding activity, the ATPase activity
is generally used to compare the motor activity of different myosins. For the same
myosin, its ATPase activity is varied under different conditions (i.e., Ca2+ con-
centration, phosphorylation, ionic concentration). It is convenient to use the ATPase
activity as indicator to investigate the regulation of myosin. For example, Myo5a
has higher ATPase activity in the presence of micromolar levels of Ca2+ than in its
absence, indicating that the motor function of Myo5a is activated by Ca2+.

9.3.2 Kinetic Analysis of Myosin ATPase Activity
and Duty-Ratio

Myosins are involved in a plethora of physiological processes with different kinetic
and structural adaptations. However, the rate and equilibrium constants that define
the flux through the kinetic cycle (Fig. 9.2) vary among different myosins. Myosins

Fig. 9.2 Kinetic cycle of myosin ATPase.M myosin, A actin, T ATP, D ADP, Pi phosphoric acid.
The length of the arrow represents the relative rate of the reaction. The main reaction of the kinetic
cycle for myosin in the present of actin was shown in shadow
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alone and myosins bound with ADP have a high affinity for actin, while that bound
with ATP or ADP-Pi have a low affinity.

The duty-ratio is defined as the fraction of the time that a motor domain spends
attached to an actin filament during an ATPase cycle. Myosins with high-duty ratios
can maintain continuous attachment to an actin filament and can move along the
filament on their own (thus processive), whereas myosins with low-duty ratios
usually oligomerize into a large assembly in order to produce continuous motility
(the individual molecules are nonprocessive). The duty-ratio can be calculated
based on the kinetic rates of myosin ATPase.

For most myosin ATPases, the release rates for either phosphate (Pi) or ADP is
the rate-limiting step, which limits the overall ATPase activity and is commonly
associated with transitions between strong and weak actin-binding states. The
rate-limiting step for the ATPase of most myosin-2 is Pi release (k′+3). Thus, those
myosins spend most time during the kinetic cycle in the weak actin-binding state,
thus preventing the interference between the assemble myosin motors. In contrast,
the rate-limiting step for Myo5a ATPase is ADP release (k′+4), and therefore Myo5a
spends most (*70%) of the time to bind tightly to actin. Furthermore, the two
heads of Myo5a are strain-dependent, such that ADP release from the attached
leading head is strongly suppressed as long as the trailing head is still attached to
actin. Those properties enable individual Myo5a to continually move along actin
filaments for several steps.

The rates of phosphate release and ADP release can be directly measured using
stopped-flow apparatus. The rate-limiting step of myosin ATPase can be deter-
mined by comparing the phosphate and ADP release rates with the steady-state
ATPase activity. Moreover, measurement of the steady-state ATPase activity in the
presence of ADP can also indicate whether the rate-limiting step is ADP release or
not. If the rate-limiting step is ADP release, the steady-state ATPase activity will be
strongly inhibited by ADP.

9.3.3 In Vitro Actin-Gliding Assay

The motor activity of myosins can be assessed by an in vitro actin-gliding assay. In
the assay, myosin molecules attached to the glass surface drive the movement of
fluorescently labeled actin filaments (Fig. 9.3). The velocity can be determined by
quantifying the rate of actin filament movement. Because drag force imposed on
actin filament by solution is negligible, this assay can be considered as an in vitro
analog of unloaded shortening velocity in a muscle. The velocities of actin filament
driven by different myosins are quite varied, ranging from *20 nm s−1 (such as
myosin-1) to *60,000 nm s−1 (such as plant myosin-11) [20, 23, 24]. Figure 9.3b
shows the movement of fluorescently labeled actin filaments driven by Myo5a,
which was fixed on nitrocellulose-coated glass.
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In the standard assay, myosin molecules are first attached onto a glass surface of
a coverslip either directly or via a specific antibody which recognizes the tail
domain of myosin, and then fluorescently labeled actin filaments are flowed into the
coverslip. Actin filament movement is observed under an inverted fluorescence
microscope. In addition, several modified in vitro actin-gliding assays have
developed to determine the directionality and processivity of myosin (see below).

Fig. 9.3 The gliding of actin driven by Myo5a. a Diagram of actin-gliding assay. b The
movement of actin filaments driven by Myo5a. The arrows show the change in the position of
Rhodamin phalloidin labeled actin filament. Myo5a was fixed on nitrocellulose-coated glass. The
experiment was conducted in 150 mM KCl. Scale bars, 5 lm
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9.3.4 Single Molecular Motility Assay

The single molecular motility assay is an experiment that investigates the properties
of individual myosin molecules. The single molecular motility assay is conducted
under a total internal reflection fluorescence microscope (TIRFM). By using a
TIRFM, a restricted region of the specimen immediately adjacent to the glass–water
interface (less than 200 nm from the glass surface) is illuminated by the evanescent
field, thus greatly reducing the background noise (Fig. 9.4a).

In a single molecular motility assay, actin filaments and myosin are labeled with
different dyes. In a coverslip, the fluorescence-labeled actin filaments are first fixed
on the surface of the glass via an actin-binding protein or an N-ethylmaleimide-
modified myosin (N-ethylmaleimide modification destroys myosin motor function
but does not affect the actin-binding property of myosin). Myosin molecules which
have been labeled with a fluorescent moiety (such as Alexa-488) or a fluorescent
protein (such as GFP) are then introduced into the coverslip. In the presence of
ATP, processive myosin molecules will move processively along actin filaments.
Figure 9.4b shows the movement of Cy3B labeled Myo5a on Alexa 488-phalloidin
labeled actin filament. Many important parameters, such as step size, run length,
and velocity, can be obtained by analyzing the behaviors of individual myosin
molecules.

Fig. 9.4 The movement of Myo5a on actin filament. a Diagram of single molecular motility
assay. b The movement of Myo5a along actin filaments. The arrows show the position of Cy3B
labeled Myo5a along actin filament. Myo5a was shown in green, while actin filaments were shown
in red. The experiment was conducted in 25 mM KCl. Scale bars, 5 lm
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9.3.5 Processivity

Processivity is the ability of an individual myosin molecule to successively move
along actin track for several steps without dissociating from the track. Thus, a
processive myosin motor is more suitable for cargo transport than the unprocessive
myosin. Nonprocessive myosin motors usually oligomerize into a large assembly in
order to produce continuous motility (the individual molecules are nonprocessive).
Nonprocessive myosins are commonly associated with low-duty ratio, which means
the fraction time it spends in a state of high affinity for actin binding during an ATP
hydrolysis cycle is short. A processive myosin usually is a high-duty ratio motor.

The best way to determine processivity of myosins is using single molecular
assay to directly observe the successive movement of individual myosin molecule
along actin filaments. Another way is analyzing the actin-gliding velocities in the
presence of different densities of myosin molecules. The actin-gliding velocity is
largely independent of the density of processive myosin molecules, but decreases
with that of nonprocessive myosin molecules.

Vertebrate Myo5a is the first identified and the best characterized processive
myosin. Single-molecule study shows that Myo5a walks in a hand-over-hand
mechanism with a 36 nm step size before dissociating from actin [25]. Figure 9.5
shows the pathway of the processive movement of Myo5a along actin. Myo5a
dimerizes to form a two-head motor through its coiled-coil sequences in its tail
domain, allowing the molecule to walk along actin filaments by alternating the
positions of the leading and trailing heads. Long run lengths are achieved by the
two-gated heads: the two heads coordinated with each other by intermolecular
strain to ensure that the leading head does not dissociate prematurely.

9.3.6 Directionality

All subunits in an actin filament point toward the same end of the filament.
Therefore, actin filament has polarity: the end that possesses an actin subunit that
has its ATP-binding site exposed is called the minus end, while the opposite end
where the ATP-binding site is contacts the adjacent subunit is called the plus end. It
is generally believed that most actin filaments have their plus-ends located near the
plasma membrane.

All myosins so far characterized, except myosin-6, move toward the plus end of
actin filament. It is likely that myosin-6 plays a unique role in cells. Structural
analysis and mutagenesis show that a unique insert of *38 amino acids located
between the converter and the lever arm is the sole determinant of directionality
[26, 27].

9 Directional Transportation of Assembled … 213



The directionality of myosin can be determined using a modified in vitro
actin-gliding assay using the actin filaments that are polarity-labeled with different
fluorescent probes [28]. Thus, preparation of the polarity-labeled actin filaments is
crucial for successful determination of the directionality of myosin. The polarity-
labeled actin filaments can be prepared by incubating the fluorescence-labeled actin
filament fragments with G-actin. Those actin filament fragments function as the seeds
in inducing the elongation of actin filaments at the plus-ends.

Fig. 9.5 Pathway of the processive movement of Myo5a along actin filament. 1 Myo5a probably
dwells in a state with ADP bound to both heads. 2 The two heads exert intramolecular strain on
each other, so that ADP is first released from the trailing head. 3 This head subsequently binds
ATP and rapidly dissociates from actin. 4 The attached head undergoes a power stroke, positioning
the new leading head (bound to ADP and Pi) to find a forward binding site via a thermally driven
search. Upon binding to actin, the leading head rapidly releases Pi and establishes a strong binding
conformation, which brings Myo5a to the same state as in 1 but translated forward by 36 nm
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9.4 Smooth Muscle Myosin-2 (SmM)

Human genome contains 13 myosin-2 genes, i.e., seven skeletal muscle myosin-2s,
two cardiac muscle myosin-2s, one smooth muscle myosin-2 (SmM), and three
nonmuscle myosin-2s (Fig. 9.1). Similar to other myosin-2s, SmM is a hexameric
molecule composed of two heavy chains, two ELCs and two RLCs (Fig. 9.6). Each
molecule has two globular head domains that are the sites of enzymatic activity
(i.e., force generation). Within each head the two myosin light chains bind to an
extended a-helix of the heavy chain that functions as a “lever arm” amplifying
small movements generated within the myosin head. Beyond the light chain
domain, the myosin molecule dimerizes by virtue of an a-helical coiled-coil.

Fig. 9.6 SmM structure. a Diagram of SmM structure. b The S2 coiled-coil sequence. The amino
acid residues with arrows in the sequence of the S2 coiled-coil indicate the points of SmM
truncation. The positions of each amino acid residue in the coiled-coil heptad repeats are indicated
by lower case letters a–g in the top line. For clarity, the diagram at the top was not drawn to scale.
Reprinted with permission from Ref. [67]. Copyright 2013, American Chemical Society
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9.4.1 The Key Coiled-Coil Region Stabilizes
the Double-Headed Structures of SmM

SmM molecules form a double-headed structure via the C-terminal coiled-coil of
the heavy chain, and that SmM constructs without coiled-coil, i.e., S1, are
single-headed [29–31]. Previous work showed that the coiled-coil between residues
1025 and 1109 (heptads 25 and 37) are essential for the formation of a
double-headed structure [30, 31]. In those studies, the distinction between a
single-headed and a double-headed structure was based on a single criterion, i.e.,
the migration rate of SmM in native polyacrylamide gel electrophoresis (PAGE).
However, the effect of electrophoresis on the stability of the double-headed struc-
ture of SmM is not known.

We investigated the dimerization of the truncated SmM using three comple-
mentary approaches, i.e., native PAGE, metal-shadowed electron microscopy (EM),
and size-exclusion chromatography (Table 9.1). We found that the coiled-coil
segment of 849–1056 enable SmM to form a stable double-headed structure
(Fig. 9.7). With the shortening of the coiled-coil, the double-headed structure
becomes less stable.

9.4.2 Cooperation Between the Two Heads of SmM Is
Essential for Full Activation of the Motor Function
by Phosphorylation

The motor activity of SmM is activated by phosphorylation of the RLC [32, 33]. In
other words, the unphosphorylated form of SmM is inactive, i.e., it has low
actin-activated ATPase activity and is incapable to move actin filaments in vitro,
whereas the phosphorylated form is active in both respects. Thus, the regulation of

Table 9.1 Percentage of the double-headed structure of SmM constructs

SmM
construct

Native
PAGEa

Electron
Microscopyb

Size exclusive
chromatographyc

Sm-849 0 (4) 0 (269) 0

Sm-923 0 (3) 8.5 (387) 14.7

Sm-993 4.9 ±4.3 (4) 46.5 (318) 24.0

Sm-1028 10.7 ±7.7(4) 64.1 (222) 68.3

Sm-1063 98.4 ±2.0 (4) 96.8 (292) 100

Reprinted with permission from Ref. [67]. Copyright 2013, American Chemical Society
aBased on native PAGE
bBased on electron microscopy
cBased on size exclusive chromatography
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SmM represents two issues: the inhibited state of the unphosphorylated SmM and
the activated state of the phosphorylated SmM.

It is widely accepted that the inhibited state of the unphosphorylated SmM
requires the head-head interaction and the head-tail interaction. Early studies
showed that, in unphosphorylated state, the S1 produced by limited protease
treatment of tissue-isolated SmM has higher ATPase activity than the HMM [29,
34–36]. We investigated the regulation of recombinant SmM having truncated tail.
In the unphosphorylated state, the ATPase activity of SmM increased as the
coiled-coil length shortened (Fig. 9.8). When the coiled-coil was longer than 179 aa
(i.e., for Sm-1028, -1063, -1097, and -1105), the ATPase activity reached the
minimum in the unphosphorylated state. Together with the findings that Sm-1028
formed a labile double-headed structure and that Sm-1063, -1097, and -1105
formed stable double-headed structures (Fig. 9.7 and Table 9.1), these results
indicate that the double-headed structure is essential for the inhibition state of the
unphosphorylated SmM.

Fig. 9.7 Dimerization of the truncated SmM. a Purified SmM constructs were analyzed by
SDS-PAGE and native PAGE. a, b SDS-PAGE shows the components of the purified SmM
constructs. Arrows indicate the RLC and the ELC copurified with SmM heavy chain. c, d Native
PAGE shows the dimerization (single-headed structure vs. double-headed structure) of the purified
SmM constructs. The number below the native gels indicates the estimated percentage of
double-headed structure using densitometry. Reprinted with permission from Ref. [67]. Copyright
2013, American Chemical Society
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On the other hand, it had been quite controversial on the activated state of the
phosphorylated SmM. Sata et al. reported that recombinant S1 has the same ATPase
activity, regardless of the state of phosphorylation, as the phosphorylated HMM
[31]. However, Konishi et al. found that the ATPase activity of recombinant S1 is
substantially lower than that of phosphorylated HMM [37]. We measured the
ATPase activity of the phosphorylated SmM having truncated coiled-coil. Under
phosphorylation conditions, the ATPase activity of SmM decreased as the
coiled-coil length shortened (Fig. 9.8). The ATPase activities of stable HMMs
(Sm-1063, Sm-1097, and Sm-1105) under phosphorylation conditions were sig-
nificantly higher than unstable HMM (Sm-1028, -993, -923) and S1 (Sm-849).

Those results indicate that the stable double-headed structure is essential for the
full-activated state of the phosphorylated SmM, suggesting the cooperation between
the two heads of the phosphorylated SmM. This scenario is consistent with the
results obtained from asymmetric SmM-HMM, which contains a wild-type head
and a mutant head having no motor activity. Under phosphorylation conditions,
asymmetric SmM-HMM has significantly lower ATPase activity and in vitro
actin-gliding activity than the wild-type SmM-HMM [38].

Taken together, the stable double-headed structure is essential not only for the
inhibited state of the unphosphorylated SmM, but also for the full-activated state of
the phosphorylation SmM. Those results indicate that cooperation between the two
heads of smooth muscle myosin is essential for full regulation of SmM by
phosphorylation.

Fig. 9.8 Relationship between the actin-activated ATPase activity and coiled-coil length. The
actin-activated ATPase activities of SmM constructs are plotted against the length of the
coiled-coil, which are 0, 74, 144, 179, 214, 248, and 256 amino acids for Sm-849, -923, -993,
1028, -1063, -1097, and -1105, respectively. Filled symbols are the unphosphorylated conditions;
open symbols the phosphorylated conditions. Reprinted with permission from Ref. [67]. Copyright
2013, American Chemical Society
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9.5 Myosin-5

Myosin-5, a motor protein that transports cellular cargoes toward the plus end of
actin filaments, is distributed widely from yeast to mammals. Vertebrates contain
three isoforms of myosin-5, named Myo5a, Myo5b, and Myo5c [39–41], which are
expressed in different tissues and exhibit distinct cargo specificities. Myo5a heavy
chain contains the N-terminal motor domain, followed by the neck region and the
tail domain (Fig. 9.9a). The motor domain contains the ATP- and actin-binding site
and is capable of converting energy from ATP hydrolysis into mechanical work.
The neck region consists of six IQ motifs with the consensus sequence of

Fig. 9.9 Proposed model for the inhibited state of Myo5a. a Predicted structure of Myo5a based
on its sequence. At the N terminus is the motor domain (MD) containing the ATP and
actin-binding sites. The motor domain is followed by a neck that consists of six IQ motifs, which
act as the binding sites for calmodulin or myosin light chains. The next 500 amino acids are
predicted to form five coiled-coils (C-1 to C-5) separated by several flexible regions. The last 400
amino acids form a GTD. b Proposed structure of Myo5a in the inhibited state. At low Ca2+

conditions, GTD binds to the C-terminal end of the coil-1. The coil-2 to coil-5 region forms a
compact structure that is visualized as a small globular domain. The binding of the motor domain
to the GTD associated at the C-terminal end of the first coiled-coil stabilizes an isosceles triangle
conformation, and prevents the conformational changes of the motor domain during the ATP
turnover cycle; thus inhibiting the ATPase activity of motor domain. The activated state can be
achieved by cargo binding and/or elevation of Ca2+. Cargo binding to the tail domain may interfere
with the interaction between GTD and head, thus disrupting the triangular shape. High Ca2+

stimulates the actin-activated ATPase activity and induces an extended conformation of Myo5a,
presumably through the calmodulin bound to the IQ motifs. Reprinted with permission from Ref.
[49]. Copyright 2006, American Society for Biochemistry and Molecular Biology
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IQXXXRGXXXR, the binding sites for calmodulin (CaM) or CaM-like light
chains. The neck region functions as a lever arm to amplify the small conforma-
tional change in the motor domain into large movement. The tail domain consists of
two distinct regions. The proximal 500 amino acids of the tail form a series of
coiled-coils separated by several flexible regions, and the distal 400 amino acids
form a globular tail domain (GTD).

Vertebrate Myo5a is so far the best characterized motor protein among the
myosin superfamily [42, 43]. One of the most important questions is how the motor
function of Myo5a is regulated. If Myo5a were constantly active, then the high
concentrations of Myo5a found in brain would consume substantial amounts of
ATP. Therefore, it is desirable that the mechano-enzymatic activity of Myo5a is
regulated in vivo.

9.5.1 Tail-Inhibition Model

The ATPase activities of tissue-isolated Myo5a [39, 44] and baculovirus-expressed
Myo5a [45, 46] are well regulated, the ATPase activity of Myo5a being signifi-
cantly increased by micromolar concentrations of Ca2+. Sedimentation velocity
analysis showed that the Myo5a undergoes a Ca2+-induced conformational transi-
tion from 14 S to 11 S (Fig. 9.10) [44–46]. Electron microscopy revealed that at
low ionic strength, Myo5a has an extended conformation in high Ca2+ whereas it
forms a folded shape in the presence of EGTA, in which the tail domain is folded
back toward the head [44]. The conformational transition is closely correlated with
activation of the ATPase activity of Myo5a [45]. On the other hand, truncated
Myo5a without the GTD is not regulated by Ca2+ [47] and does not undergo a large
conformational transition like Myo5a [45, 46].

Fig. 9.10 Effects of Ca2+ on
the ATPase activity and
sedimentation coefficient of
Myo5a. Closed circle
represents the ATPase
activity, while open
triangular represents
sedimentation coefficient.
Reprinted with permission
from Ref. [45]. Copyright
2004, Elsevier Inc
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Based on above findings, the tail-inhibition model for the regulation of Myo5a
was proposed (Fig. 9.9b): Myo5a in the inhibited state is in a folded conformation
such that the tail interacts with the head and inhibits its motor activity; cargo
binding, high Ca2+, and/or phosphorylation may reduce the interaction between the
head and the tail, thus activating the motor activity [44–46]. The tail-inhibition
model is likely conserved among other types of Myo5a. Later studies show that
vertebrate Myo5b and Myo5c and Drosophila Myo5 are also regulated by their tails
in a Ca2+-dependent manner [9, 48].

The GTD is the inhibitory domain of Myo5a, because Myo5a-HMM is inhibited
and folded by exogenous GTD [49, 50]. The strong inhibition of motor activity by
the GTD requires not only the two-headed structure, but also the presence of an
intact first long coiled-coil segment of the tail [49]. The inhibition of Myo5a motor
function by the GTD is very sensitive to ionic strength, suggesting that ionic
interactions play a key role in the interaction between the head and the GTD.
Consistent with this notion, we identified a conserved acidic residue in the motor
domain (Asp136) and two conserved basic residues in the GTD (Lys1706 and
Lys1779) as critical residues for this interaction (Fig. 9.11) [51]. Moreover,
mutagenesis of the yeast Myo5 (Myo2p) shows that spatial and temporal regulation
of Myo5a in vivo by a head-to-tail interaction is critical for the normal delivery
functions of the motor [52].

Fig. 9.11 Model for
interaction between the GTD
and the motor domain of
Myo5a in the post-rigor
conformation. The
GTD-binding pocket consists
of the N-terminal domain
(blue), converter (orange),
and the CaM (cyan) in IQ1.
Subdomain-II (yellow) of the
GTD interacts with the motor
domain. The distances
between the oxygen atom
(O) of D136 in the motor
domain and the nitrogen atom
(N) of K272 and the nitrogen
atom (N) of R343 in
Myo2p-GTD (homolog
residues of K1706 and K1779
in mouse myosin Va,
respectively) are �4 Å.
Reprinted with permission
from Ref. [51]. Copyright
2008, National Academy of
Sciences
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9.5.2 Regulation of Myo5a by Cargo-Binding Protein

Myo5a is responsible for the transportation and localization of a number of vesicles,
including melanosomes in melanocytes (for a review, see [1]). Because the tail of
Myo5a not only functions as a cargo-binding site but also serves as a key regulatory
component of Myo5a, Sellers and colleagues proposed that the binding of cargo to
the tail might activate the motor activity of Myo5a [44]. Consistent with this
prediction, we found that Mlph directly stimulates the actin-activated ATPase
activity of Myo5a [53]. Recently, Trybus and colleagues demonstrated at the
single-molecule level that Mlph significantly increases the number of processively
moving Myo5a molecules [54]. Moreover, structural studies [55, 56] have shown
that Mlph-GTBDP, a 26-residue peptide in the middle portion of Mlph (residues
176–201) binds to a clef in subdomain-1 (SD-1) of the GTD (Fig. 9.12). We found
that Mlph-GTBDP stimulates the ATPase activity of Myo5a by inhibiting the
interaction between the head and tail (Fig. 9.13).

Biochemical analysis and the crystal structures of the Myo5a-GTD/Mlph-
GTBDP complex show that the GTD uses two distinct regions to interact with the

Fig. 9.12 Structural comparison of Myo5a-GTD and Myo5a-GTD/Mlph-GTBDP. a Ribbon
representation of the human Myo5a-GTD structure (PDB ID: 4LX1) showing binding sites for
Mlph-GTBDP, RILPL2-RH1, and Rab11. Te residues mutated in our study are shown as spheres.
b Overlap of the crystal structures of the human Myo5a-GTD (PDB ID: 4LX1) and
Myo5a-GTD/Mlph-GTBDP complex (PDB ID: 4LX2). Te overlap reveals a relatively large
conformation change in the H11-H12 loop upon Mlph-GTBDP binding. Subdomain-1 (SD-1) and
subdomain-2 (SD-2) are shown in green and orange for the apo-GTD and cyan and yellow for the
GTD/Mlph-GTBDP complex. Reprinted with permission from Ref. [68]. Copyright 2015, the
Nature Publishing Group
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head of Myo5a and Mlph-GTBDP. Given the geometry of the GTD and the size of
Mlph-GTBDP, it is unlikely that Mlph-GTBDP sterically blocks the interaction
between the GTD and the head of Myo5a. Instead, it is likely that Mlph-GTBDP
allosterically inhibits the interaction between the GTD and the head of Myo5a, thus
stimulating the ATPase activity of Myo5a.

Fig. 9.13 Mlph-GTBDP stimulates the ATPase activity of Myo5a by inhibiting the interaction
between the head and GTD. a Mlph-GTBDP stimulates the ATPase activity of Myo5a.
Stimulation of the ATPase activity of Myo5a by Mlph-GTBDP was fit to a hyperbolic equation.
b Actin dependence of the ATPase activity of Myo5a in the absence or presence of Mlph-GTBDP.
ATPase assays under EGTA or pCa4 conditions were conducted in the absence or presence of
60 lM Mlph-GTBDP. c Mlph-GTBDP attenuates the GST-GTD-mediated inhibition of
Myo5a-HMM ATPase activity. ATPase assays were conducted in the presence of 40 lM actin
and 0.5 mM GST-GTD. d Mlph-GTBDP inhibits the interaction between Myo5a-HMM and the
GTD. GST pull-down of GST-GTD with Myo5a-HMM was performed in the presence of the
indicated concentration of Mlph-GTBDP. The resulting samples were analyzed by SDS-PAGE
and visualized by CBB staining. Reprinted with permission from Ref. [68]. Copyright 2015, the
Nature Publishing Group
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9.5.3 Ca2+ Regulates Myo5a Motor Function via the CaM
Bound to IQ1

The fact that the ATPase activity of Myo5a is stimulated by micromolar concen-
trations of Ca2+ and CaM binds to IQ motifs of Myo5a heavy chain indicate that
Ca2+ regulates Myo5a function via the bound CaM (Fig. 9.10) [39, 45]. It appears
that activation of ATPase activity of Myo5a by high Ca2+ is correlated with Ca2+-
induced dissociation of CaM from a single specific IQ motif [57]. Several groups
identified the specific IQ motif to be the second IQ motif (IQ2) and proposed that
Ca2+-dependent regulation of Myo5a is via the CaM in IQ2 [47, 58–60]. This
hypothesis seems plausible since the regulation of scallop myosin-2 and smooth
muscle myosin-2 is initiated from the regulatory light chain (a CaM-like light chain)
bound to IQ2 [33, 42, 61]. However, there is no direct evidence to support this
hypothesis.

The ATPase activity of various truncated Myo5a lacking various IQ motifs, was
significantly inhibited by the GTD in the absence of Ca2+, but not in the Ca2+

conditions (Fig. 9.14b1, b2, and b3). By contrast, the ATPase activity of MD is not
inhibited by the GTD regardless of Ca2+ (Fig. 9.14b4). Thus, the CaM in IQ1 is
responsible for the regulation of Myo5a by Ca2+.

We recently determined the crystal structure of Myo5a containing the motor
domain and the IQ1 in complex with Ca2+-CaM (MD-IQ1/Ca2+-CaM). Compared
with the MDIQ1/ELC and IQ1-2/apo-CaM structures, MD-IQ1/Ca2+-CaM displays
a different conformation in IQ1/CaM with little difference in the motor domain
(Fig. 9.15). Ca2+ binding induces the flip-flop of apo-CaM and Ca2+-CaM relative
to the IQ1 (Fig. 9.16). This structural comparison immediately suggests the dis-
sociation of CaM from IQ1 during Ca2+ transition. In other words, the binding of
Ca2+ to apo-CaM in the IQ1 first induces the dissociation of CaM from the IQ1, and
then Ca2+-CaM rebinds to the IQ1. Conversely, the dissociation of Ca2+ from Ca2+-
CaM in the IQ1 first induces the dissociation of CaM from the IQ1, and then
apo-CaM rebinds to the IQ1. However, pull-down assay and single-molecule assay
indicate that neither the binding of Ca2+ to IQ1/apo-CaM nor the dissociation of
Ca2+ from IQ1/Ca2+-CaM is accompanied by the dissociation of CaM from the IQ
motif (Fig. 9.17).

It is likely that an in situ conformational change of CaM occurs during the Ca2+

transition. We proposed that during the Ca2+ transition the C-lobe continuously
associates with the IQ1, and the N-lobe rotates around the IQ1 to bind to the new
position in the IQ1, thus placing the interlobe linker on the opposite side of the IQ1.
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9.6 Myosin-19

Myosin-19 (Myo19) is a vertebrate specific unconventional myosin and is one of
the least studied myosins among the 25 unconventional myosins identified in
human. Based upon the deduced amino acid sequence, it was predicted that Myo19
consists of a motor domain, a neck region containing three IQ motifs, and a short
tail domain (Fig. 9.18a) [62]. Cell biology experiments revealed that Myo19 is
strongly associated with mitochondria and plays a role in the transport of mito-
chondria along actin filament in human cells [63].

Fig. 9.14 Effects of IQ motif deletions on the inhibition of Myo5a ATPase activity by GTD. The
actin-activated ATPase activities of the truncated Myo5a were measured in EGTA (open triangles)
and pCa4 conditions (closed triangles). Reprinted with permission from Ref. [69]. Copyright
2012, the American Society for Biochemistry and Molecular Biology
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9.6.1 The Light Chains of Myo19 are RLC9 and RLC12b

Since CaM is a common light chain bound to the IQ motif of unconventional
myosin identified so far, we coexpressed Myo19 truncated constructs with CaM in
sf9 cells and purified Myo19 with Anti-FLAG agarose. We found that the CaM
copurified with Myo19-1IQ was barely detectable and the CaM copurified with
Myo19-2IQ or Myo19-3IQ was far below stoichiometry. The low-than-expected
amount of CaM associated with Myo19 was not due to insufficient CaM in sf9 cells,
as similar amount of baculovirus encoding CaM was sufficient to saturate six IQ
motifs of Myo5a. Thus, we expected that the light chain other than CaM binds to
the IQ motifs of Myo19.

Fig. 9.15 Structural comparison of MD-IQ1/Ca2+-CaM and MD-IQ1/ELC. a The overall
structure of MD-IQ1/Ca2+-CaM. b An enlarged view of the boxed area in A showing detailed
interactions between the heavy chain and Ca2+-CaM. c The overall structure of MD-IQ1/ELC
(PDB ID code: 1OE9). The structure MD-IQ1/ELC has been superimposed on the motor domain
of MD-IQ1/Ca2+-CaM shown in a. The helices of ELC are colored as CaM in A, except the
corresponding helix C of Ca2+-CaM is spliced into helices C and C′. d An enlarged view of the
boxed area in c showing detailed interactions between the heavy chain and the ELC [70]
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Therefore, we prepared the crude extract of myosin light chains from mouse
kidney and mixed the purified Myo19-2IQ with the crude extract of myosin light
chains from kidney, and re-purified Myo19-2IQ. The re-purified Myo19-2IQ con-
tains two distinct *20 kDa bands in addition to the *17 kDa band. CaM gel shift
assay shows that the *17 KDa band displayed a motility shift in response to Ca2+

during SDS-PAGE, indicating that the *17 KDa band was CaM. Mass spec-
trometry analysis indicates that the *20 kDa bands are the RLCs of nonmuscle

Fig. 9.16 The Ca2+ transition induces CaM to flip-flop around the IQ1. a Views of the structures
of the Myo5a IQ1/apo-CaM (PDB ID code: 2IX7) and IQ1/Ca2+-CaM with the IQ1 superimposed.
The N-lobe and C-lobe of apo-CaM are colored cyan and green, respectively. The N-lobe and
C-lobe of Ca2+-CaM are colored magenta and salmon, respectively. The helices of CaM are
designated A–H. The N terminus of the IQ1 is indicated. Four hydrophobic anchor residues
(Ile773, Ile777, Trp780, and Tyr786) are shown as sticks. Compared with apo-CaM, the N-lobe of
Ca2+-CaM moves *10 Å toward the C terminus of the IQ1. b Views of A with a 90° rotation
around the vertical axis. The IQ1 is in a nearly vertical orientation with its N and C termini at the
bottom and the top, respectively. The interlobe linker of Ca2+-CaM, shown as a dashed red line, is
located on the opposite side of the IQ1 in comparison with apo-CaM [70]
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myosin-2. The upper *20 kDa band is RLC9 and the lower one is RLC12a or
RLC12b. Further studies show that RLC9 binds to the first and the third IQ motifs
of Myo19 and RLC12b binds to the second IQ motif (Fig. 9.18b).

Fig. 9.17 CaM continuously associates with the Myo5a MD-IQ1 during the Ca2+ transition.
a Purified MD-IQ1 bound to anti-Flag beads was washed twice alternately with Ca2+-free (EGTA)
solution and pCa4 solution, eluted by Flag peptide, and subjected to SDS/PAGE analysis (lane 2).
Control samples were prepared similarly except they were washed only with Ca2+-free solution
(lane 1) or with pCa4 solution (lane 3). The protein bands in SDS/PAGE were visualized by
Coomassie blue staining. b The relative ratio of CaM to the MD-IQ1. c Effects of Ca2+ treatment
on the association of Alexa-555-labeled CaM with the MD-IQ1. The MD-IQ1 in complex with
Alexa-555-labeled CaM was introduced into a chamber preabsorbed with Alexa-488-labeled
F-actin and subjected to the following three treatments sequentially: (i) EGTA (rinsing with 50 lL
EGTA buffer); (ii) pCa4/EGTA (rinsing with 50 lL pCa4 buffer followed immediately by 50 lL
EGTA buffer); and (iii) pCa4+TFP (rinsing with 50 lL pCa4 buffer containing 100 lM TFP). The
images (512 � 512 pixels each) of the Alexa-555-labeled MD-IQ1 (green) and Alexa-488-labeled
F-actin (red) after each treatment were recorded. Scale bars, 5 lm. d The number of Alexa-555
fluorescent spots that colocalized with Alexa-488-labeled F-actin after each treatment. Values are
means ± SD of six different images [70]
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9.6.2 Myo19 is a Plus-End-Directed Molecular Motor

Sequence alignment revealed that, comparing with Myo5a, Myo19 contains two
unique inserts in a region of the motor domain known as the converter. It is known
that the minus-end-directed movement of myosin-6 is dictated by a unique insert of
*38 amino acids located between the converter and the lever arm [27, 64].
Therefore, it is of interest to determine the directionality of Myo19 movement.

We found that most of the filaments (>95%) in the presence of Myo19-1IQ
exhibited plus-end-directed movements, similar to that of Myo5a, a known
plus-end-directed motor (Fig. 9.19). These results indicate that Myo19 is a
plus-end-directed motor and the unique insert in the converter of Myo19 plays a
role other than reverse direction of movement of the lever arm.

9.6.3 Myo19 is a High-Duty Ratio Molecular Motor

ADP release from actomyosin is the rate-limiting step for ATP hydrolysis cycle in
high-duty ratio motors, such as Myo5a and myosin-6 [64, 65]. It has been shown

Fig. 9.18 Myo19 structure. a Predicted structure of Myo19. b SDS-PAGE of purified
Myo19-1IQ, -2IQ, and -3IQ coexpressed with RLC9 and RLC12b. Reprinted with permission
from Ref. [28]. Copyright 2014, the American Society for Biochemistry and Molecular Biology
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that the steady-state ATPase activity of Myo5a and myosin-6 are strongly inhibited
by ADP, whereas that of low-duty ratio motor such as skeletal muscle myosin-2 is
only slightly inhibited by ADP [64, 66]. Similar to that of Myo5a but different from
that of skeletal muscle myosin-2, the ATPase activity of Myo19 was strongly
inhibited by ADP (Fig. 9.20a). Moreover, ADP strongly inhibited the actin-gliding
activities of Myo19 and Myo5a, but only slightly inhibited that of skeletal muscle
myosin-2 (Fig. 9.20b).

These results suggest that, similar to that of Myo5a, ADP release is likely the
rate-limiting step in the ATP hydrolysis cycle of acto-Myo19. Therefore, we
measured ADP release rate by following the fluorescence decrease of mant-ADP
from acto-Myo19 upon ATP binding in a stopped-flow instrument. The transient
was best fit to single-exponential kinetics, and the rate of mant-ADP dissociation
was *8 s−1 (Fig. 9.20), which was comparable to the Vmax of the steady-state
ATPase activity, indicating that ADP release is a rate-limiting step in the ATP
hydrolysis cycle of acto-Myo19 and Myo19 is a molecular motor with high-duty
ratio.

