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Abstract

The use of peptides to nucleate, grow, and stabilize nanoparticles in aqueous media via non-
covalent interactions offers new possibilities for creating functional, water-dispersed
inorganic/organic hybrid materials, particularly for Au nanoparticles. Numerous previous studies
have identified peptide sequences that both possess a strong binding affinity for Au surfaces and
are capable of supporting nanoparticle growth in water. However, recent studies have shown that
not all such peptide sequences can produce stable dispersions of these nanoparticles. Here, via
integrated experiments and molecular modeling, we provide new insights into the many factors
that influence Au nanoparticle growth and stabilization in aqueous media. We define colloidal
stability by the absence of visible precipitation after at least 24 hours post-synthesis. We use
binding affinity measurements, nanoparticle synthesis, characterization and stabilization assays,
and molecular modeling, to investigate a set of sequences based on two known peptides with
strong affinity for Au. This set of biomolecules is designed to probe specific sequence and
context effects using both point mutations and global reorganization of the peptides. Our data
confirm, for a broader range of sequences, that Au nanoparticle/peptide binding affinity alone is
not predictive of peptide-mediated colloidal stability. By comparing nanoparticle stabilization
assay outcomes with molecular simulations, we establish a correlation between the colloidal
stability of the Au nanoparticles and the degree of conformational diversity in the surface-
adsorbed peptides. Our findings suggest future routes to engineer peptide sequences for bio-

based growth and dispersion of functional nanoparticles in aqueous media.
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Introduction

Bio-inspired peptide-mediated strategies are an effective approach to nucleate, grow, stabilize,
activate, and organize inorganic nanoparticles in aqueous media.' Despite these successes,
broader applicability of such strategies is limited by a lack of fundamental understanding of how
to manipulate the surface-adsorbed structure, and consequently the binding strength and
concomitant properties, of materials-binding peptides. Previous studies’* have demonstrated that
a peptide sequence with strong materials-binding affinity does not necessarily also serve as an
effective agent for stabilizing a dispersion of peptide-capped nanoparticles. The reasons for this
disconnect are currently unknown. This drives the need to identify the features of peptide
sequences that can promote strong materials-binding affinity, effective nanoparticle stabilization
capability, or both.

Alteration of peptide sequences (e.g. via point mutations or by sequence scrambling) has been
used in prior investigations of peptide binding affinity and nanoparticle stabilization.> °
However, detailed molecular-level structural data that would enable clear conceptual links
between a given peptide sequence, its bound conformation(s) on a surface, and the peptide’s
ability to cap and stabilize inorganic nanoparticles are still far from comprehensive, and remain
much needed for advancing our understanding of this problem. For example, a point mutation
can eliminate surface binding at that particular point in the sequence, but it might also lead to
large-scale conformational changes throughout the rest of the peptide when it is adsorbed onto
the particle surface. This lack of a predictable response to mutations severely hinders clear
interpretation of experiments that seek to identify which residues are the most critical for
mediating surface binding to nanomaterials.

As a critical first step to addressing this challenging problem, here we aim to progress the

systematic construction of a structure/property knowledge-base for peptide-stabilized



nanomaterials. To do this, we build on two concepts that were introduced in prior work. The first
is the concept of anchor residues.® We define anchor residues to be those residues that are known
to interact strongly with gold (from predictions of amino acid binding strengths’), namely Trp,
Tyr, Arg, Met, and to some extent Phe and His, and that support a strong degree of residue-metal
surface contact of 80% or greater. Our definition makes a distinction between residues that make
strong contact with the surface due to specific interactions, as opposed to residues that can
coincidentally be found close to the surface but are not considered strong binders, such as Ala
(based on amino acid binding data’). A second concept used throughout the present study is
conformational susceptibility, which we introduced in earlier studies’ to interpret the structural
outcomes of point mutations in materials-binding peptides. Briefly, a sequence is
conformationally susceptible if point mutations of an anchor residue to Ala resulted in a distinct
difference in the conformational ensemble of the peptide. We consider a conformationally
recalcitrant peptide to be a sequence that features minimal structural change following such point
mutations.

