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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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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)

(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, f-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).
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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 RS 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 f-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 (C;,) 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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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

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., RS peptide discovered from diatoms);
peptide or protein templates with no known mineralization function such as
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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, nanoprint'™ 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 10°-10* 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 Au’" 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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Fig. 1.3 Screening of peptide microarray for gold NP binding and synthesis. Peptide microarray
was constructed by Thinkpeptides® to contain a 10 x 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 | mM HAuCl, 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 20x 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

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 pg 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
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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 CaCOj 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
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Fig. 1.4 Variables affecting biomolecule-nanomaterial interactions. These include binding
affinity, orientation of biomolecules on surface, distance from surface, biomolecular structure/
conformation, and surface density

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 (K., k, and k,
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,
f2-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