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ABSTRACT: The use of peptides as capping ligands for materials [ % = .
synthesis has been widely explored. The ambient conditions of bio- =~ 0 Nl
inspired syntheses using molecules such as peptides represent an & %, °
attractive route for controlling the morphology and activity of &
nanomaterials. Although various reductants can be used in such A
syntheses, no comprehensive comparison of the same bio-based ligand
with different reductants has been reported. In this contribution,
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peptides AuBP1, AuBP2, and Pd4 are used in the synthesis of Au

nanoparticles. The reductant strength is varied by using three different

reducing agents: NaBH,, hydrazine, and ascorbic acid. These changes in reductant produce significant morphological differences
in the final particles. The weakest reductant, ascorbic acid, yields large, globular nanoparticles with rough surfaces, whereas the
strongest reductant, NaBH,, yields small, spherical, smooth nanomaterials. Studies of 4-nitrophenol reduction using the Au
nanoparticles as catalysts reveal a decrease in activation energy for the large, globular, rough materials relative to the small,
spherical, smooth materials. These studies demonstrate that modifying the reductant is a simple way to control the activity of

peptide-capped nanoparticles.
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B INTRODUCTION

Bio-inspired strategies for producing inorganic nanoparticles
(NP) are of great interest because they can control the
structure of the material under very mild synthetic
conditions."”” Biomolecule-capped nanomaterials have proven
useful in many applications, including catalysis, biosensing, and
NP assembly, where the biotic interface can play an integral
role in their performance. Many biological entities have been
used to passivate NP surfaces, including DNA,>"® viruses,” and
peptides.*~'* Peptides are particularly promising, because they
can provide biomolecular recognition for specific binding to
metal interfaces and they are relatively easy to prepare.
Biocombinatorial selection methods such as phage and cell-
surface display have been used to isolate many peptides with
affinity for metal,''® metal oxide,s’16 and metal sulfide
surfaces,'”'® with selectivity for specific target materials.'”*°
Although NPs of many compositions have been prepared
using peptides, Au NPs are of particular interest due to their
applications in sensing,21 catalysis,”>>* diagnostics,”® and
bionanocombinatorics.'”>**® A key property of Au NPs is
their localized surface plasmon resonance (LSPR), which
produces strong scattering and absorption of light over a
wavelength range that can be tuned by varying the NP size and
shape.”” Peptides can provide control over morphology and
activity of Au NPs through their sequence specific interactions
with the Au surface.”®> The AuBP1 (WAGAKRLVLRRE) and
AuBP2 (WALRRSIRRQSY) sequences are exemplar peptides
with affinity for Au and the ability to generate nearly
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monodisperse NPs.""** Sarikaya and colleagues isolated these
peptides via phage display and demonstrated that the
biomolecular structure (linear vs cyclic) played a critical role
in controlling the overall affinity of the sequence for the metal
surface.'' More recently, Tang et al. demonstrated the
importance of the nature of binding to the metal surface,
which can be predominantly enthalpic or entropic.'"” Both
AuBP1 and AuBP2 were classified as enthalpic binders,
meaning that they incorporate several residues throughout
the sequence that anchor the biomolecule to the metallic
surface in a small number of possible configurations."
Specifically, AuBP1 and AuBP2 each have four anchor residues
dispersed throughout the sequence (Trp-1, Arg-6, Arg-10, and
Arg-11 in AuBP1, Trp-1, Arg-4, Arg-5, and Tyr-12 in AuBP2)."
Conversely, a peptide exhibiting entropically driven binding has
fewer anchor residues, but assumes many different surface
bound conformations, which imbue it with relatively high
entropy in the bound state. The Pd4 peptide
(TSNAVHPTLRHL), originally isolated with affinity for
palladium (Pd), is an exemplar of entropic binding peptides
on Au.”® It includes only two anchor residues (His-6 and His-
11); however, extensive simulation studies revealed a relatively
large number of binding conformations for the peptide on an
aqueous Au surface.' Peptide-capped Au NPs prepared using
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NaBH, as the reductant with each of these peptides were
spherical, and their size was correlated with the number of
anchor residues (i.e, enthalpic contribution), rather than the
overall binding affinity, which is related to the free energy
change of binding.*®

Beyond the peptide—metal interactions, several other factors
contro] the growth and final structure of peptide-capped Au
NPs.>* 7' NP formation is initiated by addition of a reductant
that reduces dissolved Au®* to insoluble Au’, initiating NP
nucleation and growth. Previous studies have shown that
altering the strength of the reductant changes the rate of
reduction, producing changes in NP size®' Thus, different
reductants produce NPs with different LSPR spectra, catalytic
activities, and other properties that depend upon the NP size
and shape.”* ' A strong reductant drives a burst of nucleation
due to the high concentration of Au’ produced by rapid
reduction. The high nucleation density produces smaller final
NPs as a fixed amount of Au precursor deposits onto a larger
number of nuclei A weaker reductant produces a lower
concentration of Au’ through slower reduction. This results in a
lower probability of overcoming the barrier to nucleation, and
therefore a lower nucleation density. Ultimately, this produces a
smaller number of larger particles.’> Most prior studies of these
effects employed standard NP surface passivants, such as thiols
on Au, and produced quasi-spherical NPs regardless of the
reductant employed.®® The effects of peptide on NP generation
with different reductants have not been systematically studied.
The kinetics and thermodynamics of binding of biomolecules
with the Au surface are significantly more complex than those
of thiols and similar passivants. As discussed above, sequence-
dependent interactions at the NP surface control the peptide
binding and therefore the peptide’s role in arresting particle
growth.>* If understood, this can provide enhanced control over
particle size, morphology, surface structure, and properties that
remain difficult to achieve via traditional approaches.