In this work we have quantified and elucidated how the mutations of two different parent
peptide sequences with very different conformational susceptibilities can influence both the non-
covalent binding affinity at aqueous Au interfaces, and the ability of these biomolecules to
nucleate, grow, and stabilize Au nanoparticles (NPs) in aqueous media. Specifically, we provide
an in depth analysis and characterization of the Au-binding behavior of mutants of two well-
known Au-binding sequences: A3 (AYSSGAPPMPPF) and AuBP1 (WAGAKRLVLRRE). Our
mutation studies provide new insights into the sequence characteristics that control peptide-
materials binding affinity, and can explain how and why particular mutants of these sequences

can stabilize Au NPs in solution. Following previous work,” we considered five sequence



variations each for A3 and AuBP1, as summarized in Table 1. For the two parent peptides, we
replaced each known anchor residue (identified from our previous work®) with alanine
(sequences A3-1 to A3-3, and AuBP1-1 to AuBP1-3). We also considered a randomized version
of each peptide sequence (A3-4 and AuBP1-4) and a variation of the peptide sequence in which
all anchor residues were grouped together at the N-terminus (A3-5 and AuBP1-5). Including the
original parent biomolecules, this gives a total of twelve unique peptide sequences. Through a
combination of quartz crystal microbalance (QCM) measurements, NP synthesis and
characterization, and advanced molecular dynamics (MD) simulations, we have quantified and
evaluated how each of these twelve sequences adsorbs to Au surfaces and the ability of each of
these peptides to support the nucleation, growth, and stabilization of Au NPs in aqueous media.
Our results provide key insights into the effects of local sequence context (i.e. the impact of the
neighboring residues surrounding anchor residues) on the binding of peptides to their target
inorganic surface, providing a pathway toward the de novo design of new sequences with

enhanced binding affinity and NP stabilization capability.

Materials and Methods
Chemicals. Ammonium hydroxide (20%) and hydrogen peroxide (30%) were purchased
from BDH Chemicals. HAuCl, and NaBHy were obtained from Sigma-Aldrich. The
peptides used were acquired from Genscript at >90% purity. All chemicals employed in
this study were used as received without further purification. Milli-Q water (18 MQ-cm)
was used for all experiments.
QCM Binding Experiments. All QCM measurements, including those for dissipation

energy, were conducted using a Q-Sense E4 instrument (Biolin Scientific) following



established methods.® ® Standard polycrystalline Au crystal sensors were cleaned
according to manufacturer protocols before use. Briefly, the Au QCM sensors were
subjected to UV-ozone exposure, followed by immersion in a 5:1:1 (v/v/v)
water/ammonium hydroxide/hydrogen peroxide solution and an additional UV/ozone
treatment. An aqueous peptide solution at a concentration of 2.5 to 15 pug/mL was flowed
over the sensor surface at a rate of 150 pL/min. The frequency change and dissipation
energy were recorded for 30 min to ensure saturation. The frequency change is directly
related, via the Sauerbrey equation, to the mass of peptide adsorbed, from which rate
parameters for binding can be determined.”® All QCM experiments were performed at
22.5 °C, and the pH of the peptide solutions ranged from 4.1 — 6.0 depending on the
sequence. Peptide solutions were prepared by dissolving the peptide in deionized water at
the appropriate concentration.

Au nanoparticle synthesis. Peptide-capped Au NPs were prepared according to synthetic
methods established by Li e al.'® In a typical experiment, 500 pL of an aqueous 1.0 mM
peptide solution was added to 4.460 mL of water in a vial. Next, 10 uL of an aqueous 100
mM HAuCly, solution was added. The solution was briefly agitated and allowed to stand
for 10 min before adding 30 pL of a freshly prepared aqueous 100 mM NaBH4 solution.
A NaBH4: Au ratio of 3 was used for all syntheses. The solution was briefly agitated, and
the reaction was allowed to proceed undisturbed at room temperature for 1.0 h to ensure
complete reduction.

Nanoparticle characterization. Once fabricated, the NPs were optically characterized
using a Shimadzu 3600 UV-vis-NIR spectrophotometer with a 1 cm path length quartz

cuvette. The size and shape of the Au NPs were characterized using a JEOL JEM-2010



TEM operating at a working voltage of 200 kV. Samples were prepared for imaging by
drop-casting 5 to 15 pL of the NP dispersion onto a carbon-coated Cu TEM grid. NP size
distributions were determined by measuring >100 individual NPs from TEM images of
each sample using the Nano Measurer 1.2 image analysis software. Within this software,
the boundaries of each NP were located manually. Size distribution histograms are
available in the Supporting Information, Figure S1.