Fig. 9.19 Actin-gliding activity of Myo19 and its directionality. The solid line shows a fit to a
single Gaussian curve. a–c Histogram of multimolecular actin-gliding velocity of Myo19 truncated
constructs, i.e., Myo19-1IQ-Avi (a), Myo19-2IQ-Avi (b), and Myo19-3IQ-Avi (c). d, e Direction
of the actin filament translocated by Myo19-1IQ-Avi (d) and Myo5a (e). Actin filaments were
dual-fluorescence-labeled. Plus end was labeled with Alex-488 (dim) and minus end with
Rhodamine (bright). Actin filaments were moved toward the minus end by Myo19-1IQ-Avi and
Myo5a. Reprinted with permission from Ref. [28]. Copyright 2014, the American Society for
Biochemistry and Molecular Biology
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9.7 Concluding Remarks and Future Perspectives

Myosins are involved in a number of cellular pathways within a eukaryotic cell. In
the past two decades, great progress has been made toward understanding the
molecular mechanism of myosin motor. However, many prominent questions
remain to be answered. First, the regulation mechanism of myosin motor function is
far from established. Although in vitro experiments clearly show that Myo5a is
regulated by Ca2+, it is still lack in vivo evident supporting the role of Ca2+ in
regulating myosin motor function. The structure of myosin in the inhibited state
remains to be elucidated at atomic resolution, while the tail-inhibition model of
myosin regulation is generally accepted. Second, it remains to be determined how
multiple myosin motors transport vesicles coordinately. In most cases, a single
vesicle contains ensembles of molecular motors. It is not clear how cargo is

Fig. 9.20 ADP-off is the rate-limiting step for the motor activity of Myo19. a Effects of ADP on
actin-activated ATPase activity of Myo19-1IQ, Myo5a-1IQ, and skeletal muscle myosin S1
(SkM-S1). The inhibition of ATPase activities by ADP was fitted with a hypophobic equation.
b Effects of ADP on actin-gliding activity of Myo19-1IQ, Myo5a, and skeletal muscle myosin
(SkM-M2). Actin-gliding activity was measured in the presence of 500 µM ATP and 0–500 µM
ADP. c, d Dissociation of mant-ADP from Myo19-1IQ (c) and from acto-Myo19-1IQ (d). The
smooth line is the fit to single-exponential kinetics, with Kobs of 13.65 s−1 (c) and 8.37 s−1 (d).
Reprinted with permission from Ref. [28]. Copyright 2014, the American Society for Biochemistry
and Molecular Biology
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efficiently delivered. Third, it is not known how vesicles are transferred from
microtubule-based motor (kinesin and dynein) to actin-based motor (myosin), and
vise verse. The transport of intracellular vesicles is dependent on both
microtubule-based motor and actin-based motor, but little is known about the
underlined mechanism. Above questions could be addressed using single molecular
techniques and cryo-EM. Those experimental information will not only provide a
clearer understanding of the myosin mechanism but also facilitate the application of
myosin motor in nanotechnology.
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Chapter 10
Reconstitution of Motor Protein ATPase

Mingjun Xuan, Yi Jia and Junbai Li

Abstract Molecular motor proteins are amazing biological units that are respon-
sible for the transformation of the chemical or biological components into
mechanical works. These molecular machines express stronger energy conversion
than man-made systems, which inspired scientists to pursue the target of improved
performance of current synthetic devices. Thus, it is significant to explore inter-
esting features of biomolecular motors, and design the novel intelligent platforms
that mixed motor proteins with synthetic materials. Biomimetic molecular assembly
enables the possibility for the in vitro reconstruction of biomolecular motors, fur-
ther provides a variety of functionalized strategies. In this chapter, we gave a
detailed introduction for one of the most familiar biomolecular motors, adenosine
triphosphatase (ATPase), and deepen the understanding of their working mecha-
nism and clarified how to conjugate ATPase with the artificially synthetic materials.
In addition, some promising examples and significant comments were highlighted
to display reconstructed performance of ATPase during this exploring voyage.

Keywords ATPase � Proton gradient � Reconstruction � Magnetic field � Light
intervention � Electric field � ATP synthesis

10.1 Introduction

Biomolecular machines such as myosin, kinesin, dynein, and adenosine triphos-
phate synthase (ATPase) attract great research interests since they were initially
discovered and observed [1–3]. ATPase is a class of biomolecular motor protein
that is extensively present in mitochondria, chloroplast, prokaryotic algae, and
photosynthetic bacterium [4, 5]. ATPase plays a range of fascinating roles in the
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energy metabolism, and is involved in physiological activity, catalytically synthe-
size basic energy unit, adenosine triphosphate (ATP). Various types of energy can
be further generated from the hydrolysis of ATP molecules, and power most cel-
lular motility, intracellular transportation, and physiological metabolic activity in
the living organisms. ATPase has more than 100 types according to their distributed
location and function, and mainly include Ca2+-ATPase, H+/K+-ATPase, H+-
ATPase Na+/K+-ATPase, Mg2+-ATPase, Zn2+-ATPase, and so on [6–8]. These
types of ATPases display great contribution in the exchange and transportation of
various ions in biological entities, importantly balance the ion homeostasis in the
intracellular organelles.

Proton-pumping ATPase is an energy-linked enzyme and can be responsible for
the regulation of proton concentration, and play important role in phosphorylation.
As the transmembrane protein, ATPase is served as a smart channel in biological
membrane that the proton can go through [9]. The proton stream can trigger the
conformational change of ATPase to spin, achieving energy conversion from the
chemical energy into mechanical work [10]. Many researches demonstrate that
energy-linked ATPase enzyme can be magically separated from biological entities
and be incorporated into the synthetic systems for the improvement of their bio-
mimetic properties [11]. Integration of photoactive components into ATPase-based
system could endow the biohybrid materials with the function of light harvesting
property and further energy conversion, resulting in the fabrication of
light-responsive devices [12]. The ATPase incorporated synthetic materials own
several inherent properties like the biological unit. Compare with the traditional
materials, these novel biohybrid systems display amazing high-efficiency because
of the introduction of natural components.

Miraculous structures in nature show their great interesting points, and exhibit
much smarter than man-made materials. Actually, bionics not only promotes people
to study the nature, but also enable the natural components to participate in the
construction of hybrid materials [13]. In the microworld, these structures have their
own advanced functions and elegant properties. Over past twenty years, scientists
have devoted many efforts to develop novel biomimetic systems [14]. Several
hybrid platforms made of synthetic materials and bioactive units have been pre-
sented, and they have significantly achieved the breakthrough on the modification
and functionalization of traditional materials. In this chapter, we mainly focus on
how to reconstitute F-type ATPase-based structures and explore their biomimetic
performance in vitro. Molecular assembly of bionics has been proved quite useful
in the design and preparation of functional bioengineered materials. This approach
has great potential for the assembly of structured materials, and develops several
assembled mechanism based on electrostatic interaction, hydrogen bond, covalent
bond, and metal coordination [15]. The natural biomacromolecules extracted from
biological entities significantly inspire the design of biohybrid materials and opti-
mally integrate the biological properties with the synthetic materials. The appear-
ance of ATPase enzyme-based hybrid materials meets the current energy topics to
design the novel energy-linked materials and devices, significantly open a new
perspective to perform the energy capture and further conversion.
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10.2 ATPase Family: Types, Structure, and Components

ATPase is a class of transmembrane proteins made of several structured subunits,
and widely exists in the living organisms [16]. According to the distribution, these
types of ATPase are given peculiar properties and specific functions, and are
responsible for the various ions transport and exchange, biological signal trans-
mission, and energy transduction [17]. In cellular physiological process, ATPase
enables many necessary metabolites for cellular metabolism to import, simultane-
ously take charge of the export of toxins and wastes. Such a kind of protein-based
biomolecular machines are of vital importance in the biological entities. ATPase is
a big family and has its own category, and can be systematically divided into three
types: P-type ATPase, V-type ATPase, and F-type ATPase (Table 10.1).

P-type ATPases are a large group of evolutionarily related pumps to transport
ions that widespread across many biological entities from bacteria to human, mainly
reside in bacteria, fungi, archaea, and eukaryotic plasma membrane and organelles
[18]. At present, P-type ATPases including more than 20 different types of struc-
tures have been discovered [19]. All P-type ATPases have a central domain with
a-helical structure and perform the transportation of many metal ions (Mg2+, Ca2+,
Na+, K+, Zn2+, Cd2+, Cu+, Hg2+) [20–25]. During the process of cations across the
entire membrane, P-type ATPase uses its own two conformational regiments, called
E1 and E2, to maintain the electrochemical gradient [26]. The generated confor-
mational change effectively regulates the ions stream, significantly prevents the
formation of back-flow state when the membrane opens the channel for ions to go
through. Actually, the ions transportation process is accompanied with the energy
consumption due to the change of conformational regiments that are triggered by
the ATP hydrolysis. The P-type ATPase acts a smart housekeeper in the regulation
of ions transportation during transmembrane behavior.

As one of the membrane-associated enzymes, vacuolar-type H+-ATPase
(V-ATPase) plays an important role in a series of vesicles-mediated physiological
activities [27, 28]. V-type ATP is a multimeric complex-like enzyme with
remarkably diverse features and functions that resides in eukaryotic organisms and

Table 10.1 ATPase system

Main types Category Distribution Driving force

P-type ATPase
(E1E2-ATPase)

Ca2+-ATPase
H+/K+-ATPase
Mg2+-ATPase
Cu+-ATPase
Zn2+-ATPase
Na+/K+-ATPase

Bacteria, fungi, archaea,
eukaryotic plasma membrane
and organelles

ATP hydrolysis

V-type ATPase
(V1V0-ATPase)

H+-ATPase Eukaryotic vacuoles ATP hydrolysis

F-type ATPase
(F1F0-ATPase)

ATP synthase
(H+-ATPase)

Mitochondria, chloroplasts,
bacterial plasma membranes

Proton gradient
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their organelles [29]. In the eukaryotic cells, V-type ATPases are energy-consumed
proton pumps and are responsible for the acidification of cellular interior and the
proton across the plasma membrane. During the proton delivery, ATP hydrolysis
miraculously triggers the rotation of V-type ATPase to form a proton gradient,
effectively regulates the pH value in the intracellular compartment and vesicular cell
organelles [30]. V-ATPases are mainly composed of two structured parts, V1

domain and V2 domain [31, 32]. The V1 domain contains eight different subunits
that are responsible to propel the rotation of V-type ATPase via ATP hydrolysis.
The V0 domain has six different subunits that can transport protons to pass the
membrane. Moreover, plasma membrane-associated V-type ATPase can be
employed to participate in the type identification for various cells [33]. The subunits
of the V-ATPase reside in certain cells that have a tissue-specific manner to express,
resulting in the given information for the detection of cell types. Several exampled
cells such as macrophages, tumor cells, osteoclasts, and insect goblet cells can be
exactly distinguished because of that they have specific functions and process in the
renal acidification, pH homeostasis, and tumor invasion.

F-type ATPases are usually known as the F0F1 ATPase, and also called ATP
synthase (ATPase for short in the following text) or proton-translocating ATPase
[34, 35]. ATPases are extensively found in chloroplast thylakoid membrane,
mitochondrial inner membrane, and bacterial plasma membrane [36]. F-type
ATPase is an energy-linked enzyme coupled with oxidative phosphorylation that
perform fantastic task to produce the energy molecule, ATP, for cellular con-
sumption [37]. Compared with P-type ATPase and V-type ATPase, F-type ATPase
transports proton through the generated proton gradient across the biological
membrane. More importantly, there is no energy consumption during transport
process. Upon the electrochemical gradient, the rotation of ATPase is immediately
triggered as the form of mechanical work, meanwhile starts the proton flux delivery.
In exceptional circumstances, ATPase also can reversely rotate when the ATP
concentration outside of membrane is pretty high [38]. In some bacteria, sodium
ions can be instead of proton as the “fuel” to drive the rotation of ATPase [39].

Similar to V-type ATPase, F0F1 ATPase is also a transmembrane protein
composed of two separate domains, extrinsic portion F1 and transmembrane portion
F0 (Fig. 10.1a) [40]. F1 portion is a stator constructed by five subunits, a, b, c, d,
and e, which have many catalytic sites that are responsible for the ATP synthesis or
ATP hydrolysis. F0 portion is a hydrophobic membrane-bond part across the bio-
logical membrane that contains three subunits named a, b, and c, and regulate the
proton flow to start the rotation. The two portions are connected together by the
bridge of central stalk (c and e). During the ATP synthesis, this rotary protein motor
effectively transfers adenosine diphosphate (ADP) and phosphate into ATP mole-
cules, exhibits marvelous conversion efficiency compare to the current man-made
machines. The proton flows generate an electrochemical gradient through F0 por-
tion that drives rotation of the F0 portion and the connected stalk (Fig. 10.1b),
inducing the conformational changes of F1 portion that drives the catalytic synthesis
of ATP [41]. Remarkably, this complicated enzyme can also perform ATP
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hydrolysis to drive the reverse rotation that pumps proton against the electro-
chemical gradient.

There are a lot of ATPases enriched in the thylakoid membrane of chloroplast
and inner membrane of mitochondria. As energy-linked protein, ATPase not only
participate the oxidative phosphorylation, but also carry out the conversion between
chemical energy and mechanical works. In the plant cells, ATPase mainly couple
with photosynthesis proteins to achieve various tasks or assistant process, such as
ATPase synthesis, water photolysis, proton delivery, and electron transfer [42].
Mitochondria are the energy factory that possess high density of ATPase, and
conduct the continuous ATP synthesis for the energy supply in cells [43]. Some
prokaryotic algal and photosynthetic bacteria also can use their own ATPase to
acquire the energy and further conversion [44].

10.3 In Vitro Assembly of ATPase Enzyme Mediated
Devices

The bionics has been proved helpful since it was used to manufacture
nature-designed structures. The biomimetic concept is not only learning from
nature, but also inspire scientists employ the natural components to modify and
improve the current assembled systems [45–47]. Recently, many reports talk about
how to fabricate the biohybrid materials and devices composed of the naturally
biological units and artificially synthetic systems. These introduced biological units
have eye-catching work efficiency and favorable biocompatibility, which can sig-
nificantly enhance the performance of traditional biomimetic materials and devices.
Inspired from this, ATPase enzymes possess great potential to participate in the
fabrication of rotation-based nanomachines. The scientists significantly introduce

Fig. 10.1 The schematic structure of a F0F1-ATPase and b the rotary proton channel (F0 portion)
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ATPase enzyme as the rotary motor to couple with several synthetic structures and
achieve the biological components triggered rotation.

10.3.1 The Rotation of ATPase

ATPase is a motor protein with great investigation in detail, which has well defi-
nition in structure information and rotary mechanism. In 1997, Noji et al. [48] split
F1F0-ATPase into two parts, and retained the F1 portion composed of c subunit and
ab-hexamer. Subsequently, the bare c subunit is coupled with streptavidin-
conjugated actin filament, and the opposite side of ab-hexamer is immobilized on
the substrate by His-Tag (Fig. 10.2a). In the presence of ATP molecules,
F1-ATPase starts to hydrolyze ATP due to no proton channel (F0 portion) and no
proton concentration gradient (Fig. 10.2b). Thus, the fluorescent actin filament can
spin because of that generated energy of ATP hydrolysis drives the rotation of c
subunit.

View from the membrane side, the filament is rotated in an anticlockwise
manner more than 100 revolutions (Fig. 10.2c). This is the first time to use F1-
ATPase motor for powering the rotation of employed structure, and also achieve the
direct observation of single ATPase rotation. This approach opens a bright research
aspect for biomolecular motor, and inspires the scientists devote many efforts to
deeply investigate the rotary behavior of ATPase-based synthetic devices.

Fig. 10.2 a The schematic diagram of F1-ATPase powered rotation of actin filament. b The
crystal structure of F1-ATPase. c The time-lapse images of the rotating actin filament. Reproduced
with permission from Ref. [48]. Copyright 1997, Nature Publishing Group
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To use the rotation torque generated by ATPase, many synthetic nanoengineered
structures have been introduced in this rotary platform for the further investigation.
Several biohybrid nanodevices based on F1F0-ATPase which are sequentially
developed and fabricated, and significantly promote the progress of molecular
machines. Emergent fabrication techniques enable the desired structure feasible to
acquire, for example, Soong et al. [49] prepare F1-ATPase-based rotator
(Fig. 10.3a). This rotary nanodevice is immobilized on the Ni post. The Ni rod as
the nanopropeller is assembled on the c subunit side of ATPase via specific con-
jugation of biotin-streptavidin. Subsequently, ATP generated assay is immediately
added to power the rotation of this nanodevice. To simplify the modified process of
ATPase motor, the attached nanopropeller is directly conjugated on the bottom of
F0 portion without dismantling any accessories of ATPase motor (Fig. 10.3b) [50].
The ab-hexamer side is still connected with the substrate by His-Tag. Accompany
with ATP molecules, this F1F0 ATPase exhibits graceful rotary performance in
powering inorganic propeller.

In the previous study, the rod-like structures play important role on the act of
attached propeller. Meanwhile, some other types of fantastically employed struc-
tures have been used to couple F1-ATPase, such as gold nanoparticle, dimeric
particles and DNA double-strand linked gold nanorod [51–56]. These featured
propellers equipped ATPases can be performed for further mechanical exploration
and special tasks. As Fig. 10.3c shown, this rotary nanodevice performs the max-
imum work per 120° step, which is approximately equal to the thermodynamical
maximum work that can be extracted from a single ATP hydrolysis under a broad

Fig. 10.3 ATPase enzyme as rotary motor for powering synthetic architectures. a Nickel rod.
b Actin filament. c Dimeric particles. d DNA double-strand conjugated gold nanorod

10 Reconstitution of Motor Protein ATPase 243



range of conditions [55]. During the reversible rotation, the external torque and the
chemical potential of ATP hydrolysis are both precisely controlled by the discrete
120° steps. Furthermore, the ATPase motor can also couple with double-strand
DNA to develop the rotary biosensor. DNA double stranded is connected with the
F1-ATPase to form a biosensor for the detection of the specific bridged gold
nanorods (Fig. 10.3d), which enable the sensitive discrimination depend on the
rotation, resulting in the sensitive limitation of one zeptomole [56]. Thus, these
rotary nanodevices based on the manipulation of propeller components and con-
jugated technology can help to develop novel features of rotary nanodevices and
enhance their complexity and functions, as well as inspire many biological
applications.

10.3.2 ATP Synthesis in ATPase Incorporated Liposomes

Since the investigation of protein motors, F1F0-ATPase is the most familiar motor
because of specific feature and structure. Due to proton gradient-responsive rota-
tion, the ATPase motors have been employed to perform miraculous rotation
through conjugating with the biomacromolecules. Liposome is a classical vesicle
that can be composed of several polymers and lipids [57], and have well bio-
compatibility for the hybridization with the ATPase. Usually, an enclosed space is
formed by liposomes to generate the proton gradient for the activation of ATPase
rotation. Like the biological membrane in cells, the naturally isolated space is
formed by lipid membranes, and effectively provides the proper condition for the
generation of proton gradient. To construct biomimetic membrane, an artificial
vesicles made of lipid mixture, porphyrin-naphthoquinone molecular triad (1,
C-P-Q), and lipophilic quinone (Qs) is prepared and used for the incorporation of
ATPase (Fig. 10.4a) [58]. This proton-pumping photocycle system can perform the
photon-induced electron transfer and proton delivery in liposomes in the presence
of visible light, resulting in the proton gradient for the ATP synthesis.

All F-types ATPase have the specific properties in transmembrane function and
proton delivery, generating the proton gradient to produce ATP molecules.
A designed 120 nm liposome is composed of phosphatidylcholine and 5 mol%
phosphatidic acid. Each liposome contain 1.3 � 105 lipid molecules, valinomycin
(*800 molecules), and one F1F0-ATPase from chloroplast (Fig. 10.4b) [59]. This
chemiosmotic model system significantly demonstrates the scientific relationship
between H+/ATP ratio and Gibbs free energy of ATP synthesis as a function of the
changed pH and transmembrane electrochemical potential, and calculates the
standard Gibbs free energies of ATP synthesis is 37 ± 2 kJ/mol (pH 8.45) and
36 ± 3 kJ/mol (pH 8.05), respectively.

Liposome-based sealed-cavity provides ideal research model to form the proton
gradient, and play important role in the reconstitution of ATPase enzyme due to
well biocompatibility. These amphipathic molecules not only form the hermetic
structure for themselves, but also can be employed to encapsulate other materials
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for the regulation of proton concentration. With the development of biotechnology,
several bioactive molecules could be introduced to enhance the diversity of ATPase
mediated liposomes, such as functional proteins, polysaccharide, polymers, and
DNA molecule. Many controllable mechanisms could be used to adjust perme-
ability of biomembrane, and control the transmembrane behavior of the protons.

10.3.3 ATPase-Linked Polymeric Structures

Due to rapid development of modern biotechnology and nanoscience, it is possible
to design and fabricate biohybrid functional materials. Layer-by-layer
(LbL) assembled capsules are promising candidates and draw much attention in
constructing hybrid systems [60–64]. LbL assembled capsules with adjusted size,
shape, wall thickness, and permeability were prepared by alternative assembly of
multilayer materials on particle templates and subsequently dissolving core tem-
plates [65, 66]. The hollow structure endows the assembled capsules to be an ideal
transporter for diverse cargos, such as DNA, proteins, and drug molecules [67].
Because of the above remarkable advantages, it is expected that the assembled
capsules can be considered as functional container to reconstitute rotary
motor-based biomimetic systems.

In 2007, Li et al. firstly report the LbL assembled polyelectrolyte microcapsules
coated by ATPase incorporated lipid bilayers that is used for ATP synthesis [68].
Compared to the previously reported strategy, this lipid membrane modified
microcapsules provide an approach to simulate the real cell membrane, and also

Fig. 10.4 ATPase enzymes incorporated vesicles for ATPase synthesis. a ATP production in
C-P-Q molecules-based artificial photosynthetic membrane. b A chemiosmotic system for ATP
synthesis
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make the design and application of new biomimetic structural materials to be
possible. As a membrane protein, F0F1-ATP synthase has been successfully
reconstituted in the liposomes to build biomimetic membrane systems (Fig. 10.5a)
[68]. The F0F1-ATP synthase hybrid LbL assembled poly(allylamine hydrochlo-
ride) (PAH)/poly(acrylic acid) (PAA) microcapsules are employed to simulate ATP
biosynthesis process in the living cells. The proton gradient can be generated by the
change of pH values, which plays a key role to generate ATP molecules and also
decide the rate of ATP synthesis. ATP generating behavior in real cells can be
simulated and reproduced by combining ATPase with the proton gradient.
Consequently, F0F1-ATP synthase hybrid microcapsules can retain the biological
activity of F0F1-ATPase, indicating that many other bioactive membrane-bound
proteins can also be reconstituted using this method.

Glucose is always used in F0F1-ATPase microcapsules to obtain continuous
proton gradient for ATP generation by the enzymatic catalysis of glucose oxidase
(GOD) [69, 70]. The oxidation of glucose can produce gluconic acid and generate a
proton gradient. Thus, the proton gradient can be maintained for a longer time by
adding glucose and sustaining drives the biological synthesis of ATP molecules
from the microcapsules. The microcapsules with ATP generation that are assembled

Fig. 10.5 The reconstitution of ATPase in the LbL assembled polymeric structures. a The F0F1
ATPase in lipid-coated PAH/PAA microcapsules for ATP synthesis. b The reconstitution of F0F1-
ATPase in lipid-coated Hb microcapsules. c GOD loaded polymeric microcapsule as the bioreactor
for ATP biosynthesis. Reprinted with the permission from Ref. [72]. Copyright 2013, American
Chemical Society; d ATPase incorporated polymeric nanoporous films for pH-responsive ATP
synthesis. Reprinted with the permission from Ref. [73]. Copyright 2011, Royal Society of
Chemistry
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by glutaraldehyde (GA) cross-linked hemoglobin (Hb) and F0F1-ATPase
(Fig. 10.5b) [71]. Proton gradient between the interior and exterior of the F0F1-
ATPase-microcapsule is generated by adding glucose and GOD solution, and it
promotes the rotation of ATPase and induces the synthesis of ATP. To acquire the
continuous proton gradient across the microcapsules, GOD as building block is
directly used to fabricate F0F1-ATPase incorporated microcapsules. Once the glu-
cose is injected, a proton gradient between the inside and outside of microcapsules
is continuously generated by the catalytic hydrolysis of glucoses. This approach
reveals that the amount of ATP production was continuously increased along with
the continuous proton gradient. In other case, polymeric microcapsules can con-
tribute their hollow structure to load GOD molecules that instead of being as the
assembled materials (Fig. 10.5c) [72]. In addition, the two-dimensional polymeric
film can also be incorporated with F1F0-ATPase to perform ATP synthesis
(Fig. 10.5d) [73]. This smart film can effectively generate the proton gradient
according to the manipulated pH value of two separated sides, resulting in the
activation of ATP synthesis.

Hence, these rotating biological molecular motors, F0F1-ATPase, which can be
assembled in the lipid membrane-coated microcapsules or two-dimensional film.
Due to a proton gradient generation, the process of ATP production can be suc-
cessfully performed. It is possible to use F0F1-ATPase-based systems for the
storage of ATP and provide biological energy on demand.

10.4 External Field Modulated ATP Synthesis

ATP molecule is the basic energy unit in the biological entities, which enables
physiological activity work on the regular running mode. The ATPases are a type of
smart system in the biological entities and know how and when to start ATP
synthesis or ATP hydrolysis on their own benefit. However, a critical issue gets
great concern is how to control the in vitro performance of ATPase on demand.
Rapid development of nanotechnology provides it possible to achieve the fabri-
cation and manipulation in micro/nanoscale, and highly meet the requirement of
ATPase modification and functionalization. Unlike in vivo, in vitro assembly of
ATPase is not smart enough, resulting in that many driven mechanisms are used to
regulate work performance of ATP synthesis. Currently, several external fields such
as the magnetic field, light, and electric field, that promise an untouching approach
to trigger on/off the ATP synthesis. This is really favorable to preserve the bioac-
tivity of ATPase proteins. More importantly, it is a simple and valid method to
achieve precisely remote manipulation.
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10.4.1 Magnetic Field-Driven ATP Synthesis

Magnetic field is a most common phenomenon generated by the permanent magnet
or electromagnetic effect. This inspires the fabrication and development of several
magnetic materials composed of elements Fe, Co, and Ni, further develops the
magnetism-responsive telecontrolled manner. Thus, scientists use magnetic field to
propel the rotation of ATPase and produce ATP molecules [74–78]. During whole
process, there is no proton gradient across the ATPase motor, and directly achieve
the transfer from mechanical rotation into chemical energy.

Similar to the up-mentioned ATPases-powered rotator and propeller, ATPases
are upside-down immobilized again on the substrate by His-Tag conjugation.
Subsequently, many structured magnetic materials such as particle, dimeric particle,
and rod, were conjugated on the side of c subunit via biotin-streptavidin-biotin
approach. The magnetic particle modified F1-ATPase can be rotated by using six
steerable electromagnets, achieving a modulated ATP synthesis (Fig. 10.6a) [79].
In physiological conditions, ATP synthesis is an energy-consumed reaction that
requires 80–100 pN nm energy. Using external magnetic field trigger ATPase for
ATP synthesis that needs only about 30 pN nm of free energy to produce one
molecule ATP because of no external energy consumption in local medium.
Compared with the magnetic field manipulated by magnet, magnetic tweezers have
better performance in flexible operation and high precision. The single-molecule
manipulation and micromanufacture are integrated together to study the
mechanochemical transformation of this system. The magnetic bead modified F1-
ATPase is immobilized in femtoliter-sized hermetic chamber to synthesize ATP by
using the rotating magnetic field (Fig. 10.6b) [80]. A clockwise rotating magnetic
tweezers can trigger the ATP synthesis as usual. Interestingly, the “switch off”
magnetic tweezers can immediately end the rotation, and induce ATPase rotate in
anticlockwise to perform ATP hydrolysis due to high concentration of ATP
molecules. It demonstrates that the “switching on/off” ATP synthesis/hydrolysis of
ATPase motors can be flexibly regulated by the manipulation of magnetic tweezers.

Magnetic field manipulated rotation also provides a strong tool to study bio-
logical behaviors or processes of ATPase during ATP hydrolysis. Inorganic
phosphate (Pi) release, ADP release, and ATP binding are the important status and
independent processes, respectively. The single-molecule imaging technology can
directly observe the conformational change of ATPase to elucidate the above-
mentioned status. Scientists use the fluorescence-marked ATP molecule to research
what happen in ATP hydrolysis process (Fig. 10.6c) [81]. To develop and improve
this rotary nanosystem, many efforts have been devoted to fabricate series of
magnetism-responsive propellers for the rotatory motors. A designated propeller is
assembled by plastic bead and Au capped Ni rod which is connected on the side of
c subunit (Fig. 10.6d) [82]. Compared with other conjugated structures, this
specific propeller can significantly enhance the resolution of rotary ATPase motor,
and provide a strategy for the research of torque behavior during ATP synthesis.
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The magnetic field propelled rotation of ATPase enzyme significantly achieves
the regulation of ATP synthesis. More importantly, rotary process of ATPase
enzyme can be successfully operated in clockwise or anticlockwise without proton
gradient, resulting in a controlled transform between ATP synthesis and ATP
hydrolysis. With the development of biotechnology and nanotechnology, high
precise manipulation in single molecule gives the design sparks of diverse nanos-
tructures for conjugation of ATPase rotary motor, and enables the energy conver-
sion from mechanical rotation into chemical power.

Fig. 10.6 The magnetic field triggered “switch on/off” ATP synthesis. a Magnetically driven
rotation of F1-ATPase for ATP synthesis. Reprinted with the permission from Ref. [79] Copyright
2004, Nature Publishing Group; b Rotary magnetic tweezers manipulated ATP production.
Reprinted with the permission from Ref. [80]. Copyright 2005, Nature Publishing Group; c Rotary
magnetic field mediated approach for the behavior research of ATP hydrolysis. d The torque
composed of plastic bead-connected Ni rod for the magnetically manipulated rotation. Reprinted
with the permission from Ref. [82]. Copyright 2010, American Chemical Society
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10.4.2 Light Triggered ATP Synthesis

Sunlight plays an irreplaceable role in the living organism [83]. In the living plant
cells or photosynthetic bacterium, ATP synthesis can be intelligently regulated by
sunlight. Inspired by chloroplasts, several light-responsive proteins and enzymes
are introduced to couple with ATPase for the controlled performance of ATP
synthesis. Currently, many novel materials exhibit light-responsive behavior upon
given wavelength, such as ultraviolet light, visible light, and near-infrared light
[84–86]. Reconstituting smart platforms in vitro to simulate the natural biological
process is very important to deeply understand the mechanisms of photosynthesis,
and develop biomimetic materials.

To achieve the “on-demand” ATP synthesis and rotation, many efforts have been
devoted to design the “open/close” feature of ATP synthesis for ATPase assembled
architectures [87–90]. Photosynthesis in green plants can regulate ATP synthesis in
the presence of light. Inspired by this, a light-induced ATP synthesis process is
reconstructed by using a multiprotein inlaid polymersome system (Fig. 10.7a) [91].
ATP molecule is generated by coupled reactions between light-responsive bacte-
riorhodopsin (BR), transmembrane proton pump, and F0F1-ATPase, reconstituted
in polymersomes. These inserted BR protein provide a light sensitive channel for
the regulation of proton concentration in polymerliposome, resulting in the rotation
of ATPase to produce ATP. This artificially hybrid proteopolymersome have great
potential application in several fields ranging from the investigation of cellular
physiology to the synthesis and assembly of bioinspired materials.

To acquire the enhanced ATPase synthesis in vitro, Montemagno and coworkers
present an in vitro artificial photosynthesis platform that conjugates the necessary
enzymes of theCalvin cyclewith a nanosize photophosphorylation system engineered
into a foam architecture by using the Túngara frog surfactant protein Ranaspumin-2
(Fig. 10.7b) [92]. This unique protein allows lipid vesicles and the coupled enzyme to
concentrate in the microscale interlaced foam nets, which transforming the
photon-derived chemical energy into carbon fixation and sugar production.
Light-induced ATP synthetic process usually occurs in the thylakoid membrane of
green plants. A light sensitive protein, photosystem II (PSII), is employed to construct
F0F1-ATPase inserted proteoliposome-coated PSII-based microspheres by using
molecular assembly approach (Fig. 10.7c) [12]. Upon light illumination, PSII can
split water into protons, oxygen, and electrons and can generate a proton gradient for
ATPase to produce ATP. This biomimetic platform gives a strategy to simulate the
photophosphorylation process, and may facilitate the development of ATP-driven
devices by remote light control. In addition, ATPase-based rotary system can be used
in the biomedical aspect. This assembled rotary platform can be introduced to enhance
thrombolysis along with the urokinase against the thrombus [93]. The d-subunit-free
F0F1-ATPase motor is obtained by reconstructing an original chromatophore, which
is extracted from Rhodospirillum rubrum. The removal of d-subunit-free aims to
enhance the rotation of F0F1-ATPase motor. Upon the light illumination, the photo-
synthesis center triggers the generation of proton that results in the rotation of ATPase
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motor protein. After the targeting modification of anti-fibrinogen antibody, this
ATPase-based nanodevice can act as a drill to mechanically destroy the thrombosis.
Along with the urokinase, the introduced ATPase significantly accelerates the dis-
solution of thrombus in the presence of light.

Like the manipulation of magnetic field, light-induced ATP synthesis is a bio-
logical friendly approach that has the flexible controllability and high precision in
manipulation. This strategy uses remote control to trigger on/off the rotation of
ATPase enzyme without needing close contact. Significantly, it could remain the
bioactivity of ATPase enzyme and enhance their work performance in vitro. The
light triggered rotation of ATPase opens a door to regulate molecular machine for
ATP synthesis, and devotes great contribution to develop the light-responsive
materials and nanodevices.

Fig. 10.7 Light triggered the rotation of ATPase enzyme for ATP synthesis. a Bacteriothodopsin
(BR) mediated ATP synthesis in the presence of light. Reprinted with the permission from Ref.
[91]. Copyright 2005, American Chemical Society; b Ranaspumin-2 protein-based light-to-
bioenergy converted platform. Reprinted with the permission from Ref. [92]. Copyright 2010
American Chemical Society; c Lipids-photosystem II-CaCO3 particle for the light-responsive
ATPase synthesis. Reprinted with the permission from Ref. [12]. Copyright 2016, American
Chemical Society
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10.4.3 Electric Field-Driven ATP Synthesis

In 1976, the first demonstration reports that an external electric field is used to
impact the thylakoid membranes in the presence of ADP and 32Pi and results in the
formation of 32P labeled ATP molecules [94]. Usually, the reconstituted ATPase
structures for ATP synthesis are reported by the assembled approach. External
electric field-driven ATP synthesis has both high time resolution and a flexible
control across the membrane potential [95, 96]. Thus, it is a valid strategy for
ATPase to investigate the kinetic behavior and energy conversion in the presence of
external electric field.

Proton-driven rotary molecular motors can use potential energy generated by
proton flux as the driving force. The transmembrane behavior of protons could
produce electric potential gradient on both sides of the membrane. Proton delivery
through the membrane is dependent on the F0 portion of F1F0-ATPase, inducing the
rotation of ATPase motor. Usually, F0 portion contains a-subunit, b-subunit, and
c-subunit. The ring-like c-subunit is responsible for the channel of proton trans-
portation across the membrane that bridges the high potential and low potential
(Fig. 10.8a) [97]. The generated potential gradient can generate a motive force to
start the rotary transportation of proton. During cross membrane process of proton,
a-subunit of ATPase plays an important role to generate an electric field. Like the
particle in the electric field, proton can be manipulated by electric field in c-subunit
to move from an electrode to another (Fig. 10.8b).

In the living organisms, membrane-bond ATPase always couples with several
external fields to achieve the mechanical rotation and ATP synthesis or hydrolysis.
Electric field is a better approach to simulate special environment and check the

Fig. 10.8 The mechanism of electric field-driven ATP synthesis. a Lateral view of F1F0-ATPase.
b The distribution of electric field in a-subunit and c-subunit. Reprinted with the permission from
Ref. [97]. Copyright 2013, Miller et al.
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in vitro performance of ATPase-based complex. A rotary electric field is introduced
to trigger the rotation of ATPase conjugated dimeric polystyrene beads with the
diameter of 460 nm (Fig. 10.9) [98]. This specially designed propeller is a
dielectric and biologically attached to the side of c-subunit. The F1 portion is fixed
on the Ni-NTA-coated coverslip substrate and accompanied with a rotary electric
field. The rotating electric field is composed of four electrodes that own a frequency
of 10 MHz is generated by using sinusoidal voltages. Due to the dielectric feature,
the dimeric polystyrene beads can be rotated by the electrical rotary field. Then, the
peak-to-peak voltage of the applied sinusoidal voltage is increased (Fig. 10.9 upper
left) that results in dimeric polystyrene beads attached F1-ATPase rotate faster.
Moreover, the rotary direction can be controlled by the reversing rotation of
external electric field. The above strategy is the first electric field-driven
ATPase-based rotary device.

At present, electric field-driven ATPase rotation is still in challenge so that many
requisite efforts have been attributed to develop the optimized devices and deeply
study the rotary mechanism. It is important to effectively use the generated potential
energy for the further energy conversion, and reveal the detail of rotary molecular
machine. To enhance the stability in the presence of electric field, many realistic
models and auxiliary theories should be further developed. Also, diverse of attached
structures can be designed and matched for ATPase to perform electric field-driven
rotation. Electric field for the manipulation of ATPase rotation has smart features
and great potential to achieve advanced transform from the electric energy into
chemical energy or mechanical work.

Fig. 10.9 The rotary electric field triggered rotation of F1-ATPase motor conjugated polystyrene
beads
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10.5 Conclusions and Perspectives

Biomimetic materials-based assembly has attracted great concerns because of great
biocompatibility and programmable feature on benefit. ATPase motor is a regula-
tory protein distributed in biological membrane that is responsible for the proton
delivery across membrane. The molecular assembly of ATPase reconstitution
employs bioactive enzyme and synthetic material to achieve construction of bio-
hybrid materials. Based on the rotation of ATPase, many rotary nanodevices are
miraculously designed to perform energy transformation between chemical energy
and mechanical rotation, further develop external field manipulated approaches to
regulate the rotation. In this chapter, detail introduction and promising examples are
mainly discussed, and it strengthens the understanding of the biomolecular rotary
motor.

