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Peptide-mediated synthesis of gold nanoparticles:
eﬀects of peptide sequence and nature of binding
on physicochemical properties†
Yue Li,‡a Zhenghua Tang,‡b Paras N. Prasad,cd Marc R. Knecht*b and Mark T. Swihart*a
Biomimetic nanotechnologies that use peptides to guide the growth and assembly of nanostructures oﬀer
new avenues for the creation of functional nanomaterials and manipulation of their physicochemical
properties. However, the impacts of peptide sequence and binding motif upon the surface
characteristics and physicochemical properties of nanoparticles remain poorly understood. The
conﬁgurations of the biomolecules are expected to be extremely important for directing the synthesis
and achieving desired material functionality, and these binding motifs will vary with the peptide
sequence. Here, we have prepared a series of Au nanoparticles capped with a variety of materialsdirecting peptides with known aﬃnity for metal surfaces. These nanomaterials were characterized by
UV-vis and circular dichroism spectroscopies, transmission electron microscopy, and z-potential
measurement. Then their catalytic activity for 4-nitrophenol reduction was analyzed. The results indicate
that substantially diﬀerent Au–peptide interfaces are generated using diﬀerent peptide sequences, even
when these sequences have similar binding aﬃnity. This is consistent with recent work showing that Au–
peptide binding aﬃnity can have varying entropic and enthalpic contributions, with enthalpically- and
entropically-driven binders exhibiting quite diﬀerent ensembles of conﬁgurations on the Au surface. The
catalytic activity, as reﬂected by the measured activation energy, did not correlate with the particle size
or with the binding aﬃnity of the peptides, suggesting that the reactivity of these materials is governed
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by the more subtle details of the conformation of the bound peptide and on the nanoparticle surface
reconstruction as dictated by the peptide structure. Such variations in both nanoparticle surface
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reconstruction and peptide conﬁguration could potentially be used to program speciﬁc functionality into
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the peptide-capped nanomaterials.

Introduction
Peptide-based nanomaterial synthesis can provide new routes
to functional inorganic/organic hybrid nanostructures that are
prepared under sustainable biological conditions.1,2 Furthermore, the binding selectivity that can be achieved by using
peptides opens the door to new applications, including bionanocombinatorics, dened as the controlled assembly of nanomaterials using biomolecular interactions.3 Numerous studies

a
Department of Chemical and Biological Engineering, University at Buﬀalo (SUNY),
Buﬀalo, NY 14260, USA. E-mail: swihart@buﬀalo.edu
b

Department of Chemistry, University of Miami. 1301 Memorial Drive, Coral Gables,
Florida 33146, USA. E-mail: knecht@miami.edu

c
Department of Chemistry and Institute for Laser Photonics and Biophotonics,
University at Buﬀalo (SUNY), Buﬀalo, NY 14260, USA
d

Department of Chemistry, Korea University, Seoul, Korea

† Electronic supplementary information (ESI) available: Size distributions from
TEM analysis, CD spectra of free and nanoparticle-bound peptides, and
relationships between activation energy, particle size, and binding aﬃnity. See
DOI: 10.1039/c3nr06201e
‡ These authors contributed equally.