Molecular Simulations. The surface-adsorbed conformational ensembles of the A3- and
AuBPl-based sequences were predicted using Replica Exchange with Solute Tempering
(REST)'"""* molecular dynamics (MD) simulations. We performed a REST-MD simulation for
each of the twelve peptide sequences listed in Table 1. Each REST-MD simulation comprised a
single peptide chain adsorbed at the Au(111) interface in the presence of liquid water. Earlier
studies indicated that the Au(111) surface is a reasonable surrogate for the polycrystalline Au

substrate, as used in the QCM experiments.” ¢

Three-dimensional periodic boundary
conditions were used throughout. The polarizable GolP-CHARMM force-field,"”'® the
CHARMM22* force-field,'"® and the modified TIP3P potential'”* were used to describe the
interactions involving the Au surface, the peptide, and water, respectively. The GolP-CHARMM
force-field has been recently demonstrated to be in good agreement in the near-reproduction of
the experimentally-determined binding free energy of the AuBP1 peptide at the aqueous Au
interface.'> We used the Gromacs®' software package for all of the simulations described herein.
All REST-MD simulations were carried out at a thermal temperature of 300 K, using 16 replicas
to span “effective temperature” space.'' Full details regarding the simulation procedures and

analysis of the simulation trajectories are provided in the ‘Additional Methodology’ section of

the Supporting Information.



Results and Discussion
QCM Analysis of Peptide Binding to Au. Although the A3 and AuBP1 parent sequences are

2224 and each possesses three anchor residues for Au-binding,”’ AuBP1

both Au-binding peptides
is a substantially stronger binder than A3.° To analyze the sequence characteristics that affect the
kinetics and thermodynamics of binding, a set of five mutant peptide sequences was prepared for
each parent biomolecule. QCM measurements quantified the free energy of binding (AG) of each
peptide of the library for Au surfaces, as shown in Table 1. As an example of the QCM analysis,
Figure la presents the observed frequency changes for A3-1 at five different peptide
concentrations. Higher peptide concentrations yielded faster and larger frequency changes,
reflecting increased binding rates and increased amounts of peptide bound to the metallic
surface. The dissipation energy, which is indicative of the viscoelasticity of the bound peptide
layer, is shown for the highest peptide concentration (15 pg/mL). For all of the peptides studied
here, the dissipation energy was observed to be <5% of the total frequency change. This
indicates that the absorbed peptide layer was rigidly bound to the Au surface, strongly suggesting
that only a single peptide layer was formed. Note that for all QCM data, inverted plots are
displayed for more intuitive data interpretation. The QCM analysis for all of the peptides is
presented in the Supporting Information, Figures S2-S3.

Pseudo-first-order adsorption rate constants (k.,s) were obtained by fitting each QCM
binding curve to Langmuir kinetics, as in prior studies.” *® The binding constants for adsorption
(ky) and desorption (kq) are given by the slope and y-intercept, respectively, of the best-fit line
obtained by plotting the kqs values as a function of the peptide concentration (Figure 1b). The

binding equilibrium constant, K., is then calculated as k./kq, and finally, the binding affinity for



peptide binding, defined as the change in AG between the bound and unbound states, is
determined from AG = —RT In(K.q). A summary of the k,, k4, and K.q values for each peptide in
Table 1 can be found in the Supporting Information, Table S1.

For the A3 mutant peptides, the AG values ranged from —28.4 to —36.6 kJ/mol for the
weakest (A3-5) and strongest (A3-1) binders, respectively. For the parent A3 peptide, a AG value
of =31.6 + 0.5 kJ/mol was measured, equivalent to previously reported values.” Replacement of
the Tyr at position 2 with Ala (i.e. the Y2A mutation) in A3-1 produced a substantial increase in
binding affinity to —36.6 = 1.1 kJ/mol. This change is quite surprising in light of the removal of
an anchor residue. When the second or third anchor residue was replaced by Ala, as in A3-2
(M9A mutation) and A3-3 (F12A mutation), the binding affinity was reduced, to —28.8 + 0.9
kJ/mol and -30.5 £ 0.2 kJ/mol, respectively. This suggests that the local context of anchor
residues is an influential factor affecting the Au-binding affinity of the peptide. Finally, all
further changes, including sequence scrambling or grouping of anchor residues at the N-terminus
resulted in diminished Au affinity relative to the parent A3 sequence. A AG value of -30.6 + 0.1
kJ/mol was determined for the A3-4 peptide, while the weakest binding of the set was observed
from the A3-5 peptide with a AG value of —28.4 + 0.2 kJ/mol.