In vitro reconstitution of ATPase inspires research sparks of bioactive matters
and ultimately develops diverse assembled materials with fascinating functions.
Scientists have successfully introduced biological macromolecules and synthetic
structures as the attached propellers for ATPase. Consider the regulation of rotation,
several strategies such as the magnetic field, light, and electric field that have been
used to switch on/off the rotation of ATPase. Due to the own properties of pro-
pellers, manipulation of external fields possesses giant priority in controlling the
rotation direction of ATPase with clockwise and anticlockwise, and then perform
the conversion between ATP synthesis and ATP hydrolysis. Thus, this is significant
to enhance the operated precision and enables the design of nanosize smart struc-
tures to make it possible to carry out various biological tasks. However,
ATPase-based rotary systems suffer from technological barriers such as biological
stability and bioactivity so that long-time work in vitro is expectant performance.
These present limitations as breakthrough points can be deeply studied in the future
research, and provide basic supports to achieve the construction of biomimetic
devices in diverse applications.
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Chapter 11
Controlled Molecular Assembly Toward
Self-propelled Micro-/Nanomotors

Xiankun Lin, Zhiguang Wu and Qiang He

Abstract Micro-/nanomotors (MNMs) are able to propel themselves in fluids
through converting different energies from environment into kinetic energy.
Recently, layer-by-layer (LbL) assembly, a versatile assembly approach, has been
employed to access MNMs with advantages such as regulated motion,
stimuli-response properties, and multifunctionality. In this chapter, we review the
recent progress on controlled fabrication, motion control, and biomedical applica-
tions of MNMs based on controlled molecular assembly. Through integrating
diverse functional building blocks such as nanoparticles, enzymes, and metal shells,
MNMs with various structures (e.g., hollow capsules and nanotubes) have been
prepared, and the control over the on/off state of the MNM motion has been
realized. In addition, we also discuss a special type of MNMs which is derived from
the combination of as-assembled biological aggregates and artificial nanostructures.
These MNMs can be driven by bubble recoil, irradiation by near-infrared light, and
ultrasonic fields. We have also demonstrated the potential applications of these
assembled MNMs in biomedical fields such as targeted drug delivery, photothermal
therapy, and detoxification.
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11.1 Introduction

Nature has created exact, elegant architectures such as biological motors to over-
come the Brownian motion and finish the controlled autonomous movement for
achieving complex and important tasks with high efficiency [1, 2]. One of the
typical examples is the F0F1-synthase, a rotary motor, which is in charge of the
energy storage through catalytically synthesizing the universal “fuel” molecule
adenosine triphosphate (ATP) from adenosine diphosphate and inorganic phosphate
by using the proton or sodium gradient across the membranes. Other examples are
kinesin and dynein motors which transport cargos from one end of the microtubules
to the other. The mechanical energy of these motors derives from the chemical
energy provided by the ATP hydrolysis. Inspired by autonomous movement in the
biological systems [3], diverse synthetic molecular machines such as molecular
elevators and rotary motors have been fabricated sophisticatedly with the controlled
motion at the molecular level, which has been awarded the Nobel prize in 2016 [4,
5]. On the other hand, to achieve the tasks such as long-distance transport and
high-efficiency separation of nanoscale objects, faster synthetic motors with the
motion displacements at the nano-, micro- and macroscopic levels are highly
desired [6, 7]. As a response to such expectation, synthetic MNMs with different
architectures and propulsion mechanisms have been developed as one of the most
exciting yet challenging areas in the field of nanotechnology. During the past
decade, enormous progresses have been achieved toward the fabrication and
applications of MNMs which are tiny devices capable of performing self-propelled
motion in fluids through harnessing different types of energies into mechanical
movement [8, 9]. MNMs show numerous potential applications in diverse fields,
such as directed drug transportation [10–14], isolation of biological targets [15],
diagnostics [16], and environmental remediation [17–19], and may afford the
revolutionary solutions for such fields due to their self-propulsion ability.

In 2002, the first chemically driven motor was proposed conceptually by Prof.
Whitesides et al. [20], despite the size of the motor was on the centimeter scale. The
motor, a hemicylindrical polydimethylsiloxane (PDMS) plate with a platinum-coated
porous glass, is self-propelled by the release of the oxygen bubbles that are produced
by the platinum-catalyzed decomposition of hydrogen peroxide (H2O2). Unlike
macroscopic objects such as a ship or a swimming person, the MNMs is at low
Reynolds number regimes in which the viscous drag and the Brownian diffusion are
the determinant effects [9]. In 2004 and 2005, Prof. A. Sen and Prof. T.E. Mallouk in
Penn State University [21], and Prof. G.A. Ozin in Toronto University [22] achieved
independently the breakthrough by preparing first the catalytic MNMs at the
microscale, which indicates that the energy derived from chemical reactions could be
employed to propel the micro- and nanoscale objects in fluids. During the following
decade, a vast variety of MNMs have been explored, and the field of MNMs has been
growing into a hot topic, as shown by the International Symposium on Micro- and
Nanomachines which is held every 2 years since 2012.
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The architectures of MNMs mainly include nanowires/nanorods, nanotubes, and
Janus spheres which usually possess the asymmetric structures for producing a net
driven force. As an important type of MNMs, the catalytic MNMs are powered by
in situ chemical reactions in which catalyst and fuel are usually necessary. The fuels
could be the fluid in which the MNMs swim or a part of the MNMs, and their
properties and concentrations have a considerable influence on the motion of catalytic
MNMs. TheMNMs could also be driven by external fields such as magnetic, electric,
and acoustic fields, as well as the light irradiation. These physical triggers allow for
the remote and rapid control over the motor motions. Somemotion mechanisms, such
as bubble propulsion, interfacial tension gradients, self-electrophoresis,
self-diffusiophoresis, self-thermophoresis, osmotic propulsion, ultrasound propul-
sion, and magnetically driven propulsion, have been proposed recently [23].

Diverse approaches have been employed for the controlled fabrication and
multifunctionality of MNMs, as reviewed by Pumera [24]. Among these progresses,
the combination of self-assembly with the self-propelled MNMs offers a powerful,
promising strategy [25–28]. In 2012, the pioneering works from van Hest’s group
[29] and He’s group [30] initialized molecular assembly-derived approaches for the
biomimetic production of MNMs. Controlled molecular assembly, regarding as a
typical bottom-up nanofabrication strategy, has contributed significant advances to
various fields, ranging from novel nature-mimicking nanostructures to
stimuli-responsive materials [31]. It aims at molecular manufacturing into ordered
nanostructures with defined morphologies from various building blocks by using
noncovalent interactions such as electrostatic interactions, hydrogen bonding, and
hydrophobic interactions. The use of controlled assembly techniques can not only
provide the efficient control over the sizes, geometries, and components of the
resulting MNMs, but also conveniently enhance the functionalities of MNMs by
integrating different building blocks such as polymers, nanoparticles, proteins,
inorganic or organic functional molecules, and artificial or natural vesicles. Besides
the feasibility on multifunctionality, controlled molecular assembly could be ben-
eficial for realizing the massive production, regulated motion, stimuli-response
properties, and biocompatibility of MNMs [25]. Self-assembled MNMs with
defined structures can be prepared and engineered in a versatile and simple manner,
and can be used for the applications such as encapsulation, transportation, sepa-
ration, and sensing with high efficiency in diverse fields, especially in the biome-
dicine fields.

11.2 Construction of Layer-by-Layer Assembled MNMs

Well-defined polyelectrolyte multilayers (PEMs) can be readily obtained by
depositing alternately the positively and negatively charged polyelectrolytes onto
the solid substrates for certain recycles [32]. Depending on the structures of the
employed substrates, different assembled micro-/nanostructures could be produced.
Hollow capsules can be prepared by using sacrificial colloidal particles [33], while
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the porous templates will result in LbL-assembled nanotubes [34]. In recent years,
the spectrum of the building blocks, morphologies, and the types of the noncovalent
interactions for LbL assemblies have been extended tremendously [35]. The mul-
tiple advantages of LbL approaches make them as promising tools for the controlled
fabrication of self-propelled objects. The structural feature of LbL assemblies, such
as the wall thicknesses, the overall sizes, and the morphologies, can be modulated
by controlling the assembly process and the geometric feature of the templates.
Moreover, diverse components including polymers, nanoparticles, proteins, lipids,
and inorganic or organic functional molecules could be conveniently integrated into
the LbL-assembled structures. To endow the LbL-assembled capsules, nanotubes or
other structures with the ability of self-propulsion, introducing the functional
components such as catalytic nanoparticles and making the assemblies be asym-
metric are the two key steps. In principle, the LbL assemblies should have an
asymmetric structure intrinsically, or should be equipped asymmetrically with the
catalysts, which may require the assistance of some “top-down” methods.

In 2012, Prof. He and his coworkers described the first MNM based on
LbL-assembled microcapsules (Fig. 11.1) [30], which realizes the combination of
the self-propelled motor and the smart cargo in one microscale object. The PEM
capsules with the diameter of ca. 8 lm are prepared by the LbL assembly of
polystyrene sulfonate (PSS)/polyallylamine hydrochloride (PAH) on the sacrificial
SiO2 templates. In the following step, dendritic Pt nanoparticles (NPs) that have a
large specific surface area are coated onto the prepared capsules by the microcontact
printing technique (lCP). The dendritic Pt NPs display the high catalytic reactivity
and should be beneficial for achieving the high-speed motion of the motors. In
detail, a PDMS stamp loaded with a Pt NP ink is placed on top of the
self-assembled monolayer of the PEM-covered SiO2 spheres. After that, the
monolayer is disassembled and SiO2 templates are dissolved to form the hollow
asymmetric capsules modified with dendritic Pt NPs, that is, the Janus capsule
MNMs. The Pt NPs on the Janus capsule motors are able to catalytically decompose
hydrogen peroxide into water and oxygen. The oxygen bubbles accumulate and
eventually desorb from the surface of the catalytic NPs, which in turn pushes the

Fig. 11.1 a Fabrication process and b transmission electron microscopic (TEM) image of
dendritic Pt NP-modified Janus capsule MNMs via LbL assembly and lCP. Reprinted with
permission from Ref. [30]. Copyright 2012 American Chemical Society
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Janus motors to move forward. The capsule MNMs in a 15% H2O2 solution exhibit
two kinds of typical trajectories: circular and spiral motion with a speed of ca.
140 and 110 lm/s, respectively (Fig. 11.2). The Janus capsule MNMs are
self-propelled with an ultrafast speed of above 1 mm/s (equivalent to 125 body
lengths/s) in a 30% H2O2 solution, representing a strong driving force of 75 pN
which is calculated according to the Stokes’ law.

Besides combining with the lCP technique, the metal catalysts could also be
coated onto the top half of the LbL-assembled microcapsules by sputter coating
under high vacuum [36]. To deposit firmly the catalytic metal layers onto the PEMs,
an immediate Ti or Ni layer is required to serve as an adhesive layer. The com-
bination of sputter coating with LbL assembly shows multiple advantages. The
multilayered structures, which are consisting of different metal layers with the
defined thicknesses, could be constructed through designing the process and con-
ditions of sputter coating. Moreover, the sputter coating method is more convenient
than the lCP technique, due to the fact that the metal atoms are used directly and
the synthesis of metal NPs is not necessary in the sputter coating.

To realize the applications of MNMs in biological fields such as controllable
drug delivery and release, preparing the MNMs from biocompatible and
biodegradable materials is highly desirable. Catalase is a biocompatible enzyme that

Fig. 11.2 a, c Time-lapse images and b, d the corresponding trajectories of high-speed motion of
the Janus capsule motors in 15% H2O2 recorded by an optical microscope, showing the circular
motion (a, b) and the spiral motion (c, d). Reprinted with permission from Ref. [30]. Copyright
2012 American Chemical Society
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is capable to catalytically decompose H2O2 into oxygen and is an ideal substitution
for the Pt catalysts in the construction of MNMs. Prof. He and his coworkers
realized the fabrication of biocatalytic Janus MNMs via immobilizing catalase on
the LbL-assembled PEM microcapsules (Fig. 11.3) [37]. First of all, a drop of the
dispersion of (PSS/PAH)5-coated SiO2 microparticles is spread on a silicon sub-
strate to form a monolayer by a self-assembly process. The metals Ni and Au are
subsequently sputtered onto the particle monolayer. After releasing the spherical
particles from the substrate and removing the silica templates, hollow Janus cap-
sules covered partly by the metal layers are prepared. The outer Au layer could be
further modified with 3-mercaptopropionic acid through the formation of Au–S
bonding, and coupled with catalase by using 1-ethyl-3-[3-(dimethylamino)propyl]
carbodiimide hydrochloride (EDC) and N-hydroxysulfosuccinimide (sulfo-NHS).
These catalase-immobilized capsule MNMs can self-propel at a 0.1% peroxide
solution at physiological temperature. The peroxide solutions with low concentra-
tions show the lower toxicity to the cells.

The family of the LbL-assembled capsule MNMs has been enlarged by using the
defined inorganic clusters as the catalysts for the bubble propulsion. A RuIV

polyoxometalate Na10[Ru4(H2O)4(l-O)4(l-OH)2(c-SiW10O36)2], which shows the

Fig. 11.3 a Scheme illustrating the structure of the biohybrid Janus capsule motors and its
applications in the directed transportation and remote release of the drug DOX under the NIR
irradiation. b, c SEM images of the motors b before and c after removal of the SiO2 microparticles.
d−g SEM image and the corresponding EDX mapping of a motor with the spherical template
reserved. Reprinted with permission from Ref. [37]. Copyright 2014 American Chemical Society
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catalytic ability to decompose H2O2 into water and oxygen, has been introduced
into the PEM capsules for the construction of MNMs [38]. The tetrasubstituted
RuIV polyoxometalate is a charged cluster with well-defined structures, and can be
sandwiched easily into the multilayer wall of the LbL-assembled microcapsules via
the electrostatic interactions. A calcium carbonate microparticle doping with a
dextran–rhodamine is employed as the sacrificial template for the preparation of the
hollow capsules, which leads to the encapsulation of dextran–rhodamine in the
cavity of the capsules. The dextran–rhodamine behaves as a fluorescent tag to favor
the observation of the motor motion. The resulting MNMs show linear or circular
trajectories with a maximum speed of ca. 25 lm/s.

Although exploring new driven mechanisms with biocompatible fuels such as
water has been proved to be one way toward the practical applications of MNMs in
biomedical fields, fuel-free propulsion with the energy sources provided by external
physical triggers such as ultrasound, light, electrical fields, and magnetic fields is
highly expected [24]. Light is one of the powerful physical triggers with impressive
advantages such as rapid and remote response. Particularly, the near-infrared light
(NIR) is of special interest in the biomedical applications due to its substantial
penetration and minimal absorption in tissues. The fuel-free propulsion of the
LbL-assembled capsule MNMs has been activated by using NIR as the energy
source [39, 40]. Through employing the LbL assembly assisted by the lCP tech-
nology, the light-driven capsule MNMs consisting of biodegradable, natural
polysaccharides chitosan (CHI) and sodium alginate (ALG) have been prepared by
Prof. He’s group. Another multilayer prepared by the LbL assembly of CHI, ALG,
and gold nanorods (GNRs) is used as the ink for the lCP step. The multilayered
patch with GNRs is anchored firmly onto the (CHI/ALG)5 capsule through elec-
trostatic attraction. The Janus structure has been investigated by using TEM and
two-photon confocal laser scanning microscopy. The UV–vis spectrum indicates
that the GNRs possess the surface plasmon resonance absorption at 850 nm, sug-
gesting the resulting capsule MNMs could show a photothermal effect to response
the NIR irradiation. The NIR illumination with a laser power of 9.6 J/cm2 results in
the autonomous movement of the capsule MNMs with a speed of 23.27 lm/s, due
to the temperature gradients produced by the photothermal effect of GNRs.

The LbL-assembled microcapsules are a versatile platform for the construction
of MNMs driven by the catalytic reactions or the light irradiation, through inte-
grating different functional components such as Pt NPs, Pt caps, catalase, poly-
oxometalates, and GNRs. Besides the MNMs based on the spherical microcapsules,
the MNMs with different morphologies are also highly desirable, due to their
diversified movement behaviors and advantages in various applications. The LbL
technologies allow for the fabrication of assembled structures with different features
expediently. Recently, the MNMs based on LbL-assembled nanotubes, shells [42],
and two-dimensional plates [43, 44] have been fabricated successfully. As an
important type of MNMs, tubular MNMs propelled by the bubble recoil (so-called
“nanorockets”), show interesting movement behaviors and propelled mechanisms
[45]. The PEM nanotubes derived from nanoporous template-assisted LbL
assembly have been transformed into nanorockets by Prof. He and his coworkers
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recently (Fig. 11.4) [41]. In the preparation process of the polymer-based multilayer
nanorockets, positively charged CHI and negatively charged ALG are alternatively
absorbed into track-etched porous polycarbonate (PC) membranes in the first step,
and poly(diallyldimethylammonium chloride)-stabilized Pt NPs are subsequently
assembled into the asymmetric pore channels of the PC template. The asymmetric
channels could lead to the asymmetric structures of the LbL-assembled nanotubes.
The nanorocket has two openings with the different sizes, which can force the
produced oxygen bubbles to move toward and eventually release from the large
opening rather than the small one. The nanorockets exhibit four typical trajectories,
including straight, circular, curved, and self-rotating motions. The nanorockets have
reached a speed of ca. 74 lm/s (10 body lengths/s).

In the following study, the same group fabricated a biodegradable LbL-assembled
nanorocket consisting of bovine serum albumin (BSA) and poly-L-lysine
(PLL) (Fig. 11.5) [46]. This study shows that the cavities of the assembled nan-
otubes could be employed to accommodate various functional components for the

Fig. 11.4 a Scheme illustrating the fabrication of self-propelled PEM nanorockets via the
template-assisted LbL assembly. b, d TEM and c SEM images of the nanorockets. e−g EDX
mapping of a nanorocket. Reproduced from Ref. [41] by permission of John Wiley & Sons Ltd.
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multifunctionalization and encapsulation applications of the nanorockets. Several
components can be incorporated into the nanorockets in one step through filling the
cavities with the aqueous mixed solution containing gelatin, catalase, Au NPs, and
doxorubicin (DOX) at 40 °C, and then cooling the filled nanorockets to 4 °C. This
cooling process induces the phase transfer of the thermal-sensitive gelatin from a
solution into a hydrogel, resulting in the encapsulation of those components in the
nanorockets. The nanorockets can reach a velocity of ca. 4 lm/s in a 0.5% H2O2

solution at 37 °C. The framework materials of the nanorockets are biodegradable
proteins and polypeptides. The biodegradability of rockets has been evaluated by
using a-chymotrypsin, a digestive enzyme in human pancreatic juice. After incu-
bation with a-chymotrypsin overnight, the nanorockets could be degraded into tiny
thin pieces.

Through introducing the gold nanoshell into the PEM nanotubes, He’s group has
achieved the transformation of the nanotubes into the highly efficient NIR-powered
rockets (Fig. 11.6) [47]. The NIR-propelled rockets consist of polymer multilayer
framework with the gold nanoshell inside and possess an asymmetric cylindrical
geometry with two openings. The diameters of the openings are about 5 and
5.5 lm, respectively. These tubular MNMs are able to move at a maximum speed
of ca. 158 lm/s with an almost straight trajectory under the external NIR irradia-
tion. The rocket propulsion is ascribed to a self-thermophoresis mechanism in
which a local temperature gradient, associated with plasma resonance adsorption of
gold nanoshell and the asymmetric structure of the rockets, leads to the more
powerful movement of the rockets comparable to chemically propelled rockets.
Theoretical simulation confirms that the produced thermal gradient around the
asymmetric rocket results in a net force along the long axis of the rocket, and the
force drives the rocket to move toward the small opening. More importantly, the
rockets show the efficient propulsion in cell media under the NIR illumination,
which overcomes the disadvantages of bubble-propelled MNMs on the speed
decrease owing to the fouling of the catalysts by proteins in cell medium and should
be beneficial to the biomedicine applications of tubular MNMs.

Fig. 11.5 Scheme illustrating the template-assisted LbL fabrication of (PLL/BSA)10 nanorockets
which is filled with the gelatin hydrogel containing DOX, catalase (CAT), and Au NPs, and the
triggered release of drugs under the NIR irradiation. Reprinted with permission from Ref. [46].
Copyright 2015 American Chemical Society
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11.3 Construction of MNMs Derived from Natural
Aggregates

Cell membranes are special, functional aggregates created by nature. The incor-
poration of cell membranes and synthetic carriers is a promising biointerfacing
strategy which improves the design of the carriers for diverse biomedical appli-
cations [48–51]. Combining as-assembled biological aggregates with artificial
nanoscale components also provides a hopeful route to fabricating the MNMs with
outstanding biocompatibility. Besides the assembly at molecular level, the con-
trollable assembly also facilitates the integration of cell membranes onto the surface
of MNMs. Diverse cell membrane-based MNMs have been fabricated [52–55], and
lipid bilayer membranes have been coated onto mesoporous silica nanomotors with
a diameter of ca. 75 nm for targeted drug delivery [56].

Fig. 11.6 a Fabrication of NIR-driven PEM rockets: (i) LbL assembly and deposition of Au NPs
into the template channels; (ii) Transition of Au NPs into Au nanoshells by a surface seeding
growth method; (iii) Releasing the rockets by dissolving the templates. b TEM image, c EDX
mapping with the corresponding SEM image (inset), and d UV–vis spectrum of the rockets. Scale
bar: 2 lm. e Time-lapse images and the corresponding speed distribution showing the movement
of a rocket under NIR irradiation. Scale bar: 20 lm. Reproduced from Ref. [47] by permission of
John Wiley & Sons Ltd.
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One of the fabrication strategies of the cell-based MNMs is to equip or remold
the natural cells with artificial building blocks. Recent studies have demonstrated
that red blood cells (RBCs) can be transformed into functional MNMs through
loading citrate-stabilized Fe3O4 NPs inside by a hypotonic hemolysis process at 4 °
C and an isotonic treatment at 37 °C [52]. The aggregates of magnetic nanoparticles
could locate asymmetrically within the RBC MNMs, and this asymmetric distri-
bution enables the magnetic alignment and the guidance of MNMs under acoustic
propulsion. The RBC-based motors possess remarkable biocompatibility verified by
the macrophage uptake study and the fact that they can travel for extended periods
in undiluted blood without biofouling. Other components such as drugs and
quantum dots can also be encapsulated into the RBC MNMs to achieve the mul-
tifunction integration [53].

Another strategy to access biocompatible, cell-based MNMs is to cover the
prepared MNMs with the derivatives from natural cells. Mallouk’s group has
demonstrated the ultrasound-triggered motion of gold nanowires based on a
self-acoustophoresis mechanism [57]. Recently, RBC membrane-derived vesicles
have been fused onto ultrasound-powered gold nanowires to form a cell
membrane-camouflaged nanomotors which are also known as motor sponges [54].
The RBC membrane-derived vesicles with the diameter of 50–100 nm are prepared
from fresh RBCs, while the gold nanowires are synthesized by template-assisted
electrochemical deposition, and subsequently modified with citric acid to endow
themselves with negative charges (Fig. 11.7). The gold nanowire possesses a
concave-shaped end which is thought to be critical to the acoustic propulsion. The
concave end induces a pressure gradient, and the gradient drives the motor
movement upon an ultrasound field. For the fusion process, the negatively charged
gold nanowires were incubated with RBC membrane vesicles under the ultrasound
treatment. The electrostatic repulsion between the negative charged gold nanowire
motors and RBC vesicles results in the “right-side-out” orientation of the mem-
branes. The RBC membrane-coated nanomotors even display an effective propul-
sion with a speed of 14 lm/s in the undiluted blood for a prolonged period,
indicating that the protein-induced biofouling effect has been obviated. Due to the
combined effect of toxin absorption and enhanced mass transport, the motor
sponges can achieve the rapid neutralization of membrane-damaging toxins. Both
the cell membrane camouflage and the acoustic propulsion make the MNMs be
more bio-friendly for the biomedical applications.

RBC-based motors driven by the chemical reactions have also been explored.
An RBC membrane-modified Janus magnesium particle has been fabricated to
serve as a water-powered cell-mimicking motor [55]. The components, including
ALG, Fe3O4 NPs, Au NPs, and RBC membrane vesicles, have been asymmetrically
coated onto the exposed surface of magnesium microparticles which are partially
embedded into a Parafilm. The resulting MNMs can self-propel efficiently in both
water and various biological media. These RBC-based water-powered MNMs
display the impressive detoxification capability for both protein toxins and nerve
agent simulants.
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11.4 On-Demand Motion of Self-assembled MNMs

The regulation of the movement of self-assembled MNMs is essential to fulfill the
requirement of various applications and complex tasks such as efficiently trans-
porting cargos or separating targeted objects. Advanced control over the motion
speed, direction, and on/off states is significantly crucial for guiding these con-
trolled assembled motors to swim in a predetermined manner.

The speed of catalytic MNMs can be modulated through controlling the fuel
concentrations, the medium temperatures, and the catalyst activities. The
bubble-propelled MNMs can accelerate with the increase of the fuel concentration
under certain conditions. Prof. He and his coworkers found that the velocity of
LbL-assembled nanorockets increases over 14 times with an increase of H2O2

concentration from 1 to 15%, which is accompanied with the increase of the release

Fig. 11.7 Schematic illustration of the preparation process (a), SEM image (b), and fluorescent
image (c) of motor sponges that are synthesized through fusing RBC membranes onto the gold
nanowire motors. RBC membranes were stained with Rhodamine B. Reproduced from Ref. [54]
by permission of John Wiley & Sons Ltd.
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frequency of oxygen bubbles from 2 to 30 Hz (Fig. 11.8) [41]. The increase of the
reactant concentration accelerates the reaction rate and the production of oxygen,
which exerts the increased driven force on the MNMs and results in the faster motor
movement. Moreover, as shown in Fig. 11.8d, raising the solution temperature is
also an efficient way to accelerate the nanorockets, which should be ascribed to the
increase of the rate of mass transport and catalytically chemical reactions.

The motor movement can be navigated through introducing magnetic compo-
nents such as Fe3O4 NPs and Ni layers into MNMs. Prof. He and his coworkers
have integrated negatively charged Fe3O4 NPs into the multilayer walls of the
capsule MNMs via the electrostatic interactions before assembling the Pt NPs by
lCP [30]. These Fe3O4 NP-modified capsule MNMs can swim toward the direction
of an external magnetic field. Fe3O4 NPs have also been introduced into the
polymer nanorockets in the LbL-assembled process for navigation [41]. The
as-assembled nanorockets can move toward the HeLa cells in a targeted manner
under the remote guide by a magnetic field (Fig. 11.9). In addition, the nanorockets
are able to adhere to and even pierce the cancer cells. The magnetic navigation can
also be achieved by coating the MNMs with the Ni layer [37].

Fig. 11.8 a–c Time-lapse images showing the movement of a nanorocket in 15% H2O2 at 22 °C.
Scale bar: 10 lm. d The dependence of the nanorocket speed (filled triangle) and the bubble
frequency (filled square) on H2O2 concentration at 22 °C. Inset: The dependence of the nanorocket
speed on H2O2 concentration at 37 °C. Reproduced from Ref. [41] by permission of John Wiley &
Sons Ltd.
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Controlling the launch and stop of the MNM motions effectively and remotely
could improve the applications of MNMs with on-demand loading, transport, and
release. Prof. He and his coworkers realized the “on/off” motion control of PEM
nanorockets triggered by the NIR laser (Fig. 11.10) [58]. The Au nanoshell is
employed as the functional component due to its plasmon resonance absorption in
the NIR region and capability to dissipate the absorbed photons into thermal energy
by the so-called photothermal effect. First of all, catalytic Pt NPs are assembled on
the inner surface of the (PSS/PAH)20 tubes, and then citrate-stabilized Au NPs with
negative charges are absorbed onto the outer surface of the nanotubes due to the
electrostatic attractions. Finally, the Au NPs are transformed into Au nanoshells by
the addition of NH2OH and HAuCl4. The motion behavior of the rockets is
observed and recorded by using an optical microscope. Due to the low fuel
decomposition rate and the poor reactant diffusion, the nanorockets remain
immobile in the 0.1% (v/v) H2O2 solution. When projecting a focused NIR laser at
780 nm onto the selected motor, the movement onset is triggered with a maximum
speed of ca. 62 lm/s. The theoretical modeling reveals the temperature increase
derived from the photothermal effect under NIR irradiation. The raised temperature
in the vicinity of the nanorockets accelerates the catalytic decomposition reaction
and the mass transport, as well as the release of the generated bubbles from surface.

In the same way, the motion of bubble-propelled capsule MNMs can be mod-
ulated by employing the photothermal effect of Pt layers [36]. For the on-demand
control over the motion states, the Cr and Pt layers are integrated onto the Janus

Fig. 11.9 Time-lapse images showing that a nanorocket modified with Fe3O4 NPs was
magnetically guided toward a HeLa cell. Scale bar: 20 lm. Reproduced from Ref. [41] by
permission of John Wiley & Sons Ltd.

272 X. Lin et al.



(PSS/PAH)5 capsules in sequence by sputter coating. The Cr layer serves as an
adhesive layer to realize the firm bond between the polyelectrolyte walls and the
catalytic Pt layer. By irradiating using a focused NIR laser with the wavelength of
808 nm at room temperature, the motion onset of a capsule MNM can be activated
within 0.3 s at 0.1% H2O2, showing a maximum speed of ca. 220 lm/s and the
travel duration of 17 s. The introduction of the functional building blocks with the
photothermal effect has offered a convenient way to control the motion states of
catalytic MNMs in a remote manner.

Unlike the catalytic propulsion, when the MNMs are powered by the external
physical fields, the energy suppliers could also serve as the motion rulers and
provide a rapid and reversible control over the motion states of MNMs. He’s group
has demonstrated the “on/off” motion control of gold nanoshell-functionalized
rockets through the “on/off” switch of the NIR illumination just recently
(Fig. 11.11) [47]. The movement of the light-propelled rockets was decelerated and
stopped in the several seconds when the NIR irradiation is switched off, and
resumed with the ultrafast speeds upon switching the NIR laser on. It is worth to

Fig. 11.10 a Fabrication process, b TEM image, and c enlarged TEM image of the Pt
NP-modified nanorockets covered with a thin Au nanoshell and a mixed monolayer. Reprinted
with permission from Ref. [58] Copyright 2014 American Chemical Society
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note that the polymer rockets are highly durable. No major change in speeds and no
destruction of the rockets are observed after 30 cycles of “on/off” switch of the NIR
irradiation. In the similar way, it has been demonstrated that the on-demand
acceleration and deceleration of ultrasound-powered cell membrane-camouflaged
gold nanowire motors can be achieved by adjusting the intensity of ultrasound
fields in a simple and rapid manner [54]. The velocity of the ultrasound-propelled
motors is usually dependent on the transducer power. The instantaneous velocity of
the cell membrane-camouflaged nanomotors increases from 4 to 13 lm/s upon
increasing the transducer voltage from 1 to 3 V, and decreased back to 4 lm/s upon
adjusting the voltage to 1 V again.

Fig. 11.11 NIR-modulated “on/off” motion of a rocket with an Au nanoshell inside: a schematic
illustration; b–d time-lapse images (Scale bar: 20 lm); E) speed change in two “on/off” cycles;
f Velocity of the rockets under the NIR irradiation which is switched on/off for 30 cycles.
Reproduced from Ref. [47] by permission of John Wiley & Sons Ltd.
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11.5 Biomedical Applications of Self-assembled MNMs

Comparing with common functional micro-/nanoparticles, MNMs overcome the
Brownian motion and possess the advanced feature of the autonomous movement,
which could allow the applications involving mixing, detection, transport, and
separation to be achieved with higher efficiencies. One of the very important
advantages of controllable assembly methods is that functional components can be
easily incorporated into the assemblies without significantly changing their struc-
tures and properties, which makes the controlled assembled MNMs be excellent
candidates as smart cargos for drug delivery in the biomedicine fields. Moreover,
when the components with the navigation functions are introduced, self-propelled
MNMs are able to achieve advanced tasks in a targeted manner. The studies on the
applications of self-assembled MNMs in drug delivery, photothermal therapy, and
detoxification have been done in the recent years.

The hollow structures and the multilayer walls of the LbL-assembled capsules
and nanotubes not only are able to serve as versatile frameworks for the fabrication
of multifunctional MNMs, but also provide the capability for drug loading and
transportation. Through combining the features such as self-propulsion, targeted
recognition, navigated movement, and drug encapsulation, the LbL-assembled
MNMs can work as the smart drug carriers. The biohybrid Janus (PSS/PAH)5
capsule MNMs can be fabricated through partially coating the capsules with Cr, Ni,
and Au layers and immobilizing catalase onto the surface of the Au coating [37]. The
resulting capsule MNMs maintain the response ability of the permeability of the
microcapsule walls very well. In detail, the capsule walls of the MNMs can still be
switched from a closed state to a permeable one through adding ethanol, which has
been demonstrated by the encapsulation and release of fluorescein
isothiocyanate-dextrans with different molecular weights, investigated by the con-
focal laser scanning microscopy. Due to the permeability response, the DOX could
also be loaded efficiently inside the capsule MNMs. The MNMs can move toward
the targeted HeLa cells guided by an external field, and then the encapsulated DOX
can be released around the cancer cells through destroying the capsule structures by
using the NIR irradiation in a remotely controlled manner (Fig. 11.12). The NIR
illumination-induced drug release is attributed to the heat-induced rupture of the
hollow capsules derived from the photothermal effect of the Au layer. As shown by
this contribution, LbL assembly has provided a simple, powerful way to achieve the
multifunctionality of MNMs and to access self-propelled carriers for smart drug
delivery and release.

The LbL-assembled nanorockets with Pt NPs on the inside surface have also
been used as drug carriers through assembling Fe3O4 NPs and DOX in the mul-
tilayer walls [41]. As mentioned above, the guided nanorockets can move toward
and then bound to the targeted HeLa cells. Some nanorockets can even partially
penetrate into the cancer cells. The integrated Fe3O4 NPs is sensitive to the ultra-
sound field. Upon exposed to the ultrasonic treatment for several seconds, the
nanorockets begin to collapse, and the encapsulated DOX is released at the same
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time, which leads to the modest apoptosis of HeLa cells as shown by the fluorescent
images. The hydrogel-filled nanorockets can also perform drug delivery and release
[46]. As previously stated, the mixed hydrogel containing catalase, Au NPs, DOX,
and gelatin has been filled into the LbL-assembled nanotubes to construct the
biodegradable rockets. When exposing the nanorockets to the NIR illumination, the
dramatic temperature increase derived from the photothermal effect can lead to
the gel−sol transformation of the mixed hydrogel and eventually the release of the
accommodated DOX.

LbL-assembled MNMs with Au nanoshells could also serve as self-propelled,
targeted agents for the photothermal therapy [47, 58]. Due to the Au–S chemistry

Fig. 11.12 Differential interference contrast (DIC) (a, b), fluorescence images (c, d), and SEM
images (e, f) of Janus capsule MNMs attaching to HeLa cells before (a, c, e) and after (b, d, f) the
NIR illumination, showing the release of DOX with the red fluorescence. Reprinted with
permission from Ref. [37]. Copyright 2014 American Chemical Society
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and the photothermal effect, the NIR-responsive Au nanoshells show the multiple
functions including immobilizing the cell-targeted molecules that have a thiol
group, controlling the motion “on/off” state of bubble-propelled nanorockets,
driving the nanorockets directly, and serving as a photothermal agent. The Au
nanoshells on the outer surface of the nanorockets powered by the bubble release
have been modified by the mixed self-assembled monolayer of thiol-modified poly
(ethylene glycol) (HS-PEG) and thiol-modified peptide (HS-CH2COO-
(CH2CH2O)7-HRPYIAH, HS-PEG-T7) (Fig. 11.10) [58]. Due to the specific
recognition of HS-PEG-T7 with some tumor cells and the antifouling effect of
HS-PEG, the introduction of the peptide and HS-PEG into the nanorockets pro-
motes the binding with HeLa cells, and evades the nonspecific recognition with
normal cells. When irradiating the nanorocket that is bound to HeLa cells with a
NIR laser at the power of 13 mW/lm2, the dramatic increase of the temperature
induced by the photothermal effect leads to the apoptosis of the cancer cells
(Fig. 11.13). Analogously, the NIR-driven tubular MNMs with the Au nanoshells
inside can also behave as self-propelled agents for the photothermal therapy [47].

Cell membrane-camouflaged MNMs have shown the capability for effectively
absorbing and neutralizing toxins recently [54, 55]. The high-coverage RBC
membranes on the MNMs not only share the biological functions of natural RBCs
against the protein fouling to endow the MNMs with efficient propulsion in

Fig. 11.13 a–c Time-lapse images of the motion of Au shell-covered nanorockets toward HeLa
cells promoted by a NIR laser in 0.1% H2O2. d Fluorescence image indicating the apoptosis of
HeLa cells after irradiating the adhesive rocket with a NIR laser at the power of 13 mW/lm2. Scale
bar: 20 lm. Reprinted with permission from Ref. [58] Copyright 2014 American Chemical
Society
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biological media but also are able to serve as decoys to absorb and neutralize various
toxins. By camouflaging themselves to be like natural RBCs, the ultrasound-
propelled nanomotors are able to absorb melittin, a cell membrane-damaging toxin
[54]. The ultrasound propulsion promotes the interaction of the MNMs with melittin.
RBC membrane-coated water-powered Janus MNMs also show the applications in
detoxification to remove the a-toxin or the methyl paraoxon from albumin-rich
solution [55]. The bubble propulsion derived from the water-based chemical reac-
tions enhance the detoxification efficiency. The detoxification efficiency can be
evaluated by using the relative hemolysis which decreases from 78 to 9% when the
self-propelled MNMs with a concentration of 0.8 mg/mL are added.

11.6 Summary

In this chapter, we reviewed the recent progress on the controlled fabrication, the
regulated motion, and biomedical applications of MNMs based on the controlled
molecular assembly (especially layer-by-layer assembly) assisted by several
“top-down” technologies. Due to the advantages of self-assembly, diverse func-
tional components, such as Pt NPs, enzymes, biomacromolecules, magnetic metal
NPs (or layers), and Au nanoshells, could behave as building blocks and be
introduced into the assemblies. Such integration achieves the transformation from
the self-assembled structures into the MNMs with the advanced features including
self-population, biocompatibility, biodegradability, controlled motion, and loading
ability. Some proof-of-concept studies have demonstrated the potential applications
of the self-assembled MNMs in biomedical fields, such as targeted delivery and
remotely controlled release of drugs as well as the photothermal therapy of cancer
cells. Controlled molecular assembly has provided a great opportunity for the
biomimic design of MNMs toward the future applications in biomedical fields.
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Chapter 12
Functional Dendrimer-Based Vectors
for Gene Delivery Applications

Lingdan Kong and Xiangyang Shi

Abstract Poly (amidoamine) (PAMAM) dendrimers are a class of highly bran-
ched, monodispersed, synthetic macromolecules with abundant terminal functional
groups, and have significant advantages over other cationic polymers as gene
delivery vectors due to their well-defined structure, the possibility of facile surface
modification, and capacity of carrying large gene segments. The surface amine
groups of dendrimers can be conjugated with functional molecules (e.g.,
hydrophobic moieties, b-cyclodextrin, polyethylene glycol, etc.), and targeting
ligands (e.g., folic acid, arginine-glycine-aspartic peptide), while the unique interior
of dendrimers affords their uses to form dendrimer-entrapped gold nanoparticles.
These modifications render the dendrimer-based vectors with an ability for targeted
and enhanced gene delivery, including pDNA and siRNA delivery. In this chapter,
we review some recent advances made in multifunctional poly(amidoamine)
dendrimer-based nanoparticles for gene delivery applications.