This journal is © The Royal Society of Chemistry 2014

have employed biological selection techniques, such as phage
display, to isolate Au–binding peptides;4,5 however, a unifying
theory to interpret and predict their surface binding aﬃnities is
only now emerging.3 This analysis explicitly considers contributions of both enthalpic and entropic eﬀects to the surface
binding abilities of the peptides. The ensemble of peptide
structures on planar Au surfaces, as obtained from large-scale
molecular simulation studies, revealed diﬀerent structural
motifs for peptides with comparable binding aﬃnities.3 When
such peptides are used to cap Au nanoparticles, these structural
diﬀerences are likely to translate to diﬀerences in other physicochemical properties; however, no complete comparison of
such biotic/abiotic eﬀects for 3D Au nanomaterials has been
presented. These eﬀects have the potential to radically alter the
nanoparticles' physicochemical properties and therefore their
potential use in various applications. Comparative studies are
required to elucidate these eﬀects.
Au nanomaterials have been heavily studied, mainly due to
their versatile applications in catalysis,6,7 energy capture and
storage,8–10 plasmonic sensors,11 diagnostic tools,12 and as
components in complex nanoassemblies.13–15 The optical
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properties that arise from their localized surface plasmon
resonance (LSPR) are sensitive to the size, shape, and aggregation state of the nanostructures. Catalytic applications of Au
nanomaterials have also been intensely studied.16,17 Such
structures are known to be highly reactive for CO oxidation, but
only for suﬃciently small Au particles, typically dispersed on a
metal oxide support.18–21 Only recently have the LSPR properties
of such materials been observed to play a role in catalytic
activity.22,23 While these materials have demonstrated remarkable functionality in chemical transformations, the eﬀects of
the ligands present on the particle surface remain unclear. For
instance, thiols,24,25 dendrimers,26,27 and biomolecules1,7 have
been used to generate catalytic Au materials; however, eﬀects of
ligand surface structure on the catalytic functionality remain
poorly understood.
In this contribution, we correlate the peptide sequence,
binding strength (including entropic and enthalpic contributions to binding), binding specicity, and surface-bound
conformation to the size distribution, structure, and catalytic
activity of Au nanoparticles capped with materials-directing
peptides. We have specically focused on peptide-capped Au
nanoparticles due to their great application potential, as well as
the availability of recent studies that have isolated surface
binding structures and thermodynamic parameters for a
library of sequences under the same conditions.3 Here, these
peptides have been used for the fabrication of aqueous
dispersions of Au nanoparticles, providing a direct synthetic
route for the generation of peptide-capped Au nanoparticles
that is eﬀective for many diﬀerent sequences. The particles
were fully characterized via UV-vis and circular dichroism (CD)
spectroscopies, transmission electron microscopy (TEM), and
z-potential analysis. Once fully characterized, their catalytic
activity for the reduction of 4-nitrophenol to 4-aminophenol
was analyzed as a model catalytic reaction.28,29 The catalytic
activity was found to depend upon the peptide binding to the
particle surface. To this end, the surface-bound peptide can
directly inuence the interaction of reactants with the nanoparticle surface (steric eﬀects on catalysis) and can also inuence the surface reconstruction and electronic structure of
the catalytic nanoparticle. From previous computational
modeling,3 the surface structures are expected to diﬀer significantly between peptides based upon entropic and enthalpic
considerations of surface binding. Several other studies have
also used molecular simulation to investigate the nature of the
gold–peptide interface.30,31 These help to inform our understanding of this interface and also support the view that
diﬀerent sequences can be expected to have diﬀerent surface
structures. However, published simulation studies have been
performed with diﬀerent interaction potentials, sets of peptide
sequences, simulation methodologies, and conditions. Thus,
