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Preface

The research encompassing the screening, selection, characterization, and
exploitation of peptides capable of recognizing and binding inorganic materials is
rapidly growing; however, it remains far from maturity. In the space of two
decades, this area has exploded with activity, driving innovations in both the
experimental and theory arenas. With the strong encouragement of the team at
Springer, we considered this an ideal point to reflect on the enormous progress that
has been made thus far, to consolidate these accomplishments, and to highlight
some of the new applications and research directions emerging in this new field.

One of the key audiences for this book is the scientist or scholar who is new to
the research area. The inherently multidisciplinary nature of this research field that
embraces chemistry, physics, surface science, structural and molecular biology,
genetics, materials science, computational modeling, and informatics, makes a
comprehensive entry a challenging prospect. The earlier chapters of this book
detail the foundational aspects of this scientific field, to assist those getting started.
Another key audience for this volume is the established practitioner in bio-inspired
technologies, who is interested in expanding the horizons of the possible
applications of their research. The latter chapters in this volume highlight
applications that are currently emerging and could potentially have significant
opportunities for growth. This includes the expansion of bio-inspired methodol-
ogies and applications that could have important implications in sustainability,
which is important for future scientific progression.

We are grateful to all of our authors for their outstanding contributions.
We would also like to thank Merry Stuber, Allison Waldron, and the team at
Springer for their hard work, enthusiasm, organization, support, persistence, and
patience. And finally, we would like to thank our colleagues, friends, and
especially families, for their support and encouragement.

Marc R. Knecht
Tiffany R. Walsh
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Chapter 1
Peptide-Nanoparticle Strategies,
Interactions, and Challenges

Joseph M. Slocik and Rajesh R. Naik

Abstract The ability to control and manipulate peptide-nanoparticle interactions
is an important goal in achieving biofunctionalized materials with enhanced
properties and precise nanostructures for use in sensing, catalysis, and biomedical
applications. However, currently, there are many challenges to overcome in order
to obtain better design and create these peptide-based functional nanomaterials.
These include a need to better our understanding of the mechanisms/forces which
drive peptide-nanomaterial interactions, improve characterization techniques to
probe the peptide-nanoparticle interfaces, to design and identify new nanomate-
rial-binding peptides with greater affinities using a combination of advanced
combinatorial techniques and next-gen sequencing, and to effectively utilize
computational modeling to guide/predict peptide-nanomaterial binding. In this
chapter, we describe these technical challenges and highlight recent examples of
peptide-nanoparticle interactions, their resultant properties, and how some of these
challenges are being addressed.

1.1 Introduction

Nature has evolved molecules that possess functional properties in the form of self-
assembly, signaling, sensing, catalysis, motion, and storage. In addition, nature
hybridizes materials (organic and inorganic) in order to produce sophisticated
structures and materials. This is best exemplified by the biogenesis of multiscale
silica exoskeletons of marine diatoms (Fig. 1.1) and the organic-inorganic com-
posite material of nacre from molluscs (Skowronski et al. 2007; Dickerson et al.
2008), the highly orchestrated synthesis and assembly of magnetic nanoparticle
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(NP) chains (Bazylinski et al. 2007), and the formation of self-assembled protein
cages for the storage of inorganic materials (Flenniken et al. 2008). In all of these
cases, nature has created unique biomolecules with specific functions that repre-
sents the ultimate paradigm of control, chemical specificity, geometrical comple-
mentarity, and assembly of well-defined nanostructures. The ability to replicate the
structures and functions of biomolecules with regard to how they assemble and
interact with inorganic materials is highly desired for a range of applications in
medicine, sensors, and catalysis. With current advancements in nanotechnology,
there have been many breakthroughs in using biomolecules to fabricate and/or
functionalize inorganic nanoparticles (NPs) that exhibit new material functionality
when combined with the electronic, optical, and magnetic properties of nanoma-
terials (Pelaz et al. 2012). To date, these include using biomolecules (e.g., peptides,
DNA) for the synthesis of different materials (inorganic and carbon-based), to alter
NP properties and structure, and more importantly, impart biological activity and
molecular recognition function to nanomaterials.

Peptides and proteins are an integral part of materials synthesis, assembly, and
functionalization due to their rich chemical variability (hydrophobic/hydrophilic,
aromatic, acidic, basic residues), presence of short segments of secondary struc-
tural elements (helices, b-sheets, turns), can be synthesized using standard
coupling strategies, and available screening methods in place for identifying
material-specific peptides from large combinatorial libraries (Briggs and Knecht
2012). These qualities are appealing given that they are easier to control and
manipulate as compared to larger proteins, but provide a lot more chemical and
structural diversity unlike single amino acids or DNA bases. Also, a common
characteristic of most, if not all, proteins with known biomineralization activity is
the presence of multiple repeating peptide domains (Dickerson et al. 2008).

Fig. 1.1 Biological Inspiration Organisms, such as diatoms, produce minerals of defined
composition and structure under cellular conditions and genetic control (a and b). An example of
nature’s mastery of mineralization is depicted above in a SEM images of a (cleaned) silica cell
wall (i.e., frustule) grown by the diatom Coscinodiscus granii. (Image by M. B. Dickerson,
Diatom cultured by Y. Fang)
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This has provided a means to isolate and study the activity of these domains in a
single peptide repeat without the complexity of the full protein structure. This was
first demonstrated by the use of a silica precipitating peptide R5 identified from
silaffins contained in diatoms to replicate the biosilification reaction under labo-
ratory conditions (Kroger et al. 1999). In addition to biologically derived peptide
sequences for the synthesis and assembly of materials, peptides with specific
material-binding sequences isolated through combinatorial screening approaches
have been used as synthetic templates to synthesize, functionalize, and assemble a
wide variety of NP types (Song et al. 2013; Nam et al. 2008; Coppage et al. 2011).
For example, platinum-binding and silica-binding peptides isolated from phage
displayed peptide libraries were reported to control the morphology and shape of
platinum (Li and Huang 2010) and silica particles (Patwardhan et al. 2012).

Peptide-nanoparticle interactions have been exploited for the synthesis and
assembly of higher order complex inorganic structures using protein scaffolds or
lipid-like molecules. Using protein scaffolds, peptides are locally/spatially arran-
ged in a 3-D geometry around the protein to display multiple repeating peptide
sequences with NP templating activity. For example, proteins such as b-silk,
S-layer proteins from bacteria, chaperonin proteins, viral capsids, and ferritin
protein cages have all been modified with functional peptides for materials syn-
thesis and in the assembly of unique nanostructure geometries (Coordination
Chemistry 2013). The protein scaffold also imparts added stability to the displayed
peptides, enhanced solubility in aqueous environments, and diminished immuno-
genic or toxicity effects in regards to therapeutic treatments; while the conjugated
peptide modifies the size of the protein scaffold and adds new functionality. The
iron storage protein of ferritin is an example of a biologically important protein
scaffold which offers these benefits. Notably, ferritin forms a cage-like nano-
structure with external and internal diameters being 12 nm and 8 nm, respectively,
and contains numerous repeating residues at fivefold or sixfold symmetry sites for
genetic or chemical addition of peptides (Coordination Chemistry 2013). As a
result, there is much interest in ferritin for not only a therapeutic use but also as a
scaffold for biomaterial applications. We have previously shown that self-assem-
bled ferritin cages can be generated through engineering recombinant human light
chain ferritin with a silver-binding peptide (Kramer et al. 2004). Consequently, the
peptide modified ferritin allowed for inorganic NP growth of silver within the
interior protein cavity and only at the sites where peptides were displayed.
Interestingly, bacterial cells that expressed protein cages with silver-binding
peptide were resistant to increased concentrations of Ag+ ions. Modified ferritin
can also be assembled on the surface of aluminum NPs to generate bio-thermite
materials with enhanced kinetic and energetic properties (Slocik et al. 2013). Also,
peptides have been conjugated with amphiphilic molecules in the form of short
carbon chains (C12) for the self-assembly of new peptide-gold nanostructures. In
recent studies by Rosi and coworkers, scaffolds of gold-binding peptide-based
conjugates were created through rational design principles for the preparation of
complex plasmonic materials with tailorable optical properties (Chen et al. 2008).
The use of peptides allowed for manipulating the helical content in the scaffold to
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optimize the optical properties needed. Alternatively, Mirkin and others have used
DNA hybridization to control the placement of NPs into programmable 3-D
structures (Macfarlane et al. 2011).

Because of the influence of biomolecules, and of peptides in particular, on
material properties, there have been many studies on probing peptide interactions
with nanomaterials in order to understand fundamental principles that control
binding and structure at this dynamic interface. Together, this insight can lead to
the improved design of peptides with tunable binding affinities and the ability to
impart functionality to both the peptide and NP for the goal of biosensor fabri-
cation, catalysis development, and/or implementation in biomedical applications
such as in drug delivery and bioimaging (Slocik and Naik 2010). For biosensors,
for example, it’s imperative to gain a detailed understanding of the binding
interactions/structure effects between the peptide sensing element, nanomaterial,
and the biomolecule/chemical target of interest. Each interaction is necessary to
enhance sensor responses, optimize sensitivity and specificity to target, and to
achieve low detection limits. Alternatively, this is also true for interactions with
nonbiological ligands (polymers, organic ligands), simple peptide analogs such as
peptoids, and Peptide Nucleic Acids (PNA). Consequently, there are many chal-
lenges to overcome in understanding and exploiting peptide-nanoparticle
interactions.

1.2 Grand Challenges in Bionanotechnology

Incorporation of biomolecules with nanomaterials leads to synergistic effects that
combine the ability of biomolecules to control, shape, manipulate, and enhance the
physiochemical properties of nanomaterials. As a result, this is technologically
important for the development of advanced multifunctional materials as described
above and throughout the remaining chapters. Nanomaterials have benefited from
using biomolecules, and the combination of biomolecules with nanomaterials can
lead to properties that are of interest to the materials, medical, and engineering
communities (Fig. 1.2). However, significant challenges still exist and, to date, we
do not fully understand what dictates biotic-abiotic interactions or what the most
effective biomolecular elements are to be used (DNA, peptides, proteins) to elicit
strong binding interactions.

Improvements in the design and selection of nanoparticle-binding peptides are
needed much in the same way that nature has optimized/evolved biomolecules for
specific functions. The mechanisms/interactions/forces that drive peptide-material
binding and peptide structure, characterization techniques which directly analyze
and quantify both peptide and nanomaterial with atomic and molecular level
resolution, and reliable theoretical modeling/dynamics/simulations capable of
validating and guiding experimental data and design, are all important technical
challenges that need to be addressed. In the following section, we will highlight a
few of these challenges which are relevant to peptide synthesized or assembled
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materials and provide examples of what is currently being done to understand and
design better peptide-nanoparticle interactions as well as determine binding
interactions.

1.2.1 Design and Selection of Nanoparticle/Material-
Binding Peptides

The design and selection of nanoparticle-binding peptides remains a major chal-
lenge due in part to a lack of high-throughput methods, rational design principles,
an absence of complete data sets for existing nanoparticle-peptide-binding pairs,
and in many cases a lack of accurate computational models. There is an increasing
need for methods capable of identifying nanoparticle-peptide interactions with
high binding affinity and specificity. New high-throughput techniques should offer
the ability to rapidly explore and screen large libraries of random peptides against
any material target (soluble and insoluble), a desired function (catalytic activity),
or nanomaterial property (size, crystallinity, morphology). Currently, the state of
the art method for selecting nanoparticle-binding peptides either involves the use
of a limited number of biologically derived material-specific peptide sequences
with known biomineralization activity (i.e., R5 peptide discovered from diatoms);
peptide or protein templates with no known mineralization function such as

Fig. 1.2 Biomolecule-nanomaterial interactions, characterization, and applications. Catalysis
image (upper right panel) is reproduced from Ref #13 with permission from The Royal Society of
Chemistry
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antibodies that can be adapted for NP binding and/or synthesis; or by a combi-
natorial based approach in the form of phage displayed, cell displayed, or resin
displayed peptide libraries (Tamerler and Sarikaya 2009). The largest of these
combinatorial libraries sample a small subset of sequences (109), only address
primary peptide structure, and have sequence biases (Derda et al. 2011). These
techniques have been extensively used over the past decade with great success in
the identification of strong peptide binders and have been the focus of numerous
comprehensive reviews (Dickerson et al. 2008; Tamerler and Sarikaya 2009).
Phage or cell displayed approaches have become powerful and reliable tools for
rapidly screening large populations of random peptides against an assortment of
endless nanomaterials, polymers, and biomolecules (Dickerson et al. 2008;
Tamerler and Sarikaya 2009), although, there have been minimal improvements or
advancements over the past 5–10 years in either the technique or off-the-shelf
commercial libraries. In the case of the latter, typical phage displayed peptide
libraries available are heavily biased in amino acid composition with several
amino acids severely underrepresented or not present at all in the total population
(i.e., cysteine) (Derda et al. 2011; Matochko et al. 2012). Additional limitations
include high background interference from nonspecific peptide binders, the faster
growth of certain phage clones after negative selection, and the absence of
dominant sequences. In terms of the technique, they are time and labor intensive
(weeks), require specialized instrumentation (incubators, DNA sequencers, PCR),
and until recently was restricted to use on immobilized or insoluble NP targets
which could be separated from unbound phage by centrifugation. In a few recent
cases, phage display has been used to screen small soluble dipeptide targets or NP
precursors for catalytic peptides by assaying for an insoluble end product
(Wei et al. 2011). This represents a new capability of phage display which has
otherwise been limited to insoluble or immobilized targets.

Alternative emerging technologies are likely positioned to address some of
these challenges as well as offer new platforms to complement existing high-
throughput combinatorial approaches. For example, new printing techniques
(i.e., Inkjet printing, dip pen nanolithography, nanoprintTM microarrayers) have
made it economically feasible to print biomolecules in massive parallel micro-
arrays (Swartz et al. 2010; Uttamchandani and Yao 2008). This has enabled the
development of peptide microarrays consisting of 102–104 random peptide
sequences and has been successfully used by the biomedical community for the
rapid identification of potential drug candidates, peptide-peptide interactions, and
antibody/peptide pairs (Uttamchandani and Yao 2008). Similarly, we envision the
use of peptide microarrays with different nanomaterial targets for screening pep-
tides with high binding affinity or NP templating activity. This preliminary concept
is illustrated in Fig. 1.3 and shows the synthesis of Au NPs on a peptide micro-
array consisting of 100 peptides after incubation with buffered Au3+ salts. The
presence of dark purple spots indicates potential peptide sequences specific for
gold NP synthesis. Ideally, this platform will significantly reduce processing/
screening time from weeks to hours, eliminate the need for specialized instru-
mentation (cell incubators, PCR, DNA sequencers) except for an optical
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microscope/flatbed color scanner, can be adapted for any soluble nanomaterial
target, and will allow for the monitored in situ synthesis of NPs. In another
example, phage display has been integrated with a microfluidic device to form a
multiplexed automated platform for peptide selection. In this platform configu-
ration, the microfluidic chip offers the capability to screen a phage library against
multiple targets in a single round without the need for bacterial infection for
multiplex panning (Cung et al. 2012). This level of automation decreases the
amount of time from weeks to hours to obtain a set of peptide-binding sequences
for each target. Also, miniaturization of the screening platform reduces the amount
of sample needed from mg to lg which is beneficial when dealing with precious
rarified sample targets. However, fluid flow rates have to be optimized to ensure
isolation of the highest affinity binders and there’s a need for better sequencing
tools in terms of high-throughput and next-gen sequencing.

Achieving the goal of identifying strong peptide binders using a high-
throughput technique is only part of the challenge, but being able to maximize,
tune, and enhance material properties through modulating peptide-binding affinity
and processing conditions is highly desired. Ultimately, maximizing NP properties
is entirely empirical and involves testing many different peptide sets identified
from phage display by trial and error for a given binding quality in addition to the
strongest peptide binders. Nevertheless, this approach has resulted in the creation
of new chiro-optical properties in gold using a gold-binding peptide (Slocik et al.
2011), a 40 % gain in the hardness of stainless steel upon functionalization with a

Fig. 1.3 Screening of peptide microarray for gold NP binding and synthesis. Peptide microarray
was constructed by Thinkpeptides

�
to contain a 10 9 10 peptide array of random and selected

dodecamer gold-binding peptides with a Gly-Gly-Gly spacer at C-terminus immobilized on a
glass slide in triplicate sets. For screening peptides which are capable of synthesizing gold NPs,
the microarray was incubated with an aqueous solution of 1 mM HAuCl4 in 0.1 M HEPES buffer
pH 7.4 for 2 h. Peptide microarray was removed from gold salt solution and washed with double
deionized water for 10 min repeatedly. Peptide microarray was characterized for gold NP
synthesis and imaged using a Leica stereomicroscope at 209 magnification under white light
illumination (unpublished). Blue arrows indicate a consensus sequence (TSNAVAPTLRHL) and
white arrows indicate selected peptide sequences which exhibited enhanced gold NP synthesis
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short synthetic peptide identified from bacteria (Chiu et al. 2011), and improved
NP catalysts with high activities by a palladium-binding peptide as described in a
later chapter (Coppage et al. 2013). These examples highlight the potential benefits
of balancing peptide-nanoparticle-binding interactions with material properties;
although with the caveat that strong peptide-binding does not always produce NPs
with the highest activity or enhanced properties. Hence, the goal of identifying
strong peptide-binding achieved by the phage display process is not necessarily a
suitable metric into whether a peptide will be capable of templating NP synthesis
or imparting the largest property enhancements. Consequently, many strong
peptide-binding sequences isolated from phage displayed peptide libraries suffer
from a lack of templating activity or less than optimal properties. However, these
peptides provide an initial sequence for further refinement in order to tune and
enhance properties and binding. On the other hand, higher peptide-binding affinity
and specificity for its biological target is necessary for applications such as bio-
sensor development or surface immobilization of NP agents.

The ability to manipulate and control the arrangement, assembly, localization,
surface density, and structure of these peptides on nanomaterial surfaces on
demand without the use of a patterning technique is also challenging. For example,
we have identified peptide sequences which preferentially bind to either the edges
or planes of graphene (Kim et al. 2011). Here, the localization of peptides at
different regions (edges or planes) on a graphene substrate resulted in different
electronic surface states and resistivity. In a similar example, the influence of
peptide-binding on the electronic properties of semiconductor surfaces was
examined by Ashkenasy et al. (2012). They demonstrated that dodecameric pep-
tides can enhance the electronic properties of Gallium-Arsenide (GaAs) by dipolar
and charge redistribution effects based on the position and type of amino acid
residue present within the surface bound peptide. Also, through rational substi-
tution of a graphitic binding peptide, different extents of self-assembled peptide
structures were obtained on graphite with varying surface chemistries (So et al.
2012). In this study, peptide-binding was used to control the surface chemistry on
graphene and could be changed from hydrophilic to hydrophobic by modifying the
amino acid sequence accordingly (Khatayevich et al. 2012).

1.2.2 Control of Nanoparticle Structure and Composition
Over Multiple Length Scales

In nature, biological systems effortlessly control synthesis and assembly across
multiple length scales using genetic and molecular level control. For years, we
have admired and tried to mimic the unparalleled level of control and organization.
Unfortunately, achieving this is much more difficult using biomimetic approaches
by comparison and typically involves bottom-up or top-down approaches, com-
binations of different sized templates (i.e., peptides conjugated to larger proteins,
DNA origami patterns), and/or peptides which are inclined to self-assembly such
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as amphiphilic peptides as described earlier. For example, the biomolecules
responsible for biogenic silica found in diatoms have been extensively studied, but
the ability to mimic biosilica structures ex vivo at the same length scales created
by nature has largely been unsuccessful. This begs the question whether along with
specific biomolecules, the physio-chemical environment is equally important in
the development of specific morphologies seen in diatoms and other biological
systems. However, the first challenge is to unscramble the role of amino acids,
peptide sequence, molecular weight, and context in material binding and/or tem-
plating. For example, different molecular weights of poly-L-lysine (PLL) were
shown to affect the morphology of silica structures, whereby high molecular
weight PLL produced hexagonal silica platelets while low molecular weight PLL
yielded spherical particles (Tomczak et al. 2005). Single unassembled material-
binding peptides are optimally effective in the nanometer size scale regime and are
mainly used to bias the growth of nanocrystal facets along a preferred orientation,
control NP sizes by restricting growth, and impart a biological function to the NP
surface. Generally, the ability of small peptides to control NP structures and
compositions over several different length scales (nano to micro and beyond) is
prohibitive due to the intrinsic lack of a 3-D structure. This is evident in the many
NP products templated by specific peptides.

1.2.3 Characterizing Biotic-Abiotic Interface

Another limitation to the design of new nanoparticle-binding peptides has been a
lack of understanding and characterizing the mechanisms and binding interactions
which guide the assembly and structure of the biotic-abiotic interface. These lim-
itations are significantly apparent by comparing the qualities and structures of
laboratory grown inorganic materials with equivalent biominerals produced in
nature. For example, marine organisms are able to synthesize and control the
mineralization of highly oriented CaCO3 crystals with defined facets and geome-
tries, while the comparable laboratory grown NP counterparts exhibit random
orientations and geometries and do not share the same physical properties and
superior qualities (optical, mechanical, catalytic). Although several significant
advances have been made in gaining insight into the mechanisms of crystal ori-
entation in vivo (Killian et al. 2009) as well as the specialized macromolecules and
conditions necessary for calcite growth (Aizenberg et al. 2002; Wang et al. 2009),
we don’t fully understand how biomolecules template the synthesis of nanomate-
rials or organize on their surface. Several studies by groups around the world
including the authors of chapters in this book are attempting to get a handle on
these rules that govern recognition and templating of biogenic materials. The
reasons for this shortcoming include the vast complexity of the biomolecule-crystal
interface, differences in sequence and structure between peptides, variability,
influences from processing conditions (temperature, buffers), and the absence
of appropriate characterization tools discussed below (Slocik and Naik 2010).
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The complexity of the interface develops from having peptides or biomolecules
with variable conformations, structures, chemistries, polarities, chiralities, elec-
trostatic charges, and binding affinities in combination with diverse nanocrystal
surfaces which possesses different facets, oxidation states, surface charges, crys-
tallographic orientations, and defects (Fig. 1.4) (Nel et al. 2009; Sapsford et al.
2012). Each of these characteristics and properties has been shown to affect the
degree of binding whereby simply changing one property will circumvent or
enhance binding. For example, by changing the surface charge densities of a gold
surface electrochemically, a gold-binding peptide elicited different binding
behaviors (Donatan et al. 2012). In this regard, switching the surface charges can be
used to attenuate peptide adsorption and potentially to clean the surface of bio-
logical materials. This feature is particularly attractive for biosensors and presents a
quick means to reconfigure a sensor for different targets simply by changing the
peptide recognition elements. Also, the molecular conformations of peptides have
been shown to significantly impact binding in a number of examples. For instance, a
cyclic gold-binding peptide (GBP1) with a constrained conformation exhibited
lower binding to a planar gold surface as opposed to its conformationally free linear
peptide analog which can adopt many different binding conformations on the gold
surface (Hnilova et al. 2008). This increased flexibility was also determined
computationally to be an important driving force for strong binding; and as a result,
should be included in design of nanoparticle-binding peptides (Heinz et al. 2009).
Finally, to add to the complexity, the assembled interface is dynamic in nature such
that peptides are in constant motion and diffuse along the surface to adopt the lowest
energy structures. Peptide diffusion along a (111) gold surface was recently
observed with a different gold-binding peptide (A3) by monitoring the formation of
a self-assembled peptide coil over time using Atomic Force Microscopy (AFM)
(Nergiz et al. 2013). Altogether, understanding peptide-nanoparticle interactions
represents an overwhelming task even when utilizing the most advanced charac-
terization techniques; although some techniques such as solution NMR spectros-
copy (discussed in later chapters) have successfully exploited the dynamic nature of
peptides going on and coming off the NP surface to produce an averaged NP bound
peptide structure (Mirau et al. 2011). To date, the biomimetic materials community
at large has made progress in providing a partial picture of what guides peptide-
nanoparticle interactions on a peptide per peptide basis, but has struggled in
establishing a general set of guidelines or rules relating to different NP binding-
peptides.

Collectively, characterization techniques used for studying peptide-nanomate-
rial interactions were borrowed from materials science (electron microscopy,
atomic force microscopy (AFM), X-ray scattering/diffraction), biochemistry
(electrophoresis, NMR, Circular dichroism spectroscopy (CD)), and the remaining
physical sciences (Fourier transform infrared spectroscopy (FT-IR), UV-Vis
spectroscopies) (Slocik and Naik 2010). Qualitatively, most of these techniques
offer insight into either the surface bound peptides or the nanomaterial itself and
often indirectly measure a single property or physical feature as highlighted in
upcoming chapters. For example, FT-IR and CD spectroscopies measure changes in

10 J. M. Slocik and R. R. Naik



the global peptide structure exclusively; while electron microscopy and X-ray
techniques probe the nanomaterial’s physical structure and attributes (i.e., crys-
tallinity, morphology, size). In a recent study, Knecht et al. showed how the CD
structures of palladium-binding peptides with cysteine and/or alanine substitutions
contributed to large differences in the catalytic activity of peptide capped NPs
(Coppage et al. 2013). The peptide structure in this case plays a larger role in
defining NP activity as opposed to requiring strong binding affinities to palladium.
This illustrates the importance of balancing molecular structure with binding
affinity in order to achieve enhanced nanomaterial properties. Additionally, there is
a great need to quantify peptide-nanomaterial interactions in terms of equilibrium
binding data (quartz crystal microbalance (QCM) and surface plasmon resonance
spectroscopy (SPR)), kinetics (on/off binding rates), forces associated with binding
(atomic force spectroscopy), and thermodynamics of binding using isothermal
titration calorimetry (ITC). Recently, atomic force spectroscopy has been used to
gain insight into the different adhesion forces (electrostatic, hydrophobic) associ-
ated with single molecule binding of amino acids to silicon substrates (Razvag et al.
2013). Here, the average adhesion forces were on the average of 20–300 pN for
single amino acids but are expected to be much higher for peptides that exhibit
multivalent binding to NP or surfaces. This binding data set is valuable in deter-
mining the binding interaction strengths of amino acids and peptides for a set of
inorganic substrates, assessing their ability to effectively functionalize surfaces, and
in providing a quantifiable means of comparison for examining the effects of site
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specific sequence mutations on binding or evaluating the potential binding other
peptides. This last aspect alone has provided much detail about key residues nec-
essary for binding based on calculated equilibrium binding constants (Keq, ka and kd

constants) and how they affect nanomaterial properties. In total, these techniques
and instrumentation have provided significant detail about peptide-binding, but,
unfortunately have limited availability in a typical research laboratory or depart-
mental inventory. As a result, analysis is restricted to either examining the peptide
or nanomaterial using available resources. Most nanoparticle-binding peptides have
only been partially characterized, and offer an incomplete picture of corresponding
peptide-binding interactions. To date, only a handful of gold- and carbon nanotube-
binding peptides have been extensively characterized using both molecular mod-
eling simulations and experimental analysis techniques to elucidate a detailed
understanding through many years of collective research among collaborative
efforts (Briggs and Knecht 2012; Corni 2013).

It is equally important to understand how the structure, properties, and activity
of biomolecules or nanoparticle-binding peptides are affected by nanomaterial
interactions. This is critical to the successful implementation of peptide-func-
tionalized NPs for biomedical uses and in assessing their potential toxicity and
biocompatibility. In complex biological environments such as in biological fluids
or in living cells; NPs are exposed to high ionic strengths (150 mM), oxidizing
environments, numerous physical forces (hydrodynamic, osmotic pressures), an
infinite matrix of different competing biomolecules to interact with and to displace
surface proteins (enzymes, albumin, immunoglobulins), and/or macrophage cells
trying to engulf and eliminate NPs (Nel et al. 2009). These secondary interactions
could likely alter the peptide structure and function on the NP surface. Also, upon
intimate contact with proteins, NPs act as catalysts by exposing new antigenic
epitopes and protein interaction domains through unfolding of the protein structure
on the NP surface leading to an adsorption layer of proteins around the nano-
material, the so-called ‘‘protein corona.’’ The physiochemical parameters (size,
shape, surface charges) of the nanomaterial have a large influence on the com-
position and structure of the protein corona (Lundqvist et al. 2011). For example,
b2-microglobulin fibrillation occurs on the surface of carbon nanotubes or cerium
oxide NPs due to protein unfolding and exposure of new domains which induce
aggregation of promote formation of fibrils. These effects have severe biochemical
and toxicological implications which require complete characterization of
potential biological interactions in vivo. Alternatively, for nonmedical uses, the
structure and activity of peptides altered by a NP surface and/or by the binding of a
chemical or biological target determines sensing efficiency, catalytic and biolog-
ical activity, and functionality of the NP system. This concept was recently
exploited by using peptide-functionalized gold NPs as a sensing material for the
selective detection of multiple vapors with similar dielectric constants (Nagraj
et al. 2013). In this sensing structure, the diverse amino acid composition of
peptides on gold when exposed to different vapors yielded unique vapor-peptide
interactions which affected the impedance output of the NPs. As demonstrated by
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this example, the utility and effectiveness of peptide capped NPs for sensing
depends on not only gaining insight into peptide-nanoparticle interactions but also
understanding multiple fundamental interactions occurring with the peptide coat in
terms of both target specific binding and interfering environmental agents present
(humidity, nonspecific targets, temperature). The adsorption of molecules on
nanoscale objects, in principle, can then be used to control assembly, function, and
the structure of the adsorbed species. This ultimately can result in the formation of
sophisticated nanostructures with adaptable/smart features or conversely have
adverse effects on biomolecules.

1.2.4 Computational Modeling of Peptide-Nanomaterial
Interactions

Current computational modeling efforts have provided much needed atomic,
molecular, and structural level detail on peptide-inorganic surface interactions.
Computational tools are getting better at dealing with more complex nanosystems
and larger biomolecules due to the progression of computing power (faster pro-
cessors), development of new force fields for molecular modeling, and newer
software packages. For instance, only a few years ago, computer simulations were
restricted to a single peptide on a flat planar surface consisting of several hundred
atoms; but have recently been expanded to include various shapes of nanostruc-
tured metal surfaces and many more peptides or larger proteins (Feng et al. 2012).
The various geometrical surfaces have provided a starting structure more closely
resembling those obtained experimentally. Modeling has also provided insight into
key residues and peptide structural parameters such as conformational flexibility
important in NP binding. This has led to refinement of peptide-binding and
enhancements in properties as discussed in upcoming chapters. Although from its
inception, molecular modeling/simulations have served in a passive supporting
role with the goal of complementing experimental data/structures. Additionally,
one of many challenges to overcome is the lack of open communication and dialog
between experimentalists and the computational community. In order for modeling
to make an impact, there is a need to facilitate more of these interactions and work
closely on a routine basis. Also, to date, there is a lack of predictive mesoscale
coarse grain models which can accommodate particles and not just atoms, minimal
force fields limited to a few types of materials (Au and SiO2), poor computational
efficiency associated with biomaterials modeling, and a need to analyze/mine large
collections of data for the purpose of identifying/assessing sequences/patterns
which would be overlooked by human operators. These hidden data links will
ensure and expand the materials genome at a tremendous pace. In the coming
years, computational modeling is expected to rapidly accelerate the discovery of
new nanomaterial-binding peptides, provide predictive tools for structure and
function, offer rapid exploration of biomolecule and nanomaterial parameter space
(sequence, structure, chirality, physical properties), and operate independently of
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experimentally collected data. Ideally, modeling will be used to generate and
identify new nanoparticle-binding peptides, validate and maximize binding,
evaluate NP properties as a result of peptide-binding, and perhaps even anticipate
material related problems of the future.

1.3 Visions/Possibilities in The Future

The future of bio-nanomaterials science holds great promise for enabling the
development of sensors that can emulate their biological counterparts, materials that
have adaptable self-repairing properties, and devices that can perform like biological
machinery. These efforts will heavily rely on computational resources for automa-
tion, discovery of new peptide ligands, and prediction of material properties. There
have been many new applications found for existing proteins and biologically
derived inorganic materials such as in the areas of protein-based optical coatings,
hybrid structures, and in bioenergetics. Also, as discussed earlier, the advent of
emerging technologies especially in the areas of 3-D printing and patterning in
general, will revolutionize how materials and biomolecules will be processed and
assembled into highly intricate structures comparable to those observed in nature.
Ultimately, this type of application could possibly one day rival those created in
nature and lead to multiscale structures. While nature has perfected the synthesis of a
variety of nanostructures, the formation of novel NPs not found in nature is currently
a challenge using biological systems. Although, even this concept is quickly
becoming antiquated as the limits of biology are constantly being expanded through
advancements in genetic engineering and synthetic biology. In the near future,
factories of microbial communities will be able to synthesize and create any artificial
inorganic nanomaterial on demand using synthetic biology to achieve precise control
over properties. Additionally, Mirkin’s group has already demonstrated the assembly
of NP superlattice structures that adopt various crystal structures using DNA. Using
gold NPs as the core, DNA conjugated to the metal NP allows for the independent
control of three important design parameters (particle size, lattice parameters, and
crystallographic symmetry) to create the nanostructure lattice of choice (Macfarlane
et al. 2011). This has resulted in the creation of binary NP lattices and new crystal
lattice structures never before observed in nature. Similarly, using protein cages or
peptide-functionalized NPs to form assemblies can also be a useful tool in bio-
medical applications. Ultimately, the ability to control and predict biomolecule
structure and orientation on NP surfaces through ongoing studies and improvement
of peptide or DNA nanomaterial interactions will result in catalysts with greater
activity and efficiency, better sensing and recognition of targets, effective antibody
binding, assembly of multicomponent materials and development of smart materials
for drug delivery, and other therapeutic applications. Moreover, the knowledge base
acquired from studying peptide-nanomaterial interactions will also provide the
framework for understanding and exploiting interactions with nonbiologically based
molecules such as various polymers and simpler peptide analogs (peptoids).
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Chapter 2
Fundamentals of Peptide-Materials
Interfaces

Tiffany R. Walsh

Abstract The investigation of the binding, dynamics and properties of peptides
adsorbed on inorganic surfaces is an inherently multidisciplinary endeavor. This
chapter is primarily aimed at new researchers in this field, to introduce the basic
concepts that span physical chemistry, surface science, structural biology, com-
putational techniques, and materials science; all of which are necessary for gaining
a comprehensive overview of peptide-materials interfaces. What are the key
insights that can be determined from these interfaces? Usually, this will comprise a
blend of thermodynamics, kinetics and structural characterizations. Typically, we
might wish to compare the binding strength of a peptide, and concomitantly, the
structure(s) assumed by the peptide upon adsorption. We might also seek to
characterize the surface diffusion, and/or aggregation (or assembly) of these sur-
face-adsorbed biomolecules. These observations serve to facilitate connections
between the composition and sequence of the peptide, and its behavior and
properties at the interface. Such connections could be subsequently exploited in
bioinformatics models to enable the prediction of new peptide sequences, with
designed, predictable interfacial properties.

2.1 Introduction and Background

Peptides and proteins are workhorses in the natural world, carrying out a variety of
roles, including: recognizers, connectors, transporters, messengers/reporters, and
structural support, just to name a few (Whitford 2005). Peptides and proteins are
also closely associated with biominerals in Nature, such as in shells, bone, sponge
spicules, and tooth enamel (Sarikaya et al. 2003; Crookes-Goodson et al. 2008;
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Dickerson et al. 2008a), see Fig. 2.1 for example. Biomineral-associated proteins
and peptides are thought to have evolved to play a key role in the nucleation,
growth, and organization of nanostructured biocomposite materials. They are
thought to do so via specific, noncovalent interactions with the aqueous materials
interface. Research in this area spans the investigation of naturally occurring
biogenic minerals through to the search and identification of new peptide
sequences, associated with artificial hard materials. It is the latter, that of selected
peptide sequences that recognize materials through specific noncovalent interfacial
interactions, that we will focus on herein in this chapter.

The pioneering work of Stanley Brown, employing cell surface display, first
identified peptide sequences that recognized the gold surface (Brown 1997). Since
this pioneering work, the research field encompassing the identification and
characterization of materials-binding peptide sequences grew rapidly (see, e.g.,
Whaley et al. 2000; Naik et al. 2002a; Sarikaya et al. 2004); to date these selection
data cover peptide sequences identified to bind, for example, metals (Naik et al.
2002b; Forbes et al. 2010; Li et al. 2009; Hnilova et al. 2008; Heinz et al. 2009;

Fig. 2.1 Scanning electron microscopy images of naturally-occurring high-performance bioin-
organic composite materials. a Aragonite platelets in the growth edge of an abalone shell (inset
transmission electron microscope, TEM, image); b crystallographically-aligned magnetite
nanoparticles formed by magnetotactic bacteria (inset TEM image); c woven nanocrystals of
hydroxyapatite in tooth enamel; d layered silica of a sponge spicule. Reproduced with permission
of the copyright holder, from Sarikaya et al. (2003)
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Chiu et al. 2010), oxides (Naik et al. 2002a; Oren et al. 2007; Patwardhan et al.
2012; Sano and Shiba 2003; Dickerson et al. 2008b; Fang et al. 2008; Thai et al.
2004; Nygaard et al. 2002; Rothenstein et al. 2012), semi-conductors (Whaley
et al. 2000; Lee et al. 2002; Estephan et al. 2011), nanostructured carbon such as
carbon nanotubes and graphite (Kulp et al. 2005; Wang et al. 2003; Cui et al. 2010;
Pender et al. 2006), polymers (Serizawa et al. 2007), carbohydrates (Guo et al.
2013), as well as naturally-occurring minerals (Li et al. 2002; Roy et al. 2008,
Gungormus et al. 2008). These peptide sequences were typically selected from
libraries via an iterative binding process referred to as biopanning (Sarikaya et al.
2003). The final set of selected sequences resulting from the biopanning process
are those deemed to confer the strongest binding affinity (i.e., adsorption strength)
for a target material. In addition to these identification studies, peptide sequences
have been reported that exhibit a discrimination in terms of surface recognition,
sometimes referred to as binding selectivity: discrimination between two (or more)
material surfaces (compositional selectivity) (Tamerler et al. 2006; Fang et al.
2008); discrimination between different crystallographic surface orientations of the
same material (facet selectivity) (Wright and Walsh 2012; Ruan et al. 2013), and
discrimination between two (or more) polymorphs of the same material (poly-
morph selectivity). Exploitation of this binding selectivity is poised to play a
pivotal role in the future adoption of materials-binding peptides into the main-
stream deployment of nucleation, growth, and assembly approaches for making
novel, synthetic, nanostructured bioinorganic hybrid materials with designed and
predictable properties, under ambient conditions.

However, identification of peptide sequences is only the first, albeit crucial, step
in the successful utilization of materials-binding selective peptides in realizing this
goal. Currently, isolation and identification of materials-binding peptide sequen-
ces, per se, do not form the bottleneck in advancing this research field; rather, it is
the generation of understanding, and the distillation of generalizable principles,
derived from this understanding, that at present hinders progress toward these
goals. Key unanswered questions remain, and resolution of these questions is
central to enabling the incorporation of materials-binding peptides into the toolbox
of reliable materials synthesis approaches that can be realized for a variety of
different inorganic components, and furthermore, enable the versatile creation of
novel, multimaterials nanostructured assemblies.

Some of these questions are concerned with experimental approaches, ranging
from the fundamental conditions for biopanning and the impact of this on the
selected sequences (Puddu and Perry 2012) through to how to directly determine
the adsorbed peptide structure(s) at the interface (Mirau et al. 2011). However, one
of the more imperative questions in this research topic is associated with inter-
pretation—how can we relate the materials-binding behavior to the peptide
sequence (and not just the residue content of the peptide)? This question concerns
not only how to interpret outcomes from peptide selection experiments, but also is
pivotal to understanding how to systematically preserve the materials-recognition
properties of these selected peptides upon conjugation into larger molecular
constructs.
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2.2 Basic Key Concepts: Surface Science and Physical
Chemistry

2.2.1 Introductory Surface and Interface Science

Characterization of the surface of the target material is as important to gaining
insight into the adsorption behaviors of materials-binding peptides as the con-
formations of the peptides themselves. Relevant questions regarding the state of
the surface include: is the surface crystalline or amorphous? If crystalline, is the
surface single crystal or polycrystalline? What is the charged state of the surface,
under aqueous conditions, and at a range of pH values? The process history of the
surface samples can be pivotal to understanding the behavior of the surface
(particularly for silica) (Patwardhan et al. 2012); is the surface clean—e.g., are
there problems with adventitious carbon? If so, is there a way to clean the surface
without destroying or modifying the desired surface structure? If the surface is
already coated (e.g., with a stabilizing ligand such as citrate, in the case of
nanoparticles), how does the presence of the ligand and its distribution on the
surface affect peptide binding? Moreover, the shape of the aqueous materials
interface could also conceivably play a role in controlling adsorption of peptides,
in addition to the consideration of steps and kinks that may be present on planar
materials surfaces. For some materials (such as oxides) it can be challenging to
separate out the dependencies between surface curvature and surface chemistry for
small nanoparticle surfaces (Patwardhan et al. 2012). The propensity of the
material surface to oxidize may also create challenges; while some oxide surfaces
are well understood from a structural perspective, other materials, e.g., semicon-
ductor surfaces such as GaAs and CdSe, may possess very complex oxide surface
structures that are not necessarily well resolved at the atomistic level, thus
potentially hindering our understanding of how peptides recognize these materials.
Finally, all of these factors regarding the materials surface structure can also play a
critical role in determining the structuring of the solvent (usually aqueous solution)
at the interface. The impact of this interfacial solvent structuring on the adsorption
propensity of materials-binding peptides will be subsequently discussed in more
detail (vide infra).

Before doing so, we give a brief summary of some common terms and concepts
associated with the surface science of crystalline materials. In brief, if a material is
crystalline, then the bulk material will feature a regular patterning in three-
dimensional (3-D) space in terms of the constituents of the crystal, i.e., the atoms
and/or molecules in the material. By cutting the 3-D bulk crystal along a given
plane (defined by three noncolinear points in the crystal lattice) different crystal-
line surfaces can be generated, thus presenting different, two-dimensional
arrangements of surface atoms—e.g., see Fig 2.2. Types of surfaces are charac-
terized by three numbers known as the Miller indices (h, k, l)—e.g., the (111)
surface or the (100) surface (as in Fig. 2.2). The vector normal to the Miller Plane
is the vector [h, k, l]. (see, for example, Atkins and de Paula 2010, for more
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details). Crystalline surfaces can depart from ideality via the incorporation of
defects; e.g., vacancy defects; and through the presence of steps, kinks, and ada-
toms on the surface. These features may exhibit very different propensities for
interaction with adsorbed peptides, compared with the ideal surface. One other
point of distinction for crystalline surfaces is the consideration whether the surface
is single crystal (e.g., a single crystal Au(111) surface), or, a polycrystalline sur-
face (one that presents an ensemble of different low-energy planes).

A further complication arises in the consideration of crystalline surfaces in
terms of surface reconstruction. If we consider cleaving the bulk crystal along a
given plane orientation, then the newly generated surface exposes atoms on the
surface that are under-coordinated in comparison with the atoms underneath the
surface layers. This under-coordination may lead to a rearrangement of the surface
atoms such that the potential dangling bonds at the surface can be satisfied, a

Fig. 2.2 Illustration of different crystallographic orientations of surfaces. a and b Indicate two
lattice planes of a simple cubic lattice, the (111) and (001) planes, respectively. The three

principal axes are indicated as ~a, ~b, and ~c. c and d Give the atomistic-level structure of two
different example crystallographic orientations of the ideal gold surface, the (111) and (100)
planes, respectively
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classic example of which is the (7 9 7) reconstruction of the Si(111) surface
(Binnig et al. 1983). While this definition may suggest that covalently bonded
network solids are prone to surface reconstruction, it is also possible for other
types of materials, e.g., noble metals, to support surface reconstruction. The
favorable reconstructions of a surface should be considered, since the subsequent
arrangement of the surface atoms could impact substantially on adsorption
behavior at the aqueous interface, not only through spatial registry of the collective
interactions between the peptide atoms and the surface atoms per se, but also via
any changes of the solvent structuring at the reconstructed surface.

Structuring (both spatial and orientational) of interfacial solvent is thought to
highly influential on the adsorption structure(s) of the peptide. Part of this influence
is possibly due to the changes in the solvent hydrogen-bonded network in the
interfacial region, thus perhaps modifying the opportunities for the peptide interact
via hydrogen-bonds with this interfacial solvent. In addition, the thermodynamics
of peptide adsorption can be influenced by how tightly the solvent is bound to the
surface itself, given that the peptide will displace solvent in the first solvation layer
if the peptide makes direct surface contact, i.e., non solvent-mediated surface
contact (Skelton et al. 2009; Schneider and Colombi-Ciacchi 2012). In free energy
terms, there will be a trade-off between the loss of enthalpy of the released first-
layer solvent molecules, the gain in enthalpy for the adsorbed peptide groups, the
gain in entropy of the interfacial waters released into the bulk—due to the footprint
of the parts of the peptide that make direct contact, and thus displace the waters, and
the loss in peptide conformational entropy upon adsorption onto the surface.
Additional complications arise in the interfacial solvent structuring due to the
presence of solvated ions, particularly due to structuring of the electrical double
layer for interfacial salt solutions. The influence of salt concentration on the
interfacial adsorption of functional groups analogous to peptides has been recently
investigated using atomic force microscopy (AFM) (Hassenkam et al. 2012).
Finally, the sharpness of the interface between the solvent and the materials surface
could potentially exert a significant influence on peptide adsorption; very sharp
interfaces (such as for the aqueous noble-metal interface), might show differences
in adsorption with the slowly dissolving interface of some materials surfaces (e.g.,
for silica). However, both of these examples could differ substantially with some
carbohydrate surfaces, where ingress of water into the upper surface layers of the
material may instead result in a diffuse interfacial layer instead of a sharp interface,
thus potentially modulating the binding behaviors of the peptide.

If the target material is amorphous, we cannot know the local arrangement of the
atoms on the surface in precise detail. However, we can make statistical inference
regarding some average structural characteristics. This is important not only for the
bulk material—e.g., in terms of determining the radial distribution function between
pairs of atoms in the bulk—but also for the surface structure, such as the average
distances between moieties presented on the surface. Average surface densities of
relevant groups are also valuable information; e.g., for hydroxylated surfaces, it
may be possible to identify the average surface density of hydroxyl groups, as well
as the types of hydroxyl (germinal vs vicinal) on the surface. Further details
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regarding the distribution of these sites, while desirable, are typically not available
from experimental data. This creates a challenge for interpreting adsorption data,
since many distribution models of the sites can admit the same average site density.
The atomistic scale surface topography of the amorphous surface may also be much
more rugged compared with an ideal single-crystal surface.

In closing, often one of the most challenging aspects related to surface char-
acterization for materials-binding peptide systems is related to consistency. In other
words, is it not uncommon that the target surface against which the peptide library
was screened was not, for reasons of practicality, the same surface that was used for
subsequent characterization experiments. For example, a peptide may be selected
to recognize the quartz(100) surface (crystalline SiO2), but the peptide-binding
characterization may be performed on the amorphous SiO2 surface. This apparent
inconsistency can perhaps be attributed to the common quantitative characteriza-
tion techniques currently available (quartz crystal microbalance, and, surface
plasmon resonance) where the required material surface under study must first be
deposited as a thin film on top of the surface of, e.g., the surface plasmon resonance
chip. Thin-film deposition of amorphous or polycrystalline materials is viable for a
range of materials—deposition of crystalline materials, at present, is not.

2.2.2 Physical Chemistry

Two key viewpoints from which to survey any interfacial process are thermody-
namics and kinetics. Thermodynamics is concerned with the state of the system at
a given state point (in temperature and pressure) at chemical equilibrium. The
reaction kinetics concern the rates at which both peptide adsorption and desorption
take place, as well as the rates of interconversion between different peptide con-
formations in the adsorbed state.

Consider the following chemical equation for peptide adsorption on a surface
(Wei and Latour 2008):

Pþ S� PS

where P, S and PS represent the peptide in solution, the available surface sites for
adsorption, and the peptide in the surface-adsorbed state, respectively. kads is the
forward rate coefficient for the adsorption process, while kdes is the reverse rate
coefficient for the desorption of the peptide, assuming that the binding process is
reversible. The forward and backward rates of reaction can be expressed assuming
elementary reaction steps in both instances:

d P½ �
dt
¼ �kads P½ � S½ �
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d½PS�
dt
¼ �kdes½PS�:

In simplified terms (Pilling and Seakins 2001), the equilibrium constant, Kads,
for this reaction can therefore be expressed as:

Kads ¼
PS½ �

P½ � S½ � :

Equilibrium is dynamic, with both adsorption and desorption taking place, but
at equal rates such that the concentrations [PS], [P] and [S] are maintained at
constant values. This leads to a further expression, relating the ratio of the rate
coefficients for both the forwards and backwards reactions to the equilibrium
constant:

kads

kdes

¼ Kads:

At equilibrium, changes in thermodynamic properties (such as the change in
free energy), between an initial state and a final state, depend only on the differ-
ences in these properties at these state points, and are independent of the pathway
taken to proceed from the initial state to the final state (Atkins and de Paula 2010).
The key thermodynamic quantity of interest is the change in free energy upon
adsorption, although associated quantities, such as the fractional surface coverage
are also often reported in adsorption studies. The change in Gibbs free energy
corresponding to adsorption of the peptide, DGads, is measured to be the change in
free energy at constant temperature and pressure, for an initial state where the
peptide is located far from the interface, in bulk solution, and for a final state
where the peptide is adsorbed on the surface. In terms of experimental measure-
ments, the free energy of adsorption is usually derived for the standard state
(Wei and Latour 2008).

Typically, the experimentally determined binding free energy is inferred from
the binding constant, via use of the expression:

DGads ¼ �RTlnðKadsÞ:

However, inference of the free energy of adsorption, derived from experimental
techniques such as quartz crystal microbalance (QCM), or surface plasmon reso-
nance (SPR) measurements, via fitting of the raw data to the Langmuir isotherm
(see Atkins and de Paula 2010, for more details), may also implicitly include
contributions from peptide–peptide interactions (in the surface adsorbed state), in
addition to the peptide-surface interactions under investigation. Corrections for
this effect have been proposed (Wei and Latour 2008) to address this challenging
problem.
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2.3 Basic Key Concept: Energy Landscapes

To interpret physical chemistry observations, we need to establish links between
entities such as free energy and reaction rates (in our case, e.g., rates for surface
adsorption and desorption), and the structure and dynamics of the peptide, at the
atomistic level. Here, we introduce and elaborate on the concept of energy land-
scape theory (Wales 2003; Wales et al. 1998), to reveal and interpret these links.
Energy landscape theory is a unifying framework for understanding and inter-
preting both thermodynamic and kinetic behaviors of a system at the atomistic
level. Herein, we outline the basic concepts in energy landscape theory and relate
this to peptide-materials interactions.

The potential energy of a chemical system comprises the total of all inter-
atomic interactions, between all atoms in the system. Typically, these potential
energy contributions vary with the inter-atomic distances between all atoms in the
system. Therefore, we can express the potential energy of our system as a function
of the positions, e.g., in three-dimensional Cartesian space, of all atoms in this
system. The position of each atom can be expressed as three scalars (numbers),
e.g., corresponding to the coordinates of the atom in space (x, y, z). It is usual to
simplify this further, and express the potential energy in terms of the number of
vibrational degrees of freedom of the system. Consider a general system com-
prising a single, nonlinear molecule with N atoms. This system has 3N-6 vibra-
tional degrees of freedom (see Atkins and de Paula 2010, for more details); 3
degrees of freedom are subtracted for bulk translation along the x, y and z principal
axes, and a further three are subtracted for bulk rotations around the x, y and
z principal axes. This is because the potential energy captures the interactions
between all atoms in the system, and the bulk translation and rotations of the
system do not alter the inter-atomic distances in the system. For example, the
molecule butane C4H10 has 14 atoms, and thus has 36 vibrational degrees of
freedom. We can therefore represent the potential energy of butane as a 36-
dimensional function, and thus the potential energy surface has 37 dimensions. In
order to process such a multidimensional surface, it is usual to take lower-
dimensional ‘‘slices’’ through this surface—e.g., see Fig. 2.3 for an example of a
two-dimensional slice taken from a three-dimensional potential energy surface, for
a complex biomolecular system. Returning to our butane example, we can take a
two-dimensional slice through the 37-dimensional surface that corresponds to the
change in potential energy of butane as a function of torsion about the central
carbon–carbon bond. Therefore, in general, the abscissa associated with a two-
dimensional slice through a multidimensional potential energy surface corresponds
to a conflation of the 3N-6 degrees of freedom, projected onto this single variable.
This abscissa variable is typically referred to as a ‘‘reaction coordinate.’’

The key features of the potential energy surface are the stationary points—these
are points on the surface where the gradient of the surface is zero. Minima on the
potential energy surface are those stationary points that are convex with respect to
all positions of the atoms (see Fig. 2.3). Minima on the potential energy surface
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correspond with experimentally-observable structures. The other relevant type of
stationary point is the saddle point, where the potential energy is concave
with respect to at least 1 degree of freedom (see Fig. 2.3). First-order saddles
correspond with transition-states. Transition from one minimum to another
(i.e., interconversion between two structures) can proceed via transition-states or,
less directly, via higher-order saddle points (Wales 2003).

It is well-known that the number of atoms in the system is broadly connected to
the number of minima supported on the potential energy surface (Wales 2003). The
minimum of lowest energy on the potential energy surface is denoted the global
minimum. Therefore, for a large, complex system—such as the aqueous peptide-
inorganic interface—it is more likely that individual minima are many in number
and comprise very small details in the overall scale of the relevant features of the
potential energy surface. In this instance, collections of individual minima, grouped
into basins (on a coarser spatial resolution) are a more appropriate level of
description—and instead, we refer to the broader potential energy landscape (PEL).

The distribution of minima/basins in the PEL allows the prediction (or inter-
pretation) of the equilibrium thermodynamic properties of the system. In other
words, if we can determine the number of basins as a function of potential energy
of these basins, as well as the shape of these basins, we can gain insight into the
equilibrium properties of the system, such as the relative free energy corre-
sponding to different configurations of the system, as a function of a (typically
small) set of relevant ‘‘reaction coordinates.’’ In the case of the aqueous peptide-
inorganic interface, the distance between the peptide (say, the center of mass) and
the materials surface is an appropriate reaction coordinate. The distribution of

Fig. 2.3 Example of a three-dimensional potential energy surface and a two-dimensional
‘‘slice.’’ a Three-dimensional surface, where stationary points N and I correspond to different
stable structures. b The two-dimensional projection of the black pathway from the three-
dimensional surface, with minima and saddle points indicated. Adapted from Schwaiger et al.
(2004) EMBO reports. 6:46–51. Reproduced with permission of the copyright holder
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energetic barriers between basins on the PEL—in other words, the distribution of
saddle points, and the minima/basins they connect, as a function of potential
energy—gives us insight into the kinetics of the system. In particular, the iden-
tification of large barriers between basins can indicate basins (including those not
necessarily very low in energy) that correspond with metastable configurations of
the system. This information about kinetic barriers and possible metastable states
is particularly important for ensuring reliable descriptions of the system using
molecular simulation techniques (see Sect. 2.5). Representative, exemplar PELs,
and their corresponding equilibrium and kinetic properties, are well documented
(Wales et al. 2003), see Fig. 2.4. Perhaps the most well-recognized exemplar PEL
is that of the protein-folding ‘‘funnel’’ (Bryngelson et al. 1995). On the other hand,
of relevance to the aqueous peptide-materials interface is the ‘‘frustrated’’ or
‘‘rugged’’ energy landscape, characterized by large numbers of approximately iso-
energetic minima/basins, separated by barriers of height much greater than
kBT (where kB is Boltzmann’s constant and T is the system temperature) (Wales
et al. 1998)—see Fig. 2.4 and Sect. 2.4 for more details.

The distribution of basins/minima on the PEL, and the relative volume of these
basins (in multidimensional space) can be used to roughly gauge the relative free
energy of the configurations associated with these basins. Consider an example of
a hypothetical PEL that features two basins: one is broad and shallow, one is
narrow and deep—see Fig. 2.5. We could, for instance, relate the volume of the
basin to the relative population of this basin, with respect to the total ensemble of
basins, at a given temperature. Using an arbitrary energy cut-off for evaluation of
the relative volume of each basin, indicated by the dashed line in Fig. 2.5. it is
entirely plausible that the two basins, while having very different well-depths in

Fig. 2.4 Two exemplar potential energy landscapes projected into two dimensions. a Landscape
corresponding to a steep funnel with moderate energy barriers between minima. b Landscape
corresponding to a frustrated system with large barriers located between roughly iso-energetic
minima. The ensemble of surface-adsorbed states for a typical materials-binding peptide could
resemble example (b). Adapted from Wales et al. (1998). Reproduced with permission from the
copyright owner
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terms of potential energy, could support very similar volumes (V1 and V2 in
Fig. 2.5), and thus, be roughly equivalent in terms of relative free energy, for that
given energetic cut-off. In terms of interpreting peptide-materials adsorption,
consider three hypothetical cases. In Case 1, a peptide that features a strong
materials-binding affinity (i.e., a large and negative free energy of adsorption) is
attributed to a multitude of relatively-weakly-bound adsorbed peptide configura-
tions (i.e., a multitude of broad. shallow basins). In Case 2, a different peptide
sequence also showing strong materials-binding affinity, is ascribed to a relatively
fewer number relatively-strongly bound adsorbed peptide configurations; i.e.,
corresponding to a smaller number of deeper, narrow basins, where the collective
volume of these narrow basins is roughly equivalent to the collective volume of
the greater number of shallow basins in Case 1. Conversely, in Case 3, one could
propose a peptide with a relatively weaker binding affinity, ascribed to a PEL with,
say, just one single deep, narrow basin, with a volume smaller than that of the
collective volumes in Cases 1 and 2. In summary, the binding affinity of a peptide
is not just about the lowest-energy configuration (as illustrated by Case 3), but
instead can be attributed to a combination of (1) the shape (breadth and depth) of
the basins corresponding to adsorbed states, and (2) the relative numbers of each
type of basin (e.g., in very simple terms, the number of narrow and deep basins, vs
the number of broad and more shallow basins).

2.4 Basic Key Concept: Structure-Function Relationships
at the Bio-Interface

Secondary structural motifs for peptide and proteins are defined by the positions of
the backbone atoms in the peptide/protein possessing a regular pattern in space.
This pattern of backbone atom positions is reflected in repetitive patterning in the
values of two (of the possible three) backbone dihedral angles, / and w (see
Fig. 2.6). The third backbone dihedral angle, x, describes the twist about the
amide bond, and is thus typically considered to be rather rigid under ambient

Fig. 2.5 Schematic of a
hypothetical potential energy
landscape projected into two
dimensions. The volume of
each basin, relative to a given
cut-off (black dashed line) is
indicated by the filled areas in
2-D, with the deep narrow
basin corresponding with
volume V1, and the shallow
broad basin corresponding
with volume V2
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conditions. Some examples of secondary-structure classifications include a-helix,
b-sheet, b-turn, and polyproline II helix (PPII). The term random coil does not
correspond with one single secondary structure, but in its most fundamental def-
inition, based on ideal polymer models, the Flory random coil (Flory 1969), refers
to the conditions under which the backbone dihedral angles of each residue in a
peptide sequence are independent of their neighbors in the sequence (Mao et al.
2013), and thus, in principle (but not usually truly in practice), should represent an
ensemble of conformations where all possible conformations are sampled. On the
whole, many materials-binding peptides, identified from peptide selection exper-
iments have been found to be lacking in well-defined secondary-structure, both
when free in solution and when adsorbed at the aqueous materials interface
(Collino and Evans 2008; Hnilova et al. 2008; Oren et al. 2010; Slocik et al. 2011),
with random coil and PPII being dominant structural assignments. In some
instances, chiefly those derived from naturally occurring mineral-binding proteins
(Keene et al. 2010; Delak et al. 2009), the peptide is thought to gain structural
ordering upon adsorption to the target material. These structural data have led to
the proposal that some materials-binding peptides could be classified as intrinsi-
cally disordered (Collino and Evans 2008).

The relationship between the well-defined three-dimensional (3-D) structure of
a protein or peptide, and its function, is a paradigm that is evolving. It is now
established that well-defined 3-D structure is a sufficient, but not a necessary
condition for conferring function. In other words, there exist a significant number
of proteins, over 40 % of the human proteome (Jensen et al. 2010), that either fully
lack a well-defined folded structure, or are partially unstructured, in their func-
tional form. These proteins and peptides form a class known as Intrinsically
Disordered Proteins/Peptides, IDPs (Dunker et al. 2008; Tompa 2012). IDPs are
thus thought to be conformationally labile; and in many (but not all) instances may
show propensity to fold upon exposure to an external stimulus—such as binding to
a target (Xie et al. 2007). Not only may an IDP fold upon binding to a target, the
IDP also may be amenable to binding multiple targets, and the resultant confor-
mation may also be target-dependent (Keene et al. 2010).

It is challenging to characterize the conformational heterogeneity inherent to
IDP systems. This structural characterization is necessary, however, in order to
construct required links between the protein/peptide sequence, the ensemble of
conformations supported by this sequence, and the functionality of this sequence—
namely the materials-binding affinity and/or selectivity. The techniques for this

Fig. 2.6 Illustration of the
two relevant dihedral angles
for the peptide backbone; phi
(defined by the C’-N-Ca-C
dihedral), /, and psi (defined
by the N-Ca-C-N’ dihedral),
w
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task in widespread use are nuclear magnetic resonance (NMR) spectroscopy and
circular dichroism (CD) spectroscopy, although other techniques such as small
angle X-ray scattering (SAXS), electron spin resonance (ESR) and fluorescence
correlation spectroscopy (FCS) have also been extensively employed in the study
of IDPs in general (Eliezer 2009). Given that most materials-binding peptide
sequences identified from peptide selection experiments are not long (typically 7
or 12 residues), NMR, and particularly CD spectroscopy, have comprised the
principal characterization tools (Collino and Evans 2008; Hnilova et al. 2008;
Oren et al. 2010), and furthermore, have been applied chiefly to the character-
ization of the peptide structures free in solution (i.e,. not bound at the interface).
There is still a good deal that is unknown regarding the archetypal structure of
potential energy landscape(s) associated with IDPs in general (Fisher and Stultz
2011), and materials-binding peptides in particular.

The ensemble of peptide conformations in the presence of the aqueous mate-
rials interface is anticipated to be complex. In addition to the equilibrium parti-
tioning of the peptide between the adsorbed and desorbed states, interconversion
between different adsorbed peptide conformations may also take place (see
schematic in Fig. 2.7), in addition to peptide diffusion and subsequent structural
change due to peptide–peptide interactions (So et al. 2009; Nergiz et al. 2013).
Therefore, gaining direct structural information of materials-binding peptides
adsorbed at the materials interface, under aqueous conditions, at the atomistic
level, remains a significant challenge. Despite these challenges, recent advances in
NMR show promise in this area (Mirau et al. 2011).

The hypothesized interplay between a peptide sequence, the ensemble of
structures that is supported by this sequence, and the binding propensity and
selectivity conferred by the peptide, is pivotal to understanding, and ultimately,
predicting and designing materials-binding sequences with tailored interfacial
properties. Due to the challenges in obtaining direct structural data, the basis for this
hypothesis has been compiled from indirect evidence from experimental sources.
Compelling evidence exists regarding the impact of peptide sequence on binding

Fig. 2.7 Schematic of the proposed interconversion between various configurations in the
peptide-materials interfacial system. IC and IC’ denote ‘‘indirect contact’’ states, where the
peptide may interact with the surface via a structured solvent layer. DC and DC’ represent ‘‘direct
contact’’ states where the peptide-materials interaction is not solvent mediated. UB represents the
ensemble of configurations where the peptide is not bound at the materials surface

30 T. R. Walsh



selectivity; for example, the sequence AQNPSDNNTHTH was found to bind with
high affinity to GaAs, but with low affinity to silica (Goede et al. 2004). Random
scrambling of this sequence to TNHDHSNAPTNQ was shown to abolish this binding
selectivity, such that the sequence adsorbed to both materials with similar binding
strengths (Goede et al. 2004). This finding clearly underscores the idea that the
binding affinity cannot be a mere additive function of a number of strongly binding
residues alone. While data such as these are helpful in developing our under-
standing, at present, the complex relationship between sequence, structure(s), and
materials binding for these bio interfaces is still not well-defined to date. For
example, for a range of materials that have been previously studied (e.g., titania,
silica, gold, and so forth), there is not necessarily a clear, consensus pattern in the
sequences that have identified as the strong-binding peptides, vs the weak binding
sequences. Bioinformatics approaches are one promising route to identifying such
nonobvious patterns in sequence similarity—see Sect. 2.5 for more details.

Given the experimental challenges in direct structural determination of these
systems, links between peptide sequence and materials-binding affinity/selectivity
can be further elucidated, in partnership with indirect experimental observations,
by using computational modeling at the atomistic level. In addition, bioinformatics
approaches have the potential to harness existing experimental data to identify
sequence motifs with predictable binding behaviors, potentially paving the way for
tailored sequence design in future.

2.5 Links to Computational Approaches

While a detailed overview of molecular simulation methods is provided in a later
chapter, we conclude this introductory chapter with some brief comments relating
computational approaches to both energy landscapes and structure-function rela-
tionships, in relation to the study of peptide-materials interfaces. Herein, we will
briefly touch on aspects of two computational approaches; molecular simulation
from the viewpoint of the potential energy landscape, and bioinformatics
approaches from the viewpoint of the structure-function relationships for materi-
als-binding peptides.

We start with a discussion of molecular simulation approaches, with particular
attention on the challenge of recovering the ensemble of conformations inherent to
an IDP system. The archetypal structure of potential energy landscapes (PEL) that
are typical of materials binding peptide behavior have not yet been mapped out.
However, for other IDP systems, initial discussions of the PEL and how this relates
to the structure(s) and dynamics of these peptides and proteins is appearing in the
literature (Fisher and Stultz 2011).