Keywords PAMAM dendrimers � Surface modification � Gold nanoparticles �
Gene delivery � Gene silencing

12.1 Introduction

Gene therapy has been considered as a promising approach for cancer therapy due
to the fact that exogenous therapeutic genes are able to be delivered to target cells to
correct or compensate the genetic defect and abnormality [1–3]. The common
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method of gene therapy including plasmid DNA (pDNA) therapy and small
interfering RNA (siRNA) therapy have been intensively studied in treating serious
diseases such as cancer and genetic disorders [4, 5]. The foreign gene segments or
siRNA delivered into cells could express normal proteins and repair cell defects [4,
6], or destroy the function of cognate mRNA and knockdown the expression of
disease-causing proteins, respectively [7, 8]. Although the pDNA and siRNA have
been used in gene therapy, the easy enzymatic degradation and limited cell mem-
brane permeability of naked pDNA and siRNA have seriously restricted their
in vivo therapeutic applications [9–11]. The success of gene therapy is largely
dependent on the development of an ideal delivery system that can selectively and
efficiently deliver genetic materials to target cells without causing any associated
pathogenic effects [12, 13]. Therefore, the main issue of gene therapy is not the
cellular expression of an exogenous gene itself, but the development of safe and
efficient gene delivery systems [14].

It is well known that the gene delivery systems include both viral and nonviral
vector systems, and viral vectors usually exhibit high transfection efficiency [15].
However, the safety problems raised by the toxicity, oncogenicity, and immuno-
genicity of the viral vectors greatly hamper their routine use in both basic research
laboratories and clinical settings [16–19]. Hence, nonviral delivery systems have
continuously received considerable attention because they can be structurally var-
ied, are relatively safe, and have an ability to carry large and diverse genetic
materials into cells [14]. Cationic polymers are the commonly used nonviral gene
vectors that have been extensively investigated due to their synthetic controllability
and multivalent-functionalized surface amine groups, as well as their ability to
compact nucleic acid [14, 20–22]. Recent advances in pDNA and siRNA delivery
systems including cationic poly-L-lysine, polyethylenimine, diethylaminoethyl-
dextran, and chitosan have been proven to be able to transfect genes to different cell
lines [21, 23, 24].

Poly(amidoamine) (PAMAM) dendrimers are a class of high branched synthetic
macromolecules with narrow molecular weight (Mw) distribution and easily
functionalized amine-terminated surface [25–27]. These structural features make
PAMAM dendrimer a promising candidate as pDNA or siRNA vector, especially
the abundant surface amine groups render PAMAM dendrimers with a strong
capacity in compressing pDNA or siRNA to form polyplexes [28–31]. However,
some obstacles such as transient gene expression, low transfection efficiency, and
high cytotoxicity limit their practical applications [23]. Much effort has been
devoted to enhance their gene delivery efficiency and specificity while simultane-
ously decreasing their cytotoxicity. It has been reported that partial PEGylation
[32–35], acetylation [36], alkylation [37, 38], and peptide-conjugation [39, 40] of
PAMAM dendrimers can greatly enhance their gene delivery efficiency or speci-
ficity, and reduce their cytotoxicity. Therefore, through appropriate surface func-
tionalization of dendrimers, a highly efficient and less toxic nonviral gene delivery
vector may be developed for various biomedical applications [41–43]. The aim of
this chapter is to give an overview of the recent advances related to the design of
functional dendrimer-based vector systems for gene delivery applications.
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12.2 Alkylated PAMAM Dendrimers for Gene Delivery

In order to improve the cellular uptake of materials, hydrophobic modification on
the surface of dendrimers appears to be crucial, which helps cross the lipid bilayer
on the cell surface, thus realizing the safe and efficient delivery of gene. In our
previous report, we synthesized hydrophobically modified PAMAM dendrimers by
partially reacting the periphery dendrimer amines with 1, 2-epoxyhexane or 1,
2-epoxydodecane [44]. The formed hydrophobically modified generation 5 (G5)
dendrimers (denoted as G5.NH2–C6 or G5.NH2–C12) were used to complex two
different plasmid DNAs (pDNAs) encoding luciferase (Luc) and enhanced green
fluorescent protein (EGFP), respectively, for gene transfection studies.

Cytotoxicity assay data reveal that at a relatively high concentration (above
2000 nM), the cytotoxicity of the vectors follows the order of G5.NH2–C12 > G5.
NH2–C6 > G5.NH2. This is likely due to the fact that at a relatively high con-
centration, the hydrophobic long alkyl chain of dendrimers is able to strongly
interact with the hydrophobic cell membrane, thereby enhancing the hole formation
on the cell membranes [45].

Subsequently, both Luc and EGFP gene expression assays were used to inves-
tigate the gene transfection efficiency of G5 dendrimers in HeLa cells (a human
cervical carcinoma cell line). The results showed that in all cases, the Luc gene
transfection efficiency decreased with the N/P ratio. And all dendrimeric vectors
possessed much higher gene transfection efficiency at the studied N/P ratios than
the control cells without transfection treatment and cells transfected with naked
pDNA. Under the N/P ratio of 2.5 and 5, the Luc gene transfection efficiency
followed the order of G5.NH2–C12 > G5.NH2–C6 > G5.NH2. In particular, at an
N/P ratio of 1, the Luc expression value of G5.NH2-C12 was around four times
higher than that of G5.NH2, also much higher than that of the commercial lipo-
fectamine 2000 vector. This suggests that the partial hydrophobic modification of
G5 dendrimers enables an enhanced interaction between the vector and cell
membrane, thereby significantly enhancing the gene delivery efficiency, in agree-
ment with the literature [37]. However, when compared to the work reported by
Santos et al. [37], where the higher gene delivery efficiency was shown by the
vectors containing the shortest hydrophobic chains (12 versus 14 or 16 carbon alkyl
chains), in this study we show that the gene delivery efficiency of the G5.NH2–C12

dendrimers is much higher than that of the G5.NH2–C6 dendrimers. The trend was
apparently reversed, although the used numbers of carbon alkyl chains were
different.

The gene transfection efficiency of the hydrophobically modified G5 dendrimers
was further qualitatively assessed by confocal microscopic imaging of the EGFP
gene expression in HeLa cells. At the N/P ratio of 1, all vectors have better gene
transfection efficiency than at other N/P ratios. These results were consistent with
the Luc assay data. Taken together, both quantitative Luc assay and qualitative
EGFP expression confirmed the potential to use both G5.NH2–C6 and G5.NH2–C12

dendrimers as vectors for gene delivery applications. Our results suggest that partial
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modification of G5 dendrimers with hydrophobic alkyl chains might be an alter-
native approach to develop dendrimer-based nonviral vectors for enhanced gene
delivery applications.

12.3 Au DNEPs for Gene Delivery

Gold nanoparticles (AuNPs) have been identified as a suitable platform for
drug/gene delivery due to their unique physicochemical properties, such as size-
and shape-dependent optical properties, high surface area to volume ratio, and rich
surface chemistry allowing for facile modification with different functionalities
[46–52]. Functional AuNPs delivery vehicles, with a positively charged surface,
can be used to compress negatively charged genetic materials such as plasmid DNA
(pDNA) [42, 53–56] and siRNA [57–61]. It has been reported that lysine
dendron-functionalized AuNPs are 28-fold superior to polylysine in reporter gene
expression [62]. The super gene transfection performance of the lysine
dendron-functionalized AuNPs is likely due to the biomimetic design of the par-
ticles that has a size more or less similar to the nucleosome core proteins (*6 nm)
having a large proportion of basic residues (lysine and arginine) that form elec-
trostatic bonding with the phosphate backbone of DNA [63]. In our previous work
[42], we designed the use of dendrimer-entrapped Au NPs (Au DENPs) for
enhanced gene delivery. The advantages of the Au NP entrapment within the
dendrimer interior stem from two aspects: (1) the entrapped AuNPs are able to
neutralize some of the dendrimer terminal amines due to the amine stabilization of
AuNPs, decreasing the dendrimer cytotoxicity; and (2) the existence of AuNPs
helps to reserve the three-dimensional (3-D) spherical shape of dendrimers, thereby
significantly improving the DNA or siRNA compaction ability of the dendrimers.

To prove our above hypothesis, amine-terminated G5 PAMAM dendrimers
(G5.NH2) were used as templates to synthesize AuNPs with different Au
atom/dendrimer molar ratios (25:1, 50:1, 75:1, and 100:1, respectively) [42]
(Scheme 12.1). For simplicity, the G5.NH2 dendrimers were denoted as S0, while
the Au DENPs with the Au atom/dendrimer molar ratio at 25:1, 50:1, 75:1, and
100:1 were denoted as S25, S50, S75, and S100, respectively, in the naming system.

The gene transfection efficiency of the Au DENP vectors was investigated using
firefly Luc gene expression (Fig. 12.1). The gene transfection efficiency is depen-
dent on both the composition of the used Au DENP vectors prepared with different
Au atom/dendrimer molar ratios and the selected N/P ratios. The most efficient
vector is S25 that has its peak value at an N/P ratio of 2.5:1 for all three different
cell lines. For COS-7 cells, the Luc expression reaches 4.27 � 106 RLU/mg pro-
tein, while the Luc expression is only 3.42 � 104 RLU/mg protein using S0 as a
vector. It appears that at the N/P ratio of 2.5:1, the Luc gene transfection efficiency
of the S25 vector is almost 125 times higher than that of the S0 vector. For the other
cell lines, at the same N/P ratio, the relative Luc expressed using S25 as a vector is
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153 times (for 293T cells) and 358 times (for HeLa cells) higher than that using S0
as a vector, respectively.

It is interesting to note that the gene transfection efficiency of Au DENPs is not
increased with the increase of the Au atom/dendrimer molar ratio, or with the size
of the AuNPs entrapped within the dendrimer templates. S25 seems to be the best
vector in terms of the Luc transfection efficiency. At the N/P ratio of 2.5:1, both S25
and S50 are able to significantly enhance the gene delivery when compared with S0
without AuNPs (p < 0.01 or p < 0.001). For the Au DENPs prepared with the
increased Au atom/dendrimer molar ratios, the formed AuNP cores have a larger
size, which requires more dendrimer terminal amines to stabilize the AuNPs,
consequently resulting in a lower binding affinity to pDNA and gene transfection
efficiency than those of S25.

Surface modification of dendrimers is reported to cause significant changes in
their biological properties, including cytotoxicity and the cell membrane permeation
ability [64, 65]. Therefore, it is vital to confirm whether the changes of the physical
shape and surface primary amine density of Au DENPs could change the tran-
scellular pathways and localization of the vector by intracellular trafficking and
colocalization assay (Fig. 12.2). In the fluorescent microscopic images of cells
transfected with all Au DENPs/pDNA complexes, lysosomes were labeled by
Lysotracker green (green), Cy3-labeled pDNA (red) were used to localize the
polyplexes, and DAPI was used to stain the nuclei (blue). We can see that in the
merged images that the polyplexes are well colocalized within the lysosomes and
they are all around the nuclei after 2 h of transfection, which means that Au DENPs
with different compositions follows the same way as G5.NH2 dendrimers in the
intracellular trafficking pathway and fate.

Results clearly show that Au DENPs with an appropriate composition (Au
atom/dendrimer molar ratio = 25:1) enable enhanced gene delivery, with a gene
transfection efficiency more than 100 times higher than the G5.NH2 dendrimers
without AuNPs entrapped. It is believed that the entrapment of AuNPs within

Scheme 12.1 Schematic illustration of the structures of G5.NH2 dendrimers (a) and Au DENPs
(b) prepared using G5.NH2 dendrimers as templates. Reprinted from Ref. [42], Copyright 2012,
with permission from Elsevier
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dendrimer templates helps preserve 3-D spherical shape of dendrimers, enabling
high compaction of DNA to form smaller particles, and consequently resulting in
enhanced gene delivery. With a lower cytotoxicity of Au DENPs than that of the

Fig. 12.1 Luciferase gene transfection efficiency of Au DENPs/DNA polyplexes determined in
HeLa (a), COS-7 (b), and 293T (c) cells at the N/P ratios of 1:1, 2.5:1, and 5:1, respectively.
Transfection was performed at a dose of 1 lg/well of DNA (mean ± SD, n = 3). Cells without
treatment (None) and cells treated with vector-free pDNA (pDNA) were used as controls.
Statistical differences between Au DENPs (S25, S50, S75, and S100, respectively) versus G5.NH2

dendrimers (S0) at an N/P ratio of 2.5:1 was compared and indicated with (*) for p < 0.05, (**) for
p < 0.01, and (***) for p < 0.001, respectively. Reprinted from Ref. [42], Copyright 2012, with
permission from Elsevier
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G5 amine dendrimers and enhanced gene delivery capability, Au DENPs may be
used as a new family of gene delivery vectors for various gene therapy applications.

12.3.1 Acetylated Au DNEPs for Gene Delivery

In order to improve the gene delivery efficiency and lower the toxicity, much effort
has been devoted to the modification of PAMAM dendrimers. The surface amine
groups of dendrimers can be conjugated with hydrophilic polymers [64, 66, 67], or
modified with small molecules, such as acetic anhydride [7], cell specific ligands

Fig. 12.2 Fluorescence microscopic images (400�) of intracellular trafficking and localization of
the Cy3-labeled pDNA with carriers of S0 (a), S25 (b), S50 (c), S75 (d), and S100 (e) in COS-7
cells recorded after 2 h of gene transfection (green Lysotracker green used to label lysosomes; red
Cy3-labeled pDNA; blue DAPI stained cell nuclei). Reprinted from Ref. [42], Copyright 2012,
with permission from Elsevier
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[68], and amino acid [69–71]. It has been proven that after surface modification, the
cytotoxicity of PAMAM dendrimers can be dramatically reduced due to the
decreased density of positive charges [34, 35, 37, 38, 72]. Moreover, surface
modification may impact the gene transfection efficiency of dendrimers. For
example, Waite et al. showed that a modest acetylation (approximately 20%) of
PAMAM dendrimers was able to maintain the siRNA delivery efficiency compa-
rable to the unmodified dendrimers, and increased degree of acetylation resulted in
the reduced siRNA delivery efficiency [31]. In addition, PAMAM dendrimers
modified with L-arginine have been proven to be able to improve the gene delivery
efficiency [69, 70]. These studies imply that via an appropriate surface modification,
PAMAM dendrimers are able to be afforded with enhanced gene delivery efficiency
and simultaneously have reduced toxicity.

Our previous work has shown that Au DENPs prepared using amine-terminated
G5 PAMAM dendrimers as templates display higher gene transfection efficiency
than G5 dendrimers without the entrapment of AuNPs [42]. To eliminate the
possible cytotoxicity resulting from the amine groups on the surface of Au DENPs
for safe gene delivery applications, here we synthesized a series of partially
acetylated Au DENPs and systematically evaluated the effect of the partial acety-
lation on their performance in gene transfection. Although acetylation of dendrimer
terminal amine groups has been proven to be an effective way to decrease the
cytotoxicity of dendrimers, a high degree of acetylation modification may result in
reduced gene delivery efficiency due to the decreased density of amine groups left
on the dendrimer surface [31]. Therefore, the molar ratios of acetic anhydride to
dendrimer were controlled in a range of 5:1–30:1.

The cytotoxicity of partially acetylated and non-acetylated Au DNEPs was
evaluated by MTT viability assay of HeLa cells treated with the vectors at different
concentrations. It could be seen that all vectors did not have apparent cytotoxicity at
low vector concentrations (500 nM or below). With the increase of vector con-
centration, the cell viability gradually decreased; however, the partially acetylated
Au DENPs displayed much less cytotoxicity than non-acetylated ones due to the
decreased surface positive charge, in agreement with the literature [7]. We also note
that at the high vector concentrations (1000–3000 nM), the cell viability increases
with the acetylation degree of the Au DENPs vectors, and {(Au0)25-G5.NH2-Ac30}
with the highest acetylation degree exhibits the lowest cytotoxicity at all the tested
concentrations. Compared with amine-terminated {(Au0)25-G5.NH2}, {(Au

0)25-G5.
NH2-Ac30} caused a significant increase in cell viability at the concentration of
2000 nM (p < 0.01). At the highest vector concentration of 3000 nM, partially
acetylated Au DENPs (both {(Au0)25-G5.NH2-Ac20} and {(Au0)25-G5.NH2-Ac30})
show significantly improved cell viability when compared with {(Au0)25-G5.NH2}
(p < 0.01 and p < 0.001, respectively). Therefore, the partially acetylated Au
DENPs show advantages over non-acetylated ones in gene delivery applications
due to their relatively low cytotoxicity.

The gene transfection efficiency of the acetylated and non-acetylated Au DENP
vectors was investigated by luciferase activity assay after gene expression in HeLa
cells. The gene transfection efficiency is largely dependent on the selected N/P ratio,
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and it seems that the acetylation degree of Au DENPs did not significantly impact
the gene transfection efficiency under the same N/P ratios. All vectors displayed
highest Luc activity at the N/P ratio of 2.5:1, therefore this N/P ratio was selected as
an optimal one for further study. We believe that the acetylated Au DENPs have
advantages in gene delivery due to their less cytotoxicity. Our study suggests that
under certain degree of partial acetylation, the reduced amine density on the surface
of Au DENPs may slightly compromise the DNA compaction ability, but does not
significantly impact the gene delivery efficiency under the optimized N/P ratio
(2.5:1). The gene transfection efficiency of acetylated Au DENP vectors was further
qualitatively assessed by microscopic observation of the EGFP gene expression. All
Au DENPs vectors enabled high EGFP expression, corroborating the Luc activity
assay results. With the proven less cytotoxicity of the partially acetylated Au
DENPs than that of non-acetylated Au DENPs by cell viability assay, the developed
partially acetylated Au DENPs may serve as promising vectors for safe gene
delivery applications with non-compromised gene transfection efficiency.

12.3.2 PEGylated Au DNEPs for Gene Delivery

Polyethylene glycol (PEG) is a class of macromolecules with good biocompati-
bility, non-immunogenicity, and high antifouling property [72–74]. Previous
studies have shown that surface PEGylation could enhance the gene delivery effi-
ciency and reduce the cytotoxicity of PAMAM dendrimers [27, 66, 75]. For
example, Qi et al. reported that generation 5 PAMAM (G5.NH2) or generation 6
PAMAM (G6.NH2) dendrimers partially conjugated with PEG monomethyl ether
(mPEG) could dramatically facilitate intramuscular gene delivery in neonatal mice
[35]. In another study, Tang et al. [27] showed that intramuscular delivery of
GFP-siRNA using PEG-modified G5.NH2 dendrimers could significantly suppress
the expression of EGFP gene in both transient adenovirus infected C57BL/6 mice
and EGFP transgenic mice. It is believed that with the PEGylation of dendrimer
periphery, both the water solubility of the polymer/DNA polyplexes and the
intracellular release of DNA molecules can be enhanced, thereby resulting in
enhanced gene delivery efficiency [3, 76]. In addition to the mPEG conjugation
with terminal periphery amine groups of dendrimers, a rational design towards the
interior space of PAMAM dendrimers is also feasible in reducing the cytotoxicity
and improving the gene transfection efficiency of dendrimers [28, 42, 43]. In either
case of dendrimer surface PEGylation or interior Au NP entrapment, the positive
charge of the dendrimer surface amines is able to be compromised, thereby having
improved cytocompatibility.

Inspired by the fact that both of the exterior modified mPEG and the interior
entrapped AuNPs are able to decrease the cytotoxicity and increase the gene
delivery efficiency of PAMAM dendrimers, we herein attempted to develop a
unique PAMAM-based nonviral gene delivery vector by simultaneously modifying
mPEG onto the dendrimer surface and entrapping AuNPs within the dendrimer
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interior (Scheme 12.2) [77]. The pDNA/siRNA transfection efficiency was opti-
mized by altering the molecular weight of mPEG (Mw = 2 K or 5 K) and the gold
salt/dendrimer molar ratio (25:1 or 50:1) of the Au DENPs. The partially PEGylated
Au DENPs were employed to deliver Luc reporter gene, EGFP gene, or B-cell
lymphoma-2 (Bcl-2) siRNA to HeLa cells in vitro. The major point of this work is
to utilize Au DENPs with different PEGylation chain lengths and different Au
contents to explore their efficacy in pDNA and siRNA delivery.

Similar to the previous characterization methods, the viability of cells treated
with the G5.NH2 dendrimers was lower than 60% at a concentration at 3000 nM,
while cells treated with the partially PEGylated Au DENPs showed a viability
higher than 80% at the same concentration. DNA transfection efficiency of all
vectors was investigated by Luc activity assay. Compared with HeLa cells treated
with the G5.NH2 dendrimer/pDNA polyplexes or PEGylated G5.NH2

dendrimer/pDNA polyplexes, the Luc expression of HeLa cells treated with the
partially PEGylated Au DENPs/pDNA polyplexes was remarkably increased
(Fig. 12.3a). It could be seen that partially PEGylated Au DENPs/pDNA poly-
plexes showed the highest Luc expression at the N/P ratio of 5:1, and {(Au0)50-G5.
NH2-mPEG2K} vector enabled the highest Luc expression within cells at various
N/P ratios. At the N/P ratio of 5:1, the average light unit of {(Au0)50-G5.NH2-
mPEG2K}-transfected HeLa cells was 7.39 � 107 RLU/mg protein, which was 292
times higher than that of cells transfected with the G5.NH2 dendrimers (2.53 � 105

RLU/mg protein). Therefore, the N/P ratio of 5:1 was used for further study.
Undoubtedly, {(Au0)50-G5.NH2-mPEG2K} possesses a significantly higher Luc
gene transfection efficiency than Au DENPs without PEGylation modification,
implying that both the exterior surface mPEG modification and the interior Au NP
entrapment significantly contribute to the enhanced gene delivery efficiency.
The DNA transfection efficiency of all vectors at the optimal N/P ratio of 5:1 was
further qualitatively validated by confocal microscopic observation of the EGFP
gene expression (Fig. 12.3b). Clearly, there was no obvious EGFP expression in
cells treated with PBS, naked pDNA or G5.NH2/pDNA complexes. In sharp con-
trast, HeLa cells incubated with all PEGylated Au DENPs/pDNA polyplexes
showed a remarkably increased EGFP expression. The confocal microscopic
observation further indicates that {(Au0)50-G5.NH2-mPEG2K} vector has excellent

mPEG-COOH HAuCl4( ) NaBH4

n-10NH2NH2 NH2n-10

NH2 n

EDC

mPEG10 mPEG10 mPEG10

n-10

Scheme 12.2 Schematic illustration of the preparation of partially PEGylated Au DENPs.
Reproduced from Ref. [77] by permission of The Royal Society of Chemistry
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gene transfection efficiency, in accordance with the quantitative Luc activity assay
results.

Likewise, cellular uptake capability of the polyplexes was necessary for
enhanced gene delivery and expression. Cy3-labeled pDNA was selected as a probe
to compare the cellular uptake of different PEGylated Au DENPs/DNA polyplexes
using flow cytometry (Fig. 12.3c). It can be found that about 78.15% HeLa cells
display Cy3-derived red fluorescence signal when {(Au0)50-G5.NH2-mPEG2K}
was used as the vector, while the populations of the red fluorescent cells are 56.01,

Fig. 12.3 Gene transfection and intracellular uptake efficiency of different vector/pDNA
polyplexes in HeLa cells. a Luc gene transfection efficiency at N/P ratios of 1:1, 2.5:1, 5:1 and
10:1, respectively (mean ± SD, n = 3). Statistical differences between PEGylated Au
DENPs/pDNA polyplexes (H1, H2, S1, and S2, respectively) versus G5.NH2/pDNA polyplexes
at an N/P ratio of 5:1 was compared. b Confocal microscopic images of HeLa cells treated with
different vector/EGFP-pDNA polyplexes at the N/P ratio of 5:1. c Flow cytometry measurement of
HeLa cells incubated with different vector/Cy3-labeled pDNA polyplexes at the N/P ratio of 5:1
for 2 h. Transfection was performed at a dose of 1 lg/well of DNA (mean ± SD, n = 3). Cells
without treatment (cell) and cells treated with vector-free pDNA (pDNA) were used as controls.
The denotations are as follows: H1 for {(Au0)25-G5.NH2-mPEG2K}, H2 for {(Au0)50-G5.NH2-
mPEG2K} S1 for {(Au0)25-G5.NH2-mPEG5K}, and S2 for {(Au0)50-G5.NH2-mPEG5K},
respectively. Reproduced from Ref. [77] by permission of The Royal Society of Chemistry
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59.01, and 55.74%, when {(Au0)25-G5.NH2-mPEG2K}, {(Au0)25-G5.NH2-
mPEG5K}, and {(Au0)50-G5.NH2-mPEG5K} were used as the vectors, respec-
tively. As expected, HeLa cells treated with all of the synthesized vectors show a
higher population of red fluorescent cells than those treated with the G5.NH2 vector
(35.84%).

Under the optimized conditions, the use of the partially PEGylated Au DENPs as
vectors for siRNA delivery was explored. Bcl-2 siRNA was able to knockdown the
expression of the Bcl-2 protein, a class of anti-apoptotic defense protein related to
the multiple drug resistance in cancer cells. In this study, Bcl-2 siRNA was chosen
as a model siRNA to evaluate the siRNA delivery capacity of the partially
PEGylated Au DENPs. The siRNA transfection efficiency was finally compara-
tively studied by western blot analysis of Bcl-2 protein expression (Fig. 12.4). The
Bcl-2 protein expression level in HeLa cells treated with G5.NH2/siRNA polyplex
was set at 100%. Clearly, similar to Luc gene delivery, HeLa cells treated with
{(Au0)50-G5.NH2-mPEG2K}/Bcl-2 siRNA polyplex displayed the lowest Bcl-2
protein expression (15%). The Bcl-2 protein expression levels are 56, 40, and 26%
when {(Au0)25-G5.NH2-mPEG2K}, {(Au

0)25-G5.NH2-mPEG5K}, and {(Au0)50-
G5.NH2-mPEG5K} were used as the vectors, respectively.

These results prove that both of the interior entrapped AuNPs and exterior
conjugated PEG chains can enhance the gene transfection efficiency of the G5.NH2

Fig. 12.4 Transfection
efficiency of different
vector/siRNA polyplexes in
HeLa cells. a Protein
expression levels of Bcl-2
detected by western blot
assay. b The quantification of
relative expression level (%)
of Bcl-2 relative to GAPDH
(mean ± SD, n = 3). The
expression of Bcl-2 in G5.
NH2/Bcl-2 siRNA-treated
HeLa was set to be 100%.
Reproduced from Ref. [77] by
permission of The Royal
Society of Chemistry
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dendrimers. It is interesting to note that the proton sponge effect originated from the
tertiary amine groups of PAMAM dendrimers or Au DENPs plays a key role in the
endosomal escape of the vector/gene complexes [42, 78]. Although the dendrimers
were subjected to surface partial PEGylation modification and interior Au NP
entrapment, the proton sponge effect is believed not to be compromised and still
makes the vector/pDNA or vector/siRNA polyplexes escape from the endosomes.
Overall, {(Au0)50-G5.NH2-mPEG2K} is demonstrated to be the best vector for
enhanced DNA or siRNA delivery among all the PEGylated Au DENPs.

12.3.3 b-CD-Modified Au DENPs for Gene Delivery

It is well known that cyclodextrins (CD) possess low toxicity [79, 80],
non-immunogenicity and excellent hydrophobic cavity [81–83]. CD has been used
as an enhancer in both viral and nonviral oligonucleotide delivery due to its binding
with nucleic acids, facilitating increased gene stability against nuclease [84–86].
Meanwhile, positively charged CD has been explored as a new vector for gene
delivery [87, 88]. Furthermore, various polycations covalently linked with CD have
improved biocompatibility, water solubility, and gene transfection efficiency [89].
The enhanced gene delivery efficiency using CD-conjugated polymers could be due
to the possible mechanisms that CD-polymer conjugates might increase the release
of pDNA or the pDNA complex from endosomes following cellular uptake,
although it is still unclear to what degree the membrane disruptive ability of
CD-polymer conjugates contributes to the enhancing effect on gene transfer activity
[85]. For instance, Gonzalez et al. [90] synthesized b-cyclodextrin (b-CD)-con-
taining polymers for enhanced gene delivery applications, and showed that b-CD
was able to be used as a biocompatibility- and solubility-enhancing moiety. It is
reasonable to hypothesize that b-CD-modified G5 PAMAM dendrimers with
AuNPs loaded within their interior may be developed as a highly efficient gene
delivery vector.

In Qiu et al.’s study [91], an approach to using b-CD-modified
dendrimer-entrapped AuNPs (Au DENPs) for enhanced gene delivery applica-
tions was presented (Scheme 12.3). G5.NH2-b-CD was first synthesized by mod-
ification of G5.NH2 dendrimer with N,N’-carbonyldiimidazole-activated b-CD
according to the literature [92]. The gene transfection efficiency of the Au
DENPs-b-CD vector was evaluated by transfecting both Luc reporter gene and
EGFP gene to 293T cells in vitro.

According to the characterization of 1H NMR, the number of b-CD molecules
conjugated on each G5 dendrimer was calculated to be 8.4, which decreased the
cytotoxicity of G5 dendrimers to some extent. The cytotoxicity of the materials
follows the order of Au DENPs-b-CD < Au DENPs < G5.NH2. Subsequent gene
transfection experiment proved that at the N/P ratios of 5:1 and 10:1, the Luc
expression using Au DENPs-b-CD vector reached 6.2 � 106 and 5.9 � 106

RLU/mg, respectively, significantly higher than that using G5.NH2 and Au DENPs
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vectors (p < 0.01) (Fig. 12.5). The result of EGFP expression was in accordance
with the above data, showing the enhanced gene transfection efficiency of the Au
DENPs-b-CD. Overall, our results imply that the surface conjugation of b-CD and
the interior entrapment of AuNPs render the G5 dendrimers with less cytotoxicity
than Au DENPs without b-CD conjugation, and enable more efficient cellular gene
delivery than Au DENPs without b-CD conjugation.

12.4 Targeted Au DENPs for Gene Delivery

In order to realize targeted gene delivery, it is necessary to modify the dendrimer
surface with a targeting ligand that can target to cells specifically via a
receptor-mediated manner. Various targeting ligands such as folic acid (FA) [56,
93], peptides [28, 94], antibodies [95, 96], lactobionic acid (LA) [97, 98], and

Scheme 12.3 Schematic representation of the synthesis of Au DENPs-b-CD. Reproduced from
Ref. [91] by permission of The Royal Society of Chemistry

***
***

**
1.00E+08

1.00E+09
 None
 pDNA
 Q0
 Q1
 Q2

R
L

U
/m

g

1.00E+06

1.00E+07

1.00E+05

1.00E+04

1.00E+03

1.00E+02

1.00E+01

1.00E+00
N/P = 5 N/P = 10N/P = 1Control

**
*****

Fig. 12.5 Luc gene
transfection efficiency in
293T cells transfected using
Q0 (G5.NH2), Q1 (Au
DENPs), and Q2 (Au
DENPs-b-CD) vectors at the
N/P ratios of 1:1, 5:1, 10:1,
respectively. Cells without
treatment were used as
controls. Data are shown with
mean ± SD (n = 3).
Reproduced from Ref. [91] by
permission of The Royal
Society of Chemistry
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hyaluronic acid (HA) [99, 100], can be modified onto the surface of dendrimers for
gene delivery. In this part, we focus on some recent developments of the Au
DENP-based vectors for targeted gene delivery applications.

12.4.1 FA-Targeted Au DENPs for Gene Delivery

As one of the most studied cancer-targeting ligands, FA has been known to target
FA receptors (FAR) that are overexpressed in several human carcinomas including
breast, ovary, endometrium, kidney, lung, head, and neck, brain, and myeloid
cancers [101–103]. In our study, we reported the use of FA-modified Au DENPs
(Au DENPs-FA) for targeted gene delivery applications [43]. First,
amine-terminated G5 dendrimers (G5.NH2) were covalently modified with FA. The
formed FA-modified G5 dendrimers (G5.NH2-FA) were then used as templates to
synthesize Au DENPs-FA. For comparison, Au DENPs without FA were used as a
control.

Interestingly, Au DENPs-FA seemed to be less toxic than Au DENPs especially
at high concentrations. This was presumably due to the fact that the surface
modification of FA moieties onto the dendrimer surface might be able to alleviate
the strong electrostatic interaction between the particles and the cells, although both
vectors were measured to have a similar number of primary amines on the particle
surfaces.

We used both firefly Luc and EGFP gene expression assays to investigate the
targeted gene transfection efficiency of Au DENPs-FA vector in
FAR-overexpressing HeLa cells. Figure 12.6a shows the gene transfection effi-
ciency of both Au DENPs and Au DENPs-FA vectors as a function of the N/P ratio.
It can be seen that both vectors have much higher transfection efficiency than that of
the control cells without transfection treatment and cells transfected with naked
pDNA, however, the transfection efficiency of both vectors is lower than that of the
lipofectamine 2000 vector. We also show that the modification of FA onto Au
DENPs affords Au DENPs-FA with much higher gene delivery efficiency compared
to Au DENPs vector without FA at the N/P ratios of 1, 2.5, and 5 (p < 0.001). The
gene transfection efficiency of both vectors is largely dependent on the N/P ratio of
the polyplexes. At the N/P ratios of 2.5 and 5, the Luc expression value for Au
DENPs-FA vector reached 2.19 � 106 and 1.99 � 106, respectively, significantly
higher than that of Au DENPs without FA and the N/P ratio of 2.5 gave rise to the
highest Luc transfection efficiency for the FA-targeted Au DENPs. These results
suggest that the FA-modification onto the Au DENPs is able to render the vector
with significantly high gene transfection efficiency to FAR-overexpressing HeLa
cells, although both Au DENPs with or without FA display no appreciable dif-
ference in the binding affinity to pDNA. It should be noted that the entrapment of
Au core NPs within dendrimers is essential to have improved gene delivery effi-
ciency. Using G5.NH2-FA dendrimers without the core AuNPs as a vector, the
gene delivery efficiency is much less than that using the Au DENPs-FA vector.
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This further suggests that the entrapment of Au core NPs are able to render the 3-D
spherical shape of dendrimers, significantly improving the gene delivery efficiency,
in agreement with our previous results [104].

The targeted gene transfection efficiency of Au DENPs-FA vector was also
confirmed by EGFP expression assay. In this case, the gene delivery efficiency was
determined by flow cytometry and reported as mean fluorescence intensity, which
represents the amount of the EGFP expression. As shown in Fig. 12.6b, at the N/P
ratios of 2.5 and 5, the Au DENPs-FA vector have significantly higher gene
delivery efficiency than Au DENPs vector without FA-modification, corroborating
with the Luc transfection assay data. Our results clearly suggest that the developed
Au DENPs-FA vector was able to specifically deliver genes to FAR-overexpressing
cancer cells via a receptor-mediated targeting pathway.

12.4.2 RGD-Targeted Au DENPs for Gene Delivery

The cell surface integrin receptors which are overexpressed in many types of cells
including human mesenchymal stem cells (hMSCs), glioblastoma cells, ovarian
cancer cells, and breast cancer cells [105–107] have been shown to have a high
affinity to bind arginine-glycine-aspartic (Arg-Gly-Asp, RGD) peptide [35].
Therefore, RGD peptide has been identified as a promising targeting ligand for
different biomedical applications [108]. Dendrimers modified with RGD peptide
have been demonstrated to have binding specificity to integrin-overexpressing
cancer cells for drug delivery [109, 110] and specific gene delivery [40] applications.

In one of our studies, we developed the use of RGD-modified Au DENPs for
highly efficient and specific gene delivery to stem cells, where G5 dendrimers

Fig. 12.6 a Luciferase gene transfection efficiency of Au DENPs/pDNA and Au
DENPs-FA/pDNA polyplexes determined in HeLa cells at the N/P ratios of 1:1, 2.5:1, and 5:1,
respectively. b EGFP gene transfection efficiency of Au DENPs/pDNA and Au DENPs-FA/pDNA
polyplexes determined in HeLa cells at the N/P ratios of 1:1, 2.5:1, and 5:1, respectively.
Reproduced from Ref. [43] by permission of The Royal Society of Chemistry
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modified with RGD via a poly(ethylene glycol) (PEG) spacer or with PEG
monomethyl ether were used as templates to entrap AuNPs [28]. The
RGD-modified PEGylated dendrimers and the respective well characterized Au
DENPs were used as vectors to transfect hMSCs with pDNA carrying both the
EGFP and the luciferase (pEGFPLuc) reporter genes, as well as pDNA encoding
the human bone morphogenetic protein-2 (hBMP-2) gene.

In spite of the modification of PEG and RGD moieties onto the surface of
dendrimers and internal entrapment of AuNPs, the hydrodynamic diameter (ap-
proximately 150–200 nm) and surface potential (around 20 mV) of the particles are
appropriate for gene delivery. The prepared RGD-modified PEGylated Au DENPs
own better biocompatibility than other groups in the given concentration range.
This may be attributed to the fact that the modification of G5.NH2 dendrimers via
surface PEGylation or interior AuNPs entrapment is beneficial to improve the
cytocompatibility of the dendrimer-based vectors. In vitro gene transfection effi-
ciency of pEGFPLuc reporter genes demonstrated by quantitative Luc activity assay
and qualitative evaluation by fluorescence microscopy revealed that
PEG-RGD-modified Au DENPs could transfer pEGFPLuc DNA to hMSCs suc-
cessfully and possessed the highest delivery efficiency at an N/P ratio of 2.5.