for our interpretation of the results we have relied primarily
upon the recent simulation results of Tang et al.,3 where all of
the peptides used here were studied using the same methodology, potential, and conditions. As a result, the nature of the
biotic/abiotic interface could substantially aﬀect the physicochemical properties, including catalytic activities, of the Au
materials.
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Experimental
Chemicals
Hydrogen tetrachloroaurate (HAuCl4) was purchased from
Acros Organics, while sodium borohydride (NaBH4) was
acquired from Sigma-Aldrich. 4-Nitrophenol, triuoroacetic
acid (TFA), and tri-isopropyl silane (TIS) were purchased
from Alfa Aesar. All FMOC-protected amino acids, Wang
resins, and peptide synthesis reagents piperidine, N,N0 -diisopropylethylamine (DIPEA), O-(benzotriazol-1-yl)-N,N,N0 ,N'tetramethyluronium hexauorophosphate (HBTU), and Nhydroxybenzotriazole monohydrate (HOBt hydrate) were
acquired from Advanced ChemTech. Ammonium hydroxide
(20.0%), hydrogen peroxide (30.0%), acetonitrile, methanol,
and N,N-dimethylformamide were purchased from VWR. All of
the chemicals were used as received. Finally, nanopure water
(18.2 MU cm; Millipore) was employed for all experiments.
Peptide synthesis
All peptides were synthesized on a TETRAS model synthesizer
(Creosalus), following standard solid-phase FMOC protocols.32
Prior to purication, a cleavage cocktail with 95% TFA, 2.5%
TIS, and 2.5% water was employed to cleave the peptides from
the resin. The crude peptides were then puried via reverse
phase HPLC and their sequences were conrmed by MALDITOF mass spectrometry.
Characterization
TEM analysis was conducted using a JEOL JEM-2010 microscope operating at a working voltage of 200 kV. The specimens
were prepared by drop-casting 30 mL of the sample dispersion
onto a carbon-coated 400 mesh Cu grid, which was allowed to
dry under ambient environment. UV-vis optical absorbance of
the Au nanoparticles was measured using a Shimadzu 3600
UV-visible-NIR scanning spectrophotometer employing a 1 cm
quartz cuvette. CD spectra were measured using a Jasco J-815
CD spectrometer with a 1 cm quartz cuvette. All free peptides
were diluted to a concentration of 8 mM and diluted nanoparticle dispersions with identical peptide contents were likewise prepared. The CDPro soware package was used for
secondary structure analysis.
Fabrication of Au nanoparticles
To synthesize the peptide-capped nanoparticles, a previously
developed protocol was adopted and rened.33 Here, we
describe a typical synthesis of AuBP1-capped Au nanoparticles
with a Au : peptide ratio of 2. For this, 500 mL of a 1.0 mM
aqueous solution of the AuBP1 peptide was rst diluted in
4.460 mL of water in a vial. To this solution, 10 mL of 0.10 M
HAuCl4 in water was added. The pale yellow solution was
vigorously stirred for at least 10 min, followed by the addition of
30 mL of a freshly prepared 0.10 M aqueous NaBH4 solution. The
resulting NaBH4 : Au ratio of 3 was found to be eﬀective for
generating colloidally stable materials. The reduction process
produced an immediate color change from pale yellow to
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pink/red. The solution was further mixed using a vortex mixer,
aer which the reaction was allowed to proceed for 1.0 h at
room temperature, without stirring, to ensure complete reduction. Identical methods were employed to produce Au nanoparticles capped with each of the peptides listed in Table 1 at a
Au : peptide ratio of 2 for all syntheses.
Au nanoparticle catalyzed reactions
The catalytic reduction of 4-nitrophenol to 4-aminophenol was
conducted following previously described procedures.29 Briey,
1.0 mL of the as-prepared Au nanomaterial was added to 1.0 mL
of a freshly prepared, aqueous NaBH4 solution (15 mM) in a
3.5 mL quartz cuvette. The cuvette was then le undisturbed for
3.5 min. Next, 1.0 mL of a 150 mM 4-nitrophenol solution was
added to the mixture to initiate the reaction. Under these
conditions, the NaBH4 is in signicant excess, resulting in
pseudo-rst order kinetics with respect to the 4-nitrophenol
substrate.29 The reaction was monitored via time-resolved
UV-vis analysis using an Agilent 8453 spectrometer by recording
spectra at 20.0 s intervals for 12.0 min at temperatures of 20–
50  C. Triplicate analyses were performed for every peptidecapped Au nanoparticle at each temperature.