One area of rapidly growing interest for Au NPs is catalysis.
The reduction of 4-nitrophenol is widely employed as a probe
reaction for evaluating the catalytic activity of such materi-
als.***>7* The substrate, 4-nitrophenol, is a known pollutant
and toxin that can be easily reduced to 4-aminophenol, a major
pharmaceutical precursor.*® This reaction is relatively simple
and can be easily monitored using UV—vis spectroscopy in
aqueous solutions at ambient temperature.*”** Importantly, the
reduction of 4-nitrophenol is known to occur via a surface
reaction mechanism in which adsorption of hydrogen and the
substrate to the metal surface is required for catalytic
turnover.*® This is advantageous for the peptide-capped NPs
in that it provides a direct measure of the accessibility of the
metal surface that cannot be readily assessed by other methods.

Here we study the combined effects of reductant strength
and peptide binding at the Au NP interface based upon the rate
of NP nucleation and growth, and the catalytic properties of the
final materials. Au NPs were generated using three different
peptides, AuBP1, AuBP2, and Pd4, which span a known range
of binding affinity and balance between enthalpic and entropic
binding character."” Each of these was used in combination
with three different reductants: sodium borohydride (NaBH,),
hydrazine, and ascorbic acid. The product NPs were fully
characterized using UV—vis absorbance spectroscopy, trans-
mission electron microscopy (TEM), and selected area electron
diffraction (SAED) analysis. Their catalytic activity for the
reduction of 4-nitrophenol to 4-aminophenol was also
quantified. The results and synthetic strategies provide a path
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toward realizing low temperature and facile mechanisms of
tuning Au NP size, shape, and surface state for applications in
biosensing, catalysis, and related fields.

B EXPERIMENTAL SECTION

Materials. HAuCl, was purchased from Acros Organics, whereas
NaBH, and hydrazine monohydrate were acquired from Sigma-
Aldrich. Trifluoroacetic acid (TFA), tri-isopropyl silane (TIS), and 4-
nitrophenol were obtained from Alfa Aesar, and ascorbic acid,
acetonitrile, methanol, and N,N-dimethylformamide were purchased
from BDH Chemicals. Finally, all FMOC-protected amino acids,
Wang resins, and coupling reagents were acquired from Advanced
Chemtech. Ultrapure water (18.2 MQ-cm) was used for all
experiments and all reagents were used as received.

Peptide Synthesis. Standard solid-phase peptide synthesis
protocols were used with a TETRAS peptide synthesizer (Creosa-
lus).41 Peptides were cleaved from the Wang resins using a TIS/H,0/
TFA cleavage cocktail and purified using reverse-phase high
performance liquid chromatography (HPLC). The purified peptide
sequences were confirmed using matrix-assisted laser desorption/
ionization time-of-flight (MALDI-TOF) mass spectrometry.

Nanoparticle Synthesis. Au NPs were prepared by minor
modifications of previously described methods.”> Modifications to
the synthesis protocol using the different reductants (ascorbic acid and
hydrazine in place of the NaBH, used previously) are discussed below.
Briefly, 0.50 mL of a 1.0 mM peptide solution was diluted with 4.46
mL of H,O in a glass vial. To this was added 0.01 mL of 100 mM
HAuCl,, and the solution was mixed vigorously for 15 min. Next, 0.03
mL of freshly prepared 100 mM NaBH, was added and the solution
was mixed again. This provides a 3-fold molar excess of NaBH,
compared to Au. The NPs were allowed to reduce for 60 min prior to
analysis or use. Identical synthetic protocols were employed using the
other reductants, with a 3-fold molar excess of ascorbic acid to Au®* or
a 2-fold molar excess of hydrazine.

Characterization. TEM analysis was done using a JEOL JEM-
2010 microscope operating at 200 kV. The samples were prepared by
drop-casting S yL of the NP solution onto a carbon-coated 400 mesh
Cu grid (EM Sciences), which was allowed to dry overnight. UV—vis
monitoring of NP formation, as well as the reduction of 4-nitrophenol,
was conducted using an Agilent 8453 spectrometer. Samples were
analyzed using a quartz cuvette with a 1 cm optical path length.