Because any molecular simulation approach for IDPs must be able to locate all
of the relevant stable conformations (some of which may be separated by high
energy barriers) and thus recover the Boltzmann-weighted ensemble of confor-
mations, the clear need for advanced conformational sampling approaches in
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modeling IDP systems is now well established (Ostermeir and Zacharias 2013).
A variety of simulation strategies as applied to IDP modeling have been reported.
Replica-Exchange-based approaches (Ostermeir and Zacharias 2013; Narayanan
et al. 2012; Wright and Walsh 2013; Schneider and Colombi-Ciacchi 2012; Mittal
et al. 2013; Knott and Best 2012; Vellore et al. 2010; Wang et al. 2008), ‘divide
and conquer’ approaches (Sethi et al. 2012), extreme long-timescale simulation
(hundreds of lsec of continuous trajectory) (Lindorff-Larsen et al. 2012), multi-
scale enhanced sampling (Moritsugu et al. 2012), multiscale ensemble modeling
(Terakawa and Takada 2011), multicanonical MD (Higo et al. 2011). While
extreme long-timescale simulations may be accessible to a fortunate few, replica-
exchange-based approaches and variants thereof may provide a promising route
that is more accessible to a wider range of researchers in this field. The few
instances of advanced sampling approaches applied to materials binding peptides
have employed replica-exchange-based approaches (Wang et al. 2008; Vellore
et al. 2010; Schneider and Colombi-Ciacchi 2012; Wright and Walsh 2013).
Methods development and testing of advanced sampling approaches for IDPs,
including materials binding peptides, are expected to be a rapidly growing aspect
of this research area, with many of the simulation studies cited here appearing in
the past 1–2 years.

Another emerging computational approach that is poised for promising future
growth is related to knowledge-based design and bioinformatics. In these
approaches, a direct link can be made between the materials-binding propensity of
a peptide sequence and the sequence itself, thus connecting nonobvious patterns in
sequence to predictable binding behaviors. One such example of this approach is
RosettaSurface (Masica and Gray 2009), which, for example has been used to
design protein-biomineralization systems for calcite (Masica et al. 2010). In an
alternative approach, a large dataset of experimental binding data for quartz-
binding peptide sequences was successfully exploited to adapt common bioin-
formatics scoring matrices (Oren et al. 2007). This led to the prediction and
verification of new silica-binding sequences with tailored binding affinity (both
strong and weak), including sequences that bound stronger than the strongest
binding peptide in the experimental dataset (Oren et al. 2007). Subsequent analysis
of common sequence motifs (sequence dyads, triads, and tetrads) in the predicted
silica-binding sequences was also compared against motifs identified from
molecular simulation data, with very good agreement found between the two
(Oren et al. 2010). However, the success of this approach hinged on the avail-
ability of a large set of experimentally determined binding data (Oren et al. 2007).
This obstacle notwithstanding, a combination of experiment, informatics and
molecular simulation could further prove to be an effective future direction for
generating broader insights into sequence$structure(s)$binding interplay for a
wide range of peptide-materials interfaces.
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Chapter 3
Experimental Characterization
of Peptide–Surface Interactions

Marion J. Limo, Carole C. Perry, A. A. Thyparambil,
Yang Wei and Robert A. Latour

Abstract Interactions between peptides and proteins with material surfaces are
fundamental to a broad range of applications in biotechnology and biomedical
engineering. Many different methods have been developed to measure a range of
properties that quantify these types of interactions. In this chapter, three of these
methods are presented for the determination of thermodynamic parameters that
characterize peptide adsorption behavior, each of which is based on a different
type of measurement. These three methods are surface plasmon resonance spec-
troscopy (SPR; spectroscopic-based method), atomic force microscopy (AFM;
force-based method), and isothermal titration calorimetry (ITC; thermal-based
method). The fundamental principles underlying each of these methods are pre-
sented followed by examples of their application for the determination of ther-
modynamic properties for specific peptide/protein-surface systems. The SPR
method is presented for the determination of the standard-state adsorption free
energy from adsorption isotherms characterizing the amount of peptide adsorbed
as a function of solution concentration. This method, however, is limited to
materials that can be used to form nanoscale-thick films about 100 nm thick or less
on a gold biosensor substrate. For materials that are not easily formed into thin
films, thus not being conducive for use with SPR, an AFM method is presented
that can be used with any macroscopically flat surface through the correlation of
peptide desorption force measured by AFM with adsorption free energy mea-
surements by SPR. The third approach, ITC, measures thermal energy changes on
adsorption with the method being applicable to the interaction of peptides/proteins
with particles suspended in solution. The combined set of methods provides the
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means to quantitatively determine thermodynamic properties characterizing pep-
tide and protein adsorption behavior for materials in either their bulk or particulate
form, with important application to the broad range of technologies that involve
contact between biological solutions and synthetic material surfaces.

3.1 Introduction

The interactions of proteins with material surfaces is of critical importance in many
areas of biotechnology and biomedical engineering, including implant biocompati-
bility (Kasemo and Gold 1999; Bryers et al. 2012), tissue engineering and regener-
ative medicine (Garcia 2006; Mahmood et al. 2006; Gandavarapu et al. 2013),
biosensors (Wisniewski et al. 2000; Geelhood et al. 2007), drug delivery systems (Liu
and Webster 2010; Gref et al. 2012), enzyme-based technologies (Knowles 1991;
Blankschien et al. 2013; Wu et al. 2013), and biodefense (Bramwell et al. 2005; Herr
2009). Proteins are, of course, made up of unique linear sequences of amino acids that
form polypeptide chains, which constitute a protein’s primary structure. These
polypeptide chains then fold to form secondary, tertiary, and possibly quaternary
levels of structure. The resulting geometric shape, dynamics, and surface chemistry of
these hierarchical structures subsequently create bioactive sites that enable proteins to
perform their designated functions, such as cell signaling, biosensing, biotransport, or
biocatalysis. Due to the extreme complexity of proteins, it can be very difficult to
quantitatively determine and understand the molecular-level interactions that occur in
proteins when they come in contact with synthetic material surfaces, either through
nonspecific or specific adsorption from solution, physical entrapment, or through
direct covalent linkage. However, molecular-level insights into protein–surface
interactions can be obtained by studying the interactions of small portions of a protein,
i.e., short sequences of amino acids (or peptides), which can be isolated from a given
protein once its structure has been determined. Furthermore, many peptides have
substantial bioactivity themselves apart from being integrated within a larger protein
structure, such that an understanding of their interactions with material surfaces is
important in its own right.

Given the importance of the behavior of peptides when they come in contact
with material surfaces, experimental methods are needed to quantitatively char-
acterize peptide-surface interactions. Over the past few decades, several experi-
mental techniques have been developed to study peptide adsorption behavior on
material surfaces. These methods include atomic force microscopy (AFM), el-
lipsometry, isothermal titration calorimetry (ITC), optical waveguide lightmode
spectroscopy (OWLS), quartz crystal microbalance (QCM), sum-frequency gen-
eration (SFG), and surface plasmon resonance spectroscopy (SPR). In this chapter,
we focus on just three of these methods, which the authors have been applying and
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further developing in their own laboratories to study the thermodynamics of
peptide–surface interactions. These three methods are AFM, SPR, and ITC. The
principles by which binding information is obtained for all three experimental
approaches requires measurement of the ‘force’ of interaction (AFM), ‘spectro-
scopic’ measurement of interaction (SPR), and direct ‘thermal’ measurement of
the thermodynamics of interaction (ITC). In all cases irrespective of the mode of
measurement, thermodynamic data relating to the ‘strength’ of interaction can be
obtained. In the subsequent sections of this chapter, details are presented on each
of these three experimental methods along with an overview of methods used for
analysis of the experimental data obtained by implementation of these methods.
Examples are then provided to demonstrate how these techniques have been
applied to characterize the behavior of a broad range of peptide–surface systems.

3.2 Surface Plasmon Resonance Spectroscopy

3.2.1 Surface Plasmons

Surface plasmons are guided electron oscillations confined to a thin layer of the
interface between two materials with negative and positive real parts of permit-
tivity (e.g., a metal–dielectric interface). The principle of SPR occurs when the
incident light wave-vector component parallel to the interface matches the prop-
agation constant of the surface plasmon (Pitarke et al. 2007).

This condition is only satisfied at distinct angles of incidence, appearing as a drop
in the reflectivity of incident light from which the optical energy is dissipated into a
guided electromagnetic wave along the interface (Homola et al. 1999). As the extent
of energy transfer is sensitive to any coupling conditions close to the interface, SPR
biosensing relies on the principle that changes in the local index of refraction near
the dielectric sensing surface, which can be brought about by changes in solution
concentration local to the sensor surface (e.g., from mass adsorption to the surface),
will cause a shift in the angle of reflectivity, which can be sensed by a suitable
detector. This serves as the basis for various SPR sensors used in either qualitative or
quantitative mode to determine the molecular binding events or kinetics and affinity
parameters of molecular interactions (Jung et al. 1999; Green et al. 2000; Zhang
et al. 2003; Taylor et al. 2008; Chen and Ming 2012).

3.2.2 SPR Spectroscopy

The use of optical sensors based on SPR has become one of the most important tools
in molecular interaction analysis in the past decade due to its real-time monitoring
capability with high sensitivity (Chen and Ming 2012). For these reasons, SPR
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spectroscopy has also been recognized as one of the most directly applicable
methods to characterize adsorption/desorption behavior to determine kinetic and
thermodynamic parameters, such as the rates of adsorption/desorption and
adsorption free energies, respectively (Haruki et al. 1997; Loomans et al. 1997; Li
and Husson 2006; Tamerler et al. 2006). This technique is particularly well suited
for use with Au-alkanethiol self-assembled monolayers (SAMs) because of gold’s
ability to exhibit a strong plasmon resonance signal, and has been widely applied in
recent years to study both peptide and protein adsorption behavior on these types of
model surfaces (Silin et al. 1997; Vernekar and Latour 2005).

However, whereas SPR is a useful technique for measuring peptide-SAM
surface interactions, its usefulness is limited to materials that can form high-
quality uniform nanoscale-thick films (e.g., \100 nm) on a metallic surface that
can be used to generate an SPR signal (Wei and Latour 2010). Many materials,
including most polymers, ceramics, and inorganic glasses, are thus not readily
suitable for use with SPR spectroscopy. Therefore, alternative methods are needed
to characterize peptide–surface interactions for these types of materials.

3.3 Atomic Force Microscopy

Compared with SPR, AFM has also been widely applied to characterize biological
molecular recognition processes because of its high force sensitivity and the
capability of operating under different physiological conditions and on any
material with a macroscopically flat surface (Lal and John 1994; Willemsen et al.
2000; Allison et al. 2002; Kidoaki and Matsuda 2002). However, the use of AFM
for these applications can result in difficulties in interpreting molecular force data
(e.g., adsorption behavior) for peptide–surface interactions due to the absence of a
direct way to determine the actual number of interacting molecules for a corre-
sponding force measurement (Blanchette et al. 2008). One approach to overcome
this problem is to correlate AFM results for peptide–surface interactions using a
standardized AFM methodology to thermodynamic measurements for the same
systems obtained by another surface sensitivity technique, such as SPR spectros-
copy (Wei and Latour 2010). This approach then enables the same probe tip
density to be consistently used for the measurements even though the actual
number of tethered chains is unknown.

3.4 Combined SPR and AFM Methods

It has been shown that desorption forces (Fdes) obtained using a standardized AFM
method correlate linearly with DGo

ads values measured from SPR for peptide–
surface interactions under a range of different solvent conditions, including both
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potassium phosphate buffer (PPB) and phosphate buffered saline (PBS) at pH 7.4
for salt concentrations below about 150 mM (Thyparambil et al. 2012; Wei et al.
2012). This combined set of approaches thus provide a means to directly determine
DGo

ads for peptide adsorption to surfaces that can be used with SPR, or to indirectly
determine DGo

ads for any macroscopically flat material surface that is not conducive
to SPR by using this correlated AFM technique. In this section, we introduce the
combined SPR and AFM methods that we have developed to characterize peptide
adsorption behavior and show how they can be used to experimentally provide
DGo

ads values (by SPR) and effective DGo
ads values (by AFM) for a wide variety of

peptide–surface combinations using a relatively simple, straightforward adsorption
system.

3.4.1 Surface Preparation and Characterization:
Self-Assembled Monolayers on Gold and Material
Surfaces Not Conducive to SPR

3.4.1.1 Surface Preparation

For both SPR and AFM studies, we have used alkanethiol SAM surfaces on gold
with the structure of Au–S(CH2)11–Y, with Y representing functional groups
contained in a wide range of organic polymers, such as: Y = OH, CH3, OC6H5,
NH2, COOH, NHCOCH3, COOCH3, and EG3OH (EG: ethylene glycol segment
(–O–CH2–CH2–). We have also investigated material surfaces that are not con-
ducive for SPR, including fused silica glass and quartz (Chemglass Life Sciences,
Vineland, NJ), high-density polyethylene (HDPE) (MW = 125,000 Da, Sigma
Chemical Co., St. Louis, MO), and poly(methyl-methacrylate) (PMMA)
(MW=350,000 Da, Sigma Chemical Co., St. Louis, MO). HDPE and PMMA
surfaces are spin-coated from dodecalin (0.5 % (w/w) at 1,500 rpm for 60 s) and
chloroform solutions (1.5 % (w/w) at 1,000 rpm for 60 s), respectively, onto fused
silica glass slides, although bulk material surfaces can also be used.

3.4.1.2 Surface Characterization

Surface characterization is an extremely important component of any adsorption
study in order to obtain as much quantitative information as possible regarding the
physical and chemical structure of the surface. For our studies, surface charac-
terization was performed to determine the static air–water contact angle, atomic
composition, film thickness, and surface roughness of the substrates used. For all
the surfaces, the static air–water contact angle values were analyzed using a
CAM 200 optical contact angle goniometer (KSV Instruments Inc., Monroe, CT)
and the atomic compositions were verified via X-ray photoelectron spectroscopy
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(NESAC/BIO, University of Washington, Seattle, WA). Average surface rough-
ness was analyzed using MFP-3D AFM (Asylum Research, Santa Barbara, CA)
over an area of 5 9 5 lm. The film thicknesses of the SAMs and polymer films
were characterized using a GES-5 variable angle spectroscopic ellipsometer
(Sopra Inc., Palo Alto, CA). Tables 3.1 and 3.2 present results obtained for our
surfaces by these characterization methods.

3.4.2 Host–Guest Peptide Model

The host–guest model peptides that we designed for our studies (synthesized by
Biomatik, Wilmington, DE; characterized by analytical HPLC and mass spectral
analysis with 98 % purity) have the amino acid sequence of TGTG-X-GTGT (for
SPR studies) and TGTG-X-GTCT (for AFM studies) with zwitterionic end groups,
where G, T, and C are glycine (–H side chain), threonine (–CH(CH3)OH side
chain), and cysteine (–CH2SH side chain), respectively. X represents a ‘‘guest’’
amino acid residue, which can be any of the 20 naturally occurring amino acid
types. This residue is placed in the middle of the peptide to represent the char-
acteristics of a mid-chain amino acid in a protein by positioning it relatively far
from the zwitterionic end groups of the peptide. The threonine (T) residues and the
zwitterionic end groups were selected to enhance aqueous solubility and to provide
additional molecular weight for SPR detection while the non-chiral glycine

Table 3.1 Surface characterization: Atomic composition for each surface

Surface moiety C (%) S (%) N (%) O (%)

–OH 56.7 (0.8) 2.8 (0.6) * 7.5 (0.2)
–CH3 64.9 (0.7) 2.8 (0.2) * *
–(EG)3OH 54.8 (0.3) 2.3 (0.1) * 13.2 (0.6)
–NH2 54.0 (0.9) 2.0 (0.2) 4.0 (0.3) 3.3 (0.3)
–COOH 47.6 (1.8) 1.6 (0.1) * 7.6 (0.3)
–OC6H5 56.2 (0.9) 2.4 (0.2) * 5.3 (0.9)
–NHCOCH3 48.6 (0.6) 1.7 (0.1) 4.0 (0.1) 6.0 (0.7)
–COOCH3 45.4 (4.3) 2.5 (0.2) * 10.8 (0.6)
Fused Glass** 25.0 (2.0) * \1.0 49.0 (2.0)
Quartz (100)** 15.0 (2.0) \1.0 \2.0 53 (1.0)
PMMA 76.0 (1.0) * * 24.0 (1.0)
HDPE 96.0 (3.0) * * 3.0 (3.0)

An asterisk (*) indicates negligible value for atomic composition data. (Mean ± 95 % confidence
interval (C.I.), N = 3). Reprinted from Thyparambil et al. (2012) with permission
** Glass slide also contains Zn (\1 %), Al (\1 %) and Si (22.0 ± 1.0 %) while the quartz
surface of specific orientation (100) contains Si (30.0 ± 3.0 %) in atomic composition by XPS
(not shown). The presence of extra carbon composition is believed to be originating from surface
contamination due to the exposure of samples to air after the cleaning procedure. These are the
typical adventitious and unavoidable hydrocarbon impurities that adsorb spontaneously from
ambient air onto the glass and quartz surfaces
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residues were selected to inhibit the formation of secondary structure, thus sim-
plifying its adsorption behavior. The cysteine (C) residue was required for the
AFM studies as the linker to connect our host–guest peptide sequences to the AFM
probe tip (Wei and Latour 2010). Preliminary SPR studies that we have conducted
using both of these peptide models have indicated that the TGTG-X-GTCT peptide
can be used in AFM studies as an equivalent system for comparison with the
TGTG-X-GTGT peptide model used by SPR (Wei and Latour 2010; Thyparambil
et al. 2012).

3.4.3 Solvent Environment

All peptide–surface interactions were investigated either in phosphate-buffered
saline (PBS; Fisher Scientific, Fair Lawn, NJ) or in 10 mM potassium phosphate
buffer (PPB; Sigma Chemical Co., St. Louis, MO) at a bulk solution pH of 7.4.
PBS is a complex mixture of salts in aqueous solution (140 mM sodium chloride,
10 mM sodium phosphate, 2.7 mM potassium chloride, and 1.8 mM potassium
phosphate). The PPB buffer used here is a homogenous simple minimum salt
solution that contains only 10 mM phosphate salts of potassium (Fisher Scientific,
Fair Lawn, NJ) as needed for pH control. All buffer solutions were filtered and
degassed prior to use.

Table 3.2 Surface characterization: Static water contact angle, film thickness, and surface
roughness analyses for each surface

Surface moiety Roughness (nm) Contact angle (�) Thickness (Å)

–OH \0.5 16 (2) 13.0 (1.0)
–CH3 \0.5 110 (3) 11.0 (1.0)
–(EG)3OH \0.5 32 (3) 19.0 (3.0)
–NH2 \0.5 48 (2) 14.7 (2.5)
–COOH \0.5 18 (1) 15.8 (2.0)
–OC6H5 \0.5 80 (4) 14.4 (4.0)
–NHCOCH3 \0.5 48 (2) 17.0 (2.0)
–COOCH3 \0.5 63 (2) 11.0 (4.8)
Fused glass \10.0 23 (4) **
Quartz (100) \1.5 13 (3) **
PMMA \1.5 63 (3) 90 (10) in nm
HDPE \8.0 97 (5) 100 (10) in nm

Mean ± 95 % confidence interval (C.I.), N = 3. Reprinted from Thyparambil et al. (2012) with
permission
**Custom cut glass slides (0.3750 0 9 1.6250 0 9 0.06250 0, Chemglass Life Sciences, NJ) and
custom cut quartz (100) (0.3750 0 9 1.6250 0 9 0.06250 0, MTI Corporation, Richmond, CA)
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3.4.4 Determination of DGo
ads by SPR Spectroscopy

To determine DGo
ads accurately for peptide adsorption using SPR, two key issues

must be addressed: the need to account for (i) ‘‘bulk-shift’’ effects and (ii) the
influence of solute–solute interactions on the surface.

Because SPR measures the refractive index change of the medium within a
distance of about 300 nm of the plasmon-producing surface, it is sensitive to both
the molecules adsorbed at the interface and the molecules suspended in the
medium within this 300 nm distance (de Mol and Fischer 2010). This latter
contribution, known as the ‘‘bulk effect,’’ introduces a component into the SPR
signal that is linearly proportional to the mass concentration of the analyte in the
solution. Therefore, to determine the amount of SPR signal that is due to the
adsorption process, the bulk-shift contribution must be subtracted from the raw
SPR signal that is obtained during the adsorption experiment (Wei and Latour
2008).

Peptide–peptide interactions present another problem that can greatly skew the
shape of the adsorption isotherm and result in erroneous calculated values of
DGo

ads. DGo
ads is determined from the equilibrium constant, Keq, of a reversible

adsorption process, which represents the partition coefficient for the concentration
of the solute on a surface versus its concentration in bulk solution. Ideally, the
value of Keq could be determined as the initial slope in the linear region of the
adsorption isotherm, which represents infinite dilution conditions, in order to
minimize effects from solute–solute interactions at the surface (Charles and
Abraham 2003). Unfortunately, this requires the measurement of adsorption events
for solution concentrations that typically extend well below the detection limit of
currently available commercial SPR instruments. To get around this problem, an
adsorption model, such as the Langmuir model, is generally used to calculate
DGo

ads on the basis of the overall shape of the isotherm. This, however, creates
additional complications because solute–solute interactions may occur on the
surface as the surface sites become filled, which can substantially influence the
shape of the isotherm and invalidate the application of the Langmuir adsorption
model. If the Langmuir model is still used despite the occurrence of solute–solute
interactions, then substantial error will be introduced into the calculated value of
DGo

ads (Wei and Latour 2008).
To address both of these problems, we conduct peptide adsorption experiments

with SPR using a Biacore X SPR spectrometer (Biacore, Inc., Piscataway, NJ) in
either PPB or PBS, pH 7.4, using the following methods (Wei and Latour 2008,
2009). Briefly, SPR sensorgrams for peptide adsorption are recorded in the form of
resonance units [RU; 1 RU = 1.0 pg/mm2 (Stenberg et al. 1991)] as a function of
time for six independent runs of varied peptide concentrations over each SAM
surface at 25 �C. The data obtained are then used to generate isotherm curves by
plotting the raw SPR signal (i.e., the signal from both surface adsorption and
solution bulk-shift effects) as a function of peptide solution concentration.
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The equation that we use for the determination of DGo
ads from the adsorption

isotherms was derived based on the chemical potential of the peptide in its
adsorbed versus bulk solution state (Wei and Latour 2009). During an SPR
experiment to measure the adsorption of a peptide to a surface, the overall change
in the SPR signal (i.e., the raw SPR signal) reflects both of the excess amount of
adsorbed peptide per unit area, q (measured in RU), and the bulk-shift response,
which is linearly proportional to the concentration of the peptide in solution. This
relationship can be expressed as:

SPR ¼ qþ mCb ¼
QCb

Cb þ CoK�1
þ mCb ð3:2Þ

where Cb (mol/L, M) is the concentration of the peptide in bulk solution, C� is the
peptide solution concentration under standard-state conditions (taken as 1.0 M),
m (RU/M) is the proportionality constant between the bulk shift in the SPR response
and the peptide molar concentration in the bulk solution, K (unitless) is the effective
equilibrium constant for the peptide adsorption reaction, and Q (RU) is amount of
peptide adsorbed at surface saturation. Each isotherm plot of the raw SPR response
versus Cb is fit with Eq. (3.2) by nonlinear regression to solve for the parameters Q,
K, and m using a nonlinear statistical analysis software program (e.g., SAS Institute,
Cary, NC). However, it should be understood that the values of Q and K determined
by this fit may be substantially influenced by peptide–peptide interactions on the
surface. In order to measure peptide adsorption behavior with minimal influence
from peptide–peptide interactions, we use the premise that peptide–peptide inter-
actions are minimized at very low solution concentrations, but then influence the
isotherm shape (and thus the values of Q and K) as the surface becomes crowded at
higher values of Cb. The initial slope of the isotherm where Cb approaches zero
should thus be minimally influenced by peptide–peptide interactions. Based on this
principle, we have derived the relationship shown in Eq. (3.3), which enables DGo

ads

to be determined from an adsorption isotherm that is generated by SPR with minimal
influence of peptide–peptide interactions. Readers are referred to our initial publi-
cation of this method for details on this derivation (Wei and Latour 2008), with the
derivation basically involving the use of the fitted parameters (i.e., Q and K) to
estimate the slope of the isotherm as Cb approaches zero. Accordingly, DGo

ads (kcal/
mol) is calculated from the parameters obtained from our raw SPR sensorgrams as:

DGo
ads ¼ �RT ln

Cs

Cb

� �
Cb!0

" #
¼ �RT ln

QK

dC0
þ 1

� �
ð3:3Þ

where the theoretically defined parameter d is the thickness of the adsorbed layer
of the peptide (calculated to be about 1.2 nm), R (kcal/mol�K) is the ideal gas
constant, and T (K) is the absolute temperature.

We have applied these methods to characterize the adsorption response of a large
range of peptide-surface systems for the determination of DGo

ads. Figure 3.1 shows
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examples of sensorgrams from a set of SPR experiments for TGTG-V-GTGT
peptides on a SAM surface, with the resulting adsorption isotherms from the raw
sensorgram data presented in Fig. 3.2. DGo

ads values for a set of peptides with 12
different X residues over a set of nine different functionalized SAM surfaces are
presented in Table 3.3.

This SPR method could then be applied to investigate (i) the correlation
between peptide adsorption affinity for SAM surfaces, as indicated by DGo

ads, and
the hydrophobicity characteristics of the SAM surfaces involved, and (ii) the
influence of salt concentration on adsorption free energy. Figure 3.3 presents a plot
of the of DGo

ads values from Table 3.3 versus the respective cosine of the water

Fig. 3.1 Response curves (SPR signal (RU) versus time for TGTG-V-GTGT on a SAM-CH3

and b SAM-OH surface (not all of the concentration curves are listed for clarity sake because
some of the low concentration curves overlap one another and are thus not separately
distinguishable). Reprinted from Thyparambil et al. (2012) with permission

Fig. 3.2 Corresponding raw data adsorption isotherm for TGTG-V-GTGT on both of the SAM-
CH3 surfaces (Triangle experimental data fitted by Eq. (3.2): theoretical curve-1, upper dotted
line Q = 79 (RU), K = 19,300 (unitless), and m = 177,800 (RU/M)) and SAM-OH [white square
experimental data fitted by Eq. (3.2): theoretical curve-2, lower dotted line Q = 0.24 (RU), K =
14 (unitless), and m = 168,000 (RU/M)]. Note that the adsorption response plotted on the y axis
includes bulk-shift effects, which are linearly related to solution concentration (error bar
represents 95 % C.I., N = 6 in PBS.). Reprinted from Thyparambil et al. (2012) with permission
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contact angle values for each SAM surface (contact angle values are presented in
Table 3.2). The DGo

ads values shown in Fig. 3.3 represent the mean (±95 % C.I.)
of the DGo

ads values from all of the host–guest peptides that exhibited reversible
adsorption behavior on each SAM surface (i.e., peptides with X = A, F, and V,
which tended to adsorb effectively irreversibly, were excluded from these average
values). The cosine of contact angle values here, which can be related to the free
energy of displacement of water from the surface, provide an energetic scale for
the peptide adsorption behavior on the different surfaces.

As clearly indicated in Fig. 3.3, the lowest mean DGo
ads value (i.e., greatest

adsorption affinity) was obtained on the SAM-CH3 surface with the highest contact
angle value and the highest mean DGo

ads value (i.e., least adsorption affinity) was
obtained on the SAM-OH surface with the lowest contact angle value (with greater
cosine value). These results also clearly show that this general relationship holds
for each of the neutrally charged SAM surfaces, with peptide adsorption affinity
increasing (i.e., DGo

ads gets more negative) in a manner that strongly correlates in a
linear manner with the hydrophobicity of the SAM surfaces over the full range of
contact angles. The physical meaning behind this linear relationship can then be
understood as reflecting a thermodynamic benefit for the transition of interfacial
water from the surface to the bulk water phase and a reduction in solvent acces-
sible surface area of the system as the peptide adsorbs as the surface energy
decreases (i.e., becomes more hydrophobic), resulting in a decrease in free energy
(more negative DGo

ads). However, in addition to this general linear trend shown in
Fig. 3.3, the substantial amount of scatter around each data point from this trend
line suggests that specific functional group interactions also substantially influence
the adsorption behavior. This same general trend is apparent for the charged SAM

Fig. 3.3 DGo
ads (kcal/mol) versus cosine (contact angle) for TGTG-X-GTGT on SAM surfaces

with various functionalities in PBS. The DGo
ads values represent the average value of all of the

host–guest peptides that exhibited reversible adsorption behavior on each SAM surface (i.e.,
peptides with X = A, F, and V, which tended to adsorb effectively irreversibly, were excluded
from these average values). The blue line shows the linear regression for the noncharged SAM
surfaces with R2 = 0.95 (the error bar represents 95 % C.I. with N = 6.) Reprinted from Wei and
Latour (2009) with permission
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surfaces, but with an additional contribution of adsorption affinity due to the
presence of relatively strong electrostatic interactions, which was expected based
on the zwitterionic nature of each of the peptides.

To evaluate the influence of salt concentration on adsorption free energy, we
then compared DGo

ads values for peptide adsorption in PPB with our prior results
obtained in PBS (Fig. 3.3). The resulting DGo

ads comparisons between peptide
adsorption in PPB versus PBS from SPR are presented in Fig. 3.4. As shown in
Fig. 3.4, two lines are plotted in this figure: a solid line, which represents the linear
regression of the experimental data points and a dotted line, which represents what
the regression line would be if perfect agreement existed between the DGo

ads values
obtained in PPB compared with PBS, with a slope of 1.0 and y-intercept of zero.
Statistical comparison between these two lines using a Student’s t-test at the 95 %
confidence level shows no significant difference in either the slope (p = 0.12) or
the y-intercept (p = 0.33), thus indicating that the differences in salt composition
and concentration between PPB and PBS do not substantially influence peptide
adsorption behavior for this set of 64 different peptide–surface systems. Of par-
ticular interest, this finding holds for both the charged SAM surfaces (i.e., nega-
tively charged COOH-SAM, red-triangle data points; and the positively charged
NH2-SAM, blue-square data points) as well as for the noncharged SAM surfaces
(green diamond data points). This observation primarily indicates that the presence
of monovalent Na+ and Cl- salt ions in solution from 0 to 140 mM concentration
in the presence of 10 mM phosphate buffer has negligible influence on peptide
adsorption behavior.

These results provide a quantitative measure of peptide adsorption behavior at a
liquid–solid interface as a function of amino acid type and surface functionality,

Fig. 3.4 Plot of DGo
ads under PPB versus PBS solution conditions for 64 different peptide-SAM

systems (peptides with X = V, G, F, W, K, D, T, and N, on eight different SAM surfaces [SAM-Y
with Y = OH, CH3, OC6H5, NH2, COOH, NHCOCH3, COOCH3, and EG3OH)]. The solid line
represents a linear regression of the data points (regression equation in black text). The dotted line
represents what the linear regression should be for perfect agreement between the two data sets
(regression line in purple text with slope = 1.0 and y-intercept = 0.0). Reprinted from Wei et al.
(2012) with permission
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thus providing fundamental insights for understanding peptide and protein
adsorption behavior for applications in bionanotechnology and biomedical
engineering.

3.4.5 Determination of Effective DGo ads Using
a Standardized AFM Method

As noted above, the use of experimental techniques such as SPR for the deter-
mination of DGo

ads, is limited to use for materials that can readily form nanoscale-
thick layers over sensor surfaces, thus limiting these techniques to a relatively
small set of materials. In order to provide a means of obtaining values of DGo

ads for
a much broader set of materials (i.e., surfaces that are not conducive for use with
techniques such as SPR), we have developed a standardized AFM method that can
be applied to any macroscopically smooth surface for the determination of
effective DGo

ads values by correlating the force of desorption measured by AFM
with DGo

ads values measured by SPR.
The desorption force for peptide–surface interactions (Fdes) is measured from

force curves using an AFM instrument (MFP-3D instrument, Asylum Research,
Santa Barbara, CA) with DNP-10 silicon nitride cantilevers (Veeco Nanofabri-
cation Center, Camarillo, CA) at room temperature in a fluid cell filled with
droplets of either PPB or PBS, pH 7.4. For this technique, our TGTG-X-GTGT
host–guest peptides are modified to TGTG-X-GTCT to provide a cysteine amino
acid that is used to link the peptides to the AFM tips. The modified host–guest
peptide sequences are tethered to AFM tips via a heterobifunctional PEG tether
(3.4-kDA pyridyl dithio propionate-poly(ethylene glycol)-N-Hydroxyl succinim-
idyl ester (PDP-PEG-NHS), Creative PEGWorks, Winston Salem, NC), the spe-
cific details of which have been published (Wei and Latour 2010). Tips with PEG–
OH (i.e., without the peptide) are then also used as controls. Although there is
uncertainty in the areal density of tethered peptides on the probe tip, as long as the
AFM force measurements for peptide–surface interactions are obtained using a
standardized methodology, similar probe tip densities (although unknown) can be
expected (Thyparambil et al. 2012). The functionalized tip with the peptide is then
brought in contact with a selected substrate surface for one second of surface delay
and then retracted at a constant vertical scanning speed of 0.1 lm/s. The peptide–
surface interaction force is then recorded as a function of the tip-to-sample sep-
aration distance on approach and retraction. From this data for each peptide–
surface combination, the unbinding force that is measured during the plateau
region ending right at the separation distance (max sep), which corresponds to the
contour length of the PEG spacer and the peptide sequence, is taken as the Fdes, as
illustrated in Fig. 3.5 (Horinek et al. 2008; Pirzer et al. 2009).

In order to apply this method for the determination of effective values of DGo
ads,

AFM studies were first conducted to measure Fdes for a set of eight different types
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of peptides on a set of eight different types of SAM surfaces in PBS and 10 mM
PPB that were also evaluated by SPR (Fig. 3.4).

As shown in Fig. 3.6, a strong linear correlation (dashed trend line with R2 =
0.88; blue-diamond data points) is observed for the 64 peptides-SAM systems in
PPB in a manner that is essentially indistinguishable with the linear relationship
found with the dataset in PBS (solid trend line with R2 = 0.89; red-triangle data
points). Comparison between regression lines for the datasets in PBS and PPB

Fig. 3.5 a AFM tip linkage. Peptide sequences are coupled to AFM tips via a 3.4 kDa
polyethylene glycol (PEG) crosslinker. b AFM force–separation curves recorded during
adsorption–desorption of TGTG-V-GTCT peptide on a SAM-CH3 (upper red curve) and an
SAM-OH (bottom blue curve). The middle (purple) curve represents a control group with the
AFM tip without the peptide (only covered with PEG) on a SAM-CH3 surface. Reprinted from
Wei and Latour (2010) with permission

Fig. 3.6 Correlation between DGo
ads by SPR and Fdes by AFM for an equivalent set of 64

peptide-SAM systems in PBS (lower dashed trend line with R2 = 0.89; red triangle data points
and red regression equation) and 10 mM PPB (upper solid trend line with R2 = 0.88; blue
diamond data points and blue regression equation); pH = 7.4, 25 �C. Reprinted from Wei et al.
(2012) with permission
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again shows no significant difference in either the slopes (p = 0.68) or intercepts
(p = 0.19) at the 95 % confidence level (a = 0.05), thus indicating negligible
influence of the differences in the salt compositions and concentrations between
these two solution environments along with consistency in the correlation between
Fdes measured by AFM and DGo

ads determined by SPR using the applied experi-
mental methods. A combination of these two datasets provides an overall corre-
lation equation (Eq. (3.4)) with R2 = 0.89.

DGo
ads ¼ �0:067 Fdes þ 0:44 ð3:4Þ

Equation (3.4) thus provides the means to determine effective values of DGo
ads

for material surfaces that are not readily amenable for use with SPR by conducting
measurements using our standardized AFM method to measure Fdes and then
applying this correlation equation to estimate DGo

ads for these systems in either
PPB or PBS solution. This capability is of interest to provide a common basis for
comparing peptide interactions for a broad range of material surfaces that can be
tested by either SPR (e.g., SAMs, some thin polymer films) or AFM (e.g., glass,
quartz (100), HDPE, and PMMA).

The reasonableness of applying this newly developed Fdes : DGo
ads correlation to

estimate the DGo
ads for peptide–surface systems can be generally assessed by

plotting the measured Fdes values to the cosine of the static water contact angle of
these surfaces along with the SAM surfaces as an additional check on the validity
of these results (Fig. 3.7) (Thyparambil et al. 2012). As shown, the relationship
between the cosine of the static water contact angle and Fdes for this set of
additional material surfaces (HDPE and PMMA) agrees extremely well with the

Fig. 3.7 Fdes versus cosine (static water contact angle) for SAMs with specific functionalities
and the selected material (Snyder et al. 2012; Thyparambil et al. 2012; Wei et al. 2012). The trend
line shows the linear regression for the noncharged surfaces (i.e., excluding the charged SAM and
material surfaces at pH 7.4: SAM-NH2 (pK*6.5) (Fears et al. 2008) and -COOH (pK*5.5)
(Jiang et al. 2002) and the glass and quartz surfaces which were expected to be negatively
charged (Sabia and Ukrainczyk 2000). The error bars represent the 95 % C.I. with N = 48 for
Fdes and N = 3 for contact angle measurements
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data for the noncharged SAM surfaces. A strong correlation exists between Fdes

and the water contact angle for each of the neutrally charged SAM surfaces, with
peptide adsorption affinity increasing in a linear manner with the hydrophobicity of
the SAM surfaces over the full range of contact angles. For the charged SAM
surfaces (e.g., SAM-NH2 and –COOH) and the silica glass and quartz samples, the
strength of adsorption is substantially higher than the correlation line for the
noncharged surfaces, reflecting the additional attraction considered to be provided
by electrostatic interactions between the peptides and the surfaces, similar to what
we have observed from our previous SPR data set shown in Fig. 3.3. The corre-
lation between the peptide desorption force and the cosine of the static water
contact angle thus provides an additional means of qualitatively assessing the
reasonableness of the AFM desorption force results prior to using the data to
estimate DGo

ads for a given peptide–surface system.
These synergistically combined methods thus provide the ability to make

quantitative measurements of peptide–surface interactions for any macroscopically
flat surface, including surfaces that are not amenable for use with SPR. Importantly
for our specific interests in the development of methods to accurately predict
peptide and protein adsorption behavior, these methods also provide a means to
obtain experimental data that are useful for the evaluation, modification, and
validation of interfacial force field parameters that are required to enable peptide
and protein adsorption behavior to be accurately represented by molecular simu-
lation (Latour 2008; Vellore et al. 2010; Snyder et al. 2012).

3.4.6 Concluding Remarks for SPR and AFM Methods

The above-described combined SPR and AFM methods provide experimental
approaches to obtain thermodynamic properties for the characterization of pep-
tide–surface interactions that can be used with any macroscopically flat material
surface. If appropriately applied, these methods are able to generate very accurate
and reproducible determinations of adsorption free energy. While these techniques
have utility for a broad range of applications, they are limited in terms of not being
applicable for the characterization of peptide interactions with nano- and micro-
sized particles, which are of particular interest in the general area of nanobio-
technology and for drug delivery systems in biomedical engineering. Fortunately,
alternative methods are available for the determination of thermodynamic
parameters for these types of systems. One of the most powerful methods for this
type of application is ITC. Using ITC, the change in energy due to peptide–surface
interactions can be directly measured over a range of temperatures, from which
adsorption-induced changes in enthalpy, entropy, and free energy can be readily
determined. The fundamentals of ITC and its application for a range of molecular
systems are addressed in the following section of this chapter.
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3.5 Isothermal Titration Calorimetry

The chemical or physical interaction of any two components forming a complex is
accompanied by an exchange of heat with the environment, with heat either being
absorbed (endothermic) or released (exothermic). The complex may also further
undergo a physical change forming a product in a process which also produces a
heat change. Modern ITC instruments are powerful precision devices designed to
use power compensation to monitor heat changes that occur when two components
interact. An ITC consists of a reference cell and a sample cell which are enclosed in
an adiabatic outer shield jacket (Fig. 3.8). The cells are made using chemically inert
and thermal conducting material such as Hastelloy alloy used in VP–ITC MicroCal
instruments (MicroCal 2003). The reference cell should contain the solvent in
which the component in the sample cell (i.e., macromolecule) is dissolved or
suspended in. An important component of the instrument is its automated pipette
containing a syringe which is filled with a second component (i.e., ligand) dissolved
in the same solvent used to fill the reference cell and containing the component in
the sample cell.

At the start of a measurement, the temperature of the reference cell and the
sample cell is at equilibrium. A reference power which is defined by the user is
constantly supplied to the reference cell offset heater to maintain a positive dif-
ferential power (DP) feedback system also acknowledged as the baseline setting
(thermal equilibrium). The positive DP can be used to supply compensating power
to the sample cell whose temperature changes when a component from the syringe
is titrated into the sample cell containing another component with which it is
expected to interact. Differences in temperature between the sample cell and the

Fig. 3.8 A simplified diagram of an ITC instrument showing its components and a represen-
tation of raw data
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reference cell are monitored using a sensitive thermocouple circuit throughout the
experiment. The extent of heat change depends on whether an interaction occurs or
not. If no interaction takes place, only heat change as a result of titrating the
syringe component into the sample cell component is measured which may be
similar to the dilution heat change of titrating the syringe component into the
sample cell containing only the solvent. However, if an interaction occurs forming
a complex, a greater heat change than dilution heat change occurs causing the
sample cell to be either hotter or cooler than the reference cell. If the sample cell is
hotter than the reference cell (exothermic reaction) less power will be required to
maintain thermal equilibrium between the two cells thus a negative DP (lcal/s)
will be registered. The opposite happens if the sample cell is cooler than the
reference cell (endothermic reaction), more power will be required to maintain
thermal equilibrium hence a positive DP will be recorded. The heat signal/power
required to return to thermal equilibrium is integrated with respect to time and is
directly proportional to the amount of interaction that occurs (Cliff et al. 2004).

The total volume of the component in the syringe can all be injected slowly and
continuously into the sample cell component in what is known as the single
injection method (SIM). However, the conventional ITC method involves the
injection of the total syringe volume in several small aliquots of known volume.
With continuous addition of the syringe component into the sample cell compo-
nent, the cell component eventually becomes saturated at which point the heat
signal decreases until only dilution heats are observed (Liang 2008; Thomson and
Ladbury 2004). The extent of the reaction can, therefore, be probed per injected
aliquot and this heat signal can be described as apparent DH (DHapp) or observed
DH (DHobs) heat change which is a global response as it includes the sum total of
all heat changes. Total heat change is attributed to (i) noncovalent (hydrogen
bonding, electrostatic interactions, hydrophobic interactions and van der Waals
forces) binding/interaction (DHbind) which principally reflects the strength of the
interaction (ii) other contributions to heat change such as protonation/deprotona-
tion events (DHion), and (iii) conformational changes as well as the incorporation
or displacement of solvent both of which are reflected in the DS of the interaction
(Ababou and Ladbury 2006; Cliff et al. 2004; Leavitt and Freire 2001).

Data analysis can be carried out with the help of software such as Origin to plot
and fit data using suitable binding models made available by MicroCal that use a
nonlinear least-squares algorithm. After subtracting the baseline experiment
(dilution heat change) from the ligand binding experiment, data is plotted as
normalized integrated heat change in kcal/mole of injectant against the molar ratio
of ligand to macromolecule to obtain the binding isotherm. The equilibrium
binding constant (KB) can then be determined from precise knowledge of the
concentration of free and bound ligand. The accuracy of KB can be evaluated based
on a measurement known as the critical parameter (C) which determines the shape
of the isotherm and is a product of the total concentration of the cell component,
KB and the stoichiometry (n) and should ideally lie between 10 and 100 (Cliff et al.
2004). The stoichiometry value (n) represents the number of binding sites per
particle or macromolecule for a specific ligand. Figure 3.9 shows the effect of
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increasing the binding affinity hence the C value on the shape of isothermal
profiles obtained using an ITC (Leavitt and Freire 2001). C values lower than 10
have featureless curves to almost straight lines which imply that there is very little
change in enthalpy from one injection to the next hence determining the con-
centration of bound and free ligand becomes erroneous. On the other extreme
scenario where C values are higher than 100, the shape of the isotherm tends
toward an angular form as saturation occurs too fast in the first few injections
equally precluding accurate determination of KB (Cliff et al. 2004; Leavitt and
Freire 2001; Thomson and Ladbury 2004; Wiseman et al. 1989).

From DH and KB, other thermodynamic parameters of interaction; entropy (DS)
and Gibbs free energy (DG) can then be determined using Eq. (3.5) below where
T is the experimental temperature and R is the gas constant (Cliff et al. 2004;
Karlsen et al. 2010; Thomson and Ladbury 2004).

DG ¼ DH � TDS ¼ �RT lnKB ð3:5Þ

ITC is, therefore, a powerful technique able to determine all thermodynamic
parameters of interaction from one experiment and is the only direct measure of
molar enthalpy (Cliff et al. 2004). It is a highly sensitive tool that can measure as
little as 0.1 lcal heat change and can determine binding constants in the millimolar
to picomolar range (102–109 M-1). Additional advantages are that ITC does not
require labeling or immobilization of the interacting components. These features
make it superior to other conventional techniques used to measure binding con-
stants of interaction such as SPR, quartz crystal microbalance with dissipation

Fig. 3.9 Illustration of the interaction between a protein and a ligand showing the effect of
increasing the binding affinity measured in ITC experiments. Critical parameter (C) = KB 9

protein concentration 9 n. Experiment parameters used were: cell volume of 1.4 ml, 10 ll
injection aliquots, protein concentration of 0.05 mM, ligand concentration of 0.6 mM, DHbind =
-10 kcal/mol, and n = 1. Where C = 50 in the first panel, KB and DH can be determined
accurately but in the second panel where C = 5,000 only DH can be determined accurately.
Reprinted with permission from Leavitt and Freire (2001) Elservier
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monitoring (QCM-D), nuclear magnetic resonance (NMR), spectroscopy, analyt-
ical ultracentrifugation (AUC), stopped-flow, and radioligand binding assays;
many of which would require a series of experiments at different concentrations
and temperatures before thermodynamic parameters can be determined using
Van’t Hoffs equation (Ababou and Ladbury 2006; Chaid et al. 2009). All the above
techniques have advantages and disadvantages outlined elsewhere in the literature
but a combination of complementary techniques is highly beneficial (Chaid et al.
2009; Mahmoudi et al. 2011).

3.5.1 ITC and Peptide–Surface Interactions

ITC was initially developed for the study of biological binding interactions mainly
biopolymer interactions such as protein–enzyme interactions and DNA (deoxyri-
bonucleic acid)-protein interactions (Ababou and Ladbury 2006; Biltonen and
Langerman 1979; Wiseman et al. 1989). Over the years, commercial instruments
have been designed with improvements in sensitivity, controlled and accurate
automation of experiment, faster response, and advanced data analysis software
(Freyer and Lewis 2008; Perozzo et al. 2004). Its applications are continuously being
expanded and it is now being used in other fields such as in materials science to study
thermodynamics of interfacial interactions between various inorganic and organic
components (Ababou and Ladbury 2006; Chiad et al. 2009; Joshi et al. 2004).

Biomolecules such as carbohydrates, proteins, and lipids are known to play
significant roles in biomineralization processes (Dujardin and Mann 2002; Kroger
et al. 1999). Proteins in particular have sparked great interest due to their
exceptional properties of specificity, biofabrication, self-assembly, recognition,
and their ability to control the biosynthesis of soft through to hard biomaterials
having detailed structural motifs at the nanoscale (Davis et al. 2003; Perry et al.
2009; Sanford and Kumar 2005). Peptide sequences which can interact specifically
with any target surfaces, not just biomaterials have been identified using combi-
natorial methods such as the phage display technique and more recently, com-
putational tools are also being employed (Dickerson et al. 2008; Naik et al. 2002;
Oren et al. 2005; Sarikaya et al. 2003). In some cases, these peptide sequences not
only interact with the target surface but have also been seen to modify the structure
of the material which is believed to occur through modification of energy barriers
at the peptide–surface interface (Cedervall et al. 2007; Dickerson et al. 2008; Naik
et al. 2002; Perry et al. 2009; Whyburn et al. 2008). The exact nature of the
interactions between inorganic materials and peptides remains largely elusive.
Understanding the changes that occur at the interface during peptide–inorganic
interactions and correlating these to structural modifications of the inorganic
materials could be the key to advancing material synthesis and design.

In general, peptide adsorption on inorganic surfaces may be influenced by three
overriding factors: (i) the intrinsic properties of the peptide (ii) the physico-
chemical properties of the inorganic surface, and (iii) the media/environment

3 Experimental Characterization of Peptide–Surface Interactions 57



where the interaction takes place. Interaction may occur through specific coun-
terparts (reactive groups) that allow only certain peptide sequences to interact
specifically with certain inorganic surfaces and not others as demonstrated using
the phage display technique. The inherent characteristics of the peptide sequence
that may play a role in determining whether an interaction takes place with a
substrate are mainly its charge, hydropathy, and conformation. The overall net
charge of the peptide mainly influences the occurrence of electrostatic interactions
or repulsion with a surface that may also be charged. Many studies have attributed
electrostatic interactions as the principle driving force behind peptide–inorganic
interactions (Lynch and Dawson 2008; Chen et al. 2011). However, other non-
covalent interactions such as hydrophilic or hydrophobic interactions, van der
Waals forces, and hydrogen bonding between peptides and a surface are equally
significant and may singlehandedly drive interactions in conditions where peptides
have no net charge or even under repulsive charge conditions (Lynch and Dawson
2008; Rezwan et al. 2005). The media in which the interaction is taking place
influences the conformation and stability of the peptide which may structure itself
depending on its properties, mainly the hydropathy of individual amino acids and/
or the specific alignment of amino acids in the sequence relative to the polarity of
the media. The overall binding activity of the peptide against the surface may
depend on a contribution from various chemical and physical parameters. Ulti-
mately, the interaction may be reversible or irreversible attained through a con-
tribution from many weak interactions. Hence, some questions that need to be
explored in the study of peptide–inorganic interactions include:

• What are the intrinsic properties of the peptide sequence and what are the
differences between the free and bound states of the peptide?

• What are the surface properties of the inorganic material in solution (media) and
what changes take place on the surface before a peptide molecule adsorbs onto it?

• What forces drive the interaction between a specific peptide and an inorganic
material? What is the strength and reversibility of the interaction, how do these
interactions modify the energy barriers at the peptide–inorganic interface and
eventually lead to morphology modification of inorganic materials?

ITC is potentially the most ideal technique to study peptide–surface interactions
as it can be used to directly determine all thermodynamic parameters of interac-
tion. However, its application to study peptide–surface interactions is at its infancy
with few documented studies in literature to date. This approach has its challenges
which cannot go unmentioned.

In a typical ITC experiment to characterize the interaction of a ligand with a
receptor, an interaction occurs forming a ligand–receptor complex described by E.
Fisher as a lock and key mechanism. The formation of the complex is accompa-
nied by a heat change as a result of binding but may also include a contribution
from solvation entropy and structural changes (i.e., conformational change of the
ligand in solution before it interacts with the receptor, structural changes of the
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receptor to accept the ligand and the final ligand-receptor complex may also
undergo conformational changes). The receptor-binding site is specific as it is
defined by a precise geometry/recognition motif and the interaction is achieved
through chemical functions at the binding site through which it can complex to the
ligand (Ball and Maechline 2009). This interaction is at a reversible equilibrium
hence the free energy change can be measured experimentally through determi-
nation of the KB (Fig. 3.10).

ITC studies of peptide–inorganic interactions differ from typical ITC experi-
ments. For example, here the inorganic material is a solid entity, therefore, any
conformational entropy that may contribute to the measured heat change can only
result from differences between the free and bound peptide. Also determination of
KB requires that precise concentrations of the initial free peptide and binding site
on the inorganic surface to be known. The peptide concentration can be deter-
mined accurately if all quantified peptide is pure and active; however, clearly
defining and quantifying the binding site on the inorganic surface is more chal-
lenging. For instance, synthesis studies of inorganic materials in the presence of
peptides showing morphology modification via the adsorption growth inhibition
mechanism have demonstrated that in some cases, peptides adsorb preferentially
or solely to specific crystal planes (Chiu et al. 2011; Liang et al. 2011; Togashi
et al. 2011). Adsorption of proteins on a surface of an inorganic material is
described by some as nonspecific as there may be no clearly defined recognition
pattern on the surface of the inorganic material similar to the lock and key
mechanism (Ball and Maechline 2009). However, few studies have defined rec-
ognition Patterns in peptide–inorganic surface interactions such as in studies of
interaction between platinum (Pt) binding peptides with Pt crystallographic sur-
faces (Oren et al. 2005; Ruan et al. 2013). Computational analysis suggested the
occurrence of physical recognition when platinum metal-binding peptides came
into contact with the crystallographic metal surfaces (Oren et al. 2005; Ruan et al.
2013). The binding site can, therefore, be defined as the physicochemical char-
acteristics of the inorganic material surface that can be recognized by the reactive
groups present on the peptide sequence that form the ‘‘hot spot’’ regions through

Fig. 3.10 A simplified model of a specific interaction between a ligand and a receptor forming a
complex
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which the interaction can take place. The importance of thorough characterization
of peptides and inorganic materials used in such studies, therefore, becomes
paramount and will be discussed hereafter.

3.5.2 Characterization of Peptides and Inorganic Particles
for ITC Experiments

Peptide sequences identified from combinatorial methods or computational tools
can be synthesized using microwave-assisted solid phase peptide synthesis pro-
tocol and their concentration, purity, and molecular weight can be ascertained
using High performance liquid chromatography (HPLC), UV spectrophotometry,
and Mass spectrometry. Circular dichroism (CD) and computational tools such as
GROMACS, NAMD, Tripos SYBYL, and Accelyrys Materials studio can be used
to study the conformation and stability of peptide sequences. Dynamic light
scattering (DLS) and zeta potential measurements can be used to study the size,
dispersity, and net charge of peptides in solution. The net charge and isoelectric
point of the peptides can also be calculated using the Henderson–Hasselbalch
equation.

Inorganic particles can be synthesized using various techniques including:
hydrothermal synthesis, template-directed approach, sol–gel process, electrospin-
ning, electrodeposition, chemical vapor deposition, vapor phase transport process,
and pyrolysis. Hydrothermal synthesis is carried out under ambient reaction
conditions and is therefore commonly used in biomimetic studies. Physicochem-
ical properties of inorganic surfaces that need to be determined include the surface
charge, hydrophilicity/hydrophobicity, nanotopography, surface chirality, surface
curvature, reactive sites, and stability of the surface/dissolution. These aspects
have been covered in detail in a recent review (Fenoglio et al. 2011). Inorganic
particles can be functionalized using different ligands and various organic capping
agents including peptides are used to control the growth and morphology or
inorganic particles. In circumstances where the interest is to study interactions of
molecules with functionalized nanoparticles, the characteristics of the nanoparti-
cles imparted by the ligand used to modify them should be known (Huang et al.
2013; You et al. 2008). Where the interest is to thermodynamically characterize
interactions of molecules with bare nanoparticles, ideal particles should be pure,
monodisperse, and homogeneous, having identical morphology of controlled shape
and size. Attaining such particles is challenging and continues to be pursued by
many researchers including ourselves. In this case, if capping agents were used
during synthesis they have to be removed.

In our studies, we applied ITC to study the interaction of metal oxide and metal
surfaces with peptides that had been shown to modify the morphology of the
inorganic materials during synthesis studies (Chiu et al. 2011; Liang et al. 2011;
Tomczak et al. 2009). As an example, we have monitored interactions between
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ZnO crystals and ZnO-binding peptides using ITC. ZnO crystals used in ITC
experiments were synthesized in the presence of organic matter either as precur-
sors, solutes such as bases or growth modifying additives like peptides which can
tightly adsorb to ZnO crystal planes. It was, therefore, crucial to characterize the
organic content of the material before use in interaction studies with peptides. ZnO
is known to decompose at a temperature of about 1,975 �C (Oka et al. 2002). ZnO-
based materials can therefore be safely calcined to 900 �C to remove all organic
materials. At 900 �C, there was also little risk of phase transformation of the ZnO
crystals as this is known to require temperatures above 1,300 �C (Mazaheri et al.
2008). Synthesized particles were calcined up to 900 �C and weight loss was
monitored by thermogravimetric analysis (TGA). Even though the crystals had
been washed after synthesis, TGA analysis showed that ZnO crystals, even those
formed without additives still contained a small amount of surface adsorbed
organic matter (1.64 % ± 0.21). In our syntheses, the organic matter was identi-
fied to be an intermediate compound, layered basic zinc salt formed during the
synthesis process. Calcined ZnO precipitates were again characterized using
scanning electron microscopy (SEM) and appeared to have maintained their
structure. X-ray diffraction (XRD) analysis confirmed that no phase transformation
had taken place.

In another study within our group of the interaction of platinum-binding pep-
tides and platinum nanoparticles, monodisperse cubic Pt nanoparticles with the
{100} phase crystal structure were needed. Pt nanoparticles were prepared from a
precursor using a growth modifying capping agent poly(vinylpyrrolidone) (PVP)
along with trace levels of silver ions to enhance the rate of crystal growth along the
desired plane (Song et al. 2005). The synthesized Pt nanoparticles cleaned
according to the protocol described by Song et al. (2005) showed a significant
amount of organic matter greater than 10 % weight content which was not desired
for interaction experiments of Pt with Pt-binding peptides. As it is known that
strongly bound PVP or any other capping agent can be challenging to remove
(Rioux et al. 2006) an alternate approach to nanoparticle cleaning including cal-
cination (not ideal for unencapsulated Pt nanoparticles as it leads to aggregation),
plasma, or UV–ozone cleaning and the use of chemical cleaning methods for
nanoparticles was required (Crespo-Quesada et al. 2011; Monzó et al. 2012). Most
chemical cleaning methods are specific for a particular capping agent. For the
removal of PVP from Pt nanoparticles, a method using a mixture of H2O2 and
H2SO4 described by Monzó et al. (2012) was similarly used in our studies. TGA
analysis was then used to confirm removal of the unwanted organic matter and the
free-flowing state of the nanoparticulate (required for ITC analysis) confirmed
using transmission electron microscopy (TEM). Any effects of contamination from
Ag species was assessed by a combination of energy-dispersive X-ray spectros-
copy (EDX), inductively coupled optical emission spectroscopy (ICP-OES), and
XRD analysis of the treated platinum nanoparticles.
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In brief, some techniques that can be used to characterize the nanoparticulates
include the use of imaging tools such TEM and SEM to characterize the mor-
phology (shape, size, and aggregation) of the inorganic material. X-ray photo-
electron spectroscopy (XPS) and EDX can be used to determine the samples’
elemental composition. X-ray diffraction can be used to structurally characterize
samples distinguishing between amorphous and crystalline samples. DLS and zeta
potential measurements can be used to determine the hydrodynamic radius and
surface charge of nanoparticles. The surface area of inorganic materials can be
determined using nitrogen gas adsorption with analysis of the data using the
Brunauer–Emmett–Teller (BET) method or calculated from dimensions obtained
from image analysis such as SEM and TEM.

Quantifying the binding sites on the inorganic particles is complicated by the
possible different adsorption orientations of peptide molecules (i.e., end-on surface
adsorption, flat-on surface adsorption, adsorption as a monolayer, or multilayers
and aggregates formed through possible peptide–peptide interactions) and possible
surface specific adsorption whereby peptides adsorb to specific sites and not the
total surface area (Fig. 3.11). These parameters are challenging to determine and
require a combination of several complementary techniques and methodologies to
ascertain. Once more, questions arise about the stability of the peptide–inorganic
particle adduct; How dynamic or static is the adsorbed layer, whether a soft (weak
and reversible interaction) or a hard (strong and irreversible) peptide layer
adsorbs? The binding process is driven by kinetic and thermodynamic factors and
may also vary depending on the properties of the peptide, the inorganic surface,
the concentrations used, and temperature of the interaction environment as well as
the influence of other molecules, including other ions and buffers present in the
media.

Fig. 3.11 Illustration of some possible peptide–surface and peptide–peptide modes of interac-
tion. Peptides may interact with the inorganic materials using specific functional groups of the
amino acids in the sequence which may recognize chemical/physical surface features of the
inorganic material. Image is not drawn to scale
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3.5.3 Basic Steps to Planning and Conducting an ITC
Experiment

This section has been written as a practical guide for ITC users. Herein, the
instrument referred to is a MicroCal VP–ITC developed by GE Healthcare but the
principles can be transferred for use with other similar ITC instruments. Before
setting up an ITC experiment, the conditions under which the experiment should
be conducted should be considered. VP–ITC has been set up to allow the user to
alter a number of experimental parameters to optimize an experiment. These are
the total number of injections, cell temperature (�C), reference power (lcal/s),
initial delay (s), syringe concentration (mM), cell concentration (mM), and stirring
speed (rpm). Optimization is conducted to (i) attain saturation (which indicates the
endpoint of the reaction), (ii) to minimize dilution heats in order to avoid inter-
ference in heats measured, and (iii) to attain sufficient measurements between
baseline and saturation for prediction of curve shape. The importance of curve
shape will be highlighted shortly.

3.5.3.1 Experimental Parameters

For the study of peptide–inorganic particle interactions using ITC, when working
with a suspension of particles, it is best to have the nanoparticles in the sample cell
as opposed to the syringe to avoid obstructing the flow and dispelling incorrect
volumes into the sample cell during the experiment or completely blocking and
damaging the syringe. Additionally, it is beneficial to have the particle suspension
in the sample cell as the entire assembly of the syringe can be rotated continuously
throughout the experiment maintaining the particles in suspension, availing all
possible binding sites for the ligand. A stirring speed of 270–310 rpm (revolutions
per minute) is usually optimal. However, when working with particles or if the
solutions being mixed are viscous, it is recommended by MicroCal that the stirring
speed should be fast enough to reduce error that can be encountered at the
equivalence point of extremely tight interactions if the injected ligand is not evenly
mixed throughout the cell component but should not be too fast to the point where
the baseline becomes too noisy.

For a VP–ITC instrument, the user can chose to maintain the cell temperature
between 2 and 80 �C. The temperature of the reaction affects the heat of binding
and the binding constant. The instrument should be in a temperature controlled
environment as fluctuation in room temperature may influence its performance and
maintenance of cell temperature. At the start of the experiment, a thermal equi-
librium is established which is the baseline of the experiment and falls around the
value of the chosen reference power. MicroCal recommends a reference power of
about 15–20 lcal/s for systems where there is no prior knowledge of the expected
heat change. For large endothermic heat changes, a low reference power
(*2 lcal/s) is sufficient whereas for large exothermic heat changes, a large
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reference power (*30 lcal/s) may be required. An Initial delay (s) is required
before the first injection to collect the baseline data.

The shape of the titration curve is important for determining KB and is con-
trolled by the concentration of the interacting components in the cell (molar ratio
of ligand and macromolecules). Figure 3.12 illustrates how the molar ratio of the
syringe and sample cell component determines the observed heat change and curve
shape in an interaction where there are two thermodynamic events, an endothermic
and an exothermic interaction.

The autopipette functions allow the user to control injection parameters such as
the volume (ll) dispensed from the syringe into the cell per injection, the duration
(s) it takes for each injection to be made, the spacing (s) in between two
subsequent injections which should be sufficient to allow thermal equilibrium to be
re-established after each injection and the filter period (s), which is the period in
which data collected is averaged and a single data point produced and plotted.

Fig. 3.12 ITC isotherms representing heat changes that occur as a result of peptide GT-16
(GLHVMHKVAPPR-GGGC) interacting with ZnO hexagonal rods of wurtzite crystal structure,
L/DAvg 8.92 ± 3.26. a Above, raw data profile of titrating 280 ll of 3.125 mM GT-16 peptide in
10 ll aliquots into a cell containing 1.4 ml of ddH2O producing heats of dilution. Below, raw data
profile of titrating the peptide into a cell containing a suspension of 0.1 mM ZnO rods (0.1 mM
Zn2+ determined using ICP-OES). Saturation is reached and both endothermic and exothermic
heat change is measured. Dilution heat change has been subtracted. b GT-16 (1.25 mM) into an
ITC cell containing a suspension of 0.3 mM ZnO rods. Saturation is not attained and heat
measured is predominantly endothermic. A constant cell temperature of 298 K was maintained in
all experiments. (Unpublished data)
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3.5.3.2 Sample Preparation and Running an ITC Experiment

The desired peptide concentration and nanoparticles required for each experiment
are prepared in the chosen media. When choosing the media, the operator should
be aware of the material used to make the ITC cell. For a MicroCal VP–ITC
instrument, the cell is made using Hastelloy� C-276 alloy which is a robust
material capable of withstanding corrosion by strong bases. However, strong acids
can destroy the material and should therefore not be used. Hence any nonacidic
solvent can be used in ITC experiments. The user should choose the most suitable
solvent (it can be a mixture of solvents) that best dissolve the ligand/macromol-
ecule and/or best disperse the inorganic particles (Chiad et al. 2009).

Generally, ITC experiments are conducted in aqueous media i.e., water and
buffer (Bouchemal and Mazzaferro 2012). However, if nonaqueous or organic
solvents is required, one has to ensure that the heat of dilution is minimal not to
interfere with the accuracy of the binding experiment especially where the heat
change of binding is comparatively minute (Thomson and Ladbury 2004). When
buffers are used, buffer related contributions to the observed heat change should be
considered (Leavitt and Freire 2001; Thomson and Ladbury 2004). Buffers con-
taining reactive components such as reducing agents especially those with high
heats of oxidation like dithiothreitol (DDT) should be avoided as they may cause
artifacts in the raw data baseline. Buffers with low ionization enthalpy such as
phosphate and citrate buffer are recommended as they cause few artifacts com-
pared to those with high ionization enthalpy like Tris buffer (Pierce et al. 1999).
However, in some cases, buffers with high ionization enthalpy may be used to
enhance the signal strength of interactions involving protonation events (Ladbury
and Doyle 2005; Perozzo et al. 2004). Matching the composition of the compo-
nents in the sample cell and syringe such as concentration of salts used, pH and
buffers may help to minimize dilution heat changes that may plausibly override
binding signals (Freyer and Lewis 2008). Any media chosen must be of high purity
and components can be dialyzed, centrifuged, or filtered to ensure no contaminants
are present (Thomson and Ladbury 2004; Martinez et al. 2013). Prepared samples
should also be degassed for at least 7 min using the thermovac or sonication to
ensure no air bubbles are present that can interfere with the calorimetric readings.

Reproducibility of the sample preparation protocol for inorganic particles is
essential for comparison between experiments. A dissolution study can be carried
out to establish whether this has been achieved, whereby replicate samples con-
taining inorganic particles as prepared for ITC experiments are dissolved in a
suitable media and the ionic concentration of elements present in each quantified
using inductively coupled plasma–optical emission spectroscopy (ICP-OES). The
molar concentration of the nanoparticles can then be derived from its mass con-
centration (Huang et al. 2013).