Results and discussion
The ten peptides listed in Table 1 were used to mediate Au
nanoparticle growth via binding directly to the metallic surface.
This set includes the following peptides: A3,34 AuBP1,35 AuBP2,35
GBP1,36 Midas2,37 Z1,38 and Z2,38 known for Au binding, two Ag
binding peptides, AgBP139,40 and AgBP2,39,40 and a Pd binding
peptide, Pd4.33 The binding aﬃnities (DG) of these peptide
sequences on Au were recently quantied in experimental
binding measurements using QCM, and are listed in Table 1.3
For the synthesis of peptide-capped Au nanoparticles, Au3+
ions were reduced in water using 3.0 equivalents of NaBH4 in
the presence of the selected biomolecules. For all of the
systems, a Au : peptide molar ratio of 2 was employed and no
bulk material precipitation was observed for any of the reactions under these conditions. This indicated that the biomolecules capped the nanoparticles to limit their growth and prevent
aggregation. The generated particles remained dispersed in
solution with no obvious changes for at least 1 week,

Table 1

demonstrating the colloidal stability of the peptide-capped
materials. Long-term stability varied, with some samples
remaining stable aer a few months. Pd4-capped particles were
the least stable, typically beginning to show signs of aggregation
aer about 1 week. For Au : peptide ratios greater than 2,
aggregation and precipitation were observed for most of the
peptides, thus only one ratio was studied to allow for direct
comparison of the results between peptides. The eﬀect of
increasing the Au : peptide ratio on particle size and shape is
illustrated for one peptide, AuBP1, in the ESI (Fig. S1†). Interestingly, an additional Au binding-peptide, B1,41,42 with a
binding aﬃnity (DG) value of 36.6  1.2 kJ mol1 for a polycrystalline Au target surface,3 was employed to generate Au
nanoparticles under the same conditions; however, unstable
materials that rapidly precipitated were produced. This
suggests that additional binding parameters beyond simple
surface aﬃnity may govern particle formation using
biomolecules.
Once stable materials were generated, the particles were
examined via a variety of techniques. Initially, UV-vis spectroscopy, as shown in Fig. 1, was used to analyze the optical properties. An LSPR absorbance peak at or near 520 nm was
observed in almost all cases, consistent with formation of Au
nanoparticles larger than 2 nm in diameter. However, notable
deviations from this behavior were also observed. For the Pd4

UV-vis extinction spectra of the peptide-capped Au nanoparticles prepared using the indicated sequences.

Fig. 1

Sequences used for the generation of peptide-capped Au nanoparticles and properties of the ﬁnal materials

Peptide

Sequence

pI

DG (kJ mol1)

z-potential (mV)

Particle size (nm)

Activation energy (kJ mol1)

A3
AgBP1
AgBP2
AuBP1
AuBP2
GBP1
Midas2
Pd4
Z1
Z2

AYSSGAPPMPPF
TGIFKSARAMRN
EQLGVRKELRGV
WAGAKRLVLRRGE
WALRRSIRRQSY
MHGKTQATSGTIQS
TGTSVLIATPYV
TSNAVHPTLRHL
KHKHWHW
RMRMKMK

5.57
12.01
8.85
11.71
12
8.52
5.18
9.47
10
12.02

31.8  0.3
31.6  0.2
35.3  1.2
37.6  0.9
36.4  0.3
37.6  1.0
35.7  1.2
30.3  0.2
31.3  0.1
35.0  0.6

27.6 
31.7 
34.5 
32.2 
46.8 
8.60 
14.3 
30.6 
12.4 
36.0 

2.3 
3.2 
3.6 
4.2 
3.8 
3.2 
5.1 
4.3 
3.9 
4.9 

20.0  1.0
25.8  3.1
15.1  3.8
NA
21.8  1.2
13.2  0.4
11.1  0.5
13.6  0.7
NA
9.1  0.1
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2.2
0.4
2.0
1.1
8.0
1.6
2.6
1.0
3.2
1.9

0.5
0.7
1.0
1.1
0.8
0.8
1.6
1.7
0.9
1.5
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peptide, a weak Au-binder that was originally isolated for Pdbinding aﬃnity,33 the UV-vis spectrum displays a broad absorbance that extends to longer wavelengths. This could arise from
either aggregation of smaller particles to form larger structures
or from the formation of a polydisperse population of particles.
Additionally, particles capped with the Z1 peptide displayed an
absorbance shoulder over a strong plasmon band at 520 nm.
This also suggests that a greater degree of polydispersity or
aggregation in solution for this material than for the other
samples. Absorption at a shorter wavelength and a less
pronounced plasmon resonance is oen associated with a
smaller particle size (near or below 2 nm), but this was not
reected in the size distributions from TEM imaging of this
sample (Fig. 2 and S2†).
TEM analysis was used to obtain more direct information
about particle size and shape. Fig. 2 presents TEM images of the
Au nanoparticles prepared using the selected peptides, while
Table 1 displays the particle sizes of materials obtained using
each peptide. These values are presented as an average of at
least 100 nanoparticles  one standard deviation. Complete size
distribution histograms are available in the ESI (Fig. S2†). In
general, the size of the peptide-capped Au nanoparticles varied
over a relatively small range from 2.3  0.5 nm for the structures
prepared using the A3 sequence to 5.1  1.6 nm for the Midas2capped particles. Furthermore, all of the particles were spherical in shape and have a fairly narrow size distribution for
materials in this size regime. All of the particles presented here
were prepared at a Au : peptide ratio of 2. For reactions carried
out at higher ratios, larger nanoparticles of irregular shapes
were oen observed. These were generally colloidally unstable
and precipitated out of solution. The Pd4-capped sample that
displayed a broad UV-vis absorbance was also one of the most
polydisperse in size, with a bimodal particle population.
Furthermore, no clear trend was evident between the previously
reported binding strengths of the peptides3 and the size of the
particles produced (Table 1). For example, the AuBP1 and GBP1
peptides have the strongest aﬃnity for Au based upon DG