Modification of the AuBP1 peptide provided further insights. QCM measurements on the
parent sequence gave a AG value of —40.7 + 2.1 kJ/mol, which is similar to previously reported
values.”’” Note that this peptide sequence represents one of the strongest known binding
sequences, based upon experimental quantification, for Au. Each modification to this sequence
resulted in a significant reduction in Au affinity. For example, whenever a single anchor residue
was replaced by Ala, as in the AuBP1-1 (W1A mutation), AuBP1-2 (R6A mutation), and

AuBP1-3 (R11A mutation) peptides, the binding affinity decreased substantially, with AG values



of —32.2 + 0.5 kJ/mol, -35.9 £+ 0.7 kJ/mol, and —33.3 + 0.7 kJ/mol, respectively. This indicates
that mutation of the individual anchor residues consistently affected the Au affinity. However,
the effect was greatest for the AuBP1-1 and AuBP1-3 sequences, in which the Ala mutation
occurred at the N-terminus or the C-terminus, respectively. A dramatic decrease in binding
affinity (AG = -32.6 = 0.9 kJ/mol) was also observed for the scrambled sequence, while the
AuBP1-5 peptide (anchors grouped together at the N-terminus) exhibited a smaller decrease in

binding affinity with a AG value of —34.2 + 0.4 kJ/mol.

Molecular Dynamics Simulations of Peptide Binding to Au. REST-MD simulations were then
used to interpret the QCM data via prediction of the conformational ensemble of each of the
twelve peptide sequences adsorbed at the aqueous Au(111) interface. We first discuss the six A3-
based sequences for which the degree of residue-surface contact with the Au surfaces was
determined from our simulations, as summarized in Table 2. The parent A3 peptide was
predicted to have three anchor residues, Tyr2, Met9, and Phel2 (indicated as red-highlighted
entries in Table 2). Intuitively, one might therefore expect that the Y2A mutation (A3-1
sequence) would result in a reduction of Au-binding affinity. However, consistent with the
unexpected results from the QCM observations, the enthalpic contribution to the overall peptide
binding, as measured by the number and persistence of the resulting anchor residues, appeared to
increase, while the surface contact of several non-anchor residues also increased (Table 2).
Moreover, the impact of the Y2A mutation appeared to be non-local, producing an increase in
surface contact for the central segment of the peptide chain, while the Met9 and Phel2 sites also
remained as anchor residues. In contrast with the results for A3-1, the predicted outcomes of the

A3-2 mutation (M9A) were more intuitive, resulting in a more spatially-localized impact on
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binding compared with the parent peptide. Our residue-surface contact data were consistent with
the decrease in binding strength observed using QCM, due to deletion of the Met9 anchor point.
The degree of residue-surface contact for all other residues in A3-2 remained broadly invariant to
this point mutation.

The sequence arising from F12A mutation, A3-3, resulted in a degree of residue-surface
contact that was intermediate between A3-1 and A3-2 (see Table 2), consistent with the
experimentally-observed adsorption free energy for A3-3, which was also intermediate between
that of A3-1 and A3-2 (Table 1). The randomized sequence, A3-4, also showed reduced binding
according to the QCM data, which our simulations suggest may be due to the reduction in
binding of Phel0. In the A3 parent and the point mutations (A3-1 and A3-2), Phe was located at
position 12 and featured good surface contact (~95% degree of contact on average). This contact
was reduced to 49% for A3-4 when Phe was moved to position 10. While the surface contact of
Phe was strongly downgraded by the sequence randomization (A3-4), both Tyrl and Metll
remained as anchors. We propose that the diminishment of Phe-surface contact in A3-4 may be
due to the presence of Met as a flanking residue, leading to a reduction in surface binding when
two anchors are adjacent in the sequence. This effect was observed in prior work on the Pd4
sequence.’

Similarly, a reduction in Phe-surface contact was also noted for A3-5, which again
positioned Met and Phe together. The relatively modest residue-surface contact of A3-5 reflected
the greatest reduction in the QCM binding strength compared with the parent sequence. In this
case, our simulations predicted a substantial reduction in surface contact for both Met2 and Phe3.
In the parent A3 sequence and point mutants, Met featured an average ~97% degree of contact,