4-Nitrophenol Reduction Reaction. The catalytic activity of the
Au NPs was evaluated using the reduction of 4-nitrophenol to 4-
aminophenol following previously established protocols.>”** In a 1 cm
quartz cuvette (nominal volume = 3.5 mL), 1.0 mL of the Au NP
solution was combined with 1.0 mL of freshly prepared 15 mM
NaBH, in water. Next, 1.0 mL of a 150 M 4-nitrophenol solution,
prepared in water, was added to initiate the reaction. Monitoring of the
change in the absorbance at 400 nm at 20.0 s intervals for 12.0 min
was conducted in triplicate at 20—50 °C for all nine material sets (Au
NPs prepared using each of the three peptides, reduced using each of
the three reductants).

B RESULTS AND DISCUSSION

Nanoparticle Synthesis and Characterization. Au NPs
were prepared using three peptides: AuBP1, AuBP2, and Pd4.
These sequences were selected to span a known range of
binding parameters for Au. AuBP1 and AuBP2, specifically
identified for their affinity to bind Au surfaces,'’ have binding
affinities (AG of binding) on Au of —37.6 + 0.9 and —36.4 +
0.3 kJ/mol, respectively.”” Pd4 was originally isolated via phage
display for the ability to bind Pd. It binds to Au with a AG
value of —30.3 + 0.2 kJ/ mol,19 which is smaller than its binding
affinity for Pd (—=33.0 + 0.5 kJ/mol)."**®* In addition, these
three peptides have differing thermodynamic driving forces for
binding to the Au surface. In this regard, both the AuBP1 and
AuBP2 have several anchor residues interspersed throughout
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the sequence, thus they have been classified as enthalpic
binding peptides. Conversely, the Pd4 only has two anchors at
the histidines; however, it can adopt many different
conformations on the Au surface, and is thus classified as an
entropic binder. Taken together, these three peptides provide
different binding parameters (both in overall affinity and
thermodynamic driving forces), spanning a significant range of
possible interactions.

For nanoparticle synthesis experiments, each peptide was
mixed with Au®* in water at a Au:peptide ratio of 2:1 for 15 min
prior to reduction. This allows for complexation of the metal
ions to the biomolecule. After complexation, each solution was
reduced separately with one of three reductants: NaBH,,
hydrazine, or ascorbic acid. These were selected to span a range
of strengths of reducing agents. NaBH, is the strongest
reductant in this set, followed bsy hydrazine, with ascorbic acid
being the weakest reductant.**** For both NaBH, and ascorbic
acid, a 3-fold molar excess relative to Au’* was employed;
however, a 2-fold molar excess of hydrazine was used. The
lower ratio of hydrazine to Au was sgeciﬁcally chosen as this
was the ratio used in previous studies. S In all cases, an obvious
color change was noted upon reduction, as described below,
and the product NP dispersions remained stable for >24 h
without any visible precipitation.

Initial characterization of the NP formation process as a
function of both the peptide and reductant was completed
using UV—vis spectroscopy (Figure 1). For each system, the
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Figure 1. UV—vis analysis of Au NP formation. Panel a presents the
spectra of each Au**/peptide complex prior to reduction, whereas
panels b—d show the materials after reduction with (b) NaBH,, (c)
hydrazine, and (d) ascorbic acid.

spectra were background corrected using the peptide solution
at the reaction concentration, thus the observed absorbance
arises only from the Au®>*/peptide complex and/or the NPs. As
shown in Figure 1a, for the AuBP1-system prior to reduction, a
minor peak at 500 nm was visible, whereas a shoulder
absorbance is visible at ~400 nm for the AuBP2-mediated
reaction. For the Pd4-based system, no significant peaks were
visible in the spectrum. Upon reduction, an absorbance peak
associated with the Au NP LSPR was evident, with a peak
position and shape that varied with both the peptide and
reductant. For NaBH, specifically (Figure 1b), when AuBP1
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and AuBP2 were used to cap the Au NPs, a distinct and
relatively sharp LSPR was observed at 520 nm; however, when
Pd4 was used to generate the Au NPs, a broader and red shifted
LSPR absorbance was observed. This suggests that the Pd4-
capped Au NPs are larger, more polydisperse, and/or more
aggregated in solution than the AuBP1- and AuBP2-capped
materials. With hydrazine as the reductant (Figure lc), the
AuBP1- and AuBP2-capped materials again have a distinct
LSPR absorbance after reduction. In this system, the peak
position is slightly red shifted, compared to the NPs produced
with NaBH,, to 550 nm for the AuBP1-capped materials and
530 nm for the AuBP2-capped structures. Interestingly, for the
hydrazine reductant, the AuBPl-capped NPs resulted in a
broader LSPR absorbance as compared to the AuBP2 materials.
For the Au NPs capped with Pd4 and reduced with hydrazine, a
broad absorbance with a peak beginning at 580 nm was again
observed. Finally, when ascorbic acid was used as the reductant
(Figure 1d), the results were substantially different. The spectra
for the AuBPl- and AuBP2-capped materials were nearly
identical with a distinct plasmon band at 550 nm. This was the
sharpest LSPR observed among all of the samples. For the Pd4-
capped materials reduced with ascorbic acid, a distinct LSPR
peak at 580 nm was noted that was significantly sharper than
that observed for the Pd4-capped NPs prepared using the
stronger reducing agents.