Fig. 2

Paper

values; however, these sequences generated Au nanoparticles
with average diameters of 4.2  1.1 and 3.2  0.8 nm, respectively, which were neither the largest or smallest among the
various peptides examined. The particles fabricated with the
Pd4-peptide, which has the lowest aﬃnity for Au among these
peptides, had a mean diameter of 4.3  1.7 nm, almost identical
to the diameter for AuBP1. This suggests that other factors
beyond simple binding aﬃnity play an important role in governing interactions between peptides and growing nanoparticles. These may include the specic amino acids that
coordinate to the surface in each case, the spacing between
them, and their electrostatic charge under synthesis conditions,
as well as other factors aﬀecting biorecognition. Further characterization of the particles using z-potential analysis (Table 1)
demonstrated an increased surface potential with increasing pI
value of the peptide, as would be expected if the charge state of
the bound peptide is the same as in solution. The two peptides
with a pI < 7 produced particles with negative z-potentials, while
all of the others generated materials with a positive z-potential.
CD spectroscopy was performed to explore the structural
change of the peptides upon binding to the Au nanoparticle
surfaces. Collectively, the CD spectra (ESI, Fig. S3†) revealed
that most peptides became less structured when bound to the
material, as indicated by a decrease in ellipticity. The secondary
structure analysis obtained using CDPro soware indicated that
both free and nanoparticle-bound peptides contain a large
fraction of unordered structure (42–48%), as is to be expected
for these relatively short sequences. The decreased ellipticity of
bound peptides suggests that contact with the Au surface
during the synthesis somewhat altered the secondary structure
of the peptides to accommodate the Au nanoparticle. This is
most evident for the strong binding peptides whose binding
aﬃnities are enthalpically driven by their anchor residues
(AuBP1, AuBP2, etc.).3 Note that enthalpically-driven surface
binding peptides anchor to the Au interface at multiple residues
dispersed through the entire sequence. In contrast, some
peptides only show a slight ellipticity change or even no evident

TEM analysis of the peptide-capped Au nanoparticles prepared using the indicated sequences.
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change. This is likely an eﬀect of those peptides having fewer
contact residues with strong binding aﬃnities and relatively
high conformational entropy contributions, where a large
fraction of the biomolecule remains unbound on the Au
surface, thus giving rise to a modest structural change between
bound and unbound states. This is especially true in the case of
GBP1; it can mediate the synthesis of relatively small nanoparticles but shows minimal change in ellipticity (Fig. S1h†).
Once the peptide-capped Au nanoparticles were fully characterized, their catalytic activity was analyzed and compared
using the reduction of 4-nitrophenol to 4-aminophenol as a
probe reaction. This reaction occurs directly on the particle
surface following a Langmuir–Hinshelwood mechanism.29,43
Thus, changes induced by the peptide structure are likely to be
reected in changes in catalytic activity, i.e. reaction rate and
activation energy. The reaction was carried out using a large
excess of NaBH4, such that its concentration remained essentially constant during the experiments. As such, pseudo rst
order reaction kinetics can be assumed with respect to the
4-nitrophenol substrate.44 The reaction kinetics were monitored
through time-resolved UV-vis spectroscopy. The substrate has a
strong characteristic absorption at 400 nm, while the product,
4-aminophenol, absorbs at 310 nm. A typical UV-vis analysis
of the system as a function of time is presented in Fig. 3a for the
reaction catalyzed using the A3 peptide-capped Au nanoparticles at 20  C. Here, a gradual decrease in the 400 nm
absorption peak was observed, in conjunction with an increase
at 310 nm, both of which reect reaction progression. Additionally, it is worth noting that an isosbestic point was not
observed in the analysis, agreeing with previous reports.37,38
This eﬀect was attributed to the scattering caused by H2
generation during the reduction process by NaBH4. Similar
results were observed at higher temperatures, albeit with faster
reaction kinetics. Triplicate analyses were conducted for each