which dropped to 56% in A3-5, while the surface contact for Phe dropped to 54% in the mutant,
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relative to 95% in the parent. Following the arguments presented above, we suggest that the
reduction in surface contact for Met2 was due to the presence of the flanking anchor (Tyrl).
Overall, these surface-contact data suggest a hierarchical influence when two or more of these
anchor residues are consecutively positioned, such that the contact of Tyr appeared to be the least
susceptible to change (i.e. an adjacent Tyr might reduce Met-surface contact, but not vice-versa),
while Phe appeared to be the most vulnerable of these three anchors to sequence context effects.
Collectively, we attribute the observed trends in binding properties in part to the
conformational response of A3 to the selected point mutations and sequence rearrangements. In
addition to probing the changes in residue-surface contact, we also quantified and compared the
degree of structural similarity of the peptide backbone conformations for each of the six A3-
based peptides adsorbed at the Au interface (see Methodology, and Table S2, Supporting
Information). We found that A3-1, A3-2, and A3-3 (the three point mutations) featured
remarkable similarity in backbone conformation compared with the parent peptide in the
adsorbed state.® This conformational recalcitrance to point mutations was also noted for the Pd-4
sequence reported previously.’ In contrast, the global rearrangements of A3 (A3-4 and A3-5),
shared very little backbone conformational similarity. Again, the conformational responses to
these global sequence rearrangements was very similar to those reported previously for the Pd4
sequence. To illustrate this point, in Figure 2 we provide the most likely Au-adsorbed structures
for each of the six sequences, bearing in mind that each sequence supports a complex ensemble
of conformations. To briefly explain, our analysis can identify the set of structurally-distinct
backbone conformations along with their relative proportions (populations) in the conformational

ensemble. A large number of distinct structures with low populations therefore indicates a high
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degree of conformational diversity in the ensemble. Details of the number of distinct structures
and their relative populations are provided in Table S3 of the Supporting Information.

The similarities in conformational response for both Pd4 and A3 suggest a common trait
in these two peptides. However, the variations of the AuBP1 sequence resulted in very different
outcomes, both in terms of surface contact and conformational response. Our simulations
indicated a reduction in overall peptide-surface contact for all AuBP1 mutants compared with the
parent sequence (Table 3). Moreover, the QCM data indicate that AuBP1-1 and AuBP1-4
suffered the greatest reduction in adsorption free energy on the Au surface. As our residue-
surface contact data indicate (Table 3), these two sequences also suffered substantial losses in
surface contact relative to the parent, particularly for the (remaining) anchors of the parent
sequence. For example, in AuBP1-1, the WIA mutation not only resulted in a massive reduction
in surface contact at position 1 (reduced to ~14% of the original value), but also diminished
surface contact for anchor Argll, distant from the site of the point mutation. The variant that
supported the least reduction in surface binding, AuBP1-2, also featured the least reduction in
predicted residue-surface contact, with no appreciable drop in surface contact seen for the
remaining anchor residues (Table 3).

In Figure 3, we show the most likely structures of the six AuBPl-based peptides
adsorbed at the aqueous Au interface. From these data, in partnership with a mathematical
comparison of the structural similarity of the peptide backbone conformations (Table S4,
Supporting Information), we found that the AuBP1 mutants shared very little commonality in
terms of backbone conformations. This finding indicates that, unlike the Pd4® and A3 sequences,
AuBP1 is a conformationally-susceptible biomolecule that (in some instances) produced a

dramatic conformational response to point mutations. Details of the number of distinct structures
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for the AuBP1-based peptides, and their relative populations, are provided in Table S5 of the
Supporting Information.

Overall, our predictions from the REST-MD simulations are consistent with the QCM
measurements of peptide binding strength. Based on our conformational comparisons reported
here and previously,” we propose two classes of materials-binding peptide sequences:
conformationally-recalcitrant sequences, for which the conformational ensemble of adsorbed
structures does not change appreciably for point mutations, and conformationally-susceptible
peptides, which can undergo substantial, non-localized changes to backbone conformations upon
point mutation. While the general applicability of this proposed categorization requires further
investigation, our findings (reported here and in prior work®) suggest that the presence of Pro in a
sequence may be indicative of conformational-recalcitrance. On this basis, we anticipate that
other sequences that bind to Au surfaces and which contain substantial Pro content, such as Bl
(LKAHLPPSRLPS)*?* and QBP1 (PPPWLPYMPPWS)*' may also exhibit conformational
recalcitrance, and would likely provide a fruitful test-set for future mutation-based binding
investigations.