Based on the transfection performance of pEGFPLuc, we selected an N/P ratio of
2.5:1 to evaluate the possibility of using the developed vector systems to transfect
hMSCs with a pDNA carrying the hBMP-2 reporter gene. From Fig. 12.7a, it was
clear that the non-transfected cells did not have appreciable hBMP-2 expression. In
contrast, the hBMP-2 protein was expressed in cells transfected with the different
dendrimer-based vectors. The hBMP-2 gene transfection efficiency followed the
order of {(Au0)25-G5.NH2-(PEG-RGD)10-mPEG10} DENPs (K4) > {(Au0)25-G5.
NH2-mPEG20} DENPs (K2) > G5.NH2-(PEG-RGD)10-mPEG10 dendrimers
(K3) > G5.NH2-mPEG20 dendrimers (K1) > G5.NH2 dendrimers, similar to the
above pEGFPLuc gene transfection results. The highest hBMP-2 gene transfection
efficiency using the K4 vector should be due to the fact that the PEG-RGD modi-
fication of dendrimers and the entrapment of AuNPs within the dendrimers render
the vector with RGD-mediated targeting effect and well-maintained 3-D confor-
mation of dendrimers, respectively.

To confirm the hBMP-2 gene transfection-induced stem cell osteogenic differ-
entiation, the activity of ALP, which was a membrane-bound enzyme secreted early
in bone formation and had been identified to be an important early marker of
osteogenesis [2, 35, 111], was analyzed. Figure 12.7b showed that the ALP activity
increased with the cell culture time for hMSCs transfected with a given
vector/pDNA complex. Additionally, the ALP activity of hMSCs on day 21 was
significantly higher than that on days 7 and 14. At all time points, the ALP activity
for the transfected hMSCs was obviously higher than that for the non-transfected
cells. K4 displayed the highest ALP activity when compared with the other vectors
due to the surface PEG-RGD modification and the entrapped AuNPs.

Osteocalcin was synthesized and secreted by osteoblasts, and had been identified
as an important marker of late-stage osteogenic differentiation [112]. Both
non-transfected and transfected cells displayed a low production rate of osteocalcin
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on day 14 (Fig. 12.7c). On day 21, a distinct increase in the level of osteocalcin
secretion was detected for all transfected hMSCs, suggesting that hMSCs after
transfection with the hBMP-2 gene using different dendrimer-based vectors are able
to differentiate into the osteoblast lineage. Also, relative to G5.NH2 dendrimers,
other four vector-transfected hMSCs were all observed to have visibly higher levels
of osteocalcin secretion on day 21. Similarly, the K4 enabled the transfected
hMSCs to have the highest osteocalcin secretion when compared to all other
vectors, corroborating the ALP activity data.

Calcium deposition was another indicator that could be used to further charac-
terize the degree of hMSCs osteogenic differentiation (Fig. 12.7d). The results
clearly demonstrated higher quantities of calcium production in the transfected
hMSCs cultures than in the non-transfected cultures. With time, the deposition of
calcium progressively increased from day 14 to day 21, in agreement with work
previously reported in the literature [113]. On both day 14 and day 21, hMSCs

Fig. 12.7 a hBMP-2 expression in hMSCs 3 days post-transfection via different vectors; b Time
course of ALP activity of hMSCs transfected with different vector/pDNA polyplexes;
c Osteocalcin content secreted by hMSCs transfected with different vector/pDNA polyplexes at
different culture times; d Calcium deposition on the extracellular matrix of the hMSCs transfected
with different vector/pDNA polyplexes after being cultured for 14 and 21 days. All data were
presented as mean ± SD (n = 3). Non-transfected cells were used as control. Reprinted with the
permission from Ref. [28]. Copyright 2015 American Chemical Society
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transfected by the K4 vector displayed the highest calcium content when compared
to the other vectors. These results further verified that all dendrimer-based vectors
can deliver exogenous genes and successfully induce the hMSCs osteogenic dif-
ferentiation, with K4 being the most effective vector. Our study suggests that the
gene delivery efficiency is largely dependent on the composition and surface mod-
ification of the vector. The surface modification with PEG-RGD and the entrapment
of AuNPs render the dendrimer platform not only with targeting specificity to rec-
ognize integrin-expressing hMSCs, but also with the well-maintained 3-D confor-
mation to have improved DNA compaction ability, thus affording the
dendrimer-based vector with high gene transfection efficiency and specificity.

12.5 Conclusion and Outlooks

This chapter gives a brief literature overview of the recent advances in the use of
dendrimer-based nanopaticles for gene delivery. To realize enhanced and specific
gene delivery applications, dendrimers can be surface modified via alkylation,
acetylation or PEGylation, can be surface modified with targeting ligands (e.g., FA,
RGD peptide, and can be entrapped with AuNPs.

Although much effort has been devoted to the development of dendrimer-based
NPs for gene delivery, this area of research still remains largely unexplored and
needs to be further expanded. In view of the abundant amine groups on the den-
drimer surface, antineoplastic drugs (e.g., doxorubicin or paclitaxel) may be con-
jugated, achieving combinational gene therapy and chemotherapy, significantly
enhancing the efficacy of cancer therapy. In addition, due to the excellent
antifouling property of zwitterionic materials, it is believed that further modification
of zwitterionic materials onto the surface of dendrimers may be an effective
approach to improve or optimize the transfection efficiency of the materials.
Moreover, Au DENPs possess CT imaging effect when the molar ratio of
Au/dendrimer achieves the certain proportion, hence, the combination of CT
imaging and gene therapy is worthy of development. Besides, various photothermal
agents may be modified with Au DENPs, thereby realizing the combinational
photothermal therapy and gene therapy. Overall, All these challenges will stimulate
scientists to develop multifunctional dendrimer-based NPs for gene delivery and
other biological applications.
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Chapter 13
Polyoxometalates and Their Complexes
Toward Biological Application

Lixin Wu and Jing Liang

Abstract Polyoxometalates (POMs) are a type of inorganic polyanionic clusters
bearing well-defined topologic architecture consisted of transition oxo-metalates.
Due to their negatively charged features, various dimensions, acidity, and so forth,
POMs also show specific functions in biological system. To understand the activity
at molecular level, we start the discussion from the basic binding modes of POMs
with biomolecules to the expression of the binding diversity on the crystallography,
inhibition and hydrolysis of biomolecules. Moreover, the selective inhibition of
POMs for biomolecules displays the potential roles in antitumor, antiviral, and
antimicrobial activities. In the chapter, recent achievements concerning the appli-
cations of POMs on biological-related systems are summarized. The discussion
involves the interaction of POMs with amino acids, peptides, and proteins, the
co-crystallization of proteins with the help of POMs, the inhibitory effect of POMs
on enzymes and some diseases, the mimetic enzyme functions of POMs for
hydrolysis of peptides and proteins, the antiviral, antibacterial, and antitumoral
activity of POMs, and their bio-imaging features.

Keywords Polyoxometalates �Proteins � Interaction �Crystallization �Hydrolysis �
Inhibition � Antiviral, antibacterial, and antitumor activity � Bio-imaging

Polyoxometalates (abbreviated as POMs) in chemistry are a class of nano-sized
inorganic polyanionic clusters, which consist of two or more transition metal ions
such as tungsten, molybdenum, and vanadium, linked together through shared
oxygen anions to constitute a closed three-dimensional framework. In these
metal-oxide framework structures, those metal cations are generally in their highest
oxidation state. The POM architectures can be incorporated by many metal and
non-metal elements, inducing interesting diversity in compositions and configura-
tions. Besides the chemical composition and cluster topology, the applications of
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POMs also receive extensive attention. Because of the mixed valence, POMs with
intramolecular electron transfer, ring current, electron storage, and release proper-
ties can be used as electronic and protonic conductors [1–3]. Due to the strong
acidity of proton counterions and/or the redox of coordination metals, POMs were
used as catalysts for the synthesis and hydrolysis of esters, reduction of metal ions,
oxidative polymerization of unsaturated compounds, and so forth in the past dec-
ades [4–8]. In addition, POMs also possess fantastic prospective applications in the
fields of optics [9], magnetics [10], energy storage, and material science [11, 12]. In
comparison to the mentioned potential applications in multidisciplinary fields, the
significant utilizations of POMs appear in the biological activity as well. Due to the
negatively charged features, various dimensions, strong acidity, and so forth, POMs
are believed suitable for achieving specific functions in the living system. Based on
the recent investigations, in the chapter we present a brief introduction about
POMs’ structures and fundamental properties, and then summarize the applications
of POMs and their organic hybrid complexes in biological-related systems. The
discussions involve the interaction of POMs with proteins, the crystallography of
proteins under the support of POMs, the inhibiting effect of POMs, the mimetic
enzyme effect of POMs, the antitumor, antibacterial and antiviral activity of POMs,
and bio-imaging. To understand the activity of POMs at molecular level, we first
elaborate the binding modes of POMs with amino acids, and then the proteins in
solutions. Following the understanding of POMs’ specific interactions under vari-
ous conditions, the binding modes can be found in favorable for expression of the
crystallography, inhibition, and hydrolysis of proteins. On the other hand, enzymes
representing a type of proteins can be found inhibited by POMs, which are partially
derived from the unique interactions. Further, the selective inhibition of POMs for
enzyme functions demonstrates the potential role in antitumor, antiviral, and
antimicrobial activities. In many cases, to enhance the interaction, selectivity, and
specificity, POMs are modified with organic components and thus some POM
complexes are introduced. Through the description in the chapter, the biological
activity of POMs is outlined.

13.1 The Interaction of POMs with Amino Acids,
Peptides, and Proteins

13.1.1 The Introduction of POMs

POMs that are known for almost two centuries are a kind of discrete anionic
metal-oxygen clusters that possess a series of important features such as the diversity of
dimensions and shapes, redox properties, high negative charges, and nucleophilicity. At
present, the commonly used metal atoms in POMs are molybdenum, tungsten, vana-
dium, niobium, and tantalum. Nonmetals and non-transition metals like boron, alu-
minum and gallium, silicon, germanium, phosphorous, arsenic, and so forth, appear in
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POMsasheteroatoms.LacunaryPOMsperform the ligand tocombinemanyothermetal
ions including rare earth metals to form substituted clusters displaying more additive
properties. The well-known types of POMs are Keggin (XM12O40

n−), Silverton
(XM12O42

n− ), Well-Dawson (X2M18O62
n−), Waugh (XM9O32

n−), Lindqvist (M6O19
n−),

Anderson-Evans (XM6O24
n−), and Finke [M4(XW9)2

n− or M4(X2W15)2
n−] structures,

where “X” denotes the heteroatom, “M” represents the coordination metal ion, and “n”
means the number of charges in the chemical formula [13–16]. The periphery of POM
structures spreads terminal and bridging oxygen atoms, providing the binding sites for
organic groups and metal ions to enrich structural composition because in the state that
one or two coordination atoms are taken out, the vacant positions exhibit reaction
activity from surrounding oxygen atoms. These characteristics contribute to a variety of
stereochemical structures. Some derivative POM architectures are summarized in
Fig. 13.1. According to the ratio between metal ions and oxygen atoms, oxidation state
of coordination atom and heteroatom, as well as topologic morphologies, the negative
charges of POMs can be tuned in a pretty large range. For example, Lindqvist-type
[Mo6O19]

2− has two charges, while a number of charges on Anderson-type cluster
[MMo6O18(OH)6]

n− and Keggin-type cluster [MW12O40]
n− can be modulated via the

change of central heteroatoms gradually. The similar changes can be found in another
type of clusters.Formore charged clusters, [EuW10O36]

9−, [EuP5W30O110]
12−, and even

[(Mo132O372(H2O)72(CH3COO)30)]
42− are also important members of POM family.

Thus, the topology, active oxygen atoms, and negative charges in POM system provide

Fig. 13.1 Several representative architectures of biological POM clusters
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various binding modes with metal ions and organic groups closing to biological
nanostructure surfaces, through hydrogen bonding, coordination, electrostatic interac-
tion, etc. Hence, on one hand, the anionic character of POMs naturally allows the
association with cationic domains in proteins such as the areas with rich amine groups
[17, 18]. On the other hand, the inorganic moieties can link organic molecules via
covalent bonds,where the organic ligands substitute theoxo groups ofPOMsbydirectly
bounding to themetallic center. The nucleophilic feature of the oxygen atoms located on
the outside surface of POMs enhances the covalent interactionwith electrophilic groups
in organic units. Therefore, these characters of POMsgive rise to rich bindingpossibility
with biomolecules such as amino acids, peptides, and proteins.

13.1.2 The Interaction of POMs with Amino Acids

Amino acid is a general term for a class of organic molecules containing amino
group at Alfa’s position and carboxylic acid groups, and specifies on those natural
molecules found in human body. They are basic units for proteins and other bio-
logical macromolecules, and the nutrition for animals. The proteins are constituted
of twenty amino acids for the genetic code. The structure of amino acids has
common characters, each containing at least one amino and one carboxyl group and
they are connected to the same carbon atom. The substituted R group determines
the type of amino acids. The amino acids play the specific role in constructing
hierarchical molecular structure via multiple interactions, realizing the biological
activity of protein. Thus, the exposition of the interaction between POMs and amino
acids becomes significant to understand the biological activity of POMs.

Recently, the chiral and helical structures are of interest in bio-systems and the
crystallization of framework compounds under the support of chiral molecules are
widely investigated, but the detailed selective recognition between POMs and
amino acids is relatively infrequent [20, 21]. The interaction between POM and
amino acid is demonstrated to derive from the synergistic interactions of hydrogen
bonding, coordination, and electrostatic force. Crans’ group has shown that the
POM–amino acid interaction occurs via hydrogen bonds while the amino acids or
peptides serve as counterions as well. The ammonium ion forms a hydrogen bond
with a double bridging oxygen atom of the decavanadate anion [19] (Fig. 13.2). Liu
and his coworkers reported the first structural information of amino acid–POM
(Lys)2H6[P2Mo18O62]�16H2O complex, where water and lysine interact with the
Dawson POM cluster via hydrogen bonding. Their studies have also demonstrated
the existence of coordination interaction between POMs and amino acids. Crans
and his coworkers exhibited the coordination of the hydroxyl groups on serine side
chain to the vanadium [22]. Pope’s group verified the coordination effect through
experiment and they suggested that the amino acids interacted with [Ce(P2W17O61)
(H2O)x]

7− through coordination of the carboxylate to Ce3+ and hydrogen bonding
of the ammonium cation to the adjacent oxygen (Fig. 13.3) [23]. In comparison to
those unique results, Wu and his coworkers investigated the interactions of all 20
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amino acids with common POMs systematically. By using a luminescent POM,
K13[Eu(SiW10MoO39)2], they observed that basic amino acids, lysine, arginine, and
histidine strongly enhance the luminescent intensity, while acidic and neutral amino
acids do not show apparent action to the POM’s emission [24]. It is known that the
electrostatic interaction from organic cations such as those cationic surfactants to
polyanionic POMs yields a relative hydrophobic environment on the POM’s sur-
face, which restricts the luminescent quenching of POMs. According to the iso-
electric points, basic amino acids possess positive charges at pH ca. 6 buffer
solution. Under this condition, the positively charged residues from the basic amino
acids are dominant and combine with POMs carrying thirteen negative charges. In
contrary to this, neutral and acidic amino acids do not show any positive charges, so
that no obvious interaction in aqueous solution could be observed distinctly.
The NMR spectra demonstrated that the binding site was located at the residual
amino groups of lysine whose isoelectric point is 9.7. Further, the controlled
experiments exhibited that more negative surface charges on the POMs were
beneficial for recognition of amino acids, indicating that the combination of POMs
and amino acids was mainly modulated by electrostatic interaction (Fig. 13.3). In
addition to this understanding, it could be predicted that the acidic and neutral

Fig. 13.2 Drawing of a
portion of the structure of
(NH4)6(Gly-Gly)-
V10O28�4H2O. Reprinted with
the permission from Ref. [19].
Copyright 1994, American
Chemical Society
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amino acids interact with POMs under the pH lower than each of their isoelectric
points though the corresponding acidic environment normally does not appear in
living biological system.

13.1.3 The Interaction of POMs with Peptides

Peptides are biological oligomers of amino acid monomers, which are prepared
through the reaction of carboxyl group in one amino acid with the amine group in
another. Like amino acids, the interactions of POMs with peptides also involve
hydrogen bonding, electrostatic interaction, and coordination effect. As the early
research, Crans et al. reported two model complexes for vanadium–peptides oxo-
vanadium triethanolaminate and oxovanadium tri-2-propanolaminate, to reveal their
interactions. The vanadium atoms in the complex displayed distorted trigonal
bipyramidal coordination with the nitrogen atom and the oxo group in the axial
positions, because the vanadium was displaced out of the plane of the tri-
ethanolaminate oxygens in the direction of the doubly bonded oxygen [25]. Li’s
group studied the self-assembly of cationic diphenylalanine peptide FF with a
Keggin-type POM, H3PW12O40. Because the strong acidity of the cluster used, its
combination with the short peptide was similar to the neutralization but the formed
complex was under predominantly driven by electrostatic interaction due to the
protonation of amino group on the peptide. The formed hybrid spherical aggre-
gations were found not only sensitive to pH and temperature, but also having
adaptive encapsulation features for a variety of guest materials [26]. Wu and his
coworkers recently reported the self-assembly of arginine/lysine-rich peptide from
human papillomavirus (HPV) capsid protein and Na9[EuW10O36]�32H2O. In con-
trast to amino acids, the interaction of the peptide with the POM leads to the
self-assembled nanospheres and the luminescence of europium-POM increases

Fig. 13.3 The schematic
types for the most frequent
interactions occurred in POM
and amino acid, where
a denotes hydrogen bonds,
b coordination interaction,
and c electrostatic interaction
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greatly. On the other hand, different from small amino acid molecules, the peptide
provides multiple binding sites involving hydrogen bonding and electrostatic
interaction, as confirmed by nuclear magnetic resonance (NMR) and isothermal
titration calorimetry (ITC) spectra [27]. Further investigation demonstrated that
other POMs, especially those with higher charges, have similar features during
mixing with peptides, as seen from much stronger luminescent intensity enhance-
ment of europium-substituted POM cluster K13[Eu(SiW10MoO39)2]�28H2O.
Accompanying a higher luminescence enhancement of the POM, a two-step
assembly was observed as well. At beginning, increasing the peptide concentration
leads to the formation of strip-like aggregates and then bigger spherical assemblies
(step I). Further increasing the ratio of peptide in the mixture solution resulted in the
stronger association of the two components in the assemblies (step II) (Fig. 13.4).
Due to the composition of the peptide used, the process of step I refers to the
hydrophobic interaction from the C-termini, while step II involves the electrostatic
interaction and hydrogen bonding. They suggested that the highly charged POMs
might lead to synergistic interaction forces when binding with peptides or proteins,
which have not been taken into consideration in the previous investigations [28].

13.1.4 The Interaction of POMs with Proteins

As proteins are biomacromolecules that consist of one or more polypeptides, their
structures are normally divided into four levels in order to account for functions.
The primary structure is the collating sequence of amino acids on the peptide
chains, which is also the most basic structure of proteins. The secondary structure
refers to the local spatial arrangement of atoms on the main peptide chains, which

Fig. 13.4 The schematic drawings of process between POMs and peptides at different molar
ratios. Reproduced from Ref. [28] by permission of John Wiley & Sons Ltd.
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does not involve the conformation of side chains. A certain regular
three-dimensional structure which is folded by secondary structure is called the
tertiary structure. As a typical characteristic, in some protein structures, there exist
hydrophobic sites and/or hydrophilic domains in caves and pockets and they
become active regions. When the proteins consist of two or more independent
peptide chains, the spatial structures from the chains linking through secondary
bonds are called quaternary structure. In addition to the interactions deriving from
the primary and secondary structures, the hydrophobic/hydrophilic interaction and
the spatial matching of proteins with POMs are also investigated recently. In many
cases, proteins can be regarded as the nano-sized self-assemblies and their inter-
actions with POMs subject to several factors besides the local supramolecular force.
Though the POMs can be simplified to be a rigid spherical structure, there is still
crucial influence on the proteins’ activity when they close to each other. These
properties of POMs make them special candidates and attract much attention in
exploiting new inorganic inhibitors and drugs. Following the understanding of
amino acids and peptides, the fundamental interactions between proteins and POMs
are divided into electrostatic interaction, hydrogen bonds, covalent bonds, and van
der Waals interactions (Fig. 13.5) [29]. Actually, because of lacking crystal
structure identification for the binary system, the precise spatial location of the two
components is in general not very distinct, and described mostly to be an outline.

Due to the intrinsically negative charged features of POMs, electrostatic inter-
action often involves in the combination with proteins. Human serum albumin
(HSA) is usually employed as a model for the evaluation of biological activity of
POMs. As HSA possesses only one tryptophan, the combination from POMs was
observed through monitoring the fluorescence change of tryptophan. The increase
of quenching constant for tryptophan was regarded as the sign of HSA interacting
with POMs while the binding location could be estimated [30–32]. As demon-
strated in early studies, the negative charged POMs are believed to anchor the
positive cavity surface of HSA. This speculation is supported by the fact that
increasing the POMs’ charges or decreasing pH value leads to the stronger com-
bination of POMs with proteins [17, 33, 34]. Zhang and his coworkers studied the

Fig. 13.5 Graphic showing
the most frequent POM–

protein interactions.
A proteolytic active POM [Ce
(PW11O39)2]

10− consisting of
a strong Lewis acid metal ion,
Ce(IV), connected to a
Keggin structure is used as
illustrative model. Reprinted
from Ref. [29],
Copyright 2015, with
permission from Elsevier
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molecular interaction between HSA and two POMs, [H2W12O40]
6− (H2W12) and

[NaP5W30O110]
14− (P5W30), via ITC, fluorescent and circular dichroism

(CD) spectra. Their results supported the strong binding of POMs to the protein and
it was demonstrated that the polyanions’ size played an important role as well for
the combination [35]. It should be noted that there was no specific binding site
around POMs, the electrostatic interaction to proteins was not selective. Therefore,
the intensity for the interaction was mainly related to the POMs’ size and charges,
and for the same POM, one can observe the interaction extending to other proteins,
such as bovine serum albumin (BSA), histone H1, and so forth [18, 33]. This
interaction was not only limited to solution, but can also be transferred onto
interface, where the POMs such as [EuW10O36]

9− and [NaP5W30O110]
14− patterned

polymer film can be applied for the selective adsorption of proteins (BSA and
hemoglobin) through modulation of pH value and POM charges [11]. Thus, as
shown in Fig. 13.5, the basic lysine residues with positive charges in most situation
afford positive protein surface, and could be always the binding site to the POMs
while only the shape of architecture and the charge localization-induced unsym-
metrical distribution make difference from proteins.

Hydrogen bonds are also a type of electrostatic interaction, thus they are con-
tributed to the binding with POMs. However, the studies on this binding mode are
pretty limited. Müller and his coworkers utilized a molybdenum/tungsten storage
protein from Azotobacter vinelandii to investigate the driving force. It was found
that [W3O10HxN3]

(6−x)− indirectly connected with the protein through precisely
confirmed hydrogen bonds via single X-ray structure analysis [36]. In the POMs–
protein complex, hydrogen bonds are found surrounding different POMs but part of
them is ascribed to solvent molecules. This type of solvent-mediated interaction
brings an unexpected advantage, that is, the negatively charged POMs can bind
with negatively charged proteins through the bridging hydrogen bonds [37]. Thus,
the POMs can interact with the proteins that provide proton donors through
hydrogen bonds like serine residues on the proteins (Fig. 13.5).

Covalent binding was employed to serve as interaction mode. The molybdenum
storage protein has been reported playing a pouch to accommodate approximately
100 biologically relevant molybdenum or tungsten atoms [38]. This protein was
observed to bind with the POM clusters covalently, in which some octamolybdates
covalently bound to the nitrogen of histidine and oxygen of glutamic acid, forming
local complex structure of [Mo8O26O(Glu)N(His)Hn]

n−5. Another example using
covalent binding is that the storage protein binds with tungsten cluster to form a
complex with the formula [W3O10HxN3]

(6−x)−. This small metal-oxide unit is
consisted of three edge-sharing octahedra that are related by the crystallographic
threefold axis; the N3 in the formula represents three nitrogen atoms of the histidine
[36]. For [Mo8O28]

8− cluster, it was found to bind covalently with the hydroxyl
oxygen of serine and the nitrogen from histidine in Nucleoside triphosphate
diphosphohydrolase 1 protein [39]. These results indicate that the covalent inter-
action from POMs is feasible, which provide specific recognition with
biomolecules.
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Van der Waals force is also possible for POMs–protein interactions, though it is
rarely applied. The limited study pointed that van der Waals interaction as the main
binding force to drive the complexation of molybdenum storage protein with
molybdenum clusters [40]. Among of which, three types of POMs, Mo6, Mo7, and
Mo13, are seated in the protein-formed pouch, and attach to nonpolar hydrophobic
regions which have rich glycine, valine, and proline and a few of serine residues
(Fig. 13.5).

13.2 The Crystallography of Proteins by POMs

13.2.1 POMs as Crystallization Additives

In order to understand various biological and pharmacological functions of
biomacromolecules, it is important to carry out clear chemical and spatial structure
of proteins through the crystallographic study. For the latter case, the most
important work is to realize the protein crystallization, which is not an easy process
because it is still empiric with luck and we have to face many complicated pro-
cedures and environmental factors. Fortunately, the introduction of additives such
as some small molecules often has an unexpected effect on the achievement of
protein crystallization. Among the trials, POMs are found as a promising candidate
to raise the crystallization ability of proteins.

When POMs act as additives for proteins’ crystallization, suitable combination
with proteins and solubility in buffer solution are the requirements in crystallization
process. POMs possess high solubility in water and polar organic solvents with
unchanged framework structure, and the solubility can be modulated through the
change of counterions [41]. Due to the positive charged portion of proteins, the
electrostatic interaction from POMs provides favorable condition to ensure the
complexation for co-crystallization. On the other hand, the POMs as nano-sized
clusters have the dimension comparable to proteins or the domain of proteins, and
thus some POMs exhibit shape functions. In special cases, POMs are anchored to
the cavities of proteins and catalytic centers of enzyme, or trap the conformation of
enzymes. Of course, the POM complexes with hydrophobic covering are used for
the same purpose in aqueous solution at room temperature. For protein crystal-
lization, the pH values are needed to control in the range of pH 2–10; stable POMs
in the solution should be considered though most of them are stable under the
conditions. Therefore, controlling the stability of POMs in the wide pH range is
essential. Several techniques have been applied to determine the species of POMs in
the experimental process, such as UV/vis, NMR, and ESI-MS [42, 43]. According
to the above discussion, when choosing POMs as additives for protein crystal-
lization, maintaining the integrity of POMs is required.
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13.2.2 The Usage of POMs in Protein Crystallography

Since famous work by Yonath, the usage of POMs in protein crystallization
attracted lots of attention [44]. Rompel and his coworkers succeeded in obtaining
the structure of latent precursor form of mushroom tryosinase polyphenol oxidase 4
(PPO4), one of the six tyrosinase isoforms from Agaricus bisporus, from a single
crystal [45]. They found that the protein crystallization can occur in the presence of
a POM cluster, Na6[TeW6O24]�22H2O as co-crystallization agent with low-salt
concentration. In contrast, with MgCl2 as additives, only wispy sea urchin-like
microcrystals were obtained. Although several attempts have been utilized, such as
alternation of pH, precipitation agent, and temperature both qualitatively and
quantitatively, single crystals were not achieved. The substitution of POM cluster as
additives, flat rod-shaped single crystals appeared (Fig. 13.6). The structural anal-
ysis proved that the Anderson cluster bound to positive regions of proteins through
electrostatic interaction. Moreover, in the crystal packing cases, the unique topol-
ogy and high negative charged feature make the cluster act as ‘glue’ layer con-
necting two electrostatically repulsive protein layers [46].

The utilization of POMs on protein crystallization focuses on several aspects:
ability of protein crystallization by stabilizing conformation, rigidification of flex-
ible regions of proteins, and enhancement of protein packing stability during
crystallization process. For a typical example, those POMs with transition metal
appendages such as Mo, V, and W were used as substrates or inhibitors for the
assistance of enzyme crystallization [47, 48]. Deisenhofer et al. have reported that
the addition of Na3PW12O40 as a large anomalous scatterer improves the diffractive
quality of lipoprotein receptor largely in single crystals, which were favorable for

Fig. 13.6 Crystal images of PPO4 mushroom tyrosinase: a wispy microcrystals obtained using
MgCl2 as a crystallization additive, and b flat rod-shaped crystals obtained using the POM as a
crystallization additive. Reproduced from Ref. [45] by permission of John Wiley & Sons Ltd.
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the determination of crystal structure [49]. In another example, the vanadate
(V) complex in a trigonal bipyramidal geometry makes the compound similar to a
transition state of phosphoryl transfer reactions, which is a powerful technique in
macromolecular crystallography [50]. The vanadates are known for high versatility
in bond order and bond angles. The unique feature allows them not only to bind to
the active site of phosphoryl transferring enzymes but also to adopt a form similar
to the species in the transition state. Thus, POMs with vanadate are applied to bind
the enzymes by closing to catalytic center while stabilizing the conformation at the
site and driving the crystallization of substrate [49, 51–55].

The ribosomal subunit performs the decoding of genetic information during
translation encounters serious problems due to their large size, complicated struc-
ture, inherent flexibility, and high conformational variability. Interestingly,
Dawson POM K6[P2W18O62] (P2W18) displays the ability to stabilize and rigidify
the flexible subunit, by increasing the homogeneity of the activated form within the
protein crystals, yielding a dramatic increase of the structural resolution [56]. In the
structure of 30S ribosome, there are head, platform, and base domains. The head
area is pretty flexible, which makes 30S ribosome difficult for crystallization
(Fig. 13.7). The addition of Dawson cluster improved the rigidity greatly and in the
formed protein crystal there are one single 30S particle and seven P2W18 clusters in
one asymmetric unit. The result demonstrated that the cluster provided a beneficial
conformational controlling to the protein, where it frozes the whole vicinity of
particle regions, which affected the head motion of protein and traps the structure in
one conformation. Thus, the Dawson POM exhibited two functions: providing
anomalous phasing power and increasing the structure resolution through stabi-
lization of a selected functional conformation [57].

Some POMs were also used to enhance the stability and packing order of protein
crystals by displaying the ability to link different monomers or regions during
mediating the packing protocol of crystals [46, 51, 58, 59]. The linkage is attributed
to the electrostatic interaction and hydrogen bonds between the POMs and

Fig. 13.7 Structure of the
30S ribosome in surface
representation. Reprinted
from Ref. [29], Copyright
2015, with permission from
Elsevier

322 L. Wu and J. Liang



monomers. The combination of two protein units through the specific interactions
with negatively charged POMs induces new crystal contact, which supports the
lattice formation and final crystal growth. It has been reported that only in the
presence of Na6[TeW6O24], the PPO4 protein crystals can grow up enough for the
structural measurement. In the obtained crystal structure, POM locates at the place
at which the positively charged regions of the two proteins locate [46]. This POM
shows a broad ability in the crystallization process with other proteins such as hen
egg-white lysozyme (HEWL), as investigated by the same group [58]. The HEWL
co-crystallizes with Na6[TeW6O24] under the state closing to the region that the
liquid–liquid phase separation occurs. The X-ray structure analysis exhibits that the
Anderson cluster acts as the constitution of the crystal by locating between two or
more symmetry-related protein chains. Thus, the POM as the charged counterpart
neutralizes the electrostatic repulsion at protein–protein surfaces, inducing the
formation of a stable crystal lattice. These investigations demonstrate that POMs
have great potential as crystallization additives to promote both the formation of
protein crystals and elucidation of their structures.

As it is normally hard for one protein to directly interact with another due to the
less driving force between them during crystallization, the introduction of POMs
plays the role of linker to combine protein layer like a glue to optimize the crys-
tallization process. In this case, several crucial factors, such as negative charge
number, charge distribution, dimension, symmetry, and topology, affect the final
role of POMs in the process [49, 55, 60]. With the increase of charge numbers of
POMs, the binding force with protein regions increases accordingly. Due to the
binding site selection, the symmetry of POMs can affect the array of proteins to
some extent. Additionally, the dimension of POMs is always one of the important
factors during the co-crystallization with protein macromolecules. When a POM
with proper size is selected, it becomes easier to link two incompatible proteins in a
certain distance during the tight packing. As a result, the crystallization process is
facilitated because the long-range force between the two units decreases while the
short-range attraction increases. Therefore, the topologic matching between POM
and protein promotes the synergistic assembly between different protein units,
resulting in a denser crystal packing mode.

13.2.3 The Advantages of POMs on Protein Crystallization

Comparing with other common crystallization additives such as small molecules or
ions, POMs display unique advantages for biomolecule crystallization. The POM
family presents highly versatile negative charges, size, and shape, as well as rich
interactions during connecting two or more protein monomers, many features of
which small crystallization additives do not possess.
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13.3 The Inhibiting Effect of POMs

Enzymes represent a type of biological polymers that have the function of catalysis.
In the catalytic reactions participated by enzymes, the reactants known as the
substrates are transformed to other molecules under ambient conditions. Almost all
the cells’ activities require the participation of enzymes while they do not consume
themselves in the chemistry process. In contrast to those non-biological catalysts,
natural enzymes are highly selective; only catalyze specific reactions for certain
products. The activity of enzymes is usually influenced by the factors such as
temperature, chemical environment, substrate concentration, electromagnetic wave,
and the added molecules, of which some are activators increasing the activity but
the others are inhibitors restraining the reaction.

13.3.1 Stabilization of POMs in Physiological Solution

POMs that are found biologically active have the ability on inhibition of enzymes’
function. However, some POMs are both kinetically and thermodynamically unstable
in aqueous solution and tend to convert into different clusters. In order to guarantee the
initial application on biological system, several methods are adopted to improve
POMs’ stability in physiological condition. The metal ion substitution in a given
cluster shows a convenient route to get different Keggin-type clusters with a broad
tolerance from the required environment. With this approach, [PW10Ti2O40]

7− was
prepared to have an increased hydrolytic stability even at the pH reaching ca. 7.6,
compared with the cobalt- and titanium-substituted compound [TiW11CoO40]

7– and
the typical one [PW12O40]

3–, which only maintain their frameworks under an acidic
condition [61–63]. Other strategies such as surface modifications to the POMs were
adopted to get a higher hydrolytic stability and a lower toxicity (Fig. 13.8). As an
example, the covalent linkage of organic ligands to POMs such as Anderson structures
largely improves the stability of POMs at physiological condition, and the grafted
POMs involve a condensation reaction between a functional group such as alcohols,
carboxylates and amines, and metal-oxygen structure such as polyoxo-tungstate, -
vanadate, and -molybdate. Amino acids, peptides, and carbohydrates have been
grafted onto the POMs such as [P2W17O61{SnCH2CH2COOH}]

7− to realize the
bio-functions [64–67]. Surface covering is also an efficient procedure to realize the
organic modification of POMs. The encapsulation to the POMs with organic com-
pounds such as dendrons and surfactants represents a general route to increase the
stability of clusters, which provides not only hybrid building blocks for diverse
self-assembly but also an artificial model with catalytic center locating at a
hydrophobic environment similar to enzyme for catalytic organic reactions [68–70].
The nanocarriers formed by liposome- or starch-encapsulated POMs with high sta-
bility and low toxicity were prepared for enhanced performance on antitumor activity
[71–74]. Besides small molecules, the polycationic biopolymer chitosan was
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employed to encapsulate POMs such as [Eu(b2-SiW11O39)2]
13− and [Cs �

Eu6As6W63O218(H2O)14(OH)4]
25− to perform POM’s therapeutic property [75, 76].

13.3.2 POMs as the Inhibitors of Enzymes

POMs have been reported to have the functions of enzyme inhibitors on several
enzyme families, but the systematic structure–activity relationship on POMs’
inhibiting effects was believed to be rarely understood [77]. The main challenges
focused on (1) most studies involved in a limited number of POMs with large
structural variations; (2) the alternation of POMs’ stability and the fragment for-
mation interfered with the evaluation of activity; and (3) the mechanism of inhi-
bition was rarely discussed. Here, we just summarize the limited types of enzymes
inhibited by POMs.

Kinase is a kind of enzyme transferring phosphate group from high-energy
donor molecules such as ATP to a specific target molecule, and the process is called
phosphorylation. The bioactivity of different POMs by a noncompetitive fashion
has been investigated for several kinases, for instance, hexokinase,

Fig. 13.8 Strategies for the functionalization of POMs; a covalent attachment of organic ligands
(polymers), b encapsulation using dendrons, c encapsulation in dendrimers, d encapsulation in
liposomes and e encapsulation in biopolymers (starch, chitosan). Reproduced from Ref. [77] by
permission of John Wiley & Sons Ltd.
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phosphofructokinases, and protein kinase CK2. Both hexokinase and phospho-
fructokinase could be inhibited by [V10O28]

6− cluster with a small amount of half
maximal inhibitory concentration (IC50) [78, 79]. Interestingly, excellent inhibitory
effect was found for the simple Dawson-type [P2Mo18O62]

6− cluster, which had the
most potent activity to inhibit kinase in the nanomolar range among tens of POMs
(Table 13.1) [80]. It seemed that the structural type of POMs is very important in
determining the inhibitory effect. The experimental data confirmed that Keggin
clusters were inactive, the larger Dawson clusters became active moderately,
whereas those much larger and more charged Preyssler clusters showed the most
active inhibition. It was trusted that the fragments of POMs entered into several
inhibitory moieties of proteins. In the inhibiting process, the active form of the
POM is fragmented with a particular protein-stabilized product, which occurs only
in the protein environment and cannot be isolated as free entities, playing their
inhibitory effects [80].