To begin the experiment, the reference cell is filled with the solution in which the
components to be studied are suspended or dissolved in hereafter referred to as the
buffer. Component A is loaded into the ITC autopipette/syringe and the sample cell
is filled with component B. Air bubbles that may be formed during the loading
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process are expelled with the help of the loading syringe and the purging function of
the control panel for the autopipette. Detailed explanation on loading of the auto-
pipette and filling of the reference and sample cell can be found in the instrument
manual and may vary depending on the instrument model and manufacturer. The
syringe which has a twisted paddle on its end is then carefully placed inside the
sample cell. The instrument equilibrates the temperature of the sample and the
reference cell then the syringe begins to rotate and a final baseline about the chosen
reference power is established. The syringe component is then periodically injected
into the sample cell in predetermined aliquot volume and injection numbers.

Dilution experiments are principally conducted in order to subtract the heat
changes that occur as a result of titrating the component in the syringe into the buffer.
Other dilution experiments that should be considered are dilution of the buffer into the
buffer and dilution of the buffer into component B in the cell which usually have
negligible heat measurements (Freyer and Lewis 2008). The heat changes measured
in the dilution experiment are then subtracted from the data obtained from the titration
of component A into component B. The normalized heat change in kcal/mole of
injectant is then plotted against the molar ratio of component A and component B.
Data analysis and fitting can then be carried out using a nonlinear least-squares
algorithm and suitable binding models made available by MicroCal.

The specific approach used in ITC experiments is determined by the objective of
the user. For certain applications, only an accurate determination of DH is required
and not the binding constant. Here DH does not need to be obtained as a fitting
parameter in which case a C value greater than 100 is acceptable and the SIM can be
used. If complex formation is occurring through protonation/deprotonation events,
the heat signal measured may also include a contribution from buffer ionization. The
experiment may, therefore, need to be performed at the same pH using buffers with
different ionization enthalpies for comparison and thorough investigation of binding
energetics (Cliff et al. 2004; Leavitt and Freire 2001). Where there is no buffer
contributed protonation event accompanying the binding event, there will be no
difference in DHobs using the different buffers (Leavitt and Freire 2001; Perozzo
et al. 2004). Different strategies are employed to measure interactions with high
affinities above the upper limit of binding constants (about 109 M-1) measurable
using ITC. An example is a displacement/competition assay where the protein of
interest is initially saturated with a ligand that interacts weakly before titrating with
the high affinity ligand (Sigurskjold et al. 2000; Velazquez-Campoy et al. 2001).
The thermodynamic linkage to temperature can also be evaluated by carrying out
experiments at constant conditions and only varying the temperature within the limit
of the instrument (2–80 �C). The change in heat capacity (DCp) can then be
determined which can be used to determine changes in hydrophobic interactions
associated with binding (Cliff et al. 2004; Leavitt and Freire 2001). Standardized
experimental parameters need to be applied in studies where comparisons need to be
made between interactions of different ligands with the same macromolecule, i.e.,
mutagenesis studies to identify residues of an enzyme important for interaction with
a ligand or mutants versus wild-type proteins with an inorganic material (De et al.
2007; Goobes G et al. 2007; Perozzo et al. 2004).
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3.5.4 Data Analysis: Data Fitting Models Used
in ITC Studies

Mathematical models are used to best fit integrated ITC data to obtain thermo-
dynamic parameters using a curve-fitting process that applies a nonlinear regres-
sion procedure. Initial estimates of the parameters are made to generate a
theoretical curve that is compared to and fit to the experiment data. This is
achieved using an algorithm through an iteration process that minimizes the error
function. MicroCal provides a data fitting software using Origin with three dif-
ferent binding models: one set of identical sites model, two sets of independent
sites model, and sequential binding sites model. The relevant binding model is
chosen based on information that may be known about the system being studied
from other parallel studies. Where limited to no information is available, the model
may be chosen based on the characteristics of the isothermal profile obtained. The
main aim is to fit the data with preferably the fewest adjustable parameters which
is synonymous to selecting the simplest binding model that can be used to most
relevantly describe the biological, physical, or chemical process (Schmidtchen
2012). For more complicated analysis, users would need to develop their own
mathematical models. The statistical significance of more complicated models
with increased fitting parameters can be tested using a Monte Carlo analysis
(Freyer and Lewis 2008).

From our discussion of the theory behind ITC experiments, we elaborated that
the instrument operates using the heat compensation principle. For each aliquot of
ligand (X) injected into the ITC cell containing a macromolecule (M), when a
complex is formed (MX), there is a release or absorption of heat (Q). After sub-
traction of dilution heat changes, the area under each peak is equated to an
interaction. Also considered is, with addition of ligand into the cell, the total
volume of the mixture with the macromolecule exceeds the volume of the sample
cell spilling into the tube above the sample cell. Since the instrument can only
detect the heat change within the sample cell (active/working volume), equations
to account for the displaced volume have been formulated to conserve the mass
and correct for the measured heat change. The corrected bulk concentration of
macromolecule and ligand is, therefore, expressed as Mt and Xt, respectively. The
mass balance expression and equilibrium constant for the three models used by
MicroCal� ITC OriginTM are as follows:

(i) One set of identical sites model: Applied where all binding sites have the same
DH and K values

K ¼ H
1�Hð Þ X½ � ð3:6Þ
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where 1 represents total number of binding sites of the macromolecule available
and unoccupied (unbound macromolecule), H represents the fraction of sites that
are occupied by ligand X and the concentration of free/unbound ligand is repre-
sented as [X]. From this binding model, the output gives one value for n, K, DH,
and DS.
(ii) Two sets of independent sites model: For independent interactions where

macromolecules have two different binding sites with separate values of K and
DH. Therefore, two values are obtained for each parameter n, K, DH, and
DS relating to the first and the second binding site.

K1 ¼
H1

1�H1ð Þ X½ � and K2 ¼
H2

1�H2ð Þ X½ � ð3:7Þ

Each binding site being independent means that where n1 = 1 and n2 = 2, one
ligand binds to the first site and two ligands of equivalent thermodynamics bind to
the second site. For interactions that have independent binding sites, n being a
nonintegral value is an indicator of errors to do with concentration (Freyer and
Lewis 2008). The equilibrium constant is in actuality defined from the activities of
interacting species rather than their concentration therefore errors in determination
of concentration could arise especially when working with larger macromolecules
like proteins which could be pure but not correctly folded hence inactive (Ball and
Maechling 2009).
(iii) Sequential binding sites model: Used where an interaction at one binding site

influences a subsequent interaction at another binding site (negative or
positive cooperativity). In this model, the binding sites could be identical or
nonidentical and there is no clear distinction as to which specific binding sites
are saturated. Only the total number of saturated binding sites can be known
thus the binding constant is defined relative to the evolution of saturation. For
interactions that are dependent, the n value is excluded as a fitting parameter
because nonintegral values of no physical sense would be obtained. Unique
parameters for K, DH, and DS are obtained for each number of sites which is
determined by the user.

K1 ¼
MX½ �

M½ � X½ � ; K2 ¼
MX2½ �

MX½ � X½ � and K3 ¼
MX3½ �

MX2½ � X½ � ð3:8Þ

Detailed descriptions of the mathematical formulae corresponding to ITC models
have been elaborated in the instrument user manual provided by MicroCal and in
the literature (Chilom et al. 2004; Martinez et al. 2013; Perozzo et al. 2004; Poon
2010). In the following section, we will further describe how thermodynamic
parameters can be determined using the simplest model, one set of identical sites
model and later discuss how the model can be modified to more suitably portray
peptide–inorganic interactions using proposed changes discussed in the section on
the literature studies (Goobes G et al. 2007).
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3.5.5 Determination of Thermodynamic Parameters Using
One Set of Identical Sites Model

The equilibrium constant (K) and the total ligand concentration (Xt) can be
expressed using the following equations;

K ¼ H
1�Hð Þ X½ � ð3:9Þ

Xt ¼ X½ � þ nHMt ð3:10Þ

Combining Eqs. (3.9) and (3.10) gives a quadratic equation that is solved as
follows:

K ¼ H
1�Hð Þ Xt � nHMt½ � ð3:11Þ

H2 �H 1þ Xt

nMt
þ 1

nKMt

� �
þ Xt

nMt
¼ 0 ð3:12Þ

H ¼
� 1þ Xt

nMt
þ 1

nKMt

� �
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ Xt

nMt
þ 1

nKMt

� �2
� 4Xt

nMt

r

2
ð3:13Þ

The total heat content (Q) in the sample cell is proportional to the number of
binding sites (n), the fraction of the sites that have been occupied by the ligand
(H), the molar heat of binding for the ligand (DH), and the total macromolecule
concentration (Mt) in the volume of the sample cell where the heat change is
detectable (Vo).

Q ¼ nHMtDHVO ð3:14Þ

Substituting H into the above equation gives

Q ¼ nMtDHVO

2
1þ Xt

nMt
þ 1

nKMt
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ Xt

nMt
þ 1

nKMt

� �2

� 4Xt

nMt

s2
4

3
5 ð3:15Þ

The heat change of each injection, DQ (i) taking into account correction of
displaced volume can be expressed as

DQ ið Þ ¼ Q ið Þ þ dVi

Vo

Q ið Þ þ Qði� 1Þ
2

� �
þ Q i� 1ð Þ ð3:16Þ
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3.5.6 Case Studies on the Use of ITC in Materials Science

Applications of ITC have evolved from conventional biomolecular recognition
reactions into diverse areas of interest in both academic and industrial laboratories.
The exploration into novel systems equally drives the development and
improvement of experiment strategies and data analysis. ITC protocols are
developing in other fields including drug design, polymer chemistry, and nano-
technology hence studies where ITC has been successfully used to probe inter-
actions between different ligand molecules with inorganic/organic materials
continue to emerge. Some of these studies and research directions mainly
involving interactions with suspensions of metals and metal oxide particles as well
as metal ions have been highlighted in this chapter to provide a snapshot of the
evolving applications of ITC in materials science and particularly interactions at
the biotic–abiotic interface.

Among the pioneering studies applying ITC to investigate ligand–nanoparticle
interactions was a study to characterize interactions between amino acids and the
surface of gold nanoparticles (Joshi et al. 2004). Gold nanoparticles can be
modified and functionalized through binding of specific ligands, i.e., thiols and
amine groups (Jana et al. 2001; Kumar et al. 2003). Joshi et al. (2004) specifically
endeavored to use ITC to investigate the interactions between gold nanoparticles
with a basic (lysine) and an acidic (aspartic acid) amino acid. They observed that
amine groups bind strongly with gold nanoparticles in their unprotonated state
(Joshi et al. 2004). At physiological pH, lysine was found to interact weakly with
gold nanoparticles compared to aspartic acid. This was thought to occur because at
pH 7, amine groups in lysine (pI 9.4) may have been protonated while the amine
groups of aspartic acid (pI 2.77) remained unprotonated (Joshi et al. 2004). When
the experiments were repeated at pH 11, the amine group of lysine could interact
more strongly with gold nanoparticles as they were unprotonated (Joshi et al.
2004). From TEM studies of nanoparticles used in the ITC experiments, the
authors observed variable degrees of particle aggregation and concluded that
accurate reproducibility of the surface area available for interaction with amino
acids between experiments could not be attained.

In a similar study, ITC was used to characterize the energetics of interaction of
deoxyribonucleic acid (DNA) and peptide nucleic acids (PNA) base monomers
with gold nanoparticles (Gourishankar et al. 2004). Their aim was to design oli-
gonucleotides that can complex with gold nanoparticles based on their different
binding strengths without the need of thiolation. Gold nanoparticles modified using
DNA and PNAs are of interest for applications such as sensors, biodiagnostics,
chips, imaging, drug/DNA delivery, and structured nanoparticle assemblies with
electronic properties (Gourishankar et al. 2004). In another study, surface modified
gold nanoparticles were used to template the growth of hydroxyapatite crystals
which are of interest for biomedical applications (Rautaray et al. 2005). Here, ITC
was used to characterize interactions between gold nanoparticles capped with
aspartic acid which can bind to calcium ions and induce crystal growth. In this
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study, the authors also concluded that it was not possible to accurately determine
the concentration of aspartic acid bound to gold nanoparticles as the total surface
area of the gold nanoparticles could only be estimated (Rautaray et al. 2005). In all
the above mentioned studies, binding isotherms were plotted against the total
volume of the component injected into the cell instead of the molar ratio of
interacting components; thus thermodynamic parameters of the interactions were
not determined. However, the nature of the interaction and qualitative trends in the
binding behavior of the amino acids could be identified (Gourishankar et al. 2004;
Joshi et al. 2004, Rautaray et al. 2005). From the above studies, ITC showed great
potential in its use to monitor the interactions between ligands and nanoparticles
and the development of its application into new fields was encouraged.

ITC has been used in the advancement of novel hybrid materials that can
specifically target a protein–protein interaction that would otherwise not occur in
nature but could have beneficial applications (De et al. 2007; You et al. 2008).
Artificial protein receptors can be created using nanoparticles whose surface can
be modified to become surface receptors that can be recognized by proteins (De
et al. 2007; You et al. 2008). ITC was successfully used to determine the selec-
tivity and binding thermodynamics of the interactions between gold nanoparticles
functionalized with amino acids/dipeptides (bearing leucine and/or phenylalanine
residues) and target proteins; cytochrome c (CytC) and a-chymotrypsin (ChT)
(You et al. 2008). Because the nanoparticles were functionalized, the interaction is
essentially a peptide–protein interaction but may be distinctively different from the
mechanism through which the free amino acid/dipeptide interacts with the protein.
This study has been specifically highlighted to illustrate how circular dichroism
(CD) can be used to determine the arrangement of dipeptides and amino acids on
the surface of gold nanoparticles (Huang et al. 2013; You et al. 2008). This
approach can similarly be transferred to aid interpretation of thermodynamic data
where direct interactions of molecules, i.e., peptides with nanoparticles is con-
ducted. By determining the density of surface coverage using CD one may be able
to deduce whether the adsorbed molecules form monolayers or multilayers through
ligand–ligand self-recognition interactions. In this study, from CD analysis, no
significant interaction between adjacent amino acid/dipeptide functionalities was
detected which could otherwise occur through hydrogen bonding (You et al.
2008). For the enantiomeric dipeptides used to functionalize the gold nanoparti-
cles, mirror CD signals suggested equal load on particles and ca. 100 amino acids
were estimated to be bound to each nanoparticle. The concentration of nanopar-
ticles was determined based on their average molecular weights considering the
gold core’s size dispersion. Heat change was measured for the complexation of
ChT and CytC with the functionalized nanoparticles (Fig. 3.13).

Data obtained was fit using a single set of identical sites model for the inter-
action with ChT based on the sigmoid shape of the curve obtained and the
interaction with CytC was fit using both the single set of identical sites and two
sets of independent sites model (Table 3.4). A compensatory relationship was
observed between enthalpy and entropy during the complexation process. The
authors state that the bimodal binding observed with CytC is unknown but may
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arise from the particle’s potential anisotropicity or through possible variations in
the binding geometry of CytC via protein–protein interactions (You et al. 2008).
They proposed that complexation may occur through hydrophobic interactions and
charge complementary interaction. They also highlighted the effect of amino acid/
dipeptide chirality on complex stability. They concluded that with further inves-
tigation, knowledge gained could be used to manipulate protein recognition,
specificity, affinity, and stability of the interactions formed paving the way for
advances in creation of novel hybrid materials (You et al. 2008).

Another study of hybrid materials that employed ITC was conducted by Chiad
et al. (2009) in which surface modification of SiO2 via interaction with amphi-
philic monomers and copolymers was investigated. The formation of these
organic–inorganic hybrid systems occur through noncovalent adsorption of
amphiphilic compounds to the surface of inorganic particles and the strength and
irreversibility of the interaction is of great interest (Chiad et al. 2009; Hoffmann
et al. 2006). The amphiphilic compounds used were monomers, i.e., 2-ethylhexyl
methacrylate (EHMA), poly(ethylene oxide) methacrylate having 5 (PE-
OMAn & 5), and 9(PEOMAn & 9) ethylene oxide units, poly(propylene oxide)
methacrylate (PPOMA), 2-hydroxythyl methacrylate (HEMA) (ethyl glycol)
methacrylate phosphate (EGMP), 4-viny-1-(3-sulforopyl)pyridinium inner salt

Fig. 3.13 ITC isotherms showing the heat changes measured during the interaction of a ChT
with gold nanoparticles functionalized with a dipeptide L-phenylalanine- D phenylalanine fit
using one set of identical sites model b CytC with gold nanoparticles functionalized with
dipeptide L-leucine-L-leucine fit using two sets of independent sites model. Experiments were
conducted in sodium phosphate buffer pH 7.4. Reprinted with permission from You et al. (2008)
John Wiley and Sons
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(4VPSB), and copolymers PEHMA-co-PEGMP, PEHMA-co-PPEOMAn & 5, and
PEHMA-co-P4VPSB. The titration of hydrophobic EHMA and hydrophilic PE-
OMAn &5 into suspensions of SiO2 nanoparticles are shown in Fig. 3.14.

The Thermodynamic parameters of interaction (DH, DS, KB, and DG) were
determined (Table 3.2). The authors inferred that the low DH value obtained in the
titration of EHMA with SiO2 indicates that there was no significant interaction of
the polymer with the surface. They also attributed the observed endothermic heat
changes to the collapse of the structure of water molecules surrounding the
hydrophobic EHMA molecules. An enthalpically driven interaction was registered
in the interaction of hydrophilic PEOMA with SiO2 that was attributed to possible
hydrogen bonding or van der Waals interactions. The authors stated that changes
in conformational entropy of PEOMA and solvation entropy could also have
occurred during the adsorption reflected by DS values (Table 3.5). In conclusion,
they stated that the approach of studying the thermodynamic changes occurring at
interfaces could possibly allow one to directly correlate adsorption strength to the
structure of inorganic particles allowing materials engineering to be conducted
using more rational and optimized methods (Chiad et al. 2009).

Fig. 3.14 ITC isotherms showing the titration of a hydrophobic monomer EHMA and
b hydrophilic PEOMAn & 5 into a suspension of SiO2 in the chosen solvent mixture 1,4-
dioxane/ethanol/H2O. Reprinted with permission from Chiad et al. (2009) American Chemical
Society
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In biomineralization studies, ITC has been used to study the thermodynamics of
biomolecule interactions with biominerals. Statherin is an oral cavity protein that
regulates the nucleation and growth of hydroxyapatite (HAP) and serves as a
receptor for bacterial adhesion to enamel. Extensive studies on the interaction of
statherin to HAP have been carried out to identify the underlying molecular
mechanisms (Goobes R et al. 2007; Raj et al. 1992; Wikiel et al. 1994). The wild-
type sequence of statherin consists of 43 amino acid residues. The first five residues
are negatively charged and have been identified to directly participate in binding to
hydroxyapatite (Goobes R et al. 2007; Raj et al. 1992; Wikiel et al. 1994). The
acidic amino acids are followed by a basic amino acid rich segment whose role was
unknown. The roles of the positively charged residues were determined by carrying
out single and multiple point mutations replacing the basic residues with alanine
amino acid (Goobes R et al. 2007). The interaction of the wild-type and mutant
protein with HAP crystals was then studied using ITC and equilibrium adsorption
binding isotherms (AI) as shown in Table 3.6 (Goobes R et al. 2007). Synthesized
proteins were all labeled at specific positions for studies on the structure of the
adsorbed protein using solid-state NMR rotational echo double resonance (ss-NMR
REDOR) and dynamics measurements (Goobes R et al. 2007).

To attain the above thermodynamic parameters, Goobes R et al. (2007) pro-
posed that when studying peptide–inorganic interactions, the equilibrium constant

Table 3.5 Thermodynamic parameters of the interaction of amphiphilic monomers and
copolymers with SiO2 nanoparticles determined using ITC

Surface-active
compound

KB (mol L-1) DH
(kcal mol-1)

TDS
(kcal mol-1)

DG
(kcal mol-1)

EHIBa 1.10 9 107 ± 4.30 9 106 0.25 ± 0.18 10.19 -9.94
1.00 9 105 ± 1.50 9 104 63.46 ± 2.70 70.36 -6.88

PEOIBa 3.87 9 104 ± 1.339 104 -13.60 ± 9.99 -7.33 -6.25
EHMAa 1.90 9 107 ± 3.00 9 106 0.04 ± 0.01 9.98 -9.94

5.70 9 104 ± 6.20 9 103 25.50 ± 1.43 31.90 -6.40
PEOMAn&5a 6.10 9 104 ± 6.50 9 103 -25.13 ± 4.23 -18.60 -6.53
HEMAb 8.26 9 104 ± 2.27 9 104 -0.19 ± 0.04 6.49 -8.20
PEOMAn&5b 6.35 9 103 ± 0.04 9 103 -43.50 ± 0.20 -38.16 -5.34
PEOMAn&9b 1.15 9 105 ± 2.03 9 104 -69.87 ± 0.54 -62.90 -6.97
PEOMAn&5b 1.5S 9 105 ± 0.92 9 104 -0.05 ± 0.007 7.04 -6.98
4VPSBa 1.74 9 10=± 3.05 9 104 -27.57 ± 2.24 -20.42 -7.14
EGMPa 4.33 9 104 ± 2.35 9 103 -39.85 ± 0.8 -33.39 -6.46
PEHM A-co-

PPEOMAn&5
2.50 9 105 ± 4.40 9 104 -10.01 ± 0.53 -2.77 -7.33

PEHMA-co-
P4VPSB

5.70 9 105 ± 3.29 9 105 -8.77 ± 0.20 -0.92 -7.86

PEHM A-co-
PEGMP

4.78 9 105 ± 0.00 -10.26 ± 0.16 -2.51 -7.75

Reprinted with permission from Chiad et al. (2009) American Chemical Society
a Concentration of the hydrophilic monomer = 55 mM
b Concentration of the hydrophilic monomer = 278 mM

3 Experimental Characterization of Peptide–Surface Interactions 75



(K) and the total ligand concentration (Xt) can be expressed as previously
described in the section on data analysis but Mt should be redefined. Mt can be
modified to express the surface area of the inorganic particle which is the binding
site as the effective concentration of sites on the surface (Mt

0) that are available for
interaction with the peptide using the following expression;

M0t ¼ Nmax

moles
m2

� �
� SA

m2

gr

� �
� D

gr
L

� �
ð3:17Þ

Equilibrium adsorption isotherm measurements (AI) can be used to quantify the
maximum number of peptide interaction sites (Nmax) per unit surface area of the
inorganic particle. In AI measurements if centrifugation is used to separate the
supernatant with free protein from the pellet-containing particles with adsorbed
peptide, this may perturb the peptide–nanoparticle complex leading to inaccurate
quantification of bound and free peptide (Klein et al. 2007). The total surface area
(SA) of the inorganic particles can be determined from BET measurements
although there may be discrepancies between the surface sites that are accessible
to small gaseous molecules such as nitrogen used in BET experiments compared to
the size of interacting molecules being studied (Goobes R et al. 2007). The density
(D) of the inorganic particles in the ITC cell is obtained by dividing its mass by the
volume of the cell (Goobes R et al. 2007).

The binding affinity of the single point mutant protein to the surfaces of HAP
was lowered compared to the wild-type protein but the adsorption enthalpy,
dynamic properties, structural properties, and the maximal surface coverage was
not altered. The multiple point mutation of the wild-type protein replacing all basic
residues with alanine simultaneously resulted in a fivefold reduction of the binding
constant and a twofold reduction of the surface coverage despite no observed
changes in the structure and dynamics of the N-terminal acidic segment. They
deduced that the surface coverage of the multiple point mutant may have been

Table 3.6 Thermodynamic parameters of the interaction of statherin and its mutants with HAP
determined using equilibrium adsorption isotherms and ITC

Protein Nmax

(10-7 mol/
m2)

K (105/M) DG0(kcal/
mol)

DDG0 (kcal/
mol)

DHinitial
b (kcal/mol

adsorbed)

stalh (WT) 6.2 ± 0.7 7.0 ± 0.9 -7.9 ± 0.] -3.3 ± 0.4, 90 %
stathik6Al 7.3 ± 0.9 2.8 ± 0.6 -7.4 ± 0.] 0.5 ± 0.1 -3.7 ± 0.5, 85 %
stath (R9A) 6.8 ± 0.3 2.8 ± 0.5 -7.4 ± 0.1 0.5 ± 0.1 -3.2 ± 0.3, 85 %
stath (RlOA) 5.7 ± 0.8 4.5 ± 1.2 -7.6 ± 0.2 0.3 ± 0.2 -3.8 ± 0.4, 85 %
stath (R 13 A) 6.4 ± 0.8 4.0 ± 1.0 -7.6 ± 0.2 0.3 ± 0.2 -3.1 ± 0.3, 85 %
stath (KRA) 3.0 ± 1.2 1.5 ± 0.8 -7.0 ± 0.3 0.9 ± 0.3 -3.7 ± 0.4, 45 %

Nmax, K, DG� and DDG� were determined from AI measurements and from ITC experiments,
DHinitial was determined which was the initial enthalpy change which corresponded to direct
protein interaction with the surfaces of HAP. Experiments were conducted in phosphate buffer pH
7.4 at 25 �C. Reprinted with permission from Goobes R et al. (2007) American Chemical Society
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decreased due to unfavored protein–protein interaction as a result of stronger
repulsive charge between the higher negative net charge compared to the wild-type
protein and single point mutants. In consistency with their previous studies, the
authors proposed two binding sites for statherin on HAP surface; the first eliciting
an exothermic heat change that can be correlated to statherin interacting with the
crystal faces and step edges of HAP and the second that does not cause a mea-
surable heat change and can be attributed to release of bound water and protein–
protein interaction. The second binding site is therefore best characterized using
binding models based on determination of surface coverage which can give a
clearer indication of the occurrence of protein–protein interaction. For the mea-
surable heat change in the initial interaction, all mutants and the wild-type pos-
sessed comparable binding entropy when studied using ITC. Any possible changes
in enthalpy of the mutants compared to the wild-type may have been below the
detection limit of the ITC instrument used. For the second interaction, the enthalpy
contribution may be canceled by other events or may also be below the ITC’s
detection limit. The authors concluded that the basic amino acids do not signifi-
cantly contribute to the protein’s enthalpy of adsorption but influence the packing
density of the protein at saturation (Goobes R et al. 2007).

In another study, statherin was titrated into a suspension of HAP crystals in a
calorimetry cell at different temperature between 15 and 37 �C (Goobes G et al.
2007). The integrated heat change was plotted against the ratio of total protein
concentration (Ct) after each injection and the effective concentration of binding

Fig. 3.15 ITC profiles of the interaction of statherin with HAP a experiment conducted at 25 �C
b experiment carried out at different temperatures, i.e., 15 �C (black triangle), 20 �C (white
triangle), 25 �C (black circle), and 30 �C (white circle), 37 �C (black square). Reprinted with
permission from Goobes G et al. (2007) John Wiley and Sons
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sites on the HAP surface (M0t) available for statherin adsorption (Fig. 3.15). As in
the previous study, adsorption occurred through an initial exothermic event followed
by a thermoneutral event. The apparent thermodynamic parameters of the interac-
tions are shown in Table 3.7. The exothermic event was seen to decrease with an
increase in temperature. The determined DCp and DS of the interaction were positive
and collectively suggest that electrostatic and not hydrophobic interactions domi-
nated the interaction likely through the charge interactions of ionic HAP surface
sites and the charged N-terminus of the protein (Goobes G et al. 2007).

The bottom-up hierarchical approach to material assembly using biomolecules
to control growth and morphology of materials is increasingly applied with an aim
of achieving programmable structures with superior functions. In our studies, we
have applied ITC to study the interaction of ZnO-twinned hexagonal rods and
synthetic inorganic binding peptides that have been shown to modify the mor-
phology of the inorganic materials during synthesis studies in the presence and
absence of the peptides (Liang et al. 2011; Tomczak et al. 2009). Data showing the
interaction of GT-16 peptide (GLHVMHKVAPPR-GGGC) with ZnO crystals has
been illustrated in Fig. 3.12a. We have also studied the interaction of ZnO with G-
12 peptide (GLHVMHKVAPPR) and its alanine mutants using computational tools
(Tripos SYBYL and Accelyrys Materials studio) and ITC. Additionally, we have
carried out synthesis of ZnO in the presence of wild-type G-12 peptide and some
selected mutants. Interaction studies using peptide G-12 (GLHVMHKVAPPR)
with uncalcined and calcined crystals show differences in the isothermal profiles
highlighting the importance of surface characterization (Fig. 3.16).

In addition, for binding experiments conducted with single point mutants of G-
12, differences in the features of the isothermal profiles can be observed
(Fig. 3.17). From the ITC data, there is a clear participation of two interaction
process of opposite heat change; an endothermic event followed by an exothermic
event. The observed endothermic interaction may reflect changes in peptide
conformational entropy influenced by the intrinsic properties of the peptide and by
the structuring effect of water molecules. Endothermic interactions measured
could also have resulted from displacement of water molecules that interact with
the surface of ZnO thereby breaking hydrogen bonds before the peptide interacts.
This may be the reason why less of the endothermic event is seen for the calcined

Table 3.7 Thermodynamic parameters of the interaction of statherin with HAP in phosphate
buffer pH 7.4 determined using ITC

Temp (�C) a DH (kcal/mole) TDS0 (kcal/mole) DG0 (kcal/mole) K (1/M)

15 0.21 -5.4 ± 0.4 2.1 ± 0.3 -7.4 ± 0.1 (4.3 ± 0.8) 9 105

20 0.18 -4.0 ± 0.4 4.1 ± 0.2 -8.1 ± 0.2 (1.1 ± 0.4) 9 106

25 0.21 -2.7 ± 0.1 6.8 ± 0.2 -9.5 ± 0.4 (9.5 ± 5.8) 9 106

30 0.13 -1.8 ± 0.2 8.0 ± 0.2 -9.8 ± 0.3 (1.2 ± 0.6) 9 107

37 0.11 -1.6 ± 0.4 6.5 ± 0.3 -10.1 ± 0.5 (1.4 ± 1.0) 9 107

Only a fraction of the interactions that occur elicit a measurable heat change by ITC and are
represented by a. Reprinted with permission from Goobes G et al. (2007) John Wiley and Sons
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Fig. 3.16 ITC isotherms representing the interaction of as prepared (uncalcined) ZnO rods and
calcined ZnO rods with G-12 peptide. a Above, raw data profile of titrating 280 ll of 3.125 mM
G-12 peptide in 10 ll aliquots into a cell containing 1.4 ml of ddH2O producing heats of dilution.
Below is the raw data profile of titrating the peptide into a cell containing a suspension of 0.1 mM
ZnO rods. b A similar experiment of G-12 interaction with calcined ZnO hexagonal crystal rods
(Unpublished data)

Fig. 3.17 ITC isotherms showing interaction of G-12 peptide and mutants with ZnO rods. a G-
12 peptide, b G-12A6 peptide, c G-12A11 peptide, d G-12A12 peptide. In all experiments,
3.125 mM peptide was added in 28 injections each with 10 ll aliquots into a cell containing
1.4 ml ZnO rods suspension containing 0.1 mM Zn2+. A constant cell temperature of 298 K was
maintained (unpublished data)
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ZnO crystals. Exothermic heat changes observed may be as a result of the inter-
action occurring between the peptide and the inorganic surface via noncovalent
interactions such as van der Waals interaction, electrostatic interactions, or
hydrogen bonding.

Quantification of binding potency can be based on the amount of material that
adsorbs to the surface. The amount of peptide needed to obtain saturation in all the
interactions was found to be in excess of the amount required to form a monolayer
of peptide on the surface of ZnO available. This may suggest that the peptides
could have self-recognition properties allowing them to bind to each other thus
forming multilayers on the surface of ZnO. Two saturation events could be taking
place: peptide binding and saturating the surface of ZnO and peptide binding to
peptide forming a multilayer until peptide–peptide binding site saturation is
achieved. Each event produces a measurable heat change; however, there is no
clear distinction between the saturation of the peptide layer directly adsorbing onto
the inorganic surface and subsequent saturation of the peptide–peptide interaction
events. It is likely that both events would occur simultaneously rather than
sequentially as the peptides could have adsorbed in an aggregated form as evi-
denced from DLS experiments showing that peptides are polydisperse and
aggregated in solution. From synthesis studies in the absence and presence of G-12
peptide and mutant peptides, structural modification was also found to be peptide
dependent.

Nanoparticles are increasingly being developed and administered in products
including medicine (Lindman et al. 2007; Lynch and Dawson 2008; Mahmoudi
et al. 2011). They are of interest mainly because of their small size which enhances
their chemical reactivity through increasing the number of surface atoms and in
biomedical applications, allows them to infiltrate into target sites that were pre-
viously inaccessible as well as to interact more intimately with cellular machinery.
Nevertheless, reservations on their use linger as there is insufficient knowledge on
the biological responses they elicit including toxicity which is alarming. In bio-
logical fluids, nanoparticles are coated with proteins forming the nanoparticle–
protein corona which is the entity that the cells recognize and interact with
(Lindman et al. 2007; Lynch and Dawson 2008). Studying the plausible toxico-
logical effects of nanoparticles requires a detailed account of its interaction with
proteins to determine which proteins enrich the nanoparticle surface. ITC has been
used to determine the thermodynamics of interaction of human serum albumin
(HSA) to copolymer nanoparticles or varying sizes/curvature and hydrophobicity
(Lindman et al. 2007). Exothermic events were registered for all the nanoparticles
used and the more hydrophobic nanoparticles required a higher concentration of
HSA to be saturated which the authors inferred to suggest a higher surface cov-
erage. Higher affinity was observed for the more hydrophilic nanoparticles.
MOLMOL which is a molecular graphics program was used to calculate the
maximum number of protein molecules that adsorb to the nanoparticle by esti-
mating the minimum cross-section area of HSA structure. The theoretical surface
area of the particles were also calculated and divided by the cross-sectional area of
HSA achieving theoretical 100 % coverage for each particle. The sparse or dense
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nature of the adsorbed protein layer (monolayer or multilayers) can be determined
from the degree of surface coverage (Lindman et al. 2007). The surface coverage
of nanoparticles with the same hydrophobicity but different particle size was also
investigated. The curvature of the nanoparticles was seen to affect surface cov-
erage (Cedervall et al. 2007; Lindman et al. 2007). The smallest nanoparticles
(70 nm) with the highest available surface area for interaction were found to have
less bound protein which was attributed to the high degree of curvature which
could have interfered with binding. The larger nanoparticles (700 nm) tended
toward a flat surface hence the effect of surface curvature became more insig-
nificant. Particles between 120 and 400 nm had the highest surface coverage. A
dense adsorbed layer of protein was observed for nanoparticles of 120 nm diam-
eters and larger. However, the shape of the isothermal profiles did not suggest the
occurrence of multilayers normally represented by steps as each layer is com-
pleted. This was attributed to undetectable entropy changes of protein–protein
interactions similar to previous reports on the interaction of statherin with HAP
(Goobes R et al. 2007, Lindman et al. 2007). Possibly as in the previously dis-
cussed study by You et al. (2008), CD measurements could be used to confirm if
multilayer formation occurred. The authors also studied the interaction of other
proteins including lyzozyme, fibrinogen, and calmodulin with copolymer nano-
particles using ITC but no signals were found (Lindman et al. 2007). They con-
cluded that the lack of signals could be as a result of no measurable heat change of
interactions if reactions were entirely entropy driven or because there was no
interaction. SPR was used as a complementary technique which confirmed that
interactions could not be ruled out with some of the studied proteins which were
contrarily found to interact with the copolymer nanoparticles that were immobi-
lized to a gold surface using a thiol group. This underlines the benefits of using
complementary techniques (Lindman et al. 2007).

Lindman et al. (2007) further studied the interaction of nanoparticles with HSA
bound to its endogenous ligand oleic acid. The interaction was endothermic which
they thought could have resulted from initial dissociation of oleic acid from HSA
before it binds to the nanoparticle or variations in the binding mode of oleic acid
bound HSA or if instead, oleic acid bound to the nanoparticles. A negative DCp
was observed in the interaction of HSA with copolymer particles at different
temperatures which suggested that hydrophobic interactions were the driving force
supported by the fact that HSA is a hydrophobic protein. However, because the
observed interaction was exothermic, the authors were more inclined to think that
more specific interactions may occur between the side groups of the nanoparticles
and HSA. ITC was also used to study the interaction of 16 nm diameter quantum
dots (functionalized using hydrophilic polymers) with proteins HSA and a-lact-
albumin. An exothermic interaction was observed with HSA and a biphasic
interaction was observed with a-lactalbumin (Fig. 3.18). Here ITC showed its
ability to measure processes with positive DH of interaction (Lindman et al. 2007).

Another emerging application of nanoparticles in biomedicine is in vaccine
development for example in cancer immunotherapy (Cho et al. 2011). Nanopar-
ticles with high surface area can be used as efficient carriers to deliver target
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antigens to dendritic cells (DC). These cells can migrate to lymph nodes to activate
T-cells specific to the antigens thereby stimulating and regulating tumor antigenic
responses (Cho et al. 2011). Imaging methods such as magnetic resonance imaging
(MRI) are used to track DC migration. High resolution imaging in MRI requires
the use of superparamagnetic iron oxide (SPIO) nanoparticles that are not bio-
compatible. By coating SPIO nanoparticles with a ZnO shell that is photonic for
DC-based immunotherapy, biocompatibility was achieved (Cho et al. 2011). ZnO-
binding peptide (ZBP) RPHPKGGDA bound to the ZnO surface served as carriers
for tumor antigens into DCs. In the peptide sequence, RPHPK is the conserved
binding motif while GGDA is the linker. ITC was used to determine the binding
affinity of the ZBP and a triplicate tandem repeat of it (3 9 ZBP) to the ZnO
coated nanoparticle (Fig. 3.19). The affinity of 3 9 ZBP for the nanoparticles was
higher than that of 19 ZBP (Table 3.8). The authors deduced that the high affinity
of 3 9 ZBP peptide for the nanoparticle surface, may suggest that zinc ions are
present on the surface of the nanoparticles (Cho et al. 2011). This immunotherapy
approach was tested in vivo by immunizing mice and the results were promising
(Cho et al. 2011).

ITC has equally proven to be useful in industrial advancements. An example
is an investigation where ITC was used to probe metal–ligand interactions in
the study of interactions between divalent copper cations and chitin fragments

Fig. 3.18 ITC profiles showing the interaction of a HSA (38 lM) with a solution of 800 nm
quantum dots and b a-lactalbumin (230 lM) with solutions of 500 nm quantum dots in Hepes/
NaOH, 0.15 M NaCl, 1 mM EDTA, pH 7.5, 25 �C. Inset the size comparisons of the proteins and
nanoparticles are illustrated. Reprinted with permission from Lindman et al. (2007) American
Chemical Society

82 M. J. Limo et al.



(Camci-Unal and Pohl 2010). Chitin is a nontoxic, naturally abundant insoluble and
inexpensive polysaccharide that can be used for biosorption of heavy metal cations
found in industrial water and as a biomaterial for medical applications (Kratochvil
and Volesky 1998). In previous studies, the interaction of polymeric chitin with a
number of metal cations was determined to be enthalpically driven and spontaneous
(Camci-Unal and Pohl 2010). The authors carried out further investigations to
determine if chitin possessed specific binding sites through which multiple ligands
are able to chelate a metal cation. Interaction of copper with small fragments
of chitin; N-acetyl-D-glucosamine (GlcNAc), its repeating units of different
lengths (GlcNAc)2 (GlcNAc)3 (GlcNAc)5 and D-glucosamine were studied using
ITC to determine if the different segments would interact with different affinities

Fig. 3.19 ITC isotherms showing the interaction of 0.25 mM of a 1 9 ZBP and b 3 9 ZBP with
a 4 lM nanoparticle suspension of ZnO coated SPIO nanoparticles at 25 �C. Reprinted by
permission from Macmillan Publishers Ltd: Nature Nanotechnology (Cho et al. 2011) Nature
Publishing Group

Table 3.8 Thermodynamic parameters for the interaction of ZnO-binding peptides and ZnO
coated SPIO nanoparticles determined using ITC

Ka(M
-1) Kd(M) DH� (kcal/mol) DS� (kcal/mol)

I 9 ZBP 6.9 ± 0.8 9 105 1.5 9 10-6 -2.0 9 104 ± 757.7 -39.9
3 9 ZBP 1.4 ± 0.2 9 106 6.9 9 10-7 -4.4 9 104 ± 1208.0 -119.0

Reprinted by permission from Macmillan Publishers Ltd: Nature Nanotechnology (Cho et al.
2011) Nature Publishing Group
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(Camci-Unal and Pohl 2010). Once more, the values of DH, DS, and DG were found
to be negative and they established that the interactions were enthalpically driven
and spontaneous (Camci-Unal and Pohl 2010). The strength of the interaction
determined from binding affinity values increased with an increase in GlcNAc
residues. The deacylated GlcNAc fragment, D-glucosamine, had a higher enthalpy
value and greater affinity for copper compared to GlcNAc; therefore, the authors
established that the amine group is important for the interaction. The occurrence of
chelation-based multivalency was ruled out because addition of sugars to the
polymer did not have a drastic effect on the binding affinity beyond statistical
effects; therefore, a single copper atom was not bound by multiple amide groups.
The authors concluded that the findings gave information that is useful to direct
computational modeling for the design of metal- and carbohydrate-based materials
(Camci-Unal and Pohl 2010).

In a similar study ITC was used to compare the thermodynamic interactions
between toxic metals ions (Al3+, Cr3+, and Pb2+) with activated carbon which is a
high-cost sorbent commonly used for metal decontamination of water and the
same metal ions with chitin which is a possible cheaper substitute of activated
carbon (Karlsen et al. 2010). The integrated heat change in kcal/mol of injectant
was plotted against the amount of metal ions used (lmol) per gram of adsorbent
chitin (Fig. 3.20). They then proceeded to fit data using the single set of identical
sites or two sets of independent sites model to obtain thermodynamic parameters
(Table 3.9). From the results, the authors deduced that there were two binding sites
for the metal ions on chitin and the differences in thermodynamic signatures
observed between the metal ions and chitin suggested that the metal ions may
possibly bind to different functional groups found on chitin. High-cost activated
carbon which is currently more commonly used to purify industrial waste water
was seen to interact weakly with the metal ions at a single binding site (Karlsen
et al. 2010). With this evidence, consumers can make an informed decision and
may be encouraged to change from conventional use of high-cost activated carbon
to low-cost chitin.

3.6 Summary, Recommendations, and Conclusions

In this chapter, we focused on the presentation of three different methods that can
be used to experimentally determine thermodynamic properties that characterize
the adsorption behavior of small peptides and proteins with material surfaces:
SPR, AFM, and ITC. Each of these methods has its own specific set of advantages,
disadvantages, and appropriate areas of application. In the preceding sections on
each of these topics, we have sought to clearly identify these issues in order to
provide direction for readers who may be interesting in applying these methods in
their own studies to characterize peptide and protein interactions with material
surfaces.
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As a critical issue for any serious research project involving peptide/protein
adsorption behavior, careful attention must be applied to ensure that the adsorbent
surfaces are as clean and free from contamination as possible. Characterization
methods should then be applied to document the chemical and physical properties
of the adsorbent surface (e.g., chemical composition, surface energy, and surface
roughness). These steps are important not only to ensure the quality of subsequent
experimental results, but also so that others who wish to reproduce the results from
a given study are able to closely match the conditions of the prior experiments.

As presented in Sect. 3.4, SPR spectroscopy can be used to determine the free
energy of peptide adsorption to surfaces through the generation of adsorption
isotherms and the application of the Langmuir model. It is important for readers to
understand that the implementation of the Langmuir model is based on a set of

Fig. 3.20 ITC isotherms showing the interaction of metal ions Al3+, Cr3+, and Pb2+ (from left to
right) with b-chitin (top three) and activated carbon (bottom three). Reprinted with permission
from Karlsen et al. (2010) Elsevier
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specific conditions that must be present in order for the model to be used for the
accurate determination of adsorption free energy. These conditions are that (i) the
adsorption process must be fully reversible within the timeframe of the adsorption
study (i.e., equilibrated conditions reached) (ii) all adsorption sites on the surface
should be identical and bind only one solute molecule (i.e., homogeneous surface),
(iii) solute–solute interactions do not influence the adsorption process, and (iv) the
solute must adsorb as a monolayer without multilayer formation (Langmuir 1916;
Everett 1964; Lan et al. 2001). Unfortunately, adsorption systems that strongly
deviate from these conditions will often generate Langmuir-looking isotherms and
it is therefore up to the individual user to determine that conditions i–iv are met for
the adsorption process under consideration before the Langmuir model is applied.
The adsorption behavior of small peptides (i.e., less than about 12 amino acid
residues) onto a homogeneous material surface generally tends to follow these
conditions with the exception of the influence of solute–solute interactions on the
surface, which can substantially influence the amount of peptide that a surface will
adsorb at saturation. The methods that we present in Sect. 3.4 enable this problem
to be avoided through the use of a modified isotherm analysis approach that
enables the adsorption behavior to be extrapolated to zero surface coverage, under
which solute–solute interactions on the surface are minimized. The application of
this analysis technique can thus provide an approach for the determination of
standard-state adsorption free energy even for a system that exhibits solute–solute
interactions that tend to influence the shape of the adsorption isotherm as surface
saturation is approached.

One of the primary limitations of the SPR method is that the adsorbent surface
must be synthesized as a thin film (i.e., \100 nm) over a metallic substrate
(e.g., gold). Thus, materials that are not easily fabricated into such nano-thick
layers are not amenable for use with SPR. To address this limitation, we have

Table 3.9 Thermodynamic parameters for the interaction of Al3+, Cr3+, and Pb2+ with b-chitin
and activated carbon at 25 �C determined using ITC

Metal ion Ka (M-1) DG(kJ/mol) DH (kJ/mol) DS (J/Kmol) n (l mol/g)

b-Chitin
Al3* (4.0 ± 2.4) 9 106 -37.6 17.6 ± 3.6 184 18

(2.3 ± 0.5) 9 105 -30.5 75.3 ± 5.0 355 20
Cr3+ (6.0 ± 1.4) 9 106 -38.5 16.3 ± 2.9 184 28

(3.6±2.8) 9 105 -31.8 8.2 ± 2.1 134 31
Pb2+ (2,0 ± 1.4) 9 107 -41.8 -10.9 ± 1.5 105 7

(2.0 ± 0.7) 9 105 -30.1 2.1 ± 0.9 109 31
Activated carbon
Al3* (5.0 ± 0.9) 9 104 -26.8 38.5 ± 3.4 217 2
Cr3* (6.5 ± 1.5) 9 l04 -27.6 -24.3 ± 3.2 12 3
Pb2* (4/4 ± 1.2) 9 104 -26.3 -14.2 ± 22 42 2

Reprinted with permission from Karlsen et al. (2010) Elsevier
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developed a complementary AFM method that can be used in place of SPR. This
combined set of methods is based on our findings that the force required to desorb
simple unstructured peptides from a surface, as measured by a standardized AFM
method, can be directly correlated to adsorption free energy measured by SPR. The
critical aspect of this dual approach is the development of a correlation plot
between these two methods through the use of a large set of peptide–surface
systems that can be evaluated by both methods. Once this correlation plot is
generated, then the same AFM protocol can be applied to measure peptide
desorption forces for surfaces that are not amenable for use with SPR, with the
correlation plot then used to provide estimates of adsorption free energies.

When used as a combined set, the presented SPR and AFM methods provide
experimental methods that can be used to determine the change in standard-state
free energy for peptide adsorption on any macroscopically flat surface. These
methods, however, are not applicable to characterize the adsorption behavior of
peptides with small particles that are suspended in solution. As addressed in Sect.
3.5, ITC provides an excellent experimental method to characterize these types of
adsorption processes.

From the discussed case studies and other studies reported in the literature it is
clear that ITC is an invaluable tool for thermodynamic characterization of inter-
facial interactions with small particles. ITC has developed from its conventional
use to study equilibrium processes to a universal tool that can be used to inves-
tigate irreversible processes of binding/adsorption of artificial molecules and
biopolymers on surfaces or with each other (Chiad et al. 2009; Schmidtchen 2012).

Like any other technique, ITC has limitations and challenges that need to be
recognized. From the studies we have discussed we can already begin to under-
stand some of these challenges. The importance of sample preparation and char-
acterization especially of particles before carrying out ITC studies has been
underlined. In an experiment, the user seeks to achieve a measurable heat change
under optimum conditions to obtain a profile from which thermodynamic
parameters can accurately be obtained. As thermodynamic parameters are calcu-
lated from concentrations, integrated heat change should be plotted against the
molar ratio of interacting species for thermodynamic parameters to be determined.
For interactions of peptides with surfaces, we agree with the proposed method to
express the binding site for a ligand (i.e., protein) on a surface (i.e., inorganic
particles) as the effective concentration of sites on the surface available for
interaction so that data can be plotted as normalized integrated heat change in kcal/
mole of injectant against the molar ratio of reactants ([protein]/[inorganic surface
sites]) (Goobes R et al. 2007) even though this information may be difficult to
obtain in practice especially where multilayers of protein are adsorbed without a
clear distinction between the saturation of the protein-surface and protein–protein
adsorption event. The shapes of isothermal profiles from different interactions can
vary dramatically and modeling of ITC data can become challenging especially if
there are multiple binding sites involved and where there is no knowledge on
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whether the sites are dependent or independent. Prior knowledge about the binding
site of the interaction gives a clearer view as to which fitting model should be used.
However, in many cases when studying interactions of molecules with inorganic
particles, the exact binding site can be difficult to define (Ball and Maechline
2009). On detailed inspection of literature, one can begin to appreciate that there
are uncertainties in using mathematical models when it comes to appropriate
representation of an interaction being studied. In some studies, when unsure,
authors have decided to fit data using more than one binding model and in many
cases it is not clear why authors chose to use a particular model especially when
there is no strong relation to the interaction being studied. Meaningful represen-
tation of data should be pursued. An expert in the use of ITC has even said that
‘‘All models are wrong, but some are useful’’ (Freyer and Lewis 2008). Mathe-
matical expertise is valuable for developing additional useful models besides those
provided in commercial software. Nonetheless using the simplest models with the
fewest adjustable parameters are recommended (Schmidtchen 2012).

Data interpretation and deconvolution of individual events (i.e., van der Waals
interactions, electrostatic interactions, hydrogen bonding, and hydrophobic inter-
actions) occurring simultaneously and contributing to the global heat change is not
always straightforward and cannot be described at the atomic level. Improvements
in technology and methodology are needed especially where ITC experiments
have to be simplified compared to the actual events they need to be correlated to
(Cliff et al. 2004; Mahmoudi et al. 2011). For example in drug development it may
only be possible to study interactions of individual proteins with nanoparticles
using ITC to obtain information that can be assertively interpreted; however, in
biological fluids, we know that there are several proteins of different affinities in
coexistence and that cooperative effects must play an important role (Cliff et al.
2004; Mahmoudi et al. 2011). Complementary techniques are useful especially
where more than one interaction occurs simultaneously and where interactions
occur producing heat changes that are below the detection limit of the instrument
(Goobes R et al. 2007; Lindman et al. 2007). Great prospects lie in using infor-
mation obtained from ITC studies to advance design processes thereby creating
novel materials. With continued improvements in instrumentation and methodol-
ogy, the development of novel applications of ITC is far from being exhausted.
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Chapter 4
Interfacial Structure Determination

Peter A. Mirau

Abstract The understanding of biomolecule structure at the nanoparticle interface
is critical for the design of sensors containing nanoparticles and biological recog-
nition elements. While many inorganic binding peptides have been identified from
phage display and other experiments, the relationship between the peptide
sequence, structure, and functional properties at the interface have not been iden-
tified. The structure of biomolecules at the interface can be determined with the
tools (Circular Dichroism (CD), Fourier transform infra-red (FTIR), and nuclear
magnetic resonance (NMR)) traditionally used for protein structure determination.

4.1 Introduction

Nanomaterials are of great interest for their unique, size-dependent electrical,
magnetic, and mechanical properties that can be exploited as the active component
in sensors and other devices. One of the most fundamental challenges limiting the
use of nanomaterials in devices is creating active surfaces that respond to external
stimuli, such as the binding of a target molecule. Peptides and proteins have great
potential to for surface modification because they are well known to recognize
chemicals and other biomolecules with great specificity and sensitivity. The grand
challenge in peptide interfaces is to understand the relationship between the peptide
primary sequence and its ability to bind and function at the nanostructured surface.
This goal can be realized in part by solving the structure of peptides at the interface.
The methods for peptide structure determination, including Fourier transform infra-
red (FTIR), Circular Dichroism (CD) and nuclear magnetic resonance (NMR)
spectroscopy, have the potential to greatly improve our understanding of structure-
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function relationships by providing structural information about the bound
peptides. This field is currently in its infancy, but I believe it will grow to become a
critical part of our ability to design the next generation of biomolecules at the
nanomaterials interface.

It is well known in biology that proteins recognize and react with small
molecules, other proteins and nucleic acids. The discovery of peptide sequences
that interact with inorganic materials was initially recognized in organisms that
synthesize proteins to interact with inorganic surfaces, including gold (Brown
1997) and silica (Kroger et al. 1999). More recently combinatorial phage-display
methods have been used to identify peptide sequences that bind metals (Naik et al.
2002b), metal-oxides (Sano and Shiba 2003), semiconductors (Whaley et al.
2000), carbon-based nanomaterials (Wang et al. 2003), and synthetic polymers
(Adey et al. 1995).

One means to understand structure-function relationships at the biotic-abiotic
interface is to determine the structure of the bound biomolecules. FTIR, CD, and
NMR have been extensively used for structure determination in proteins, and we
can use these studies to develop tools for structure determination at the interface. It
has long been recognized that elements of secondary structure in proteins (a-helix,
b-sheet, 310-helix, and b-turns, etc.) have specific signatures in the FTIR (Surewicz
et al. 1993), CD (Greenfield 2006) and NMR spectra (Wuthrich 1986). NMR has
the potential to provide more precise structural detail because the chemical shifts
and relaxation rates depend on the three dimensional structure and the distances
between pairs of NMR-active nuclei (Cavalli et al. 2007; Wuthrich 1986).

4.2 Optical Characterization at the Nanomaterials
Interface

Optical spectroscopy, including CD and FTIR spectroscopy, can provide important
structural information about proteins and peptides at the inorganic interface. The
optical signals often overlap but can provide information about the average
structure of the entire biomolecule, rather than the conformation of individual
residues. Both the CD and FTIR spectra can be used to identify and quantitate
elements of secondary structure in peptides and proteins.

4.2.1 FTIR of the Nanomaterials Interface

The vibrational spectra of peptides and proteins are sensitive to local structure and
can be used to study the structure of bound peptides. Like other optical methods,
the signal has contributions from all residues, and cannot be used to determine the
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structure of individual amino acids. FTIR is particularly useful for identifying
elements of secondary structure in peptides and proteins because the signals from
the carbonyls can be usually resolved.

Amino acids give rise to a number of peaks in the vibrational spectra, but the
most useful band for structure determination is the so-called amide-I band, which
is assigned primarily to stretching vibrations of the carbonyl group and appears in
the range of 1640–1680 cm-1. Hydrogen bonding is an important force stabilizing
protein structure, and the hydrogen bonding strength and geometry can affect the
intensity, frequency, and width of the amide-I band (Jackson and Mantsch 1995;
Surewicz et al. 1993). Table 4.1 lists the FTIR frequencies for the amide-I band in
secondary structures. The exact peak position varies with the length of the feature,
solvent exposure and distance from the surface in nanoparticles (NPs). Note that b-
sheets can be identified by two peaks in the amide-I region. Unfortunately the
differences in frequency for the amide-I bands are typically less than the line
widths, so the peaks overlap in most peptides and proteins. Secondary structural
elements are often quantitated using curve fitting routines that are common on
FTIR spectrometers. The amide-A band near 3300 cm-1 from NH vibrations is
also sensitive to the secondary structure.

The effect of covalent binding on the conformation of peptides has been studied
for leucine-rich peptides (Ac-KTAL10NPC-NH2) linked by cystine residues to 5,
10 and 20 nm sized Au NPs (Mandal and Kraatz 2007). Figure 4.1 shows the
amide-I and amide A bands for the peptide free and bound to 5, 10, and 20 nm Au
NP and a flat Au surface. The pink bars show the frequencies for the two b-sheet
peaks while the blue bars show the frequencies for the a-helix. Two bars are shown
from the a-helix in the amide-I region because the frequency for the a-helix
(1659 cm-1) is shifted by 15 cm-1 on the Au surface due to the so-called optical
effect (Miura et al. 1999) arising from the orientation of the carbonyl dipole
relative to the Au surface. The free peptide shows a peak at 1659 cm-1 that is
consistent with an a-helix formation. The peptides predominantly show a b-sheet
structure when bound to the 5 nm Au NPs and a mixture of a-helix and b-sheet
when bound to the 10 nm NP, while the spectra for the 20 nm particle and the flat
Au surface are consistent with the a-helical conformation. These data demonstrate
that FTIR can be effectively used to study peptide conformation at the surface, and
that NP curvature and surface crowding can influence peptide conformation. NP
size (and curvature) also affects the conformation of b-sheet forming peptides on
Au NPs (Shaw et al. 2012). These studies also show that the NP properties can
influence the amide-I frequencies as they do in flat Au surfaces.

Table 4.1 The amide-I
absorption bands for elements
of secondary structure in
peptides and proteins

Structure Absorption (cm-1)

a-helix 1656
310helix 1660
b-sheet 1633/1648
b-turn 1672
Disordered 1647–1654
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FTIR has also been used to probe the conformation of graphene-binding pep-
tides both in solution and at the graphene surface (Katoch et al. 2012), and Fig. 4.2
compares the FTIR spectra of the peptide in solution with the peptide adsorbed on
the graphene surface. The solution spectra are obtained in D2O to eliminate
overlap of the amide-I band with the water signal, and is fit to two peaks at 1673
and 1648 cm-1 that are assigned to trifluoroacetate ions and the peptide carbonyl.
The peak at 1648 cm-1 is consistent with some a-helical content and is similar to
the peak observed in solid powders. Since disordered peptides show an amide I
band near 1640 cm-1, the peak at 1670 cm-1 on the graphene surface is indicative
of structure formation, although the structure cannot be definitively identified from
the FTIR spectra.

Fig. 4.1 The FTIR spectra of the Leu10 peptide a free and bound to b 5 nm c 10 nm d 20 nm Au
NP and e flat Au surfaces. Reproduced from Mandal and Kraatz 2007
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4.2.2 Circular Dichroism of the Nanomaterials Interface

Circular dichroism (CD) spectroscopy measures the relative absorption of right-
handed versus left-handed circularly polarized light by peptides and proteins. CD
is useful for structure determination because elements of secondary structure can
be identified by the sign and frequency of the signal. The absorption occurs in the
Far-UV region (190–230 nm) for the amide bonds and in the Near-UV region
(250–350 nm) for the aromatic residues (Phe: 250–270 nm; Try: 270–290 nm; and
Trp: 280–300 nm). The ratio of absorption by right-handed versus left-handed
light is typically very small (10-4 to 10-6), but is well within the range that can be
measured experimentally.

The use of CD spectroscopy for measuring protein structure can be illustrated
by comparing the spectra expected for structural elements with the spectra from
proteins as shown in Fig. 4.3 (Greenfield 2006). The a-helix can be identified by a
double negative band with minima at 208 and 222 nm and a maximum at 208,
while a random coil shows only a strong negative peak near 197 nm. The poly-
proline II (PPII) conformation (not shown) shows a maximum at 222 nm and a
minimum at 205 nm. Proteins typically contain several types of structures and the
relative percentages are obtained by fitting the spectra (Surewicz et al. 1993),
Fig. 4.3b shows that proteins with a large fraction of 7! -helix, such as Myoglobin,
can be easily identified from the CD spectra.

The CD spectra can be used to identify the structure of bound peptides at the abiotic
interface as well as the structure of peptides in the absence of target to determine
whether the peptide has a preferred conformation in solution that facilitates surface
recognition. Figure 4.4 shows the CD spectra for a series of Au binding peptides
identified by phase display (Hnilova et al. 2008). To study the sequence-structure
relationship the authors compared the structure and binding of linear and constrained
(cyclic) versions of a series of peptides (c-AuBP1: CGPWAGAKRLVLRREGPC;
l-AuBP1: WAGAKRLVLRRE; c-AuBP2: CGPWALRRSIRRQSYGPC and

Fig. 4.2 The FTIR spectra of the graphene binding peptide in a D2O solution and b adsorbed on
the graphene surface. The background spectrum for the graphene surface is shown in black in (b).
Reproduced from Katoch et al. 2012
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l-AuBP2: WALRRSIRRQSY) related to those discovered by phage display. The CD
spectra differ significantly from the random coil conformation, particularly the l-
AuBP2, which shows a maximum at 222 nm. The authors conclude from a decon-
volution analysis that the peptides are mixture of random coil and PPII conformations.
The constraint of forming a cyclic peptide apparently does not allow the c-AuBP2 to
adopt the PPII conformation. The PPII conformation has also been identified in the
CD spectra for strong quartz-binding peptides (S1: PPPWLPYMPPWS; S2:
LPDWWPPPQLYH) but a random coil conformation was identified from the CD
spectra of a weakly binding peptide (W1: EVRKEVVAVARN) (Oren et al. 2010).

CD spectroscopy has been used to measure the conformation of the Pd4 peptide
(Pd4: TSNAVHPTLRHL) bound to the surface of 2 nm sized Pd NP (Coppage
et al. 2012). Figure 4.5 shows that the CD spectra of both the free and bound
peptide are similar to those expected for a random coil conformation, although the
magnitude of the peak at 200 nm is reduced for peptides prepared with a high ratio
of Peptide:Pd2+. Fitting the spectra to identify elements of secondary structure
shows that the bound peptide is predominantly disordered (45 %) with a low
content of helical structures (6 %).

CD spectroscopy has also been used to compare the binding of noncovalent
(Flg-A3: DYKDDDDKPAYSSGAPPMPPF) and covalently attached (E5:
CGGEVSALEKEVSALEKEVSALEKEVSALEKE VSALEK) helix-forming
peptide to Au NPs (Slocik et al. 2011). These two peptides were chosen because
FlgA3 is expected to lie flat on the Au surface while E5 is an end-linked structure
expected to extend away from the Au surface. Figure 4.6 shows the CD spectra for
E5 free and bound to 10 nm Au NPs. The spectrum for free E5 shows negative
peaks at 208 and 222 nm, indicating the formation of an a-helical structure. These

Fig. 4.3 The CD spectra for a well-defined secondary structural elements in polypeptides and
b proteins containing a mixture of secondary structural elements. Reproduced from Greenfield
2006
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peaks are reduced in the Au-bound peptide and a new peak appears at 520 nm. The
as-prepared 10 nm Au NPs show a plasmonic absorption at 520 nm, but no peaks
in the CD spectra. The plasmonic band that appears in the CD spectrum for the
E5-Au NP must therefore arise from coupling of the plasmonic band to the peptide

Fig. 4.4 The CD spectra for
Au-binding peptides in
solution. Reproduced from
(Hnilova et al. 2008)

Fig. 4.5 The CD spectra of
free and bound Pd4 with Pd
NPs prepared at different
ratios of peptide:Pd2+.
Reproduced from (Coppage
et al. 2012)

Fig. 4.6 The CD spectra of
free and bound E5 and Au
NPs. The inset plot shows an
expansion of the plasmonic
band. Reproduced from
(Slocik et al. 2011)
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diploles. The Flg-A3 peptide shows a random coil-like CD spectrum free in
solution with a large negative peak near 200 nm. In comparison, the FlgA3-Au NP
shows a smaller peak near 200 nm that is slightly shifted relative to the free
peptide and a plasmonic peak near 520 nm. These experiments show that both
covalent and noncovalent interactions of peptides with the Au NPs leads to optical
coupling between the peptide and the inorganic NP. The plasmonic band also
shifts in response to the addition of metal ions (Ag+ and Pd4+) that interact with
the Flg (DYKDDDDK) sequence bound to the NP through the A3 (AYS-
SGAPPMPPF) Au binding sequence.

4.3 NMR Structure Determination at the Nanomaterials
Interface

NMR is a powerful tool for structure determination because the NMR spectra and
couplings can be directly related to the three dimensional structure. The param-
eters of most interest are the chemical shifts, the J coupling constants, relaxation
rates, and peak intensities measured by multidimensional NMR. This information
can be converted into a distance and angle constraints and input into a structure
determination program to identify structures that are compatible with the experi-
mental data (Schwietters et al. 2006).

The 1H, 13C and 15N chemical shifts are sensitive to the primary sequence, as
well as secondary and tertiary structure. The NH, Ha, Hb, CO, Ca, Cb, and amide
nitrogen chemical shifts can be measured and compared with the random coil
values (Wishart et al. 1995) to identify structured sections in peptides and proteins
(Wishart and Sykes 1994). These can be further refined to identify elements of
secondary structure (Wishart and Sykes 1994) and even the global conformations
of proteins (Cavalli et al. 2007). Since the signals for peptides and proteins
overlap, they are typically measured in 2D and 3D NMR experiments correlating
chemical shifts from different nuclei (Cavanagh et al. 2007; Croasmun and Carlson
1994).

The through-bond scalar (J) coupling constants are important for structure
determination because they can be directly related to the protein dihedral angles.
The 3-bond coupling between the amide NH proton and the Ha protons (3JHNHa) is
correlated with the dihedral angle / between the amide and Ca carbon the cou-
pling between Ha and Hb (3JHaHb) is related to the torsion angle v1 between the Ca
and Cb carbons (Cavanagh et al. 2007; Wuthrich 1986). These coupling constants
are measured and converted to dihedral angle constraints for protein structure
determination. The J coupling constants are also important for determining the
residual dipolar couplings resulting from partial orientation of protein samples in
low concentrations of liquid crystalline formers added to the NMR sample
(Tjandra et al. 2000).
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The most useful information for structure determination is contained in the
dipolar couplings that are related to the distances between atoms. In solutions, we
typically measure the nuclear Overhauser effects (NOEs) which depend on the
inverse sixth power of the separation between NMR-active nuclei. The general
strategy is to measure a large number of distances and find the family of structures
consistent with the distance information. If the structures are very similar to each
other, then the structure is considered well defined.

Solid-state NMR (ssNMR) most frequently uses 13C and 15N experiments to
study peptide and protein structure. The ssNMR spectra can be obtained with
unlabeled samples, but large amounts of sample (0.1 g) and long signal averaging
times are required because of the low natural abundances of the 13C (1.08 %) and
15N (0.37 %) NMR-active isotopes. The proton lines in solids are broad because of
strong (50 kHz) dipolar couplings, but recent advances in very fast (65 kHz)
magic-angle spinning probes have made it feasible to use 1H NMR as a probe of
protein structure in solids (Mafra et al. 2009).