Au Nanoparticle Synthesis and Characterization. Figures 4a and 5 present UV-vis absorbance
spectra and TEM images, respectively, for the Au NPs synthesized using the A3 peptide and
designed mutant sequences. The synthesis protocol was the same as that used with the Pd4
peptide in our prior study,” where samples for TEM imaging were prepared ~1 h after NP
synthesis. The A3 parent and four of the mutant peptides produced small and spherical Au NPs
of ~2-3 nm in diameter that exhibited well-defined localized surface plasmon resonance (LSPR)
peaks at ~520 nm. Interestingly, the A3-2 mutant peptide produced larger, somewhat irregular

NPs and clusters that exhibited a slightly red-shifted and broadened, but also more intense, LSPR
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peak. Although A3-2 has a reduced binding affinity, compared to A3, it does not have the lowest
binding affinity in the group. A3-5, which has even lower binding affinity, also has notably
slower binding kinetics than A3-2 (Supporting Information, Table S1) and a much different
conformation on the surface (Figure 2, Table 2) compared to A3-2. A3-2 features two anchor
residues that are spaced at opposite ends of the sequence, while A3-5 features only one anchor at
position 1. This spatial constraint in A3-2 surface contact may limit the ability of A3-2 to cap
very small NPs during growth. As illustrated in Figure 2, the footprint of A3-2 on the Au surface
is larger than that of A3-5, thus requiring a larger Au surface area for binding.

Long-term colloidal stability testing showed some variability, as discussed further below,
but the most consistent results are considered first. Au NPs capped with the A3-4 peptide were
initially well dispersed, as seen in the inset of Figure 4a, approximately one hour after synthesis,
but routinely showed signs of precipitation within hours to days after the synthesis. This is
consistent with the aggregation of the A3-4 capped NPs visible in the TEM image of Figure 5.
While two anchor residues were conserved in A3-4, allowing it to passivate and stabilize the Au
NPs during synthesis, the substantially reduced residue-surface contact of Phel0 that arises from
sequence randomization may have significantly impaired its conformational advantage in
fostering NP stability. This presents an interesting contrast with the A3-2 capped particles, which
were larger and more irregular than the other materials, but remained stably dispersed in all
experiments. Thus, A3-2 was less able to cap the particles and limit their growth during the rapid
synthesis process, compared to the other sequences, but was nonetheless able to stabilize the NP
dispersion. A3-4 was able to limit NP growth during synthesis, but was not able to stabilize the
NP dispersion as well as the other sequences. Note that the aggregates visible in the TEM image

of A3-4 capped NPs in Figure 5 are not primarily made up of Au NPs in direct contact with one
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another, but show Au NPs linked together in a matrix. Thus, the precipitation may reflect
aggregation of peptide-capped NPs due to peptide-peptide interactions between individual NPs,
rather than aggregation of Au NPs with one another at points where the Au surface is exposed
(due to peptide desorption or low coverage). Note that, as shown in Figure 2, the dominant
conformation of A3-4 on the Au surface is quite different from that of the other peptides. Thus, it
may present a different exterior surface to the surrounding solution. Regarding the overall
hydrophobicity and solubility of the mutant sequences, while our estimates of the peptide
hydropathy for each sequence (Table S6, Supporting Information) showed some variation, none
of these values indicated any severe problems with hydrophobicity.

We investigated this further via examination of the REST-MD trajectory of A3-4 in the
surface-adsorbed state. As indicated in Table 2, Phel0 is not strongly engaged with the surface,
spending about half of the trajectory projected away from the surface, and the other half of the
trajectory in contact with the surface (illustrated in Figure 2). In Figure 6 we provide a
representative structure of an additional configuration (which is also predicted to be highly
likely), in which Phel0 protrudes away from the surface and into the surrounding solution, along
with the exposure of additional hydrophobic residues (Pro2, Ala4, and Ala7) to the solvent. We
suggest the external presentation of these hydrophobic residues may be conducive to the
formation of bridging inter-peptide interactions between the Au NPs in solution, particularly for
the exposed Phel0, which might facilitate specific inter-particle n—n bridging interactions.

Au NPs capped with the A3-1 and A3-5 mutants, like those capped with A3-2, remained
stably dispersed in all experiments. Thus, in these two cases, the peptide was not only able to
limit NP growth during synthesis, but also cap the NPs and maintain colloidal stability.