The functions of phosphatases are opposite with the kinase. Phosphatases have
the ability to carry out the dephosphorylation of the corresponding substrates
through the hydrolysis of phosphate monoester to remove phosphate groups in the
substrate molecules and generate the phosphate ions and free hydroxyls. The POMs
were demonstrated to have the activity for inhibition on many phosphatases, for
instance, acid phosphatase, alkaline phosphatase, protein tyrosine phosphatase, and
phosphoglycerate mutase B, as shown in Table 13.1 [81–83]. Among the POMs,
the most widely used one is [V10O28]

6−, and some of its complexes with organic
groups are also active. At present, a mixed inhibition for alkaline phosphatase and
competitive inhibition for acid phosphatase and protein tyrosine phosphatase were
proposed though the mechanism of inhibitory effects was not dealt in detail.

Sulfotransferases are a type of transferase enzymes which catalyze the transfer of
sulfo groups from donor molecules to acceptors such as alcohol or amine.
Sialyltransferases are the enzymes that transfer sialic acid to nascent oligosaccha-
ride. The two types of enzymes are located on the cell surfaces. The inhibitions of
sulfotransferases and sialyltransferases have been realized by a set of POMs with a
low IC50 value in nanomolar range [84, 85]. Several tungstate-type POMs, such as
[(GeTi3W9O37)2O3]

14−, [PTi2W10O40]
7−, and [H2SiNiW11O40]

6−, were observed to
have the behavior to inhibit the activity of Gal a 2, 3-sialyltransferase I (ST3Gal-I)
at nanomolar levels. For noncompetitive inhibition on both donor and acceptor the
IC50 of the best inhibitors was 0.2 nM. The isopolyvanadates display inhibition for
both ST3Gal-I and Gal 3-O-sulfotransferase-2 (Gal3ST-2) at nanomolar levels
(Table 13.1). The inhibitory effect of tungstate-type POMs on ST3Gal-I involves
with reversible and electrostatic behaviors.

Nucleotidases are the type of hydrolytic enzymes that catalyze the hydrolysis of
nucleotide into nucleoside and phosphate. A number of POMs have been reported
to inhibit the activity of ecto-nucleoside triphosphate diphosphohydrolases
(E-NTPDases types 1–3) with micromolar potency (Table 13.1) [61, 86]. The most
potent POM cluster found in the present stage is [TiW11CoO40]

8−, which presents
IC50 value of NTPDase1 with 0.14 lM, NTPDase2 with 0.91 lM, and NTPDase3
with 0.56 lM. The commercial POM [H2W12O40]

6− exhibits even a higher potency
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Table 13.1 Selected enzymes inhibited by POMs

Enzyme POMs IC50, Ki or Kd

[lM]

Kinases

Hexokinase [V10O28]
6− 62

Phosphofructokinase [V10O28]
6− 0.045

Protein kinase CK2 [P2Mo18O62]
6−, [P5W30O110]

15− 0.0014, 0.001

Phosphatases

Acid phosphatase [V10O28]
6− Low on lM level

Alkaline phosphatase [V10O28]
6− ca. 5

Protein tyrosine phosphatase
1B

[V10O28]
6− Low on lM level

Phosphoglycerate mutase B [V10O28]
6− ca. 10

Sulfotransferases

Gal 3-O-sulfotransferase-2 [(GeTi3W9O37)2O3]
14− 0.02

[SiVW11O40]
5− 0.05

[H2V18O44(N3)]
14− 0.003

Sialyltransferases

Gal a2,3-sialyltransferase I [(GeTi3W9O37)2O3]
14− 0.003

[SiVW11O40]
5− 0.002

[H2V18O44(N3)]
14− 0.007

E-nucleotidasescto

NTPDase1 [H2W12O40]
6−, [PW12O40]

3−

[Ti2W10PO40]
7−, [TiW11CoO40]

8−

[Co4(H2O)2(PW9O34)2]
10−

0.14−3.5

NTPDase2 [H2W12O40]
6−, [PW12O40]

3−

[Ti2W10PO40]
7−, [TiW11CoO40]

8−

[Co4(H2O)2(PW9O34)2]
10−

[NaSb9W21O86]
18−

0.9−30

NTPDase3 [H2W12O40]
6−, [PW12O40]

3−

[Ti2W10PO40]
7−, [TiW11CoO40]

8−

[Co4(H2O)2(PW9O34)2]
10−

[NaSb9W21O86]
18−

0.6−9

Histone deacetylases

Histone deacetylase [(nBu)Sn(OH)3GeW9O34]
4−

Choline esterases

Acetylcholine esterase [H2W12O42]
10− 0.3

[TeW6O24]
6−

Butyrylcholine esterase [(O3PCH2PO3)4W12O36]
16− 0.18

Nucleases

Ribonuclease [V10O28]
6− 1.4

Polymerases

Proteases

HIV-1 protease [P2W17(NbO2)O61]
7− 1.2−2.0

[NaP5W30O110]
14− 5.5
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for NTPDase1 and 3. Interestingly, [NaSb9W21O86]
18− shows selectivity for

NTPDases2 and 3 corresponding to NTPDase1.
POMs can also perform an inhibitor for histone deacetylases. The POM [(n-Bu)

Sn(OH)3GeW9O34]
4− demonstrated the activity on some proteins such as histone

deacetylase with a low IC50 concentration [87]. It was estimated that the fragments
derived from the degradation of the POM cluster might contribute to the inhibitory
activity.

In terms of efficiency and selectivity, POMs have been found to be effective
cholinesterase inhibitors. Iqbal and his workers elaborated that some isopoly-
tungstates act as potent inhibitors of acetyl and butyrylcholinesterases. Among the
polytungstates, [H2W12O42]

10− and [TeW6O24]
6− were thought to have the most

potent activity on acetylcholinesterase with the IC50 value about 0.3 lM. For
[(O3PCH2PO3)4W12O36]

16−, it performs an effective and selective inhibitor for
butyrylcholinesterase with IC50 value about 0.18 lM [88]. Proteases can be
inhibited by a set of tungstate-type POMs through a noncompetitive process at low
micromolar concentrations [89, 90]. Nucleases such as ribonuclease and poly-
merases can be inhibited by [V10O28]

6− cluster with IC50 at micromolar level [91].
Thus, in general, POMs show the bio-functional potentials as powerful agents to
inhibit various kinds of enzymes.

13.3.3 The Restriction of POMs for Self-assembly
of Proteins

Besides acting as enzyme inhibitors, a significant inhibiting application of POMs is
the prevention of aggregation of amyloid b-peptides (Ab), which is associated with
Alzheimer’s disease (AD). The most common form of AD is dementia, which is
characterized by a loss of brain function affecting memory, cognition, and behavior
[92]. Due to the complexity of AD, its molecular mechanism of pathogenesis is not
fully understood, but the known researches have proposed that the aggregation of
Ab into amyloid fibrils is crucial [93]. Qu and his coworkers have made important
achievements on the prevention of aggregation of Ab by using POMs as inhibitor.
Through fluorescent measurement and transmission electron microscope
(TEM) observation, they show that K7[PTi2W10O40], K8[SiW11O39],
K8[P2CoW17O61], and H3[PMo12O40] present activity of Ab inhibitor by using
Ab1–40 as a model. Among the used species, the highest inhibition is observed for
Dawson-type K8[P2CoW17O61] (Table 13.2). Through comparing with a number of
Dawson, Keggin, and Anderson POMs bearing different chemical compositions and
charges, the inhibitory efficiency is confirmed in relevant to the architecture types.
With the increase of dimension and charge amount of POMs, inhibitory efficiency
of Ab reinforces greatly, indicating that electrostatic and size effects play an
important role in the restriction of unwanted protein assembly due to the interaction
of POM with Ab. The fluorescent measurement by utilizing 4,4′-bis
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(1-anilinonaphthalene 8-sulfonate) as competitive agent suggests that the cationic
cluster histidine13–histidine–glutamine–lysine16 (HHQK) of Ab could be the
binding site for the POM inhibitors. The possible mechanism involves the fol-
lowing two facts: (1) the binding decreases the concentration of the free monomer
and shifts the equilibrium away from fibrillization; (2) the interaction of the neg-
ative surface of POM and Ab oligomer leads to unfavorable situation for nucleation
and growth of fibril, which prevents the direct touch of monomers. This mechanism
explains the depletion of sub- and near-critical oligomers and partial blockage of the
kinetic pathway until the surface is saturated and new nuclei generates [94]. With
this understanding, hybrid colloidal spheres were prepared through the
self-assembly of Ab15-20 peptide and POM K8[P2CoW17O61]. Compared with the
isolated POM, the formed nanoparticles show enhanced target inhibition effect on
amyloid aggregation in mice cerebrospinal fluid. Thus, the complex spheres with
large size cover the hydrophobic part of the N-terminal, and then drive Ab15-20 to
bind with Ab1-40, enhancing the antiaggregation activities [95]. They also extend
the Dawson POMs to their derivatives. Although the electrostatic interaction is
robust, the binding affinity with Ab still needs to improve due to the competitive
combination of haem with Ab monomer, which may play another major role for
AD. Thus, a series of transition metal-substituted Dawson-type POM derivatives
with various well-known histidine-chelating metals such as Cu, Fe, Ni, Co, and Mn
were selected to bind with chelating site on Ab surface. The inhibitory effects were
observed to follow the order POM-Ni > POM-Co > POM, indicating that besides
the electrostatic attraction, the histidine-chelating also contributes clusters’ inhibi-
tion [96].

Besides the misfolded Ab peptide, the level of the reactive oxygen species
(ROS) induced by Ab and the movement of metal ions were considered [97–99].
An efficient nanozyme that exhibits protease activities was used for suppressing the
aggregation of Ab, superoxide dismutase (SOD)-like functionality for decreasing
the toxicity of ROS, and metal ion chelation capabilities. The constitute of the
nanozyme is an Au nanoparticle coating with above-mentioned Dawson-type POM
and octapeptide (N-Ac-Cys-His-Sar-His-Sar-His-Sar-His-peptide, Sar = sarcosine,

Table 13.2 Inhibitory efficiency of POMs with respect to Ap fibrillization

Structure type Charges Ka
[a](M−1) IC50

[b](lM)

Na5[IMo6O24] Anderson 5 − No inhibition

K7[PTi2W10O40] Keggin 7 4.65 � 105 39.04

a-Na9H- Keggin 10 4.55 � 105 19.85

[SiW9O34]

K8[b-SiW11O39] Keggin 8 4.76 � 105 39.02

K8[P2CoW17O61] Dawson 8 2.08 � 106 16.68

H3[PMO12O40] Keggin 3 <1 � 105 No inhibition

Reproduced from Ref. [94] by permission of John Wiley & Sons Ltd.
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His = histidine, Cys = cystine), abbreviated as AuNPs@POM-8pep. Here, Au
nanoparticles help in penetration of the blood–brain barrier (BBB), while the
peptide exhibits the SOD-like activity and metal ions’ clearance, and the POM
affords the inhibitor of Ab (Fig. 13.9). Unexpectedly, Ab monomers and aggregates
were both hydrolyzed by AuNPs@POM-8pep and hydrolyzing positions are similar
to those associated with native enzyme degradation. Recently, the intermediates
induced by Cu in the fibril formation process are supposed as the main cause of
cytotoxicity leading to neuronal death rather than the large fibril aggregates [100,
101]. Further, Cu was also considered to produce ROS through the formation of an
Ab/Cu complex. In the presence of AuNPs@POM-8pep, the Cu-induced Ab oli-
gomer without the formation of amorphous aggregates was observed due to the
hydrolysis effect of multiple nanospheres. ROS has the ability to cause oxidative
stress and triggers the damage to cellular components, such as DNA, lipids, and
proteins. The AuNPs@POM-8pep nano-enzymes perform the activity like SOD to
eliminate ROS [102–104].

Fig. 13.9 Ab pathways influenced by AuNPs@POM-8pep: a Synthetic route of the nanozyme;
b AuNPs@POM-8pep acted as a multifunctional nanozyme to modulate multiple facets of
Alzheimer’s disease. Reprinted from Ref. [102], with kind permission from Springer
Science + Business Media
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13.4 The POMs and POM Complexes for Enzyme
Mimicking

The regulation of protein hydrolysis which can be widely used in structure and
protein function analysis, for example, the determination of the primary amino acid
sequence, active site analysis, mapping of the metal and ligand binding sites and
protein folding studies, is an important process in biotechnology and proteomics
[105–108]. Some important agents, which are applied on protein hydrolysis, play a
wide role for protein footprinting, proteomics, semi-synthesis of proteins, produc-
tion of bioengineered, fusion proteins, and the development of therapeutic drugs
[109–115]. Currently, proteolytic enzymes and chemical reagents are widely
applied to protein cleavage in proteomics. However, most of the available proteases
are not so satisfied because of the intrinsic disadvantages, for example, the prote-
olytic enzymes often cleave the protein at many sites, which leads to the formation
of short fragments to be difficultly analyzed. And, they often make denaturation of
the proteins resulting in the loss of structural information. Thus, in order to meet the
demand for biotechnology, new chemical reagents with obvious selectivity and
efficiency toward protein hydrolysis are highly desired. In this context, the
metal-substituted POMs that can selectively bind to certain residues or regions of
the protein are developed to promote hydrolysis near the binding site as one of the
promising candidates.

13.4.1 Catalytic Hydrolysis of POMs for Peptides

Like the traditional protease, the hydrolysis of peptides and proteins via POMs also
involves the immobilization of catalysts on the cleft sites of peptides to attack and
cleave the peptide bonds to obtain the hydrolyzing products. Parac-Vogt’s group
reported peptide hydrolysis catalyzed by POMs initially [116]. Among a series of
selected POMs, the Zr(IV)-substituted Dawson-type K15H[Zr(a2-P2W17O61)2]�
25H2O acting as a catalyst for the hydrolysis of the peptide bond in glycylglycine
(GG) exhibited excellent activity. GG was totally hydrolyzed to glycine (G) in the
presence of equimolar amounts of K15H[Zr(a2-P2W17O61)2]�25H2O under pD 5.0 at
60 °C. However, no hydrolysis was detected in the presence of the lacunary a2-
[P2W17O61]

10− POM lacking Zr coordination, indicating the Zr ion as the active
center. In addition to the hydrolysis of amide bond, the diketopiperazine also
appeared in the whole process because the Zr-POM accelerated both reactions. The
K15H[Zr(a2-P2W17O61)2] cluster also displayed hydrolytic activity for a series of a
Gly-X sequence dipeptides, where X donated alanine, valine, leucine, phenylala-
nine, lysine, histidine, cysteine, and so forth. Moreover, triglycine, tetraglycine, and
pentaglycine were also examined to be hydrolyzed through adding this POM,
yielding the final product of glycine. A brief hydrolysis mechanism was proposed
(Fig. 13.10), in which the coordination amide carbonyl of GG to the Zr ion in POM

13 Polyoxometalates and Their Complexes … 331



cluster underwent a Lewis acid activation of the amide bond and that made it
feasible for the nucleophilic attacking from water. The internal nucleophile water
molecules are also regarded as the coordinated site and solvent, while the
N-terminal amine group takes another coordinating entity for the effective attach-
ment of the peptide. The hydrolysis rate can be simply modulated through the
change of amino acid side chains. The increase of aliphatic side chain volume leads
to the decrease of the hydrolysis rate, indicating that the steric hindrance from the
side chain strongly affects the catalytic process [117]. The hydroxyl group in side
chains of the amino acids can facilitate hydrolysis of amide bond by pushing
N ! O acyl rearrangement. The five-membered cyclic transition state formed from
intramolecular attack by the side chain hydroxy group rearranges into an acylated
serine intermediate that is more easily hydrolyzed. Amino acids with a carbonyl
group side chain are favorable of hydrolysis as well due to the coordination of Zr
ion and the activation of amide carbon toward nucleophilic attack by water
molecules. In addition, peptides containing amino acids with positively charged
side chains can be hydrolyzed at a higher rate due to the secondary interactions with
the negatively charged POM surface. The type of POMs for hydrolysis was further
extended. A Zr-substituted Lindqvist-type POM, (Me4N)2[W5O18Zr(H2O)3], was
demonstrated to have a high activity for hydrolysis of the X–Ser amino acid
sequence, in which His–Ser is the fast one [118]. The efficient activity was con-
firmed to derive from the chelation of the Zr ion with His–Ser through the imidazole
nitrogen, amine nitrogen, and amide carbonyl oxygen. A dimeric Zr-substituted
Keggin-type POM, (Et2NH2)8[{a-PW11O39Zr(l-OH)(H2O)}2]�7H2O was studied
on the hydrolysis of glycylserine (Gly-Ser) and glycylglycine (Gly-Gly). The

Fig. 13.10 Mechanism for the hydrolysis of GG: nucleophilic attack of solvent water (left) and
coordinated water (right). Reprinted with the permission from Ref. [116]. Copyright 2012,
American Chemical Society
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highest catalytic activity of this POM for peptide bond hydrolysis was obtained at
pD 5.5–6.0. The coordination of the POM cluster to dipeptides via the amine
nitrogen and amide carbonyl oxygen results in the polarization of the peptide bond,
making it more susceptible to hydrolysis [119]. The dimeric tetra-Zr-substituted
Dawson-type POM Na14[Zr4(P2W16O59)2(l3-O)2(OH)2(H2O)4]�57H2O showed the
hydrolyzed activity to hydrolyze dipeptides such as Gly-Gy, via its amide oxygen
and amine nitrogen atoms [120].

Except the dipeptides, those oligopeptides, for example, triglycine, tetraglycine,
glycylglycylhistidine, and glycylserylphenylalanine, can also be hydrolyzed by
Zr-POM clusters, through selecting suitable conditions with high activity [121,
122]. The hydrolysis of polypeptide system also works well. Oxidized insulin chain
B, as a 30-amino acid polypeptide, can be selectively cleaved by K15H[Zr(a2-
P2W17O61)2]�25H2O POM cluster [123]. The hydrolytic reactivity of the POM
cluster toward oxidized insulin chain B was examined by mixing the polypeptide
and POM in equal amount in a pH 7 aqueous solution. The hydrolysis sites on the
oxidized insulin chain B locate at Gly8–Ser9, Leu6–Cys(SO3H)7, Gln4–His5, and
Phe1–Val2 through the detection of HPLC-ESI-MS and MALDI-TOF at 37 °C. By
increasing the temperature to 60 °C, the same cleavage sites were observed as those
at 37 °C, with an additional cleavage site at Gly20–Glu21 (Fig. 13.11). The raise of
the temperature does not have a major impact on the selectivity of hydrolysis, but
leads to a faster appearance of the peptide fragments. The first cleavage site on
oxidized insulin chain B was the Gly8–Ser9 peptide bond. The higher reactivity of
the Gly–Ser bond is contributed by the hydroxyl group of serine accelerating
N ) O acyl rearrangement, resulting in the hydrolysis of the Gly8–Ser9 bond. The
second cleavage site was between the residues Leu6 and Cys(SO3H)7. The nega-
tively charged sulfonate group acting as a ligand for the positively charged Zr
center generates an additional electrostatic interaction, which induces the fixation of
Zr to the imidazole N of His5 closer to the carbonyl group of Leu6 and then causes

Fig. 13.11 Primary amino acid sequence of oxidized insulin chain B with the corresponding
cleavage sites observed at pH 7.0 and a 37 °C and b 60 °C. Reproduced from Ref. [123] by
permission of the Royal Society of Chemistry
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its polarization for accelerated cleavage of the Leu6–Cys(SO3H)7 bond. For the
third cleavage site, Gln4–His5 involves two aspects. On one hand, the N in the
imidazole of His5 provides binding site with POMs to cleave this peptide bond. On
the other hand, deamidation to Gln4 can induce an electrostatic interaction between
the positively charged Zr and the negative carboxylate side chain, resulting in the
hydrolysis of Gln4–His5. The fourth cleavage site, hydrolyzed by the POM,
appears at Phe1–Val2. The coordination of the Zr center to the N-terminal amino
group of Phe1 leads to the hydrolysis of the peptide.

13.4.2 Selected Hydrolysis of POMs for Proteins

Selective hydrolysis of proteins is one of the most important procedures in analytical
biochemistry and biotechnology. Currently, only limited studies have been reported
on the hydrolysis of proteins by POMs. Parac-Vogt et al. also displayed the early
example for protein hydrolysis regarding the catalysis of POM clusters [34]. Hen
egg-white lysozyme (HEWL) was cleaved in the presence of a sandwiched [Ce
(a-PW11O39)2]

10− cluster at the condition of pH 7.4 and 37 °C. The cleavage
sequences are Val-Xxx-Ala-Ala-Lys-Phe-Glu-Xxx-Asn-Phe-Xxx-Thr and
Arg-Asn-Thr-Asp-Gly-Ser-Thr-Asp-Tyr-Ala-Gly, indicative of the hydrolysis of
HEWL occurring between the residues tryptophan 28 and valine 29 (cleavage site I)
and the residues asparagine 44 and arginine 45 (cleavage site II). In a contrast
experiment, a-lactalbumin with almost identical 3D structure like HEWL but a very
different surface potential (pI: HEWL = 11.3, a-lactalbumin = 4.2) exhibited no
evidence of hydrolysis. Thus, the large difference in activity of POM toward HEWL
and a-lactalbumin can be attributed to the differences in surface charge because the
tertiary folding of these two proteins was almost identical. NMR studies demon-
strated that the positively charged surface area surrounding cleavage site I strongly
interacted with the negative POM framework. The binding near site II, cleavage of
the Asn44–Arg45 bond appearing after 9 h incubation, was directed by the Ce ion
binding mode rather than the POM skeleton. Thus, the Ce-sandwiched Keggin
cluster showed a higher affinity at site I than that binding at site II and leading to site I
hydrolyzed totally. As another example, after the incubation with a series of POMs
with organic counterions, (nBu4N)6[{W5O18Zr(l-OH)}2]�2H2O, (Et2NH2)10[Zr
(PW11O39)2]�7H2O, (Et2NH2)8[{a-PW11O39Zr(l-OH)(H2O)}2]�7H2O, K15H[Zr(l2-
P2W17O61)2]�25H2O, and Na14[Zr4(P2W16O59)2(l3-O)2(OH)2(H2O)4]�10H2O, the
hydrolysis of HSA took place [124]. The detailed experiments showed that in the
presence of K15H[Zr(a2-P2W17O61)2], regioselective cleavage of HSA at
Arg114-Leu115 (site 1), Ala257-Asp258 (site 2), Lys313-Asp314 (site 3) and
Cys392-Glu393 (site 4) appeared (Fig. 13.12). Interestingly, the binding from these
Zr-substituted POM clusters to HSA is governed by two main factors: the electro-
static interaction between the POM framework and the binding sites on the protein,
accompanying by other three weaker interactions resulting from the anchoring of Zr
ion to HSA side chains. The site I situates at a positive patch of the protein, inducing
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the electrostatic interaction to the negative charged POMs and then hydrolysis at this
part. Meanwhile, the anchoring of Zr onto the acidic side chains is responsible for the
hydrolysis at the remaining three sites [125]. The horse heart myoglobin
(HHM) consisting of 153 amino acids including 8 Asp and 13 Glu residues was
selected as a target to investigate the hydrolysis of proteins. Among series of
Zr-substituted POMs, (Et2NH2)8[{a-PW11O39Zr-(l-OH)(H2O)}2]�7H2O has a
remarkable selectivity toward the hydrolysis of Asp-X bonds in HHM. The HHM
was hydrolyzed at six peptide bond sites, Asp4-Gly5, Asp20-Ile21, Asp44-Lys45,
Asp60-Leu61, Asp126-Ala127, and Asp141-Ile142. The hydrolyzed peptide bonds
in HHM were found to upstream from the aspartate residue, which demonstrated the
site-selective hydrolysis by the POM used. The phenomena can be contributed to the
protein surface charge distribution at the cleavage sites. As is shown in the results,
each of the hydrolyzed peptide bonds situated near positively charged surface patch
that can electrostatically interact with the negatively charged POM. Moreover, the
carboxyl group in the Asp side chain helped for the fixation of the used POM catalyst
to the protein through Zr coordination, which assisted the hydrolysis by nucleophilic
attack to form a tetrahedral intermediate. All these interactions accelerated the
hydrolysis of proteins [126].

13.5 The Healing Effects of POMs

Currently, more than two hundred kinds of POMs have been reported with medical
activity and the fact encourages researchers to make more effort for applying the
inorganic clusters in medical chemistry. Though there are still some intrinsic dis-
advantages, the POM’s biological macromolecular targeting recognition, including

Fig. 13.12 Cartoon representation of HSA for the four cleavage sites. Reproduced from Ref.
[125] by permission of John Wiley & Sons Ltd.
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their molecular properties such as polarity, redox potentials, surface charge distri-
bution, shape, acidity, and designable structure, was regarded as the important
features [127–132]. The fantastic properties of POM clusters induce covalent or
electrostatic binding with organic groups and the formed complex can match with
physiological environment of human body [133, 134].

13.5.1 The POMs’ Bioactivity for Antivirus

One of the most possible medical properties of POMs can be attributed to their
antiviral, antibacterial, and antitumor activities. The antiviral activity of POMs has
been studied nearly about fifty years. However, the mechanism of viral inhibition of
POMs is still unclear [135]. The inhibition for viruses is affected by the degree of
cellular penetration and localization of a drug [84]. After that, RNA virus was
studied, whose inhibitory mode was attributed to the interference of virus adsorp-
tion to target cells and hindrance of virus penetration to cells mainly affected by the
main feature of the POM. The POM was considered to perhaps interrupt the
enzymes of virus. For the moloney’s leukemogenic virus, the therapeutic effect by
POMs is believed to result from the inhibition of DNA polymerase though the
inhibitory effect is found to be reversible [136]. Thus, most studies involve the
inhibition of viral enzymes such as reverse transcriptase, protease in retroviruses,
surface viral proteins, and so forth.

Recently, several POMs have been widely employed on the antiviral investi-
gations. Among them, K7[Ti2PW10O40]�3H2O is confirmed to have the antiviral
activity on human immunodeficiency virus (HIV1), herpesvirus hominis (HSV-1
and HSV-2), respiratory syncytial virus (RSV), human cytomegalovirus (HCMV),
and so forth [137, 138]. The K6[SiNi(H2O)W11O39] and [(NH4)12H2Eu2(MoO4)
(H2O)16(Mo7O24)4]�13H2O clusters with more complicated architecture and
chemical composition exhibit antiviral activity on HIV-1, HSV-1, and HSV-2 [137,
139–141]. In addition, niobium ion-substituted clusters, K7[SiW9Nb3O40] and
(Me3NH)7[SiW9Nb3O40] display antiviral abilities on the influenza virus (Influenza
A/B), RSV, murine leukemia sarcoma virus, and HIV [134, 142].

HIV is a lentivirus that causes virus infection and makes body acquire
immunodeficiency syndrome (AIDS) over time. The K13[Ce(SiW11O39)2]�26H2O
and K6[BGa(H2O)W11O39]�15H2O clusters were used as potent anti-HIV agents by
evaluating them in inhibiting HIV-1 and simian immunodeficiency viruses at a low
concentration. The mechanism of anti-HIV activity for the POM clusters could be
attributed to the inhibition of linkage for virus to cell [143]. After that, a series of
POM clusters such as K7[P2W17NbO62] was applied to evaluate their inhibitory
effect on HIV-1 protease. The main interactions between POMs and HIV-1 protease
include hydrogen bonding, including a terminal oxygen positioned between the
Ile50 and Ile50′ residues of the enzyme flap, a central bridging oxygen close to
protonated catalytic aspartyl residues, and a bridging oxygen in the Ni cap located
near residues Arg 8 or Arg 8′. The inhibitory activity of POMs was ascribed not to
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the binding to the active site of HIV-1 protease, but the linkage to a cationic pocket
on the hinge region of the flaps covering the active site [89].

The property of POM clusters for broad-spectrum antiviral was also noticed by
Yamamoto et al. [143] initially. Later, Li and Kang et al. reported that Cs2K4Na
[SiW9Nb3O40] exhibited broad and high antivirus activities for influenza virus
(Influenza A and Influenza B), HSV-1, HSV-2, and HIV-1 [144]. The antiviral
activity and cytotoxicity showed in Table 13.3 revealed that the cluster possesses
low EC50 value (50% virus inhibitory effective concentration) on Influenza A,
Influenza B, HSV-1, HSV-2, and HIV-1 and low cytotoxicity with high CC50 value
(50% cell inhibitory concentration) on MDCK, Vero, and MT-4 cells. A series of
experiments indicated that this POM locates on the surface instead of the interior of
the cell used. Further, the broad-spectrum antiviral features of this POM were
mainly attributed to its localization on the cell surface. In addition, this type of
POMs performs good anti-hepatitis B virus (HBV) properties [145].

13.5.2 The POMs with Antibacterial Property

Gram-positive bacterium and gram-negative bacterium are the common pathogenic
bacteria. POMs in various morphologic structures such as Keggin, lacunary
Keggin, Dawson, double-Keggin, Keggin-sandwiched, and so forth, were investi-
gated in enhancing antibacterial activity of b-lactam antibiotics on
methicillin-resistant staphylococcus aureus (MRSA), which is a gram-positive
bacterium, and Escherichia coli (E. coli), which belongs to a gram-negative bac-
terium [146, 147]. Yamase et al. observed that the antibacterial activity of b-lactam
antibiotics through the utilization of K6[P2W18O62]�14H2O, K4[SiMo12O40]�3H2O
and K7[PTi2W10O40]�6H2O against methicillin-resistant MRSA and
vancomycin-resistant S. aureus (VRSA) could be enhanced [148]. The biological
reduction of the first two clusters was available within both MRSA and VRSA and
the cells also kept alive, indicating that the POMs can penetrate through the cell
wall consisting of peptidoglycan layers and reach cytoplasmic membrane. The
inhibitory effect can be attributed to the suppression of transcription processes from
mecA and pbp genes to mRNAs, which associates with the modified metabolisms

Table 13.3 Antiviral activity
and cytotoxicity of Cs2K4Na
[SiW9Nb3O40] in vitro

Virus Cell line EC50 (lg/mL) CC50 (lg/mL)

Influenza Aa MDCK 7.4 ± 1.1 426.2 ± 8.7

Influenza B MDCK 11.2 ± 3.1 475.2 ± 6.9

HSV-1 Vero 2.5 ± 1.3 1060.5 ± 9.3

HSV-2 Vero 7.3 ± 1.6 1358.5 ± 8.5

HIV-1 MT-4 3.2 ± 0.8 325.7 ± 5.4

HBVb HepG2 11.4 ± 0.6 1784.0 ± 3.1

Reprinted with the permission from Ref. [144]. Copyright 2011,
American Chemical Society
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exerted by the POMs’ capture in the cytoplasmic membrane through the cell wall
peptidoglycan layer.

The antibacterial features on gram-negative bacterium usually make expression
on E. coli. Li et al. exhibited that the nanofibers consisting of cationic peptides
covered polyanions displayed excellent antibacterial for E. coli [149]. The
H4SiW12O40 cluster has the ability to drive the self-assembly of short peptides
consisting of an alternating sequence of hydrophilic (lysine) and hydrophobic
(azobenzene) residues, into well-separated nanofibers with highly concentrated
positive charges on the surface. The nanofibers were uniform with a diameter of ca.
13 nm in width and several micrometers in lengths. The compared experiments
showed that the individual peptide and the POM cluster exhibit poor inhibitory
ability. In contrast, the nanofibers displayed significantly enhancement for
antibacterial activity (Fig. 13.13), in which the minimal inhibitory concentration of
the peptide nanofibers is 60 lM. The dead assay for cell viability gave the
mechanism for inhibition, which involved cell membrane disruption upon contact
with the nanofibers. The enhanced antibacterial activity can be attributed to the
large peptide aggregates deriving from the accumulation of the peptides on the
surface of the cell membrane, which not only strengthen the binding affinity, but
also avoid the slow accumulation process of individual peptide. Silver nanoparticles
capped with H3PW12O40, H3PMo12O40, (NH4)3[PMo12O40]�nH2O rhombic
dodecahedral nanocrystals, complex with H5PMo10V2O40 and bamboo charcoal,
nanocomposites formed by H5PMo10V2O40 and chitosan, also show obvious
activity against E. coli though the nanoparticle itself has the antibacterial feature
[150–153]. The multilayers formed by POM clusters and positive polyelectrolytes
exhibit excellent antibacterial efficiency as well, indicative of the potentials as
antibacterial, protective materials, and self-detoxifying material [154–157].

Antimony potassium tartrate and stibophen are favorable as antiprotozoal and
anthelmintic agents. Consequently, incorporation of antimony into the POM
frameworks for the antimicrobial activities has been widely investigated [158, 159].

Fig. 13.13 Optical density of
E. coli with incubation time in
the presence of the individual
peptide, individual POM, and
nanofibers. Reproduced from
Ref. [149] by permission of
John Wiley & Sons Ltd.
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Kortz et al. reported a series of organoantimony(III)-containing heteropoly-
tungstates to investigate their antibacterial effect. The POM clusters [(PhSbIII)4(A-
a-PVW9O34)2]

10− and [{2-(Me2NCH2C6H4)Sb
III}3(B-a-As

IIIW9O33)]
3− have a

slightly stronger activity against the gram-positive B. subtilis, compared to the
gram-negative organism, E. coli [160]. The effective inhibition against six types of
bacteria was studied for organoantimony(III)-functionalized POMs, Cs3KNa6[Na
{2-(Me2HN

+CH2)C6H4Sb
III}As2

IIIW19O67(H2O)]�43H2O and Rb2.5K5.5[{2-
(Me2HN

+CH2)C6H4Sb
III}2As2

IIIW19O67(H2O)]�18H2O�Me2NCH2C6H5. Both of
them successfully inhibit the growth of selected gram-positive and gram-negative
bacterial strains [161]. In contrast, the reference K14[As2

IIIW19O67(H2O)] cluster
exhibited no impact on the same bacterial species (Table 13.4). The inhibitory
effect is concluded from the organoantimony(III)-containing POMs interfering with
peptidoglycan production inside the cell wall and thus ultimately causing death of
bacteria.

13.5.3 The POMs for Potential Antitumor Drugs

Anticancer POMs have been widely investigated for medical applications [162–
165]. The antitumoral activity of POMs was found to be comparable with that of
commercial drugs. The mechanism usually involves several aspects including the
induction of cell apoptosis, nonspecific weak interactions with DNA, and the
inhibition of ATP generation and angiogenesis-promoting factors, such as basic
fibroblast growth factor [84, 162]. The early investigations dealt with the significant
antitumoral effect of POMs, particularly [NH3Pr

i]6[Mo7O24]�3H2O against MX-1
murine mammary cancer cell line, Meth A sarcoma, and MM46 adenocarcinoma
[166]. Yanagie et al. reported the anticancer activity of this POM for pancreatic

Table 13.4 MIC determination of various polyanions against the growth of gram-positive and
gram-negative bacteria

MIC Determination (µg/mL)

1 2 [AsIII2W19O67(H2O)]
14− PhSb-1 PhSb-2

Gram-positive

Paenibacillus sp. 500 250 No inhibition 250 125

Bacillus subtilis 250 250 No inhibition 125 62.5

Clavibacter michiganensis 500 250 No inhibition 250 250

Gram-negative

Vibrio sp. Gal 12 250 250 No inhibition 125 62.5

Pseudomonas putida DSM 291 500 1000 No inhibition 125 62.5

Escherichia coli DH5a 1000 500 No inhibition 500 250

Reprinted with the permission from Ref. [161]. Copyright 2016, American Chemical Society
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carcinoma and further discussed the mechanism for cell apoptosis [167]. Wang
et al. carried out the antitumoral investigation on which the POM clusters inhibit
liver cancer SMMC-77721 cell line, human stomach SGC-7910 cell line, cervical
cancer Hela cell line, and so forth. Recently, they reported that a POM macroanion
{CoSb6O4(H2O)3[Co(hmta)SbW8O31]3}

15− (hmta: hexamethylenetetramine)
exhibited a high cytotoxicity against various cancer cells, especially ovarian cancer
cells. The prevention of cell cycle and binding with proteins in high affinity by
POMs resulted in the cell apoptosis and cell proliferation inhibition [168].

However, in the present stage, no POM drugs have been practically applied after
initial development for clinical trials, due to the two main crucial issues. One
involves the toxicity of all POMs at higher dosages while the other refers to the
negatively charged features of POM clusters which induce weak and unspecific
interactions with biomolecules. The surface modification of POMs with organic
molecules or biomolecules might be an efficient method to overcome the disad-
vantages because the organic moiety could recognize the specific units and guide
POMs interacting with target biomolecules. Li et al. reported flowerlike hierarchical
nanostructures by the co-assembly of dopamine and phosphotungstic acid [169]. The
dimension and morphology of the nanostructures could be modulated through
changing the ratio and concentration of dopamine and POMs, and pH value. The
nanostructure was able to load doxorubicin hydrochloride, which was widely
applied as an anticancer drug in chemotherapy. The release of doxorubicin was
pH-dependent, in which nearly all the drugs were released from the nanostructure at
pH 7.4 within 12 h. This POM assembly can be considered as a promising
improvement for the oral delivery of doxorubicin in the treatment of certain cancers.

Liu et al. studied the organic–inorganic hybrid prepared by grafting a long-chain
organoalkoxysilane lipid onto a POM cluster, with the formula of
[(C16H33)2NCONH(CH2)3SiNaP5W29O110]

n− (Fig. 13.14). The hybrid with
amphiphilic nature induced the spontaneous organization into micelles in aqueous
solution. The treatment of human colorectal cancer cell lines HT29 with the hybrid
demonstrated that increasing the concentrations of the hybrids resulted in a decrease
of alive cells, and the cell viability reduced with the prolonged incubation time. The
inhibition of the hybrid to normal human umbilical vein endothelial cells was much
smaller than that toward cancer cell lines, indicative of the lower toxicity to normal
cells. The cluster was captured by cancer cells and observed to locate in the
cytoplasm of cells in 1 h incubation. Thus, the lipid groups on the hybrids boosted
the penetration of cluster into the cells by inserting into the interior or binding to the
surface of the cell membrane with high affinity [170]. After that, they extended the
inhibition to other hybrids [171]. The nanoparticles in several dozens of nanome-
ters, which are composed of Pt grafted-POM, [PW11O40(SiC3H6NH2)2Pt
(NH3)2Cl2]

3− and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy
(polyethylene glycol)-2000], exhibited highly efficiency superior to classic cisplatin
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in inhibiting cellular growth of HT29 cells and treating human colorectal cancer in
mice. The mechanism involves platinum (IV)-to-platinum (II) reduction, DNA
binding of platinum (II)-substituted POM, and subsequent apoptosis.