The structural information from solid-state NMR (ssNMR) comes primarily
from the chemical shifts and dipolar couplings that arise from the interactions
between two or more NMR-active nuclei. Since the probability of having two 13C
or 15N nuclei in close proximity is low because of the low natural abundances,
isotopic labeling is required for most structural studies. Isotopic labeling greatly
increases the sensitivity and enables a wide variety of two- and three dimensional
NMR experiments for measuring dipolar couplings and determining the structure.
(Andronesi et al. 2006; Renault et al. 2010).

Spectral resolution is a key factor in determining the NMR methods suitable for
the structure determination of peptides and proteins at the nanomaterials interface.
Solution methods are easiest to use, but may not be applicable to all situations.
One challenge for solution NMR is that the line widths depend on the rotational
correlation time sc for a molecule or nanoparticle complex which is given by

sc ¼
4pgr3

3kT

where g is the viscosity, k is Boltzmann’s constant, T is the temperature and r is the
hydrodynamic radius. Note that sc depends on the third power of the hydrody-
namic radius, so larger particles have large line widths and poor resolution. It has
been observed many times that the lines for proteins are much broader than for
small molecules, but still within the range of solution NMR methods. Hen egg
white lysozoyme, for example, has a molecular weight of 14,307 g/mol and a
hydrodynamics radius of 1.9 nm (Parmar and Muschol 2009), resulting in line
widths on the order of 5–10 Hz. While lysozyme gives a well-resolved NMR
spectrum, the line widths for a peptide bound to a 20 nm NP may be too large to
observe by high-resolution solution NMR.

The spectral appearance (chemical shifts and line widths) of a peptide in the
presence of NPs depends both on the size of the NP and the ligand binding
kinetics. Figure 4.7 shows the schematic NMR spectra for a proton on a peptide
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binding to a nanoparticle in the slow, intermediate and fast exchange limits. The
peak positions and line widths depend on the difference in chemical shift between
the free and bound state (D), the exchange rate (kex), the free and bound line widths
and the populations of free and bound peptide (Cavanagh et al. 2007). The
exchange limits are defined by the relative ratio of the chemical shift separation to
the exchange rate. The slow exchange limit is defined by a rate of exchange much
less than the chemical shift separation (kex � D). In this case separate peaks are
observed for the free and bound peptide, the line widths are much larger for the
bound peptide and the peak intensities are proportional to the populations of free
and bound peptide. The lines are greatly broadened in the intermediate exchange
limit (kex & D) and are typically difficult to observe by high-resolution NMR.
Sharp lines are observed in the fast exchange limit (kex � D) and the peak position
is intermediate between the free and the bound chemical shift. The fast exchange
limit is ideal for determining the structure of bound peptides because sharp lines
are observed but the relaxation rates measured by 2D NMR are influenced by the
conformation of the bound peptide.

4.3.1 Solid State NMR

In the last several years solid-state NMR (ssNMR) has emerged as an important
tool for NMR structure determination in peptides and proteins (Andronesi et al.
2006; Tycko 2001) and has great potential for the study of biomolecules at
inorganic surfaces. The lines are broader in solids but they can be narrowed with a
combination of magic-angle sample spinning and proton decoupling (Schmidt-
Rohr and Speiss 1994). The line widths in solids no longer depend on the

Fig. 4.7 A diagram showing
the NMR spectra for bound
and free signals in the a slow
b intermediate and c fast
exchange limit
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hydrodynamic radius, so ssNMR can be used to study the structure of peptides and
proteins bound to larger nanomaterials that would likely have broad lines in the
solution NMR spectra. One disadvantage of SSNMR is that isotopic labeling is
typically required. It is possible to uniformly label biomolecules with 15N and 13C,
but in many cases it is advantageous to site specifically label particular amino
acids.

Among the earliest studies of biomaterials by ssNMR were the studies of
polypeptides bound to silica and hydroxyapaptite surfaces (Fernandez et al. 1992).
These studies are possible without isotopic labeling because the signals arise from
a single type of amino acid, and the chemical shifts for the Ca and CO are
particularly sensitive to the secondary structure. This is illustrated in Table 4.2
which compares the carbon chemical shifts for poly-L-lysine in the a-helix, b-
sheet, and random coil conformations (Mirau et al. 2008). While the resolution in
SSNMR is not as high as for solutions, it is frequently possible to obtain line
widths than 1 ppm. Table 4.2 shows that the change in chemical shift between the
a-helix and b-sheet conformation is 4.6 ppm for the CO and 5.1 ppm for the Ca
carbons, and that both conformations can be distinguished from the random coil.
The differences in chemical shifts for the side chain carbons are not large enough
to distinguish between elements of secondary structure.

Polyamino acids, including poly-L-lysine, and poly-L-glutamic acid, are well
known to adopt a variety of conformations in solutions and solids that depend on
the polymer chain length, ionic strength, pH, and relative humidity (Greenfield and
Fasman 1969; Swanson and Bryand 1991). High molecular weight poly-L-lysine
and poly-L-glutamic acid can adopt a-helical conformations in the solid state, and
these conformations have been confirmed from an analysis of the carbon chemical
shifts (Fernandez et al. 1992). When these ionic polypeptides in solution are mixed
with aqueous suspensions of silica or hydroxyapatite (HAP) they adsorb to the
surface and can be separated from free polymer in solution by centrifugation.
ssNMR studies show that while poly-L-lysine and poly-L-glutamic acid adopt an
a-helical conformation in the bulk solid, the polymers adopt a more extended
conformation at the surface of silica and HAP (Fernandez et al. 1992).

The peptides identified as inorganic binders by phage display and other
methods are frequently able to template the formation of inorganic nanoparticles
(Dickerson et al. 2008), including silica (Kroger et al. 1999; Naik et al. 2002a),
titania (Sano et al. 2005), gold (Slocik et al. 2005), and silver (Naik et al. 2002b).
For silica and titania the templating peptides are incorporated into the growing
nanostructures and are amenable to study by ssNMR.

Table 4.2 The carbon chemical shifts for poly-L-lysine in the a-helical, b-sheet, and random
coil conformations

Conformation CO (ppm) Ca (ppm)

Random Coil 174.7 54.4
a-helix 176.1 57.4
b-sheet 171.5 52.3
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The conformation of peptides and proteins encapsulated in metal-oxide NPs can
be determined from the carbon chemical shifts measured by ssNMR. Figure 4.8
compares the solid state carbon spectra for silica-encapsulated poly-L-lysine
templated from the a-helical, b-sheet, and random coil solution conformations
(Mirau et al. 2008). The CO and Ca chemical shifts for bulk poly-L-lysine are
consistent with a random coil conformation. The close agreement between the
expected and observed chemical shifts for the a-helical and b-sheet-templated
nanostructures show that the solution conformation of poly-L-lysine is retained
upon encapsulation. A closer inspection of the CO peak for random coil-templated
silica shows a mixture of random coil and a-helix encapsulated in silica, dem-
onstrating that the conformation of poly-L-lysine is changing during encapsula-
tion. An additional advantage of ssNMR is that the relaxation times and proton line
widths can be used to measure the molecular dynamics of the encapsulated pep-
tide. The results show that the peptide backbone for the a-helical poly-L-lysine is
restricted relative to bulk poly-L-lysine, but the peptide side chain atoms are more
dynamic.

Fig. 4.8 The 125 MHz
carbon NMR spectra of poly-
L-lysine in the bulk (PLL122)
and in a-helical-templated
silica (AHTS), b-sheet-
templated silica (BSTS) and
random-coil-templated silica.
Spectra were obtained with
cross polarization and magic-
angle sample spinning.
Reproduced from Mirau et al.
2008
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In addition to naturally occurring (Kroger et al. 1999) and genetically engi-
neered peptides (Naik et al. 2002a), it has been reported that some enzymes are
able to template silica and titania nanostructures (Luckarift et al. 2004). These
nanostructured materials are porous, contain up to 20 wt % enzyme and show
90 % of the enzyme activity observed for the enzymes in solution. Figure 4.9
compares the carbon NMR spectra of crystalline lysozyme with the silica
encapsulated enzyme. Lysozyme contains 128 amino acids so there is extensive
overlap for the CO, Ca carbons, and side chain carbons. However, because protein
folding leads to large changes in chemical shifts (Cavalli et al. 2007), it is possible
to identify the folded enzyme from the carbon spectra. The nearly identical spectra
for the crystalline and silica-encapsulated enzymes show that the structure of
lysozyme is retained in the silica-encapsulated nanostructure.

While it is possible to study the structure of some absorbed and encapsulated
peptides and proteins by ssNMR, much more details can be obtained from
experiments where the biomolecules are site-specifically or uniformly labeled with
13C and/or 15N. The power of site-specific labeling for NMR structure determi-
nation is illustrated in the results reported for the statherin, a 43 amino acid peptide
(DpSpSEEKFLRRIGRFGYGYGPYQPVPEQPLYPQPYQPQYQQYTF) that
controls crystallite size in dental materials by binding to the surface of the growing
HAP crystals. CD and solution NMR studies show that statherin is disordered in
solution, but shows a combination of a-helix and polyproline II structures in 50 %
trifluoroethanol/water mixtures (Elgavish et al. 1984; Naganagowda et al. 1998).

Dipolar couplings are important constraints for NMR structure determination
because they are inversely related to the third power of the internuclear distances. The
dipolar couplings are difficult to measure in peptides at natural abundance because the
probability of having two 13C atoms or a 13C and 15N in close proximity is very low
because of the low natural abundance (P(13C–13C) = 0.0108*0.0108 = 1.1 x 10-4;
P(13C–15N) = 0.0108*0.0037 = 3.9 x 10-5). The structures can be determined by
incorporating 15N or 13C isotopes at specific sites. In an a-helix, for example, the
distance between a carbonyl carbon at position i and a nitrogen atom at position i + 4

Fig. 4.9 The 125 MHz
solid-state carbon NMR
spectra of (black) crystalline
lysozyme and (blue) silica-
encapsulated lysozyme
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is 4.2 Å, while the distances in the 310-helix and b-sheet are 5.2 Å and 10.6 Å (Long
et al. 2001). In a similar way, the distances between labeled carbonyl carbons at
positions i and i + 1 are related to the torsion angle/which depends on the secondary
structure. These measured distances and angles are important constraints for NMR
structure determination.

The NMR spectra of isotopically labeled peptides provide information about
the structure from the chemical shifts, but the dipolar couplings cannot be mea-
sured directly from the spectra. ssNMR spectra are typically acquired using cross
polarization to enhance sensitivity and magic-angle sample spinning to average the
chemical shift anisotropy and reduce the line width (Schmidt-Rohr and Speiss
1994). In addition to averaging out the chemical shift anisotropy, magic-angle
spinning also averages the dipolar couplings, which are typically on the order of
tens to hundreds of Hertz in peptides. The dipolar couplings can be observed in
experiments where pulses are applied synchronously with sample spinning to
reintroduce (recouple) the couplings averaged by sample spinning.

Rotational-Echo Double Resonance (REDOR) is one method used to measure
intramolecular and peptide surface distances for NMR structure determination
(Gullion and Schaefer 1989). The REDOR pulse sequence shown in Fig. 4.10 is
used to measure the distances between carbon and nitrogen atoms. The 180o 15N
pulse applied in the middle of the rotor cycle reintroduces the 13C–15N dipolar
coupling averaged by magic-angle sample spinning while the 180o 13C pulses
refocus the carbon magnetization after the second rotor cycle. The experiment is
performed by taking the ratio of signal intensity as a function of rotor cycle with
and without the 15N pulses. The signal intensity is fitted using a program to
simulate the spin dynamics as a function of the dipolar coupling (Bak et al. 2000).

Figure 4.11 shows the REDOR dephasing curve for statherin with a 13C label
on the carbonyl carbon of S3 and an 15N label on the amide nitrogen of F7 for
hydrated and lyophilized statherin on the surface of HAP (Long et al. 2001). The
best fit for the 13C–15N distance in the hydrated sample is 4.2 Å, a distance
consistent with the a-helical conformation. The average distance for the lyophi-
lized sample is 5.2 Å, which can be simulated with a combination a-helix and

Fig. 4.10 The REDOR pulse
sequence. Pulses on the 15N
channel are applied in the
middle of the rotor period
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b-sheet. In a similar way 31P-13C REDOR can be used to measure distances
between sites on the peptide and the phosphorus atoms in HAP (Ndao et al. 2009,
2010).

Double-quantum NMR is another important probe of peptides bound to
nanomaterials. Double-quantum coherences are a property of coupled spin systems
and can only be observed in isotopically labeled samples. As with REDOR, the
goal of this experiment is to measure the dipolar coupling and infer the internu-
clear distance. This can be accomplished with pulse sequences such as Dipolar
Recoupling with a Windowless Sequence (DRAWS) by again applying pulses with
defined amplitudes and phases at specific points in the rotor cycle (Drobny et al.
2003). This experiment provides an important structural information because the
distance between neighboring 13C-labeled carbonyl carbons in depends on the
dihedral angle (/) between amide nitrogen and the Ca carbon which varies with
secondary structure.

The strategy for NMR structure refinement is to make a large number of dis-
tance and angle measurements and calculate the family of structures consistent
with the input constraints. Table 4.3 lists the distances and angles measured
between isotopically labeled sites in the peptide and the HAP surface that are used
to determine the structure. The distances and angle are used as input for the
RosetaSurface structure determination program (Masica et al. 2010).

Figure 4.12 shows the structure of statherin and the N-terminal helix bound to the
HAP surface (Masica et al. 2010). As shown in Table 4.3, a number of short (4–5 Å)
i to i+4 distances are measured at the N-terminal and C-terminal regions of statherin
bound to HAP. These are consistent with a-helix formation between residues 3–14
and residues 31–39. The structure in Fig. 4.12a show an overlay of several structure
calculated from the distance and angle constraints. The structures show an N-ter-
minal and C-terminal a-helix separated by a disordered region. The structure of
statherin on the HAP surface in Fig. 4.12b is calculated from the 31P–13C REDOR
experiments showing multiple contacts between HAP and the statherin side chains
in the N-terminal a-helix.

Fig. 4.11 The REDOR
dephasing curve for S3(13C)–
F7(15N) labeled statherin. The
open symbols are for the
hydrated sample and the
closed symbols for the dried
sample. Reproduce from
Long et al. 2001
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Table 4.3 ssNMR distance and angle measurements for statherin on the surface of
hydroxyapaptite

Measurement Label Distance (Å) or
Angle (o)

Reference

pS3 u 13C02–13C03 -60� ± 10 Long et al. 2001
pS3-F7

13C0–15N 4.3 ± 0.2 Å Long et al. 2001
K6-HAP 15Nf–13C 5.6 ± 0.5 Å Gibson et al. 2005
F7-HAP 13C6–31P 6.9 ± 1.0 Å Gibson et al. 2005
L8 u 13C08–13C09 -60� ± 9 Long et al. 2001
L8-G12

13C0–15N 4.8 ± 0.4 Å Long et al. 2001
G12 u 13C012-13C013 -73� ± 3.6 Long et al. 2001
P23-P33

13C0b–13C0 8.8 ± 0.8 Å or
10.5 ± 1.0 Å

Goobes et al. 2006

P23-Y34
13C0b–13C0 8.8 ± 0.8 Å or

10.5 ± 1.0 Å
Goobes et al. 2006

P33-Y34
13C0–13C0 3.12 ± 0.13 Å Goobes et al. 2006

P33-Y38
13C0–15N 5.3 ± 0.5 Å Goobes et al. 2006

Y34 u 13C033–13C034 -75o ± 15 Goobes et al. 2006
Y34 w 13C033–13C034 -40o ± 10 Goobes et al. 2006
Y34-Y38

13C0–15N 4.0 ± 0.5 Å Goobes et al. 2006
E4-HAP 13Cd–31P [7.28 Ndao et al. 2010
E5-HAP 13Cd–31P 4.2 ± 0.3 Å Ndao et al. 2010
R9-HAP 13Cf–31P 4.5 ± 0.3 Å Ndao et al. 2010
R10-HAP 13Cf–31P 4.4 ± 0.2 Å Ndao et al. 2010
R13-HAP 13Cf–31P [7.28 Ndao et al. 2010
F14-HAP 13C6–31P [7.28 Masica et al. 2010
E26-HAP 13Cd–31P [7.28 Ndao et al. 2010
P28-HAP 13C0–31P [7.28 Masica et al. 2010

Fig. 4.12 The a ssNMR structure of statherin and b the N-terminal helix of statherin adsorbed on
the HAP surface. Reproduced from Masica et al. 2010
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Similar ssNMR methods have been used to study the conformation of self-
assembled monolayers of amyloid-derived peptides bound to 5, 10, and 25 nm Au
NPs (Shaw et al. 2012). In the absence of Au NP the peptide (CFGAILSS) forms
fibrils that are implicated in disease states, including Alzheimer’s disease. The
conformation of thiol-linked peptides at the Au NP surface was determined using
the combination of carbon chemical shifts and 13C–13C dipolar couplings. The
peptides form antiparallel b-sheets in fibers, but adopt a parallel b-sheet confor-
mation on the Au NP surface where the orientation is restrained by end linking of
the peptide to the Au NP surface. Intra- and intermolecular distances were dis-
tinguished by coating the Au NP with a 1:1 mixture of carbonyl-labeled ([13C0-
A]CFGAILSS) and Ca-labeled ([13Ca-A]CFGAILSS) peptides. The higher frac-
tion of b-sheet formation in the 25 nm NP compared to the 5 and 10 nm particles
was linked to increased curvature and less crowding on the larger NP surface
(Shaw et al. 2012).

These examples show that ssNMR has emerged as an important tool for NMR
structure determination at the inorganic interface. To date much of the information
has been obtained using site-labeled peptides to extract the dipolar couplings and
internuclear distances. Site-specific labeling not only simplifies the spectra, but
also simplifies interpretation of the dipolar couplings, which can be affected by
multispin effects. With the recent developments using proteins uniformly labeled
with 13C and 15N (Andronesi et al. 2006; Baldus 2006; Cavalli et al. 2007), we
anticipate that these new methods can be used to provide a high-resolution picture
of the binding of peptides and proteins at the inorganic interface.

4.3.2 Solution NMR

In favorable cases, high resolution solution NMR can be used in place of ssNMR
to determine the structure of peptides at inorganic surfaces. Solution NMR has a
number of advantages, including a simpler experimental setup, since magic-angle
sample spinning and high power proton decoupling is not required. In addition,
many experiments are possible without isotopic labeling and the peptides identi-
fied as binders by phage display (12mers or 7mers) are small enough to be fully
characterized on the relatively low field spectrometers (400 MHz) that are com-
monly available.

Progress on the solution structure determination of bound peptides has been
slowed by the thought that nanomaterials much larger than proteins and will not
give high-resolution NMR spectra. As noted above, the line widths depend on the
rotational correlation time that scales with the third power of the particle radius. It
was expected that peptides bound to particles with a radius of 10–20 nm would
have lines too broad to study by high resolution NMR. More recent studies have
shown solution NMR can be used for structure determination at the interface if the
spectral parameters and exchange rates are favorable (Calzolai et al. 2010; Mirau
et al. 2011).
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The peptide TBP1 (RKLPDAHPMGPW) has been identified by phage display
as a binder of SiO2, TiO2 and Ag, and alanine substitution experiments have shown
that the first six amino acids (RKLPDA) are most important for surface recognition
(Sano and Shiba 2003; Sano et al. 2005). Figure 4.13 shows the 400 MHz proton
NMR spectra of the hexamer free and in the presence of increasing amounts of
14 nm SiO2 NPs (Mirau et al. 2011). RLKPDA is a low molecular weight peptide
that gives sharp lines in solution. The lines broaden and shift in the presence of
1.1 mg/mL SiO2, but a relatively high resolution spectrum can still be observed.
This behavior is typical of that expected for peptides in the fast exchange limit.
Broader lines are observed at 13 mg/mL SiO2 NP because the peptide is all bound
to the NP and slowly tumbling in solution. The slightly broadened and shifted lines
observed at 1 mg/mL are optimal for structure determination of the bound peptide
because sharp lines are detected but the cross relaxation rates measured by 2D
NMR are dominated by the bound conformation.

As with solids, the structure of peptides at inorganic surfaces can be determined
from the dipolar couplings. The dipolar couplings are most easily visualized by two
dimensional NMR, since the cross peaks in 2D Nuclear Overhauser Effect Spec-
troscopY (NOESY) spectra are related to the internuclear distances and the
molecular dynamics (Cavanagh et al. 2007; Wuthrich 1986). In the simplest case the
cross relaxation rate rij resulting in observable off-diagonal (cross) peaks is given by

rij ¼
�h2c4

10r6
ij

6sc

1þ ð2xscÞ2
� sc

( )

where c is the proton gyromagnetic ratio, rij is the internuclear distance, x is the
NMR frequency and sc is the rotational correlation time. The features to note are
that the cross relaxation rates depend on the inverse sixth power of the internuclear

Fig. 4.13 The 400 MHz
proton NMR spectra of
RKLPDA in absence and
presence of 14 nm SiO2 NP at
concentrations of 1.1 and
13 mg/mL. Reproduced from
Mirau et al. 2011
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distance and the relaxation rate arises from a difference in terms that result in a
change in sign for the cross peaks relative to the diagonal peaks as the correlation
time changes from the fast motion regime (small molecule limit) (sc � 0.3 ns) to
the slow motion regime (macromolecular limit) (sc � 0.3 ns) at 400 MHz. Fig-
ure 4.14 shows a plot of the NOE as a function of correlation time and illustrates
how we can use the NOESY to probe the structure of the bound peptide. In the
small molecule limit (free peptide) the cross relaxation rate is positive and the
cross peaks are opposite in sign to the diagonal peaks. The peptide bound to the NP
surface is greatly restricted relative to the free peptide, and the dynamics are in the
macromolecular limit, giving rise to cross peaks with the same phase as those
along the diagonal. In the fast exchange limit we detect the sharp, averaged line
width, but the cross relaxation rates are much larger for the bound peptide com-
pared to the free peptide. Thus, the cross relaxation rates (and NOESY cross
peaks) are due predominantly to the bound conformation.

The effect of peptide binding on the 2D NOESY spectra is illustrated in
Fig. 4.15, which shows a portion of the NOESY spectra for RKLPDA in the
absence and presence of 25 nm TiO2 NPs (Mirau et al. 2011). The NOESY cross
peaks for the free peptide are opposite in sign from the diagonal (red cross peaks),
as expected for a peptide in the small molecule limit. In the presence of NPs the
cross peaks have the same sign as the diagonal, and must therefore result from
slowly tumbling peptide at the surface of the NP. This sample has good kinetics for
NMR structure determination since sharp lines are detected and the peak inten-
sities depend on the bound conformation.

Structure determination for peptides in fast exchange with inorganic interfaces
follows the same general procedure developed for protein structure determination.
The steps along the path of structure determination include sequence specific
resonance assignment and measuring the NOESY cross peaks as a function of
mixing time to estimate the internuclear distances that are used as input for a
structure determination program (Cavanagh et al. 2007; Wuthrich 1986).

Fig. 4.14 The nuclear
Overhauser effect plotted as a
function of the rotational
correlation time at an
observation frequency of
400 MHz
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The sequence specific peak assignments are established using a combination of
double-quantum filtered Correlation SpectroscopY (2Q COSY) and Total Corre-
lation SpectroscopY (TOCSY) to identify the amino acid type using through-bond
J coupling, and NOESY or Rotating-frame Overhauser Enhancement Spectros-
copY (ROESY) to establish the sequence-specific assignments using through-
space dipolar couplings (Cavanagh et al. 2007). For isotopically labeled peptides
the Heternuclear Multiple Quantum Coherence (HMQC) or Heteronuclear Single
Quantum Coherence (HSQC) experiments are used to assign the carbon and
nitrogen signals using the 1H–13C or 1H–15N through-bond correlations. The
combination experiments (HMQC-NOESY, etc.) are useful both for establishing
the assignments and measuring internuclear distances (Cavanagh et al. 2007).

The NMR structure determination for the peptides at the SiO2 and TiO2 sur-
faces relies primarily on NOESY distance restraints. The goal in any structure
determination is to measure as many distances as possible identify the family of
structures consistent with the input distances. As a general rule, the more
restraints, the more refined the structure. Furthermore, not all peaks in the NOESY
spectrum are useful for structure refinement. The inter-residue cross peaks are
generally much more dependent on the structure than are the intra-residue cross
peaks (Cavanagh et al. 2007). An exception to these rules are the cross peaks
between the amide NH and Ha protons which depend on the / torsional angle
(Wuthrich 1986).

In favorable cases, information about the structure can be obtained directly
from 2D spectra. This is illustrated in Fig. 4.16 which compares the 2D NOESY
spectra for the alanine-substituted hexamer (RALPDA) and dodecamer (RAL-
PDAHPMGPW) titanium binding peptides in the presence of 14 nm silica NPs.

Fig. 4.15 The 2D NOESY spectra of RKLPDA in the a absence and b presence of 1 mg/mL
25 nm TiO2 NP. The inset plots show the relative sign of the diagonal and cross peak in the small
molecule and macromolecular limit. Peaks opposite in sign to the diagonal are shown in red.
Reproduced from Mirau et al. 2011
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Note that there are not many more peaks in the dodecamer spectra compared to the
hexamer. This supports the hypothesis from the alanine substitution experiments
that only the first six amino acids are important for surface recognition (Sano and
Shiba 2003).

The structure of the peptides bound to SiO2 was determined by measuring the
cross peak volumes from the NOESY spectra and converting the peak volumes to
distance estimates. This is typically accomplished by comparing the peak volumes
(A) as a function of NOESY mixing time to a reference peak of a known distance
as

r ¼ rref

A

Aref

� ��1=6

The commonly used reference distances are the tyrosine aromatic protons Hd-
He (2.5 Å) or the alanine Ha-Hb (2.5 Å). Measurement of the peak volumes as a
function of mixing time is required because indirect magnetization transfer (spin
diffusion) can result in cross peaks at long mixing times between pairs of protons
that are not in close proximity (Cavanagh et al. 2007).

The structure of the bound peptide was obtained by inputting the measured
distance estimates into the program XPLOR (Schwietters et al. 2006), which uses a
simulated annealing algorhythm starting from random coordinates to find
structures that are compatible with the distance constraints. The refinement is

Fig. 4.16 Comparison of the 2D NOESY spectra obtained with a 0.2 s mixing time for
a RALPDA and b RALPDHPMGPW in the presence of 14 nm SiO2 NP. Reproduced from Mirau
et al. 2011
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typically run many times and the output structures compared. If the structures are
similar to each other, then the structure is considered well defined by the NMR
data. If only parts of the structures are similar, then only parts of the structure are
well defined.

Figure 4.17 compares 10 structures calculated from the distance restraints for
the alanine-substituted dodecamer RALPDAHPMGPW bound to SiO2 NPs (Mirau
et al. 2011). The overlay plot shows that similar structures are obtained for the first
six amino acids. Few inter-residue cross peaks are observed for amino acids seven
through twelve showing that this part of the peptide chain is not well defined by
the NMR data.

A comparison of the NOESY spectra for the A2-substituted hexamer and
dodecamer bound to silica and titania NP shows that many of the same inter-
residue peaks are observed with similar intensities. Thus it appears from the raw
data that the first six amino acids adopt a well-defined structure, and the structures
are similar on both silica an titania. This conclusion is borne out in the refined
structures as shown in Fig. 4.18, which overlays the first six amino acids for

Fig. 4.17 The structures of
RALPDAHPMGPW
calculated from the NMR
derived distances. The N-
terminal (R1) and C-terminal
(W12) residues are shown.
Reproduced from Mirau et al.
2011

Fig. 4.18 An overlay of
typical structures for the
titanium binding hexamer
(TBP6), the A2-substituted
hexamer (A2TBP6), and the
A2-substituted dodecamer
(A2TBP12). Reproduced
from Mirau et al. 2011
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RKLPDA, RALPDA, and RALPDAHPMGPW bound to SiO2 NPs (Mirau et al.
2011). These data show that the first six amino acids adopt a compact C-shaped
conformation on the surface of the NPs.

The structures derived from the NOESY data show the conformation of the
peptide on the NP surface, but do not provide an insight into peptide recognition of
the NP surface. Saturation-Transfer Difference (STD) experiments have been
successfully used to identify contacts between ligands and protein binding sites
(Mayer and Mayer 2001), and similar experiments can be used to determine how
peptides bind to NP surfaces. The experiment relies on a difference in line widths
for the free and bound peptides and begins with a low-power saturation of a region
of the spectrum that does not contain any signals from the free peptide (*-2 ppm).
The idea is that the protein (or NP) is reorienting slowly in solution and has a large
line width which extends beyond the normal proton spectrum. In the silica and
titania NP it is probably the spectra of the bound water or hydroxyl groups that
extend into the high field portion of the spectra. The larger molecule is partially
saturated by the low power irradiation and magnetization can be transferred to the
exchanging peptide. The largest peaks in the difference spectra are those in closest
proximity to the surface.

Figure 4.19 shows the STD spectra for RKLPDA in the presence of SiO2 NP
(Mirau et al. 2011). The difference spectrum shows peaks from several side chains,
but not from the NH protons along the peptide main chain. This demonstrates that
interactions with the NP surface occur predominantly as a consequence of side
chain interactions with the NP surface.

The amino acids that stabilize interactions with the NP surface can be identified
from the STD spectra. Silica NPs are hydrophilic, so it is expected that methylene
protons near positively charged nitrogens (R1 Hd and K2 He) would be in close
proximity to the surface. However, peaks from hydrophobic residues (alanine and
leucine) are also observed. The peaks close to the surface can be identified by

Fig. 4.19 The (bottom)
saturation-transfer difference
spectra (10x gain) for
RKLPDA in the presence of
SiO2 NP and (top) the
reference spectrum in H2O.
Reproduced from Mirau et al.
2011
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considering the compact C-shaped structure determined from the NOESY data
shown in Fig. 4.20 These drawings show that one face of the peptide is relatively
flat, and the leucine methyl groups projects onto this face. The NMR data suggests
that this face of the peptide lies flat on the silica surface. The proline protrudes
from the other face of the peptide and may prevent the peptide from conformally
binding the NP surface. We expect that the binding is due to both the shape of the
peptide and the array of polar groups (shown in red and blue) that are able to
interact with the surface.

In these examples we have considered how the size of the NP and the exchange
rate affect the line width and the spectra, but we have not considered possible
influence of the NP magnetic properties. It is well known from the Au NP liter-
ature that Au NPs can have a dramatic effect on the NMR spectra, and the effects
depend on how far the signal of interest is separated from the Au NP surface
(Badia et al. 1997; Zelakiewicz et al. 2003).

The magnetic effects of the NPs are illustrated in the NMR spectra of Pd4
(TSNAVHPTLRHL) bound to 2 nm Pd and 3 nm Pt NP shown in Fig. 4.21 (Mirau
et al. 2014). Relatively sharp lines are expected for the free peptide, the peptide in
the fast exchange limit and the bound peptide, since the size of the NP is about the
same as lysozyme, an enzyme that gives well-resolved NMR spectra (Bartik et al.
1993). Control experiments show that the line widths are not affected by tem-
perature and are therefore in the slow exchange limit. The large line widths
observed in Fig. 4.21 must therefore be a consequence of the magnetic properties
of the Pd and Pt NPs.

Pd4 was identified as a Pd binder from phage-display experiments using Pd NP
(25 nm) as a target (Pacardo et al. 2009). In addition to surface binding, Pd4 has
the ability to template the formation of small (2–3 nm) NPs from K2PdCl4/NaBH4

that are catalytically active in the Stille coupling reaction (Coppage et al. 2010,

Fig. 4.20 Surface views of RKLPDA bound to the surface of silica NP in two different
orientations. Reproduced from Mirau et al. 2011
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2011, 2012; Pacardo et al. 2009). The Pd NP are stable in solution presumably
because of a layer of passivating peptide at the surface.

There are several mechanisms that can potentially contribute to the broad lines
observed for the peptide-passivated Pd and Pt NPs, including dipolar interactions,
paramagnetic interactions and chemical exchange. In addition, the lines could be
inhomogeneously broadened if the binding sites on the NP had different local
magnetic environments, each leading to a slight difference chemical shift. If the
shifts are less than the line width, then the lines are inhomogeneously broadened
from the unresolved signals from the magnetically distinct binding sites.

Pd and Pt are both diamagnetic, and therefore not expected to broaden the
spectra from paramagnetic interactions. In the Pd and Pt NPs the broad lines can be
assigned to inhomogeneous broadening by comparison of the line widths Dv1/2

with those calculated from the spin-spin relaxation time T2 as given by

Dm1=2 ¼
1

pT2

The NMR experiments show that the measured T2 (0.24 s) is much longer than
the T2 calculated from the apparent line width (0.012 s) for the leucine methyl
protons (Mirau et al. 2014). This can only be observed when the lines are inho-
mogeneously broadened when the peptide binds on the surface and experiences a
variety of local magnetic environments. It is well known from NMR studies of
ligands covalently bonded to Au NP that the lines are inhomogeneously broadened
(Badia et al. 1997; Zelakiewicz et al. 2003), and that the broadening extends about
0.5 nm from the surface. It has been proposed that the inhomogeneous broadening
is a consequence of ligands binding on the faces and edges of faceted NP, as shown
in Fig. 4.22a for peptides passivating a 2 nm Pd NP. Figure 4.22b shows a
schematic diagram for a peptide broadening to the surface of a NP. The signals
closest to the NP surface will experience inhomogeneous broadening, while sig-
nals further from the surface will show the sharper lines expected for a peptide
bound to a 2 nm NP.

Fig. 4.21 The 400 MHz
proton NMR spectra of a Pd4,
b Pd4-Pd NP (2 nm), and
c Pd4-Pt NP (3 nm).
Reproduced from (Mirau
et al. 2014)
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It has been proposed that the ability of Pd4 to recognize Pd surfaces is due in part
to the histidines at positions six and eleven (Coppage et al. 2012). This hypothesis
can be tested by comparing the NMR properties of Pd4 (TSNAVHPTLRHL) with
the alanine-substituted A6 (TSNAVAPTLRHL), A11(TSNAVHPTLRAL) and
A6,11(TSNAVAPTLRAL) analogs as shown in Fig. 4.23. This figure shows that
all the peaks are broadened by NP binding, but the extent of the broadening depends
on the peptide sequence. Note that the greatest broadening is observed for Pd4. This
suggests that all of the protons in Pd4 are in close proximity to the NP surface, while
the sharper lines in the A6,11 double mutant suggest that this peptide has residues
that are more removed from the Pd surface. This effect can be quantified using 2D
TOCSY NMR since the cross peaks in the through-bond correlation spectrum are
greatly diminished as the line widths increase. By counting the number of cross
peaks we can determine that the surface proximity of the peptide follows the order
Pd4 \ A6, A11 \ A6,11. These data support the hypothesis that histidine inter-
actions with the surface are a critical part of the Pd4 recognition of the Pd NP
surface.

Solution NMR methods have also been used to identify proteins that interact
with Au NPs, and Fig. 4.24a shows the HSQC spectrum of 15N-labeled ubiquitin
(a 76 amino acid regulatory protein (8,564 g/mol)) in the absence (red) and
presence of 10 nm Au NP (Calzolai et al. 2010). The 15N-1H correlation spectrum
of ubiquitin is well resolved and the peaks can be assigned to individual amino
acids. A high-resolution spectrum is also observed in the presence of Au NP. As
with the TiO2/SiO2 binding peptides (Mirau et al. 2011), only small changes in line
width are observed in the presence of the NP. This can only arise if the protein is in
fast exchange with the NP surface. The observation that only a fraction of the

Fig. 4.22 A schematic diagram of a Pd4 passivating a facetted 2 nm NP and b a diagram
showing broadened lines for peptides constrained to within 0.5 nm of the NP surface
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peaks are perturbed in the presence of the NP shows that ubiquitin interacts
specifically with the Au NP surface. Figure 4.24b shows that the majority of
perturbed peaks are on one face of ubiquitin (shown in red).

Similar experiments have been used to study the binding of recombinant human
acid fibroblast growth factor (FGF1) with a hexa-histidine tag (typically used for
protein purification) binding to 1.5 nm Au NP passivated with CAAKA (Kogot
et al. 2009). The authors note that long incubation times are required, presumably
due to competition between the His6-tag and the thiol-linked amino acids at the
surface. High-resolution spectra can be obtained in this experiment since the small
Au NPs do not greatly increase the rotational correlation time for the complex. The
authors observed changes in both peak position and intensity and related the
changes to interaction of the Au NP with the FGF1 surface.

Fig. 4.23 The 400 MHz
proton NMR spectra for
a free Pd4 and the Pd NPs
capped with b A6 c A11
d A6,11, and e Pd4.
Impurities are marked (x).
Reproduced from (Mirau
et al. 2014)

Fig. 4.24 The a 15N-1H HSQC NMR spectrum of ubiquitin in the absence (red) and presence
(yellow) of 10 nm Au NP and b a drawing of ubiquitin with the residues showing large chemical
shift changes shown in red. Reproduced from Calzolai et al. 2010
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4.4 Summary and Outlook

Peptides have emerged as important materials for the modification of inorganic
surfaces and for the synthesis of monodisperse biocompatible NPs (Dickerson
et al. 2008). The presence of peptides on inorganic surfaces allow for the func-
tionalization of NP in devices, including sensors (Kuang et al. 2010; Slocik et al.
2008).

One strategy for using peptides at the nanomaterials interface is to use
bifunctional peptides which contain a sequence for recognizing the nanomatials
surface linked to a peptide with another functionality, such as recognizing TNT
(Kuang et al. 2010) or other metal ions (Slocik et al. 2008). Another strategy is to
use peptides to passivate the surface of NP to control catalytic reactions (Coppage
et al. 2010; Pacardo et al. 2009).

While peptides at the NP surface have been engineered for many applications,
relatively little information is available about the molecular interactions of pep-
tides with the NP surfaces. This arises in part because of the difficulty in char-
acterizing the molecular level structures of the peptides at the interface. This
problem can be solved in part though the application of the optical and NMR
methods presented in this review to new peptide-NP systems so we can determine
the molecular-level interactions and the forces that drive the binding of specific
sequences at the nanomaterials interface. Our understanding will be greatly
increased by combining these experimental methods with recent advances in
computational materials science (Heinz et al. 2008, 2009) to understand the
peptide NP interactions.

The applications of these methods to study the peptide-nanomaterials interface
could enable significant progress toward the grand challenge of understanding
sequence-functionality relationships in peptides. In phage display, for example, a
few 12-mer peptide sequences out of 109 are able to recognize a particular inor-
ganic surface. The challenge is to explore that small pool of binders so that we can
understand the sequence-structure-function relationships and rationally design the
next generation of biofunctionalized NP interfaces.
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Chapter 5
Understanding Biomineral Growth
and Assembly for Engineering Novel
Green Nanomaterials

Siddharth Patwardhan

Abstract Nanotechnology has great potential to make significant improvements
in existing technologies. One such example is where learning from biology can
help to develop bioinspired green nanomaterials. In this chapter, we will learn
about uniqueness of biomineralisation. With the help of selected examples, we will
discuss how we can take a step forward to design bioinspired technologies by
understanding the controlled nucleation, growth and self-assembly typically dis-
played in biomineral formation. At the end of the chapter, a number of future
avenues and challenges are outlined, which will help define future research
directions.

5.1 Introduction

By 2015, nanotechnology markets are predicted to be $1 trillion (Nel et al. 2006).
Realisation of these estimates requires the development of innovative nanotech-
nologies. In the search for new nanomaterials, a wide range of approaches have
been developed including mechanical methods (e.g. ball milling and attrition),
physical techniques (e.g. sonochemical, sputtering and microwave-assisted),
chemical routes (vapour phase synthesis, precipitation, micelles, solvothermal and
sol-gel) and combination thereof (Gleiter 1989; Knauth and Schoonman 2002).
However, these methods suffer from high energy demands, environmentally
damaging conditions and/or a lack of sophistication in contrast to that exhibited by
biominerals. Biology exerts a remarkable level of control over fabrication of more
than 60 distinct nanomaterials (e.g. CaCO3, Fe3O4, silica) produced under envi-
ronmentally-friendly conditions (Mann et al. 1989). It appears that biology has

S. Patwardhan (&)
Department of Chemical and Process Engineering, University of Strathclyde,
75 Montrose Street, Glasgow G1 1XJ, UK
e-mail: Siddharth.Patwardhan@strath.ac.uk

M. R. Knecht and T. R. Walsh (eds.), Bio-Inspired Nanotechnology,
DOI: 10.1007/978-1-4614-9446-1_5, � Springer Science+Business Media New York 2014

127



identified ‘clever’ green routes to produce nanomaterials and an understanding of
the secrets of biological nanomaterials formation could lead to materials with
novel applications and/or new technologies for their production (Patwardhan
2011). Harnessing biological production of sophisticated nanomaterials has
exciting prospects and it encompasses most of the twelve principles of green
chemistry (Anastas and Kirchhoff 2002; Dahl et al. 2007).

Biominerals are typically composed of polymers, such as polysaccharides and
proteins, and simple insoluble oxides and salts. These organic and inorganic
components can be assembled in a wide range of combinations to produce
materials of desired properties and functions. In contrast, the range of available
building blocks to us is vast (essentially the entire periodic table); however, it is
not a simple matter to design de novo functional materials with desired properties.
Nature still has a significant advantage over any scientist attempting to design
materials to mimic those in living organisms. Evolution over millions of years has
allowed biology to fabricate sophisticated natural materials that are ideally suited
to their functions, such as sensing, protection or motion.

Earlier chapters have highlighted that in order to make progress in bioinspired
technologies, it is imperative to gain a detailed understanding of nano-bio inter-
actions. In this chapter, we aim to provide a background on and key features of
biomineralisation in order to understand how nucleation and growth of biominerals
are controlled. A wide range of examples will be provided to illustrate. Towards
the end of the chapter, with the aid of selected examples we will discuss strategies
on how to progress in designing bioinspired technologies based on biominerali-
sation. This chapter should serve as an overview of the topics considered and
readers are directed to some excellent references for seeking further detailed
explanations and discussions.

5.2 Biomineralisation

Biomineralisation is a process by which biology produces minerals in vivo.
Biominerals are typically organic-inorganic composites of biopolymers and inor-
ganic salts or oxides. Due to their unique assembly and composition, biominerals
often have physical and structural properties that are somewhat different from their
synthetic counterparts. Another unique attribute of biominerals is the hierarchical
organisation of atoms all the way to macroscopic features. To date, over 60 types
of biominerals have been identified (Mann et al. 1989) which highlights the ability
of biology to manipulate and synthesise inorganic nanomaterials. Biominerals
often contain proteins, glycoproteins, polysaccharides and other organic biomol-
ecules which form the organic part of these spectacular hybrid materials. The most
commonly occurring metals in biomineralisation are calcium, iron and silicon and
the most common non-metals are oxygen in the form of carbonate, oxalate and
phosphates, see Table 5.1. Other metals found in biominerals, although in limited
cases and often as sulphides, are Mn, Au, Ag, Pt, Cu, Zn, Cd and Pb, which are
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formed typically in bacteria. Calcium dominates the biomineral world—roughly
half of biominerals are calcium based. From structural perspective, approximately
a quarter of biominerals do not possess order at atomic length scales (i.e. they are
amorphous in nature, e.g. amorphous calcium carbonate and biosilica).

In the process of biomineralisation, organisms typically accumulate the pre-
cursors of biominerals from their environments. Prior to their conversion to bi-
ominerals and deposition into desired location, the precursors may be required to
be stored and even transported in vivo to specialised compartments. There are two
well-known forms of biomineralisation: controlled or uncontrolled. The former
pertains to the minerals being formed for a specific biological function, which is
strictly controlled (see examples in the section below). On the other hand, in
uncontrolled biomineralisation process, biominerals are produced as by-products
of other processes and these biominerals may be valuable, unfavourable or
innocuous (e.g. kidney stones).

The compounds that are formed in biomineralisation are essentially simple salts
and oxides. They occur as both crystalline and amorphous phases, except for silica,
which has only been found in the amorphous form in living organisms. Despite the
simplicity of the biominerals that are used by biology, the structures that result are
highly sophisticated, complex and intricate as evident from Fig. 5.1 (Baeuerlein
2000; Lowenstam and Weiner 1989; Mann 2001; Mann et al. 1989; Simkiss and
Wilbur 1989). Table 5.1 provides a list of some of the important biominerals with
their forms and functions.

5.2.1 Functions, Properties and Selected Examples
of Biominerals

In most organisms, biominerals are produced for specific functions. Some of the
known functions of biominerals include structural support, protection, motion,
sensing, cutting and grinding, and buoyancy. In many organisms, deposited bi-
ominerals provide protection and therefore it is important in such biological

Table 5.1 Selected examples of major biominerals, their forms and functions, adapted from
(Currie et al. 2007)

Mineral Forms Functions

Calcium carbonates Calcite, aragonite, vaterite, amorphous Exoskeleton, eye lens,
gravity device

Calcium phosphates Apatite, brushite, octa cacium
phosphate, amorphous

Endoskeleton, calcium
store

Calcium oxalates Whewellite, whedellite Calcium store, deterrent
Iron oxides/hydroxides Magnetite, goethite, lepidocrocite,

ferrihydrite
Magnet, teeth, iron store

Silica Amorphous Skeleton, deterrent
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systems to control the mechanical properties of these biominerals. This task is not
a trivial one. For example with bones, the mineral content has been reported to
differ between bone types and species. The end use of bones dictates their strength,
stiffness and toughness, which can be modulated by the composition of bones
(Wainwright 1976). The primary role of biosilica in plants such as rice and barley
is to provide mechanical support to the plant thus allowing maximum exposure to
sunlight, as well as offer resistance to biotic and abiotic stresses (Ma et al. 2006;
Yamaji et al. 2012).

Biological systems have exploited biominerals as sensors. Magnetotactic bac-
teria precisely control the formation and assembly of single crystals of magnetite
(Fe3O4) (Moisescu et al. 2011). These magnetite crystals are typically identical to
each other in terms of their sizes and shapes, and are patterned in a linear chain, see
Fig. 5.2 (Arakaki et al. 2008; Mann et al. 1989). The bio-magnetite crystals help
bacteria navigate using the Earth’s magnetic field. Similarly, gypsum in jellyfish
enables gravity sensing. Limpet and chiton teeth are biomineralised oxides or
oxyhydroxides of iron (a-FeOOH, c-FeOOH or 5Fe2O3•9H2O), Fig. 5.3. Marine
molluscs and cephalopods use biomineralised aragonite (CaCO3) shells as buoy-
ancy devices (Mann 2001). Organisms are also known to use biominerals as optical
sensors. For example, sea urchins deposit a transparent layer of hemispherical
calcite crystals, which appear to be a double-lens design (Fig. 5.4). It is these lenses
that provide optical sensitivity due to the precisely uniform morphology of the
calcite crystals (Aizenberg and Hendler 2004; Aizenberg et al. 2001).

These examples provide a flavour of the functions of biominerals, while an
expanded list can be found in literature dedicated to types of biominerals
(Lowenstam and Weiner 1989; Mann 2001; Mann et al. 1989; Simkiss and Wilbur
1989).

Biominerals are intriguing due to their unique characteristics such as chemical
composition, structure, morphology and mechanical properties in comparison with
the synthetic and geological minerals. Scientists have established that biological
organisms control the chemical composition of the biominerals (discussed in
subsequent sections). Very rarely biominerals are pure and often contain minor
components (e.g. dopants). Doping biominerals with other ions and molecules
enables the control over their chemical, physical and mechanical properties. The
concentration of fluoride ions in teeth is known to regulate the chemical stability of
enamel. Shark teeth, which contain a higher fluoride ion concentration (3.65 wt%),

Fig. 5.1 Coccolith skeleton
composed of calcite, image
adapted from (Leonardos
et al. 2009) with permission
of Wiley
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are highly resistant to dissolution when compared with human teeth with only
0.02 wt% fluoride ion content. In another example, its been reported for calcite
crystals that the presence of Mg2+ affects the growth, orientation, stability and
morphology of calcite biominerals (Kwak et al. 2005; Politi et al. 2004).

Fig. 5.2 Nano-magnets
biomineralised in
magnetotactic bacteria.
Adapted from (Arakaki et al.
2008) with permission of the
Royal Society of Chemistry

Fig. 5.3 Scanning electron
micrographs (SEM) of limpet
(top) and chiton teeth.
Reproduced from (Mann
et al. 1989) with permission
of Wiley-VCH and the
authors
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Moreover, biominerals have been shown to occur as polymorphs—identical
chemical composition but different crystalline structures. Calcium carbonate bi-
ominerals can be aragonite in the nacre plates, while they prefer calcite structure in
coccolithophores (Addadi et al. 2003; Mann 2001).

In contrast to most other biominerals, biogenic silica (SiO2•nH2O), which is
deposited by microalgae, marine sponges and plants, is non-crystalline, i.e. lacks
any atomic ordering. However, biosilica found in microalga (diatoms) typically
possess regularly packed pores at tens and hundreds of nanometres length scales
(Hildebrand 2008; Vrieling et al. 2004), Fig. 5.5. On the other hand, biosilica from
sponges is essentially non-porous in the form of micro-needles, known as spicules
(Müller 2003). This control over biomineral morphology becomes clearer when
one considers the wide range of arrangements of silica nanoparticles reported in
higher plants (Perry 1989).

5.3 Control of Nucleation and Growth in Biomineralisation

The section above has provided a background on some of the unique properties of
biominerals and their biological functions. An outstanding attribute is the ability of
biological systems to take simple components and manipulate them to produce
functional biominerals which requires highest level of precision and control. In
particular, both nucleation and growth of the mineral phases are regulated in
biomineralisation. One of the most intriguing features of biological mineral for-
mation is the regulation of the entire process of biomineralisation from the intake
of simple components (ions and molecules) to the formation of ornate structures. It
is this control that clearly separates the in vitro synthetic capabilities of miner-
alisation, that are presently far removed from the sophistication observed in vivo.

Fig. 5.4 Calcite lens from O.
wendtii. Reprinted from
(Aizenberg et al. 2001) with
permission of Nature
Publishing Group
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R. J. P. Williams clearly states—‘… inside [biological] space, the chemistry of the
surface and/or of growth inhibiting compounds will control the precise compound
which is precipitated’ (Mann et al. 1989). This suggests various control strategies
involved in biomineralisation and these are discussed below.

Biomineral formation typically involves distinct nucleation, growth and rip-
ening/maturation stages. When the concentration of biomineral precursors (ions/
molecules) reaches supersaturation level, the formation of stable nuclei (a few
angstroms in diameter) occurs (Fig. 5.6). Supersaturation is a function of the
concentration of ions or molecular species and the solubility product for a given
crystal phase. It is these solution properties that determine the structure of these
nuclei, which in turn define the biomineral crystal structures. In the case of
polymorphism, the solubility product values are specific to a given crystal, and
hence the concentration of precursors at the nucleation stage can strongly influence
the crystal structure (Nancollas 1982). The number of nuclei formed and the rate of
their formation is dependent on supersaturation levels. Up to a certain supersat-
uration level the solution can be regarded as metastable where no nucleation
occurs under fixed time. Once the supersaturation reaches its critical value,
homogeneous nucleation takes place rapidly.

In biomineralisation, supersaturation can be chemically controlled through pH,
ionic strength and/or the presence of biomolecules. pH is a powerful tool in
initiating or inhibiting crystal formation and this is achieved through the pH
dependent changes in ionic strengths of the precursors and the solubility product
for a given crystal. Compartmentalisation allows biology to control the transport of

Fig. 5.5 SEM of diatom biosilica, adapted from (Hildebrand 2008) with permission of American
Chemical Society (Copyright 2008)
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certain ions and the local concentration of precursors, again regulating solubility
product and hence biomineral formation. In addition to homogeneous nucleation,
the presence of a surface offers reduced energy barrier for mineralisation and
heterogeneous nucleation can occur. For example in bone formation, the adsorp-
tion of calcium ions onto glycoproteins offers increased local precursor concen-
trations and leads to localised bone formation.

Upon the formation of nuclei, a growth stage starts where these nuclei can
undergo slow equilibrium or fast kinetic growth. In the former, the crystal size
increases steadily, while the crystal morphology remains conserved (Fig. 5.6). In
faster kinetic growth, the crystal face growth rates can differ for each face and as a
result, changes in morphology can be observed during the growth phase. In the
case of amorphous biomineralisation, the biomineral lacks in a fixed structure, and
localised mineral formation, through compartmentalisation is typically observed.
In order to regulate the growth rates, crystal phases and location for biomineral
deposition, biology takes the advantage of specific adsorption of ions or biomol-
ecules, which can affect the balance of interactions between biomineral-liquid and
biomineral-surfaces.

The final stages of biomineral formation involve ripening, maturation and/or
moulding. This stage is typically associated with very slow growth and restruc-
turation of biominerals, and is caused by rapid depletion of the precursor and
dissolution and re-precipitation of smaller particles. In some cases, remodelling
and/or phase transformation of biominerals can also occur. Here the biomineral,
which is initially formed in a transient phase, gets converted to their final functional
form. Such remodelling has been observed during the sea urchin spicule formation
where the initially formed amorphous calcium carbonate is converted into the final
morphology and crystallises into calcite (Addadi et al. 2003; Politi et al. 2004).

5.4 The Role of the Organic Phase in Biomineralisation

In most stages of biomineralisation, organic biomolecules, such as peptides and
proteins, lipids, polysaccharides, proteoglycans, etc., are involved and collectively,
here they are termed organic phase. The organic phase is extremely crucial to

Fig. 5.6 Nucleation, growth
and maturation stages in
biomineral formation are
shown with the spheres
representing building blocks,
which can be crystals or
amorphous cluster depending
on the type of the biomineral
and the conditions
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biomineral formation since it influences transport and storage of precursors,
regulating mineral solubilities, catalysing reactions, templating biominerals and
affecting biomineral stability. The organic phase can be functional, i.e. directly
involved in regulating biomineralisation (Mann 2001), or it only acts as a
framework. Their roles and effects include chemical, spatial, structural and mor-
phological, and mechanical support. The organic phase is an effective tool used by
organisms for controlling biomineralisation, and it can assemble in various forms.
These include vesicles, networks, membranes, surfaces and at interfaces, and self-
assembled structures.

Molecular recognition between biomolecules and biominerals is known to be
important in biomineralisation (Mann 2001). These ‘nano-bio’ interactions can be
viewed as chemical and/or physical interactions and they can occur at a range of
length scales. As shown in Fig. 5.7, biomolecules, in soluble or self-assembled
state, can interact with biomineral precursors, nuclei and/or larger building blocks.
Such interactions can be driven by electrostatic forces, hydrophilic and/or
hydrophobic effects, hydrogen bonding and van der Waals forces. Furthermore, the
organic phase can catalyse biomineralisation. For example, it has been shown that
in magnetotactic bacteria, the controlled formation of magnetite crystals occurs
only in the presence of proteins that are tightly associated with the crystals
(Galloway and Staniland 2012; Moisescu et al. 2011). Furthermore, the organic
phase can also offer biomineral stabilisation by surface specific adsorption and
inhibiting their dissolution, which is well known in the case of organic ‘casing’
found in diatoms.

Ultimately, biomineralisation is typically under strict biological/cellular con-
trol, which regulates all mechanisms discussed above. This helps to explain the
significant dissimilarities observed between synthetic minerals and biominerals.

5.5 Bioinspired Nanotechnology

It appears that biology has identified ‘clever’ and green routes to produce ornate
structures of nanomaterials (Sanchez et al. 2005) and an understanding of the
secrets of biological mineral formation could lead to materials with novel appli-
cations and/or new technologies for nanomaterials production. It is clear that the
implementation of the key features of biomineralisation into developing bioin-
spired nanotechnologies will be of great interest. This may allow the design of
novel materials and technologies that are green and able to deliver sophisticated
products. The question then is how do we transfer the knowledge obtained from
biomineralisation into in vitro synthesis of nanomaterials in order to develop
bioinspired materials technologies (Galloway et al. 2013). A number of ways are
possible: in vitro model studies using biomolecules involved in biomineralisation
in order to understand nano-bio interactions, and the use of bioinspired custom-
made analogs of biomolecules (‘additives’) to produce cheaper and bespoke
materials. These possibilities are discussed below with a representative example of
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silica, however, it is noted that research on bioinspired silica has also produced
insights enabling synthesis and fabrication of valuable non-silicates such as
ceramic, metallic and bimetallic materials (Dickerson et al. 2008; Patwardhan
et al. 2007).

Biosilica is amorphous (no ordering below ca. 1 nm). Although the term ‘silica’
may lead to the impression of a single type of material, in reality, it consists of
features such as the way in which the building blocks are assembled, the sizes of
primary particles, secondary particles and aggregates, their porosities, the level of
condensation/hydration (i.e. presence of silanol groups: Si-OH), and the surface
chemistry (e.g. distribution of surface silanols and surface charge). These seem-
ingly subtle differences which mainly arise from the processing conditions, can
affect biodegradation (He et al. 2010) as well as nano-bio interactions (Patwardhan

Fig. 5.7 Schematic representation of possibilities of nano-bio interaction between mineral
phases and biomolecules (both as individual molecules or self-assembled structures). These
interactions can lead to the stabilisation of minerals or certain mineral phases, surface/site-
specific growth and growth of complex structures. Such interactions can be exploited in
bioinspired technologies in order to produce well-defined nanostructures such as particles,
coatings and even more advanced nanomaterials. The electron micrographs in the bottom panel
show representative examples of the fabrication of particles (Masse et al. 2008), coatings (Pogula
et al. 2007), plates (Patwardhan 2011), hollow particles (Patwardhan 2011) and tubes (the
micrograph kindly provided by Dr. T. Coradin) (Gautier et al. 2007). These micrographs have
been reproduced with permission from respective publishers and remain copyright of the original
publishers
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et al. 2012). Biology produces silica, through biomineralisation, at scales
[6.7 9 109 tonnes of silicon per year (Tacke 1999; Treguer et al. 1995), but all
under mild conditions and achieves superior control over materials produced
(Baeuerlein 2000; Lowenstam and Weiner 1989; Mann 2001, Mann et al. 1989).
The current industrial capacity for precipitated silica production is *2.4 9 106

tonnes per annum, while silica-based materials form *$3.6 billion industry
(Notch Consulting Group 2006). This industry covers a wide range of applications
in catalysis, separations, food and drug technology, biomedical materials and
paints (Flörke et al. 2000; Pagliaro 2009). The scale of biological silica deposition
is orders of magnitude greater than the industrial capacity.

Researchers have unveiled mechanistic secrets of biosilica formation and it has
become clear that through their chemistry and architecture, certain biomolecules
play a crucial role in biomineral deposition. These biomolecules have been iso-
lated, purified and used for in vitro mineralisation successfully. For example,
biosilica forming biomolecules derived from diatoms, sponges, plants, and cho-
anoflagellates have demonstrated the ability to control silica formation in vitro in
aqueous systems and under mild conditions of pH and temperature (Cha et al.
1999; Currie and Perry 2007, 2009; Ehrlich et al. 2010; Gong et al. 2010; Harrison
1996; Krasko et al. 2000; Kröger and Poulsen 2008; Matsunaga et al. 2007; Perry
and Keeling-Tucker 1998, 2003; Shimizu et al. 1998; Tesson and Hildebrand
2013; Zhou et al. 1999).

In vitro mineralisation experiments have developed bioinspired green routes by
utilising a wide variety of ‘additives’ (analogs of biomolecules) (Patwardhan et al.
2005). As the understanding of the molecular interactions between additives and
nanomaterials are beginning to become clear, control over green synthesis of
nanomaterials and their properties is possible (Patwardhan 2011). Such investi-
gations based on model systems afford the understanding of mechanisms under-
pinning biomineralisation, while simultaneously developing new bioinspired
technologies as shown in Fig. 5.7 where a range of bioinspired nanomaterials have
been obtained. For example, the rules that govern silica formation in the presence
of additives have been identified and include the necessity of the presence of
specific amino acids in a peptide; abundance of charged moieties; or the impor-
tance of self-assembly of additives prior to and during silica polymerisation.

In order to translate this knowledge into developing bioinspired technologies,
further research has been directed towards the use of custom-made additives.
These additives, which include synthetic polymers, block co-polymers, peptides,
small molecules and dendrimers had been typically well-characterised in terms of
their chemistry and their properties readily measured (Patwardhan 2011, Pat-
wardhan et al. 2005). Furthermore, these tailored additives offer important
advantages of controlling properties (e.g. structure and assembly) of silicas syn-
thesised. In vitro experiments on silica formation have developed bioinspired or
green routes to silica, whereby silica formation under mild conditions has been
achieved (Coradin et al. 2004; Patwardhan 2011; Patwardhan et al. 2005), and a
range of applications are envisaged, as discussed in subsequent chapters.
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5.6 Summary and Future Outlook

Biology has mastered the fabrication of nanomaterials. Developing bioinspired
strategies have completely changed the way scientists think of designing novel
nanomaterials. These technologies have the ability to control material properties
and synthetic methods such as nucleation and growth rates, structures and mor-
phology, particles size, and porosity. One of the most important outcomes is the
development of routes under mild synthetic conditions—all aqueous solutions,
near-neutral pH, and ambient temperature. We now have a toolbox for developing
novel bioinspired materials and their applications. More importantly, applications
in areas ranging from biomedical materials to sensors and composite materials have
started to appear. One could argue that learning from biology, ‘green’ routes to
nanomaterials have been invented. If these advances are implemented in current
industrial production, large savings, in addition to better control, could be achieved.

Without any doubts, the future challenges will be in demonstrating the versa-
tility of this technology for generating applications that can make significant
impacts. As reported recently (Matus et al. 2011), green nanotechnologies cur-
rently suffer from several barriers to their development. These include a lack of
clear design rules for nanomaterials, incompatibility with existing manufacturing
processes with the new bioinspired synthesis, lack of expertise spanning from
green chemistry and engineering, and unclear end market demands. It is our job to
address these shortcomings by carefully designing future research.
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Chapter 6
Understanding Molecular Recognition
on Metallic and Oxidic Nanostructures
from a Perspective of Computer
Simulation and Theory

Hendrik Heinz

Abstract In this chapter, surface properties of various solids at the nanometer
scale and governing principles of the selective adsorption of molecules, surfac-
tants, and biopolymers are reviewed and illustrated by examples. Clear distinctions
emerge between elemental noble metal surfaces, polar pH-responsive surfaces, and
ionic surfaces. Whereas the former are much simpler chemically and exhibit very
attractive surfaces, many polar surfaces are prone to protonation/deprotonation
equilibria and surface reactivity. These differences affect available options to
control the assembly of surfactants, polymers, and biomacromolecules and grow
nanomaterials from available precursors. Interestingly, we often encounter a wide
variety of chemically different surfaces that originate from the ‘‘same’’ principal
material. Our aim is to explain from the perspective of accurate atomistic models,
simulation, and available results from experimentation the control mechanisms for
selective binding to these different materials classes as far as they are known, as
well as emerging concepts that play a role and warrant future investigation in
detail.

6.1 Introduction

Hybrid materials containing various classes of compounds have become com-
monplace in all areas of life, including medical and communication devices,
fabrics, automotive, building, and commodity materials (Sanchez et al. 2011;
Osada and Sasaki 2012; Scrivener and Nonat 2011; Hagfeldt et al. 2010; Utracki
et al. 2007). The challenge consists often in controlling the architecture from the
nanometer scale to the macroscopic scale, i.e., from nanometers to millimeters or

H. Heinz (&)
Department of Polymer Engineering, University of Akron, Akron,
OH 44325-0301, USA
e-mail: hendrik.heinz@uakron.edu

M. R. Knecht and T. R. Walsh (eds.), Bio-Inspired Nanotechnology,
DOI: 10.1007/978-1-4614-9446-1_6, � Springer Science+Business Media New York 2014

141



even kilometers. Individual computational methods to examine structural, chem-
ical, and physical properties typically span only a subsection of these length scales
and can be combined or correlated with each other in multiscale approaches
(Fig. 6.1) (Heinz et al. 2013). Similar to the coverage of different length scales, the
coverage of common time scales of processes requires methods ranging from
quantum mechanics, classical molecular dynamics to field-based and finite
element simulations.

6.1.1 Surface Energies

Experimental, computational, and theoretical evidence has shown that control over
self-assembly and morphology on the nanometer scale is influenced by the nature
of the substrates, their chemistry, and inherent physical properties. For example,
metal nanoparticles form crystalline structures at dimensions below 2 nm, oxidic
minerals such as silica and titania often form larger amorphous structures with
internal cavities from 10 nm to lm size, and many ionic minerals undergo
hydration reactions and pH dependent chemical changes that result in a variety of
structures and inorganic–organic composites such as seashells, bone, and teeth.
Soft matter such as polymers and proteins also form particles through cross-
linking, as well as domains through self-assembly. The definition and stability of
nanostructures derived from these classes of materials decreases from metals to

Fig. 6.1 Different time and length scales of various current simulation methods (reproduced with
permission from Ref. (Heinz et al. 2013))
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soft macromolecules and it appears conceptually intriguing to relate these trends to
the cleavage energy (or surface energy) of these materials (Table 6.1) (Tyson and
Miller 1977; Wiederhorn et al. 1970; Ramaseshan 1946; Vigil et al. 1994; Zhur-
avlev 1993; Lewin et al. 2005; Heinz et al. 2005). The cleavage energy measures
the cost to leave a surface bare and decreases in the same order as the definition of
nanostructures and microstructures that can be obtained. The higher the surface
energy, the better is the principally possible definition of a nanostructure.

A closer look reveals that the perhaps highest surface energies are found for
diamond, boron nitride, and other strongly covalent solids (Table 6.1) (Ramaseshan
1946). The creation of surfaces then requires breaking strong covalent chemical
bonds which is difficult to control due to high strength and chemical inertia. How-
ever, noble metals have some of the highest surface energies known, in excess of
2000 mJ/m2, and often pack in simple fcc and hcp structures (Tyson and Miller
1977; Heinz et al. 2008b). Metal nanostructures can be easily assembled by
reduction of soluble precursors in solution and achieve a very high degree of
crystallinity due to the high surface energy. Platinum, for example, can form small
octahedra, cuboctahedra, and tetrahedra on the 5 nm scale using simple peptide
ligands in reductive synthesis, which is more difficult for gold with lower surface
energy (Chiu et al. 2011; Slocik et al. 2005). In comparison, the surface energy of
ionic minerals is typically lower than for metals and only 375 mJ/m2 for muscovite
mica and even less for hydrated silica. This relative weakness of surface forces, as
well as often higher surface reactivity, creates a barrier to obtain well-crystallized
structures using bottom-up approaches. Polymers, proteins, DNA, and other soft
molecules possess the lowest surface energies and weakest self-assembling forces,
on the order of 20–70 mJ/m2 (Lewin et al. 2005). Nevertheless, the range is widely
tunable depending on pH, ionic strength, solvent, temperature, and involves highly
residue-specific recognition as well as entropy contributions. As a result of weaker

Table 6.1 Examples of cleavage energies for various classes of materials (data from Refs.
(Tyson and Miller 1977; Wiederhorn et al. 1970; Ramaseshan 1946; Vigil et al. 1994; Zhuravlev
1993; Lewin et al. 2005; Heinz et al. 2005))

Compound Lowest cleavage energy
of ordered surfaces (mJ/m2)

Corresponding surface

Diamond 11300 {111}
Pt 2460 {111}
Pd 1980 {111]
Au 1540 {111}
Ag 1320 {111}
Tricalcium silicate 1300 {001}, {040}
Muscovite mica 375 {001}
Sodium chloride 330 {100}
Hydrated silica 80–250 NA
Nylon-4 49 NA
Polyethylene 30–37 NA
Polydimethylsiloxane 20–23 NA
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cohesion, however, the stability of such structures is limited to certain conditions
and perfect order rarely achieved by synthetic means. Examples for sensitive sta-
bilization–destabilization processes are the denaturation of proteins, UCST, and
LCST transitions of polymers, the phase behavior of micelles, and morphologies of
multiblock copolymers.