Surprisingly, the parent peptide, A3, and the A3-3 mutant gave inconsistent results, in some

16



cases producing NPs that precipitated after hours to days, while in other, nominally identical,
experiments producing dispersions that remained stable for more than a week. Although A3 (or
chimeric molecules that incorporate this sequence) has been used to produce peptide-capped

2830 it has generally been used in HEPES buffer, which maintains

particles in many other studies,
a pH near 7.4. Additionally, in those synthetic methods, the HEPES buffer also acted as the
reductant. In our protocol, we synthesize the NPs in pure water, without buffering the pH,
employing NaBHj to reduce the Au’" ions to Au’. In the absence of a buffer, the gold precursor
used in the synthesis produces slightly acidic conditions after the reaction, and the stability of Au
NPs capped with A3 and A3-3 appears to be highly sensitive to pH. For cases in which the A3-
capped NPs precipitated, adding a small amount of NaOH allowed us to redisperse the materials.
When a metal:peptide ratio higher than the usual value of 3:1 was employed, A3 consistently
produced colloidally unstable particles and the product dispersion had a significantly acidic pH
(near 5). When a lower metal:peptide ratio of 1:1 was employed, the Au NPs were consistently
stable. Addition of excess reducing agent (NaBHj4) relative to our standard protocol also
improved colloidal stability. While many factors are at play here, and complete investigation of
them is beyond the scope of the present study, together the results show that all of the A3
mutants except for A3-4 are capable of producing colloidally stable dispersions of peptide-
capped Au NPs, but in some cases the stability is highly sensitive to solution and reaction
conditions.

Similarly, AuBP1 and its mutants were used to synthesize Au NPs, as presented in
Figures 4b and 7. The AuBP1-1 and AuBP1-3 peptides showed a reduced ability to cap and

stabilize the Au NPs during nucleation and growth, as reflected in the TEM images. These two

sequences exhibited relatively weaker binding affinities in QCM experiments with only a single

17



anchor residue predicted from molecular simulations, which is consistent with the observed poor
performance in NP stabilization. However, AuBP1-4 and AuBP1-5 exhibited similar reductions
in binding affinity, relative to the parent sequence; each of these sequences also featured only
one anchor residue, but still produced Au NPs almost identical to those generated with the more
strongly-bound parent AuBP1 and AuBPI1-2 that have three and two anchor residues,
respectively. The difference between the results for AuBP1-1 and AuBP1-3 vs. AuBP1-4 and
AuBP1-5 may reflect the larger footprint of AuBP1-1 and AuBP1-3 on the Au NP surface
compared to AuBP1-4 and AuBPI1-5, where in the latter, each has segments of several

consecutive residues with very low binding probability.

The Au NP dispersions produced using the AuBP1 parent peptide and the AuBP1-4 and
AuBP1-5 mutants remained colloidally stable with no signs of precipitation for at least a week in
all cases. In contrast, the Au NP dispersion produced using AuBP1-1 consistently began to show
signs of aggregation and precipitation after a few hours post reduction, and the Au NPs had
almost completely precipitated after 24 h. The NPs produced using AuBP1-2 and AuBP1-3
precipitated in some experiments, but in most cases were also colloidally stable. We suggest that
this outcome might again be due to the sensitivity of this precipitation process to the precise
solution conditions. As with the results for A3 discussed above, this may reflect sensitivity to pH
and other solution conditions. The TEM images of the NPs produced using AuBP1-1 and
AuBP1-3, prepared from dispersions about 1 h after synthesis, show clear signs of aggregation.
In the case of AuBP1-1, the Au NPs are not only large and irregular, but also significantly
aggregated, with direct particle-particle contacts, suggesting that AuBP1-1 was unable to
effectively passivate the Au NPs during synthesis. The Au NPs produced using AuBP1-3 also

showed aggregation, but this case is similar to that observed for materials produced with A3-4.

18



Rather than showing direct particle-particle contacts in aggregates, the Au NPs seem to be
embedded in a matrix, suggesting possible aggregation through peptide-peptide interactions.
Little aggregation of the Au NPs prepared using AuBP1-2 is visible in the TEM image. These
Au NPs look quite similar to those in the colloidally stable dispersions produced using AuBP1,
but in some experiments precipitated nonetheless. This again demonstrates that the requirements
for limiting NP growth and capping the materials may be different from the requirements for

stabilizing the aqueous dispersion of NPs.