13.6 The POMs and Complexes for Bio-Imaging

Magnetic resonance imaging (MRI) is one of the most impressive medical imaging
techniques owing to its noninvasive feature and high spatial resolution. The MRI
signal is generally dependent on the longitudinal (T1) and transverse (T2) relaxation
times of abundant hydrogen nuclei in a biological organism. To improve the MRI
sensitivity, various kinds of paramagnetic materials are applied as contrast agents to
enhance the signal contrast. Gadolinium ion complexes (Gd3+) are generally
selected as positive T1 contrast agents because of the large paramagnetic moment
and long electronic relaxation time, which can effectively shorten the longitudinal
relaxation time of water protons for enhancement of T1 relaxivity (r1) and a brighter
contrast [172, 173].

Fig. 13.14 Illustration of synthesis process of POM-based organic–inorganic hybrids and their
vesicle formation: a synthesis of POM, b covalent reaction between POM and organoalkoxysilane
lipid, c cation exchange, d formation of micelles, e entering the tumor cells, and f intracellular
localization. Reproduced from Ref. [170] by permission of John Wiley & Sons Ltd.
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13.6.1 POMs and Complexes for Magnetic Resonance
Imaging

The Gd ion-substituted POMs acting as positive contrast agents were reported to get a
higher longitudinal relaxation rate than general Gd complexes due to the chemical
composition and much larger molecular weight. Pei et al. used a series of
Gd-substituted POMs, K9GdW10O36, K11[Gd(PW11O39)2], K17[Gd(P2W17O61)2],
K13[Gd(SiW11O39)2], K11H6[Gd3O3(SiW9O34)2], K15[Gd(BW11O39)2], and K17[Gd
(CuW11O39)2], as contrast agents [174–177]. The in vivo experiment revealed that
these POMclusters have higher relaxivity than that ofwidely used commercial product
(Gd-DTPA) and remarkable signal enhancement was observed in liver and kidney.

Due to the difficulty in covalent grafting to all POMs, the general route to create
a biocompatible surface around the POMs is to use the negatively charged feature.
Following the same strategy in getting POM electrostatic complexes, Wu’s group
encapsulated the Gd-sandwiched POMs by two lacunary components with cationic
organic molecules to investigate their functions as contrast agents [178]. Because
the used surfactant molecule (EO12BphC10NC12) bears a poly(ethylene oxide)
(PEO) chain and a quaternary ammonium head, the electrostatic complex with
K13[Gd(b2-SiW11O39)2]�27H2O cluster is still amphiphilic. The yielding hybrids
exhibited water solubility and formed a regular vesicular structure with POM units
locating at the center. The relaxivity (r1) that is defined by the equation below
describes the change of relaxation rate (Δ(1/T1) = ΔR1) of water protons normalized
to the concentration [CA] of contrast agent. The value of r1 can be modulated in a
large scale by various factors, for example, external field, temperature, the elec-
tronic properties of the paramagnetic center, water residence time (sm), rotational
correlation time (sR), first and second coordination sphere hydration (q), and the
ion-to-water proton distance [179]. The obtained relaxation rate (Δ(1/T1) = ΔR1)
values of Gd-POM complex below critical aggregation concentration (cac) was
r1 = 61 mM−1s−1 and above cac was r1 = 2.3 mM−1s−1. The relevant characteri-
zations proved that the relaxivity (r1) of monodispersed Gd-POM complex was
enhanced greatly while the aggregated hybrids were reduced oppositely, indicating
the excellent features at fully dispersed state. After that, the organic–inorganic
hybrid assembly of [GdW10O36]

9− covered with a cationic polymer poly
(hexyl-spermine)acrylamide was prepared and the MRI performance was evaluated
[180]. The T1-weighted MRI performance was found to be enhanced about three
times. Two important issues were concluded to dominate the contrast effect. One
involves the molecular weight that is proportional to the longer rotational corre-
lation time of Gd-POM, whereas more importantly, the hydrophobic layer sur-
rounding the POMs restricts the free penetration of external water molecules for the
exchange with the coordinated water on the clusters:

r1 ¼
D 1

T1

� �

½CA� :
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13.6.2 POM Complex for Bimodal Imaging

To improve the imaging performance for the POM CAs, dendritic molecules were
selected to cover the Gd-POM by the same procedure [181]. Interestingly, for first-
and second-generation dendritic cations covered K13[Gd(b2-SiW11O39)2] com-
plexes, self-assemblies were found always existing in the solutions. However,
mono-micellar structure was obtained through the encapsulation of POM cluster
with third-generation dendritic cation bearing triethylene glycol monomethyl ether
terminal groups locating toward outside (Fig. 13.15). The measured relaxation rate
r1 value is calculated to be ca. 16.83 mM–1 s–1, and the value is enhanced by
increasing the sample concentration within certain range (from 0.01 to 0.09 mM),
demonstrating the potential of this micelle as an effective contrast agent. In addi-
tion, the complex showed the ability to accommodate fluorescent dyes such as
rhodamine B for both MRI and fluorescence imaging (FI). By incubation with

Fig. 13.15 Structural illustration of the complex micelle with dual structure acting as a carrier
loading dye molecules for in vivo imaging. Reproduced from Ref. [181] by permission of John
Wiley & Sons Ltd.
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MCF-7 cells, the fluorescent imaging property of the prepared complex was
demonstrated. Further, the in vivo experiments showed that the complex distributed
in viscus organs but mainly accumulated in liver and almost fully metabolism of the
complex was observed after 24 h, indicating excellent fluorescent property of the
complex as an optical probe in practical clinic applications. Thus, the in vivo MRI
and FI results confirmed the advantages of this hybrid as a bimodal contrast agent,
especially as positive blood pool and liver specific MRI contrast agent. Other
applications of the Gd-POM complex based on BSA-coated Gd-POM was reported,
which was able to realize dual-modal MR/CT imaging and photothermal
therapy/radiotherapy of cancer [182].

13.7 Summary and Outlook

In summary, POMs represent a class of nano-sized inorganic polyanionic clusters
with which the framework structure and composition can be modulated widely
through simple chemical synthesis. The biological activity of POMs displays great
interests in comparison to the diverse potential applications in other fields. Due to
the topology, active oxygen atoms, and negative charges, the POM clusters provide
various binding modes with metal ions and organic groups closing to biological
nanostructure surfaces through hydrogen bonding, coordination, electrostatic
interaction, etc. The negative charges and nano-sized structure make POMs become
promising candidates to raise the crystallization ability of proteins through a suit-
able combination or matched dimension with proteins or the domain of proteins. In
addition, POMs have the functions of inhibitors on several enzyme families, such as
kinase, phosphatases, sulfotransferases, nucleotidases, and so forth. Another sig-
nificant inhibitory expression of POMs is the prevention of aggregation of amyloid
b-peptides (Ab), which is associated with Alzheimer’s disease (AD). Further, the
capability of metal-substituted POMs that selectively bind to certain residues or
regions of proteins can promote the hydrolysis of peptides and proteins, like arti-
ficial enzymes. The most possible medical features of POMs can be attributed to
their activity on antivirus, antibacterium, and antitumor, and the role of contrast
agent in magnetic resonance imaging. In brief, the POM clusters are stable,
effective, designable, low toxic, and biocompatible, which make them vigorous
candidates for biological utilizations. From the current development of biological
activity on POMs, it can be envisioned that POM would serve as effective
antibacterial, protective, and self-detoxifying materials, and novel inorganic drugs
as well as against worldwide major nosocomial agents.
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Chapter 14
Inorganic-Organic Hybrid Materials
Based on Nanopolyoxometalates

Yitong Wang and Jingcheng Hao

Abstract Various types of nano-scale polyoxometalates (POMs) with beautiful
topologies has been synthesized successfully by destroying the hydration shell of the
anions caused by the extremely hydrophilic surface. Their magnetic, electronic, and
photoluminescent properties and valuable applications in catalysis, medicine, and
material science are discussed. Meanwhile, the last ten years have witnessed a
remarkable development in terms of preformed organic-inorganic POM-based hybrid
systems for the rational design of functional architectures, assemblies and materials.
Hydrophilic POMs of different sizes and shapes can interact with hydrophobic
cationic surfactants, the resulting materials show amphiphilic properties with elec-
trostatic interactions between the hydrophilic and hydrophobic components, called
Surfactant-Encapsulated Clusters (SECs) or Surfactant-Encapsulated-POMs (SEPs).
This hydrophobic surfactant-encapsulated clusters (HSECs) can fabricated through
covalent or non-covalent interaction, which can construct ordered self-assembly, e.g.
robust onionlike structures, honeycomb films or giant vesicle. Moreover, This
ordered giant vesicle acts as building block to fabricate three dimensional structures.
In addition, SECs can further self-assemble to give a variety of nanostructures on
various surfaces/interfaces, among them, the most representative nanostructures
discussed below is ordered honeycomb films, which is carried out by a simple
solvent-evaporation method. It is reasonable to assume that the condensed water
microdroplets induced by the quick evaporation of solvents play an important role as
template for the formation of pores. Various factors are being investigated to con-
struct thin films with different morphologies. We hope the inorganic-organic hybrid
functional materials based on POMs will bridge polyoxometalate chemistry and
material chemistry, which can be further explored application in many fields.
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14.1 Introduction to Developed POMs

Polyoxometalates (POMs) chemistry has been known for two centuries, which has
received tremendous impetus from the intensive review by Pope and Müller in 1991
[1] and has accordingly achieved considerable progress in the last two decades.
Metal-oxygen cluster-anions (polyoxometalates, or POMs) are discrete, anionic
metal-oxide clusters of early transition metals [2, 3]. Composed principally of Mo,
W, V and Nb, they represent a large and important class of inorganic molecules and
materials, whose relevance is being highlighted in a number of review articles
[4–6], with diverse range of dynamic molecular structures, a wide range of physical
and chemical properties, and large domains of applications [7–11].

In the last three decades, various polyoxometalates have been synthesized suc-
cessfully by destroying the hydration shell of the anions caused by the extremely
hydrophilic surface [12–14]. Meanwhile, the last ten years have witnessed a
remarkable development in terms of preformed organic-inorganic POM-based
hybrid systems for the rational design of functional architectures, assemblies and
materials [15–18].

14.1.1 Structures of POMs

Polyoxometalate structures are based on {MOx} polyhedra sharing vertices, edges, or
more rarely, faces. In general, the typical structures of polyoxoanions are Keggin-type
[19], Dawson-type [20], Waugh-type [21], Anderson-type [22], Silverton-type [23]
and Lindquist-type [24], as shown in Fig. 14.1 and the Keggin-type and the
Dawson-type are the most common type. In addition, POMs reveal a huge variety of
shapes, sizes and compositions, such as, a “Keplerate-type” sphere Mo132f g NH4ð Þ42

MoVI
� �

MoVI5 O21 H2Oð Þ6
� �

12

�
Mo2O4 CH3COOHð Þf g30��ca�300H2O�ca�10CH3

COONH4 and {Mo72Fe30} [Mo72
VIFe30

IIIO252(CH3COO)12{Mo2O7(H2O)}2
{H2Mo2O8(H2O)}(H2O)91]�ca�150H2O, a “giant wheel-type” cluster {Mo154}
Na15[Mo154O462H14(H2O)70]0.5[Mo152O457H14(H2O)68]0.5�ca�400H2O, a “protein-
sized blue lemon” {Mo368} (Na48 [H496Mo368O1464S48] �ca�1000 H2O) [25], and
sandwich-type clusters, {Mn2Bi2W20} (Na6(NH4[(Mn(H2O)3(WO)2(BiW9O33)2])
[26] and {EuW10} (Na9[EuW10O36]�32H20) [27]. Comparedwith the traditional salts,
POMs are formed by linking metal oxide polyhedra which are composed of many
more atoms (even thousands), and become giant, with diameters of several
nanometers. The different colors of the POMs in Table 14.1 represent different types
of metal oxide polyhedral: light blue, MoO7 pentagon bi-pyramid polyhedron; dark
blue,MoO6 octahedron; yellow, FeO6 octahedron; light green, CrO6 octahedron; dark
green, VO6 octahedron, which enable researchers to construct POMs with different
topologies and sizes [11]. Due to the excess of oxo-ligands over metal ions, POMs are
usually highly negatively charged, i.e., macro-polyoxoanions with high solubility in
water and polar solvents exhibit unique solution behaviors. In dilute solutions,
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Keggin Dawson      Waugh

Anderson Silverton      Lindquist

Fig. 14.1 Six typical structures of polyoxometalates

Table 14.1 Information on the structure, charge density, and self-assembly behavior of some
typical giant polyoxometalate molecular clusters

Formula References

fMo72Fe30g MoVI72Fe
III
30O252 CH3COOð Þ12 Mo2O7 H2Oð Þf g2 H2Mo2O8 H2Oð Þf g H2Oð Þ91

� �

�ca�150H2O

[30]

Mo72Cr30f g ½ Na H2Oð Þ12
� �fMoVI72Cr

III
30O252 CH3COOð Þ19 H2Oð Þ94g� �ca�120H2O [34]

{Mo154} Na15[Mo154O462H14(H2O)70]0.5[Mo152O457H14(H2O)68]0.5�ca�400H2O [28]

{Cu20P8W48} K12Li13[Cu20Cl(OH)24(H2O)12(P8W48O184)]22H2O [33]

{P4Y9W43} K15Na6(H3O)9[(PY2W10O38)4(W3O14)]39H2O [32]

Mo132f g NH4ð Þ42 MoVI
� �

MoVI5 O21 H2Oð Þ6
� �

12 Mo2O4 CH3COOHð Þf g30
� �

�ca�300H2O�ca�10CH3COONH4

[29]

Mo72V30f gNa8K14 VOð Þ2½ MoVI
� �

MoVI5 O21 H2Oð Þ3
� �

10 MoVI
� �

MoVI5 O21 H2Oð Þ3 SO4ð Þ� �
2

{VIVO(H2O)}20{V
IVO}10({KSO4}5)2] �ca�150H2O

[31]
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macroions behave significantly different from small simple ions (Debye-Hückel
theory) because they cannot be treated as point charges or colloidal suspensions
(DLVO theory). The size discrepancy between the polyoxoanions and their
counter-ions results in the formation of single-layered, hollow, spherical, blackberry
structures.

There are two generic families of POMs and some general features are shown in
Table 14.1. One is the isopolycompounds (also called isopolyanions or isopolyox-
ometalates) that contain only the d0 metal cations and oxide anions, such as {Mo154}
and {Mo132}. The other is the heteropoly compounds (also called heteropolyanions
or heteropolyoxometalates) that contain one or more p-, d-, or f-block “heteroatorns”
in addition to other ions, such as {Mo72Fe30}, {Cu20P8W48} and {P4Y9W43}. Over
half of the elements in the periodic table are known to function as heteroatoms in
heteropoly compounds. These heteroatoms can reside either buried in (not solvent
accessible) or at surface (solvent accessible) positions in the POM structures.

14.1.2 Properties of POMs

Polyoxometalates are composed of traditional metals and coordinated oxygen
atoms. Due to the active outer shell electron of traditional metals, polyoxometalates
show excellent electronic versatility. Many researches have demonstrated
nano-scale POM clusters are versatile, including electrochemical properties, mag-
netic properties and photoluminescent properities.

Fig. 14.2 Thermal dependence of vMT for {Ni4SiW9}. The solid line represents the best-fit
parameters using Hamiltonian. The inset schematically shows polyhedral and ball-and-stick
representation of {Ni4SiW9}. Color code: blue octahedra, {WO6}; orange tetrahedra, {SiO4};
green spheres, Ni; gray sphere, Na; red spheres, O; blue spheres, N; black sphere, C. Reprinted
with the permission from Ref. [35]. Copyright 2008, American Chemical Society
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Pichon et al. discovered and characterized that the high-nuclearity NiII-substituted
polyoxometalate {Ni4SiW9} (Na15[Na{(A-a-SiW9O34)Ni4(CH3COO)3(OH)3}2�4NaCl�
36H2O) possesses ferromagnetic and antiferromagnetic interactions among clusters
concomitantly [35]. As shown in Fig. 14.2, the vMT product continuously decreases
from 300 K (vMT = 8.65 cm3 mol−1 K, with the vMT value calculated for eight
non-interacting NiII centers being 8.82 cm3 mol−1 K, assuming g = 2.1) to 2 K
(vMT = 2.72 cm3 mol−1 K), indicating that antiferromagnetic exchange interactions
are predominant in the {Ni4SiW9}. In addition, it has been proved that the
Keplerate-type {Mo72Fe30} possesses paramagnetism, which were also investigated by
experimental investigation and theoretical simulation with the classical and quantum
Heisenberg model [36].

The composition of the metal and the shape of the framework define the
properties of a POM. Due to the traditional metals, POMs possess rich electro-
chemical properties [37–40]. For example, in order to study the electrochemical
properties of POMs, the wheel-shaped Cu20-tungstophosphate K12Li13[Cu20Cl
(OH)24(H2O)12(P8W48O184)]22H2O was selected by measuring cyclic voltammetry
and controlled potential coulometry in pH = 0 and pH = 5 media [38].
Figure 14.3a shows the cyclic voltammogram (CV) of Cu20P8W48 in a pH = 0
medium. A large current intensity composite reduction wave is observed with its
main peak located at 0.113 V, followed by small, hardly distinguishable waves. On
potential reversal, small waves are also seen, followed by a large current reoxi-
dation wave located at +0.034 V. This last wave displays the characteristic shape
usually encountered for the reoxidation of deposited Cu0 on electrode surface.
Figure 14.3b shows the CV of Cu20P8W48 in a pH = 5 medium. The pattern is
composed of two closely spaced reduction waves and well-separated from another
set of two closely spaced waves. The authors presumed the first two reduction
waves were the two-step reduction of Cu2+ to Cu0 through Cu+. The two waves
featuring the Cu2+/Cu+ and Cu+/Cu0 reduction steps are located at −0.162 and
−0.252 V, respectively, and are far from the WVI reduction waves which appear at
−0.682 and −0.796 V. It can be conclude that the influence of pH is reflected in the
overall negative potential shift of the CV when the medium acidity decreases and
WVI reduction waves have much better separation from Cu2+ waves at pH = 5 than
at pH = 0. The activity in the reduction of nitrate and the intermediate or final
products of the polyanion Cu20P8W48 was tested at pH = 0 and pH = 5. However,
the waves only can be observed at pH = 5, as shown in Fig. 14.3c, d, a medium in
which heteropolyacid-based catalysts are more difficult to obtain than in more
acidic solutions. It must be concluded that an efficient catalysis of the reduction of
nitrite can be achieved during the reduction of Cu20P8W48.

Moreover, some lanthanide-containing and transition metal-containing polyox-
ometalates are photoluminescent. For example, a Eu-containing Na9[EuW10O36]
32H2O [27] polyoxometalates is strongly luminescent under UV light excitation
(Fig. 14.4).

14 Inorganic-Organic Hybrid Materials Based … 359



Fig. 14.3 a Cyclic voltammograms of 4 � 10−5 M solutions of Cu20P8W48 in H2SO4 (pH = 0)
medium. The scan rate was 2 mV s−1, the working electrode was glassy carbon (3 mm diameter
disc), and the reference electrode was SCE. b Cyclic voltammograms of 4 � 10−5 M solutions of
Cu20P8W48 in 1 M CH3COOLi + CH3COOH (pH = 5) medium. The scan rate was 2 mV s−1, the
working electrode was glassy carbon (3 mm diameter disc), and the reference electrode was SCE.
c Cyclic voltammograms (scan rate: 2 mV s−1) for the electrocatalytic reduction of nitrate with a
4 � 10−5 M solution of Cu20P8W48 in a pH = 5 medium (1 M CH3COOLi + CH3COOH).
d Cyclic voltammograms (scan rate: 2 mV s−1) for the electrocatalytic reduction of nitrite with a
4 � 10−5 M solution of Cu20P8W48 in a pH = 5 medium (1 M CH3COOLi + CH3COOH). The
excess parameter defined as c = C0 (NOx)/C

0 (Cu20P8W48). Reprinted from Ref. [38], Copyright
2012, with permission from Elsevier

Fig. 14.4 Schematic illustration of the preparation procedure of COEP-1R assemblies and their
asymmetric catalytic oxidation for methylphenyl sulfide with H2O2 (30%). Reproduced from Ref.
[45] by permission of the Royal Society of Chemistry
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14.1.3 Applications of POMs

Because of their remarkable properties, POMs have a great deal of potential to meet
contemporary societal demands regarding health, environment, energy and infor-
mation technologies, and broad applications as catalysts, photo-electronic/magnetic
materials, and biologically active materials. Recently, the researches of polyox-
ometalates are focused on the development of novel POM-based molecular and
composite materials for various applications. POMs hybrid materials can be clas-
sified into two categories, which are defined according to the interactions between
the hybrid materials and POMs moieties, namely, non-covalent and covalent
interactions, respectively. Non-covalently substituted POMs can be assembled
through electrostatic interactions, hydrogen bonding, and/or van der Waals inter-
actions [41–44]. Covalent functionalization by grafting organic moieties onto
POMs result in the formation of another hybrids. It is also worth noting that
covalently substituted POMs still have the capacity for further self-assembly via a
variety of interactions, providing an opportunity to construct various interesting
supramolecular assemblies. Modifications of POM clusters can enhance the original
functionalities, which may lead to hybrid materials with not only value-adding
properties, but also synergistic effects.

Due to their specific redox and acidic properties, POMs, as a type of commonly
effective catalyst, have been applied for numerous organic transformations. Wu
et al. [45] developed chiral polyoxometalate complexes which can be used as
microreactors, and exhibited an efficient asymmetric catalytic activity for the oxi-
dation of sulfide with up to 72% enantiomeric excess. The authors used a chiral
organic cation to encapsulate POM with high catalytic activity through electrostatic
interaction, resulting in the formation of a chiral organic cation-encapsulated POM
(COEP) complex. They successfully constructed COEP-based spherical
self-assembly complexes in the reaction solutions (Fig. 14.4). The synergistic effect
of the two components predominates the catalytic process, in which the POM
contributes to the catalysis of sulfoxidation and the chiral organic part provides a
chiral microenvironment.

The polyanionic feature of POMs allows them to form complexes with many
proteins or peptides containing cationic residues through ionic bonds, thus resulting
in potential biological applications [46–50]. Alzheimer’s disease (AD) is the most
common form of dementia, which is characterized by cerebral extracellular amyloid
plaques and intracellular neurofibrillary tangles [51]. Although the molecular
mechanisms of AD pathogenesis are not clearly understood owing to its com-
plexity, many efforts have been made to development of Ab inhibitors [52]. Qu’s
group has demonstrated that the POMs with Wells-Dawson or a Keggin structure
showed moderate to high inhibition of Ab aggregation [47, 53]. Furthermore, they
developed some POMs/peptides hybrid platforms as the inhibitors of the aggre-
gation of Amyloid b peptides associated with AD. Through the self-assembly of
phosphotungstate, K8[P2CoW17O61], and Ab15-20 (Ac-QKLVFF-NH2), Li et al.
demonstrated the spontaneous formation of hybrid colloidal spheres in water, which
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was predominantly driven by electrostatic interactions. Furthermore, the enhanced
inhibition efficiency and specific targeted-Ab ability have been considered impor-
tant and useful in clinical treatment with reduced side effects of POM [54]. In
addition, Lee et al. generated multivalent nanofibers through electrostatic interac-
tions between polyoxometalates and short peptides. Because of the supramolecular
nature of the ensemble, POMs thus enabled the enhancement of the antimicrobial
efficacy and biological stability of short peptides in situ [55]. It is expected that the
extraordinary properties of POMs could be used to develop hierarchical assemblies
for the fields of biological chemistry and materials science.

In addition to their conventional hotspots as catalysts, antimicrobial and virus
inhibitors, polyoxometalates are also attractive in many other applications.
Eu-containing POM of Na9[EuW10O36]�32H2O (EuW10) shows the highest lumi-
nescent quantum yield and strongest fluorescence. Song et al. [56]. fabricated the
well-ordered, ultra-thin films based on the hybrid assembly of Na9[EuW10O36]�
32H2O (denoted as EuW10) and exfoliated MgAl layered double hydroxide
(LDH) monolayers by utilizing the layer-by-layer (LBL) technique, as shown in

Fig. 14.5 a Schematic representation of the assembly process of the nanocomposite films of
(EuW10/LDH)n. b Fluorescence spectra and photographs under UV irradiation at 254 nm with
n increasing from 3 to 18. Reproduced from Ref. [56] by permission of John Wiley & Sons Ltd
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Fig. 14.5. Anisotropic luminescence spectroscopy measurements show that the
(EuW10/LDHs)n ultra-thin films display well-defined red luminescence with an
anisotropy value, r, of about 0.15. The cooperative and orientation effects between
the LDH and polyanions play significant roles in the improved properties of the
ultra-thin films. This work could benefit the design and fabrication of novel
electro-optical devices based on the ultra-thin films of hybrid materials. The dream
goal of energy research is to transpose incredibly efficient process and make an
artificial device whereby the catalytic splitting of water is finalized to give a con-
tinuous production of oxygen and hydrogen.

This chapter is mainly devoted to a review of recent developments by our group
in thin films formed by nanoengineered polyoxometalates and their various appli-
cations. Section 14.2 gives an overview of supramolecular architectures assembled
from amphiphilic hybrid polyoxometalates, including the multilayer thin films,
giant vesicles and onionlike structures. In Sect. 14.3, fabrication of honeycomb
films of HSECs at air/water interface has been concluded, including the fabrication
method, mechanism, morphology modulation and the promising applications of
honeycomb films in detail.

14.2 Supramolecular Architectures Assembled
from Amphiphilic Hybrid Polyoxometalates

One of the important aspects of POM clusters is their high solubility in a variety of
solvents, which places POMs in a unique position as ‘molecular’ metal oxides.
Mostly, POMs are ionized as giant anions (several nanometers) and countered by
small cations, such as Na+, NH4

+, and H+, in aqueous solutions, which is very
different from the case for other metal-oxide materials. Once POMs are dissolved,
the clusters interact electrostatically with cationic species, and this intrinsic driving
force enables associations between POMs and cationic ions, molecules, complexes
and polymers, as well as positively charged solid surfaces of materials.
Consequently, POMs can be reliably modified through various techniques and
methods to develop sophisticated materials and devices.

Hydrophilic POM macroions can interact with organic cations or cationic sur-
factants mainly through electrostatic interactions to construct inorganic-organic
amphiphilic hybrids. One example is the surfactant encapsulated POM clusters
(SECs). Kurth et al. created SECs by replacing the countercations of anionic
molybdovanadato POMs by long alkyl chained cationic ammonium surfactants [57,
58]. A close packing of the alkyl chains was observed, and it was concluded that
there is a compact shell around the POM. The surfactant shell improves the stability
of the embedded POM as well as its solubility in nonpolar, aprotic organic solvents.
Furthermore, it can change the surface chemical properties of POMs in order to
realize the integration of multifunctional POMs into thin films and ordered
three-dimensional aggregations.
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14.2.1 Multilayer Films Containing POMs
by Layer-by-Layer Technique on Planar Substrates

The origins of layer-by-layer assembly (LbL) can be traced back to the work of Iler in
1966, in which he fabricated multilayers by alternative deposition of positively and
negatively charged colloid particles on planar surfaces [59]. It has been evolved as a
powerful approach to produce different composite films on various types of sub-
strates. Compared with other methods, the LBL technique has significant advantages
in film stability and catalyst reusability. What is more, each nanometer-scaled POM
molecule has a homogeneous diameter and surface charge when dissolved in a polar
solvent. Our group fabricated the ultrathin films based on TiO2 and tungstophosphate
(H3PW12O40, abbreviated as PW12) by LbL self-assembly method on quartz, silicon,
and ITO substrates and first applied them to photodegrade dye effluents [60]. Based
on electrostatic interaction, (TiO2/PW12)n multilayer films were fabricated and
characterized on quartz slides, silicon wafers, and microscopic glass slides. These
solid substrates were treated according to the literature [61]. The hydrophilic sub-
strates were first immersed in poly(allylamine hydrochloride) (PAH) aqueous solu-
tion for 15 min, then rinsed by diluted HClO4 solution at pH = 2.5 and dried by N2.
Subsequently, poly(styrenesulfonate) (PSS) was assembled in the same way as PAH.
The procedure described above was repeated once to gain a surface with uniform
charge. Then, the substrates with four precursor layers were alternately dipped in
positively charged TiO2 colloid (16 g L−1, pH � 2.0) for 15 min and 3 mmol L−1

negative charged PW12 solution for another 15 min until the desired number of
bilayers was obtained. Rinsing and drying were conducted after each deposition
cycle. The multilayer films with the desired number were described as (TiO2/PW12)n,
where n was the number of bilayers. The (TiO2/PW12)n composite films (with n = 2,
4, 6, 8, 10) are assembled on (PAH/PSS)2 precursor film-coated quartz slides. The
self-assembly process of multilayer films can be monitored by UV-vis spectroscopy,
as shown in Fig. 14.6a. The (PAH/PSS)2 precursor films show no absorbance in

Fig. 14.6 a UV-vis spectra of the (TiO2/PW12)n composite films assembled on quartz slides. Inset
shows the relationship of absorbance at 253 nm versus the number of bilayers of (TiO2/PW12)n
films. b (TiO2/PW12)4 multilayer film assembled on silicon slides. Reprinted with the permission
from Ref. [60]. Copyright 2011 American Chemical Society
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230–500 nm UV-vis region. The maximum absorbance of composite films is
253 nm, which is attributed to charge transfer from O to W atom in the Keggin unit,
increasing with TiO2 and PW12 deposition. The inset shows the absorbance at
253 nm as a function of bilayer number and an approximately linear relationship is
observed. The detailed information about the surface morphology and homogeneity
of multilayer films are investigated by AFM (Fig. 14.6b).

In past decades, due to the low cost, innoxiousness, chemical inertness, and high
photocatalytic performance, TiO2 has been extensively used as photocatalysts for
the degradation of organic dyes [62]. However, the photocatalytic efficiency of
TiO2 is remarkably decreased owing to the fast recombination of photogenerated
electron hole pairs. POMs, considered efficient electron acceptors, can successively
transfer the photogenerated electrons from the TiO2 conduction band to the empty d
orbital of theirs, which can improve the photocatalytic efficiency owing to the
synergistic effect of POMs and TiO2. In order to evaluate the photocatalytic effi-
ciency of the composite films, methyl orange (MO), was used as a probe for the
photocatalytic degradation. The maximum absorption peak of MO shifts from
463 nm under nearly neutral condition to 487 nm at pH 4.0 and to 507 nm at pH
2.0, which is due to the delocalization of lone pair electrons on the azo group in two
different structure of MO. We carried out the photocatalytic tests at pH 2.0.
Figure 14.7a shows the UV-vis absorption spectra changes of aqueous MO
(10 mg mL−1) solution in the presence of (TiO2/PW12)n composite films. The
intensity of MO absorption peaks gradually decreases as irradiation time increases,
which suggests that MO is almost completely decomposed. The kinetics of MO
photodecomposition by composite films with different number of bilayers was
investigated. The plots of lnc0/c (where c0 stands for the initial concentration and
c is the residual concentration at time t) versus time for MO photodegradation are
shown in Fig. 14.7b, which indicates that photodecomposition of diluted MO
solutions agrees well with apparent first-order kinetics.

Fig. 14.7 a UV-vis absorption spectra changes of MO (10 mg L−1, pH = 2.0) solution in the
presence of (TiO2/PW12)10 composite films. b Reaction kinetic study of photodegradation of MO
(the initial concentration: 10 mg L−1, pH = 2.0) by (TiO2/PW12)n films. Reprinted with the
permission from Ref. [60]. Copyright 2011 American Chemical Society
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Coincidentally, we demonstrated polyoxometalates which have different com-
positions, shapes, and sizes can interact with TiO2 to self-assemble into multilayer
film on silicon wafers and glass slides for photocatalytic degradation of methyl
orange (MO). We choose nano-scaled POMs with different shapes, sizes, and
compositions, including H4SiW12O40 (SiW12) [62, 63] and Na4W10O32 (W10O32)
[64], to be the typical examples. The main role of surfactants in dyeing processes is
to increase the solubility of dyes in water and improve the dye-uptake and dye
fastness, to reduce the dyeing temperature. In fact, actual dye wastewaters contain
not only dyes, but also other auxiliaries such as salts and surfactants. Therefore, to
make sure the effect of surfactants and salts in the MO degradation process is a
burning question. In our study, photocatalytic processes were performed in the
presence of two inorganic salts and two different surfactants, NaCl, Na2SO4,
sodium dodecylsulfate (SDS, cmc = 8.6 mmol L−1), and polyoxyethylene dodecyl
ether (C12E23, cmc = 0.043 mmol L−1). Figures 14.8a, b turn out that the presence
of inorganic salts, especially Na2SO4, exhibits an obvious inhibition effect on the
MO degradation. The removal efficiency of dye is deceased when the concentration
of inorganic salts is increased. The difference between two inorganic salts may be
mostly due to the aggregation or association of ionic dye in water. As shown in
Figs. 14.8c, d, the surfactants with different types exhibit two completely different
results. It can be observed that the nonionic surfactant shows the excellent

Fig. 14.8 Removal efficiency of MO at different concentration of inorganic salts: a Na2SO4 and
b NaCl and c C12E23 and d SDS. Reprinted from Ref. [63], Copyright 2014, with permission from
Elsevier
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acceleration effect on the photocatalytic degradation of MO, while for the anionic
surfactant SDS, a markedly suppressing effect is observed. For C12E23, oxygen in
the EO groups of C12E23 has extra lone pairs of electrons,while W atom of SiW12

polyanions has empty d orbitals. Hence, SiW12 polyanion and nonionic surfactant
C12E23 can form a weak complex through electrostatic interaction, which is
responsible for the enhancement of MO removal efficiency. Contrary to C12E23, in
premicellar or micellar regions formed by anionic surfactant SDS, ionic pairs
formed due to the weak interaction between dye and SDS first adhere to the
micelles surfaces, and then incorporate into the micelles, in which MO may become
inert to react with TiO2/SiW12 composite films. This work will provide valuable
information for the researchers who engage in treatment of textile effluents.

14.2.2 Self-patterning Porous Films Composed
of POMs-Based Giant Vesicles

Cationic surfactants with long enough alkyl chains can interact with POMs stoi-
chiometrically through electrostatic interaction, which can improve the stability of
POMs in nonpolar solvent and change the interface property of POMs. Therefore,
cationic surfactants encapsulated POMs macroanions can transfer from water to
organic solution for forming POMs/surfactants complexes. These organic-inorganic
nanoscale hybrids can change the surface property of POMs to be hydrophobic in
behavior. These complexes still retain amphiphilic property to dissolve in organic
solvents and self-assemble to form various ordered aggregates such as thin hybrid
films [63], vesicles [66], liquid crystals [67, 68], gels with the structures of fibers
[69], and so on. Many groups have reported single- or multi-layer films fabricated
by POMs. However, to the best of our knowledge, very few self-assembled three
dimensional structures based on POMs and organic components were used to
fabricate films as building blocks. Conceptually, we reported a new fabrication of
the complexes by a Keplerate-type polyoxomolybdate, {Mo72Fe30}, and a
double-chain cationic surfactant DODMABr to produce the giant inverse vesicles in
organic solvent [70]. The 2.5-nm-diameter, “Keplerate” molecule {Mo72Fe30}
exists as almost neutral molecules in crystals, but in solution they behave like a
weak acid: the water ligands attached to the FeIII centers tend to partially depro-
tonate, thus making {Mo72Fe30} clusters slightly negatively charged (carrying
several localized charges). The degree of deprotonation depends on the solution pH,
from almost 0 at pH 3.0–22 at pH 4.9. When the {Mo72Fe30} aqueous solution
mixed with enough amount of cation surfactant dioctadecyldimethylammonium
chloride (DODMABr), {Mo72Fe30} can be transfer into the organic phase (chlo-
roform phase) by forming the hydrophobic DODMABr-{Mo72Fe30} complexes
through electrostatic interactions between the {Mo72Fe30} anions and the
DODMA+ cations. The yellow color of the aqueous phase (from {Mo72Fe30})
continuously vanishes, while the color of the CHCl3 phase turns gradually yellow.
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In order to determine the composition of DODMABr-{Mo72Fe30} complexes, the
negative charge number of {Mo72Fe30} polyanions can calculate by an exponential
equation:

NfMo72Fe30g ¼ MfMo72Fe30g10�pH Mo72Fe30f g=cfMo72Fe30g

where N{Mo72Fe30} is the negative charge number of {Mo72Fe30} polyanions;
M{Mo72Fe30} is the molecular weight of {Mo72Fe30}; pH{Mo72Fe30} is the pH value
of {Mo72Fe30} aqueous solution and c{Mo72Fe30} is the concentration of {Mo72Fe30}
aqueous solution.

In this study, {Mo72Fe30} aqueous solution has a certain concentration is
8 mg mL−1 {Mo72Fe30} and the pH value is 2.91. So the composition of
{Mo72Fe30}/DODMABr complexes could be calculated to be {Mo72Fe30}
(DODMA)3. In the CHCl3-CH3OH (3:1)mixed solution, {Mo72Fe30} (DODMA)3
complex can form densely packed multilamellar inverse vesicles due to the larger
inorganic polar head groups comparing to conventional surfactants.