The examples indicate that the interpretation of surface energies and surface
chemistry may serve as a cornerstone to understand the feasible degree of order of
nanostructures, dependence on chemical environment, and obtain guidance toward
appropriate tools for tailoring structures at the nanometer scale.

6.1.2 Chemical Bonding in Solids

In addition to the overall attraction toward a nanoscale surface, surface and inter-
facial chemistry play a key role for the functionality. Unique chemical reactivity of
different classes of materials involves, for example, catalytic hydrogenation reac-
tions and formation of thiol bonds on metal nanoparticle surfaces, hydration
reactions in cement, acid–base equilibria on apatite surfaces, and cross-linking of
polymer chains. The unique differentiation in surface properties, which arises from
specific differences in chemical bonding, thus translates into range of unique
chemical reactivity. In the following, we will therefore more closely examine the
specifics of processes such as (1) chemisorption of organic molecules on noble
metal surfaces in vacuum and physisorption in the liquid phase, (2) condensation
reactions and proton transfer equilibria on silica surfaces, (3) reversible ion pairing,
hydrogen bonds, conformation transitions, and geometric fit of van-der-Waals
interactions during binding of a drug molecule to a specific pocket of an enzyme.

The differences in molecular behaviors are directly related to the relative
strength of covalent bonds, metallic bonds, ionic bonds, and intermolecular
interactions (dipolar, hydrogen bond, van-der-Waals). These types of bonds can be
seen as representatives of different classes of chemical bonding that can contribute
to any partial degree in a given system and determine both thermodynamic and
kinetic properties. Covalent bonds, for example, are often still associated with the
textbook examples of C–C and H–H bonds with bond energies on the order of
100 kcal/mol (Lide 2008). However, covalent character is also associated with
Au–S bonds in thiols and Au–H bonds in catalysts that are only around 10 kcal/
mol strong, and even sulfur coordinates with epitaxial sites rather than with atoms
in the topmost layer (Dubois et al. 1990; Heinz et al. 2008a). Also the closest Au–S
and Au–H distances are on the order of 3 Å and 2 Å, almost twice the values for
typical C–C or C–H bond length. These data indicate a different type of covalent
bonding, up to an order of magnitude weaker than the well-known examples. This
type of bonding only equals the strength of two to three hydrogen bonds and may
well be considered as metal-coordinative bonding or weak covalent bonding.

On the other hand, the cohesive energy in metals is often quite large, on the
order of 30–50 kcal/mol for noble metals, and thus similar to covalent bonding in
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strength (Lide 2008). The nature of metal bonding allows surface reconstruction,
reversible removal of single metal atoms in catalytic reactions, and etching by
oxidation without strong ionic interactions. Strong bonding is consistent with high
surface energies, high elastic moduli, and a strong preference for close-packed
structures with long-range order.

Ionic interactions are primarily important in minerals, although very few com-
pounds are more than 95 % ionic and many minerals are even predominantly
covalent (Heinz and Suter 2004a). Fully ionic compounds include about half of the
alkali halides and CaF2 and the actual balance between covalent versus ionic
contributions to bonding for most other compounds determines many physical and
chemical properties. The truthful representation of this balance is also detrimental
for the quality of molecular models and force fields. For example, RbI is best
described by a Rb charge of +0.8 ± 0.1e, BeF2 by a Be charge of +1.0 ± 0.1e, and
SiO2 by a Si charge of +1.1 ± 0.1e. Similarly, charges in anions are far from formal
charges, e.g., in SO4

2- is best described by a S charge of +0.4 ± 0.2e and O
charges of -0.5 to -0.6 depending on the actual charge on the corresponding cation
(Heinz et al. 2013; Heinz and Suter 2004a). The relationship of these covalent
versus electrostatic contributions to bonding can be evaluated using cohesive
energies, atomization, and ionization energies of the elements in an extended Born
model. In addition, experimental data are available in the form of X-ray deforma-
tion electron densities for a significant range of compounds, as well as dipole
moments for numerous molecules, physical data on melting points, solubility, as
well as abundant data on chemical reactivity in heterolytic reactions (Lide 2008).

Among the nonbonded interactions, ion–ion and ion–dipole interactions are the
strongest. The energy can amount to tens of kcal/mol, higher than weak covalent
bonds. Further, hydrogen bonds play an ubiquitous role especially in biopolymers
and are typically of a strength of 1–5 kcal/mol. Van-der-Waals interactions result
from many weak pairwise interactions that individually are 0.05–0.2 kcal/mol
strong per pair of atoms.

6.2 Soft Epitaxial Recognition on Metal Nanostructures

6.2.1 Even Metal Surfaces and Coordination of Epitaxial
Sites

Molecular simulations of a more than 30 different peptides on extended gold, pal-
ladium, and platinum surfaces in aqueous solution using the CVFF-METAL and
CHARMM-METAL force field have shown differences in the attraction to {111}
and {100} facets (Heinz et al. 2009; Ruan et al. 2013; Feng et al. 2012; Coppage
et al. 2013). These differences are relatively independent of the actual peptide
sequence, whether identified as a strong binder by phage display or chosen as a
random control sequence such as Pro-10 (Fig. 6.2). All peptides are strongly
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attracted to {111} surfaces, up to -50 kcal/mol for a 12-peptide on Au {111}, and
much less attracted to {100} surfaces, typically with small negative or positive
adsorption energies of ± 5 kcal/mol. The exact affinity to each surface and the
binding differential between {111} and {100} surfaces varies notably depending on
the peptide sequence even though the trend is universal. The type of fcc metal also
makes no difference in the trend of strong attraction to {111} facets versus weak
interaction with {100} facets, although the exact magnitude of attraction of the same
peptide to {111} facets of different metals is roughly proportional to the surface
energy, e.g., Pt [ Pd [ Au [ Ag (Table 6.1). Further, it was noted that residues
such as F, R, Y, W, H, as well as D spend more time in close contact with {111}
surfaces than others while generally most residues are in direct contact with the
{111} surface. In contrast, a water interlayer is maintained between most residues
and the {100} surface, thus resulting in lower adsorption energy (Fig. 6.2).

At first, the observations in atomic resolution and the consistent trends in
computed binding energies were surprising. Then, it did not take long to recognize
the agreement with numerous observations. Peptides were repeatedly reported to
bind to extended {111} facets in independent studies while no significant binding
was reported to extended {100} facets. Apparently stronger binding of ‘‘gold
binding peptides’’ (i.e., peptides combinatorially selected as binding to gold) to
palladium and still considerable binding of the same peptides to silver were
noticed experimentally as well. The mechanism of adsorption based on these
simulation results and experimental data was thus concluded to involve soft epi-
taxial adsorption, which involve the coordination of polarizable atoms (C, N, O) in
the peptides with epitaxial (fcc, hcp) sites on the metal surface (Fig. 6.3). This
concept offers a unique explanation as common sp2 and sp3 hybridized groups in
peptides exhibit a very good geometric fit to {111} metal surfaces (Fig. 6.3a), no
matter what type of metal is present (Fig. 6.3b). In particular, the phenyl ring of

Fig. 6.2 Snapshots of a proline decapeptide in contact with palladium {111} and {100} surfaces
in aqueous solution. Direct contact with the {111} surface is seen, resulting in stronger adsorption
and adaptation of the proline helix. A water interlayer persists on the {100} surface where
adsorption is about an order of magnitude weaker (reproduced with permission from Ref. (Heinz
et al. 2009))
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hexagonal symmetry could best coordinate {111} surfaces in contrast to {100} and
{110} surfaces. On the latter surfaces, linear molecules have better probability to
coordinate epitaxial sites. The strength of adsorption is finally a result of com-
petition between the molecules and water molecules that are mobile and adjust to
any type of {h k l} surface. Therefore, sp2 and sp3 groups cannot effectively
compete with water molecules for epitaxial sites on {100} surfaces, thus leaving a
water interlayer and small adsorption energies. The phenyl ring, for example,
typically assumes tilted conformations relative to the {100} surface plane whereas
a flat-on parallel conformation is observed on {111} surfaces. Of particular interest
is also the characteristic lattice spacing L1, L2, L3 of individual metal surfaces,
which provides a measure of the goodness-of-fit to adsorbing molecules and a tool
to rationally design entire molecules for binding to a given metal surface
(Fig. 6.3).

The optimum coordination of epitaxial sites on {111} surfaces can be nicely
seen in detail for arginine (Fig. 6.4). Polarizable atoms avoid proximity to metal

Fig. 6.3 Concept of soft molecular epitaxy. a The hexagonal symmetry of the {111} surface
provides epitaxial sites (fcc and hcp) that match the common geometry of sp2 and sp3 hybridized
molecules such as benzene and guanidinium groups. {100} surfaces exhibit a square geometry of
2.88 Å spacing that is incommensurate with typical chain molecules, unless allenes or polyynes.
The competition between solvent (water) and solutes will then be in favor of water and no
significant attraction is achieved. {110} surfaces possess small and wide grooves that may be
further enhanced by surface reconstruction. Adsorption is then less molecule specific. b The
similarity in characteristic spacing of epitaxial sites (L1, L2, L3) leads to similar attraction of
molecules and polymers on different noble metals. Differences in attraction, however, arise from
unique surface energies and nonidentical characteristic spacing. According to the surface
structure, matching molecules can be designed, aided by simulation for sampling and solvent
effects (reproduced with permission from Ref. (Feng et al. 2011))
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atoms in the top layer, and we have also computed the affinity of all 20 amino
acids as well as some surfactants (single molecules) with the Au {111} surface in
aqueous solution (Fig. 6.5) (Feng et al. 2011). Using the same thermodynamically
consistent Lennard-Jones parameters for the metal (Heinz et al. 2008b), the trend
depends somewhat on the force field parameters for the amino acids. The
CHARMM-METAL results are preferred over CVFF-METAL, however, since
CVFF is comparatively less validated and overestimates attraction of aromatic
molecules. The results show the order of attraction approximately as:

Arg [ Trp [ . . .Tyr. . . [ . . .Phe. . .His. . .Ser. . . [ Ala ð6:1Þ

This trend indeed coincides with the relative strength of adsorption inferred
from the abundance of amino acids in gold-binding peptides identified by phage
display and other metal-binding peptides (Slocik et al. 2005; Hnilova et al. 2008;
Fu et al. 2003; Naik et al. 2004; Slocik and Naik 1988; Slocik and Wright 2003).
Further supporting evidence includes the attraction of metal-binding peptides such
as A3 and GBPs in experiment to Ag {111}, Au {111}, and Pd {111} surfaces,
which is explicable by the similar L1 spacing (Fig. 6.3b). Also, studies by several
groups have shown that only peptides containing strongly binding amino acids, or
such amino acids alone, could stabilize and control the shape of nanoparticles
synthesized reductively from solutions of metal salts. Another interesting obser-
vation of amino acid sublattices on copper surfaces was made over 30 years ago by
Low Energy Electron Diffraction (LEED) measurements (Fig. 6.6) (Atanasoska
1978). The likely arrangement of atoms due to the orientation of the sublattice also
indicates avoidance of top layer atoms and possible epitaxial contacts. Also,
adsorption data of alkane monolayers on Pt {111} surfaces suggest soft epitaxial
order (Firment and Somorjai 1977).

Fig. 6.4 Illustration of soft epitaxial adsorption of arginine in aqueous solution on a gold {111}
surface according to molecular dynamics simulation. Several epitaxial contacts are highlighted by
pink circles. The molecule moves laterally on the surface by a hopping mechanism to other
surface sites with similarly good epitaxial coordination in intervals on the order of 100 ps at room
temperature (reproduced with permission from Ref. (Feng et al. 2011))
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6.2.2 Nanocrystals, Topographic Substrates, and Particles

An interesting application of the soft epitaxial concept is the selective stabilization
of crystal facets during nanoparticle nucleation and growth from seed crystals. The
stabilizing effect of phenyl rings toward {111} facets predicted from simulation
could be applied during growth of platinum seed crystals upon reduction of
hexachloroplatinic acid in the presence of ascorbic acid as a mild reducing agent
(Fig. 6.7) (Ruan et al. 2013). Different phenylalanine containing peptides were
employed as shape-directing templates. About 20 neutral, end-protected peptide
sequences with and without F showed that the presence of the phenyl ring any-
where in the peptide sequence is sufficient as a molecular switch that converts
cuboctahedra or cubic nanocrystals into tetrahedra during growth from seed
crystals. Resulting tetrahedra are bounded exclusively by {111} facets, stabilized
and slowed down from further growth by phenylalanine. The approach also
functions for other molecules such as 3-Hydroxybutyric acid with phenyl substi-
tution, as well as for Rh nanocrystals rather than Pt nanocrystals.

The main driving force for shape control according to simulation is the binding
differential of the peptide to {111} versus {100} surfaces rather than the absolute
binding strength to a specific facet (Fig. 6.8). The binding energy of all peptides,
with or without F, is about equally high on {111} facets and shows no correlation

Fig. 6.5 Computed adsorption energies of the natural amino acids and some surfactants on gold
{111} surfaces in solution. Results of the CHARMM-METAL and the CVFF-METAL force field
are shown, whereby CHARMM-METAL values are better supported by more accurate
parameters for the amino acids. The data refer to single molecules in the limit of high dilution
(reproduced with permission from Ref. (Feng et al. 2011))
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with yield of tetrahedra (Fig. 6.8a). However, the binding energy of the peptides to
{100} facets correlates well with the yield of tetrahedra, whereby the F-containing
peptides (S7, S7-1, S7-2, SSF, FPQPN) show positive adsorption energy and the F-
free peptides (S7-G, PQPN, S7-Y, SSY) show negative, attractive adsorption
energy. Thus, the F-containing peptides leave the {100} facet more accessible to
growth and complete {111} facets. On the contrary, the F-free peptides are slightly
attracted to {100} surfaces and protect these facets from the exclusive growth of
{111} facets. Particularly, we note the sensitivity of the models toward phenyl-
alanine versus tyrosine (Fig. 6.8b). The phenyl ring in S7 is oriented parallel to the
{111} surface and upright on the {100} surface as only two weak epitaxial con-
tacts are feasible. The phenol ring in S7-Y, on the contrary, can form three epi-
taxial contacts on the {100} surface and position itself parallel. The addition of
one hydroxyl group in Y versus F thus leads to loss of perfect hexagonal symmetry
and stabilizes {100} surfaces.

The elucidation of mechanisms of shape control is also possible for different
nanocrystal shapes such as cubes and twins aided by simulations, which will be

Fig. 6.6 Suggested arrangement of amino acids at monolayer coverage on copper {111} and
{100} surfaces, and of n-hexane on platinum {111} surfaces according to LEED measurements.
The proposed arrangement of the molecules is consistent with the soft epitaxial mechanism by
simulations (reproduced with permission from Refs. (Atanasoska LL 1978; Firment and Somorjai
1977))

150 H. Heinz



soon explained in separate discussions. Thereby, the influence of nanoparticle
shape on adsorption of solvents and solutes is quite substantial (Fig. 6.9) (Feng
et al. 2012). We can distinguish geometric factors as well as factors related to the
pattern of epitaxial sites. Even surfaces provide many metal atoms in the vicinity
of the molecule of polymer to interact with and thus lead to strong epitaxial
adsorption. Stepped surfaces contain inner edges and outer edges. Inner edges
provide the highest number of metal atoms to interact with and lead to strongest
adsorption, which is also shown in the surface potential. These sites are easily
accessible by small solvent molecules and may not be sterically accessible by

Fig. 6.7 Application of epitaxial recognition of the phenyl ring by {111} facets to shape
selective synthesis of Pt tetrahedra. a–d A cuboctahedron forming peptide sequence produces Pt
tetrahedra upon substitution of one amino acid by phenylalanine. e–h A cube forming sequence
also yields tetrahedra upon substitution of L by F. i–l A molecular shape-directing agent is
transformed from cube-directing to tetrahedron-directing in an analogous way. High resolution
TEM micrographs (c,d,g,h,k,l) indicate the shape changes (adapted and reproduced with
permission from Ref. (Ruan et al. 2013))
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larger molecules, however. Outer edges are least attractive sites for both peptides
and solvent molecules. The differences in local dynamics can change the outcome
of the competition between solvent and solute molecules, for example, faster
solvent motion near the corners of nanocubes can improve adsorption of less
mobile peptides. Therefore, adsorption is not only a facet-specific process but also
depends on the local position of the solute on a finite-size facet. Finally, small
nanoparticles with near-spherical geometry possess typically diminished adsorp-
tion of solvent and peptides, including less binding contrast among different
peptides, as well as a reduced surface potential. Specific data have been reported
by simulation (Feng et al. 2012) and experiment (Lacerda et al. 2010; Jiang et al.
2008) for various peptides in support of these arguments.

Fig. 6.8 Relation of computed binding energies of various peptides, their conformations, and
preferred nanocrystal shape in experiment. a The binding energy to the {111} surface is about
equally strong among F-containing (S7 etc.) and F-free peptides (S7-G etc.). No correlation with
the yield of tetrahedra is seen. The binding energy to the {100} surface is positive for F-
containing and negative for F-free peptides. A direct correlation with yield of tetrahedral is seen,
whereby F-containing peptides increase the unattractiveness of {100} facets. b Accordingly, the
orientation of the phenyl ring in S7 is flat-on on {111} facets and upwards on {100} facets. A
small substitution for phenol in S7-Y also leads to flat-on adsorption on {100 facets} due to
coordination of more epitaxial sites and helps protect {100} facets during growth (reproduced
with permission from Ref. (Ruan et al. 2013))
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Often used near-spherical nanoparticles are also characterized by the presence
of different facets, including {111}, {100}, and {110}. For thermodynamically
stable particles, the ratio of these facets amounts to about 60:20:20 whereby the
amount of {100} versus {110} may somewhat differ depending on size (Rame-
zani-Dakhel et al. 2013). The classification of the surface can also be further
extended to atom types, which play a role in catalytic reactions such as Stille
coupling (Fig. 6.10). The force field was shown to allow quantitative estimates of
abstraction energies and reaction rates in Stille coupling (where such processes can
be rate-determining).

6.2.3 Induced Charges and Weak Covalent Bonding

Further contributions to adsorption of organic molecules to metal surfaces may
arise from induced charges and weak covalent bonding. Induced charges typically
play a subordinate role in the first molecular layer of contact when epitaxial
binding is strong, such as for peptides on {111} surfaces (Table 6.2) (Heinz et al.
2011). They can be primary contributions to adsorption, however, for charged
molecules on epitaxially less attractive surfaces, e.g., charged peptides on {100}
surfaces. For strongly ionic molecules such as CTAB surfactants or ionic liquids,
the second molecular layer may experience more attraction due to induced charges
than other attractive interactions independent of the strength of epitaxial matching

Fig. 6.9 Dependence of adsorption of atom and molecules on the shape of a metal surface. a An
atom (red sphere) or a molecule as a collection of such atoms is more attracted to even surfaces
and inner edges, and less attracted to small near-spherical surfaces or outer edges (not shown).
b The surface potential (= attraction of a carbon atom at 3 Å distance) reflects these general
preferences and includes details of the pattern of epitaxial sites. The strength of adsorption of
both solvents and solutes depends significantly on the local surface topology of a nanostructure.
Adsorption and selectivity are weakest toward small nanoparticles (reproduced with permission
from Ref. (Feng et al. 2012))
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(Jha et al. 2013). Overall, the strength of induced charges increases with the
magnitude of charges and the distance between corresponding positive and neg-
ative charges in a surface-adsorbed molecule.

6.3 Ion Pairing and Hydrogen Bonding on pH-Responsive
Oxide Surfaces

Adsorption is governed by a very different mechanism on oxide surfaces such as
silica or apatites (Patwardhan et al. 2012). The surface energy is almost an order of
magnitude lower than for metals (Table 6.1) and the surface structure dominated
by a locally uneven pattern of silanol groups and ionized siloxide groups. As a
consequence, soft epitaxy is not a possible adsorption mechanism. Further, silica
and oxidic minerals are insulators rather than conductors and possess no

Fig. 6.10 a Visualization of stable, near-spherical nanoparticles as a function of nanoparticle
size. Atoms from lowest to highest abstraction energy are labeled by numbers and shown from
lighter toward darker color. b Computed versus measured reaction rates in Stille coupling
reactions as a function of particle size. The relative reaction rate was computed using a
Boltzmann-weighted average of the abstraction energies of all surface atoms (reproduced with
permission from Ref. (Ramezani-Dakhel et al. 2013))
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polarizable electron gas of valence electrons as found in strongly conducting
metals. Therefore, induced charges do not occur and make no contribution to
adsorption.

The reduced surface energy in comparison to metallic substrates leads to much
weaker adsorption in the first molecular layer. For example, individual 12-mer
peptides binding specifically to silica surfaces possess binding energies 1–10 kcal/
mol while 12-mer peptides binding specifically to noble metal surfaces possess
binding energies 10–100 kcal/mol according to adsorption isotherms and calcu-
lations (Heinz et al. 2009; Feng et al. 2012; Patwardhan et al. 2012; Perry et al.
2009; Oren et al. 2010; Corni et al. 2013). Oxide surfaces are also more polar,
reactive, and pH sensitive. As a result, attraction of peptides and synthetic poly-
mers is strongly dependent on conditions such as actual surface chemistry, pH,
ionic strength, and particle surface features including porosity versus flat
substrates.

6.3.1 The Wide Range of Silica Surface Chemistry
and Surface Ionization

Silica surfaces are a great example for the variety in surface chemistry and the
broad range of oxide chemistry in general (Iler 1979). Phage display techniques
from one laboratory to another have shown less than 20 % in sequence similarity
among peptides identified as strong binders under comparable pH conditions,
owed to the differences in Q2, Q3, and Q4 environments as well as in porosity of
the silica surfaces as a function of particle size and synthesis method. The typical
density of SiO(H,M) groups per nm2 (M = Na, K, ..) varies between 0 and 9.4 per
nm2, depending on cleavage plane, synthesis method, and thermal treatment
(Zhuravlev 1993; Milonjić 1987; Tadros and Lyklema 1968; Yates and Healy
1976; Bolt 1957). Q3 silica surfaces with 4.7 SiO(H,M) groups per nm2 are most

Table 6.2 Contributions to adsorption by attractive polarization (induced charges) and soft
epitaxy for a neutral peptide A3 and a charged peptide Flg–Na3 on gold surfaces in aqueous
solution

Surface Peptide Net attraction by polarization
EN

Pol kJ mol�1
� � Net attraction by

epitaxy EN
E kJ mol�1
� �

Au {111} A3 -28 ± 4 [-6 ± 16] -260 ± 20
Flg–Na3 -12 ± 4 [-10 ± 16] -260 ± 20

Au {100} A3 -16 ± 12 [+10 ± 16] -38 ± 20
Flg–Na3 -80 ± 20 [-69 ± 8] 0 ± 20

The contribution by polarization was evaluated by two approaches, direct calculation of the
attractive image potential in the presence of water and peptide, though contributions from peptide
and surface-replaced water (in square brackets, reproduced with permission from Ref. (Heinz
et al. 2011))
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common in glasses and nanoparticles at room temperature, however, the amount of
ionized groups at pH 7.5 may still vary between 0.2 and 1.0 per nm2 (Fig. 6.11).
This range of variability over multiples causes a range of interactions to govern
specific adhesion of surfactants and biomolecules. Also, simulations have just
begun to take surface ionization into account while most previous models assumed
neutral silica surfaces covered by SiOH groups. Such models are only suitable near
the point of zero charge that corresponds to pH values between 2 and 4 depending
on the type of silica surface. A substantial amount of experimental literature since
the 1950s is available that characterizes the amount of ionized groups as a function
of surface type, pH, and ionic strength, and type of cation (M) using potentiometric
titration and zeta potential measurements (Zhuravlev 1993; Milonjić 1987; Tadros
and Lyklema 1968; Yates and Healy 1976; Bolt 1957).

Fig. 6.11 Schematic of the
surface structure of silica
nanoparticles that includes
silanol groups (SiOH) and a
fraction of ionized groups
such as sodium siloxide
(SiONa). The presence of
cations that can partly
dissociate from the surface
accounts for the observation
on zeta potentials in the range
of 0 to -40 mV. The typical
area density of silanol groups
and ionized groups per unit
area is indicated (adapted and
reproduced with permission
from Ref. (Patwardhan et al.
2012))
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6.3.2 Adsorption of Peptides: Ion Pairing, Hydrogen
Bonding, and Hydrophobic Interactions

The adsorption of peptides is accordingly determined through ion pairing,
hydrogen bonds, hydrophobic interaction, and conformation preferences
(Fig. 6.12). These contributions to binding were identified by molecular simulation
in agreement with zeta potential measurements, IR and NMR spectroscopy, and
adsorption isotherms for a series of several different peptides. The strongest
adsorbing amino acids on negatively charged silica surfaces are protonated N
termini, lysine (K), and arginine (R), which neutralize (or even reverse) the zeta
potential (Fig. 6.12a). Molecular simulations with the Interface-PCFF and Inter-
face-CHARMM force field have demonstrated that ammonium groups closely
approach the silica surface and computed adsorption energies reach maximum
negative values down to -7 kcal/mol for 7-peptides and 12-peptides containing K

Fig. 6.12 Main contributions to adsorption of peptides on silica surfaces. a Ion pairing and ion
exchange (in case of washing procedures) b hydrogen bonds c conformation effects.
Conformation analysis for three mutant peptides of the native peptide Pep1 on silica surfaces
in molecular simulation shows that individual residues such as H6 may cause conformation strain
that is relieved upon mutation to A6 in Pep1_6. Other residues such as H11 can be essential for
binding though protonation and hydrogen bonds, which is diminished upon mutation to A11 in
Pep1_11. Attraction of hydrophobic groups to the surface also contributes to adsorption at low
surface ionization by fostering a continuous water structure
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and R. Ion pairing is the dominant mechanism when the surface charge of silica is
significant, i.e., at pH ranges near seven and above.

At the same time, hydrogen bonds are possible through silica oxygen atoms,
siloxide ions, and silanol hydrogen atoms on the silica surface with alcohol groups
(T, S), peptide groups, and aromatic heterocycles (H, W) in peptides (Fig. 6.12b).
These interactions play a dominant role near the point of zero charge for all
peptides. Peptides that contain suitable groups and possess no cationic groups can
be primarily attracted to the silica surface though hydrogen bonds at any pH. In
addition, it has been observed in simulations and in adsorption isotherms that
peptides containing hydrophobic groups are also attracted to silica. Residues such
as F, W, L, I, V can be effectively attracted to silica surfaces although these
interactions are more the result of depletion forces that prevent the disruption of
hydrogen bonds in the aqueous phase that would occur when the hydrophobic
residues remain immersed (Puddu and Perry 2012). Thus, there is no intrinsic
attraction of these groups to silica, it is rather the exclusion from water on less
ionized silica surfaces that draws hydrophobic groups toward the surface. On
increasingly ionized silica substrates, hydrophobic groups do not approach the
surface because they would disrupt the hydration shell of siloxide ions and of the
nondissociated surface cations.

Another contribution to adsorption arises from conformation preferences of the
peptides (Figs. 6.12c, 6.13) (Patwardhan et al. 2012). Conformation effects are
particularly important for longer chain molecules and play a role on all surfaces,
whether metal or oxides alike. Simulation results have indicated the dynamic
nature of the interfaces in which the peptides move on and off the surface,
effectively spending a certain fraction of time in close contact with the surface
(\3 Å). In case of ion pair formation, the time in close contact can be over 90 %
although it may only involve the N terminus or the lysine side chain. Other parts of
the peptide are often quite detached from the surface for most of the time. A
dynamic average that represents the superposition of many thousand equilibrium
structures is shown in Fig. 6.13b and c for the peptide Pep1 (KSLSRHDHIHHH),
which binds to 82 nm particles from Stober synthesis. In the absence of ion
pairing, the time in close contact with the surface by hydrogen bonds is only in the
range 30–70 % and may often involve hydrophobic interactions as well. Residue-
specific metrics can be derived from molecular simulation and the difference to
isotropic orientation of the peptides in solution can be clearly seen (Fig. 6.13b).

Specific mutations in a peptide can also cause changes in conformation and
binding. Such effects were investigated in detail for the mutation of H to A in the 6
and 11 positions in Pep1 (KSLSRHDHIHHH). The native peptide is of a bent
conformation related to some conformation stiffness in the middle of the sequence.
In the mutation Pep1_6, by replacement of H6 for A6, this stiffness is reduced and
the binding strength increases in simulation and adsorption isotherm due to more
hydrogen bonds with the surface throughout the backbone (Fig. 6.12c). In the
mutation Pep1_11, by replacement of H11 for A11, the higher stiffness of Pep1 is
retained and the possibility of H bonding of H11 to the silica surface removed, as
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well as the opportunity of H11 to accept protons and to form ion pairs with
siloxide groups. Therefore, the binding of Pep1_11 is weaker in both measurement
and molecular dynamics simulation.

6.3.3 Apatites: The Key Role of pH

Similar aspects can be observed in phosphates such as hydroxyapatite. The surface
is very much pH sensitive and protonated between monohydrogen phosphate and
dihydrogen phosphate under physiological conditions (Fig. 6.14). These important
aspects have been only recently taken into account in molecular simulations, and
very different behavior of peptides on the surface is seen for surfaces of different

Fig. 6.13 Representative snapshots and superposition of peptides adsorbed on silica surfaces and
in solution. a Peptides pep1 and pep4 adsorbed on Q3 silica surfaces (4.7 SiO,Na groups per nm2)
as well as on a Q2 silica surface (9.4 SiO,Na groups per nm2) with high ionization. The position of
N and C termini is indicated. b Superposition of over 10000 peptide conformations during 20 ns
simulation time in equilibrium on the Q3 silica surface. The color code indicates the spatial
distribution of amino acid residues, translated laterally to the same coordinate of K1.
c Superposition of peptide structures in solution showing the isotropic orientation
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pH (Lin 2013). Current simulation tools such as the Interface force field allow very
specific and accurate analysis of the interfacial interactions of apatites as a func-
tion of pH, including the reproduction of hydration energies and peptide speci-
ficity. The analysis of bone and dentin mineralization in extracellular
environments, the action of drug molecules against osteoporosis, and processes
such as the formation of atherosclerotic deposits are becoming accessible to
investigations in atomic resolution using simulation and laboratory techniques in
combination.

6.4 Surface Properties of Ionic Minerals in Clay
and Cement and Their Modification

Clay and cement minerals are another class of compounds with ionic surfaces that
often undergo surface reconstruction (Heinz 2012; Mishra et al. 2013; Taylor
1997). Clay minerals such as montmorillonite contain dissociable cations,
although the surfaces are not prone to hydration–dehydration equilibria, pore
formation, and dissolution as in the case of silica and apatites. Therefore, many
layered silicates and clay minerals (layered silicates of lesser cation density) serve
as model substrates to measure surface forces and conduct self-assembly pro-
cesses. Layered silicates are also suited to analyze the influence of the type of
cations and their area density on swelling, ion exchange, adsorption of organic
molecules, and on the assembly of surfactants grafted by ion exchange reactions.

Cement minerals, on the other hand, share some of these properties but are
typically exposed to hydration reactions and exhibit many possible nano and
micromorphologies that are key for the stability and durability of building struc-
tures. Important minerals in this class include tricalcium silicate, dicalcium
silicate, tricalcium aluminate, gypsum, ettringite, double layer hydroxides (LDH)

Fig. 6.14 Termination of hydroxyapatite surfaces at different pH values. Cleavage energies
decrease from *1000 mJ/m2 to *250 mJ/m2 upon decrease in pH for typical {001}, {010},
{020}, and {101} facets and adsorption patterns of peptides undergo drastic changes (reproduced
with permission from Ref. (Lin 2013))
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such as monosulfate (hydrocalumite), other Afm phases, tobermorites 9, 11, and
14 Å that may represent hydrated phases, and calcium silicate hydrate (CSH) gel
with various calcium-to-silica-to-water (C/S/W) ratios (Taylor 1997; Nonat 2004).
The quantitative simulation of structural and surface properties of these phases has
recently become possible through the Interface force field, including quantitative
insight into aqueous properties and polymer-stabilized phases using a single
simulation platform (Heinz et al. 2013). The understanding of the interfaces,
reactions, and structure formation on the nanometer scale has still not far pro-
gressed. However, large payoffs to sustainable development are anticipated due to
global pressure to reduce the CO2 footprint upon cement production, to increase
the long-term stability of building structures, and practical requirements to tune
setting properties. Achieving better control over concrete structures from nano-
meters to kilometers is thus an exciting future task in which advanced experi-
mental characterization tools and simulation capabilities have a major stake.

6.4.1 Cation Exchange Mechanisms

For clay minerals, the substitution of surface cations by alkylammonium and
alkylphosphonium surfactants is known for about a century. Ion exchange reverses
the polarity from hydrophilic to hydrophobic and renders many clay minerals
suitable for immersion in nonpolar solvents and polymer matrices for packaging
materials, automotive and aerospace parts, commodity plastics, and coatings.

The exchange of cations such as sodium or lithium on clay mineral surfaces for
alkylammonium ions may occur spontaneously or require prior exfoliation of the
nanometer-thick clay mineral layers at high temperature using harsh reagents. At
the end, the surfactants enter the galleries and arrange as homogeneous molecular
layers or as islands, depending on the chain length, packing density, and stoichi-
ometric amount (Fig. 6.15). The amount intercalated can be often determined by
an increase in the gallery spacing d. At stoichiometric ion exchange, the
arrangement of surfactants on the individual even surfaces depends on the packing
density k0 that has been defined as the ratio of the cross-sectional area of the
surfactant chains AC;0 and the available surface area per cationic site AS (Heinz
et al. 2008a):

k0 ¼
AC;0

AS
: ð6:2Þ

The packing density also equals the cosine of the segmental tile angle of the
surfactants and determines the occurrence of reversible melting transitions offlexible
surfactants (e.g., alkyl chains) upon heating (Fig. 6.16). The order–disorder transi-
tions of the surface-attached surfactants have been extensively studied by differential
scanning calorimetry, IR spectroscopy, NMR spectroscopy, sum-frequency gener-
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ation, and simulation. Such transitions are significant only at intermediate packing
density k0 between 0.2 and 0.75 and up to two reversible thermal transitions can be
involved (Fig. 6.17) (Heinz et al. 2003). These correspond to the partial melting of
the alkyl backbones, given a sufficient chain length [*C10, and also to lateral
rearrangements of the head groups on the clay mineral surface, which are often not
immediately reversible upon cooling (Osman et al. 2000; Osman et al. 2004). The
second type of transition occurs mostly for quaternary ammonium head groups due to
a lower barrier for rearrangement on the surface, whereas primary ammonium head
groups form additional hydrogen bonds that prevent such thermal transitions. Details
of these processes can be found in review articles and in the primary literature.

Fig. 6.15 Schematic of clay mineral layers (brown) containing superficial alkali cations (green
dots) and alkylammonium surfactants (light color) upon ion exchange. Partial ion exchange may
lead to either a homogeneous structures containing surfactants and remaining alkali cations or
b phase segregated structures containing islands of surfactants and portions of nonexchanged
cations. Complete ion exchange may also consume all alkali cations and superstoichiometric ion
exchange can lead to the intercalation of added surfactants, which further rincreases the basal
plane spacing d (adapted from Refs. (Heinz et al. 2003; Heinz and Suter 2004b))

Fig. 6.16 Range of homogeneous alkyl monolayers (chain length CC10) on flat substrates as a
function of the packing density (reproduced with permission from ref. (Heinz et al. 2008a)).
Significant reversible thermal transitions are only found at packing densities between 0.20 and
0.75
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6.4.2 Self-Assembly of Surfactants

The alkyl chains confined between such minerals layers are in a quasi liquid state
(Heinz et al. 2005, 2007). The variety of conformations and their assembly
between solid like with less gauche conformations and liquid-like with more

Fig. 6.17 Reversible thermal transitions at the molecular level and in differential scanning
calorimetry (DSC). a The transition of semi-ordered octadecyltrimethylammonium chains to random
orientation on mica upon heating in molecular dynamics simulation. Order–disorder transitions of the
backbone as well as lateral rearrangements of the quaternary ammonium head groups occur. b DSC
data indicate the corresponding two transitions, of which the rearrangement of head groups is not
immediately reversible (reproduced with permission from Refs. (Heinz et al. 2003; Osman et al. 2000))
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gauche conformations can be seen as a function of chain length and packing in the
interlayer space. On substrates with low CEC and single chain surfactants, the
packing density is 0.1–0.2 and the backbones orient themselves nearly parallel to
the surface (Figs. 6.16, 6.18). The degree of conformational disorder is high and
no reversible melting transitions are observed. On substrates with higher CEC or
multi chain surfactants, such as trioctadecylmethylammonium, the packing density
is higher and the chains orient with a regular tilt angle to the surface. In these
systems, reversible melting transitions occur (Fig. 6.17a). For very high packing
density[0.75, as also found for thiols on the surfaces of Ag, Au, and Cu, the quasi
crystalline order leads to over 90 % anti conformations and allows no reversible
melting transitions.

The case of low packing density leads to significant variation in interlayer
packing. As the chain length of the surfactants increases, flat-on monolayers,
bilayers, and multilayers are formed, as represented by stepwise increases in basal
plane spacing as observed in X-ray diffraction (Fig. 6.18). The successive layer
filling leads to maxima and minima in interlayer density as well as in the cohesive
energy between the layers. For example, the cleavage energy fluctuates between 45
and 30 mJ/m2, the percentage of gauche conformations between 30 and 15 %, and
the interlayer density between 800 and 600 kg/m3 (Fu and Heinz 2010). The
variation of cleavage energies is particularly interesting as a contribution to
barriers for exfoliation of layered silicates in polymer matrices (Fig. 6.19).

Fig. 6.18 Gallery spacing and visualization of alkylammonium montmorillonites as a function
of chain length. a Basal plane spacing of alkyl ammonium chains grafted to montmorillonite of
low CEC (91 meq/100 g) as a function of head group and chain length at stoichiometric ion
exchange. The successive formation of monolayers and bilayers is shown using atomistic models,
and the computed basal plane spacing agrees better than 5 % with X-Ray data. b TEM
micrograph of an organically modified montmorillonite lamella embedded in an epoxy polymer
matrix (upright orientation). The visualization of the layered silicate appears similar to the
simulation, however, the location of surfactant chains or of polymer cannot be traced (reproduced
with permission from Refs. (Heinz et al. 2007; Drummy et al. 2005))
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The organic material acts as a separator of interlayer Coulomb attraction that
amounts to several 100 mJ/m2. Some Coulomb attraction remains at monolayer
thickness depending on the head group choice (Fig. 6.19a). For monolayer and
bilayer coverage, the alternation in cleavage energies between high and low values
can be seen. Interlayer properties such as gallery spacing, interlayer density,
conformations including the percentage of anti and gauche conformations, asso-
ciated changes in vibration spectra, as well as cleavage energies can be computed
in near-quantitative agreement with measurements. The current upper size limit to
monitor the time-resolved motion of atoms in predictive quality using classical
molecular dynamics simulation is between 10 and 100 nm.

Fig. 6.19 Computed cleavage energy of organically modified montmorillonite and the role in
exfoliation in polymer matrices. a The cleavage energy of motnmorillonite (CEC = 91 meq/
100 g) modified with alkylammonium surfactants of different chain length and head groups
exhibits maxima and minima depending on completion of alkyl monolayers and bilayers
(indicated by numbers). Residual strong Coulomb forces upon cleavage of quaternary ammonium
surfactants at short chain length are found due to incomplete partition of the charged head groups
between the two layers until a thickness of a partial bilayer is reached. b A thermodynamic model
for the free energy of exfoliation DG of mineral layers in a polymer. The cleavage energy of the
filler lamellae is easier to adjust by choice specific surfactants choices than the cleavage energy of
the host polymer (DGP) or the interfacial forces (DGMP) to lower the free energy of exfoliation
(reproduced with permission from Ref. (Fu and Heinz 2010))
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6.4.3 Agglomeration Forces and Reactivity
of Calcium Silicates

An example for a strongly ionic and reactive surface is tricalcium silicate
(Ca3SiO5, also called C3S), the main component of Portland cement. The mineral
is composed of individual silicate tetrahedral, calcium, and oxide ions with a fair
amount of isotropy, as demonstrated by similar cleavage energies of various
crystal planes (Fig. 6.20) (Mishra et al. 2013). Cohesion is strong, caused to over
95 % by internal Coulomb interactions, and the cleavage energy of 1340 mJ/m2 is
even comparable to noble metals (Table 6.1). Unhydrated portions of cement
particles consist mainly of C3S and the strength of C3S, including a bulk modulus
of 105 GPa, is a major contribution to the mechanical stability of concrete. It is
also notable that tricalcium silicate is still a covalent and an ionic compound, as
the atomic charges are only about 1.0e for Si, -1.0e for silicate oxygen,
and ± 1.5e for calcium ions and oxide ions, respectively. This special balance
between covalent and ionic bonding is also innately connected to the reactivity of
surfaces with water. In the first step of the hydration reaction, oxide ions are
instantly hydrated to hydroxide ions, and also silicate tetrahedra experience
hydration to silanol groups. The process of subsequent deposition of calcium
hydroxide and dissolution of individual silicate species leads to condensation and
formation of oligomeric silicates. Many current investigations by spectroscopy,
imaging, and simulation aim at understanding such nanoscale processes better and
achieving control over the complex interactions between multiple inorganic and
added organic phases, both thermodynamically and kinetically.

We would like to pinpoint in more detail to the cation density on the surface
and to interactions with organic molecules (Fig. 6.20). Alcohols and amines of low
molecular weight such as glycerine and triethanolamine have been used as anti-
agglomeration agents during grinding of cement to achieve energy savings in a
ball mill (Fig. 6.20a). Computer simulations have helped to understand the effect
of such modifiers in molecular detail to provide a rational basis for laboratory
observations. The analysis of adsorption on representative low energy (040) sur-
faces by molecular simulation showed that adsorption can be rather strong on
initially hydrated (as well as nonhydrated surfaces), on the order of -20 to -

50 kcal/mol. The origin of the adhesion forces is the complexation of superficial
Ca ions by hydroxyl groups in the alcohols as well as hydrogen bonds between
superficial hydroxide groups of C3S and amine or hydroxyl groups of the alcohols
(Fig. 6.20b). The area density of calcium ions on the surface is very high, on the
order of 5.8 per nm2 (3.2 on the immediate outer surface layer and 2.6 accessible in
the upper plane of silicon atoms). Due to the high charge of calcium and the high
area density on the surface, the cations do not easily dissolve or swell although
they induce very strong adsorption. At the same time, an organic layer of more
than monolayer thickness reduces the strong Coulomb forces between cleaved
surfaces very effectively (Fig. 6.20c, d). The adsorbed molecules thus function as a
spacer, and the agglomeration energy is essentially the energy difference between

166 H. Heinz



the unified (Fig. 6.20c) and separated surfaces (Fig. 6.20d) in equilibrium. It was
also found that the effectiveness as a spacer to reduce the agglomeration energy
does not correlate with the trend in adsorption strength, for example, very flexible,

Fig. 6.20 The interaction of small organic alcohols with surfaces of tricalcium silicate, Ca3SiO5.
a Common alcohols and amines used as grinding aids in cement production. b Adsorption on the
representative (040) surface involves complexation of Ca2+ ions and hydrogen bonds between
hydroxyl groups of the alcohols with hydroxide and silicate groups on the mineral surface (shown
for TEA at 383 K). Some disorder of the superficial silicate tetrahedra can be seen. c, d Origin of
the reduction of agglomeration forces by multiple molecules above monolayer coverage in the
agglomerated and separated state (shown for glycerine). The agglomeration energy corresponds
to the difference in energy between state (c) and (d) (reproduced with permission from Ref.
(Mishra et al. 2013))
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surface adaptive, and strongly adsorbing molecules such as glycerine do not
effectively keep the surfaces apart. The reduction in agglomeration energy can be
quantified assuming idealized even surfaces as a first approximation, and the
identified trend agrees with observations in energy savings in the ball mill
(Fig. 6.21). The efficiency of just one monolayer of organic molecules reduced the
agglomeration energy over 95 % compared to the original cleavage energy of
1340 mJ/m2 and about 80 % compared to the agglomeration energy of 250 mJ/m2

of initially hydrated tricalcium silicate surfaces. The efficiency is due to the spacer
effect and the neutralization of local dipole moments by molecule-specific com-
plexation of surface ions.

6.5 Summary and Perspectives

The survey of various metallic, pH-responsive oxidic, and ionic surfaces has
illustrated governing mechanisms of adsorption and assembly of surfactants and
biomolecules. The different types of substrates possess unique and distinctive
surface characteristics, such as (1) strong surface energy and epitaxial growth
preferences on metal surfaces, (2) cation dissociation and hydrogen bonding on
silica surfaces that changes strongly with pH, (3) a fixed cation density on clay
minerals that results from defect substitution sites and allows grafting of surfac-
tants layers with controllable properties by ion exchange, (4) strongly ionic sur-
faces on tricalcium silicate that do not undergo significant cation dissociation but
hydration reactions with water and complexation of organic alcohols supported by
hydrogen bonds. It becomes clear that the individual chemistry determines the
interactions with solvents, polymers, and other organic templates to a far reaching
extent so that no universal rules for the ‘‘design’’ of binding peptides, for example,
can formulated that apply to all materials classes.

Rather, it is possible to understand quantitative trends in interactions and design
of binding molecules for each class of comparable materials and to formulate
materials-specific concepts that have predictive character within each class. Such

Fig. 6.21 Computed
agglomeration energy of C3S,
initially hydrated C3S, and
organically modified surfaces
slightly below monolayer
coverage in the separated
state (0.20 mg/m2). The trend
correlates with the observed
energy demand in ball mills
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concepts include (1) epitaxial matching of molecules to given metal surfaces and
consideration of the role of induced charges if applicable (2) the quantification of
the area density of dissociable ions on silica and clays, when applicable as a
function of pH, and anticipation of ion pairing and cation exchange properties as
well as hydrogen bonds and hydrophobic effects (3) the concept of pH and pro-
tonation states on pH-responsive surfaces to control specific adsorption of charged
molecules (4) the concept of packing density and prediction of tilt angles and
thermal behavior of alkyl chains on substrates where grafting can be controlled,
and (5) the specific consideration of surface reactions and their effects on inter-
facial assembly. Some of these concepts are applicable by themselves and some
benefit from added numerical evaluation using simulations. The design and
understanding of materials with new properties ultimately necessitates laboratory
synthesis and conceptual considerations. As these examples illustrate, there are
still many unknowns and exciting opportunities to uncover nature’s treasure box of
nanoarchitectonics for human benefit.
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Chapter 7
Bio-Inspired Nanocatalysis

Ryan Coppage and Marc R. Knecht

Abstract In response to increasing energy concerns, new materials are required
that efficiently use and/or produce energy for a variety of applications. One spe-
cific and important area would be for catalytic applications that typically are
energy intensive, but extremely important. In this regard, biomimetic methods
have recently been studied for such reactivity, where the effects of the biointerface
on the catalytic functionality have begun to be examined. This chapter focuses on
these materials, typically prepared with peptides and viral templates, for a selec-
tion of important catalytic processes.

7.1 Introduction to Bio-Inspired Nanocatalysis

Projected petroleum and natural gas use is predicted to exhaust available supplies in
*40 years (Shafiee and Topal 2009). To that end, the continued consumption of
these fuels and subsequent CO2 production is anticipated to result in ecological
damage, including global warming, (Joos et al. 1999) ocean acidification, (Doney
et al. 2009) and air quality/pollution concerns. (Jenkinson et al. 1991). Additionally,
this fuel exhaustion will result in an increase in energy costs, (Silvy 2003) as well as
greatly impact the feed chemicals employed as the building blocks of current
syntheses, including the production of bulk organic solvents. Taken together, these
effects will lead to significantly higher costs associated with catalysis, resulting in a
greater need for more energy-neutral synthetic pathways. As such, the exhaustion of
fossil fuels could dramatically affect the chemical and materials industry over the
next few decades. In light of this, the development of less intense practices could
help reduce energy concerns and lower overall consumption. In this regard,
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developing lower energy processes is one solution for the continued generation of
organic solvents, pharmaceuticals, complex molecules, and molecular electronics.

The realization of new, sustainable catalytic standards could prove to be ben-
eficial for projected energy consumption. Though advances in catalysis have tar-
geted energy neutrality that does not require energy input for reactivity, the
fabrication of efficient, low-energy catalysts with a wide range of reactivities
remains difficult. Catalysis is a process through which alternate, lower energy
pathways are followed for a chemical transformation, thus decreasing the acti-
vation energy (Voityuk 1987). Due to this lower activation energy, greater product
yields are observed at lower temperatures (Temkin 2012). Current catalytic pro-
cesses typically use large volumes of organic solvents, consume great amounts of
energy, and produce byproducts and other wastes that require specialized sepa-
rations and disposal (Astruc 1884; Stille 1986). While these issues can be
addressed individually, green catalysis offers a way to simultaneously address
these concerns (Armor 2000; Centi et al. 2002). Green catalysts function under
energy-neutral and environmentally friendly conditions, including ambient tem-
peratures and aqueous solvents. Replacing traditional catalysts with such ecolog-
ically and economically friendly materials would result in more efficient reaction
processes, thereby significantly lowering production costs (Astruc 1884).

A wide variety of catalysts are commonly employed for different types of
reactions, where these systems are generally classified as either homogeneous or
heterogeneous (Widegren and Finke 2003). Homogeneous catalytic reactions are
processed in a single phase where the catalytic species coexists in the same phase
as the substrates. In contrast, heterogeneous catalysts are typically mounted onto a
support or present in a different phase from the reactants, thus they are highly
dependent on the diffusion of reagents and products to and from the reactive
surface. Existing between these two types of catalysts are pseudo-homogeneous
systems, in which the catalytic materials are dispersed in the reaction mixture,
such as a colloidal distribution of particles (Wang et al. 2009). Most nonsupported
nanocatalytic systems fall into this third state, making it difficult to characterize
their structure/function relationship to determine the basis for their reactivity
(Widegren and Finke 2003).

While catalysts can reduce the amount of energy input, thus lowering fuel
consumption, current systems are not sustainable as fossil fuel supplies diminish.
To this end, it would be advantageous to develop new long-term catalytic prac-
tices, including the development of more energy-neutral systems. Reflecting these
standards, materials are needed that function at ambient temperatures and in
aqueous solutions (Astruc 1884). The use of nanomaterials as active catalysts has
demonstrated superior reactivity for a number of processes, which may be
attractive alternatives to achieve such functionality (Braunstein 2004). Further-
more, these systems frequently employ the use of low temperature conditions and
are often dispersible in aqueous systems. Due to the variety of metal compositions
available and easily modulated surfaces, nanomaterials have received great
attention as potential high-efficiency catalysts (Guo et al. 2007). To this end,
nanocatalysts exhibit increased surface area exposure, based upon the maximized
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surface-to-volume ratio, resulting in a more efficient display of the material surface
for optimized catalytic reactivity. In general, such materials are difficult to classify
as either fully homogenous or heterogeneous catalysts as the mechanism for many
of the reactions driven by these materials remains unclear (Widegren and Finke
2003). Additionally, the ligands employed in the synthesis of nanomaterials, which
are required to maintain particle stability in solution, have been demonstrated to
control access to the inorganic surface (Polleux et al. 2005; Lynch and Dawson
2008). These ligands prevent bulk aggregation and they can be designed to
modulate materials solubility, in addition to exposing active functional groups that
may further enhance material reactivity for multifunctional use (Fang et al. 2009;
Gref et al. 2003). These ligands include the use of biological molecules such as
peptides, proteins, and DNA (Pasquato et al. 2005). In this regard, the biotic/
abiotic interface of materials is significant for nanocatalyst activity, though a full
understanding of biomolecule binding and ordering on inorganic surfaces is still
not fully understood, which is likely to directly impact the catalytic reactivity.

Evolution has shaped biological processes for the production of inorganic
structures with highly specific functions (Dickerson et al. 2008). These range from
protection against predation, such as spicule formation in sponges, and direction
sensing, including magnetite generation in magnetotactic bacteria, to the formation
of highly complex inorganic architectures for structural support (e.g., bones), all of
which are generated via biomineralization (Dickerson et al. 2008a, b; Lee et al.
2002). These inorganic structures are formed by proteins and peptides, which are
highly versatile biomolecules that possess a wide range of biological activity and
surface control over their intended materials. Though these biomineralization
pathways and their resultant materials are complex and compositionally diverse,
they typically do not possess many functions outside of their intended applications;
however, the methods employed to fabricate such structures could be used as
models to generate new materials with different functionalities.

In general, biomineralization has provided inspiration for the biomimetic
synthesis of nanomaterials not present in the biosphere (Dickerson et al. 2008).
Bionanomaterials are synthesized using biological ligands as surface passivants to
create ligand-capped metal nanostructures, where noncovalent interactions are
used to bind the biomolecules to the material surface (Dickerson et al. 2008a;
Pacardo et al. 2009). These nanosystems can be both size-tunable and monodis-
perse, (Coppage et al. 2011) with control over the particle shape, (Li and Huang
1921) crystalline facet display, (Chiu et al. 2011), and material composition
(Ataee-Esfahani et al. 2010). Bio-based inorganic nanomaterial systems have been
employed in catalysis, (Pacardo et al. 2009; Guo and Wang 2011) assembly,
(Slocik and Naik 1988; Kim et al. 2012; Carter and LaBean 2011), and biosensing
applications (Wang 2005; Zhong 2009). Of these, the potential for the develop-
ment of superior biomimetic nanocatalysts has received significant attention. The
active surface area optimization, use of an aqueous solvent, ambient reaction
temperatures, and extremely low concentrations of precious metal materials make
these systems particularly desirable. These attributes position biomimetic
nanomaterials as ideal catalyst candidates for use in many systems in which
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reaction conditions have been improved with respect to temperature, (Costas et al.
2000) catalyst loading, (Chandra and Xu 2007) green solvents, (Sheldon et al.
2002), and shorter reaction times (Berner et al. 2006). In general, biomimetic
nanoparticle-based systems have demonstrated significant catalytic activity for a
range of reactions that could prove to be important for next generational systems
(Cuenya 2010; Das et al. 2013; Debecker et al. 1806).

The bioligands on the particle surface can dramatically impact the overall
nanomaterial reactivity. The biotic/abiotic interface must be designed to both
expose the inorganic catalytic materials and maintain nanoparticle stability (Gref
et al. 2003). A variety of ligands have been employed to synthesize these materials,
including peptides, proteins, and oligonucleotides (Rana et al. 2010; Pengo et al.
2007; Samanta et al. 2008). Though surface-specific biomolecules have been
demonstrated to passivate and support nanocatalyst functionality, the biotic/abiotic
interface and binding effects are not fully understood. These peptides possess
combinations of sequence-unique binding motifs, structures, and interfacial attri-
butes that remain difficult to predict. Additionally, the orientation, sequence, con-
centration, and structural/binding motif of the biomolecule passivant has been
demonstrated to greatly affect catalytic reactivities (Coppage et al. 2010, 2012,
2013). While bionanocatalytic systems are relatively new, they offer the potential to
decrease reaction costs through lower energy requirements, where ambient reaction
temperatures may prove to be optimal, opening the door for sustainable reactivity.

In this chapter, various biomimetic nanomaterial systems are outlined as
potential catalysts that employ ambient conditions. Though the biotic/abiotic
interface is still not fully understood, these studies reviewed herein demonstrate a
catalytic efficiency that is highly desirable for next generation functionalities. To
this end, the continued development of bionanomaterials for applied nanocatalytic
systems could be both economically and ecologically advantageous.

7.2 Phage Display

The design and synthesis of bioinspired nanomaterials typically employs materi-
als-directing peptides that can recognize and bind inorganic surfaces (Dickerson
et al. 2008; Li and Huang 1921; Ruan et al. 2011). Ideally, these peptides should
control the atomic arrangement of the metal atoms at the particle surface; however,
such capabilities remain difficult to achieve. Since a majority of biomineralization
processes are carried out through peptide interactions with inorganic materials, the
rational design of such sequences could lead to nanomaterials of desired mor-
phologies. These peptides can be isolated from random libraries through bio-
combinatorial selection processes such as phage display (Naik et al. 2002;
Petrenko 2008; Sidhu et al. 2000). For this, bacteriophages are employed, which
are a virus that infects bacteria to replicate. Some phage possess single-stranded
DNA, making them ideal candidates for genetic engineering to easily modify their
coat proteins (Flynn et al. 2003). Most commonly used, the filamentous M13
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phage, seen in Fig. 7.1, is composed of four minor and one major coat proteins:
two minor coat proteins at the randomized end, a major capsid coat protein along
the long axis of the virus, and two minor coat proteins at the opposite end (Huang
et al. 2005). These viruses are *900 nm long and 6–8 nm wide, which can vary,
depending upon the length of the enclosed cDNA and capsid sequence length
(Sidhu 2001). Protein modifications and additions are typically performed at the
opposing end pIII and pIX minor coat proteins (Fig. 7.1), in addition to the main
capsid pVIII major coat protein; (Hess et al. 2012; Nam et al. 2006; Lee et al.
2012) however, the pVIII proteins are the least susceptible to modification, as large
changes inhibit virus formation after cell infection (Li et al. 2003).

Commonly, the pIII minor coat protein genes are modified to display the ran-
domized library of peptides at the viral terminus (Flynn et al. 2003). From this, *1
billion different peptide sequences can be presented to solution, generating a
highly diverse combinatorial library. This library can be scanned for affinity to a
target substrate by exposure of these random sequences to a material surface (Naik
et al. 2004; Pande et al. 2010; Xiao et al. 2011). Based on this large number of
sequences, it is likely that a subset of these peptides will specifically bind the
intended target. To begin the biopanning process, the phage is incubated with the
desired substrate to initiate binding (Fig. 7.2). The system is then washed to
remove any unbound phage. Next, the bound phage are eluted from the target with
a low pH elution step, which reverses the binding and allows for collection and
amplification. These phage are then amplified by a bacterial host and then rein-
troduced to the target substrate. The process is repeated multiple times with
increasingly stringent washes, resulting in only the most strongly bound phage
remaining. Typically, phage collected after a fourth or fifth elution cycle are
amplified and their DNA is sequenced (Sarikaya et al. 2003). This allows for gene
identification and thus the pIII sequence identity of the substrate-binding peptide.
Interestingly, those phage with the strongest substrate affinity may remain bound to
the target surface and not identified. To account for this, Naik and coworkers have
demonstrated that the bound phage can be ruptured directly on the surface, which
releases their DNA (Naik et al. 2004). From this, the released DNA can be
amplified and sequenced, elucidating peptides with the strongest surface affinities.
This method and related selection processes (Naik et al. 2004; Wittrup 2001) allow

Fig. 7.1 A diagram of the filamentous M13 bacteriophage and its corresponding coat proteins
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for the isolation of peptides with affinities for a variety of materials, including Pd,
(Pacardo et al. 2009) Ag, (Naik et al. 2002) Au, (So et al. 2009) Fe2O3, (Laurent
et al. 2008) TiO2, (Dickerson et al. 2008), and CdS (Lee et al. 2002; Mejare et al.
1998). Unfortunately, peptide sequences or binding motifs cannot be predicted at
present; however, the phage-based isolation of surface-specific peptides may
provide valuable sequence information in the pursuit of rational design principles
for material-binding biomolecules.

7.3 Metallic Pt Bionanomaterials

Peptide sequences have been shown to possess an affinity for specific inorganic
surfaces, potentially even showing facet selectivity (So et al. 2009; Tamerler et al.
2006). This is significant due to the high-energy edge and vertex atoms at the
particle surface, which have been demonstrated to be highly active for catalytic
applications (Rhee et al. 2009). Along these lines, nanomaterials have been
designed by optimizing the exposure of these metallic features. Additionally,
biological components have been demonstrated to direct catalytic processes and
control inorganic surfaces (Vallee et al. 2010). By passivating a nanomaterial
surface with biologically active moieties, this combination has the potential to lead
to multifunctional catalytic materials (Zhou et al. 2004). These approaches have
been incorporated into nanocatalyst production in various ways, with peptides
coordinating metal ions prior to reduction, (Mlynarz et al. 2002) passivating the
surface of the zerovalent materials, (Pacardo et al. 2009) facilitating growth along
specific planes, (Li and Huang 1921) combining motifs for linking nanomaterials,
(Slocik and Naik 1988) and functionalizing the surface of a nanomaterial with
catalytically active groups and single atom metal-binding ligands (Pasquato et al.
2005; Manea et al. 2004).

Pt is a commonly used catalyst in catalytic converters, (De et al. 2000) olefin
hydrogenation, (Ikeda et al. 2006) decomposition of H2O2 into H2O and O2,
(Hagiwara et al. 2010) and oxidation/reduction reactions (Gasteiger et al. 2005).
Traditionally, these methods typically involve bulk Pt as a heterogeneous catalyst,
which does not exploit the increased surface area possible via nanoscale materials.

Fig. 7.2 Phage display diagram of Naik et al. PCR-complemented procedure (Naik et al. 2004)
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The synthesis of exceptionally small Pt nanomaterials optimizes the exposed
catalytic metal, which increases catalytic turnover. To that end, Huang and col-
leagues have developed Pt nanocrystals with electrocatalytic activity through the
use of Pt-binding peptides (Li and Huang 1921). This peptide was obtained via
phage display, through panning for sequences with an affinity for Pt metal
(Li and Huang 1921). From this selection process, a septamer peptide, BP7A
(Ac-TLHVSSY-CONH2, acylated on the N-terminus and with an amide func-
tionality on the C-terminus), was obtained after the third biopanning cycle with an
affinity for Pt wires. Pt nanocrystals were then synthesized in the presence of this
peptide, with a controlled injection of NaBH4, followed by the addition of ascorbic
acid for slow reduction and selective facet growth. By varying the peptide
concentration, the particle shape was observed to be dependent on the BP7A
concentration (Li and Huang 1921). Water-dispersible nanocrystals formed in the
presence of the peptide results in nonspherical materials termed mulitpods, in
which pod is a metallic growth along one facet. Of the materials produced in the
presence of the BP7A peptide, linear growth occurs from the Pt crystal core along
specific facets, resulting in single, bi, tri, or tetra-pod shapes (Fig. 7.3) (Li and
Huang 1921). Most pods were observed to grow along the\111[direction, while
others were observed to grow in the\100[direction. Strangely, the pods were not
observed to grow in the \110[ direction, suggesting that the BP7A showed
preferential binding to (110) facets. At lower peptide concentrations, growth was
observed along the (111) and (100) facets, while at higher concentrations, all facets

Fig. 7.3 TEM analysis of Pt multipod structures with varying concentrations of BP7A
(22.5–250 lg/mL, a–d). Higher concentrations of peptide yielded more spherical particles,
while lower peptide concentrations resulted in multipods. Reproduced from Diagne et al. (2002)
with permission from Wiley-VCH, copyright 2010
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were bound by the peptide, resulting in spherical shapes (Li and Huang 1921).
TEM image analysis demonstrated that multipod nanocrystals showed distinctive
(110) facets as compared to spherical Pt nanocrystals.

A correlation likely exists between the BP7A peptide sequence and the Pt
nanocrystal pod growth, with facet selectivity driving the particle growth direction
(Li and Huang 1921). This correlation between ligand and core material is likely
responsible for the observed differences in nanocrystal size and shape. Due to the
isolation of BP7A with affinity to Pt wires, some recognition of Pt facets (along the
wire axis) may be engendered into the peptide sequence. Two amino acids, His and
Tyr, are present that are known for their interaction with metals, (Rimola et al.
2006) such that their placement in a peptide may result in their ability to bind to a
particular facet. At lower peptide concentrations, fewer peptides are available to
bind to the surface, thus exposing the materials for continued growth, leading
to pod formation. Conversely, at higher peptide concentrations, the metallic
surface is fully saturated, resulting in inhibited growth and spherical shapes
(Li and Huang 1921).

Electrochemical studies were performed via cyclic voltametry (CV) to evaluate
the electrochemical surface area (ECSA) of the multipods (Li and Huang 1921).
Of these materials, the Pt nanocrystals fabricated at a low-peptide concentration
with a large number of pod growths were observed to possess the greatest ECSA of
27.23 m2g-1. This is significantly higher than the Pt black standard, which dem-
onstrated a value of 15.15 m2g-1. When the more spherical structures were
studied, lower ECSA values of 23.67 m2g-1 and 18.51 m2g-1 were obtained for
the short pods and spherical nanocrystals, respectively (Li and Huang 1921). This
difference was likely due to extensive peptide-based surface coverage.

Similar to the multipod structures, Huang and coworkers also isolated facet-
specific peptides via phage display to generate Pt nanocrystals of varying and
selectable shapes (Li and Huang 1921; Chiu et al. 2011; Ruan et al. 2011). These
techniques are significant for potentially controlling surface structures, directing
nanomaterial growth, and influencing the final shape of the materials. Shape-
controlled nanomaterial growth can be both a kinetically directed process, which is
dependent on concentrations, (Li and Huang 1921) and a thermodynamically
directed process, based upon specific peptide/surface interactions (Zhang et al.
2012; Lisiecki 2005). While high-energy facets vanish, a particular shape is
formed that is dominated by low-energy surfaces. This effect is controlled by the
design and use of facet-specific ligands, which likely lower the overall facet energy
to which they bind, thus preventing growth along this direction. This phenomenon
results in selective particle growth with tunable shape control.