TEM imaging and analysis to extract nanoparticle size
information on all materials was carried out to directly observe
the NP morphology changes with variations in reductant and
capping peptide (Figure 2). For the sizing analysis, >100 NPs
were counted from at least three separate TEM images to
generate particle size histograms (Supporting Information,
Figure S1). SAED analysis of all of the prepared Au NPs was
conducted (Supporting Information, Figure S2), and in all cases
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Figure 2. TEM images of the Au NPs prepared as a function of
peptide passivant and reductant. All scale bars are 50 nm.
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only diffraction rings corresponding to Au were visible. Particles
produced using NaBH, as the reducing agent gave SAED
patterns with more diffuse rings, consistent with smaller particle
size, whereas those produced using ascorbic acid gave the
sharpest rings, with discrete spots associated with individual
crystallites. Using the AuBP1 and AuBP2 peptides as the
capping agents with NaBH, as the reductant yielded small,
quasi-spherical Au NPs with average diameters (+1 standard
deviation) of 3.2 + 0.7 and 3.3 = 0.7 nm, respectively. Using
the Pd4 peptide to stabilize the particles under the same
conditions, more polydisperse NPs with an average diameter of
6.9 + 2.6 nm were obtained. These results are consistent with
the UV—vis spectra of the materials, in which the AuBP1 and
AuBP2 systems displayed sharp LSPR bands, whereas a
broader, red shifted LSPR peak was observed for the Pd4-
based structures. However, the very broad LSPR peak from the
materials prepared using the Pd4 cannot be accounted for
based on the increased size and polydispersity alone. This
suggests that the Pd4-capped particles are significantly
aggregated in solution, even though they do not aggregate to
an extent that they visibly precipitate. With hydrazine as the
reductant in combination with each of the three peptides, a
bimodal NP size distribution was observed. Specifically, for
AuBP1, spherical particles were again noted, but with a larger
average diameter of 6.9 + 2.1 nm (88% of the sample, by
number). These were accompanied by larger agglomerates with
a diameter of 19.7 & 6.1 nm (12% of the sample, by number).
For the AuBP2-capped NPs reduced with hydrazine, the results
were similar to the smaller NPs (4.0 + 0.9 nm) comprising 91%
of the population and the larger agglomerates (14.2 & 3.4 nm)
accounting for 9% of the sample. Finally, for the materials
fabricated using the Pd4 peptide with hydrazine, the bimodal
trend was continued with small NPs of 4.1 + 0.8 nm diameter
comprising 71% of the sample and larger NPs of 16.9 + 6.2 nm
diameter comprising 29%. Interestingly, the Pd4-capped system
yielded a greater percentage of larger NPs as well as a greater
occurrence of aggregation, as noted via TEM imaging. These
results are again consistent with the UV—vis spectra of the
materials. In this regard, the AuBPl- and AuBP2-capped
materials reduced with hydrazine displayed red shifted and
broadened LSPRs as compared to the comparable structures
reduced with NaBH,. This is a direct consequence of the
increase in particle size and inclusion of significantly larger
particles. Furthermore, the AuBPl-capped particles were
generally larger and more polydisperse in size, giving rise the
broadened and red shifted LSPR relative to the AuBP2-based
materials. Finally, the Pd4-capped structures again appeared to
be aggregated and nonspherical in shape, generating the very
broad LSPR absorbance.

TEM imaging of Au NPs prepared using ascorbic acid
showed dramatic differences in particle size and morphology
compared to NPs prepared using the stronger reductants. The
AuBP1l-capped NPs produced using ascorbic acid had an
average diameter of 53.3 + 15.0 nm. More interestingly, the
surface structure of these materials was quite rough. Similar
nanomaterials were prepared using AuBP2 and ascorbic acid,
but the average diameter of these globular NPs was 39.0 + 18.8
nm. Interestingly, when Pd4 was used with ascorbic acid,
smaller irregularly shaped nanostructures were generated. Their
size, as measured along their longest axis, was 11.2 + 6.4 nm.

For all of the particles produced using AuBP1 and AuBP2,
the measured absorbance spectra are consistent with computed
spectra based upon the size distributions measured by TEM.
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Extinction spectra (Supporting Information, Figure S4) were
computed via Mie theory assuming spherical particles with a
Gaussian size distribution and the mean diameter and standard
deviation of diameter obtained from TEM imaging. For the
particles reduced with hydrazine, where a bimodal size
distribution was observed, only the large particle mode was
considered. Because of the strong size-dependence of
absorbance and scattering in this size range, the larger
subpopulation of particles will dominate the extinction
spectrum. The relatively weak LSPR predicted and observed
for the NaBH,-reduced particles is associated with their small
size and resulting increased damping of the LSPR by interface
scattering of electrons. The largest particles, produced using
ascorbic acid as the reductant, have the sharpest LSPR peak,
which is slightly red-shifted from the peak computed and
observed for the hydrazine-reduced particles, due to their larger
size. The LSPR spectra observed for the Pd4-capped particles
cannot be explained based on the size-distribution of the
primary particles, leading us to conclude that they are
somewhat aggregated in solution, with a broad range of
aggregate sizes, during the absorbance measurement.