Densely packed multi-lamellar inverse vesicles in organic solution via
self-assembly formed by the {Mo72Fe30}(DODMA)3 complexes were demonstrated
by the SEM and TEM observations (Fig. 2.4). Differing from normal vesicles,
reverse vesicles are those with hydrophilic groups inwards and hydrophobic
countparts outwards arranged in non-aqueous solutions. Figures 14.9a, b show two
different types of spherical vesicles and spherical vesicles with collapse parts. TEM
images indicated the enlarged image of part of a multilayer vesicle, which were the
hollow sphere composed of small particles with the average 2.47 ± 0.07 nm in
diameter, which exactly corresponds to the size of a {Mo72Fe30}. Furthermore, the
bilayer thickness of the {Mo72Fe30}(DODMA)3 vesicles can be calculated to be
about 7.3 nm according to the extended chain length of double chain cationic
DODMABr (2.4 nm) [71] and the diameter of {Mo72Fe30} (2.5 nm). The average
wall thickness of the vesicle is about (50.6 ± 13.0) nm from Fig. 14.9, thus the
vesicles of the {Mo72Fe30}(DODMA)3 complexes are about (7 ± 2) bilayers.

The giant vesicles can self-assemble to form porous films on solid surfaces via
the breath figure method. When the {Mo72Fe30}(DODMA)3 complexes were pre-
pared by 0.3 mL {Mo72Fe30} aqueous solution (8 mg mL−1) mixed with
DODMABr organic solution, the relatively excess hydrophobic DODMABr
molecules exist on the single crystal silicon slides, water permeation on substrate
surfaces was hampered and the humid nitrogen stream could not drive the
{Mo72Fe30}(DODMA)3 complexes to form porous films (Fig. 14.10a). Increasing
amount of {Mo72Fe30} to 0.45 mL in DODMABr organic solution, as shown in
Fig. 14.10b, the porous structures became clearer and the porous films can easily be
obtained, but the pore size is polydispersed from 200 nm to more than 2.0 µm.
With a further increase amount of {Mo72Fe30} to 0.6 mL, highly ordered porous
films with large size holes of 7–10 µm (Fig. 14.10d) surrounding pores with uni-
form sizes of 1.0 µm (Fig. 14.10e) can be successfully obtained by large areas. In
order to observe the interior structure of the porous films more distinctly,
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a cross-sectional view of the porous films was shown in Fig. 14.10f. The interior of
porous films are filled with giant vesicles in a regular arrangement, indicating the
giant vesicles acted as building blocks of the porous films. The structure of giant
vesicles is reserved completely during the process of organic solvent evaporation
because of higher structural strength. In order to further analyze the porous film
structures formed by the vesicles of the {Mo72Fe30}(DODMA)3 complexes, the
XPS analysis of the porous film surface was characterized. The high resolution XPS
spectra of C1 s were devided into two peaks centered at 284.7 and 286.4 eV, which
are attributed to C–H/C–C and C–N, respectively. The high resolution XPS spectra
of N1 s were deconvoluted into three peaks centered at 398.7, 399.9 and 403 eV
(Fig. 14.11b). The major peak at 399.9 eV was attributed to C–N. The peak at
402–403 eV was selectively attributed to N+OH− inter- and intra-molecular
hydrogen bond, and the weak peak at 403 eV resulted from the interaction between
small amount of {Mo72Fe30} anions and DODMA+. Meanwhile, N1 s binding energy
of the C–N bond is decreased because of the interaction of {Mo72Fe30} macroanions

Fig. 14.9 a, b SEM enlarged images. c, d TEM enlarged images of giant inverse vesicles of
{Mo72Fe30}(DODMA)3 complexes in organic phase. Reprinted from Ref. [70], Copyright 2016,
with permission from Elsevier
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Fig. 14.10 FE-SEM images of porous films of vesicles formed by {Mo72Fe30}(DODMA)3. The
organic solution of {Mo72Fe30}(DODMA)3 vesicles were prepared by different volumes of
8 mg mL−1 {Mo72Fe30} aqueous solution equilibrated with 4 mL 1 mg mL−1 DODMABr in
CHCl3–CH3OH (3:1) solution for 2 weeks. V{Mo72Fe30} = 0.30 mL (a), 0.45 mL (b), 0.6 mL
(c, d). An enlarged image of the wall of the porous films (e) and a cross-sectional survey of the
chosen area arbitrarily marked with red rectangle in Fig. 14.10d, one can see the vesicles with
collapsed parts (arrows marked, f). Reprinted from Ref. [70], Copyright 2016, with permission
from Elsevier
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and DODMA+, result in a weak peak appeared at 398.7 eV. However, as shown in
Fig. 14.11c and d, no obvious peaks appeared in the high resolution XPS spectra of
Mo3d and Fe2p, indicating that the surface of the porous films were mainly formed by
excess DODMABr, and probably had few {Mo72Fe30}(DODMA)3 complexes.

In order to investigate whether the honeycomb films can form by changing the
composition of {Mo72Fe30}/DODMABr complexes. Another {Mo72Fe30}/
(DODMA) complexes in organic phase formed by adjusting the concentration of
{Mo72Fe30} aqueous solution to 1 mg mL−1. In this case, seven H+ ions can be
released from one {Mo72Fe30} molecule in aqueous solution, in which the
{Mo72Fe30}(DODMA)7 complexes were obtained. The vesicles formed by
{Mo72Fe30}(DODMA)7 complexes are much smaller than those formed by
{Mo72Fe30}(DODMA)3 complexes. When the same volume of aqueous solution
was mixed with the CHCl3–CH3OH (3:1) organic solution, almost all CH3OH in
organic phase was transferred into aqueous solution, {Mo72Fe30}(DODMA)7
vesicles retained in CHCl3 phase. Giant vesicles cannot be formed because of weak
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Fig. 14.11 High resolution XPS spectra of C1s (a), N1s (b), Mo3d (c) and Fe2p (d) of porous
films of vesicles formed by {Mo72Fe30}(DODMA)3. The organic solution of the {Mo72Fe30}
(DODMA)3 vesicles were prepared by 0.6 mL 8 mg mL−1 {Mo72Fe30} aqueous solution
equilibrated with 4 mL 1 mg mL−1 DODMABr in CHCl3–CH3OH (3:1) solution. Reprinted from
Ref. [70], Copyright 2016, with permission from Elsevier
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polarity of organic solvent. The highly ordered honeycomb films were prepared on
single crystal silicon slides by dropping the CHCl3 solution of {Mo72Fe30}
(DODMA)7 complexes, as shown in Fig. 14.12a. In this case, we cannot see the
vesicles composed of {Mo72Fe30}(DODMA)7 complexes situated interior the
porous films. It must be because the vesicles of the {Mo72Fe30}(DODMA)7 com-
plexes were too small to be survived the drying process in preparation of honey-
comb films via breath figure method (Fig. 14.12b). This phenomenon demonstrates
that the concentrations of POMs and surfactants play an important role in the
preparation of highly ordered honeycomb films.

14.2.3 Robust Onionlike Structures Formed
by a Fullerene C60-POM Hybrid

Polyoxometalates (POMs) have remarkable properties and a great deal of potential
to meet contemporary societal demands regarding health, environment, energy and
information technologies. However, implementation of POMs in various functional
architectures, devices or materials requires a processing step. Most developments
have considered the modification of POMs through non-covalent or covalent
interaction. We have discussed the interaction of POMs and surfactants through
non-covalent in Sects. 14.2 and 14.3. In this section, we will investigate the
covalent modification. The covalently modified amphiphilic hybrid POMs are
attractive. Some POM clusters possess multiple sites available for functionalization,
which can be done by linking one or more hydrophobic organic functional groups
to one POM. In addition, the amphiphilic nature of these hybrids extends the
functionality of POM clusters in organic media, which used as multifunctional
oxidation or acidification catalysts with good selective recognition of substrates.

Fig. 14.12 FE-SEM images of highly ordered honeycomb films of the {Mo72Fe30}(DODMA)7
complexes formed by 4 mL 1 mg mL−1 DODMABr in CHCl3-CH3OH (3:1) solvent equilibrated
with 4 mL 1 mg mL−1 {Mo72Fe30}. Surface morphology (a) and a cross-sectional survey (b).
Reprinted from Ref. [70], Copyright 2016, with permission from Elsevier
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In view of the outstanding optical, electrochemical and photodynamic activities of
C60 and well-known magnetic and catalytic properties of POMs, the idea of
covalently linking them to create a new class of amphiphiles becomes quite
attractive. However, C60-POM hybrids as structural models are rarely reported.
Recently our group reported the synthesis and aggregation behavior of a fullerene
C60-Dawson POM hybrid (1) for the first time [72]. Our strategy (Fig. 14.13) to
create 1 includes amide coupling between a monosubstituted C60 carboxylic acid
(1a) and a tris-modified, Dawson trivanadium substituted heteropolytungstate (1b)
in a THF/CH3CN mixture solvent. C60 exhibits poor solubility in polar solvents
including DMSO, DMF and CH3CN while Dawson POMs are not. After covalent
attachment, 1 shows quite a similar solubility to the POM moiety, may due to the
larger size of Dawson POM compared to C60. The compound 1 possesses unique
amphiphile molecular structure, resulting in dissolving in these POM-friendly
solvents with the C60 unit as the solvophobic part. We first checked the aggregation
behavior of 1 in DMSO and the typical results are summarized in Fig. 14.14.
Observations of two typical samples showed the formation of vesicles with
diameters of 30–110 nm (image Fig. 14.14a, b). From the high resolution TEM
(HRTEM, image c,) we can see the thickness of an individual layer is *3.5 nm
(between the arrow heads) and a distance of 5.0 nm between two adjacent layers
(averaged from four repeating units indicated between the two arrows). In scanning
electron microscopy (SEM) observations (image d), contrast variations have also
been noticed at the edges of the onionlike aggregates, which further confirms a
core-shell structure.

Multiple intermolecular forces including solvent-phobic interaction, van der
Waals attraction and p–p stacking among C60 spheres as well as electrostatic
interaction and the like-charge attraction among POM units driven the formation of
the onionlike structures demonstrated here. We presumed a structural model of
molecular bilayers with the POM units staying outside and C60 moieties hiding
inside, which can be proofed from, as shown in Fig. 14.15, 13C NMR where signals
of the carbon atoms from C60 appear as a bulge between 140 and 150 ppm, which is
in sharp contrast to those of C60 monoadducts in a good solvent, which exist as a
variety of sharp peaks in the same region. It can be speculated that a structural
model of molecular bilayers can be envisaged with the POM units staying outside

Fig. 14.13 Synthetic route to fullerene C60-Dawson POM hybrid compound 1. Reproduced from
Ref. [72] by permission of the Royal Society of Chemistry
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and C60 moieties hiding inside. Therefore, the C60 spheres are internally encap-
sulated in a quasi-solid state with obvious inter-sphere interactions upon aggregate
formation. In addition, the aggregate formation also leads to peak broadening and
baseline roughening in 1H NMR (Fig. 14.15), which is consistent with similar
phenomenon observed for alkyl chains embedded in molecular aggregates in water,
such as vesicles. When solvents replaced by other solvents with similar polarities,
such as CH3CN and DMF, onionlike structures with similar sizes and number of
layers also can be obtained. Interestingly, the onionlike structures exhibit high
resistance towards the addition of water. The solutions remain stable up to the
addition of 99% (v/v) water for the two series of samples with 5.0 and 0.6 mg mL−1

1 in DMSO. The relatively strong interactions among the C60 units in water as well
as the decreased water solubility of the POM moieties are contributed to the
robustness of the onionlike structures towards the addition of water.

Fig. 14.14 Self-assembly of compound 1 in DMSO. TEM (a, b), HRTEM (c) and SEM
(d) images. The concentration of 1 is 5.0 (a, d) and 20.0 (b, c) mg mL−1, respectively. The scale
bar for the magnified image inside image b is 20 nm. Reproduced from Ref. [72] by permission of
the Royal Society of Chemistry
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The onionlike structures formed by compound 1 have rich physicochemical
properties originating from both C60 and POM moieties, which makes them thor-
oughly different from their counterparts formed by surfactant mixtures [73, 74]. The
magnetic properties of 1 both in the solid state and bulk solutions were investigated
by electron spin resonance (ESR) measurements, as shown in Figs. 14.16a, b.
Compared to that in the solid state as evidenced by the well-defined anisotropic
eight-line splittings of the 23V(IV) nuclei derived from the POM unit (Fig. 14.16b),
an un-splitting single line was noticed within the whole investigated temperature
range, which can be ascribed to the faster spin-lattice interaction in bulk solution
due to the formation of aggregates. Furthermore, the electrochemical properties of 1
along with the two precursor molecules 1a and 1b have been investigated by cyclic
voltammetry (Fig. 14.16c). C60 and their derivatives are well-known for their
capability of the production of singlet oxygen (1O2) under light. Figure 14.16d

Fig. 14.15 Top 13C NMR of the monosubstituted C60 carboxylic ester (1a″, in CDCl3) and 1 (in
d6-DMSO). Bottom: 1H NMR of 1 (in d6-DMSO). The C60 unit and POM moiety has been
omitted in the molecular structures for better clarity. Reproduced from Ref. [72] by permission of
the Royal Society of Chemistry
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shows the capability of 1O2 production observed in the onionlike structures can be
unambiguously attributed to the presence of the C60 unit. Moreover, a
dose-dependent manner has been revealed under the irradiation of green light. The
photodynamic properties of the onionlike structures indicate that the C60 moieties
well preserve the capability of 1O2 production even trapped in the molecular
bilayers. This is exciting, considering the great potential of the biological activities
exhibited by onionlike structures formed by compound 1 in biomedicine.

Fig. 14.16 a Temperature-dependent ESR spectra of 5.0 mg mL−1 1 in CH3CN. b ESR spectra
of 1b and 1 in the solid state at room temperature. c Cyclic voltammetry of 1a (in
dichlorobenzene), 1b (in DMF) and 1 (in DMF) with 0.1 mol L−1 tertbutylammonium
hexafluorophosphate as the supporting electrolyte. d Generation of 1O2 for 1 in aqueous solutions
containing 1% (by volume) DMSO under 532 nm green light with a power density of
0.1 W cm−2. For comparison, the activity in the dark is also given. Reproduced from Ref. [72] by
permission of the Royal Society of Chemistry
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14.3 Self-assembled Honeycomb Films of Hydrophobic
Surfactant-Encapsulated Clusters (HSECs)
at Air/Water Interface

Nature provides inexhaustible inspiration to mankind, which continues to encour-
age us to develop new methods and approaches to the construction of artificial
advanced materials. Bees, the artificers in nature, always build their hives in a
hexagonal arrangement to minimize work and enhance the stability of the hive. In
1994, Francois et al. [75]. developed the polymeric porous honeycomb film with
hexagonally arranged pores 0.2–10 µm in diameter, walls 0.1–0.2 µm thick, and
10–30 µm high prepared by exposing a drop of polystyrene-b-polyparaphenylene
solution in carbon disulfide (CS2) to a flow of moist air. As shown in Fig. 14.17, the
micrometer-sized pores exhibited a highly regular hexagonal arrangement, which
are similar to the natural hive. From then on, many researchers made efforts to
fabricate the honeycomb porous film by various materials and methods. Colloidal
sphere templates [76, 77], emulsion templates [78], and other “lithograph” [79]
have been used to construct ordered porous arrays with controlled pores in a long
range by replicating periodic structures from inorganic oxides, colloidal metal
particles, and polymers. In 2005, Wu et al. found that the surfactant-encapsulated
POMs can self-assemble into vesicles in chloroform solution and can be further
transferred into three-dimensional microporous architectures under moist air [80],
which created opportunities for combining inorganic chemistry and colloidal sur-
face chemistry, allowing us to fabricate microsized patterns of inorganic functional
units through stepwise self-assembly of preorganized building blocks.

Fig. 14.17 a Photograph of natural hive built by worker-bees. b SEM image of PS-b-PPP
honeycomb film. Reprinted by permission from Macmillan Publishers Ltd: Ref. [75], copyright 1993
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14.3.1 Fabricating Honeycomb Films of HSECs
at Air-Water Interface

Hydrophilic POMs of different sizes and shapes can interact with hydrophobic
cationic surfactants, the resulting materials show amphiphilic properties with
electrostatic interactions between the hydrophilic and hydrophobic components,
called Surfactant-Encapsulated Clusters (SECs) or Surfactant-Encapsulated-POMs
(SEPs), which can further self-assemble to give a variety of nanostructures on
various surfaces/interfaces.

Our research group presented a unique system in 2007 [81]. We report the
unprecedented self-assembly of hydrophobic double-chain cationic surfactant
hybrid materials DODMACl-{Mo72Fe30} at the air/water interface without any
extra airflow, which leads to the formation of highly ordered honeycomb films.

Fig. 14.18 a TEM images (left column) and the corresponding electron diffraction patterns (right
column) of organized crystalline-structured monolayer films. TEM images of {Mo72Fe30}-
DODMA complexes at b cDODMACl = 1.2 mg mL−1 and c cDODMACl = 2.0 mg mL−1 in CHCl3.
Reproduced from Ref. [80] by permission of John Wiley & Sons Ltd
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In this study, we use the 2.5-nm-diameter, “Keplerate” molecule {Mo72Fe30} as our
model system, and they can interact with cation surfactant dioctadecyldimethy-
lammonium chloride (DODMACl) to form the DODMACl -{Mo72Fe30} com-
plexes in organic solvent, which has discussed in Sect. 14.2.2 in detail. Then, an
amount of CHCl3-phase solution of DODMACl-{Mo72Fe30} complexes was
dropped onto a pure water surface, the honeycomb nanostructures of {Mo72Fe30}-
DODMA complexes formed after evaporating CHCl3, as shown in Fig. 14.18.

We demonstrated that the regularity of honeycomb architectures heavily depends
on the surfactant concentration, given the fixed {Mo72Fe30} concentration in
aqueous solution. When the DODMACl concentration is lower than 1.2 mg mL−1

in CHCl3, {Mo72Fe30}-DODMA complexes formed organized crystalline structures
at the air/water interface by the packing of the complexes. When the concentration
of DODMACl reaches 1.2 mg mL−1 in CHCl3 (cDODMACl = 2.02 mmolL−1),
unique self-assembly of {Mo72Fe30}-DODMA complexes into honeycomb
nanostructures was observed, as shown in Fig. 14.18b. The thickness of the wall
between pores is in general smaller than 0.5 µm and the pore sizes are not

Fig. 14.19 a, b HRTEM images of the highly ordered honeycombs, which reveal the ordered
texture with {Mo72Fe30} at cDODMACl = 2.0 mg mL−1 in CHCl3. c SEM image of highly ordered
honeycomb architectures of {Mo72Fe30}-DODMA complexes. d TEM image of {Mo72Fe30}-
DODMA complexes at cDODMACl = 4.0 mg mL−1 in CHCl3. Reproduced from Ref. [80]
by permission of John Wiley & Sons Ltd
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homogeneous, ranging from 0.5 to 1.5 µm. At cDODMACl = 2.0 mmolL−1, the
nanostructure formed by {Mo72Fe30}-DODMA complexes (Fig. 14.18c) becomes
more orderly, with honeycomb holes of uniform pore size (3.5 µm). The average
thickness of the walls between the pores remains about 0.6 µm. HRTEM images
revealed that the walls are composed of many 2.5-nm-diameter dark objects
(Figs. 14.19a, b), which are contributed by single {Mo72Fe30} clusters. This result
confirms that the {Mo72Fe30} clusters play a critical role in constructing the uni-
form honeycomb structures, together with the surfactant. SEM images indicated
small holes of highly ordered honeycomb films exist inside the 500-nm thick walls.
When the concentration of DODMACl is higher than 4.0 mg mL−1 in CHCl3
(cDODMACl = 6.73 mmolL−1), the unique honeycomb structures are not observed
any more, as shown in Fig. 14.19d.

Fig. 14.20 a Optical microscope image (magnification �400) of the porous honeycomb films of
DODMA+-encapsulated {Mn2Bi2W20}. b SEM image. A pore and a wall are marked by the
arrowheads. TEM images of the honeycomb films based on different DODMA+-encapsulated
polyoxometalates, including c ring-shaped {Mo154} at cDODMACl = 2.6 mg mL−1, d Keplerate
spherical {Mo132} at cDODMACl = 2.5 mg mL−1, e hedgehog-shaped {Mo368} at cDODMACl =
0.7 mg mL−1, and f Keggin {PW12} at c(DODMA)3{PW12} = 1.0 mg mL−1. The insets show their
pore size distribution. Reprinted from Ref. [81], Copyright 2011, with permission from Elsevier
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Moreover, we fabricated highly ordered honeycomb-structured macroporous
films by self-assembly of various surfactant-encapsulated polyoxometalates which
have different compositions, shapes, and sizes, at the air/water interface without
any extra moist airflow across the solution surface (Fig. 14.20) [81]. We choose a
series of nanoscaled POMs with different shapes, sizes, and compositions,
including {Mn2Bi2W20}, {Mo154}, {Mo132}, {Mo368}, and {PW12}, to be the
typical examples for inorganic cores. Based on the investigations of above POMs
by our group, it can be concluded that, the self-assembly of surfactant-
encapsulated POMs to the ordered macroporous honeycomb films at the
air/water interface is a universal phenomenon, no matter with the compositions,
shapes, and sizes of POMs.

14.3.2 Mechanism of Self-assembly of SECs
into Honeycomb Films

How do polymers and/or HSECs self-assemble into ordered honeycomb films on
solid substrates with a moist airflow and/or directly at the air/water interface?
Although it should be very complicated, we are still trying to propose a resonable
mechanism of the self-assembly at the air/water interface [82]. During the
self-assembly, the rapid evaporation of organic solvent will debase the temperature
around the solution surface. The water vapor around the solution surface will be
condensed to become micrometer water droplets. These micrometer water droplets
act as important templates for macropores, and the organic solvent concentrate and
deposit around these water droplets [83, 84]. Meanwhile, the induced Marangoni
convection [85] and local capillary forces mainly drive the water droplets to
hexagonally arrange in a minimum energy state. After the complete evaporation of
solvent, the surface will warm up. Thus the saturated water vapor pressure is
increased, and the enveloped water droplet will be evaporated again. Consequently,
pores are formed and materials are solidified in walls. The porous honeycomb films
are finally obtained. In fact, the stability of the water droplets which are the

Fig. 14.21 The formation mechanism of periodic hexagonal honeycomb films at the air/water
interface. Reprinted from Ref. [82], Copyright 2009, with permission from Elsevier
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templates for honeycomb morphology is the crucial step (Fig. 14.21). Therefore,
influences can be used to control the energy state of water droplets, and conse-
quently, the morphology of the hybrid films can be modulated.

14.3.3 Morphology Modulation of Honeycomb
Films of SECs

It can be speculated that the stabilization of micrometer water droplets is the crucial
step during the self-assembly to porous honeycomb films. To further this hypoth-
esis, we verified the honeycomb film morphology becomes changeable mor-
phologies by modulating water droplet state.

Originally, we speculated that the fully hydrophobic complexes would spread
homogeneously on the surface of water, similar to the case of spreading a layer of
oil at the air/water interface. However, in reality we found that the arrangement of
complexes was very complicated and dependent on surfactant concentration. As
discussed in Sect. 14.3.1, an optimum surfactant concentration is fit for
self-assembly into a honeycomb film. At lower or higher concentrations, no ordered
honeycomb film is observed.

The surface properties of SECs, such as the hydrophobicity and the surface cov-
erage, are also very importance in forming ordered honeycomb nanostructures. We
chose three cation surfactants with different hydrophobic tails to encapsulate the
{Mn2Bi2W20}, resulting in the formation of (DODMA)10{Mn2Bi2W20},
(DDDMA)10{Mn2Bi2W20} and (CTA)10{Mn2Bi2W20} complex. Both (DODMA)10
{Mn2Bi2W20} and (DDDMA)10{Mn2Bi2W20} can self-assemble into relatively
ordered porous films at the air/water interface at the same amount of {Mn2Bi2W20},
while for (CTA) 10{Mn2Bi2W20}, there only formed less ordered fragment of com-
plexes (Fig. 14.22). Furthermore, the hydrophobicity of SECs mainly lies in the
surfactant chains and the surface coverage degree of polyoxometalates by encapsu-
lating surfactants. Their hydrophilic lipophilic balance (HLB) values of surfactants
and the surface coverage degree of polyoxometalates by surfactants in SECs which is
equal to the percentage of surfactant volume to SECs volume are approximately
calculated (Table 14.2). As we know, the smaller HLB value is, the stronger the
hydrophobic of surfactants is. So the DODMA is more hydrophobic and has a larger
surface coverage, DDDMA comes second. Therefore, we infer that hydrophobicity of
the three complex is (DODMA)10{Mn2Bi2W20} > (DDDMA)10{ Mn2Bi2W20} >
(CTA)10{Mn2Bi2W20}. For the (DODMA)10{Mn2Bi2W20} complex, the condensed
water droplets can be well stabilized and form two dimensional microcosmic w/o
structures, and finally, an ordered honeycomb film is self-organized at the air/water
interface. However, the weak hydrophobicity and lower surface coverage cannot well
stabilize the water droplets, so that no porous structure is obtained for
(CTA)10{Mn2Bi2W20} at the air/water interface. Therefore, it can be concluded that a
higher hydrophobicity and lager surface coverage are beneficial to the self-assembly
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of honeycomb film at the air/water interface. Moreover, the air/solution interface not
only provides a flat medium for preparing honeycomb films, but also the surface
current of the supporting solutions can influence the morphologies of the obtained
films.

In addition, the evaporation rate of solvents is another important factor during
the process of self-assembly [82]. It is found that both carbon disulfide and chlo-
roform solution of (DODMA)10{Mn2Bi2W20} can form highly ordered honeycomb
films at the air/water interface (Figs. 14.23a, b), with a pore size of � 1 µm for
carbon disulfide as the solvent and � 2 µm taking chloroform as the solvent.
Taking the boiling points of carbon disulfide and chloroform being 46 and 61 °C,
respectively into account, it is easy to conclude that the higher the boiling point of
the solvents is, the larger the pore sizes of the honeycomb films are. We presume
that the condensed water droplets have more time to coalesce and grow during the
self-organization if the boiling point of solvent is high. Consequently, the pores
templated by water droplets are much larger. However, if the boiling points of
solvents are too high, such as cyclohexane and n-heptane with the boiling points of
81 and 98 °C, respectively, it is also shown that no porous architectures are
observed (Figs. 14.23c, d). It is because that solvent volatility is too slow to pro-
duce a sufficient temperature gradient around the organic solution surface; thus
there are not enough condensed micrometer water droplets to template the forma-
tion of pores.

We also found that supporting solutions can influence the morphologies of the
obtained films. The honeycomb porous film with a few disorderly arranged pores at

Fig. 14.22 TEM images of honeybomb films by casting three chloroform solutions at the
air/water interface: a 1.7 mg mL−1 (DODMA)10{Mn2Bi2W20}; b 1.5 mg mL−1 (DDDMA)
10{Mn2Bi2W20}; and c 1.3 mg mL−1 (CTA) 10{Mn2Bi2W20}. Reprinted from Ref.
[82], Copyright 2009, with permission from Elsevier

Table 14.2 The properties of the three cationic surfactants and the surface coverage of
{Mn2Bi2W20} by surfactants (a is a constant)

Cationic surfactants DODMA+ DDDMA+ CTA+

HLB values a-17.1 a-11.4 a-7.6

Volume of hydrophobic chains (nm3) 1.02 0.70 0.46

Surface coverage of POM in SECs (%) 79 72 63
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Fig. 14.23 TEM images of the honeycomb films prepared by dropping 1.7 mg mL−1

(DODMA)10{Mn2Bi2W20} solution at the air/water interface by using different solvents: a carbon
disulfide, b chloroform, c cyclohexane, and d n-heptane, respectively. Reprinted from Ref.
[82], Copyright 2009, with permission from Elsevier

Fig. 14.24 TEM images of the thin films of DODMA+-encapsulated {Mn2Bi2W20} at
cDODMA+ = 1.0 mg mL−1 fabricated at the a air/water, b air/1 mol L−1 NaCl solution, and
c air/2 mmol L−1 TTAB solution interfaces. Reprinted from Ref. [82], Copyright 2009, with
permission from Elsevier
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the air/water interface is fabricated by the DODMA+ at cDODMA+ = 1.0 mg mL−1

and {Mn2Bi2W20}
10− at c{Mn2Bi2W20} = 1.0 mg mL−1, which are shown in

Fig. 14.24a. The same chloroform solution can self-assemble into a more
close-packed hexagonal porous film by changing the supporting solution to the
air/1 mol L−1 NaCl solution interface, shown in Fig. 14.24b. However, if
2 mmol L−1 TTAB solution acts as the supporting solution, because of their
amphiphilicity, the surface tension can be reduced and cause a strong interfacial
turbulence. Consequently, thin films with very disordered fragments without pores
are observed (Fig. 14.24c). It can be concluded that the air/solution interface not
only provides a flat medium for preparing honeycomb films, but also can influence
the morphologies of the obtained films.

14.3.4 Excellent Properties of Honeycomb Films of SECs

As discussed above in Sect. 14.2, the nano-scale POM clusters are versatile,
including magnetic properties, electrochem87ical properties and photoluminescent.

Fig. 14.25 Magnetic
hysteresis loops of
a {Mn2Bi2W20} crystals,
b (DODMA)10{Mn2Bi2W20}
complexes, and c the ordered
porous honeycomb film of
DODMA+-encapsulated
{Mn2Bi2W20}.
Reprinted from Ref.
[81], Copyright 2011, with
permission from Elsevier
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Combining the properties of POMs and the specificities of surfactants, hence, the
self-assembled honeycomb films of surfactant encapsulated polyoxometalates could
literally be described as a novel class of materials. Based on our investigations, it is
found that {Mn2Bi2W20} crystals possess paramagnetism from the magnetic hys-
teresis loop, shown in Fig. 14.25 [81]. When the {Mn2Bi2W20} clusters are encap-
sulated by DODMA through electrostatic interaction, the formed
(DODMA)10{Mn2Bi2W20} complexes exhibit a little ferromagnetism (Fig. 14.25a).
It can be calculated the coercive force (Hc) of 127 Oe and the residual
magnetization/saturationmagnetization (Mr/Ms) of 0.12 (1.3 � 10−4 emu g−1/
1.1 � 10−3 emu g−1) from the magnetic hysteresis loop (Fig. 14.25b), Further, the
ordered honeycomb film of DODMA+-encapsulated {Mn2Bi2W2} self-assembled at
the air/water interface by (DODMA)10{Mn2Bi2W20} complexes magically possesses
a stronger ferromagnetism with Hc of 193 Oe and Mr/Ms of 0.27 (0.037 emu g−1/
0.137 emu g−1) which may due to the synergistic effect of the POMs and surfactants.

In addition, ordered honeycomb films of SECs exhibit excellent electrochemical
properties. As an example, the electrochemical properties of the ordered honey-
comb film of DODMA+-encapsulated {Mo368} is studied by using a cyclic
voltammetry (CV) method, and the reference electrode, counter electrode and
electrolyte solution are saturated calomel electrode, platinum sheet and 0.5 mol L−1

H2SO4 soultion, respectively. The honeycomb film of DODMA+-encapsulated
{Mo368} was transferred onto the ITO-glass which used as the working electrode,
and then the bare region was carefully covered by the insulating nail polish in order
to precisely detect the honeycomb film-coated electrode surface. Compared with the
dotted lines which indicate that no active species are behaved for bare ITO and
DODMACl in 0.5 mol L−1 H2SO4 solution. Comparing the cyclic voltammetry of
{Mo368} and the honeycomb film (as shown in Fig. 14.26, solid line), one can
speculate that the electrochemical properties of the honeycomb film of DODMA+-
encapsulated {Mo368} are derived from the inorganic {Mo368}. However, the
changes may be ascribed to the electrostatic interaction of POMs and surfactants.

Due to the intrinsic fluorescence of the europium polyoxometalate anion,
[EuW10O36]

9−, the porous honeycomb films of (DODMA)9[EuW10O36] complexes
can emit fluorescence when they are excited by UV light, presenting excelent
photoluminescent property [86]. In the polyoxometalate structure of
Na9[EuW10O36]�32H2O, Eu3+ is located in the center of [EuW10O36], which
achieves 8-fold coordination by the attachment of twoW5O18 ligands, forming a
distorted square antiprism. The photo excitation of the O ! W charge transfer
(CT) of [EuW10O36] induces the emission of Eu3+. When the UV light at a
wavelength of 270 nm irradiated the honeycomb film, the luminescence derived
from the 5D0 ! 7FJ (J � 1, 2, 3, and 4) transition can be observed. As shown in
Fig. 14.27c (black curve), the emission band of [EuW10O36] crystals at 593 nm
corresponds to the 5D0 ! 7F1 emission transition. A strong band at 619 nm is
attributed to the 5D0 ! 7F2 emission transition. The much less intense bands at 650
and 698 nm are assigned to the5D0 ! 7F3 and 5D0 ! 7F4 emission transitions,
respectively. The weak emission peak at 580 nm in [EuW10O36] crystals disappears
when the (DODMA)9[EuW10O36] complexes formed, and the relative intensities
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and the band widths are also a little changed, which may be attributed to the change
of the Eu3+ microenvironment in (DODMA)9[EuW10O36] complexes.

In order to broaden applications of the honeycomb porous films, the surfactant
encapsulated POMs honeycomb films used as templates to directionally elec-
trodeposit gold nanoparticles into their macropores also have been investigated
[87]. As shown in Figs. 14.28a, Au nanoparticles are well-deposited into the
honeycomb pores but not on the walls. It is reasonable according to the formation
mechanism of honeycomb films discussed in the Sect. 14.3.2. After transferring the
honeycomb films of (DODMA)10{Mn2Bi2W20} onto ITO-coated glass, the holes
are the bare ITO conductive surface, which can provide channels for electron
transfer onto the working electrode. However, the electro-deposition is prevented
owing to the insulation of DODMA. Consequently, Au nanoparticles prefer to
electro-deposit into the macropores rather than the walls. Rhodamine 6G (R6G) is a

Fig. 14.26 Cyclic
voltammograms of a the
honeycomb film of
DODMA+-encapsulated
{Mo368} (solid line) and bare
ITO (dotted line), b {Mo368}
(solid line) and DODMACl
(dotted line). All the curves
were measured in
0.5 mol L−1 H2SO4 solution.
Scan rate 50 mV s−1.
Reprinted from Ref.
[81], Copyright 2011, with
permission from Elsevier
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strongly fluorescent xanthene derivative, which can be used as a model to evaluate
the enhanced Raman scattering signal of organic molecules by honeycomb films. In
Fig. 14.28b, no Raman signal for R6G was detected for bare ITO-coated glass
(curve 1). Coincidentally, R6G was not detected for the honeycomb film-covered
ITO-coated glass because of the coverage of the honeycomb films, it was also
difficult to detect the glass vibrations. Interestingly, R6G signals were obviously
detected for directly electrodeposited Au nanoparticles (curve 3) and Au-filled
honeycomb films (curve 4). In particular, curve 4 presents a much stronger SERS
effect, which may be due to the hierarchical structure of the microscaled array and
nanoscaled particles. The results indicate that the hierarchical Au-filled honeycomb
film is a good detector of R6G molecules.

Fig. 14.27 Micrograph images of self-assembled honeycomb films of (DODMA)9[EuW10O36]
complexes at the air/water interface. a TEM image. b SEM image. c Fluorescence spectra of an
aqueous solution of [EuW10O36] crystals (black curve) and a chloroform solution of
(DODMA)9[EuW10O36] complexes (red curve), excited at 270 nm. The positions of 5D0 ! 7FJ
(J � 1, 2, 3, and 4) emission bands are indicated. d Typical fluorescence micrograph of the porous
honeycomb film of (DODMA)9[EuW10O36] complexes, which is irradiated by a mercury
lamp. Reprinted with permission from Ref. [86]. Copyright 2010 by American Physical Society
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14.3.5 Conclusion

Nano-scale polyoxometalates (POMs) are a class of discrete anionic metal oxides that
can be viewed as transferable building blocks, which can be applied in the prepa-
ration of functional materials. The past decades have witnessed the significant
advancement in the synthesis and application of POMs-based materials. More
amazingly, based on their excellent water solubility, according to electrostatic
interactions, these inorganic macroions demonstrate some features that usually are
believed to belong only to complex biological molecules, such as the self-recognition
in dilute solutions. Meanwhile, polyoxometalates-based organic-inorganic hybrid
materials possess amphiphilic properties by self-assembling into supramolecular
architectures, e.g. vesicles, reverse vesicles or onionlike structures in polar and
non-polar solvents. Moreover, self-assembly of surfactant-encapsulated POM clus-
ters into honeycomb films at the air/water interface, which is templated by condensed
water micro-droplets are functionally attractive. So far, only a few interesting
properties of amphiphilic hybrid POMs have been studied. There are still challenges
and much more exploration is necessary in the development of POMs. Many efforts
have been made to comprehensively understand fascinate chemical and physical
properties of POMs and to design rational synthetic strategies and synthesize novel
amphiphilic hybrid POMs.We believe that a better understanding of mechanism will
no doubt help in judicious design and improve the function of highly efficient
POM-based materials. In addition, the basic investigations of the structure and

Fig. 14.28 a SEM image of the hierarchical array with Au nanoparticles directionally
electrodeposited into the honeycomb macropores. b Raman scattering spectra of R6G on
(1) the bare ITO-coated glass, (2) the honeycomb film-covered ITO-coated glass and (3, 4) the
Au-deposited ITO-coated glass. The Au nanoparticles were electrodeposited without the
honeycomb film template in (3) and with the honeycomb film template in (4). The honeycomb
film template was dissolved in chloroform before Raman preparation for sample D. The inset
shows the magnification of curve d from 1050 to 1700 cm−1. The Raman measurements were all
conducted using an excitation wavelength of 532 nm and with a 20 s accumulation.
Reproduced from Ref. [87] by permission of The Royal Society of Chemistry (RSC) on behalf
of the Centre National de la Recherche Scientifique (CNRS) and the RSC
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assembly of POMs, organic-inorganic hybrids of multilayer films and porous films
containing POMs are also worthy of thorough investigation for applications in
catalysis, medicine, smart materials, and beyond will open new vistas in materials
research and build a bridge between polyoxometalate chemistry and material
chemistry.
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