To isolate facet-specific peptides, Pt cubes with (100) facets, and Pt octahedra
displaying (111) facets, were deposited onto a silicon wafer and used as single
crystal target surfaces (Chiu et al. 2011). After three biopanning cycles, the
remaining phage were eluted and sequenced for each system. Two peptides were
obtained with an affinity for these facets: septamers T7 (TLTTLTN) for the (100)
and S7 (SSFPEPD) for the (111) Pt interfaces (Chiu et al. 2011). By employing
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these sequences in the presence of Pt2+ ions, nonspherical Pt nanomaterials were
synthesized in both cases. For each synthesis, first NaBH4 was added as an initial
reductant, driving nucleation. Next, ascorbic acid was added as a slower reductant,
allowing for controlled materials growth, as shown schematically in Fig. 7.4 (Chiu
et al. 2011). This dual-reductant method was employed to help control the growth
kinetics of the materials. To this end, a minor amount of NaBH4 is consumed for
the production of small seed crystals (*5 nm) first. The ascorbic acid is then
added to slowly reduce Pt2+ ions, which can be added to higher energy, unbound
facets, not inhibited by peptide binding. As expected, the T7 sequence resulted in
the formation of cube structures and the S7 peptide produced tetrahedral nano-
particles (Chiu et al. 2011).

Huang and coworkers have extended shaped nanomaterial synthesis employing
selected single crystal and twinned seed particles (Ruan et al. 2011). This synthesis
was repeated with Pt seeds generated with the multipod-forming BP7A peptide, to
compare final material geometries (Li and Huang 1921). The BP7A peptide was
observed to generate single-twinned seed crystals, which results in the production of
different final materials (Fig. 7.5) (Ruan et al. 2011). To that end, the BP7A peptide
assisted in formation of single-twinned seeds. These seeds were then shaped into
right-bipyramids and (111)-bipyramids by stabilizing (100) and (111) facets,
depending on the use of the T7 or S7 peptides, respectively (Ruan et al. 2011).

Similar to the multipod structures, the final particle shape was dependent on the
presence of T7 or S7 used in the reaction (Ruan et al. 2011). To confirm this
growth mechanism, the S7 peptide was added to a growth solution of T7-capped
nanocubes, in which peptide concentrations were equivalent (Ruan et al. 2011).
The T7-capped nanocubes were observed to change shape from cubic materials to
tetrahedral geometries, enclosed with (111) facets. This phenomenon suggests that
the S7 affinity to (111) facets is greater than the T7 affinity to (100) facets. Due to
the observed change in shape, it is likely that the S7 peptide more strongly binds
the (111) facet, directing growth to result in the formation of materials with the
tetrahedral morphology.

Fig. 7.4 Shape-oriented Pt nanomaterials synthesis with a phage display for facet-selective
peptide sequences and b shaped Pt nanomaterial synthesis with T7 and S7 peptides. Scale bars are
20 nm. Reprinted by permission from Macmillan Publishers Ltd: [Nature Chemistry] (Chiu et al.
2011), copyright (2011)
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Additional studies have been performed, which provided information toward
understanding the surface-specific binding mechanism of peptides to (111) Pt
facets (Ruan et al. 2013). This work was completed by manipulating the confor-
mation and composition of the S7 sequence. Binding modifications were quantified
by observing differences in nanocrystal shape with respect to sequence modifi-
cation, which is indicative of a change in specific recognition. While S7 stabilizes
tetrahedra, cuboctahedra are the thermodynamically favored shape for fcc metals
(Ruan et al. 2013). The resulting structure using the modified S7 sequences
indicated that the final material shape was due to the S7 peptide with (111)-binding
affinity (Fig. 7.6a) (Ruan et al. 2013). For this study, a set of S7-variant peptides
was prepared, which selectively exchanged binding residues, such that final
material geometries could be observed. These sequence modifications were made
to address both peptide conformations and chemical functional groups. As seen in
Fig. 7.6b, the S7 peptide was retained as a reference and variants were prepared as
follows: conformational changes were made in peptides S7-1 and S7-2, hydroxyl/
amide changes in the SSF and FPQPN truncates, phenyl changes in the S7-G and
PQPN, and phenol modifications in the SSYPQPN and SSY sequences (Ruan et al.
2013). Shape results indicated that these sequences fell into two categories:
sequences with or without phenylalanine. Peptide sequences that contained this
residue were observed to produce significantly more tetrahedra and truncated
tetrahedra (62.1–70.9 %), while those without phenylalanine were observed to
fabricate mostly cuboctahedra (Fig. 7.6c) (Ruan et al. 2013). This suggests that the

Fig. 7.5 Scheme of shaped nanoparticle synthesis, which is dependent on the BP7A-influenced
seeds and sequence-stabilized facets. Reprinted (adapted) with permission from (Ruan et al.
2013). Copyright (2011) American Chemical Society
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presence of phenylalanine is mostly responsible for (111)-specificity, especially in
the SSF fragment, which demonstrated the highest tetrahedra yields
(70.9 ± 1.4 %) (Ruan et al. 2013).

To better characterize these binding differences, molecular dynamics simula-
tions using the CHARMM-METAL force field were conducted, which demon-
strated differences between adsorption energies for (100) and (111) facets
(Fig. 7.7) (Ruan et al. 2013). As seen in Fig. 7.7a, the computed adsorption
energies of the peptides with respect to tetrahedra materials demonstrated very
negative values for the (111) facet for all sequences, indicative of epitaxial binding
between the facet and multiple amino acid functional groups; however, slight
positive binding adsorption values were observed for the (100) facet for sequences
containing a phenylalanine (Fig. 7.7b). To this end, as opposed to (111)-facet
affinity, a disaffinity to the (100) facet likely causes binding to be more energet-
ically favorable on the (111) surface for tetrahedral materials (Ruan et al. 2013).

While these binding affinity value differences can be qualitatively observed, a
full understanding of the shape selective biotic/abiotic interaction is not yet
realized. Though phenylalanine was demonstrated to be important for the differ-
ential preference between (111) and (100) facets, other conformational and
sequence-specific factors are likely to still control surface activity and resultant

Fig. 7.6 Shape-selectivity
analysis using peptides. Part
a presents the study that
examined the effect of
particle shape using the
materials-binding peptides of
part (b). Part c displays the
material morphology
analysis. Reprinted (adapted)
with permission from (Ruan
et al. 2013). Copyright (2013)
American Chemical Society
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material size. A more in-depth understanding of these binding and facet-specific
effects could lead to the development of superior materials-directing peptides with
multifunctional and enhanced catalytic activity.

7.4 Pd Biomimetic Nanocatalysts

Aside from Pt, Pd is a noble metal catalyst heavily used in hydrogenation, (Huang
et al. 2004) dehydrogenation, (Wang et al. 2004) C-C couplings, (Pacardo et al.
2009) and as an electrocatalyst for the oxidation of alcohols (Bianchini and Shen
2009). Even with a catalyst, these processes can sometimes require high reaction
temperatures and harsh organic solvents. Due to its wide range of functionality, the
development of Pd nanostructures that function under ambient conditions is highly
desirable. To that end, Pd materials would need to be prepared that are sufficiently
stable and soluble in water, but still possess particle surface accessibility for
reactivity.

In pursuit of surface-specific biomimetic ligands, the Pd4 peptide
(TSNAVHPTLRHL) was isolated via phage display with affinity for Pd (Pacardo
et al. 2009). Through Monte Carlo simulations, this sequence was modeled to bind
most strongly via the histidines in positions 6 and 11 (Pandey et al. 1989). Other
residues were also identified that bound the surface, such as asparagine and argi-
nine; (Pandey et al. 1989) however, they were weaker binders. From this, it was
suggested that the peptide likely forms a pinched structure on Pd surfaces (Fig. 7.8)
(Pacardo et al. 2009). In this case, the catalytic reagents could ideally access the
nanoparticle surface such that the reaction could be processed efficiently.

Using the Pd4 sequence, Pacardo et al. synthesized nearly monodisperse
1.9 ± 0.3 nm peptide-capped Pd nanoparticles by reducing K2PdCl4 in the pres-
ence of the biomolecule (Pacardo et al. 2009). These materials were demonstrated
to be stable at room temperature, in water, and were observed to be highly reactive
for Stille C-C coupling (Stille 1986; Coppage et al. 2010; Pacardo et al. 2011).

Fig. 7.7 Comparison of the calculated binding energies and shape-selectivity of the selected Pt-
binding peptides to the a (111) and b and (100) facets. Reprinted (adapted) with permission from
(Ruan et al. 2013). Copyright (2013) American Chemical Society
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In this process, the Pd4 peptide passivates the Pd nanoparticles, from which Pd
atoms can be leached during oxidative addition (Pacardo et al. 2011). Next in the
coupling, transmetallation occurs via an organostannane, followed by reductive
elimination to form the new C-C bond and release of a Pd0 atom, as shown in
Fig. 7.9 (Pacardo et al. 2009). For the coupling of 4-iodobenzoic acid with
PhSnCl3, these nanocatalysts were able to generate quantitative product yields at
Pd loadings of C0.005 mol% over 24.0 h, which was performed at room tem-
perature in water. For this reaction, a rather high TOF value of 3207 ± 269 mol
product (mol Pd 9 h)-1 was reported. (Pacardo et al. 2009).

For the Stille coupling reaction, two distinctly different mechanisms have been
proposed. First, a surface-based mechanism has been presented, in which the
coupling takes place at the Pd nanoparticle surface (Lee et al. 2010). Additionally,
a leaching mechanism has been suggested, in which Pd species are abstracted from
the particle surface, process the coupling in solution, and then are redeposited onto
the particle (Astruc et al. 2005). Of these two mechanisms, Pacardo et al. have
obtained evidence that supports the leaching approach for the peptide-capped
nanoparticle-driven Stille coupling reaction (Pacardo et al. 2011). This work
employed the Pd4-stabilized Pd nanoparticles with a variety of aryl halides in
aqueous solution and low temperatures (Fig. 7.10) (Pacardo et al. 2011). Through
these studies, it was observed that the Stille couplings were sensitive to the Pd
concentration, reaction temperature, and aryl halide composition.

Initially, a titration study demonstrated that increased Pd loadings resulted in
lower overall yields for the Stille coupling of 4-iodobenzoic acid with PhSnCl3
(Fig. 7.11). For this, at catalyst loadings of\0.05 mol% Pd, TOF values of *2,400
mol production (mol Pd 9 h)-1 were consistently observed (Pacardo et al. 2011).
At higher Pd loadings, a decrease in reactivity was evident, suggestive of metal
aggregation to form catalytically inactive Pd black. To complement this work,

Fig. 7.8 Proposed pinched
structure of the Pd4 peptide
on a Pd nanoparticle in which
the histidines at the 6 and 11
positions anchor to the
surface
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temperature studies were also performed that varied the starting reagents (Pacardo
et al. 2011). For this, 4-bromobenzoic acid and 4-bromophenol were employed in
the coupling, which are less reactive than their iodo-based counterparts. To increase
their reactivity, elevated temperatures were studied with Pd loadings ranging from

Fig. 7.9 Synthesis of peptide-passivated Pd nanoparticles and their use as catalysts in the Stille
coupling reaction. Reprinted (adapted) with permission from (Pacardo et al. 2009). Copyright
(2009) American Chemical Society

Fig. 7.10 The atom-leaching Stille coupling of 4-iodobenzoic acid and PhSnCl3. Reproduced
(‘‘Adapted’’) from (Pacardo et al. 2011) permission of the Royal Society of Chemistry
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0.005 to 0.1 mol%, as shown in Fig. 7.12 (Pacardo et al. 2011). As is evident for 4-
bromobenzoic acid, a maximum yield was achieved at 40 �C, which was main-
tained through 60 �C (Pacardo et al. 2011). At higher temperatures, the product
yields continually decreased. Similar temperature effects were observed for the
phenol-based aryl halide; however, lower degrees of reactivity were noted as
anticipated (Pacardo et al. 2011). Control studies indicated no change in particle

Fig. 7.11 Pd loading
analysis of the Stille coupling
reaction driven by the
peptide-capped Pd
nanoparticles Reproduced
(‘‘Adapted’’) from (Pacardo
et al. 2011) with permission
of the Royal Society of
Chemistry

Fig. 7.12 Temperature
effects for the Stille coupling
reaction using a 4-
bromobenzoic acid and b 4-
bromophenol. Reproduced
(‘‘Adapted’’) from (Pacardo
et al. 2011) with permission
of the Royal Society of
Chemistry
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morphology at higher temperatures, suggesting that the observed changes were not
related to particle degradation, but rather to an effect of the reaction itself.

Taken together, the observed reactivity changes were directly attributed to a
catalytic leaching mechanism driving the Stille C-C coupling process (Pacardo
et al. 2011). For instance, at high temperatures, the rate of Pd black formation is
anticipated to overcome the coupling rate, thus removing catalyst species from the
reaction and lowering the amount of product generated. Since the particles are
inherently stable at these temperatures, the mechanism itself is most likely
responsible for such deactivation to occur via a leaching process. For the con-
centration studies, at high Pd loadings, extensive Pd atom leaching is present to
generate a sufficiently concentrated solution of unstable Pd atoms that precipitate
as Pd black, resulting in diminished TOF values (Pacardo et al. 2011). Finally,
quartz crystal microbalance (QCM) studies of a Pd0 surface confirmed that metal
abstraction is possible using the aryl halide, (Pacardo et al. 2011) thus supporting
the leaching-based mechanism using the peptide-capped materials.

In additional work, Pacardo et al. have performed complementary studies to
probe the role of the Pd leaching mechanism with the Pd4-capped nanocatalysts
(Pacardo and Knecht 2013). While it is likely that 4-iodobenzoic acid can abstract
Pd atoms from the nanoparticle surface under ambient conditions, both bond
distance and energy inhibit the same amount of reactivity for aryl-bromo bonds
(Stille 1986; Pacardo and Knecht 2013). Should these metal atoms be preleached
from the surface, coupling using the bromo species could potentially occur at
lower temperatures. To probe this effect, Stille coupling reactions with aryl halide
mixtures were employed at 0.05 mol% Pd loadings. From this, catalytic selectivity
was noted, based upon the differences in the carbon-halogen bond strength (d
Darwent 1970). For instance, as shown in Fig. 7.13, when employing mixtures of
4-iodobenzoic acid and 4-bromobenzoic acid, coupling at the iodo component
occurred first at room temperature, with no coupling at the bromo substituent.
When the reactivity was increased to 40 �C, consumption of the 4-bromobenzoic
acid occurred, consistent with previous results (Pacardo et al. 2011). Furthermore,
the degrees of catalytic selectivity were lost when the reaction was completely
processed at 60 �C, suggesting that low temperature selectivity may be possible
using the biomimetic materials. Such results were expanded to additional mixtures
of aryl halides, including iodo-, bromo-, and chloro-based substrates, with pref-
erential reactivity for iodo species over bromo species. No reactivity was evident
from chlorinated aryl halides (Pacardo and Knecht 2013).

This low temperature reactivity was expanded to di-substituted aryl halides for
Stille coupling at 25 �C, using 3-bromo-5-iodobenzoic acid (Pacardo and Knecht
2013). Under these conditions, the products were analyzed over 5.0 h, showing a
decrease in the amount of starting materials with the production of both the
intermediate, 3-bromo-5-phenylbenzoic acid, and a minor amount of the final
product, 3,5-diphenylbenzoic acid (Fig. 7.14b). Note that no 3-iodo-5-phenyl-
benzoic acid was detected, suggesting that oxidative addition was dependent upon
the halogen. Over the first 5.0 h, the main species generated was the intermediate;
however, a small amount of the diphenyl final product was generated (Pacardo and
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Knecht 2013). This suggests that activation of the bromo group by the added
phenyl ring may be possible. After allowing the reaction to proceed for 24.0 h, it
was noted that 70.8 ± 0.9 % of the intermediate was generated and 22.1 ± 2.5 %
of the 3,5-diphenylbenzoic acid product was prepared (Pacardo and Knecht 2013).

Fig. 7.13 a The Stille coupling scheme under which the initial reaction takes place at 25 �C and
is increased to 40 �C at 2.0 h (b). The reaction is also carried out at 40 �C (c) as a comparison.
Reproduced (‘‘Adapted’’) from (Pacardo and Knecht 2013) with permission of the Royal Society
of Chemistry)

Fig. 7.14 Aryl dihalide
effects on the catalytic
reactivity of the Pd4-capped
Pd nanoparticles. Part
a presents the reaction
scheme, while part b presents
the reaction analysis.
Reproduced (‘‘Adapted’’)
from (Pacardo and Knecht
2013) with permission of the
Royal Society of Chemistry
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The amount of the final product can be increased should the reaction temperature
or catalyst concentration be increased, which suggested a reactivity preference for
the iodo over the bromo substituent.

Taken together, these studies suggest that Stille coupling using the peptide-
capped materials may be selective under very low temperature conditions
(\50 �C). This could prove to be quite important for the modification of thermally
senstive materials, such as proteins. Furthermore, this data provides important
information concerning the catalytic reaction mechanism for Stille coupling. To
this end, the Pd atoms can insert across the iodo-carbon bond at room temperature,
while slight thermal activation is required for similar reactivity using bromo-based
compounds. This effect is likely due to the bond strength difference of the two
bonds (C-I[C-Br), (d Darwent 1970) which can directly affect their level of
reactivity. In general, these peptide-capped materials are unique model systems to
probe this degree of reactivity and the overall catalytic mechanism.

While initial studies indicated that Pd leaching was responsible for the reactivity
using the Pd4-stabilized materials, the effects of the biotic/abiotic interface on both
the material fabrication and catalytic functionality were unclear. To probe the binding
effects, Coppage et al. synthesized three Pd4 analogs by replacing the anchoring
histidine residues with alanine substitutions at the 6 (A6), 11 (A11), and 6 and 11
(A6,11) positions (Table 7.1) (Coppage et al. 2010). From these peptides, stable Pd0

nanoparticles were formed with sizes of 2.2 ± 0.4, 2.4 ± 0.5, and 3.7 ± 0.9 nm,
respectively (Coppage et al. 2010). Circular dichroism (CD) studies indicated that the
peptide surface structure of all of the materials was substantially different based upon
the changes to the sequence at the residue level. Next, catalytic studies were pro-
cessed for the coupling of 4-iodobenzoic acid with PhSnCl3 using these materials,
which demonstrated significant changes as compared to the Pd4-capped particles. For
instance, the A6-capped materials displayed a TOF value of 5224 ± 381 mol
product (mol Pd 9 h)-1, which was more than double the typical value observed
for the native Pd4-capped materials (2234 ± 99 mol product (mol Pd 9 h)-1)
(Coppage et al. 2010). Conversely, a TOF decrease was observed for the Pd nano-
particles generated with either the A11 or A6,11 to values of 1298 ± 107 mol
product (mol Pd 9 h)-1 or 361 ± 21 mol product (mol Pd 9 h)-1, respectively.
Taken together, these initial studies suggested that weak binding at the 6 position and
strong binding at the 11 position would result in optimal reactivity.

While altered particle reactivities were noted as a function of the peptide
sequence, unique information concerning the total structure of the materials became
evident. In general, the peptide-capped Pd nanoparticles are prepared at a Pd:peptide
ratio of 3.3:1 for all of the peptide sequences studied (Pacardo et al. 2009; Coppage
et al. 2010). To explore the effect of reaction stoichiometry, this ratio was varied
from 1 to 10; however, systems with a ratio C5 precipitated shortly after reduction.
As a result, only the materials prepared at ratios B4 were analyzed (Coppage et al.
2011, 2012). Interestingly, regardless of the ratio employed for the stable materials,
these systems produced particles of nearly equivalent sizes for each peptide.
To this end, for the Pd4-based materials, a particle size of *2 nm was observed
for all materials prepared at a Pd:peptide ratio B4, as shown in Fig. 7.15a
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(Coppage et al. 2011, 2012). In general, larger particles were observed for the
alanine-modified peptide-capped materials, independent of Pd loading (Coppage
et al. 2012). For instance, for the materials capped with the A6 peptide, particles of
*2.2 nm were generated, where the particle size further increased to *2.4 and
*3.0 nm for the A11- and A6,11-capped Pd nanoparticles (Fig. 7.15) (Coppage
et al. 2012). Such size effects are different from nanoparticles capped with standard
alkyl thiol ligands, where the size varied based upon the ligand:metal ratio (Hussain
et al. 2005; Brinas et al. 2008). Such effects for the peptide-based materials likely
arises from biorecognition of the metallic surface, which is altered via the changes to
the sequence for the A6, A11, and A6,11 peptides.

Table 7.1 List of the Pd4
alanine analog peptides
studied

Peptide Sequence Size (nm) TOF [a]

Pd4 TSNAVHPTLRHL 1.9 ± 0.3 2234 ± 99
A6 TSNAVAPTLRHL 2.2 ± 0.4 5224 ± 381
A11 TSNAVHPTLRAL 2.4 ± 0.5 1298 ± 107
A6, 11 TSNAVAPTLRAL 3.7 ± 0.9 361 ± 21

a = molBPCA
molPd�h

Fig. 7.15 TEM analysis of materials generated using Pd:peptide ratio of 1–4, with peptides
a Pd4 b A6 c A11, and d A6,11. Reprinted (adapted) with permission from (Coppage et al. 2012).
Copyright (2012) American Chemical Society
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Once characterized, the nanomaterials were employed in the Stille coupling
reaction to compare their catalytic activities (Coppage et al. 2011, 2012). When
considering the materials produced at the same Pd:petide ratios, the resulting TOF
values follow previously observed coupling trends (Coppage et al. 2010). To this
end, for the materials prepared at a Pd:peptide ratio of 4, TOF values of
2,496 ± 252 mol product (mol Pd 9 h)-1, 4,314 ± 190 mol product
(mol Pd 9 h)-1, 2,010 ± 59 mol product (mol Pd 9 h)-1, and 1,565 ± 66 mol
product (mol Pd 9 h)-1 were obtained for nanoparticles capped with Pd4, A6, A11,
and A6,11, respectively (Fig. 7.16) (Coppage et al. 2012). The materials prepared at
a Pd:peptide ratio of 3 demonstrated similar reactivity; however, at a ratio of 2, TOF
values of 965 ± 105 mol product (mol Pd 9 h)-1, 2,793 ± 473 mol product
(mol Pd 9 h)-1, 1,026 ± 191 mol product (mol Pd 9 h)-1, and 1,009 ± 78 mol
product (mol Pd 9 h)-1 were observed for the Pd4, A6, A11, and A6,11 peptide-
capped particles, respectively (Coppage et al. 2012). Such a change represents a
significant decrease in reactivity as compared to those samples prepared at higher
ratios for all the four different systems. Finally, for the materials prepared at a
Pd:peptide ratio of one, no C-C coupling product was observed over the 1.0 h
timeframe of the TOF study (Coppage et al. 2012). These changes are likely based
upon excess peptide available in solution, which can bind and sequester leached Pd
atoms from the reaction medium. In this event, after the first coupling cycle, the
liberated Pd atoms become unreactive, leading to diminished TOF values at lower
ratios.

In addition to the alanine substitutions to the Pd4 sequence, a number of other
substitutions have recently been made in an attempt to elucidate how localized
surface binding events at the residue level affect the properties of the resultant
nanomaterials (Coppage et al. 2013). For the alanine analogs, the greatest catalytic
activity arose from the particles capped with the A6 peptide; however, modifi-
cations at the 11 position resulted in a substantial reactivity decrease. As such,
weak binding at the 6 position and strong binding at the 11 position could provide
for an optimal surface-bound peptide structure for catalytic reactivity. By substi-
tuting these binding sites with potentially stronger metal-binding residues, a

Fig. 7.16 TOF analysis of
nanoparticles capped with the
Pd4 and alanine analog
peptides prepared at
Pd:peptide ratios of 1–4.
Reprinted (adapted) with
permission from (Coppage
et al. 2012). Copyright (2012)
American Chemical Society
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greater understanding of the peptide surface binding could be realized. To this end,
the 6- and 11-position histidines were substituted with cysteine or alanine to create
a set of five new peptides to probe these localized binding effects: C6, C11, C6,11,
A6C11, and C6A11 (Table 7.2) (Coppage et al. 2013).

To quantify and compare the binding affinity of the cysteine-containing pep-
tides to Pd, QCM analysis was employed, as shown in Fig. 7.17 (Coppage et al.
2013). Such a study was required in light of the thiolated residue that could
dramatically change peptide binding affinities. Using previously described meth-
ods, (Tamerler et al. 2006) the association (ka) and dissociation (kd) constants can
be determined, from which the equilibrium (Keq) constant and free energy (DG) of
binding can be calculated. As shown in Fig. 7.13c, no trend was observed in the
binding affinities of the cysteine-based peptides to the particle surface (Coppage
et al. 2013). In general, higher affinity was noted from those sequences with the
thiol group; however, the presence of cysteine did not automatically result in
stronger surface binding. Together, this indicates that the positioning of the resi-
dues in the sequence plays an important role in the overall binding affinity to the
target material (Fig. 7.18).

Once their binding strengths were confirmed, the peptides were employed in the
synthesis of Pd nanoparticles (Coppage et al. 2013). For these peptides, Pd
nanoparticles of nearly the same size were generated at a Pd:peptide ratio of 3.3.
For instance, the Pd4-capped particles were noted to be 2.0 ± 0.4 nm; however,
the materials prepared with cysteine-substituted peptides were observed to be
2.2 ± 0.4, 2.4 ± 0.3, 2.3 ± 0.4, 2.4 ± 0.4, and 2.4 ± 0.4 nm for C6-, C11-,
C6,11-, A6C11-, and C6A11-based structures, respectively (Fig. 7.14) (Coppage
et al. 2013). This was surprising as the alanine analog capped materials were able
to control the size of the generated particles (Coppage et al. 2012). The cysteine
residue may play a different role in coordinating to the particle surface, which
occurs through a covalent bond that may give rise to these differences. Addi-
tionally, the size of the particles did not correlate to the binding strength of the
peptides, suggesting that the absolute affinity did not dictate the resultant particle
size. Once prepared, CD studies of the Pd nanoparticles indicated that the struc-
tures for the C6 and C6A11 peptides were similar, while the structure of the

Table 7.2 Cysteine- and alanine-substituted Pd4 analogs

Peptide Sequence Size (nm) TOF [a]

Pd4 TSNAVHPTLRHL 2.0 ± 0.4 2,234 ± 99
C6 TSNAVCPTLRHL 2.2 ± 0.3 3,963 ± 28
C11 TSNAVHPTLRCL 2.4 ± 0.4 6,138 ± 55
C6, 11 TSNAVCPTLRCL 2.3 ± 0.4 3,974 ± 280
A6C11 TSNAVAPTLRCL 2.4 ± 0.4 6,097 ± 65
C6A11 TSNAVCPTLRAL 2.4 ± 0.4 4,147 ± 340

a = molBPCA
molPd�h
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surface-bound C11 and A6C11 was also related (Coppage et al. 2013). As such,
the surface structure of these two material sets is likely to be similar, which was
consistent with the observed reactivity (described below).

To test and compare the catalytic activity of the Pd nanoparticles capped with the
cysteine-containing peptides, the Stille coupling between 4-iodobenzoic acid and
PhSnCl3 was studied (Coppage et al. 2013). Compared to previous catalytic results
with Pd4-capped particles (2234 ± 99 mol product (mol Pd 9 hr)-1), (Coppage
et al. 2010) all the materials prepared with cys-substituted analogs showed an
increase in reactivity based upon their TOF values. For the materials prepared with
a 6-position cysteine, a nearly two-fold increase in activity was observed for C6,
C6,11, and C6A11, resulting in TOF values of 3963 ± 28 mol product (mol
Pd 9 hr)-1, 3974 ± 280 mol product (mol Pd 9 hr)-1, and 4147 ± 340 mol
product (mol Pd 9 hr)-1, respectively (Fig. 7.19) (Coppage et al. 2013). Inter-
estingly, for the materials with a peptide with an 11-position cysteine, an even
greater increase in reactivity was noted with a value of 6138 ± 55 mol product
(mol Pd 9 hr)-1 for the C11-capped particles and 6097 ± 65 mol product (mol
Pd 9 hr)-1 for the A6C11-stabilized structures (Coppage et al. 2013).

Combined with the binding affinity values from the QCM analysis and the CD
data, the catalytic information provides valuable insight into the nanoparticle

Fig. 7.17 QCM analysis of Pd4 and cys-analogs. Part a presents the change in frequency as a
function of time and peptide concentration, part b displays the linear fit of the kobs values, and
part c presents the ka, kd, Keq, and DG values. Reprinted (adapted) with permission from
(Coppage et al. 2013) Copyright (2013) American Chemical Society
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biointerface. This suggests that localized binding effects of the individual residues
of peptides plays an important role in controlling material functionality. As such,
peptide design could be employed in the future to isolate sequences with strong
affinity that could direct the target affinity of the sequences, as well as the activity
of the resultant materials.

Fig. 7.18 TEM images and sizing analysis of the Pd nanoparticles synthesized with the a Pd4
b C6 c C11 d C6,11 e A6C11, and f C6A11 peptide. Reprinted (adapted) with permission from
(Coppage et al. 2013) Copyright (2013) American Chemical Society

Fig. 7.19 TOF analysis of
nanoparticles capped with the
Pd4 and cys-substituted
analog peptides. Reprinted
(adapted) with permission
from (Coppage et al. 2013)
Copyright (2013) American
Chemical Society
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7.5 Peptide-Capped Multicomponent Nanomaterials

Though monometallic nanoparticles possess well-known catalytic activity, select
combinations of noble metals possess increased reactivity as compared to single-
component systems (Slocik and Naik 1988; Slocik et al. 2008). Bimetallic cata-
lysts have been demonstrated with AuPt, (Zhou et al. 2007) AuPd, (Hou et al.
2008) MnCu, (Stumpf et al. 1993) PdCu, (Xu et al. 2009), and CuRu (Sinfelt et al.
1980) materials with core-shell, (Wang et al. 2008) nanowire, (Lee et al. 2012) and
other geometries (Han et al. 2007). This increase in activity is proposed to be a
function of two different effects: electronic changes in the system and the geo-
metric configuration of metal atoms in the material (Stamenkovic et al. 2007).

Bi-component PdAu nanocatalysts have been prepared using a multifunctional
materials-binding peptide based upon two sequences known to bind noble metal
nanoparticles (Slocik and Naik 1988). For this, the A3 peptide (AYS-
SGAPPMPPF) isolated with an affinity to Ag and Au (Pandey et al. 1989) was
integrated into a single sequence with the Flg (DYKDDDDK) peptide, which was
known to bind noble metal particles (Pandey et al. 1989). With these two com-
ponents, a single, multifunctional fusion peptide was generated to form the Flg-A3
sequence (Slocik and Naik 1988). Interestingly, the order of the sequences directly
affected material binding, where positioning of the Flg and A3 regions at the N-
and C-terminal portions, respectively, was required to optimize material binding
for nanoparticle formation (Fig. 7.16). For this, the A3 region was anticipated to
bind Au, thus displaying the Flg region that exposes multiple aspartic acids to bind
Pd4+ ions for eventual Pd0 nanoparticle production.

Au nanoparticles were formed by mixing the Flg-A3 peptide with Au3+ ions in a
HEPES buffer and incubated for 30 min (Slocik and Naik 1988). To a solution of the
resulting, purified Au nanoparticles, Pd4+ was added, followed by sodium boro-
hydride. This led to the generation of *3.0 nm Pd nanoparticles attached to the
surface of the Au materials via the Flg-A3. TEM analysis of the bimetallic materials
revealed the formation of Au nanoparticles with smaller Pd particles incorporated at
the surface, as shown in Fig. 7.16a (Slocik and Naik 1988). Prior to Pd nanoparticle
production, the Flg-A3-capped Au nanoparticles were observed to be
10.7 ± 0.6 nm. The overall diameter increased to 15.5 ± 3.9 nm after Pd addition
due to the presence of the smaller Pd particles (Slocik and Naik 1988). As shown in
Fig. 7.20b, various lattices were distinguishable on the surface of the Au nano-
particle, indicative of the smaller Pd nanoparticles being included at the Au surface.

With this combination of metals, a catalytic increase was likely from the sur-
face displayed Pd nanoparticles. To this end, the more electronegative Au com-
ponent pulls electron density from the Pd particles, thus increasing their catalytic
reactivity for olefin hydrogenation (Hou et al. 2008; Dash et al. 2008). To deter-
mine if such effects were observed from the biomimetic bimetallic materials, their
activity was tested via the hydrogenation of 3-buten-1-ol to 1-butanol (Slocik and
Naik 1988). With the peptide-capped materials, a TOF value of 1016 mol product
(mol Pd 9 h)-1 was noted, which is greater than double the value observed when
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using commercially available Pd nanoparticles under the same reaction conditions
(501 mol product (mol Pd 9 h)-1) (Slocik and Naik 1988). As such, increased
reactivity was observed, suggesting that sufficient contact between the two
metallic components was present to allow for electronic changes that resulted in
the enhanced functionality.

In a second study, the Flg-A3 peptide was employed by Slocik et al. for the
synthesis of Pt-CdS nanomaterials as a biomimetic analog of the enzyme nitrate
reductase (Slocik et al. 2008). This enzyme is known to reduce nitrate to nitrite,
which has been emulated by metallodendritic catalysts (Mery and Astruc 1965)
and exploited in the synthesis of silver nanoparticles (Kumar et al. 2007). For these
studies, the Flg-A3 peptide was modified by the addition of a cysteine residue at
the C-terminus, termed Flg-A3C (Slocik et al. 2008). The thiol functional group
caps the growth of the CdS quantum dots, with the remainder of the peptide
exposed to solution for Pt nanoparticle production. After introduction of Pt2+ ions
and reduction, the multicomponent materials were generated, which displayed a
unique chain-like structure (Slocik et al. 2008). At present, it is unclear why such a
structure was generated; however, the materials were observed to be nearly
monodisperse with sizes of 13 nm for the CdS quantum dots, 1.5 nm for the
surface-bound Pt nanoparticles, and *15 nm for the nanoassemblies (Fig. 7.21)
(Slocik et al. 2008). The organization of Pt nanoparticles on the surface of CdS
was likely controlled by the fusion peptide. With the Pt and CdS components in
close proximity, this could elicit rapid electron transfer upon exposure to UV light,
which is required for nitrate reduction.

Once fully characterized, the Pt-CdS materials were employed as catalysts for
nitrate reduction, which can be monitored via UV-vis. This was achieved by
exciting at 370 nm and observing the fluorescent intensity at 431 nm, which is
indicative of nitrite production (Slocik et al. 2008). From this study, the activity of
the excited multicomponent Pt-CdS materials was observed to be at least 20 times

Fig. 7.20 TEM images of the bimetallic PdAu nanoparticles prepared using the Flg-A3 peptide.
Reproduced from Fang et al. (2009) with permission from Wiley-VCH, copyright 2006
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greater than the activity of nitrate reductase. As controls, two other materials were
tested for reactivity, including the excited CdS nanoparticles and the Pt-CdS
system without excitation. Among these systems, the excited Pt-CdS nanoas-
semblies were observed to possess the highest activity with 3.7 9 104 mol NO2

-/g
catalyst at 90 min, as shown in Fig. 7.22 (Slocik et al. 2008). At 90 min, almost no
activity was observed for the enzyme (with cofactor) and the Pt-CdS quantum dots
(without excitation). When the CdS materials were employed in the absence of the
Pt component and excited at 250 nm, a lower activity was again observed
(1.5 9 104 mol NO2

-/g catalyst) (Slocik et al. 2008). The presence of the Pt
provides a source of electron mediators between filling holes in the quantum dots,
further increasing activity of the assemblies.

Fig. 7.21 TEM analysis of
the Pt-CdS nanomaterials
prepared using the Flg-A3C
peptide. Scale bars are 13 nm
and 4 nm for the inset.
Reproduced with permission
from Slocik et al. (2008) with
permission from Wiley-VCH,
copyright 2008

Fig. 7.22 Activity
comparison for various
systems for the reduction of
nitrate with Pt-CdS (.), CdS
nanoparticles (D) when
excited at 250 nm, nitrate
reductase (cofactor added)
(j), and Pt-CdS
nanoparticles without
excitation (d). Reproduced
with permission from Slocik
et al. (2008)
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7.6 Peptide Template-Based Materials

Bhandari et al. have reported on the fabrication of nanoparticle networks (NPNs),
templated by the R5 peptide (SSKKSGSYSGSKGSKRRIL) (Jakhmola et al. 2010;
Bhandari and Knecht 2012a, b). This sequence was derived from the repeat units
of the NatSil gene of the diatom Cylindrotheca fusiformis (Kroger et al. 1999).
Known for the production of TiO2 (Luckarift et al. 2006) and SiO2, (Knecht and
Wright 2003) the R5 possesses an RRIL motif that facilitates self-assembly to
form large scaffolds (Knecht and Wright 2003). With this peptide sequence, a
variety of Pd nanoscale morphologies can be synthesized, ranging from spheres
and ribbons to NPNs (Jakhmola et al. 2010). The Pd systems were observed to be
loading-dependent, as shown in Fig. 7.23a–d. In this regard, at Pd:peptide ratios of
60, 90, and 120, stable nanostructured materials were observed; however, at ratios
of 150 and above, bulk precipitation was noted (Jakhmola et al. 2010). These
materials are defined as PdX, where X represents the Pd:peptide ratio employed
during material synthesis. In solution, these bioscaffolds first self-assemble into
larger constructs, which act as templates to control metallic material growth. First,
the Pd2+ ions are complexed within the bioscaffold through binding to the residues
at the interior of the template. Second, addition of NaBH4 results in metal ion
reduction and the growth of zerovalent materials (Jakhmola et al. 2010). The
peptide framework then acts as a template to guide the growth of the metallic
components, in addition to stabilizing the final materials against aggregation via
encapsulation. From this approach, spherical materials are observed at low
Pd:peptide ratios that selectively aggregate in the template at higher ratios to form
the linear NPN structures.

From TEM analysis of the Pd60 sample, spherical nanoparticles with a diameter
of 2.9 ± 0.6 nm were observed; however, for the Pd90 materials, nanoribbons
with widths of 3.9 ± 0.8 nm were noted, while for the Pd120 system, NPNs were
discovered with an average width of 4.1 ± 1.2 nm (Fig. 7.23a–c) (Jakhmola et al.
2010). HR-TEM imaging revealed that the ribbons and NPNs were polycrystalline,
where single nanoparticles were initially formed and then fused together, based
upon their close proximity within the template (Fig. 7.23d). Such results support a
nanoparticle aggregation process inside the template, where those particles in close
proximity can aggregate to form the linear materials.

Once the materials were characterized, they were employed as catalysts for the
Stille coupling for 4-iodobenzoic acid with PhSnCl3. Here, the reactivities were
found to be dependent on both the bioscaffold and metallic surface area, with TOF
values of 452.4 ± 16.4 mol product (mol Pd 9 h)-1 for the spherical Pd60
materials, while the other systems demonstrated TOFs of 334.3 ± 38.3 mol
product (mol Pd 9 h)-1 and 437.1 ± 14.3 mol product (mol Pd 9 h)-1 for the
Pd90 and Pd120 samples, respectively (Fig. 7.23e) (Jakhmola et al. 2010). For
each system, the metallic catalyst is contained within the peptide bioscaffold.
Spherical particles were observed in the Pd60 materials, which are likely to pos-
sess the greatest surface area. For the Pd90 materials, a decrease in activity was

7 Bio-Inspired Nanocatalysis 199



observed, which is expected as the surface area was diminished for the nanorib-
bons as compared to the nanospheres. Finally, an interesting increase in activity
was observed for the Pd120 materials, even though they were anticipated to
possess the lowest metallic surface area. This NPN reactivity effect was suggested
to be a function of the overall structure of the materials (Jakhmola et al. 2010). For
the NPNs, the greatest amount of metallic materials is present within the template,
thus positioning the reactive components closer to the scaffold surface. As such,
diminished reagent diffusion was required to reach the catalytic component,
resulting in an increased TOF value.

While the R5 peptide formed a self-assembled template to encapsulate the Pd
nanomaterials, the effect of the peptide sequence, and thus the scaffold structure,
remained unclear. Two factors contribute to the catalytic activity of this system:
the inorganic surface area and reagent diffusion through the bioframework. As
such, modulation of these factors could be used to optimize the reaction efficiency.

Fig. 7.23 TEM images of the a Pd60 b Pd90, and c Pd120 materials. Part d presents the
mechanism of nanostructure formation using the biotemplate, while part e displays the Stille TOF
analysis of the materials. Reproduced (‘‘Adapted’’) from (Jakhmola et al. 2010) with permission
of the Royal Society of Chemistry)
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To probe the effects of the template, Pd materials were synthesized employing four
peptide truncates of the R5: T1 (SSKKSGSY), T2 (SGSKGSKRRIL), T1A
(SSKKSGSYRRIL), and T2A (SGSKGSK). (Bhandari and Knecht 2012b) The
first two peptides were obtained by cleaving the R5 peptide at the tyrosine residue,
thus isolating the RRIL motif in the T2. Furthermore, both half sequences contain
similar amino acids for metal ion coordination. Additionally, the T1A and T2A
sequences were modifications of T1 and T2 that swapped the RRIL motif. Each of
these peptides were employed to form stable materials at Pd:peptide ratios of 30,
60, and 90 (Bhandari and Knecht 2012b). These resulting Pd nanomaterials were
characterized via TEM analysis and tested for Stille coupling reactivity.

For all four systems, at the lowest Pd:peptide ratio (30), the nanomaterials were
observed to be spherical structures contained within the bioscaffold (Bhandari and
Knecht 2012b). At ratios of 60, some elongated materials and nonspherical mor-
phologies were observed, with larger dimensions as compared to the materials
prepared with a ratio of 30. For the materials fabricated at a ratio of 90, mostly
NPNs were noted (Bhandari and Knecht 2012b). In general, similar structures were
prepared at the same Pd:peptide ratio, regardless of the bioscaffold employed to
template the materials. TEM images of the Pd materials prepared with each peptide
at Pd:peptide ratios of 30, 60, and 90, along with their individual sizing analysis, is
shown in Fig. 7.24 (Bhandari and Knecht 2012b). Metallic materials prepared at
higher Pd:peptide ratios aggregated, thus lower ratio materials were studied.

It was surprising that all of the truncates were able to generate nonspherical Pd
materials, as the RRIL motif was missing from the T1 and T2A peptides. To probe
the structure of the peptides in solution, DLS analysis was performed on both the
free peptides and Pd2+-complexed biomolecular systems, which demonstrated an
increasing size trend with respect to increased Pd2+ loading (Bhandari and Knecht
2012b). These sizing results indicated that all peptides could assemble into bio-
scaffolds, independent of the RRIL motif; however, the peptides that contained the
RRIL formed larger templates. As such, this motif appears to promote peptide self-
assembly, but other factors within the sequence can also drive template formation.

To probe the reactivity of materials prepared with the truncated templates, the
12 different systems were employed as catalysts in the Stille coupling reaction of
4-iodobenzoic acid and PhSnCl3 (Fig. 7.25) (Bhandari and Knecht 2012b). For the
materials prepared with the T1 template at Pd:peptide ratios of 30 and 60, TOF
values of 1030 ± 26 mol product (mol Pd 9 h)-1 and 1215 ± 70 mol product
(mol Pd 9 h)-1, respectively, were observed, while a lower TOF value of
451 ± 40 mol product (mol Pd 9 h)-1 was noted for the T1-Pd90 NPNs
(Bhandari and Knecht 2012b). For the T2 materials, TOF values of 38 ± 9 mol
product (mol Pd 9 h) -1, 530 ± 49 mol product (mol Pd 9 h) -1, and
437 ± 46 mol product (mol Pd 9 h) -1 were observed for ratios of 30, 60, and 90,
respectively (Bhandari and Knecht 2012b). The T1A-Pd30, 60, and 90 materials
demonstrated TOF values of 166 ± 23 mol product (mol Pd 9 h) -1,
315 ± 56 mol product (mol Pd 9 h)-1, and 224 ± 44 mol product (mol
Pd 9 h)-1, respectively (Bhandari and Knecht 2012b). Finally, the T2A-Pd30
materials demonstrated TOF values of 370.5 ± 8.5 mol product (mol Pd 9 h)-1
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Fig. 7.24 TEM analysis of materials prepared with the a T1 b T2 c T1A, and d T2A templates at
Pd:peptide ratios of 30, 60, and 90. Scale bar is 20 nm and inset scale bar is 2 nm. Reprinted (adapted)
with permission from (Bhandari and Knecht 2012b). Copyright (2012) American Chemical Society

Fig. 7.25 TOF analysis of
the materials prepared using
the peptide truncates.
Reprinted (adapted) with
permission from (Bhandari
and Knecht 2012b).
Copyright (2012) American
Chemical Society
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for the spheres, while the T2A-Pd60 materials demonstrated a TOF average of
487.3 ± 24.2 mol product (mol Pd 9 h)-1 for the nanoribbons, and the T2A-Pd90
materials showed a TOF value of 137.5 ± 4.9 mol product (mol Pd 9 h)-1

(Bhandari and Knecht 2012b). Due to the structural similarity of the Pd compo-
nents for each of the different materials, the variations in the peptide scaffold are
likely responsible for the changes in the observed catalytic activity. To this end,
similar Pd morphologies are present at each ratio; however, the templates must be
different due to the differences in scaffold size and peptide sequence used to
generate the framework. As such, this scaffolding effect may allow for greater
access to the Pd materials for the T1 system over the other materials. Such bio-
framework effects may open the door to rational template modifications to
engender the materials with optimal functionality.

Beyond Pd-based materials, the R5 peptide has demonstrated the ability to form
Au NPNs that are catalytically reactive (Bhandari and Knecht 2012a). Such
material morphologies have become of interest due to their high metallic surface
area, tunable optical properties, and large frameworks for a variety of applications
such as nanopourous supports, (Lang et al. 2013) electrocatalysts, (Maye et al.
2000), and biosensing platforms (Sidhaye et al. 2005). Though these materials are
traditionally prepared with ligands that bind directly to the metallic surface,
(Chirea et al. 2011; Wang et al. 2006; Pei et al. 2004), (Sau and Murphy 2004a)
recent biomimetic template synthesis approaches have allowed for their production
with peptides (Bhandari and Knecht 2012a).

Au NPNs were prepared at Au3+: peptide ratios of 30 and 60 using the R5
template (Bhandari and Knecht 2012a). Such ratios were selected due to the
precipitation of bulk materials at higher ratios. This contrasts the synthesis of the
Pd NPNs at ratios of 90 and 120, which were quite stable (Jakhmola et al. 2010).
Such a difference in loading effects based upon the metal identity suggests dif-
ferent coordination environments within the bioscaffold. TEM analysis of the
materials showed similarities between the Au30 and Au60 materials, as shown in
Fig. 7.26. These materials consisted of highly branched NPNs, with individual
widths of 7.6 ± 1.1 and 7.1 ± 1.3 nm, for the Au30 and Au60 systems, respec-
tively (Bhandari and Knecht 2012a). The materials were observed to be poly-
crystalline, similar to the Pd nanostructures, with lattice spacings corresponding to
the Au (111) plane, (Bhandari and Knecht 2012a) all of which is consistent with
the template-based growth mechanism.

The catalytic activity of the templated Au NPNs was probed for the reduction of
4-nitrophenol to 4-aminophenol, which can be monitored via UV-vis (Bhandari
and Knecht 2012a). For this, the substrate, 4-nitrophenol, absorbs at 400 nm, while
the final 4-aminophenol product absorbs at 300 nm, as shown in Fig. 7.27a
(Bhandari and Knecht 2012a). After a short lag period after reaction initiation,
which likely is due to substrate surface adsorption, a decrease in the 400 nm peak
was observed, correlating to reagent consumption (Fig. 7.27b). Concurrently, an
increase was noted for the product at 300 nm. Of the Au30 and Au60 NPNs, a
similar reaction rate was observed, which demonstrated comparable Ea values of
29.0 ± 1.4 kJ/mol and 27.7 ± 1.6 kJ/mol, respectively (Bhandari and Knecht
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2012a). Mechanistically, it was evident that adsorption of the substrate to the
particle surface was required, based upon the initial lag period. Next, reduction of
4-nitrophenol occurs, which was saturated with hydrogen atoms from the NaBH4.

Fig. 7.26 TEM analysis of the Au30 (a and c) and the Au60 (b and d) materials. Scale bars are
50 nm (a and b) and 2 nm (c and d). Reproduced (‘‘Adapted’’) from (Bhandari and Knecht
2012a) with permission of the Royal Society of Chemistry

Fig. 7.27 Reduction of 4-nitrophenol using Au NPNs. Part a presents the reaction analysis via
UV-vis, where product consumption as a function of time is shown in part b. Reproduced
(‘‘Adapted’’) from (Bhandari and Knecht 2012a) with permission of the Royal Society of
Chemistry
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Finally, the 4-aminophenol product desorbs, leaving an active site open for the
reaction to continue (Bhandari and Knecht 2012a). Comparing the Au30 and Au60
materials, the two systems were observed to be basically equivalent for the
reaction, within the limits of the error. This similarity between systems with very
different loading quantities of metal suggests that the bioscaffold is highly flexible
and does not inhibit the diffusion of the reagents to the metallic catalyst.

These networked materials are highly versatile systems, such that both the bio-
scaffold and the metallic structure direct the final catalytic reactivity. From these
networked structures, the fusion of small particles seems to be controlled by the
bioscaffold and metal loading, thus changing the surface area of the metallic
materials; however, surface area does not necessarily control the material reactivity.
Surface accessibility appears to be quite important as well, which was dependent on
the effect of the metal component and the bioscaffold. Combined, these systems
represent nanostructures that could provide new methods for material applications.

7.7 Virus-Templated Materials for Catalysis

In addition to their use in biocombinatorial selection methods described above,
M13 bacteriophage have been exploited for a number of other applications, ranging
from generation of complex frameworks to nanowire (NW) templating (Lee et al.
2006; Mao et al. 2004). For the former, binding motifs can be genetically pro-
grammed into the pIII and pIX coat protein at the virus’ termini to drive their linear
assembly, forming complex structures (Flynn et al. 2003). For the latter, modifi-
cations to the pVIII major coat protein allow for peptide additions along the entire
length of the phage (Nam et al. 2006). Due to the difficulties with large changes to
the pVIII coat protein, only small modifications are possible (Huang et al. 2005).
From this, a simple addition that complexes metal ions has been demonstrated to be
advantageous for the synthesis of phage-based nanomaterials.

Belcher and coworkers have demonstrated multiple pVIII-modified phage that
have been demonstrated to bind metal ions and form complex NWs (Hess et al.
2012; Nam et al. 2006, 2010a). By employing this technique with a material-
specific peptide, Au NWs have been generated using the M13 phage, which can then
be coated in Pt to generate highly catalytically reactive materials (Lee et al. 2012).
To achieve such structures, the M13 bacteriophage were genetically engineered to
generate Au NWs at room temperature, as shown in Fig. 7.28. Previously selected
with Au affinity, (Huang et al. 2005) the VSGSSPDS peptide was expressed on the
pVIII coat proteins of a phage clone, termed p8#9. The capsid shell of this engi-
neered virus allowed for the adsorption of both Au0 and Au3+ ions through com-
plexation with the amino acids. After Au3+ incorporation to the phage surface, the
addition of a reductant resulted in the formation of Au nanoparticles that evolved to
generate Au NWs (Lee et al. 2012). Unfortunately, some unwanted aggregation
occurred, likely due to insufficient surface passivation. The formation of stable
NWs was observed from the stepwise reduction of Au3+ and Ag+ by NaBH4 and
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citrate in the presence of cetyltrimethylammonium bromide (CTAB) surfactant.
The Ag+ ions were found as homogenous deposits within the Au as a 10 % alloy
due to its low concentration in the reaction (Lee et al. 2012). By using this approach,
more uniform Au NWs were prepared as compared to previous methods using the
P8#9 phage that did not include Ag+ and CTAB (Seferos et al. 2007). To this end,
the presentation of the Au-binding sequence bound the inorganic materials to the
phage, while the surfactant stabilized the outer exposed Au surface, resulting in
consistent NWs. Interestingly, the structures were *59 the length of the M13
phage precursor (Lee et al. 2012). This length difference was likely due to an end-
growth mechanism caused by CTAB on the growing phage-nanowire surface,
similar to previous Au nanorod-based synthetic methods (Sau and Murphy 2004b).

From these structures, core@shell materials were synthesized, in which the Au
NWs were coated with Pt nanoparticles that fused to form a complete shell (Lee
et al. 2012). This was performed by controlling the Pt concentration by varying
amounts of Pt4+ titrated into the CTAB-stabilized Au NW solution. After incu-
bation, ascorbic acid (a weaker reductant than NaBH4) was added to the solution
and heated to 50 �C overnight, resulting in Au@Pt core@shell structures
(Fig. 7.29) (Lee et al. 2012). TEM imaging revealed that very fine Pt nanoparticles
were present on the surface of the Au core, which were fused to give rise to the
unique morphology (Fig. 7.30) (Lee et al. 2012). Using this approach, three sys-
tems were prepared where the Au:Pt ratio was varied at 2.6:1.0, 1.8:1.0, and
1.0:1.0 ratios. The resulting materials from these syntheses varied in diameter from

Fig. 7.28 Synthesis steps for homogeneous Au-Ag NWs with the p8#9 M13 phage. This process
results in NWs coated in surfactant, which can be redispersed upon mixing. Reproduced
(‘‘Adapted’’) from (Lee et al. 2012) with permission of the Royal Society of Chemistry)
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10–50 nm with changes in p8#9 phage, CTAB, Au3+, Ag+, and ascorbic acid
concentrations (Lee et al. 2012). The resulting NWs acted as supports for the
deposition of small Pt nanoparticles. Though different Au:Pt ratios were employed,
only a minimal increase in nanowire diameter was observed among these systems.
As expected, the nanowire system with the most Pt surface coverage present was
the 1.0:1.0 system (Fig. 7.30, right). Here, a greater quantity of available Pt is
present, such that more surface coverage is possible. STEM analysis of the 1.0:1.0
materials revealed a Au-Ag core and an almost exclusively Pt surface coverage, as
presented in Fig. 7.31.

Once characterized, the Au@Pt materials were tested for their activity for the
ethanol oxidation reaction (EOR—Fig. 7.32). The EOR activities of the NWs with
Au:Pt ratios of 2.6:1.0, 1.8:1.0, and 1.0:1.0 were observed to be 0:72 mA cm�2

Pt ,
0:60 mA cm�2

Pt , and 0:65 mA cm�2
Pt , respectively (Fig. 7.32c) (Lee et al. 2012).

Noticeably, the lowest ratio of Pt demonstrated the highest average EOR activity;

Fig. 7.29 Synthesis of Au@Pt core@shell NWs. Reproduced (‘‘Adapted’’) from (Lee et al.
2012) with permission of the Royal Society of Chemistry

Fig. 7.30 TEM images of the Au NWs on the left and then the Au@Pt core@shell NWs on the
right. Reproduced (‘‘in part’’) from (Lee et al. 2012) with permission of the Royal Society of
Chemistry
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Fig. 7.31 STEM analysis of
Au@Pt core@shell NWs.
Red corresponds to Au, blue
to Ag, and green to Pt.
Reproduced (‘‘in part’’) from
(Lee et al. 2012) with
permission of the Royal
Society of Chemistry)

Fig. 7.32 Catalytic activity of Au@Pt NWs. Part a compares the ethanol oxidation activity by
CV measurements, while part b presents ethanol oxidation polarization curves of the Au@Pt
NWs, Au NWs, and a commercial Pt on C catalyst. Finally, part c compares the materials
reactivity, while part d displays chronoamperometry measurements of the materials. Reproduced
(‘‘Adapted’’) from (Lee et al. 2012) with permission of the Royal Society of Chemistry)
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however, these values were similar. Furthermore, these materials were observed to
be [5 times more reactive than a commercially available Pt on C catalyst
(0:12 mA cm�2

Pt ) (Lee et al. 2012). It should be noted that the various materials
were roughly similar in their catalytic activity. This suggests that the presence of
Pt on the Au NW is necessary for enhanced activity, but not necessarily reflective
of the material composition.

Beyond the Au@Pd NWs, phage-based IrO2 NWs have also been developed as
catalysts for energy production via photochemical water splitting (Nam et al.
2010b). Belcher and coworkers developed multiple functional inorganic structures
for this reaction by integrating a photosensitizer and metal oxide catalyst together
on the M13 phage surface. For these materials, IrO2 was chosen as it is known to be
highly stable and catalytically reactive for water splitting (Frame et al. 2011). For
the development of a material with affinity to IrO2, phage display was performed
and the octameric sequence AGETQQAM was isolated with target affinity (Nam
et al. 2010b). Subsequently, phage were engineered to be used as supports for
nanoscale organization to include both IrO2 and the photosensitizer Zn(II) deu-
teroporphyrin IX-2,4-bis-ethylene glycol (ZnDPEG). The IrO2-binding phage that
displayed the peptide along the major coat protein were introduced to a ZnDPEG
solution, yielding porphyrin nanoantennae structures. These materials were pre-
pared by conjugation of the ZnDPEG to the pVIII coat protein on the M13 phage
via a carbodiimide coupling reaction (Nam et al. 2010b). To prepare IrO2 material
precursors, Na2IrCl6 was first hydrolyzed to form Ir nanoclusters with citrate as a
ligand. These nanoclusters were then added to the phage-porphyrin solution in the
presence of H2O2, which yielded the final IrO2-porphyrin NW product.

TEM studies were used to confirm the structure and composition of the hybrid
materials (Nam et al. 2010b). From this study, compositional and structural dif-
ferences were noted throughout the material synthesis. For this, materials were
prepared with various IrO2:nanoantennae loading ratios, which demonstrated
morphologies ranging from NWs to networked materials. As shown in Fig. 7.33,
materials prepared with an IrO2:ZnDPEG ratio of 15:1 demonstrated more cluster-
like morphologies, which resemble fused networks of particles (Nam et al. 2010b).
As the ratio increased to 224:1, a greater amount of IrO2 is present in the system
and available for binding to the phage surface (Nam et al. 2010b). This excess IrO2

results in morphologies that produce a more fully developed layer around the
nanoantennae, resulting in recognizable, wire-like structures.

For comparison, materials were prepared at a ratio of 41 with both conjugated
and free ZnDPEG as photocatalytic materials for water splitting. These include
IrO2 particles with free ZnDPEG, IrO2 with the ZnDPEG-functionalized virus,
IrO2 wires with free ZnDPEG, and IrO2-ZnDPEG hybrid wires. For this analysis,
the production of O2 was tracked and used to measure material reactivity. Of the
systems prepared, the IrO2-ZnDPEG hybrid NWs demonstrated the highest
amount of O2 produced with respect to moles of catalyst, based upon the turnover
number (TON) (Fig. 7.34a) (Nam et al. 2010b). IrO2:ZnDPEG ratios of 15, 41, 72,
and 224 were employed as catalysts in water splitting and demonstrated TON
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Fig. 7.33 TEM images of the engineered M13 virus functionalized with a ZnDPEG b IrO2 at
15:1 IrO2:ZnDPEG ratios, and c IrO2 at 224:1 IrO2:ZnDPEG ratio. The graphic representations in
(d–f) correspond to the materials in (a–c). Scale bars are 200 nm. Reprinted by permission from
Macmillan Publishers Ltd: [Nature Nanotechnology] (Nam et al. 2010b), copyright (2010)

Fig. 7.34 Water-splitting efficiency. Part a presents TON analysis for the following set of
materials: IrO2 with unconjugated ZnDPEG (black), IrO2 with ZnDPEG-virus (green), IrO2 wires
with unconjugated ZnDPEG (blue), and IrO2-ZnDPEG hybrid wires (red) Note that the
IrO2:ZnDPEG ratio was maintained at 41 for all of these samples. Part b displays the TON
analysis for the IrO2-ZnDPEG NWs prepared at the indicated IrO2:ZnDPEG ratios (r). Reprinted
by permission from Macmillan Publishers Ltd: [Nature Nanotechnology] (Nam et al. 2010b),
copyright (2010)
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values of 1143, 796, 578, and 433 mol product (mol catalyst)-1 for the production
of O2, respectively (Fig. 7.34b) (Nam et al. 2010b). As such, the lowest
IrO2:ZnDPEG ratio NWs resulted in the highest activity, indicating that larger
amounts of ZnDPEG increased the reactivity.

In addition to the IrO2-based systems, similar virus-directed assemblies have
been demonstrated to be efficient catalysts for the evolution of H2 from ethanol
degradation (Neltner et al. 2010). Previously, Rh@CeO2 materials have been used
for the conversion of water/ethanol mixtures into H2 for use as fuel (Diagne et al.
2002). While this is somewhat effective, the addition of Ni enhances their ability to
oxidatively reform ethanol to generate the final H2 product (Kugai et al. 2005). To
that end, C-C bond cleavage occurs, leading to degradation products (CH4 and CO)
that can then be reformed with H2O to H2 and CO2 (Nam et al. 2010b; Shodiya et al.
2013). For the purpose of this reformation reaction, the M13 phage was expressed

Fig. 7.35 TEM analysis of AEEE-modified M13 phage-templated materials. Catalyst were
prepared made at a 1 mM metal precursor concentration a without M13 b with 107 M13/mL
c with 1010 M13/mL, and d with 1013 M13/mL. Insets show higher magnification images.
Reprinted (adapted) with permission from (Neltner et al. 2010). Copyright (2010) American
Chemical Society
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with an AEEE tetrapeptide addition to the major coat protein, which complexed
metal ions to act as a nucleation site for the formation of CeO2 NWs with Ni/Rh
dopants (Neltner et al. 2010). To a 1 mM metal precursor solution, materials were
prepared first without M13 as a control and then with 107, 1010, and 1013 M13/mL.
This solution underwent oxide nucleation and growth by the addition of NaOH and
H2O2, which formed Ni/Rh@CeO2 networks as observed via TEM (Fig. 7.35)
(Neltner et al. 2010). Approximately 90 % of pores imaged were observed to be
4.5 nm for the templated materials. These networks also demonstrated a surface
area of 180 m2/g. This is quite important when compared to the control materials
generated in the absence of the biomimetic template, which possessed 5.9 nm pore
sizes with a surface area of 143 m2/g (Neltner et al. 2010).

Once confirmed, these catalysts were employed for the steam reformation
reaction with ethanol (Neltner et al. 2010). Prior to testing, the materials were
heated to 400 �C to burn off residual phage. For the reaction, a 1.7:1:10:11 air/
ethanol/H2O/Ar mixture was flowed over a 100 mg sample of the materials, where
product generation was monitored via GC. Conversion rates were calculated as the
ratio of ethanol consumed versus injected, with N2 as an internal standard. Con-
version rates were calculated for both the M13-templated and nontemplated
materials (Fig. 7.36). For the template materials, an initial 100 % conversion of
ethanol was observed, with only a 1 % loss in activity after 52.0 h (Neltner et al.
2010). Additionally, steady degradation was observed for the other templated
materials with yields of 70 % H2, 5 % CH4, 3 % CO, and 1 % acetaldehyde. The
nontemplated structures showed similar initial rates that diminished over time.
These structures were observed to regain some reactivity when exposed to air;

Fig. 7.36 Steam reformation activity for the catalyst prepared a with and b without the M13
template. Part c presents the second run of the nontemplate materials. Reprinted (adapted) with
permission from (Neltner et al. 2010). Copyright (2010) American Chemical Society

212 R. Coppage and M. R. Knecht



however, their rate diminishment increased after subsequent cycles (Neltner et al.
2010). To account for the high degree of reactivity for the virus-based structures, it
is likely that the biotemplate allows for uniform network formation. This unifor-
mity results in a more ordered structure to enhance the surface area. Furthermore,
these structures demonstrated increased stability, decreased deactivation, smaller
pore sizes, and higher catalytic activity as compared to nontemplated materials,
(Neltner et al. 2010) suggesting an important role for biotemplates.

These engineered-phage materials provide significant progress toward the
synthesis of biomimetic catalytic materials, in which the biological structures can
direct the organization of the inorganic components for increased reactivity. These
biomaterials generate highly efficient catalysts that minimize precious metal waste,
with the ability to function at ambient and sustainable conditions. Furthermore,
these viral-templated methods are critically important as NW precursors and NW-
framework templates, thus providing a high catalytic surface area for reactivity.
The M13 coat proteins allow for highly versatile modifications and assemblies, as
well as the ability to interact with various metal precursors. Taken together, these
effects make phage viruses incredibly valuable for the continued development of
superior nanomaterials.

7.8 Conclusions

Despite the current development of biomimetic nanomaterial systems, the binding
interactions that drive the synthesis and surface reactivity of these materials still
remain unclear. While individual amino acids can be observed to possess specific
binding effects, the binding interaction of longer sequences is significantly more
complex and difficult to characterize. A delicate balance of passivating bioligand
structure, binding, and surface assembly govern the final size, shape, and func-
tionality of the nanomaterials. To that end, these properties can all potentially be
modulated through rational peptide design. The selective tuning of these char-
acteristics could lead to the development of optimized catalytic materials, with
specific functionality obtained through size and surface effects. Additionally, the
design of peptide-modulated activity on inorganic surfaces allows for selective
shapes through directed facet growth and thus the exposure of high-energy atoms.
The optimization of inorganic surfaces and sequence-controllable activity through
biomimetic nanomaterial synthesis could lead to superior structures with func-
tionality over a wide range of catalytic reactions. To that end, the continued
pursuit of superior materials inspired from biology and their efficiency could
prove to be beneficial for catalytic applications under sustainable conditions for
long-term use.
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Chapter 8
Addressable Biological Functionalization
of Inorganics: Materials-Selective Fusion
Proteins in Bio-nanotechnology

Banu Taktak Karaca, Marketa Hnilova and Candan Tamerler

Abstract Biological systems have developed a wide range of ingenious solutions,
which serve as valuable sources for inspiration in designing new materials and
systems. The evolutionary pathways through which biological systems have been
formed build upon the biomolecular machinery bridging multiple length scales to
exhibit a multitude of diverse outstanding properties. With a growing understanding
of the molecular processes involved, biological principles are regularly revisited for
developing new bio-enabled approaches to materials engineering. A number of
biomolecules play important roles in biological systems by performing various
tasks based on their functional specificity and their precise molecular recognition
capability. Proteins are specifically involved in both collecting and transporting raw
materials and interacting with ions. Proteins systematically undergo self- and
co-assembly to yield short- and long-range ordered nuclei, substrates and other
cellular organelles, as well as to catalyze reactions. The precise molecular recog-
nition and the self-assembly exhibited in these interactions are an outcome of
evolutionary process, where proteins have undergone cycles of structural fittings
that lead to improved specific interactions. In the last decade, peptides have
been utilized as critical building blocks to mimic biomolecular capabilities of
proteins and to develop unique novel hybrid materials for a variety of practical
applications. Here in, we summarize the inspirations that allow engineers to
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mimic biomolecular processes and the utility of combinatorial biology-based
library systems to screen peptides for materials. Finally, we provide examples of
addressable assembly on a variety of surfaces leading to self-organized hybrid
systems that employ peptides fused to different functional proteins as building
blocks for materials specificity.