The above results illustrate that changes in the peptide and in
the reducing agent used in the synthesis can have dramatic and
nonobvious effects on the size, shape, and optical properties of
the product Au NPs. The binding at the metal NP interface in
solution, as controlled via the peptide sequence, as well as the
strength of the reductant each play a significant role in
controlling the particle size and morphology. Clearly, these
effects do not operate independently, but synergistically. We do
not observe universal trends with respect to either the peptide
or reductant. For example, for AuBP1 and AuBP2, it can be
seen that using a stronger reductant produces smaller NPs,
which can be understood based upon the stronger reductant
generating a larger number of nuclei via faster reduction of Au**
to Au’. However, this trend does not hold for the Pd4-capped
particles. Similarly, one might expect Pd4 to produce larger
particles than AuBP1 and AuBP2, because it has both lower
enthalpy and free energy of binding, ie,, it is both a relatively
weak binder and an entropically driven binder on Au, but this
only proves to be the case for the strongest reducing agent,
NaBH,. For weaker reducing agents, the situation is more
complex, with the interplay between the biomolecular binding
and the reduction kinetics working together to control the final
NP structure.

Based upon the UV—vis and TEM results, both the peptide
sequence and the reductant play critical roles in controlling the
size and morphology of the Au NPs. With respect to the
reductant, the rate of the reduction of Au*" to Au’ is likely to
play a central role, as it directly affects the particle nucleation
and growth rate. The rate of reduction and of particle formation
can be monitored by observing the appearance of the LSPR
band for Au NPs. Assuming pseudo-first-order kinetics allows
us to extract a rate constant representative of the reduction and
particle nucleation and growth process. To this end, the LSPR
absorbance was monitored using UV—vis by taking one
spectrum per second for the first 5.0 min after addition of
the reductant. From this, the rate constant (k) for NP growth
can be determined, as presented in Figure 3 for the reactions
employing hydrazine and ascorbic acid. Unfortunately, the rate
of particle growth using NaBH, was too rapid to quantify with
this approach. Using hydrazine as a reductant, the fastest
formation of Au NPs occurred in the presence of the Pd4
peptide (0.0816 + 0.0120 s™'). For the AuBP1 and AuBP2
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Figure 3. Comparison of the rate of Au NP formation as measured via
the growth of the plasmon band. Values could not be determined for
the particles reduced using NaBH, due to their rapid rate of formation.

peptides, which have both greater affinity for Au and more
enthalpic binding character, smaller k values were observed:
0.0077 + 0009 and 0.0156 + 0.0012 s, respectively. The same
trend was noted for the weaker ascorbic acid reductant. Faster
NP growth was evident using Pd4 (k value = 0.0457 + 0.0100
s7!), whereas slower NP growth occurred in the presence of
AuBP1 (0.0153 + 0.0012 s™') and AuBP2 (0.0106 + 0.0012
s7') materials. Here, the binding affinity of different Feptides
for the Au surface varies as AuBP1 > AuBP2 > Pd4,” which
correlates directly with the trend in observed particle growth
rate.

Taken together, the UV—vis and TEM results provide insight
into the effects of both the peptide capping agent and reductant
upon the final particle morphology. The final morphology
depends strongly upon the rate of reduction, which affects
particle nucleation and growth rates. The strongest reductant,
NaBH,, drives extremely rapid NP nucleation. This high
nucleation density gives rise to the smallest particles observed
by TEM. This is consistent with the sharp plasmon bands at the
shortest wavelengths (520 nm) observed for the NPs produced
using NaBH, with the AuBP1 and AuBP2 peptides. Use of the
Pd4 peptide with NaBH, produced more polydisperse NPs
with a broad absorbance spectrum. This can be rationalized
based on a high nucleation density coupled with incomplete
surface capping that allows the initial NPs to aggregate. With
hydrazine, a weaker reducing agent than NaBH,, slower NP
nucleation and growth was observed. The lower nucleation
density produced by slower reduction ultimately generates
larger primary particles. The influence of the affinity of the
peptide for the metal surface was more significant in this case.
The NPs prepared using hydrazine with any of the peptides
were slightly larger than those fabricated using NaBH,, leading
to slightly red shifted SPR bands in the UV—vis analysis. Note
that the reduction with hydrazine in the presence of Pd4 is
substantially faster than in the presence of AuBP1 or AuBP2
(Figure 3). Most interestingly, when the weakest reductant,
ascorbic acid, was used, the NP morphology changed
substantially. When ascorbic acid was used with AuBP1 or
AuBP2, larger NPs with rough surfaces were obtained. These
structures presented SPR bands furthest shifted to the red due
to their large size. This can be rationalized based on a
combination of slow reduction, limited aggregation of primary

8847

particles, and slow overgrowth on these aggregates as Au
reduction continues. In contrast, when ascorbic acid is used
with Pd4, the reduction is faster and more polydisperse,
irregular NPs result. Calculation of the anticipated UV—vis
spectra for these materials correlated directly to the observed
spectroscopic results based upon the size and morphology of
the NPs.