Au nanoparticle catalyst over the selected temperature range,
and all of the materials were tested under identical reaction
conditions.
For this system, the reaction rate constant can be determined through the change in the 400 nm absorbance.43,45 As
shown in Fig. 3b, three discrete reaction stages can be identied
from this change: an induction period (0–50 s), a reaction
period (50–350 s), and a completion period (>350 s). In the
induction period, the absorbance remained nearly constant.
During this time, adsorption of 4-nitrophenol on the metallic
surface occurs, possibly accompanied by other surface rearrangements. At the end of the induction period, the surface is
catalytically active and the reaction can proceed, as evidenced
by the change in absorbance noted in the second region. Once
the reaction is complete, no change in the absorption is again
noted (region 3). From region 2 where the actual reaction is
progressing, the rate constant (k) can be determined using
pseudo rst order kinetic tting of the data, as in many previous
reports using this reaction as a probe of catalytic activity.28,46,47
As shown in Fig. 3c, the reaction rate constants of the A3-capped
Au nanoparticles ranged from 0.0083  0.0005 to 0.0179 
0.0014 s1 at 20  C and 50  C, respectively. To obtain the activation energy (Ea) for the reaction catalyzed with each peptidecapped nanoparticle, the natural log of the reaction rate
constants were plotted as a function of inverse temperature (an
Arrhenius plot). The slope of the best-t line of the data is Ea/R
(Fig. 3d). From this analysis, the activation energy for the
reaction catalyzed by the A3-capped Au nanoparticles was 20.0
 1.0 kJ mol1.
Results of this analysis for all of the peptide-capped Au
nanoparticles of the study are summarized in Table 1 and Fig. 4.
For AuBP1 and Z1, at higher temperatures, the particles aggregated and precipitated. Thus, Ea values could not be obtained
for particles capped with these sequences. For the other materials analyzed, the activation energies ranged from 9.05 
0.1 kJ mol1 for the Z2-capped particles to 25.6  3.1 kJ mol1
for the structures passivated with the AgBP1 peptide. Overall,

Fig. 3 Kinetic analysis of catalytic reduction of 4-nitrophenol using A3
peptide-capped nanoparticles: (a) UV-vis spectra during the course of
the reaction; (b) absorbance at 400 nm as a function of time; (c)
pseudo ﬁrst order rate constant vs. temperature; and (d) Arrhenius plot
from which the activation energy was calculated.

Fig. 4 Comparison of the Ea values for the diﬀerent peptide-capped
Au nanoparticle catalysts. Note that values for the AuBP1- and
Z1-capped materials are not presented as these structures are not
stable at high temperatures, thus the activation energies were not
computed.