8.1 Biological Systems as Models for Design of Materials

The diverse properties of structural biological materials have been studied by
many groups over a long period of time with at least one early example going back
to Sir Thompson’s book, i.e., ‘‘On Growth and Form’’ published in 1917
(Thompson 1917). Thompson pointed out the correlations between biological
forms and mechanical properties. Today’s accumulated knowledge on biological
materials is continuing to attract the interest of materials engineers more than ever
due to their exceptional properties resulting from Nature’s inherent approach
concealed in molecular scale design.

The exceptional mechanical properties of natural materials mainly providing
protection and support have always been at the core of bioinspired materials
(Wainwright 1976; Sarikaya and Aksay 1995; Mann 1996; Meyers et al. 2008).
Biological materials are structured in a hierarchical way over multiple length
scales, starting from nanometer-scale objects. Hierarchical structuring is one of the
key features providing intricate architectures that ultimately inherit multifunc-
tionality to adapt the survival needs of an organism. These intricate structures
derive their function from controlled size, morphology and self-organization into
two- and three-dimensional constructions (Berman et al. 1988; Sarikaya and Aksay
1995; Mann 1996; Aizenberg et al. 2002, 2005; Meyers et al. 2008;). Owing to
their hierarchical structures, these intricate constructions are of great importance to
provide conditions to adapt the survival requirements of a living organism (Alberts
2002). The variety of the materials is consequently an incredible inference of the
natural evolution adaption to several environments and circumstances. These
constructions are simultaneously dynamic and complex, and exhibit self-organi-
zation, selfregulation, and selfhealing characteristics that are difficult to achieve in
purely synthetic systems. Based on their highly controlled diverse functions,
biocomposites have properties of high-technological interest that surpass synthetic
systems with similar phase compositions (Vincent 1990; Calvert and Mann 1988;
Tirrell 1994; Aksay and Weiner 1998; Sanchez et al. 2005; Sarikaya 1999).

The striking difference in the design strategies used by Nature compared to
today’s engineering creates a significant barrier in translating the lessons learned
from biological materials to the design of new materials. Many biological materials
are structured in a highly organized-, hierarchical-manner at the nano-, meso-, and
macro-scales over a long period of evolutionary adaptions (Calvert and Mann 1988;
Sarikaya 1994; Aizenberg et al. 2002). The way Nature evolves the biological
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systems serves to bring multiple distinguishing functions that are built upon
biomolecular machinery. One of the unique features is probably their inherent
ability to self-organize over both multiple times and multiple length scales. Among
different biomolecules in the palette of life, proteins play an important role in
biomolecular systems by performing diverse functions built into them due to their
functional specificity and their precise molecular recognition properties. For a long
time, the field of biotechnology has invested in using biological principles and
components for medical and technological applications. In this endeavor, biomac-
romolecules, such as genes, proteins, enzymes, and antibodies have been the major
components previously used for a variety of applications in materials science. While
relying on biomacromolecules and cells, material science is currently integrating
more biotechnology into its palette. Here, the ultimate aim is to bring more tradi-
tional engineered materials and the components of nanotechnology, toward
achieving efficient, addressable, adaptable biologically-controlled, and multifunc-
tional hybrid molecular materials and systems.

For instance, hard tissues, such as bones, teeth, spicules, shells, beaks, and
bacterial nanoparticles, are examples that all have a high percentage of mineral
that is integrated within a protein-rich matrix. This matrix can contain one or more
protein-based organic components that control structural formation, as well as
becoming an integral part of the biological composites (Lowenstam and Weiner
1989; Sarikaya and Aksay 1995; Meyers et al. 2008). Examples include silaffins
and silicateins in silica-based structures, amelogenin in enamel, collagen in bone,
calcite- or aragonite-forming proteins in mollusk shells and magnetite-forming
proteins in magnetotactic bacteria (Berman et al. 1988; Cariolou and Morse 1988;
Paine and Snead 1997; Schultzelam et al. 1992). Each of these functional bio-
logical systems has self-organization and selfregulation characteristics that are
difficult to achieve in purely synthetic systems, even with the recently developed
bottom-up processes that rely on the use molecules and nanocomponents.

Among many different biomacromolecules, proteins seem to function as the
leading enablers for specific interactions between various cell and tissue compo-
nents, as well as in cellular communications (Hanks et al. 1988; Yang et al. 1996;
Sanchez et al. 2005; Tamerler and Sarikaya 2007b). For example, protein phos-
phorylation is one of the key mechanisms in the regulation of signal transduction
pathways in both prokaryotes and eukaryotes (Hanks et al. 1988; Yang et al. 1996).
Many essential biological interactions in living organisms are based on precise
molecular recognition between individual proteins and other biomolecules
(Fig. 8.1). It is apparent that the amino acid sequence of a given protein directly
dictates its secondary and tertiary folding and which, in turn, dictates its interac-
tion with other proteins, DNA and other biomacromolecules based on molecular
recognition. For most of the protein systems, a biological activity necessitates the
retained protein structure. However, adsorption-induced conformational changes
can cause at least partial loss in the activity of the protein, such as enzymatic
activity (in the case of enzyme) or molecular recognition (in the case of antibody).
In fact, the biomineral-associated biological proteins can be considered to operate
on the same basic principles of molecular recognition, i.e., sequence-related
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molecular structure that recognizes the counterpart mineral and dictates its
function. Understanding the molecular recognition elements in the hierarchical
design and structural adaptability of biological composites continues to provide
insights for designing new materials and systems (Sarikaya and Aksay 1995;
Sarikaya et al. 2003; Tamerler et al. 2010). In the last decade, biomimetics, at the
molecular scale, is considered a promising way for the realization of this concept
toward solving nanotechnologic challenges by increasing the open-ended nano-
scale revolution (Sarikaya 1999; Ball 2001; Sarikaya et al. 2003; Seeman and
Belcher 2002).

Mimicking molecular scale interactions of biomolecules at the material inter-
faces was initiated with the search for control over directing molecular evolutions
toward technologically relevant materials. Peptides, with specific materials
recognition have been a major biocomponent in this approach. In the last decade
many groups, including the authors, used combinatorial biology-based approaches
to generate peptides with a specific affinity and selectivity for a material of
technological interest. These new set of peptides have revealed that novel ways of
addressing the biomolecular interfacial interactions can be generated by mim-
icking the natural evolution process. There is a continued interest to identify
additional peptides and understand their lexicon for molecular level interactions
with different materials such as metal, metal oxides, and ceramics. As the
fundamental level of peptide-based interfacial interactions continues, peptides are
making their ways into bio-enabled materials and systems assembly and synthesis
processes.

Already there appears to be a path to follow in order to design peptide-based
biomimetic systems: (1) The inorganic-specific peptides are identified by initiating
a fast evolution toward the materials of interest, using combinatorial biology-based
libraries; (2) These peptide building blocks can be further engineered to tailor their
recognition and assembly properties using rational design or computational biol-
ogy approaches, including bioinformatics and structural biology. This step is
similar to natural evolution, where successive cycles of mutation and selection
potentially leads to improved progeny; (3) The engineered peptides can be used to
self- or co-assemble into an ordered functional biomolecular layer, building upon
the controlled biomolecular-inorganic materials interface; and (4) Building upon
the modularity of the peptide domains, a domain can be used as molecular building
blocks to combine: (a) two-different materials binding functions to couple different
materials within a close proximity, and (b) a biological cue to any type of materials
with size, shape, and composition leading to the design of multifunctional hybrid
materials (Sarikaya et al. 2004). The outcome of this process will continue to have
great impact on medical and technological applications, including self-assembled-,
multi-functional-, molecular-structure constructs, from nanophotonics to nano-
medicine, as well as to devise systems that can be built upon the multitude of
selfregulatory operational modes intrinsic to proteins.

Our bio-enabled approach is being constructed in a way that future biomimetic
system can include engineered biomolecules built upon the peptide-based, mate-
rials-specific function. The domain-by-domain design afforded by peptide and
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protein constructs is next applied to obtain multifunctional biomolecular building
blocks, each specifically designed for a material of interest. Here, we provide
examples on the peptide-based assembly of multifunctional proteins and the use of
enzymes on different set of inorganics that lead to the self-organized hybrid
material systems.

8.2 Combinatorial Selection and Engineered Evolution
of Inorganic-Binding Peptides

Progress in the development of combinatorial selection techniques created a major
tool for a myriad of biotechnological applications including discovery antigen–
antibody interactions, studying peptide–ligand interactions, and drug and vaccine
development (Smith 1985; Brown 1997; Boder and Wittrup 1997). In the last
decade, combinatorial biology-based molecular library protocols have been
adapted from molecular biology to materials science and engineering, with the
intention to select peptides that recognize and bind to an inorganic surface.

Among the combinatorial biology methods, phage display (PD) and cell surface
display (CSD) are two well-adapted techniques used to screen peptides against an
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Fig. 8.1 Biological Interactions and Molecular Recognition: a Examples of biological interac-
tions in living organisms: Ligand binding induces the conformational change of molecule for
functionalization b Peptide-enabled biofunctionalization of inorganic surfaces mimicking
biological molecular recognition
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inorganic target surface. The basic principle of each technique relies on the link
between phenotype and genotype. DNA sequences corresponding to random
peptides are inserted into the genome of microorganisms where they will express,
within the context of proteins localized on the surface of phage or the cell. The
random peptide sequences can be displayed on the target surface of the phage or
bacterial cells within fimbria, lipoprotein, and flagellar protein of the cell or on the
major or minor coat protein of phage (Smith 1985; Smith and Petrenko 1997;
Lee et al. 2003). Among cell surface and phage display combinatorial approaches,
the phage display system has risen to become more dominant owing to better
efficiency than the cell surface technique.

The typical biopanning round that is applied in selecting inorganic-binding
peptides is composed of multiple steps. The randomized peptide library displayed
on phage or bacterial surfaces first interacts with the inorganic target having a
specific material with a defined composition, shape, or size. Next, the nonbinding
phage or cell clones are washed off the surface, followed by an elution protocol to
recover the bound clones from the inorganic surface. Depending on the materials
and solution properties, the elution process might involve physical and/or chemical
methods. The recovered pooled clones are amplified for a subsequent panning
round. Generally, a biopanning cycle is repeated 3–5 times (Fig. 8.2). In early
rounds, low affinity binders can be retrieved if the selection is performed under
mild conditions. In later rounds, as the elution conditions get harsher (more
stringent), high-affinity binders are also recovered. Because the chimera is encoded
within the phage genome or in a plasmid carried by the cell, the amino acid
sequence information can be readily deduced by DNA sequencing (Fig. 8.2).

In contrast to biological targets, inorganic materials present many challenges,
which may result in lack of consensus in the selected peptide sequences. Each
peptide may also exhibit different binding levels for their inorganic targets
(Tamerler et al. 2010). This probably reflects the heterogeneity of inorganic sur-
faces and various binding mechanisms applied in masses to the peptide–surface
interactions during panning. Thus, in our group we developed a simple binding
assay to gain insight into the relationship between amino acid composition of
selected clones and their affinity levels using a fluorescence microscopy technique.
In our approach, we test the binding affinity of 30–50 experimentally selected
clones. The relative binding strength of selected individual phage or cell clones is
estimated by enumerating either the surface coverage of the phage to the material
surface or enumerating adhered cells on the materials surface through immu-
nolabeling by fluorescently labeled anti-M13 antibodies or DNA-binding
fluorescence dyes (Thai et al. 2004; Seker et al. 2007; Gungormus et al. 2008;
Hnilova et al. 2008; Sedlak et al. 2012; Tamerler et al. 2010). The experimentally
selected peptides showing promising binding affinity in these preliminary fluo-
rescence microscopy experiments can be used directly or can be further engineered
by either bioinformatics tools or mutagenesis approaches to produce second and
higher generations of more functionally specific peptides (Oren et al. 2007).

Our, as well as other groups, have shown that improved selectivity can
be achieved by integrating simple modifications into the biopanning protocol
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(e.g., counter selection step, material specificity testing, etc.) in order to isolate
peptides with materials selective high affinity (Tamerler et al 2006a, b, 2010;
Hnilova et al. 2008; Hashimoto et al. 2011; Cui et al. 2012; Sedlak et al. 2012;
Baneyx and Park 2013; Frascione et al. 2013; Coyle et al. 2013). Since proteins
composed of diverse amino acids residues can nonspecifically interact with any
surfaces through their side chains, material selectivity becomes an important
parameter toward the integration of the desired molecular recognition properties
into peptide-based materials and systems. Additionally, we note that special
attention should be paid to adapting and continuously modifying the biopanning
conditions for optimized selection of the inorganic-binding peptides, since each
materials surface, with respect to its composition, surface properties, e.g., charge,
topography, roughness, and reactivity in buffer environment, are very different
from protein-to-ligands, from which the combinatorial selection techniques were
originally developed (Sarikaya et al. 2003; Tamerler and Sarikaya 2007a, 2008;
Evans et al. 2008).

So far, various peptide sequences for different inorganic materials, e.g., metals,
Au (Brown 1997; Hnilova et al. 2008), Ag (Naik et al. 2002; Sedlak et al. 2012), Pt
(Seker et al. 2007; Tao et al. 2013), SiO2 (Brott et al. 2001; Oren et al. 2007), Cu2O
(Thai et al. 2004), ZnO (Zhou et al. 2010; Rothenstein et al. 2012), TiO2 (Sano et al.
2005; Puddu et al. 2013; Yazici et al. 2013), and ZrO2 (Hashimoto et al. 2011),
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minerals including hydroxyapatite, calcite, sapphire (Gaskin et al. 2000; Krauland
et al. 2007; Gungormus et al. 2008), semiconductors including GaN, ZnS, and CdS
(Whaley et al. 2000; Lee et al. 2002; Matmor and Ashkenasy 2012), graphite (So
et al. 2012; Akdim et al. 2013), and diamond-like carbon (Gabryelczyk et al. 2013)
have been isolated using combinatorial molecular biology procedures, e.g., phage
and cell surface displays. The experimentally selected peptides that show promising
affinity in preliminary binding experiments can be used directly or can be further
engineered by either bioinformatics tools or rational engineering approaches to
produce the next generation of engineered peptides.

The ‘‘know-how’’ in biological systems has been built throughout billions years
of evolution. The laboratory imposed cycle of generations and mutations have
been an important part of the improved progeny found in these screening exer-
cises. However, to reach the next level of control, we introduced bioinformatics
tools and computational approaches that are combined with experimental char-
acterization to continue to generate peptides with improved properties (Oren et al.
2007, 2010; Evans et al. 2008; Notman et al. 2010) These properties can be
dictated by the application area. For example, depending on the multi-material
environments, peptides can be generated with specific material selectivity prop-
erties or they can be tuned toward catalytic ability enabling control over nucleation
and growth of a desired material with a specific morphology. In the next para-
graphs, we will provide examples of peptide self-assembly on various solid sur-
faces such as gold, silver, hydroxyapatite, and silica, as well as their utilization as
fusion protein with multifunctional properties.

8.3 Inorganic-Binding Peptides as Fusion Partners
in Recombinant Proteins for Bio-enabled Surface
Functionalization

An immediate practical application of inorganic-binding peptides is to use them as
molecular linkers in displaying or immobilizing functional molecular entities via
directed assembly approaches. One unique feature of these peptides is their rela-
tively simple conjugation protocol with functional proteins via site-directed
genetic recombination. Once a set of fully characterized inorganic-binding pep-
tides is developed, they could be utilized as specific surface-binding ligands to
functionalize the inorganic surfaces. Their surface-specific binding abilities may
lead to formation of self-assembled biomolecular films at the inorganic interfaces.
The inorganic-binding peptides bind to their respective materials with high
affinity, with dissociation constant (KD) values in the lM to nM range, while also
exhibiting desired material selectivity (Seker et al. 2007; Tamerler et al. 2006b;
Hnilova et al. 2008; Kacar et al. 2009a; So et al. 2009). Moreover, several inor-
ganic-binding peptides have already been shown to form densely packed mono-
layers, which is an advantage in surface engineering and modification applications.
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The domain-by-domain integration of the peptides allows the coupling of
diverse inorganic recognition ability with another biological cue. By taking
advantage of molecular binding and recognition characteristics of inorganic-
binding peptides, our group and others have pioneered the utility of the peptides in
association with various fusion partners, such as proteins or peptides (Woodbury
et al. 1998; Nygaard et al. 2002; Dai et al. 2005; Park et al. 2006; Krauland et al.
2007; Ishikawa et al. 2008; Kacar et al. 2009b; Sedlak et al. 2010; Yuca et al.
2011; Hnilova et al. 2012a, b).

The genetic insertion of the peptides can be located at either one of the termini,
i.e., C- terminus (Krauland et al. 2007) and N-terminus (Kacar et al. 2009b), or
within a permissive site identified on the protein (Dai et al. 2005). Following the
cloning of the fusion proteins, proteins are produced using the most suitable
bacterial or yeast expression systems and purified (Fig. 8.3). Table 8.1 summarizes
the fusion protein examples that were explored for diverse engineering applica-
tions by our group.

Over the years, we have adapted various genetic fusion strategies (Fig. 8.3) and
engineered a variety of model fusion proteins, such as maltose-binding protein,
green fluorescent protein, DNA-binding protein (TraI), hybrid Thioredoxin 1
(TrxA) fused with tandem repeat of the B domain of protein A (BB) as well as
multiple enzymes, including alkaline phosphatase (AP) and L-lactate dehydroge-
nase (LDH) (Table 8.1). In these genetic fusions, we utilized various inorganic-
binding peptides, including CuO2-, ZnS-, Ag-, Au-, and hydroxyapatite-binding
peptides, as specific tag partners enabling enhanced, controlled immobilization of
fusion proteins. The engineering applications of these fusion proteins are diverse,
ranging from the controlled hierarchical assembly of hybrid nanostructures, tem-
plating the nanoparticle synthesis, morphology, and decoration, as well as site-
directed assembly of proteins for enhanced biosensing signal transduction and
detection.

For examples, CuO2-binding motif in the produced fusion DNA-binding protein
(TraI) facilitated the synthesis of CuO2 nanoparticles, while TraI fusion partner
templated the geometric control of formed CuO2 nanoparticles resulting in deco-
ration of protein-coated Cu2O nanoparticles on the circular plasmid DNA (Dai
et al. 2005). ZnS-binding peptide, on the other hand, enabled the biofabrication of
zinc sulfide quantum dots decorated with antibodies in single step via tandem
repeat of the B domain of protein A (BB) fusion partner (Zhou et al. 2010). In
other application, the morphology control over the silver nanoparticle growth
using electrochemical deposition was achieved using Ag-binding motif fused to
maltose binding protein demonstrated (Grosh et al. 2009). Recently, the engi-
neered fusion proteins are shown to enhance the site-directed display of functional
protein and enzyme entities on various metal surfaces via specific inorganic-
binding tags. Thus, this bioenabled process has enhanced the control over the
functional interface leading to the formation of addressable hierarchical archi-
tecture of hybrid assemblies (Sengupta et al. 2008; Tamerler et al. 2010; Hnilova
et al. 2012a, b, c; Sedlak et al. 2012). The following sections provide a summary
on some of the experimental designs and findings achieved by our group in detail.
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8.3.1 Multifunctional Protein Self-immobilization
with Orientation Control

In our earlier work, we demonstrated the utilization of a gold binding peptide as a
molecular coupler for the directed assembly of alkaline phosphatase (AP) on
micropatterned and planar gold surfaces (Fig. 8.4). Gold-binding peptides selected
by cell surface display are one of the first examples of engineered peptides for
inorganic surfaces. The cell surface displayed selected gold-binding peptide
sequences were screened via random peptide libraries expressed on the outer
surface of Escherichia coli (E. coli) as part of the maltodextrin porin, LamB
(Brown 1997). Our research group has studied one of the identified sequences,
GBP-1, MHGKTQATSGTIQS, in detail. This motif does not contain cysteine
which is known to form a covalent thiol linkage to gold, similar to thiolated
molecules in self-assembled monolayers (SAM) (Tamerler et al. 2006a, b). To
increase the binding activity, several repeats of the same sequence were engi-
neered. The strong binding activity required at least three repeats. From atomic
force microscopy (AFM), our studies revealed ordered molecular domain
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Fig. 8.3 In vivo Fusion Protein Expression Strategies: a Examples of in vivo expression
systems; b Fusion protein expression strategies
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formations of GBP-1 on atomically flat Au (111) surfaces resulting from a com-
bination of forces involving intermolecular interaction as well as the lattice rec-
ognition of Au by GBP-1. Using the mutant strains of the bacteria supplied to us
by Brown, the characterized oligonucleotides transferred from lamB gene
encoding insoluble LamB protein to pSB2991 expression vector encoding soluble
periplasmic alkaline phosphatase. Different numbers of multiple repeats (n = 5, 6,
7, 9) containing gold-binding peptide constructs were genetically fused to alkaline
phosphatase and resulting multifunctional enzymes were expressed in E.coli cells.
Multifunctional and wild-type alkaline phosphatase (AP-WT) enzymes were
purified through ion-exchange and gel filtration chromatography.

Phosphatase, as well as gold binding activities of hybrid construct, were studied
using several biochemical and molecular imaging protocols. Alkaline phosphatase
is a dimer, broad term associated with nonspecific metallo-phosphomonoesterases
with activity optima at alkaline pH and an essential enzyme for regulating (pre-
venting or enhancing) biomineralization via the control of extracellular phosphate
concentration by catalyzing the pyrophosphate degradation. For example, in the
dental pulp AP is responsible for dentin matrix formation. The AP-GBP bi-
functional construct, therefore, is developed as a promising probe, especially in
biomedical applications ranging from following the mineralization activity, as well

Immobilized AlkP-WT 

Au

PDMS Stamp

Silica

PEG

PDMS Stamp

Silica

AlkP
AlkP-5GBP

5GBPAlkP

ActiveSite

Au

Immobilized AlkP-5GBP 
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PEG-functionalized patterned Au substrate
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Fig. 8.4 2D Patterned Protein Immobilization: a Schematic representation of the experimental
procedure to generate 2D arrays of immobilized proteins for enzymatic activity assays; (B-C)
Topography images of the microarrays of immobilized AP-WT b and AP-5GBP; c taken in
tapping mode (silicon cantilever, scan rate = 1.5 Hz, spring constant & 40 N/m) at different
resolution
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as providing bio-labeling of a tissue specific mineralization. In this application, the
engineered construct provides excellent probing properties to follow the mecha-
nism via the gold binding and enzymatic properties and, hence, may be utilized for
providing a controlled and monitored delivery of AP to the desired locations. The
idea here is to use the GBP-1 as molecular erector, and introduce multi-func-
tionality to the hybrid construct, i.e., enzymatic and inorganic binding
simultaneously.

Purified AP-WT and AP-nGBP constructs were tested for their bi-functional
activities. Insertion of a peptide having an inorganic binding domain over different
repeat numbers of the core peptide in the enzyme caused a decrease in the AP
activity. Among the multifunctional AP constructs inserted with different repeats
of GBP, AP-5GBP presented the highest activity (Fig. 8.4). The second function of
the hybrid molecular constructs containing different numbers of inorganic binding
recognition units were tested using bare gold substrates to prevent a bias from any
other materials used to support a gold thin film. Protein solutions having either
wild-type or hybrid constructs were left for overnight binding in the presence of
the gold substrate and then the substrate was taken out of the solution and the
solution without substrate was checked for the AP catalytic activity. While the
wild-type protein solution retained its activity, no activity was observed in the
supernatant of the hybrid construct ensuring the efficient self-immobilization of the
AP via GBP domain on the gold substrate. Due to the orientation control provided
with the site-specific insertion of GBP to AP, AP-5GBP also showed a 15-fold
higher percentage of retained activity than AP-WT did. The hybrid construct with
5 repeats GBP presenting the highest bi-functional activity among all other con-
structs was chosen for the directed assembly experiments.

Additionally, two-dimensional arrays of AP-5GBP molecular constructs were
generated, schematically represented in Fig. 8.4. It involves the initial patterning
of oligo (ethylene glycol)-terminated alkanethiols (OH-(OCH2)3-SH) on a gold
film using microcontact printing (lCP) and the subsequent self-assembly of AP-
GBP onto bare gold regions. Due to its parallel nature, lCP has proven to be a very
convenient technique to pattern a variety of biological molecules with sub-micron
features over a large area ([ 1 cm2) without the need for expensive lithographic
equipment (Sarikaya et al. 2003). In our previous work, we showed that the direct
deposition of GBP by lCP onto a gold surface leads to reduction in its surface
recognition and self-assembly characteristics as a result of forced immobilization
(Sarikaya et al. 2004). Further, we showed that the spatial conformation of
adsorbed GBP plays an important role in its binding with gold surfaces (Sarikaya
et al. 2004). In this study we allowed the AP-GBP molecular constructs to self-
assemble using GBP as the linker. The self-assembled monolayer (SAM) of OH-
(OCH2)3-SH patterned by lCP served as a template to direct the adsorption of
AP-5GBP from solution into a well-defined array and minimized the nonspecific
binding of proteins onto the undesired regions of the array (Tamerler et al. 2006a,
b). We performed a comparative study on the self-assembly and template-directed
assembly of AP-5GBP and AP-WT based on AFM and activity assay. The effect of
template directly self-assembled over self-assembled sample was highlighted
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using percentages. In the case of self-assembly, the total amount of enzymes and
corresponding activities for both AP-WT and AP-5GBP were higher than the
directed self-assembly results.

Using the number of enzymes per surface area, we investigated the effect of
GBP- and template-directed assembly individually. The AP-WT enzyme lacking
the advantage of GBP was 1.7 times less than those having the GBP-directed
assembly. Whereas the number of AP-5GBP enzyme also exhibiting the template
effect was 2.2 times higher than the one having no template advantage. In the
AP-5GBP case, this increase was contributed to by both GBP and its added
localization effects. Additionally, if the template effect was kept constant number
of AP-5GBP enzyme was approximately 30 times higher than AP-WT enzymes.
Finally, the number of AP-WT having no GBP and the template effect was more
than 50 times less than number of AP-5GBP enzyme having both GBP- and
template-directed assembly effect.

This study served as one of the early examples on inorganic binding peptide
controlled oriented protein immobilization on the planar solid surfaces. Overall,
the genetic fusion of the gold binding peptide to AP provided an orientation
control to direct the self-immobilization of the enzyme, which resulted in
enhanced enzymatic activity on flat gold surfaces as illustrated in AFM micro-
grams in Fig. 8.4 (Kacar et al. 2009b). Furthermore, the results demonstrated the
utility of a selective peptide tag as an enabler for the enhanced immobilization
affinity and orientation of fusion constructs on planar gold surfaces, using the
exceptional molecular recognition and binding characteristics of peptide tag. As
shown here, these peptide tags can concurrently direct, control and enhance the
protein immobilization onto defined and selective inorganic surfaces. In contrast to
conventional chemical and physical methods for protein adsorption, the robust
peptide-based approach is highly intriguing due to being relatively simple in that it
provides a single step surface functionalization with site-directed control, and it is
biologically and environmentally friendly. Overall the results demonstrate that
peptides provide a viable alternative to the conventional chemical coupling to
produce various protein assemblies with highly controllable organization and
architecture.

8.3.2 Layer-by-Layer Protein Self-organization

Hierarchical layer-by-layer immobilization of the inorganic nanoparticles and
proteins onto solid surfaces is one of the challenges in building up micro/nano-
scaled optical and diagnostics devices (Endo et al. 2006; Park et al. 2008a).
Predominantly used immobilization strategies rely on physical forces, e.g., elec-
trostatic interactions (Wang et al. 2003; Xu et al. 2007), DNA base-pairing (Park
et al. 2008b; Nykypanchuk et al. 2008) or covalent linkage between the particle
and the inorganic surface through a bifunctional molecule as the linker (Nath and
Chilkoti 2002; Chen et al. 2007). Self-assembled monolayers (SAM) of
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these molecules, e.g., aminoalkylalkoxysilanes (Westcott et al. 1998) for silica and
carboxyl-terminated alkanethiols (Mrksich and Whitesides 1996) for gold, provide
an appropriate interface on which two different inorganic surfaces can be linked to
each other. For example, a gold nanoparticle can be attached to the surface of a
larger silica nanoparticle pretreated with 3-aminopropyl trimethoxysilane mole-
cule, leading to a hybrid nanostructure which, in turn, is used to synthesize a gold
shell around silica surface in the presence of HAuCl4 solution (Oldenburg et al.
1998). However, most of the interactions mentioned here are labile and sensitive to
some conditional parameters such as chemical solvent, heat and pH. Furthermore,
silane and thiol-based molecules are not suitable for most of the biological reac-
tions. Additionally, their use may require complex reactions for efficient coupling
(Norde 1986; Nath and Chilkoti 2002; Zhen et al. 2006). In particular, thiol linkage
has been shown to be susceptible to oxidation and disassociation (Flynn et al.
2003; Park et al. 2006; Willey et al. 2005).

Recent developments in molecular scale approaches to control the bio-material
interfaces have enabled the self-functionalization of biomolecules onto nanopar-
ticles using inorganic-binding peptides as biosurface linkers (Sarikaya et al. 2003;
Whaley et al. 2000; Brott et al. 2001). The previous studies have shown that
inorganic-binding peptides could be used for the attachment of nanoparticles and
biomolecules, as well as the synthesis of hybrid nanostructures that all could be
utilized in electronics and optical devices. For example, a streptavidin-coated
quantum dot that has a strong and narrow emission at 605 nm was successfully
immobilized on both gold (Zin et al. 2007) and silica (Kacar et al. 2009a) surfaces
using biotinylated gold- and quartz-binding peptides, respectively. Gold- binding
peptide was employed to immobilize gold nanoparticles (Zin et al. 2005) and
proteins (Park et al. 2006) on gold surface, as well. Furthermore, synthesis of Au,
Ag, SiO2 nanoparticles as well as hybrid DNA-protein-Cu2O nanostuructures was
achieved in presence of inorganic-binding peptides (Brown et al. 2000; Naik et al.
2002; Dai et al. 2005). These examples demonstrated that these peptides can work
under ambient conditions and carry their material selective property based upon
tailored surface recognition and assembly (Park et al. 2006; Brown et al. 2000;
Tamerler et al. 2006a; Kacar et al. 2009a).

In the last years, peptides have been also demonstrated to link two different
inorganic-binding sequences in a single peptide domain, resulting in a bifunctional
peptide. Our designed bi-functional peptide was composed of silica- and gold-
binding peptide sequences (QBP and AuBP), having a flexible poly-glycine spacer
sequence to ensure both functions remain active. QBP and AuBP components were
selected in our laboratories using optimized combinatorial selection, as well as de
novo approaches adapted by our group (Oren et al. 2007; Hnilova et al. 2008).
Both peptide sequences were carefully selected for best binding functionalities
(Oren et al. 2007; Hnilova et al. 2008; Tamerler and Sarikaya 2009; Kacar et al.
2009a). Additionally, we were careful to avoid sequences dominated by amino
acids known to interact with gold, such as cysteine and histidine (Levy et al. 2004;
Wang et al. 2005; Slocik et al. 2005a, b; Slocik and Naik 2006) and which might,
in turn, promote nonspecific interactions with gold. The bifunctional peptide

8 Addressable Biological Functionalization of Inorganics 235



sequences were synthesized via automated Fmoc peptide synthesis and subse-
quently purified by reversed-phase high-performance liquid chromatography. The
patterned QBP-AuBP multi-functional peptide (Fig. 8.5) was then utilized as a
molecular linker for direct immobilization of gold nanoparticles onto the silica
surface via a soft lithography process. The resulting gold nanostructure arrays were
characterized using dark field (DF) optical microscopy as well as atomic force
microscopy (AFM) in tapping mode (Fig. 8.5). The dark field optical and the
atomic force micrographs revealed preferential assembly of the pre-made gold
nanoparticles on to the patterned peptide templates. The height of the features
observed under AFM was consistent with the expected height of the construct:
50 nm gold nanoparticle plus a 1–2 nm thick peptide monolayer (Hnilova et al.
2012b).

In our subsequent work we demonstrated bio-enabled self-assembly technique
for fabrication of hybrid nanostructures and protein arrays with hierarchical
architecture at multiple layers. We used the combinatorially selected gold-binding
peptide (AuBP1) applied in our previous example as a modular tag to genetically
fused protein. This approach enabled the immobilization of nanostructures and
fusion proteins onto gold surface using a combination of soft-lithography and self-
assembly techniques and resulted in multiple peptide/protein-enabled assembled
layers. We first produced a bi-functional protein construct by genetically inserting
the AuBP1 peptide to the C’-terminus of maltose-binding protein (MBP) using two
structurally different spacers, i.e., either a rigid (PGPGPG) or flexible (SGGG)
spacer. We then performed quantitative binding assays, Surface Plasmon Reso-
nance (SPR) and Localized Surface Plasmon Resonance (LSPR). Spectroscopic
evaluations confirmed similar levels gold binding peptide functionality for both of
the engineered MBP-AuBP1 derivatives, with KD of 0.032 and 0.035 lM,
respectively. Moreover, both of these fusion proteins demonstrated considerable
higher gold binding affinities compared to wild-type MBP, with KD of 0.124 lM.
Next, we tested the effectiveness of the proposed bio-enabled layer by layer
assembly process on a glass surface. To start building up our protein enabled
hierarchical assembly on a glass surface, we first stamped the bi-functional peptide
(AuBP1-QBP1), which was synthesized previously as a single molecule via soft
lithography (Hnilova et al. 2012b). We next incubated the gold nanoparticles,
which were allowed to self-assemble onto the formed peptide patterns. To form the
third layer, MBP-AuBP1 was added and left to selforganize on gold nanoparticles.
Finally, immobilized fusion protein localized on these assembled hybrid structures
were detected using an anti-MBP-specific fluorophore (Fig. 8.5). Our studies
demonstrate that designed multi-functional peptide-based molecular constructs
have the capacity for controlling and directing protein and nanostructure self-
assembly on solid surfaces. Thus, they can be successfully used to fabricate
multilayer protein microarrays, as well as functional hybrid nanostructures,
through simple single step self-assembly that is tunable for each layer (Hnilova
et al. 2012a).

In another screening, we selected the silver-binding peptides (AgBPs) using the
FliTrx bacterial surface library (Lu et al. 1995) using modified combinatorial
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selection procedures. Following the biopanning selection, we verified the binding
characteristics of chemically synthesized AgBP1C and AgBP2C peptides onto Ag
surface using surface plasmon resonance (SPR) spectroscopy, as an established
technique from our earlier reports. The observed apparent binding constant kobs
and adhered peptide mass detected for both AgBP peptides tested at 0.66 lM
concentration and found to be within the generally observed peptide binding range
(Tamerler et al. 2006a, b; Oren et al. 2007; Hnilova et al. 2008; Kacar et al.
2009a). The AgBP2C peptide exhibited a material selectivity by binding prefer-
entially to Ag surface compared to Au. Only around 1.33 lM AgBP2C peptide
concentrations, we were able to detect a negligible peptide adhesion to Au surface
approximately corresponding to over 10-fold reduction of adhered peptide mass
compared to Ag surface.

Building upon the Ag binding ability of the selected peptides, we next dem-
onstrated the efficient protein micro-pattering on spatially distributed arrays of
AgNPs. In our approach, we used a combination of bio-enabled immobilization
and ferroelectric lithographic technique on LiNbO3 substrates. LiNbO3 is a widely
known ferroelectric material benefiting from its largest polarization existing only

20µm

10µm

DF FM

AFM

Distance (mm)

PDMS Stamp

Silica

AuBP-QBP

AuNP

Anti-MBP

AuBP-MBP

a) (b)

(c)
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Fig. 8.5 Layer-by-layer protein immobilization on patterned AuNP surfaces. a Schematic of
layer-by-layer fusion maltose-binding protein (AuBP-MBP) immobilization on Au NP-arrayed
surface; b Representative fluorescence and dark field images of MBP-(PG)3-AuBP1 proteins
immobilized on Au NP arrays labeled with anti-MBP-Alexa-488 antibody; c Detail of atomic
force microscopy scan of representative Au NP patterns immobilized on glass surface through
QBP-PPP-AuBP bifunctional peptide; d Corresponding line scan plot of fluorescence images
generated using ImageJ software (NIH, USA). The respective positions on fluorescence images
used in ImageJ line scan analysis are indicated by dashed lines
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along the crystallographic c-axis (Fig. 8.6). Polarization orientations can be
manipulated by an external electric field (Fig. 8.6), which gives rise to the many
applications based on ferroelectric materials (Myers et al. 1995; Kim et al. 2001).
Inspired by the concept that spontaneous polarization in ferroelectrics has a strong
effect on reactivity on surfaces; we combined polarization inversion with polari-
zation-dependent photochemical reactions and fabricated AgNPs micro-patterns
on the LiNbO3 surface. Domain structures exhibiting anti-parallel polarizations
along the c-axis were fabricated following a photolithographic step. Photochem-
ical deposition was conducted by placing AgNO3 solution over the substrate
surface under light irradiation. Before deposition, the surface topography of
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periodically poled lithium niobate (PPLN) substrate was examined by atomic force
microscope (AFM) and domain structure was visualized through the phase image
of piezoresponse force microscope (PFM). Domain-specific Ag deposition can be
generated through a strong photovoltaic effect (Liu et al. 2007, 2008) of LiNbO3

crystals. The AgNPs pattern fabricated by the photochemical deposition was
illuminated by a noncontact AFM topographic image.

Multifunctional protein-based surface functionalization was next studied on
silver nanoparticles (AgNP) patterned on functional ferroelectric LiNbO3 sub-
strates building upon the controlled interfacial interactions. Specifically, as a
material-specific biolinker, we use a combinatorially selected silver-binding pep-
tide (AgBP) fused to a maltose-binding protein (MBP) and a green fluorescent
protein (GFPuv). The MBP fusion component was rationally selected based upon
the lack of cysteine amino acid in order to prevent the sulfide-induced nonspecific
protein interactions with metallic surface, ease of genetic manipulation, as well as
its high expression protein yield in bacterial cells and straightforward purification.
The second fusion partner, fluorescently active GFPuv protein, was chosen to
visualize the model fusion protein immobilized on defined locations on silver
surfaces. We separated the two functional domains; the silver-binding AgBP2C tag
away the fluorescent GFPuv protein, by a flexible (SGGG) spacer, which, itself, is
separated from the MBP protein by several amino acids encoded by the polylinker
contained in the pMAL-c4x expression vector (Fig. 8.6).

Taking advantage of the multifunctional property of the designed MBP-GFPuv-
AgBP2C protein, we fabricated protein arrays on AgNPs located on the PPLN
substrate. The fluorescence microscopy results (Fig. 8.5b) confirm the material-
selective robust self-assembly of MBP-GFPuv-AgBP2C fusion proteins onto
AgNP array regions, resulting in fabrication of spatially controllable multilayered
protein arrays. In contrast MBP-GFPuv protein did not reveal any protein binding
in arrays and resulted in random nonspecific immobilization of MBP onto both
solid surfaces (Fig. 8.6). Additionally, we confirmed the presence of MBP-GFPuv-
AgBP2C protein adsorbed AgNPs patterned on the PPLN substrate by Surface
Enhanced Raman Scattering (SERS).

Overall, these studies serve as an example for the formation of ordered hier-
archical assemblies built upon hybrid nanostructures using modular and compat-
ible peptide-based protocols built upon their tunable interactions at the material
interfaces. Summarized bio-enabled paths are compatible with conventional pat-
terning and microfabrication techniques to create different platforms including
functional biosensing moieties. Furthermore, the described combination of specific
bio-enabled immobilization technology with functional nanoscale and ferroelectric
substrates opens a path to fabricate protein self-assemblies with arbitrary designs
for applications in tunable biosensor systems. The bio-enabled self-assembly
technology provides improved outcomes over conventional synthetic techniques.
The engineered peptide tags can concurrently direct, control, and enhance protein
immobilization onto specific solid surfaces in a relatively simple process while
under biologically and environmentally friendly conditions (Hnilova et al. 2012c).
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8.3.3 Bio-enabled Protein Immobilization on Cyclic
Voltametry-Based Biosensors

Building upon our successful controlled self-assembly of functional proteins, we
aimed to use the similar biomimetic approach to immobilize enzymes for bio-
sensor applications. Enzyme immobilization has been studied extensively often in
efforts to retain catalytic activity, operational stability and long term repeated use
(Bornscheuer 2003; Rusmini et al. 2007; Sheldon 2007). Similar to proteins and
other biomolecules, the common methods used for immobilization on inorganic
surfaces include the physical adsorption such as ionic, hydrophobic, or polar
interactions and chemical coupling using the reactive side chains of biomolecules
(Rusmini et al. 2007) or chemical coupling by taking advantage of the reactive
groups on the side chains of amino acids.

Oxidoreductases, often called dehydrogenases, catalyze biochemical redox
reactions involving the transfer of electron pairs from organic substrates to carrier
molecules such as nicotinamide adenine dinucleotide (NAD+). As biological
catalysts, dehydrogenases play important roles in pharmaceutical, chemical,
agriculture, and food processing industries (Hummel and Kula 1989). Lactate
dehydrogenase (LDH) catalyzes the interconversion of pyruvate and lactate using
the NADH/NAD+ pair as a redox cofactor (Rasmussen et al. 1993). Since lactate is
produced during normal metabolism and exercise, detection of lactate concen-
tration plays an important role in clinical diagnostics, medicine validations and
food analysis (Faridnia et al. 1993; Palleschi et al. 1994; Avramescu et al. 2002;
Malhotra and Chaubey 2003). In the last couple of decades, redox enzymes have
also been explored as bioactive matrices in amperometric biosensors or biofuel
cells (Lobo et al. 1997; Chaubey et al. 2000; Willner 2002; Barton et al. 2004;
Heller 2004; Zayats et al. 2008; Lee et al. 2009).

Despite the considerable progress that has been achieved in electrically con-
tacted redox enzyme electrodes and biosensors devices, electronic communication
efficiency is still far lower than the native electron transfer change. Random-
oriented immobilization of the redox enzymes on the electrodes, as well as random
substitution of the enzymes by the electron relay units, are considered the major
causes (Zayats et al. 2008). There have been substantial research efforts directed to
overcome the barrier of electron transfer while establishing electric contact
between redox proteins and electrodes. All of these methods focused on shortening
electron transfer distances and shuttling the electrons between the proteins and the
electrodes. The use of mediators provide confinement control in the sol-gel
matrixes, and reconstitution of apoenzymes on a relay co-factor monolayer over
the thin film functionalized electrode surfaces (Marzouk et al. 1997; Palmisano
et al. 2000; Parra et al. 2006; Suman et al. 2005; Lowinsohn and Bertotti 2007).

As demonstrated in our earlier examples, peptides with selective affinity for
solid surfaces are good candidates as fusion partners with the target proteins due to
their suitability for genetic insertion with the proteins (Kacar et al. 2009b; Yuca
et al. 2011; Hnilova et al. 2012a, b, c). Recently, we demonstrated the efficient use
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of a gold binding peptide as a genetically conjugated tag for addressable self-
attachment of L-lactate dehydrogenase (LDH) from Bacilllus stearothermophillus
(bs) on a variety of gold surfaces across multiple length scales ranging from
nanoparticles to electrodes (Fig. 8.7). One of our previously selected and well-
characterized gold binding peptide, AuBP2 (Hnilova et al. 2008), was exploited as
the fusion partner to bsLDH. In our cloning and expression system, we introduced
a his-tag cleavage region through the insertion of PreScission Protease recognition
site between His-tag and the fusion proteins. The molecular weights of bsLDH and
bsLDH-AuBP2 proteins expressed using E. coli DH5a-T1 cells were confirmed.
Surface binding kinetics data indicated that AuBP2-LDH have the ability to adsorb
onto gold surface in relatively at low concentrations due to the AuBP insertion.
Retained LDH activity also proved that the enzymatic activity was preserved in the
fusion construct. We next demonstrated the enhanced enzyme stability once it is
immobilized on the nanoparticle surfaces by using the AuBP tag over an extended
period of time, i.e., 30 days, compared the bsLDH. Our results indicated that
AuBP2 mediated immobilization is efficient not only for the retained activity but
also for the enzyme stability. Finally, detection of the reduction reaction per-
formed by immobilized enzyme on a cyclic voltammetry biosensor suggested that
AuBP2 provides a new and efficient immobilization method for lactate

-300

-100

100

300

500

700

900

1100

1300

1500

1700

1900

-80 120 320 520 720 920 1120 1320 1520

V (mV)
Immobilized AuBP2-LDH Fusion Protein

Lactate

Pyruvate

NAD+

NADH
LDH

AuBP2

Au

KHHHHHHHMHAGAQ LEVLFQGP CGPWALRRSIRRQSYGPC GGGS MKNNGG.....LARAFTR

His-tag PreScission
Protease 

Recognition Site

AuBP2 Linker bsLDH

AuBP2-LDH Fusion Protein

Cleavage Site

Au

Au

I (
µ

A
)

AuBP2

(a)

(b) (c)
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dehydrogenases. Providing better positioning to locate the enzyme at a close
distance to the sensing surface resulting in efficient electron transfer between the
enzyme and the electrode surface (Cetinel et al. 2013).

8.3.4 Bio-enabled Protein Immobilization on LSPR-Based
Biosensors

Noble metal nanoparticles (gold, silver) exhibit a strong UV-visible absorption
band that occurs when incident light is resonant with the collective excitation of
surface electrons on nanoparticles. This phenomenon is known as localized surface
plasmon resonance (LSPR) (Anker et al. 2008; Nath and Chilkoti 2004). LSPR is
highly dependent on nanoparticle size, shape, interparticle spacing, and local
dielectric environment (Anker et al. 2008; Prodan et al. 2003). The dependence of
LSPR resonance on latter case allows one to design a sensor that targets molecule
binding to the nanoparticle surface, which results in a shift in the LSPR peak
(Endo et al. 2005). As a result, the LSPR sensor does not require any labeling steps
for detection and in the literature both gold and silver nanostructures have been
successfully utilized to detect various biomolecule interactions (Nath and Chilkoti
2004; Haes et al. 2004; Endo et al. 2005; Fujiwara et al. 2006; Willets and Van
Duyne 2007).

Sensing through LSPR requires either attachment of metal nanostructures or
deposition of noble metal atoms onto dielectric surface, e.g., glass. Convention-
ally, immobilization of gold nanoparticles on a glass substrate is accomplished by
self-assembled monolayers (SAMs) of bifunctional molecules, such as amino
terminated amonialkoxysilanes (Fujiwara et al. 2006). Similarly, the probe
molecules can be attached to gold by different SAMs, e.g., carboxyl-terminated
alkanthiols (Ostuni et al. 1999). One of the major drawbacks of these conventional
techniques is the random immobilization orientation of the probe molecules and
complexity of the process due to requirement of multiple step chemical reactions
(Park et al. 2006; Fujiwara et al. 2006).

In our group, we took advantage of material selectivity of combinatorially
selected inorganic-binding peptides and their tunable properties. As described in
the previous sections, we linked chemically gold-binding and silica-binding pep-
tide sequences (Oren et al. 2007; Hnilova et al. 2008) resulting in a single
bifunctional peptide unit. Gold nanoparticles were immobilized onto glass sub-
strate resulting in an LSPR-active surface. The attachment of gold nanoparticles
onto the glass surface was verified by various techniques, such as dark field and
atomic force microscopy. The LSPR band as a sensing platform without having
any additional molecule present was established.

Similar to our previously summarized hierarchical protein self-assembly
system, we genetically fused our gold-binding sequences with various probe
molecules, such as alkaline phosphatase (AP). These probe molecules were then

242 B. T. Karaca et al.



self-assembled onto the gold nanoparticles. Using LSPR spectroscopy, the
assembly performance of the fusion AP protein was investigated and compared to
AP wild-type. As evident in Fig. 8.8, the redshift at LSPR k max of 5GBP-AP
fusion protein was more than 3 times higher compared to the redshift recorded for
AP wild-type assembly. This indicates that a higher number of molecules was
assembled on the gold surface in the case of the fusion protein compared to wild-
type probe.

In a subsequent step, we detected the probe molecules by adding anti-AP
antibody following the LSPR shift. Since we recorded the LSPR signals from the
biosensors before and after adding the probe molecules, we were able to quantify
the LSPR shift corresponding to each assembly step shown in Fig. 8.8. Due to the
change in local refractive index, the subsequent target anti-AP molecule assembly
resulted in further redshift at the LSPR k max. Since the number of assembled
fusion protein molecules on gold surface was initially higher (due to presence of
material selective peptide tag) the recorded shifts after 25 lg/ml anti-AP resulted
in higher shift compared to AP wild-type. Two control experiments were carried
out by using the target molecule (anti-AP) incubated with bare biosensor platform
and using an analog target molecule (anti-MBP) incubated with fusion AP-5GBP.
The results revealed that the subsequent LSPR responses were due to the specific
binding interactions between probe and target molecules.

This observation was also confirmed in other model systems using different
probe and target molecules such as gold-binding fusion to maltose-binding protein
as the probe and anti-MBP antibody as the target (data not shown). The results
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demonstrated that inorganic-binding peptides could be used as alternative
biological linkers for nanoparticle and biomolecule attachment in building up
quantitative LSPR biosensors. We would like to note that utilization of inorganic-
binding peptides as bi-functional molecular constructs and optically active noble
metal nanoparticles can be successfully used to create hybrid biosensing active
platforms for the detection of various important biomolecule targets.

8.3.5 Material-Selective Fusion Proteins for Detection
of Biomineralization

Inorganic-binding peptides can provide a new platform for high performance of
implants and hard tissue-engineering via immobilization of biomolecules with
controlled attachment and assembly on solid surfaces. In this section, a fusion
protein encoding both the fluorescence property of GFP and the hydroxyapatite
binding is explained to provide another perspective for potential use of and
hydoxyapatide-binding peptide in hard tissue engineering.

Biomineralization processes have attracted major interdisciplinary interest
among diverse scientists as well as engineers whose goals have ranging from
understanding the fundamentals, to mimicking mineralization processes to develop
hybrid materials with controlled structures and functions for medical applications.
Hydroxyapatite (HA) has been one of the most extensively studied biomineral,
being the principal inorganic component of hard tissues such as bone and teeth in
humans, in particular, and mammals, in general. The ability to track HA specifi-
cally, against the background of other calcium phosphates is important in bio-
medical area, such as bone and teeth formation/remodeling, gene/drug/cell
delivery, regulation of cell bioactivity, and nano-technological implementations,
such as nanoparticle composites (Dash and Cudworth 1998; Liu et al. 2005; Oh
et al. 2005; Tan et al. 2007; Ma et al. 2008; Kasaj et al. 2008; Braux et al. 2009).
The golden standards for in vitro staining of HA are alizarin red S, which stains
calcium (Iipman 1935) and von Kossa stain, which stains phosphates and car-
bonates. Despite the potentially promising results reported so far, existing methods
suffer either from the complex chemistries required for labeling or from the tox-
icity of the dopants or the composites. Even quantum dots, which have great
potential in many research and diagnostic applications, are still considered toxic
when they are used in living systems (Alivisatos et al. 2005; Hardman 2006).
Likewise, bisphosphonates, used as a chemical linker, because of their high affinity
to hard tissues, carry the risk of disrupting bone turnover due to their inhibitory
effects on osteoblasts (Boonekamp et al. 1986; Weinstein et al. 2009).

In a previous study, we have reported phage display selected HA-binding
peptides and provided their binding and molecular structural properties
(Gungormus et al. 2008). Among these, a high affinity HA-binding heptapeptide,
with the amino acid sequence of CMLPHHGAC, was also demonstrated to have
mineral-forming capabilities. In the present study, we report a simple and versatile
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method for biolabeling of minerals using a strong hydroxyapatite-binding peptide
(HABP1) conjugated to a green fluorescent protein derivative (GFPuv) as a tag.
The green fluorescent protein (GFP) from the bioluminescent jellyfish Aequorea
victoria has been extensively used as a reporter molecule to monitor expression
and localization of many proteins for a wide variety of studies in life sciences
(Zimmer 2002). We demonstrated its utility here as an engineered molecular probe
for fluorescent labeling of mineralized tissues (Fig. 8.9). The simultaneous for-
mation and labeling of HA were performed under various conditions, including
mineral formation on a solid substrate as well as on an existing biological hard
tissue as a substrate.

Specifically, we engineered a fusion protein encoding the fluorescence activity
of a GFP and the dual HA-binding and synthesis activity of a phage display
selected heptapeptide. The hypothesis was that the genetic conjugation of GFP to
HA-binding peptide would result in a multifunctional molecular probe, which
provides targeted labeling and time-wise mineralization monitoring of HA via
fluorescent signal. We demonstrated the applicability of this hypothesis on the
synthesized HA mineral on a glass-surface mimicking a solid implant substrate
and on a naturally mineralized tissue, namely the root of human incisor teeth, to
mimic restoration. We built two different bi-functional constructs: GFPuv-HABP1
and GFPuv-HABP2, and prepared a GFPuv expression construct as control. Using
fluorescence and circular dichroism studies we demonstrated that the fluorescent
properties and structural traits of GFPuv were conserved upon the insertion of the
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Fig. 8.9 Bio-enabled detection of hydroxyapatite biomineralization on tooth: a Schematic of
design and production of material-selective, hydroxy-apatite-binding green fluorescent protein
(HABP-GFP); b Schematic illustration of the labeling procedure of the teeth samples; c SEM
micrograph of the surface of the root prior to protein labeling. Binding of GFPuv, GFPuv-
HABP2, and GFPuv-HABP1 on the cementum of human incisors
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designed peptides. The binding properties of fusion proteins to HA surface were
also examined using fluorescence microscopy and quartz crystal microbalance
techniques. The equilibrium desorption constant, calculated from quantitative
binding assays, of the GFPuv-HABP1 construct (6.6 ± 0.3 lM) is almost 70 times
lower than that of the GFPuv-HABP2 (429 ± 23 lM) implying that GFPuv-
HABP1 has a higher affinity to the HA substrate. Likewise, the free energy of
adsorption (DGabs), which is the change in the standard free energy of binding, of
GFPuv-HABP1 is higher (–7 kcal/mol-K) than that of (–4.64 kcal/mol-K). This
implies that binding of GFPuv-HABP1 on HA surface is thermodynamically
favored compared to GFPuv-HABP2, consequently a high stability in the fusion
protein–mineral system is achieved (Yuca et al. 2011).

The binding affinity of the GFPuv-HABP constructs on biological samples was
also tested on human AAFC samples. The acellular cementum consists of a
mineralized matrix but lacks collagen fibers and cementocytes. At identical
imaging conditions under the fluorescent microscope, neither of the samples
prepared with the incubation of GFPuv or GFPuv-HABP2 displayed any contrast
on the teeth surfaces. Fluorescent contrast, however, was easily discerned on the
teeth samples incubated with GFPuv-HABP1, due to its successful attachment to
the surface. The fluorescent images demonstrated that the GFPuv-HABP1 con-
struct can recognize biologically mineralized tissues as well as synthetically
formed HA. Fluorescent intensity measurements from the samples indicated that
GFPuv-HABP1 yields more than six times higher fluorescence on teeth compared
to those using either GFPuv or GFPuv-HABP2. Our study demonstrates a simple
and versatile application of inorganic-binding peptides conjugated with biolumi-
nescence proteins in designing bioimaging molecular probes that can target min-
eralization, and which can be employed to a wide range of biomimetic processing
and cell-free tissue engineering.

8.4 Future Perspectives on Bio-Enabled Functionalization

In the last decades, we have seen a wealth of new materials inspired by nature and
applied in wide-ranging medical and technological areas. One of the key com-
ponents underlying the structure and function in biological systems is their
inherent hierarchical organization, which is a major challenge to achieve in
engineering approaches. Nature’s design uses biological self-assembly principles,
the basis of which is precise recognition starting at the molecular scale. Biological
machinery are inherently self-organized and self-regulated. Proteins are among the
key players in this machinery. In mimicking the capabilities of proteins, peptides
have been utilized as critical building blocks to develop unique novel hybrid
materials for a variety of practical applications.

The inorganic binding peptides have been increasingly investigated as a novel
bio-surface functionalization method, i.e., to couple different materials together or
to bring biological cues to the material surfaces. Their modularity offers a unique
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opportunity to link them with other functional proteins. Here we provided examples
on their design and recombinant incorporation into functional proteins and enzymes
to achieve addressable self-immobilization. The engineered multi-functional
biomolecular constructs were demonstrated to self-organize to form hybrid hier-
archical entities while preserving their original function. However, there is no all-
encompassing solution for orientation control of the enzymes on surfaces using
inorganic binding peptide tags. Each peptide and enzyme set need to be evaluated in
detail once they are genetically conjugated; this will help achieve optimum per-
formance for the both existing and additional functional domains.

Bio-functionalization of metallic or semiconductor surfaces has great potential
in creating addressable and programmable biomolecular templates. Controlling the
biological-materials interfaces will contribute to the developments of new gener-
ation biomolecule mediated devices and systems. These engineered biomolecular
systems will serve as dynamic surface functionalization linkers providing func-
tional biomolecules the ability to self-organize at the interfaces within a control-
lable proximity. This self-organization displays a great deal of potential in creating
new materials and systems.

By mimicking natural evolution, inorganic binding peptides have already made
their way into technological application, starting from material selective bio-
functionalization of surfaces, to controlled synthesis of materials. With the
progress in our understanding of biological pathways and the biomolecular
mechanisms in the context of both physical and biological constraints for material
formation, bio-enabled and biomimetic materials science and engineering will
bring unique opportunities for designing new materials and systems with pre-
dictable and adaptable features. Mimicking the shapes and structures gifted to us
by nature has resulted in the production of outstanding materials, it is rather
exciting to think where mimicking the biological machinery will take us in
materials assembly and synthesis.
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Chapter 9
Environmental Interactions
of Geo- and Bio-Macromolecules
with Nanomaterials

Navid B. Saleh, Jamie R. Lead, Nirupam Aich, Dipesh Das
and Iftheker A. Khan

Abstract Engineered nanomaterials (ENMs) are mostly synthesized with modi-
fied surfaces using various surfactants, polymeric, or biomolecule coatings to
achieve desired functionality. When exposed to the environment, coatings on the
ENMs will undergo the first set of interactions with natural geo- and bio-macro-
molecules pre-existing in aqueous and/or soil matrices. Such interfacial interaction
will likely alter the conformation and extent of coverage of the synthetic ENM
surface coatings via exchange, displacement, and/or overcoating by environmental
macromolecules. The exchange kinetics and extent of replacement of the synthetic
coatings will profoundly impact environmental fate, transport, transformation, and
toxicity of the ENMs. This chapter discusses the state-of-the-art literature to
identify key synthetic coating types, their interaction with the environmental and
biological macromolecules, and illustrate the existing challenges to determine
coating exchange kinetics and its environmental implications on ENMs.
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9.1 Introduction

Nanotechnology is an emerging field of science and engineering, which enhances
material properties by manipulation at the molecular scale. Incorporation of
nanomaterials (NMs) enhances electrical, optical, mechanical, magnetic, reactive,
and catalytic properties of products and devices in applications such as: opto-
electronics (Avouris et al. 2008; Eda and Chhowalla 2010), photovoltaics (Gratzel
2001), solar cells (Gratzel 2003; Nozik 2002; Thompson and Frechet 2008),
energy devices (Arico et al. 2005; Baughman et al. 2002), semiconductor industry
(Allen et al. 2007; Burghard et al. 2009; Schwierz 2010), medical imaging (Bulte
and Kraitchman 2004; Michalet et al. 2005), biomedical engineering (Gupta and
Gupta 2005; Huang et al. 2009; Bianco et al. 2005), drug design and delivery
(Bianco et al. 2005; Cho et al. 2008), personal care products (Aitken et al. 2006;
Kokura et al. 2010), environmental pollution monitoring and management (Mauter
and Elimelech 2008), sensing (Murphy et al. 2008; Pumera et al. 2010), etc.
However, incorporation of NMs into such applications usually requires surface
modifications with organic or inorganic chemical moieties that not only improve
dispersibility but also enhance functionality within the products or devices (Gupta
et al. 2007; Grubbs 2007). Such surface functionalities influence NM fate, trans-
port, transformation, and biological interaction when released to the environment
(Diegoli et al. 2008; Fabrega et al. 2009; Kim et al. 2013; Tejamaya et al. 2012).
Thus fundamental understanding of the surface-coating properties and their
interaction with the environmental matrices are key to accurately assess NM
exposure and risk (Lowry et al. 2012).

The dispersibility required is often achieved by coating NM surfaces with
synthetic surfactants (Bertrand et al. 2013; Matarredona et al. 2003), polymers
(Saleh et al. 2005; Phenrat et al. 2008; Vaisman et al. 2006), and biological
molecules (Zheng et al. 2003; Karajanagi et al. 2006). Moreover, specific func-
tionality of NMs in medical devices and applications necessitates attachment of
biological molecules, such as antibodies (Kim et al. 2008; Lee et al. 2002;
McDevitt et al. 2007), DNA/RNA molecules (Kohli et al. 2004; Lee et al. 2007),
proteins (Hernandez et al. 2004; Li et al. 2013; Bhattacharyya et al. 2005; Kurppa
et al. 2007; Burt et al. 2004), enzymes (Besteman et al. 2003; Willner et al. 2007;
Baron et al. 2007), and aptamers (So et al. 2005). Once in the environment, such
coatings serve as the external surfaces to surrounding environment; hence their
nature and interaction with environmental macromolecules are key to their
behavior. Understanding NM interactions in environmental and biological systems
demands thorough evaluation of the roles of surface coatings on their fate,
transport, and toxicity (Lowry et al. 2012). A vast body of literature exists that
studies coating morphology, layer properties, and their interaction in environ-
mental and biological systems (Suresh et al. 2013; Lynch and Dawson 2008).
Theoretical predictions of layer properties as well as their roles in aggregation,
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deposition, and toxicity have been well studied as well. Experimental literatures
have contributed in stability (Diegoli et al. 2008; Pallem et al. 2009; Gondikas
et al. 2012) and toxicity (Kim et al. 2013) literature of coated NMs and have
established a good, though incomplete, understanding of their interaction in natural
and biological systems. However, given the complexity of manufactured nano- and
environmental-systems, many uncertainties persist, which lead to greater unpre-
dictability in environmental exposure and risk assessment.

Wide arrays of geo- and bio-macromolecules are present in most environmental
and biological systems. Geomacromolecules include fulvic acids, humic acids with
a range of chemical structure and hydrophobicity, polysaccharides, cellulosic
materials, etc. (Ghabbour and Davies 2001) Due to their ubiquity and refractory
nature, humic substances and polysaccharides are perhaps the most importance to
NM behavior (Buffle et al. 1998). Biologically relevant macromolecules on the
other hand include proteins, enzymes, lipids, peptides, etc. These complex mac-
romolecules possess varied chemical structures and are present in a range of
concentrations (Ghabbour and Davies 2001).

The recent literature has realized such complexities and directed research
toward transformation processes of NMs (Lowry et al. 2012), although our
understanding is at an early stage. During these processes, the mechanisms by
which geo- and bio-macromolecules interact with the pristine and coated NM
surfaces are mostly unknown. The following questions become critical to better
address understanding of NM fate, transport, and toxicity in presence of these
macromolecules: do the preexisting coatings on NM surfaces desorb during
transformation? How do the geo- and bio-macromolecules interact with pristine
versus coated NMs? Are there exchanges that take place between coatings and
environmental macromolecules? What are the rates of exchange kinetics, layer
conformation, soft layer composition, and resulting interaction due to such
transformations? Does coexistence of multiple geo- and biomacromolecular spe-
cies alter the exchange and soft layer behavior significantly? Addressing such
questions will likely enhance understanding of essential soft layer (i.e., surface
coating) interaction in environmental and biological systems.

This book chapter aims to identify potential interaction of geo- and bio-mac-
romolecules with pristine and coated NM surfaces. The chapter is structured as
follows. First, the common NM coatings are highlighted to better conceive their
chemical nature. The following section reviews and identifies major macromole-
cules of geologic and biological origin and discusses their key physicochemical
properties. The following section critically analyzes potential interaction of NMs
during three stages of environmental interaction; i.e., fate and transport, trans-
formation, and toxicity. The chapter ends with a discussion on environmental
interaction of NMs in the presence of the macromolecules and identifies key
research needs to address these issues.
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9.2 NM Surface Coatings

Modifying surfaces via surface engineering adds to the functionality of NMs,
which maintains colloidal stability (Buffle et al. 1998). Surfactants, synthetic
polymers, and biomolecules are commonly used to coat NMs (Fig. 9.1, Sperling
and Parak 1915). Understanding surface coating properties is key to evaluate
environmental processes of NMs (Lu et al. 2010). This section will discuss
commonly used surface coatings for precoating NMs.

9.2.1 Surfactants

Surfactants are relatively smaller molecules with a hydrophobic nonpolar tail
group and hydrophilic-charged head group. The charged group may possess
positive or negative charge or may be uncharged. The common surfactants used as
NM coatings typically possess an alkyl chain attached to single or multiple aro-
matic, cellulosic, or smaller ketone groups (Table 9.1). Surfactants are typically
categorized based on their overall charge that include: anionic, cationic, zwitter-
ionic, and nonionic surfactants. These are usually physisorbed onto NM surfaces
via strong electrostatic (Zhao et al. 2008) or weak, nonspecific, short-ranged
hydrophobic interactions (Islam et al. 2003). Typically, the physisorption takes
place in the presence of a large concentration of surfactant molecules that directs
ligand binding toward NM surfaces in quest of overall energy minimization (Usrey
and Strano 2009). Mode of attachment depends on surfactant structure as well as
inherent NM properties. The portion of the surfactants not attached to the NMs
interacts with the surrounding matrices first and thus is key in controlling NM
environmental interaction. Depending on the application and NM of concern, a
choice of surfactants is made. For example, gold NMs can be used with anionic
surfactants such as SDS (Mafuné et al. 2001), citrate (Brewer et al. 2005) as well
as with cationic surfactants as CTAB (Sau and Murphy 2005). All these surfactants
are used mainly for stabilization and size controlling purposes.