The rate of NP nucleation and growth, as measured by the
growth of the LSPR absorbance, is directly correlated with the
binding affinity of the peptide to the Au surface. For the
strongest reductant (NaBH,), the growth rates were too fast to
monitor, and the effect of the peptide was limited. For the
weaker reductants, the peptides may weakly interact with the
growing NP surface in solution throughout the entire process.
They can slow growth by complexing with the Au** ions,
reducing the rate of Au’* to Au’ reduction, and also by
adsorbing to the NP surface, slowing deposition of Au’. The
latter mechanism would be affected significantly by the affinity
of the peptide for the metal surface, as well as the morphology
of the NP interface, as those with the strongest affinity or
highest number of anchor residues would more effectively
inhibit metal atom deposition compared to peptides that are
less strongly bound or whose binding is more entropically
driven. This is consistent with the observed rates of particle
growth, which for a given reductant were much slower for the
relatively strong enthalpically driven binders, AuBP1 and
AuBP2, compared to the weaker, entropically driven binder,
Pd4. The final particle size, however, is determined by both the
growth rate and the nucleation density, and therefore slower
growth does not necessarily correlate with smaller final
particles.

As a control study, TEM imaging of the AuBP1- and AuBP2-
complexes with Au** ions prior to reduction were acquired.
Such studies were completed as minor absorbances were noted
in the spectra of these materials, suggesting some reduction to
Au’ may have occurred. In this analysis, the formation of large,
branched Au materials were observed with diameters >300 nm
(Supporting Information, Figure S3). SAED analysis confirmed
that the materials were polycrystalline Au. Additional studies
are required to fully understand this unique phenomena.

Based upon the binding mechanism of these peptides on
Au," the biomolecules are expected to noncovalently interact
with the metallic surface via multiple points of contact,
generating a biotic/abiotic interface that maintains the colloidal
stability of the NPs. From previous measurements,'"”'® the
affinity of the biomolecules (i.e., their overall Gibbs free energy,
AG, of binding) on Au is similar to that of standard
monodentate thiols."" However, thiol ligands are covalently
attached to the metal interface at a single point, forming a
comparatively rigid inorganic/organic interface. Ligands stabi-
lize NP colloids either through steric or electrostatic effects, or
a combination of both,*” depending upon the combination of
ligand and solvent. Because the conformational flexibility of the
bound peptides is significantly larger than that of the rigidly
bound thiols, entropic effects play a more significant role in
their interaction with the surface. Furthermore, these dense
biological interfaces are highly charged, with both steric and
electrostatic contributions to NP stabilization. Despite the
differences in the nature of binding, based upon the similar
overall binding affinities and stabilization mechanisms for the
two different ligand classes, comparable degrees of Au NP
stability in colloidal suspensions are anticipated and observed.
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Reduction of 4-Nitrophenol. Once the Au nanomaterials
were characterized for their morphological and optical
properties, they were used as catalysts for the reduction of 4-
nitrophenol. Because this reaction occurs directly on the
metallic surface,®” it provides insight into the structure and
accessibility of the metal surface in solution. Additionally, the
reaction is relatively quick and easily monitored using UV—vis
absorbance changes from which apparent rate constants can be
determined.’” To probe their reactivity, each peptide-capped
Au NP was employed in the reaction in water at temperatures
ranging from 20 to 50 °C. To start the analysis, the NPs were
first mixed with an excess of fresh NaBH, for 3.5 min, after
which the 4-nitrophenol substrate was added to initiate the
reaction. NaBH, is added to the reaction as a source of
hydrogen atoms to saturate the metal surface and drive the

; 36,37,40 1 . .
reduction process. Figure 4 presents the reaction analysis
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Figure 4. Determination of activation energies (E,) for the 4-
nitrophenol reduction reaction catalyzed by the peptide-capped Au
NPs. For this example, the AuBP2-capped NPs reduced with NaBH,
were used as the catalyst at 20 °C. Panel a shows the UV—vis spectra
in which the peak at 400 nm corresponding to 4-nitrophenol decreases
over time. Panel b displays the absorbance intensity at 400 nm as a
function of time. Panel c presents the plot used to determine the
pseudo-first-order rate constant, whereas panel d shows an Arrhenius
plot from which the activation energy was determined.

for the Au NPs capped with AuBP2, which were reduced with
NaBH,. From the UV—vis analysis of Figure 4a, the successful
reduction of 4-nitrophenol was visible by a decrease in
absorbance at 400 nm along with the generation and growth
of a new peak at 320 nm, corresponding to 4-aminophenol, the
end product. In general, the reaction occurred rapidly with a
decrease in the absorbance at 400 nm (Figure 4b, Region 1),
followed by a steady baseline upon completion (Region 2) at
time >100 s. Note that the peptides (AuBP1, AuBP2, and Pd4)
alone did not exhibit any catalytic activity for the reduction of
4-nitrophenol at the time scales studied here (Supporting
Information, Figure SS), demonstrating that the reactivity is
catalyzed by the Au NP.