This journal is © The Royal Society of Chemistry 2014
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these activation energies are smaller than those observed for Au
nanoparticle networks templated by the R5 peptide (27.7–
29.0 kJ mol1).28 In that case, the R5 peptide forms a 3D scaﬀold
in solution, within which metallic nanostructures are encapsulated, in the form of linear, branching nanoparticle networks.
Thus, these materials should not be directly compared with the
present peptide-capped spherical Au nanoparticles.
Once the Ea values were determined for all of the diﬀerent
peptide-capped Au nanoparticles, the results were analyzed for
any trends with respect to particle size or binding aﬃnity of the
peptides. For this, the activation energies were compared with
the particle size and DG values for peptide–Au binding;
however, no trends in the reactivity were apparent, as shown in
the ESI (Fig. S4†). Thus, the variations in catalytic activity can
likely be attributed to the structural details of the Au–peptide
interface developed at the nanoparticle surface.
The catalytic activity can also be viewed in light of recent
molecular dynamics studies of binding of these peptides on
atomically at Au surfaces.3 There, the enthalpic and entropic
contributions to binding were analyzed. Each peptide was
classied as having “strong”, “medium”, or “weak” anchors,
based on the number of strongly binding residues. These
anchor residues determine the binding enthalpy. Each peptide
was also classied as having “high”, “medium”, or “low”
conformational entropy, based on the number of biomolecular
conformations possible for the bound peptide. Sequences with
many anchors distributed throughout the peptide tend to have
low entropy scores. Comparing the activation energies
measured here with those classications shows that the nanocrystals with the three highest average activation energies,
>20 kJ mol1, were all classied as having “strong” anchors,
thus being enthalpically driven binding peptides. The two
nanocrystal samples that precipitated at elevated temperature,
and for which Ea values were not available, were also coated with
peptides classied as having “strong” anchors. The remaining
nanoparticles, with average activation energies from 9.1 to
15.1 kJ mol1 were coated with peptides classied as having
“medium” or “weak” anchors. Thus, based upon this limited set
of sequences, we tentatively suggest that the presence of a
relatively large number of strongly-binding residues dispersed
throughout the sequence decreases the catalytic activity. At least
for this set of peptides, this anchor score shows much greater
correlation with the measured activation energies than does the
overall binding aﬃnity, the particle size, or the conformational
entropy score. The peptides that exhibit enthalpically-driven
binding tend to lay at on the Au surface, thus diminishing the
amount of reactive metal surface area available for catalytic
activity. This results in the observed changes in the reaction
rates and activation energies. Taken together, these observations provide new information that can be used for the design of
biomolecular ligands that maximize catalytic activity while
binding strongly to the surface and providing colloidal stability.
In this regard, nanocatalysts capped with ligands that possess
limited anchor points and extend from the surface may have
increased catalytic activity. This assumes that limited interligand interactions are present, as these interactions could
inhibit substrate diﬀusion to the active metal surface. These
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results should also be applicable to other non-biological catalytic systems; however, additional research is required to
demonstrate that.
The peptide-Au interface can play multiple roles in controlling the reactivity, through steric and/or electronic eﬀects. Steric
considerations likely play a dominant role in the reactivity by
limiting access of the bulky 4-nitrophenol reagent to the catalytic surface, thus lowering the reactivity, particularly for
peptides that feature multiple strong anchoring residues.
Clearly, changes in binding motif and variations in the surface
structure and steric eﬀects upon varying the peptide sequence
produce the varied Ea values. Additionally, changes to the
particle surface reconstruction and electronic structure based
upon the peptide sequence are likely. Computational studies
have shown signicant mixing of orbitals in metallic cluster or
nanoparticles with those of ligands, even for relatively weaklyinteracting ligands.48,49 This may also play a role in the chemical
reactivity. Further experimental and computational studies are
underway, to explore the nature of these nanoparticle interfaces
in greater detail.

Conclusions
In summary, the synthesis, characterization, and catalytic
performance of Au nanoparticles capped with ten diﬀerent
materials binding peptides were demonstrated. These nanomaterials were generated via a simple reduction approach,
which provides a general synthetic route that produced particles
of similar size using many diﬀerent peptides of varied binding
aﬃnity. The resulting Au nanoparticles were generally spherical
with a relatively narrow size distribution. All of the peptidecapped Au nanoparticles demonstrated catalytic activity for the
reduction of 4-nitrophenol. The rate constants at diﬀerent
temperatures were measured, from which the activation energies for this reaction were determined and compared. From
this, the catalytic activity, as reected by the Ea values and the
absolute reaction rates, did not correlate simply with the
particle size or with the known binding aﬃnity of the peptides
on Au surfaces. This suggests that the reactivity of these materials is governed by the more subtle details of the conformation
of the bound peptide and on the reconstructed nanoparticle
surface as dictated by the peptide structure. These results
demonstrate unique biomolecular surface eﬀects that are
important for the use of peptides in the development of functional nanoparticles that exploit surface-based activities.
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