Surface coating agents

BiomoleculesPolymersSurfactants

Fig. 9.1 Classification of surface coating agents
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ić

M
ar

ko
vi

ć
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9.2.2 Polymers

Larger molecules synthesized by repeating smaller monomer units are known as
polymers. Single or multiple monomer units are repeated to form a single polymer
chain. Common polymers used to functionalize NMs can be categorized as
polyelectrolytes, nonionic polymers, and block copolymers. Block copolymers
also can have variations in positioning of the different chemical blocks along the
backbone of the polymers. Commonly used polymers to coat NMs include alkanes
and aromatic chains with alcohol, ketones, or cellulosic groups (Table 9.2), giving

Table 9.2 Examples of polymers used as NM coating and their molecular structures

Commercial
name

Chemical name and structure Coated nanomaterials

PEG
Polyethylene glycol

Au, Gd,

Pluronic Polyoxyethylene-polyoxypropylene-
Polyoxyethylene

Fullerene, CNT, Au,
Fe3O4

PVP

Polyvinylpyrrolidone

Ag, Fe3O4, Pt

PVA
Polyvinyl alcohol

Fe3O4, Au, Ag

PAA

Polyacrylic acid

Au

Dextran CNT, Fe2O3, Fe3O4, Au,
Ag,

Nanoceria

PMMA

Poly(methyl methacrylate)

Au, Silica, Ag, CNT,
nanoferrites
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a very large group of chemical moieties available to functionalize. Polymers with a
wide range of molecular weight or size may also be used that can also alter NM
properties and surface layer thicknesses.

Polymers can provide both electrostatic and steric interaction to stabilize NMs.
These polymer-stabilized NMs can be used for different functions. As examples:
PEG-coated AuNMs can be used as a contrast agent for in vivo X-ray computed
tomography imaging (Kim et al. 2007), while PMPC and PDMA are used as
AuNM stabilizers to produce highly biocompatible gold sols for biomedical
application. The key functions extracted from these polymer layers include: steric
stabilization (Lourenco et al. 1996), pH-responsive polymeric layers (Li et al.
2007), electrostatic (Veiseh et al. 2010), or functional-group-specific interaction
(Breunig et al. 2008) for targeting, mobility, etc. Block copolymers can be tailored
to obtain desired properties along the backbone of the polymers that can result in
novel controllable NM properties (Saleh et al. 2005; Aich et al. 2013).

9.2.3 Biomolecules

Biomolecules used as coating agents include: nucleic acids (i.e., DNA/RNA/PNA/
LNA as genes, oligomers, aptamers, ribozymes/DNAzymes), fatty acids, lipids,
carbohydrates, all kinds of proteins, peptides, etc. (Sapsford et al. 2013). Some of
these molecules may be functionally active, offering binding, catalytic, or thera-
peutic functionalities; while some of the other ones can serve as inert coatings on the
NMs. These coatings may introduce biocompatibility to NMs. For example, place-
ment and ordering of the coated NMs can be controlled in the biological media for
targeted drug delivery. However, all these behaviors depend on the properties of both
the biological molecule and the nanomaterial. The following Table 9.3, gives some
examples of the biological molecules used as coating agents for nanomaterials.

Importantly, there is an increasing move toward multifunctionality and com-
bined use of different types of coatings on the same NM surface. For instance,
combined use of aptamers and polymers, such as PEG, offers decreased clearance
from the body as well as site specific cellular recognition for drug delivery (Guo
et al. 2011). Similarly, NMs with multicoatings are used to generate hierarchical
nanohybrids; e.g., polymer-modified carbon nanotubes or graphene are conjugated
with coated Ag nanoparticles (Pei et al. 2007; Zhang et al. 2013) to be used in
antibacterial applications.

9.3 Geo- and Bio-Macromolecules

Geo- and bio-macromolecules play an important role in environmental and bio-
logical systems, as discussed below. In addition, NM suspensions are often pre-
pared with geo- and bio-macromolecules to either invoke chemical functionality or
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to allow biocompatible interaction. These macromolecules are basic structural and
functional units of cells. Geologically relevant macromolecules are decomposed
fragments of cells and other living organisms, which typically show a wide range
of chemical structures. Such macromolecules primarily include: humic substances
(humic acids, fulvic acids) and polysaccharides; both of which are of primary
importance due to their refractory and poorly degradable nature. Bio-macromol-
ecules can be classified into three categories, namely: oligomers, polymers, and
supramolecular assemblies (Fig. 9.2, Tsai 2007). This classification is essentially
based on molecular weight, i.e., increasing from oligomers to supramolecular
assemblies. Most NM surface coatings fall under the ‘‘polymer’’ category, how-
ever, larger ensemble molecules are recently used to generate NMs of medical
interest. Understanding the chemical composition of these macromolecules can be

Table 9.3 Example of biomolecules used as NM coating and relevant applications

Biological molecule Coated nanomaterial Application

Proteins Au Energy harvesting
Pd Biocatalysis
Fe2O3 MRI imaging
Semiconductor quantum dots (QD) Pprobes
NiO Biocatalysis
CNT Drug delivery

Enzymes Au Bioelectronics
Pt Biosensing
CNT Drug delivery
ZrO2 Bioanalysis and sample capture

DNA Au Gene therapy
Au Templated assembly/diagnostics/

DNA delivery to cells
Fe2O3 Gene therapy
SiO2 Drug and gene delivery/bioprobes
Semiconductor QD Biosensors
TiO2 Subcellular organelle targeting
CNT Bioelectronics and bioanalysis
CuS Bioanalytical probe

Carbohydrate Au Cellular labeling
Peptide Au Cellular labeling

Fe2O3 Therapy
Semiconductor QD Cellular delivery

Lipid Au Gene therapy
Antibody Ag Cell surface detection

SiO2 Bioanalysis
Semiconductor QD In vivo imaging/diagnostics/PDT
semiconductor QD/iron oxide Multimodal MRI/fluorescent

imaging
Aptamers PLA-PEG-COOH Targeting prostate cancer cells

Source Adapted from (Sapsford et al. 2013)
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critical to evaluate NM interaction in natural and biological systems. The fol-
lowing section elaborates on the chemical structures of nucleic acids, proteins, and
polysaccharides.

9.3.1 Humic Substances

Humic substances (HS) are major components of natural organic macromolecules
(NOM) found in water and soil; where higher concentrations are found in soil. In
natural waters, HSs are typically generated due to degradation of organisms,
known as humification process. Concentrations in such cases are typically in the
lg L-1 to mg L-1 range. Plants are the primary starting material in terrestrial and
freshwater systems, while algae are in case of marine systems. HSs can be clas-
sified into different operationally defined categories that include humic acids
(HAs) and fulvic acids (FAs).

One of the defining features of HSs is their chemical heterogeneity and poly-
dispersity. Nevertheless, HAs typically have a higher molar mass than FAs and are
more hydrophobic, with a lower charge and a higher C/O ratio. FAs on the other
hand are relatively young and are more reactive, more easily leached from solid
phases and more soluble in water. Many potential structures of HS exist. Repre-
sentative, however not definitive structures of HSs are shown in Fig. 9.3. Different
fractions, i.e., hydrophilic, hydrophobic, or transphilic, within one humic sample
precludes production of a single exact structure (Lead and Wilkinson 2006).

9.3.2 Nucleic Acids

Nucleic acids are polymers of nucleotides which allow organisms to store and
transfer genetic information from one generation to the next. They are considered
as one of the most important bio-macromolecules alongside with proteins. Nucleic

Bio-macromolecules

Oligomers
   - Oligonucleotides
   - Oligopeptides
   - Oligosaccharides

Polymers
   - Nucleic Acids
   - Proteins 
   - Polysaccharides

Supramolecular Assemblies
   - Nucleoproteins 
   - Protein complexes
   - Glycoproteis 

- Biomembranes

Fig. 9.2 Possible classification of bio-macromolecules (Tsai 2007)
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acids are divided into two classes, namely: deoxyribonucleic acid (DNA) and
ribonucleic acid (RNA). The classification is based on the structure of the
nucleotides. Each nucleotide has three components—a nitrogen base (purine or
pyrimidine), a five-carbon pentose sugar, and a phosphate group. These structures
are composed of pyrimidines—cytosine, thymine, and uracil and purines—ade-
nine and guanine (Fig. 9.4).

Fig. 9.3 Representative structures of a humic acid (Stevenson 1994) and b fulvic acid (Leenheer
et al. 1995). It is not suggested that these structures are unique or definitive

Fig. 9.4 Nitrogen bases in nucleotides (Lodish 2008)
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DNA and RNA each contain two purine and two pyrimidine bases. For DNA,
the nitrogen bases are cytosine, thymine, adenine, and guanine (shown in Fig. 9.5),
while in RNA, thymines are replaced by uracil. In case of the five-carbon sugar,
DNA contains a deoxyribose sugar while RNA contains a ribose sugar.

9.3.3 Proteins

Proteins are the most abundant and complex bio-macromolecules in cells and serve
specific functions. Amino acids are the basic structural unit of proteins. These
amino acids are bonded through peptide bonds that are created by attaching the
carboxyl group of one amino acid to the amino group of the adjacent amino acid.
A chain thus formed is called a peptide; short-length peptides are known as
polypeptides and increase in length results in formation of proteins. Structure and
biological functions of proteins depends on the physicochemical properties of the
amino acids. Proteins are constructed from a set of 20 amino acids and have four
levels of structural complexity:

• Primary structure: Primary structures refer to linear single chain structure with
covalent linkage between amino acids.

• Secondary structure: This refers to specific geometric shapes (i.e., alpha helix
and beta sheets) caused by intramolecular and intermolecular hydrogen bonding
of amide groups.

Fig. 9.5 Single DNA chain
structure
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• Tertiary structure: This type of structures refers to the final specific geometric
shape determined by the noncovalent bonding between the side chains of the
amino acids which might result into a number of folds, bends, and loops in the
structure.

• Quaternary structure: Quaternary structures refer to a single, larger protein
created by the same noncovalent bonding as in the tertiary structure among
multiple polypeptides.

Proteins can be classified into three different categories based on their func-
tionalities and correlating to their tertiary structures. They are globular and fibrous
proteins. Enzymes and bovine serum albumin are soluble globular proteins that are
often used in NM functionalization. These proteins facilitate biochemical reactions
and work as catalysts in the organisms. Antibodies are special globular proteins
(immunoglobulins) responsible for operating the immune system. These are Y-
shaped macromolecules that are composed of combinations of 1,100–1,300 dif-
ferent amino acids (Wang et al. 2007). The combinatorial uniqueness results in
antibody specificity to bind respective antigens. The tips of the Y-ends are light
chains with lower molecular weight; whereas the straight legs possess high
molecular weight heavy chains that usually anchor the NM surfaces (McDevitt
et al. 2007). The heavy anchor chains are often composed of sugar-based frag-
ments that join the lighter chained amino acid tips with disulfide junctions. Fibrous
proteins provide the structural stability in the organism while membrane proteins
usually serve as receptors or provide channels to relay signals between the cell’s
internal and external environment. NMs are often functionalized with fibrous
proteins such as collagen and keratin for different purposes. Collagens are often
used with semiconductor NMs for promoting biocompatibility of these semicon-
ductor NMs (Sinani et al. 2003), while keratins are used as capping agents for
silver NMs for improved handling properties of these NMs in the biological media
(Martin et al. 2011).

9.3.4 Polysaccharides

Carbohydrate molecules bonded via glycosidic bonds form long-chained poly-
saccharides. These molecules possess either linear or branched structures and can
be homogeneous or heterogeneous depending on their building blocks. If the
monomers are of the same type they are called homosaccharides, however clas-
sified as heterosaccharides if composed of multiple unique monomers. Hetero-
saccharides are more common and are typically acidic or neutral where the former
is composed of urinic acid and amino-sugars (may or may not be sulfated) while
the latter contains urinic or sulfuric acid. Polysaccharides’ chemical structure is
represented by a general chemical formula Cx(H2O)y. Alternatively, the structure
of polysaccharides (Fig. 9.6) can be expressed as (C6H10O5)n where 40 B n B

3000.
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These are functional molecules serving plant and animal lives. Different types
of polysaccharides demonstrate different functionality based on the structure and
property of their monomer. For example: starch and glycogen serve as the main
energy storage for plants and animals respectively. Cellulose, arabinoxylans, and
chitin work as structural polysaccharides. Cellulose and arabinoxylans provide
stability to plant cell walls while chitin does the same for many animal bodies.
Large linear structures of polysaccharides are insoluble in water; e.g., cellulose,
chitin, and similar molecules. Water solubility of polysaccharides increases with
the increase in chain irregularity and branching.

9.4 Interaction of Coated Nanomaterials
with Geo- and Bio-Macromolecules

NM release to the environment (Gottschalk and Nowack 2011; Nowack et al. 2012)
and subsequent exposure to biological entities can occur during manufacturing
(Bello et al. 2008; Yeganeh et al. 2008), use of consumer products (Farkas et al.
2011; Geranio et al. 2009; Kaegi et al. 2008, 2010; Benn and Westerhoff 2008;
Benn et al. 2010; Hsu and Chein 2007), end-of-life degradation of nano-laden
products (Köhler et al. 2008), as well as through waste-water facilities (Kiser et al.
2009, 2011). Modeling the release scenarios (Gottschalk et al. 2009; Mueller and
Nowack 2008; Hendren et al. 2013) along the life cycle of NMs (Blaser et al. 2008)
have realized the likelihood of significant NM release and environmental exposure.
Interfacial interaction of NMs occurs when exposed to aqueous environment, where
background chemistry and existing geo- and bio-macromolecules first interact with
the soft coating layer (Gondikas et al. 2012). Particle-particle interaction and thus
overlapping coating layers can also result in strong interfacial forces, influencing
NM fate, transport, and toxicity (Tejamaya et al. 2012; Lowry et al. 2012; Qiu et al.
2010). Depending on the macromolecules present and the nature of existing surface
coatings or lack thereof, such interaction can result into substantial transformation

Fig. 9.6 Structure of a polysaccharide
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of the outer surfaces of the NMs. Such transformation occurs via ligand exchange
(Gupta et al. 2007; Diegoli et al. 2008) or overcoating with a secondary soft layer
(Diegoli et al. 2008) and result in altered dissolution (Gondikas et al. 2012),
reactivity (Li et al. 2008), and electron transport behavior (Fabrega et al. 2009).
Similarly, NMs when exposed to biological fluids likely are going to interact with
bio-macromolecules and result in similar surface alterations (Lynch and Dawson
2008; Huang et al. 2013). Moreover, biomacromolecule interaction, e.g., protein
binding, is dynamic in nature; both from the ligand exchange as well as internal
structural conformation (of proteins and other biomolecules) aspects (Lynch and
Dawson 2008). Maintenance or changes in surface coatings are key factors con-
trolling their subsequent environmental behavior and effects.

Further understanding of surface layer properties relies on the use of appro-
priate techniques to evaluate physicochemical properties of the surface ligands
over appropriate temporal and spatial scales. Importantly, few such measurements
that have been made are laboratory based. Plasmon resonance (Diegoli et al. 2008)
and fluorescence-based (Pallem et al. 2009) studies had been used to identify
ligand modification in presence of humic acids for coated AuNMs. Such charac-
terization should be performed using a multimethod approach. For instance,
Plasmon resonance (Diegoli et al. 2008) was used along with TEM, DLS, and
other methods for detailed characterization of coating layers. Shift in Plasmon
resonance and fluorescence quenching due to the interaction between coating and
humics were described as key parameters discerning ligand-differences on
AuNMs. Polymer layer analysis techniques include: ellipsometry (Brewer et al.
2005), total reflection infrared spectroscopy (Yang et al. 2005; Vargas et al. 2011),
atomic force microscopy (Kim et al. 2003) combined with flow field fractionation
(Baalousha and Lead 2007a, b), contact stylus instrument (Consiglio et al. 1998),
and other optical techniques (Gole and Murphy 2005; Santra et al. 2001) that can
be employed to measure layer thickness, ligand conformation, etc. Measured
thicknesses and other properties can then be computed theoretically using, for
example, Oshima’s model of soft colloids (Phenrat et al. 2008), two-layer model
for polymer thin films (Khlebtsov et al. 2003) or molecular dynamic simulation
(Pinna et al. 2010). Such experimental and theoretical tools may be employed and
likely require appropriate modification to capture the complex dynamics of ligand
exchange during NM transformation processes. The following section outlines
potential interaction of coated NMs with geo- and bio-macromolecules, based on
commonly used ligands to surface functionalize.

9.4.1 Interaction with Surfactant Coated NMs

During environmental exposure of surfactant-coated NMs, the outer layer will
likely encounter a strong lack of surfactant presence in the surrounding bulk and
thus will be placed in a system with altered chemical potential. Thus the energetics
will tend to favor desorption of those surfactant ligands from NM surfaces that are
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attached mainly through weak interactions. Such entropic favorability can be
overcome by relatively stronger electrostatic binding energies (Obata and Honda
2011). However, when nonionic or highly hydrophobic surfactants, are bound via
weak forces, such tendencies will likely result in effective desorption of these
ligands (Fig. 9.7). Thus, desorption will likely be controlled by the relative

Fig. 9.7 Interaction of NM with different surface coatings with geo- and bio-macromolecules.
(I) Classes of NM coatings, (II) environmental interaction of NMs, (III) possible ligand exchange
scenarios for NM coating classes, and (IV) effects of ligand exchange on aggregation and
dissolution
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strength of the binding energy between the surfactants and the NM surfaces as well
as concentration gradient in the environment.

Moreover, most geo- and bio-macromolecules are often large compared to
surfactant coatings and possess higher molar mass (Chin et al. 1994). During
environmental and biological exposure, potential surfactant desorption and pres-
ence of such macromolecules will likely play a strong role in controlling the
energetics of the system (Diegoli et al. 2008). It is well known that energy min-
imization for macromolecular systems occur by surface binding and acquired layer
conformation of these molecules (O’Connell et al. 2002; Di Crescenzo et al. 2011;
Saleh et al. 2010). Thus the tendency for surfactants to desorb combined with
macromolecular surface binding propensity will cause ligand exchange to occur in
these systems (Fig. 9.7). Ligand exchange rates, mechanisms of exchange, and
thermodynamic (or steady state) conformation and chemistry are issues that
deserve attention in these cases but have currently not been investigated in detail.

Examples of computational work on similar fields have recently shown dis-
placement or overcoating of surfactants by NOM or biological molecules (Obata
and Honda 2011). Computation with single-walled and multiwalled carbon
nanotubes coated with tween 80 or lung surfactant surrogates dipalmitoylphos-
phatidylcoline (DPPC) presented differences in energetic stability, adsorption, and
desorption time scales, and ligand exchange results as a function of the surface
coatings of the nanotubes. This study demonstrated ligand–ligand interaction to be
a dominant interaction mechanism, which will likely alter surface properties of
carbonaceous nanomaterials prior to uptake via inhalation. Data gaps continue to
persist that necessitate systematic studies on exchange of surfactants with geo- and
bio-macromolecules as a function surfactant types (cationic, anionic, and non-
ionic), density of bound surfactant molecules, macromolecules structures and
variety, and a varied range of chemical conditions.

9.4.2 Interaction with Polymer-Coated NMs

Compared to surfactants, polymers are larger ligands that can either be physi-
sorbed to (Shenoy and Amiji 2005) or grafted from (Li and Ruckenstein 2004) the
surfaces of NMs. Type of polymers plays a significant role on their surface density
and conformation, thus results in controlling the overall energetics of the system
(Corbierre et al. 2004). Polyelectrolytes, as an example, typically yield high sur-
face density polymer brushes via electrostatic interaction along the polymer
backbone (Tsujii et al. 2006). Thus displacement of such coatings requires a strong
thermodynamic penalty to occur, which may not necessarily result from mere
presence of larger molecular weight natural macromolecules (Lowry et al. 2012).
However, polyelectrolyte brushes might collapse in presence of high concentration
of electrolytes (Biesalski et al. 2004). Such counter ion presence can cause
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electrostatic screening and will likely change the layer energetics to be favorable
for possible ligand exchange with macromolecules (Fig. 9.7). Moreover, favorable
electrostatic interaction with oppositely charged surface groups present in the
polyelectrolytes and the macromolecules can result in multiple layer formation
(Fig. 9.7, Xu et al. 2011; Boudou et al. 2010). Such layer-by-layer binding of
counter-charged polymers has already been studied in simplified systems (Jaffar
et al. 2004; Krass et al. 2002; Crespilho et al. 2005). Furthermore, sugar-based
polysaccharides also have tendencies to form networks via molecular bridging
(Rotureau et al. 2008), which are similar to such multilayered coronas.

On the other hand, nonionic polymers tend to display a higher surface footprint
(Alexandridis et al. 1994), i.e., lower coverage, and thus have a different mode of
interaction with the environmental and biological matrices. The larger surface
footprint of these polymers indicate strong polymer–surface interaction, that are
more insensitive to background electrolytes, will likely be difficult to displace via
desorption. However, short-ranged polymer and geo- and biomacromolecule
interaction is likely to occur, that may result in ligand exchange or multiple layer
formation. Though it is hard to hypothesize potential layer conformation for such
multilayered coatings, it is likely that nonionic polymer will yield thinner layers
compared to charged polyelectrolytes (Louie et al. 2012). Moreover, network
formation may also occur in presence of highly hydrophobic fractions of geo-
macromolecules or polysaccharides.

It is to be noted that some polymers can have moderate molecular weight and
thus might interact similar to larger surfactant molecules. Ligand exchange,
desorption from NM surfaces, as well as multilayer formation can occur for these
cases as well. For example, SDS micelles when present in high concentrations can
cause desorption of PVP polymer (present in low concentration) from the nano-
particle surfaces via stretching of the polymer chains (Cattoz et al. 2011). Some
fraction of humic acids are known to possess surfactant like properties (Conte et al.
2005). Therefore, similar desorption mechanisms may exist in aquatic environ-
ment when low molecular weight polymer or low concentration of polymer is
attached with NM.

There is evidence of polymer sorption and desorption in nanoscale zero-valent
iron studies. Carboxymethyl cellulose, polystyrene sulfonate, and polyaspartate
with a range of molecular weight were used to study desorption tendencies
(Phenrat et al. 2008). The study presented molecular-weight-dependent desorption
rate. Chemical moieties present in the polymers were also found to influence their
desorption rates. However, data gaps persist in the systematic evaluation of such
desorption and/or multilayer coating formation in the presence of geo- and bio-
macromolecules for most nanomaterials. Moreover, surface conformation, layer
thicknesses, ligand exchange rates, and other important parameters are yet to be
systematically evaluated to better understand the dynamic chemical structure of
polymer-coated NM surfaces.
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9.4.3 Interaction with Biomolecule-Coated NMs

Bio-macromolecules include antibodies, aptamers, DNA/RNA-related moieties,
proteins, enzymes, etc. Most of such macromolecules are polypeptides or proteins
that are relatively large possessing complex chemical functionalities (Tsai 2007).
Such molecules have long-chained structures containing large fractions of carbon–
nitrogen groups (Tsai 2007) (and phosphorous in DNA/RNA), and retain both
cationic and anionic functional groups, distributed throughout. NMs coated with
such biomolecules will undergo unique interaction when compared to the previous
two classes of coatings. The uniqueness results from the complexity in the
structure of such molecules as well as their inherent dynamism to evolve in
response to environmental variables.

Antibody-coated NMs when exposed to geo- and bio-macromolecules may
undergo multimode interaction; i.e., electrostatic (favorable and/or unfavorable)
interaction depending on chemical moieties as well as short-ranged weak inter-
action with the sugar-based molecules. Thus multilayer formation is a possible
outcome alongside with partial replacement of the antibodies with geo- and bio-
macromolecules (Fig. 9.7). It is likely that the sugar moieties in anchor segments
of antibodies will have weak short-range interaction with polysaccharides (Levy
et al. 1981). However, the interplay between such favorable interactions will
depend on chemical structure of the antibodies and the energetic balance of surface
binding and interaction with such sugar-like molecules. Humics/fulvics might
perform partial replacement, depending on the structure and surface coverage
(Fig. 9.7). Proteins and other bio-macromolecules might result in similar ligand
exchange, which will also depend on chemical identity of the antibody molecules.

DNA/RNA molecules are also combination of amino acids. Helical formation
of these molecules allows for effective short-ranged interaction with anisotropic
tube-like NMs; e.g., carbon nanotubes are often wrapped with DNA/RNA mole-
cules to ensure drug delivery and targeting (Bianco et al. 2005; Cathcart et al.
2007; Prato et al. 2008). When released in the environment, such NMs will likely
demonstrate stable surface composition, due to their interaction with large surface
area. However, like-structured bio-macromolecules might favorably interact with
these molecules and thus invoke their partial or complete detachment from the
NMs (Fig. 9.7). Such occurrences will then be influenced largely by other geo- and
bio-macromolecules.

Protein-stabilized NMs on the other hand will likely show dynamic behavior
while exposed in environmental and biological systems. Conformation and layer
folding of the existing protein molecules might get altered due to the background
electrolyte conditions and thus will result in large changes in system energetic.
Presence of other geo- and bio-macromolecules will cause further imbalance in the
system (Bhan et al. 2013; Corsaro et al. 2010).
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9.5 Interaction of NM with Protein Corona

The nano-bio literature focusing mostly on NM applications on medical processes
and devices has been significantly ahead in understanding protein corona forma-
tion on coated NM surfaces. Thus interaction and exchange of surface coatings
with biomolecules (such as proteins) have been advancing in this field. Protein
binding occurs during NM exposure to biological fluids containing a complex
mixture of proteins and other macromolecules. Such coronas can be single-layered
or multilayered, comprising of hard and soft shells. Characterization of protein
corona is performed using techniques such as circular dichroism (Treuel et al.
2012), surface Plasmon resonance (Cedervall et al. 2007), gel filtration (Cedervall
et al. 2007), isothermal titration calorimetry (Cedervall et al. 2007), atomic force
microscopy (Natte et al. 2013), x-ray photoelectron spectroscopy (Podila et al.
2012). It has been shown in the literature that protein binding can form either hard
or soft corona, indicating relative transformation potential of the bound layer
(Lynch and Dawson 2008). Moreover, a monolayer of irreversibly bound hard
corona can be overcoated with a soft outer layer (i.e., soft corona) which can
undergo dynamic exchange in the presence of other body fluids or plasma proteins
(Milani et al. 2012). Recent literature on protein coronas thus shows the impor-
tance of ligand exchange (Lynch and Dawson 2008; Cedervall et al. 2007; Podila
et al. 2012) studies as well as can shed light on coating–corona interaction to lead
future studies on geomacromolecule interaction with NM coatings.

NM corona formation and their structures as well as subsequent interaction with
cells and tissues are highly influenced by NM properties and coating character-
istics. Cellular interaction and uptake of iron oxide nanoparticles are shown to be
influenced by existing surface coating (Safi et al. 2011). Iron oxide particles coated
with citrate were destabilized by protein replacement and corona formation and
subsequently internalized into the cells, while PAA-coated ones showed higher
stability and reduced uptake (Safi et al. 2011). Similarly, protein corona formation
is shown to be a function of PEG molecular weight and surface density when silica
nanoparticles interact with BSA molecules (Natte et al. 2013). Moreover, the
structure of hard corona has been shown to be influenced by the nature of chemical
functionality and polystyrene particle size (Lundqvist et al. 2008). These literature
findings show role of coatings on protein corona formation.

The dynamic nature of soft protein corona is prone to cause change in con-
formation and also known to be influenced by surrounding chemistry. Large
polymeric chains have been shown to suppress the dynamic evolution of protein
corona in contrast to evolving corona in presence of lower molecular weight
polymeric structures (Natte et al. 2013). Such corona formation processes are
entropy driven where the interaction of polymer–NM interfaces play an important
role (Lynch and Dawson 2008). The resistance to protein adsorption is derived
from steric repulsions of polymer coatings that emanate from polymer composi-
tion, packing density, and polymer–NM attraction forces (Prime and Whitesides
1993; Carignano and Szleifer 2000; Satulovsky et al. 2000; Szleifer and Carignano
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2000; Herrwerth et al. 2003). Moreover, conformational differences are reported to
occur as protein coronas are formed with side-chain orientation compared to
brush-conformation depending on polymeric coatings present (Natte et al. 2013).
The rate of protein binding and corona formation is also reported to be influenced
by NM coating type as shown in case of citric acid, PAA, and oleic acid-coated
supermagnetic NMs (Jedlovszky-Hajdú et al. 2012). Thus, depending on the type
of proteins used to decorate the NM surfaces and those that are present in the
environmental systems, ligand exchange is plausible. The rate of exchange, con-
formation of the protein molecules before and after such transformations, extent of
exchange will be the key parameters to be determined in such cases.

9.6 Environmental and Biological Implications

The environmental and biological processes that are appropriate to NMs are their
fate, transport, transformation, and toxicity (Klaine et al. 2008). Each of these
processes entails interfacial interactions that control NM exposure, transport, and
ultimately risk to the environment and to human health. As discussed earlier, NM
surfaces are decorated with synthetic and natural chemical moieties; which
undergo transformation and thus influence subsequent environmental processes of
these NMs. This section discusses roles of geo- and bio-macromolecules on
possible alteration of these environmental processes, in light of the existing
literature.

9.6.1 Fate and Transport

NM aggregation and deposition are interfacial processes that are controlled by
inherent material properties, NM surface coatings, and environmental chemistry.
Both of these processes are known to be heavily dependent on surface function-
alities (Tian et al. 2010; Smith et al. 2009). Thus, likely ligand exchanges during
environmental exposure and transformation stages will alter interfacial interaction
and significantly influence aggregation and deposition behavior of NMs. These
two interfacial processes are currently studied on both metallic (Baalousha et al.
2013; Afrooz et al. 2013) and carbonaceous (Saleh et al. 2010; Khan et al. 2013)
NMs in presence of geo- and bio-macromolecules. However, most such studies
either precoat the NMs with geo- or bio-macromolecules or evaluate interfacial
behavior of pristine NMs in presence of these molecules. As an example, SWNT
aggregation was studied in presence of humic acid, bovine serum albumin, and
sodium alginate (Saleh et al. 2010). The study observed the effects of coatings on
pristine SWNT surfaces and hypothesized mechanisms of interaction for the
observed aggregation behavior. In another similar study, role of hydrophobic
humic acid and hydrophilic acetic acid on SWNT transport was evaluated under
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landfill conditions (Khan et al. 2013). Few recent studies acknowledged possi-
bilities of humics and macromolecules exchange with preexisting coatings on NM,
which resulted in alteration of aggregation behavior. Citrate and acrylate-coated
AuNMs showed enhanced stabilization effects upon humic acid addition (Diegoli
et al. 2008) and spectroscopic measurement confirmed likely coating substitution
or possibly overcoating by humics (Diegoli et al. 2008). Also, Cumberland and
Lead (Cumberland and Lead 2009) showed similar observations with citrate-
coated Ag (Cumberland and Lead 2009). Similarly, the stability of citrate, PVP,
and PEG-coated AgNMs were studied in biological media conditions for toxicity
studies (Tejamaya et al. 2012). Electrostatically stabilized particles (citrate-
AgNM) were found to be destabilized faster than sterically stabilized (PVP- and
PEG-AgNM) ones. However, none of these studies presented exchange kinetics of
coatings under realistic condition. Lack of such measurements and characteriza-
tion thus leave a good deal of uncertainty in evaluation of aggregation and
deposition of NMs, particularly when they are precoated with chemical
functionalities.

9.6.2 Transformation

Transformation of NMs includes dissolution (for metallic NMs) (Zook et al. 2011),
ligand binding (Li and Ruckenstein 2004), photocatalytic activities on surfaces
(Kong et al. 2009; Hwang and Li 2010), and redox processes, e.g., oxidation (Lok
et al. 2007; Phenrat et al. 2009), sulfidation, etc. (Levard et al. 2011; Lowry et al.
2012; Ma et al. 2013) All of these processes are influenced by surface coatings
(Gondikas et al. 2012; Unrine et al. 2012); i.e., presence of soft layers on NM
surfaces (e.g., gum Arabic vs. PVP coatings) will likely alter metal dissolution
rate, as well as sulfidation. Ligand exchange is also likely to occur at this stage,
which will further influence dissolution and subsequent redox processes. More-
over, photocatalytic reactions can alter the coating properties and thus influence
the overall transformation process.

In addition, silver ion dissolution can be controlled by the surface coatings as
shown by (Gondikas et al. 2012). Citrate (a low molecular weight surfactant) and
PVP (larger polymer) were used to coat silver nanoparticles (Gondikas et al.
2012). Dissolution was monitored in presence of cysteine, an amino acid pos-
sessing thiol groups. Cysteine increased dissolution from both the coated particles,
where the dissolution rate was higher for citrate-coated particles compared to PVP-
coated ones. The study further analyzed surface chemistry with x-ray adsorption
spectroscopy and argued that formation of silver-sulfhydryl bonds caused such
dissolution behavior and that cysteine likely has displaced citrate molecules more
than PVP.

Similarly, influence on photoactivity of SWNTs due to changes in the surface
functionality has also been reported in the literature by Chen et al. (Chen and
Jafvert 2011). Here photoirradiated transformation and resultant reactivity of PEG
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and SDS modified SWNTs were compared with oxidized SWNTs. Photoirradiated
PEGalated and oxidized SWNTs degraded furfural alcohol at a rate higher than
SDS-SWNTs. Such coating-based differences in reactivity and phototransforma-
tion can also be translated in NM reactivity due to macromolecular
transformations.

9.6.3 NM Toxicity and Biodistribution

Biological interaction of NMs involves cell viability, membrane interaction, organ,
and higher trophic level species uptake, etc. NM coatings influence interfacial and
uptake behavior, thus necessitate careful evaluation of ligand exchange and their
roles on such processes. As an example: coating-dependent toxicity of NMs has
been shown by Qiu et al. CTAB, PSS, and PDDAC were used as surface coatings
for AuNMs (Blaser et al. 2008). CTAB showed higher toxicity compared to the
other two coatings, whereas PDDAC showed higher uptake of the AuNMs. On the
other hand, NOM has been shown to mask the toxic effect of NMs for both
carbonaceous (Qiu et al. 2010) and metallic nanoparticles (Fabrega et al. 2009;
Chen et al. 2011; Li et al. 2010). Such results indicate, that ligand exchange,
particularly with geomacromolecules, can alter toxic response and uptake of NMs,
significantly. Cellular uptake in biological and environmental settings can also be
affected by NM coatings as well as by surface potential (Arvizo et al. 2010),
hydrophobicity, coating conformation, etc. Nonionic PVA and anionic citrate-
coated AuNMs have shown to associate less with cell surfaces compared to cat-
ionic poly(alkylamine hydrochloride)-coated ones (Cho et al. 2009). Hydrophobic
functionalization of quantum dots (QDs) with olyel groups showed higher cellular
uptake compared to hydrophilic carboxylated QDs (Tan et al. 2010). However, no
differences were found on silver nanoparticle bioaccumulation or toxicity to
earthworm Eisnia Fetida when coated with oleic acid and PVP (Shoults-Wilson
et al. 2011); though both particles showed reproductive toxicity. Such results
highlight the fact that not only surface coatings but also the material signature of
the coated surfaces influence their toxic response and biodistribution. Thus ligand
exchange as well as multilayer coating formation will also have significant role in
altering toxicity behavior of NMs and necessitates systematic evaluation of these
layer characteristics.

The environmental and biological processes showed that surface coatings of
NMs significantly influence their behavior in aquatic systems. Careful evaluation
of ligand exchange kinetics, ligand conformation, composition, as well as coating
stability are essential for accurate and mechanistic determination of NM behavior
in environmental and biological systems. Appropriate experimental and theoretical
tools need to be developed to carefully measure and predict layer properties and
exchange behavior. These coating properties can have strong influence on NM
exposure and risk assessment.
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Chapter 10
Mimicking Biomineral Systems: What
have we Achieved and Where do we go
from Here?

James J. De Yoreo

Abstract Biomimetic synthesis of inorganic crystals and composites has evolved
dramatically since its inception. Advances in our understanding of matrix orga-
nization, templated nucleation, pathways of mineral formation via disordered
precursor phases, mesocrystal formation, and the control of crystal shape have
been paralleled by synthetic approaches to exploiting these discoveries. Resolution
of current controversies concerning the early stages of nucleation and the mech-
anisms underlying both particle mediated crystal growth and matrix-directed
nucleation will set the stage for further advances in the technology of biomimetic
synthesis.

10.1 Introduction

The remarkable level of complexity and high level of function seen in biological
systems has inspired a vast range of technologies, both mature and emerging.
Examples range from sensors based on the architecture of cell membranes to self-
assembling polymeric matrices that serve as scaffolds for tissue engineering. The
landscape is far too large to summarize in a single paper. Consequently, here I
focus on a single region of that landscape, namely biomimetic materials synthesis,
which in itself constitutes an extensive field. Starting from the early work of
Weiner, Addadi, Mann, and others (Weiner and Hood 1975; Addadi and Weiner
1985; Mann 1988), the realization that mimicking the ability of living systems to
make hard materials would require a means to control both nucleation and crystal
growth was abundantly clear. Moreover, achieving the unique properties of
biominerals would depend upon the extent to which hierarchical organization
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could be introduced (Mann 1993). Composites like bone illustrate the many levels
of control from assembly of the collagen scaffold, to direction of initial
hydroxyapatite (HAp) formation in terms of both spatial distribution and orien-
tation, to control over the aspect ratio of the growing HAp platelets (Weiner et al.
1999; Landis et al. 1996). The common coalignment and precise location of crystal
elements in biominerals (Mann 1993), and the isolation of acidic proteins from
many carbonate biominerals (Berman et al. 1988) led researchers to exploit
insoluble organic templates to direct nucleation (Berman et al. 1995) and introduce
highly charged soluble polymers to control crystal shape (Albeck et al. 1996).
However, the later discovery of amorphous precursor phases in immature bio-
mineral structures (Beniash et al. 1997), the underlying nanoparticulate sub-
structure of many single crystal biomineral elements (Addadi et al. 2006; Gong
et al. 2012), and the realization that the stable phase of nanoparticles often differs
from that of the bulk (Navrotsky 2004), led to a major change in the predominant
view of how living systems make hard materials. This new knowledge, combined
with the creation of polymer induced liquid precursors to calcium carbonate in the
laboratory (Gower and Odom 2000), the development of the mesocrystal concept
(Cölfen and Mann 2003), identification of clusters in supersaturated solutions prior
to formation of solid precipitates (Gebauer and Cölfen 2008), and the prediction of
polymeric and liquid-like states in the pure calcium carbonate solutions (Wallace
et al. 2013), opened new approaches to biomimetic materials synthesis. Despite
these advances, major questions about mineral nucleation, the role of organic
matrices and soluble proteins, and the structure of solutions prior to nucleation are
matters of intense debate. Moreover, the problem of how living systems create the
macromolecular matrix, which is itself a highly organized structure and is the key
to formation and properties of biocomposites, has barely been addressed. The
purpose of this paper is, first, to highlight some of the advances made in both
biomimetic approaches to synthesis based on our understanding of biomineral
formation and second, frame the issues that are the key to further progress.

10.2 Matrix Organization

For biocomposites like bone, proper matrix organization is a requirement for tissue
formation and function. In vitro investigations into protein assembly into extended
ordered matrices have revealed an auto-catalyzed process by which proteins first
aggregate into unstructured precursors out of which order emerges through reor-
ganization and conformational transformation (Fig. 10.1) (Chung et al. 2010; Shin
et al. 2012). As the first domains become ordered, the rate of new additions to the
growing matrix increases nonlinearly, reflecting the greater ease of establishing
the necessary specific bonds when the correctly organized matrix is presented to
the incoming protein. This pathway of assembly through transient states of dis-
order or partial order is reminiscent of the dynamics seen in the related case of
folding by an individual protein (Fig. 10.2). Often the proteins that comprise
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mineral scaffolds contain hydrophobic and hydrophilic domains, which presum-
ably aids in driving assembly, just as in the extreme case of block copolymers and
other synthetic amphiphiles (Hartgerink 2001).

Numerous approaches to mimicking protein matrices have been pursued.
Amphiphilic peptides have been used to create cylindrical micelles presenting
charged groups to the surrounding solution to induce formation of calcium
phosphates (Fig. 10.3) (Hartgerink 2001). Synthetic amphiphiles that form
spherical micelles with acidic outer surfaces have been shown to bind to growing
calcite crystals, become incorporated, and induce a high level of fracture toughness
(Fig. 10.4) (Kim et al. 2011). Growth of calcite in hydrogels produces a similar
result (Li et al. 2009). Small synthetic proteins exhibiting helical conformations
with coil-to-coil binding have been developed for self-assembly into extended
networks (Fletcher et al. 2013). Protein-like molecules called peptoids, which are
polymer chains constructed from n-substituted glycines exhibiting high side chain
diversity, have been shown to assemble into both sheets and helical ribbons
(Fig. 10.5) (Nam et al. 2010). Viral capsids of the M13 bacterial phage, which are

b

Fig. 10.2 Adoption of protein folding funnel to description of protein matrix self-assembly
showing unfolded, molten globule, partially ordered state, and fully ordered state. Barriers to
forming partially ordered and fully ordered state from molten globule are small, but barriers to
transformation from partially ordered to fully ordered states are large (Reproduced from De
Yoreo et al. 2013)

Fig. 10.1 Two-step pathway of protein matrix assembly illustrated by microbial membrane
‘‘S-layer’’ proteins. (a–f) Sequential in situ AFM height images and surface plots showing
(a) S-layer adsorption onto a lipid bi-layer, followed by (b–c) condensation into amorphous or
liquid-like clusters (d) transformation into an ordered domain of tetrameric units, and
(e–f) subsequent growth through tetramer addition. (g, h) In situ AFM images and height
profiles showing (g) initially adsorbed proteins and (h) fully crystalline clusters. Height profiles
were measured along the horizontal black lines in each image and are labeled to denote the
heights of the lipid bilayer (LB), adsorbed proteins (APs), and crystalline clusters (CCs).
(i) A highly resolved image from mature CC reveals the tetrameric arrangement and
submolecular details (Reproduced from De Yoreo et al. 2013)
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typically employed in phage display (see Sect. 10.3) (Whaley et al. 2000), can
exhibit the behavior of liquid crystals and organize into layered structures,
sometimes with a helical arrangement (Chung et al. 2011a). Because the coat
proteins of the phage can be selected for their ability to form mineral phases, they
have been successfully used to create highly organized composites (Chung et al.
2011a). Perhaps the ultimate self-assembling biomimetic matrix is DNA origami,
which can be designed to assemble into virtually any pattern deterministically
(Fig. 10.6) (Rothemund 2006), though its use as a matrix for mineralization has
not been explored.

Fig. 10.3 Self-assembly and mineralization of peptide-amphiphiles (PA) consisting of a long
alkyl tail that conveys hydrophobic character to the molecule and a peptide headgroup.
(a) Molecular model of PA and its self-assembly into a cylindrical micelle. Color scheme: C,
black; H, white; O, red; N, blue; P, cyan; S, yellow. (b) TEM micrograph of the unstained, cross-
linked peptide-amphiphile fibers incubated for 30 min in CaCl2 and Na2HPO4 solution. Mature
HA crystals (red arrows) completely cover the PA fibers. (c) EDS profile of mineral crystals after
30 min of incubation reveals a Ca/P ratio of 1.67, as expected for HA (Adopted from Hartgerink
et al. 2001)
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10.3 Directing Nucleation

Use of an organic matrix to direct nucleation has emerged as a widespread strategy
in biomimetic crystallization. The conventional wisdom is that living systems
create natural biocomposites like bone and dentin by exploiting interactions
between the matrix and either solution-phase solutes or disordered, liquid-like, or
amorphous precursor phases to control where, when, and with what crystallo-
graphic orientation crystallization of the matrix will occur. Regardless of the
pathway, mineralization of the organic matrix requires the creation of a super-
saturated state at least locally, whether on the matrix itself or inside a vesicle
designed to deliver a precursor phase to the matrix. In both cases, nucleation of the
crystalline phase is likely to be inhibited where and when it is undesirable. In fact,
for sparingly soluble mineral phases like calcite and hydroxyapatite, the barrier to
homogeneous nucleation is enormous (Fig. 10.7) (Hu et al. 2012). Consequently,
once a supersaturation is created that is sufficient to drive nucleation, many
polymorphs or other closely related phases become potential metastable products
of nucleation. This is clearly demonstrated by the calcium carbonate system where
titration experiments (Fig. 10.8a) show that a gradual but continual increase in

Fig. 10.4 Schematic
diagram of the encapsulation
of copolymer micelles within
calcite single crystals and
TEM image of PSPMA30–
PDPA47 copolymer micelles
subsequent to incorporation
in a calcite crystal as seen in a
thin section cut through the
nanocomposite crystal. The
incorporation results in
deformation of the micelles
from spherical to ellipsoidal,
producing a strain gradient
that strengthens the crystal
(Adopted from Kim et al.
2011)
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supersaturation leads to nucleation well-above the solubility limit of all crystalline
phases and that the first solid product is amorphous (Gebauer et al. 2008). Hence,
both suppression of spurious homogeneous nucleation and enhancement of matrix-
directed nucleation can be an important in both natural and biomimetic matrix-
mineral composites.
Many soluble organic molecules are known to inhibit nucleation (Gebauer and
Cölfen 2011). Examples include citrate and polyaspartate, which can be viewed as
a mimic of naturally occurring biomineral-associated proteins, because these
proteins commonly contain a large fraction of aspartic (or glutamic) acid residues
(Addadi and Weiner 1985). These inhibitors can greatly extend induction times at
constant supersaturation, as well as the Ca2+ concentration required to cause
spontaneous nucleation during continual increase of supersaturation (Fig. 10.8b).
Conversely, the presence of an insoluble organic matrix can enhance nucleation
rates even at relatively low values of supersaturation (Hu et al. 2012; Habraken
et al. 2013), control the orientation of the nucleus (Han and Aizenberg 2003), and
drive formation of stable crystalline phases at concentrations below the solubility
limit of less stable crystalline or amorphous phases (Hu et al. 2012).

While the underlying source of inhibition is still unclear—ignoring the obvious
effect of ion complexation, which should be accounted for in estimating the
supersaturation—the mechanism of enhancement has been clarified in recent years
(Hu et al. 2012; Habraken et al. 2013; Giuffre et al. 2013; Hamm et al. 2013).
Formation of a heterogeneous nucleus (Fig. 10.9a) is aided by the decrease in

Fig. 10.5 Two-dimensional
crystalline sheets formed
from two oppositely charged
peptoid polymers: a
negatively charged periodic
amphiphilic peptoid (Nce–
Npe)18, and a positively
charged periodic amphiphilic
peptoid (Nae–Npe)18.
a Fluorescent optical
microscope image of
individual sheets.
b Molecular model of the
sheets assembled in which the
hydrophobic groups face each
other in the interior of the
sheet and oppositely charged
hydrophilic groups are
alternating and surface-
exposed. Atomic color
scheme: carbon, yellow;
nitrogen, blue; oxygen, red
(Adopted from Nam et al.
2010)
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interfacial energy brought about by the favorable interaction of the matrix with the
mineral (De Yoreo and Vekilov 2003). Because the interfacial energy enters into
the classical expression for the nucleation rate as a cubic term in an exponential,
even small changes can have a dramatic impact on rates. Formation of calcite on
self-assembled monolayers (SAMS) provides the classic example of matrix-
directed—or templated—nucleation (Fig. 10.9b, c) (Aizenberg et al. 1999). Even
for the same headgroup chemistry, the choice of a SAM monomer with an odd or
even number of carbons in the alkyl chain influences both the crystallographic
orientation of the nuclei (Fig. 10.9b, c) (Han and Aizenberg 2003) and their rate of
formation (Fig. 10.9d) ((Hu et al. 2012). In the case of carboxyl terminated SAMs,
the underlying source of the difference between the odd and even SAMs reveals a
secondary, subtle aspect of templating (Freeman et al. 2013). The orientation of
the SAM headgroups influences the degree to which the SAM monomers repel one
another and, consequently, the average degree of order in the SAM. The termi-
nating oxygen ions of the even SAM lie along a line parallel to the SAM surface,

Fig. 10.6 a Model of DNA origami and b AFM image of resulting origami tile. c Schematic
showing linking of DNA-functionalized viral capsid to a DNA origami tile, as well as linking
together of individual tile. d–f Realization of scheme in c. Scale bars: b—100 nm; c—50 nm; d,
e—200 nm (a, b adopted from Rothemund 2006. c–f, adopted from Stephanopoulos et al. 2010)
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while those of the odd SAM have an average orientation along a line tilted with
respect to the SAM surface. This results in repulsive oxygen-oxygen interactions
that periodically force one of the SAM monomers out of the pseudohexagonal
arrangement seen in the even SAM. This element of disorder increases the
interfacial energy with the forming calcite nucleus and, hence, reduces the
nucleation rate and the degree of control over orientation.

Perhaps the most important technological approach to achieving template-
directed nucleation is that of phage display (Whaley et al. 2000). The essential
element of the technique is the exposure of a large library of M13 bacteriophage
phenotypes to inorganic substrates of metals, semiconductors, or insulators. When
the phage are cyclically cultured and eluted under increasingly harsh conditions,
the peptides selected that bind most strongly to the substrate come to dominate the
population. Subsequent genomic sequencing of these strong binders leads to
identification of peptide sequences that can then be produced through synthetic

Fig. 10.7 a Formation of a
spherical nucleus of radius r
from a solution. b Classical
dependence of free energy
Dg on the length L of one side
of an equilateral calcite
rhombohedron for
homogeneous nucleation
from solutions formed from
equal mixtures of CaCl2 and
NaHCO3 for the indicated
values of supersaturation r.
The corresponding final Ca2+

concentrations from top to
bottom are: 10 mM; 15 mM;
23 mM; 28 mM (Reproduced
from: a—De Yoreo and
Vekilov 2003 and b—Hu
et al. 2012)

10 Mimicking Biomineral Systems 299



means. In numerous cases, researchers have shown that these peptides can then be
used to drive nucleation of the inorganic phase from aqueous precursors
(Fig. 10.10) (Mao et al. 2004). Moreover, because these peptides can be patterned
on substrates using micro-contact printing or nanolithographic techniques, they
have numerous potential applications including bottom-up fabrication of nano-
electronic circuitry, plasmonic devices, and tissue engineering.

The essential principle that underlies the use of phage display for discovery of
nucleation templates can be simply stated: good binders are good nucleators. Why
this statement is true was recently revealed in a careful study of nucleation rates and
binding free energies for calcite on functionalized SAMs (Fig. 10.11) (Hamm et al.
2013). The key to the mechanistic link between binding and nucleation lies once
again in the interfacial free energy. When the bond between an organic matrix and a

Fig. 10.8 a Free calcium in 25 mL 10 mM carbonate buffer in a range between pH 9.00 and pH
10.0 during addition of 10 mM calcium chloride solution at a constant rate of 10 lL/min. Arrows
indicate the time of nucleation of calcium carbonate. b Time-developments of the free calcium
amount in presence of poly(acrylic acid) (PAA), as compared to the PAA-free control at pH 9.75,
showing large delay in the time of the nucleation event (Reproduced from Gebauer and Cölfen
2011)
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crystal face is ruptured, the change in free energy is given by the contact area times
and the difference between the interfacial free energy of the final state minus that of
the initial state. The interfacial energy of final state consists of a sum of the sub-
strate-solution and crystal solution interfacial free energies, while that of the initial
state consists of the crystal-substrate interfacial free energy. However, considering
Fig. 10.9, one can see that these same terms enter into the net interfacial free energy
of the heterogeneous nucleus. In fact, the free energy of binding should be pro-
portional to the interfacial free energy of the heterogeneous nucleus, as indeed was
shown to be the case for calcite on self assembled monolayers. The inevitable
conclusion is that, indeed, good binders are good nucleators.

10.4 Stabilizing Disordered Phases

One of the lessons to emerge over the past decade or more is that living systems
often use amorphous precursors to build complex biomineral structures (Beniash
et al. 1997; Politi et al. 2004; Mahamid et al. 2008; Tao et al. 2009). However,

Fig. 10.9 a Heterogeneous formation of a hemispherical nucleus at a foreign substrate. The
interfacial free energies for the crystal-fluid, crystal-substrate and fluid-substrate interfaces are
acf, acs, and afs, respectively. b and c SEM micrographs of calcite crystals grown on carboxylate-
functionalized self-assembled monolayers of b C15-Au, and c C10-Au. Scale bars: 20 lm. Insets
show computer simulations of similarly oriented calcite rhombohedra with the nucleating planes
(NP) indicated. d Natural logarithm of the calcite nucleation rate J versus inverse supersaturation
on even (mercaptohexadecanoic acid, MHA) and odd (mercaptoundecanethiol, MUA) SAMs.
Shallower slope for the MHA film shows that interfacial energy is lower than for the MUA film.
e and f Snapshot from simulations demonstrating different arrangement of headgroups as viewed
from above the surface of e even and f odd carboxyl terminated SAMs. The nearest neighbor C-

C separations are indicated with a dotted line while the increased separation between two carbons
in the odd SAM is highlighted as a solid line (Reproduced from: a—De Yoreo and Vekilov 2003;
b, c—Han and Aizenberg 2003; and d, e, f—Hu et al. 2012)
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amorphous states of typical biominerals such as calcium carbonate or calcium
phosphate are highly unstable when in contact with an aqueous phase and, hence,
stabilization is critical until such time as transformation is required. A beautiful
study of the stabilization and transformation process was performed on a land
crustacean often referred to as the pill bug (Tao et al. 2009). The shell of the pill
bug utilizes an interplay between the effects of Mg and aspartic acid-rich proteins
to maintain an initial ACC phase that, over time, is transformed into a calcitic
phase as the protein-to-Mg level increases (Fig. 10.12). While the use of

Fig. 10.10 a Schematic diagram of the phage display process for discovery of peptides that bind
to single-crystal HAP. b EDS spectrum with a Ca/P ratio of 1.67. c SEM micrograph of HAP
crystals nucleated on a Au substrate using a peptide (CLP12) selected by phage display (Adopted
from Chung et al. 2011b)
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Fig. 10.11 Interfacial
energies (a) derived from
nucleation rate measurements
vs. free energies of binding
(DGba) in units of kT for
alkanethiol SAM molecules
on calcite (104) surfaces as
measured by dynamic force
spectroscopy. Lower a
correlates with strong calcite–
SAM interactions (large
DGba) (Reproduced from
Hamm et al. 2013)

Fig. 10.12 Morphology, phase, and composition of cuticles at different molt stages. a Photo-
graphs of Armadillidium vulgare in the different molt states (1–5). b SEM images and SAED
patterns of the cross-sections of exocuticle layer in a showing initial amorphous nanoparticle
stage and transformation to crystalline calcite. c and d XRD patterns and FT-IR spectra,
respectively, documenting transformation from amorphous calcium carbonate to calcite.
e Organic contents of the cuticles during the molt process showing the increase in aspartic
acid rich protein with the onset of crystallization. Not shown is the high Mg content, which
stabilizes the initial amorphous phase (Reproduced from Tao et al. 2009)
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amorphous precursors that can be triggered to transform into crystalline phases has
not been widely adopted, the advantages of doing so in terms of building complex
3D architectures (Aizenberg et al. 2003) seems likely to drive future applications
of this approach.

10.5 Controlling Crystal Shape

While many natural systems clearly utilize precursor materials that can be molded
to create intricate 3D architectures, there are numerous examples that indicate
growth of natural biominerals can also occur via traditional crystal growth
mechanisms involving relatively flat crystal facets (See references in De Yoreo
et al. 2007). Even in cases where the ultrastructure indicates formation occurs
through an initial phase of nanoparticle aggregation or random matrix minerali-
zation, the final shape often suggests a phase of single crystal growth and/or
relaxation to a final faceted single crystal-like morphology (Mann 2001). In these
cases, shape control emanates from the degree to which soluble organic molecules
interact with atomic steps and terraces on crystal surfaces (De Yoreo and Dove
2004; De Yoreo et al. 2007). In essence, due to the self-replicating nature of crystal
growth, the shape of the ‘‘so-called’’ growth hillock, where atomic steps are
created at screw dislocations, is transferred into the shape of the facet and,
eventually, the entire crystal (Fig. 10.13). The key to the observed control over
shape is the strength and step-specificity of binding between the soluble organic
molecules and the crystal (Fig. 10.13). Molecules that bind strongly to steps on a
crystal face and block addition of solute ions to kinks, inhibit growth of that face,
and thereby modify the overall crystal shape.

Determining whether a peptide or other organic molecule will bind to a par-
ticular face or step and modify crystal shape is a challenging endeavor without a

Fig. 10.13 Change in crystal habit is directly related to modification of step morphology on natural
crystal faces for a wide range of modifiers. a–d show AFM images of growth hillocks and SEM
images of crystal habits. a pure calcite; b calcite plus Mg2+; c calcite plus D-aspartic acid; d calcite
plus 8kD protein extracted from Abalone. Dashed lines show glide and mirror planes on calcite.
c also shows minimum energy configuration for D-aspartic acid binding to acute step on calcite
(104) face as predicted from molecular simulations (Reproduced from De Yoreo and Dove 2004)
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firm theoretical foundation. Nonetheless, recent work involving the Rosetta
algorithm for calculation of equilibrium binding energies of peptide sequences to
crystal faces has been used to identify sequences that might provide control over
the kinetics of growth on a particular face and hence the final crystal shape
(Schrier et al. 2011) (Fig. 10.14).

A related but purely synthetic approach to controlling growth kinetics and
crystal shape that was recently reported relies on the side chain diversity of pep-
toids, the n-substituted glycine polymers described in the Sect. 10.2. Peptoids have
been shown to exhibit dramatic levels of growth-rate acceleration and inhibition, as
well as shape modification (Fig. 10.15) (Chen et al. 2011). As biomimetic materials
technologies moves towards easily designed and synthesized polymers as substi-
tutes for proteins, the use of high information content polymers such as peptoids
will likely become increasingly more important.

10.6 Biomimetic Composites

Many—if not most—biominerals, even those that diffract as single crystals, are
composites that exhibit an underlying nanoparticulate ultrastructure (Fig. 10.16).
In some cases, the organic matrix is a predominant component of the composite, as
in the case of bone (Landis et al. 1996; Weiner et al. 1999). However in other
cases, an explicit insoluble matrix is missing, but there is some evidence for an

Fig. 10.14 a Representative
low-energy molecular model
characteristic of the observed
motifs in secondary structure
for the R7L peptide selected
from de novo models for its
ability to bind to the calcite
(001) face. Arrows indicate
mutation positions.
b Representative SEM
images for calcite crystals
grown in the presence of R7L
(Reproduced from Schrier
et al. 2011)
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organic-rich region at the boundaries of the nanoparticle building blocks (Addadi
et al. 2006; Gong et al. 2012). Thus these composites are ‘‘mesocrystals’’, i.e.,
crystalline materials that diffract as single crystals but are, in fact, composed of
nanoparticulate building blocks attached at organic-rich boundaries. Since the
original mesocrystal concept was introduced (Cölfen and Mann 2003), many
researchers have explored methods for growing them synthetically through the
introduction of polyelectrolyte additives to growth solutions (Cölfen and An-
tonietti 2008 and references within). While in some cases, TEM images of distinct
building blocks provide strong evidence for a mesocrystalline structure, more
often, the characteristics used to conclude that the final products are indeed
mesocrystals typically constitute indirect evidence. These characteristics include a
rough, nanoparticulate-like surface, high porosity, and a pseudofaceted morphol-
ogy. Nonetheless, the mesocrystal concept and the observation of a mesocrystal-
line nature in a number of biominerals have fueled efforts to develop synthetic
approaches to producing mesocrystalline composites.

Development of artificial insoluble matrices as scaffolds for composite for-
mation have also constituted a significant effort within the biomimetic synthesis
community. One striking example that brings together crystal binding, functional
selection, and surface templating comes from the technology of phage display
(Fig. 10.17). Here, the inherent ability of M13 phage to form liquid crystalline

Fig. 10.15 a–e Morphology of CaCO3 crystals grown in the presence of six different carboxyl-
rich peptoids. f Morphology of peptoid-free control (Reproduced from Chen et al. 2011)
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phases (Lee et al. 2002) was exploited to develop a 3D matrix, while the selection
of the phage phenotype based on high binding affinity to the crystalline phase was
used to create an effective crystallization template (Chung et al. 2011b). The result

Fig. 10.16 Component mapping of a 48-h old sea urchin spicules analyzed within 24 h of
extraction from the embryo. Image shows XANES-PEEM image of three spicules embedded in
epoxy, polished to expose a cross-section, and coated. The image is an average of all 121 images
acquired across the Ca L-edge. The larger triradiate portion of a spicule at the center is polished
in plane, whereas two other cylindrical spicules at the top have their long axes perpendicular to
the plane of the image. The images reveal the mesocrystalline nature of the spicule through the
percentage of the three calcium carbonate phases observed in each pixel of the image
(Reproduced from Gong et al. 2012)

Fig. 10.17 Growth of biomimetic soft/hard composite using self-assembly and template
mineralization of M13 phage. a SEM image of self-assembled smectic helical phage film before
biomineralization. b SEM image of the hard-tissue-like composite material following mineral-
ization of the phage film in Ca2+ and PO4

3+ solutions. Blue overlay shows zig-zag structure of
the composite, indicating that the hierarchical structures were preserved after biomineralization.
c Increase in the Young’s modulus of the phage films (about 20-fold) after biomineralization
(Adopted from Chung et al. 2011a)
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is a true highly organized, organic-inorganic composite that mimics the hierar-
chical structure of biocomposites like bone.

An increasingly important discovery of relevance to creating biomimetic
composites is that of the polymer-induced liquid precursor phase (PILP) (Gower
and Odom 2000). Though initially discovered in the calcium carbonate system
through its deposition on flat substrates, its utility in the creation of biomimetic
composites was best demonstrated through the mineralization of collagen sponges
and reconstituted collagen fibrils by calcium phosphate-based PILP (Fig. 10.18)
(Olszta et al. 2007; Gower 2008). PILP appears able to readily infiltrate into dense

Fig. 10.18 Intrafibrillar mineralization of type-I collagen scaffolds using the PILP process.
a The control reaction, without polymer, leads to random spherulitic clusters of hydroxyapatite on
the surface of the collagen fibrils, typical of the many reports in the literature. At the relatively
high ion concentrations used, an amorphous CaP gel does form in the solution (which become
cloudy), but this type of ACP does not lead to infiltration of the fibrils. b With the addition of
polyaspartate, the collagen becomes well infiltrated with mineral, but no apparent clusters are
seen on the surface. (EDS, XRD, and TGA all show a very high degree of mineralization with up
to 70 wt % hydroxyapatite, as in bone). c After mineralization, thick dark crystallites can be seen
in the TEM of this fibril. d Dark-field TEM of the same fibril, using the (002) reflection, shows
the prevalence of oriented crystallites within the fibril. e Selected area electron diffraction of this
fibril shows the crystallites are uniaxially oriented in the [001] direction, roughly parallel to the
collagen fibril axis, with similar degrees of tilting and rotation disorder, as in bone (Adopted from
Gower 2008)
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collagen scaffolds, coat the individual fibrils and then crystallize into coaligned
HAp crystallites. This inferred pathway closely resembles the process seen sub-
sequently in cryoEM experiments on collagen mineralization (Fig. 10.19) (Nud-
elman et al. 2010), though the latter did not come to a conclusion concerning the
liquid-like character of the infiltrating mineral phase.

10.7 Future Directions

The most important aspect of biomineralization and biomimetic synthesis to
emerge over the past decade or so is that of pathway. The importance of multi-step
pathways, both in matrix organization and crystal formation is now irrefutable.
However, there is still a great deal of controversy surrounding both the nature of the
initial phases and the mechanisms by which they arise and transform. The exper-
imental observation of clusters in calcium carbonate solutions prior to the nucle-
ation event (Gebauer et al. 2008; Pouget et al. 2009; Habraken et al. 2013) has led to
the idea that there is no true nucleation event in the classical sense, rather stable
prenucleation clusters aggregate to form an amorphous precursor phase that then
transforms into the crystalline solid through a dehydration reaction. However,
formation of the bulk mineral phase in these experiments was observed at con-
centrations far in excess of the solubility of all calcium carbonate phases and
molecular dynamics simulations suggest, under those conditions, the solutions
undergo a barrier-less phase separation via spinodal decomposition that produces a
dense liquid phase (Wallace et al. 2013), even without the addition of polymer to
produce PILP (Gower and Odom 2000). In that scenario, broad distributions of
clusters of many sizes, both are and small are expected as the spinodal is approa-
ched. Moreover, a number of studies of heterogeneous nucleation reported trends
that are explained well by purely classical models and appear to produce calcite
directly (Hu et al. 2012; Giuffre et al. 2013; Hamm et al. 2013). Because many

Fig. 10.19 CryoTEM images of collagen at different stages of mineralization in the presence of
10 lg ml-1 of polyAspartate. Mineralization was for a 24 h b 48 h, and c 72 h. Scale bars:
100 nm (Reproduced from Nudelman et al. 2010)
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Fig. 10.20 a–e Sequence of in situ TEM images showing oriented attachment of two ferrihydrite
nanoparticles. Two edge dislocations denoted by the dashed lines translate to the right, leaving a
defect-free structure in e. Scale bars are 2 nm. f, g Ex situ TEM images showing mature TiO2

branched nanowire and oriented attachment event of anatase nanoparticle to main branch of rutile
nanowire during early stage of growth (Adopted from a–e Li et al. 2012 and f–g Li et al. 2013)
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biominerals are composites in which the mineral forms in intimate contact with an
organic matrix, heterogeneous nucleation may be commonplace. Thus perhaps the
dynamics of homogeneous nucleation, whether via aggregation of stable prenu-
cleation clusters or dense liquid phase droplets from spinodal decomposition are
unimportant in the context biocomposites. Consequently, future progress in mim-
icking biomineral systems depends on our ability to sort out the role of these
unexpected species and phases, as well as the role of the matrix in directing their
formation or transformation.

Finally, the conclusion that many biominerals form through aggregation of
nanoparticles (Addadi et al. 2006; Gong et al. 2012), whether amorphous, partially
ordered, or fully crystalline, as well as the general observation of aggregation-
based pathways in nanomaterials synthesis ((Penn and Banfield 1998; Banfield
et al. 2000; Cölfen and Antiometti 2008; Zhang et al. 2010), has highlighted the
critical role played by particle mediated growth (PMG) in defining crystal forms
(Fig. 10.20). While ion-by-ion addition to both particles and their aggregates must
play a role in growth when growth occurs in a supersaturated solution environ-
ment, numerous experiments show that particle addition can be dominant
(Fig. 10.20a). Moreover, the complex, highly branched shapes that can result when
a aggregation events occur through oriented attachment (OA) (Fig. 10.20b) (Li
et al. 2012, 2013) highlight the technological value in developing a quantitative
description of this type of growth. Once the underlying mechanisms of PMG and
OA in are well understood, the pathways of nucleation are clearly defined, and the
role of the matrix in directing these processes is firmly established, a predictive
science of biomimetic synthesis will be within reach.
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