Because NaBH, was present in significant excess (100-fold),
the reaction rate can be analyzed using pseudo-first-order
kinetics.””** Figure 4c presents this analysis in which
absorbance (A) can be used in place of concentration, as
previously shown.*”** The slope of this plot yields the apparent
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first-order rate constant, k>’ To determine the activation
energy (E,) for each NP catalyst, an Arrhenius plot was
generated from the rate constants at the selected reaction
temperatures (Figure 4d). Such an analysis was conducted for
all nine NP samples, prepared using the three different peptides
in combination with the three different reductants. Figure S
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Figure S. Comparison of the pseudo-first-order rate constants for the
4-nitrophenol reduction reaction for each of the peptide-capped Au
NP catalysts prepared using the indicated reductants. (a) AuBP1-
capped NPs; (b) AuBP2-capped NPs, and (c) Pd4-capped NPs.

presents an overall comparison of the rate constants as a
function of reaction temperature, in which Figure Sa specifically
presents the analysis for the particles capped with the AuBP1
sequence. For NPs produced using NaBH,, the pseudo-first-
order rate constant increased from 0.0075 =+ 0.0006 at 20 °C to
0.0132 + 0.0001 at 40 °C. However, at 50 °C, the rate constant
actually decreased. This non-Arrhenius behavior was observed
for all of the particles prepared using the AuBP1 peptide,
regardless of the reductant used for NP synthesis. This suggests
that the materials capped using this peptide are inherently
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unstable at elevated temperatures. As a result, their catalytic
activity is also altered, leading to the observed non-Arrhenius
temperature dependence. Such effects are consistent with
previous studies of Au NPs capped with AuBP1.>®

When the particles capped with the AuBP2 peptide were
employed as catalysts, a monotonic increase in the rate constant
with temperature was observed for particles reduced using
NaBH, and hydrazine. For the NaBH, particles capped with
AuBP2, the rate constants ranged from 0.0148 + 0.0005 to
0.0293 + 0.0007 s~! from 20—50 °C, whereas for the AuBP2-
stabilized particles reduced with hydrazine, the rate constants
varied from 0.0124 + 0.0012 to 0.0166 + 0.0013 s~' over the
same temperature range. Interestingly, for the AuBP2-capped
Au NPs generated using ascorbic acid, no significant change in
the rate constant as a function of temperature was evident. For
the Pd4-capped NPs, monotonic increases in rate constant with
temperature were observed regardless of the reductant used to
generate the NPs. Table 1 lists all of the E, values that were

Table 1. Comparison of the Activation Energies for Each NP
Catalyst

reductant peptide name particle size (nm) E, (k] mol™)
NaBH, AuBP1 32 +07
AuBP2 33 +£0.7 262 + 09
Pd4 6.9 + 2.6 181 + 23
hydrazine AuBP1 69 + 2.1
19.7 £ 6.1
AuBP2 4.0 + 0.9 154 + 49
142 + 3.4
Pd4 41+ 08 18.6 + 2.4
ascorbic acid AuBP1 §3.3 £ 15.0
AuBP2 39.0 + 18.8
Pd4 112 + 6.4 15.6 + 2.3

calculated for each of the NP systems, which ranged from 15.6
+ 2.3 for the Pd4-capped particles prepared using ascorbic acid
to 262 + 09 kJ/mol for the AuBP2-stabilized materials
reduced using NaBH,,.

Differences in the catalytic activity observed between the
different Au NPs can be attributed to two factors: NP stability
during the reaction and the structure/morphology of the
interface of the peptide-capped NPs. For the AuBP1-capped
materials, regardless of the reductant used, and the AuBP2-
capped materials reduced with ascorbic acid, the rate constants
showed non-Arrhenius behavior, suggesting that the materials
are not stable during the reaction. This is consistent with
previous studies of the AuBP1-capped NPs, indicating that the
peptides likely desorb from the particle surface and allow
degradation or aggregation that produces a decrease in catalytic
activity.”® To confirm this instability, the Au NP spectrum
before the catalytic reaction was started was compared with the
spectrum at £ = 12 min (red), at which time the reduction of 4-
nitrophenol was complete (Supporting Information, Figure
S6). As seen in these comparisons, a significant shifting and
broadening of the LSPR band was observed for all materials for
which non-Arrhenius behavior was noted. This broadening is
indicative of aggregation of the Au NPs, strongly suggesting
that the NP structure changes as a function of the reaction. For
those materials that demonstrated Arrhenius behavior, no
change in the LSPR of the Au NPs was noted, indicating no
significant material structural changes due to the reaction.
Unfortunately, due to the low Au NP concentration and high

8849

salt concentration of the reaction, TEM imaging of the
materials after the reaction could not be completed.
Conversely, when the AuBP2-peptide was used to cap the
NPs, those structures prepared with NaBH,, and hydrazine were
quite reactive, but the rough surfaced materials prepared using
ascorbic acid were again unstable. Interestingly, the E, values
for the AuBP2-capped particles varied significantly: 26.2 + 0.9
kJ/mol for the materials reduced with NaBH, and 15.4 + 4.9
kJ/mol for the hydrazine materials. Because the Au surface is
the catalytic material, such changes likely reflect alterations in
the surface structure, either through modifications based upon
the biological molecules at the interface or through changes in
the crystal morphology. Unfortunately, peptide-surface den-
sities cannot be calculated due to the limited quantities of
materials that can be prepared. Nevertheless, both effects are
controlled via the peptide, which can alter crystal morphologies
based upon its affinity for the metal surface. Finally, for the
Pd4-passivated NPs, all of the materials were stable with rate
constants that increased as a function of temperature. From
this, three different activation energies were determined that
were very similar in magnitude. This indicates that the catalytic
surface structure of these materials is quite similar to allow easy
access to the Au surface to drive the chemical process.

Recyclability studies of the NPs as catalysts for the reduction
of 4-nitrophenol at 20 °C were also conducted with all nine
peptide-capped Au NP systems. The resulting rate constants
are shown in the Supporting Information, Figure S7. For this
process, when the initial reaction period of 12 min was
completed, fresh NaBH, and 4-nitrophenol were added to re-
establish the initial reaction substrate concentration. In this
manner, four reduction cycles were completed using the same
materials. In general, the rate constants for all systems
decreased slightly with consecutive cycles, as observed by
slightly reduced k,, values for cycles 2 and 3. Interestingly, an
increase was noted in the rate constant for all NP systems in
cycle 4. Previous studies have indicated that this increase could
be due to the removal of the capping agent from the metal
surface or the exposure of blocked catalytic structures after
multiple reaction cycles.***® Nevertheless, it is evident that the
peptide-capped structures are highly reactive and maintain this
reactivity after multiple catalytic cycles.

Direct comparison of the catalytic results for the bio-inspired
materials of the present study to other Au NP systems for 4-
nitrophenol reduction reaction can be completed to assess their
reactivity. For example, Bhandari et al. studied the reaction
using Au nanoparticle networks formed using the RS peptide
template (SSKKSGSYSGSKGSKRRIL) under similar condi-
tions.” In that report, their measured E, value was similar to
that obtained here using the AuBP2-capped Au NPs (~29.0 kJ/
mol for the Au nanoparticle networks versus 26.2 + 0.9 kJ/mol
for the AuBP2-based NPs). Further studies performed by Xia
and co-workers examined the effects of changes in AuNP
structure upon catalytic activity for 4-nitrophenol reduction.>®
They measured activation energies for this reaction catalyzed by
Au nanocages, nanoboxes, and partially hollow nanoboxes,
showing that the more open structures had higher catalytic
activity, as reflected by activation energies of 28.04 + 1.43 kJ/
mol for the nanocages, 44.25 + 2.62 kJ/mol for the nanoboxes,
and 55.44 + 3.15 kJ/mol for the partially hollow nanoboxes.*®
Interestingly, the E, obtained using the nanocages is similar to
the E, measured here for AuBP2-capped NPs produced using
NaBH,, whereas the Pd4-capped NPs demonstrated even lower
activation energies. This suggests that although the surface area
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plays a pivotal role in reduction activity, the type of capping
ligand, corresponding effects on stability, and the degree of Au
surface exposure are also key.

B CONCLUSIONS

In conclusion, the results presented above indicate that both
the materials-directing peptide and the reaction conditions
work in concert to control the final morphology and surface
state of peptide-capped NPs. Each peptide binds to the growing
NP in solution, and thereby influences the particle size. This
influence varies as a function of the binding strength and the
number of anchor residues in the sequence. Furthermore, the
number of nuclei formed immediately after reductant
introduction varies as a function of the reductant strength.
From this, the size of the materials can be directly controlled, a
goal which generally remains challenging to achieve via bio-
inspired approaches. An interesting rough surface morphology
was observed using the weakest reductant, ascorbic acid,
indicating that variations in the surface structure are possible.
This was supported by changes in the catalytic efficiency of the
materials for a reaction that is strictly dependent upon the NP
surface. Taken together, these results present new avenues to
access altered particle morphologies, sizes, and surface
structures in a room-temperature peptide-mediated process
via control of the reaction conditions and selection of the
biological capping agent. Such effects could be important for
the design of new NP systems for applications ranging from
catalysis to biosensing and optics.
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