From the NP synthesis and characterization analyses, no direct correlation between NP
colloidal stability, final particle sizes, and peptide binding affinity is apparent. We found that
both large and small nanoparticles were capable of supporting a stable colloidal dispersion. For
instance, the A3-1 peptide possessed the highest binding affinity for Au of all of the A3-based
peptides, yet it generated the particles with the largest average size (Figure 1). Furthermore for
this system, the A3-4 peptide produced particles that precipitated, even though this peptide is of
intermediate strength for Au binding under the present conditions. In these examples, one might
intuitively assume that the A3-1 should generate the smallest particles, while the A3-4, with the
weakest affinity for Au should generate the largest particles. However, such a pattern was not
observed. These two examples demonstrate the lack of correlation between particle size,
colloidal stability, and peptide affinity, suggesting that other factors must participate and work
synergistically to control the morphology of the final materials. Such factors could include key
atomic structural motifs recognized by the peptide for binding,’' the rate of NP growth based
upon the reductant selected,” the number and spacing of anchor residues within the peptide

sequence,” as well as other factors. By identifying and eventually tuning these different
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contributions, highly controlled particle synthesis strategies could be realized and exploited for

rational design of NPs.

As introduced in earlier work,’ we propose that one possible mechanism for promoting
peptide-mediated stabilization of Au NP dispersions in aqueous media may arise from the
presence of a high degree of conformational diversity in the NP-adsorbed peptide structures. As
previously reported, here we have used our definition of the conformational entropic
contribution, Sco, (details in ‘Additional Methodology’ of the Supporting Information), to
estimate the degree of conformational diversity in the adsorbed peptide structures. In Figure 8
(and Tables S3 and S5 of the Supporting Information) we summarize our predictions of Sc,ur
alongside our previously-published data for the Pd4-based sequences for convenience. These

data suggest critical upper and lower thresholds for peptide-mediated stabilization/precipitation.

high
conf

Specifically, we propose that surface-adsorbed peptides with Sc,,r > S have a strong

low
conf

likelihood to cause Au NP precipitation, while those peptides with S, < S are likely to

stabilize Au NP dispersion in aqueous media. We identified the range of values of S folfl}l and

Slow

. - high
cons Dased on our previous work.” 7 » The range of values between S =77 and S

conf conf
represents an uncertainty band for which we suggest that the outcomes cannot be predicted with
confidence. Figure 8 also highlights the four systems with the most inconsistency in terms of the

NP stabilization assay, where the degree of confidence in our predictions is low.

Our proposed classification based on S..,s values appears broadly consistent with the
experimental data, in the sense that NPs that showed reasonably consistent stabilization
behaviors (i.e. that were consistently stable or consistently unstable) were captured by our

analysis. However, our metric was unable to capture inconsistent NP stabilization scenarios. We
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note here that our S.,, metric is an approximation based on single-chain adsorption properties
(i.e. corresponding to dilute conditions), and therefore it is not surprising that it cannot cover all
possible situations. For example, as suggested earlier, in some instances surface-driven inter-
peptide interactions are likely to influence stabilization. For the AuBP1 sequences in particular,
inter-chain interactions in the surface-adsorbed state of the peptides may lead to deviations from
our idealized conditions. To elaborate, unlike the Pd4 or A3 sequences, AuBP1 features several
charged residues in solution at pH=7, comprising a positively-charged Lys and three Arg
residues, and a negatively-charged Asp. Evidence drawn from previous studies of multi-chain
NP-adsorbed AuBP1 peptides’ suggests that inter-chain interactions involving oppositely-
charged residues could be substantial. Further study is required to resolve the possible origins of
the inconsistent stabilization properties for the four systems identified here. While pH-based
mechanisms offer a plausible hypothesis, several mechanisms governing Au NP
dispersion/precipitation are likely to co-exist, and remain to be proposed and tested in future

work.

Conclusions
By combining peptide-surface binding affinity measurements, nanoparticle synthesis,
characterization and stabilization assays, and advanced molecular simulations, we have identified
new factors that influence both Au nanoparticle growth and nanoparticle colloidal stability in
aqueous media. Colloidal stability is defined here as the absence of visible precipitation after at
least 24 hours post-synthesis. We based our investigation on two peptides with strong affinity for
Au, considering both point mutations and re-ordering of these sequences. Our findings

demonstrate that a strong Au nanoparticle peptide binding affinity does not always guarantee
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peptide-mediated colloidal stability. Instead, by comparing nanoparticle stabilization assay
outcomes with molecular simulations, we established a metric that is broadly indicative of
nanoparticle colloidal stability, based on the degree of conformational diversity in the surface-
adsorbed peptides. While our results offer guidance on the engineering of peptide sequences to
realize peptide-mediated growth and dispersion of Au nanoparticles in aqueous media,
alternative mechanisms governing colloidal stability are further required to comprehensively

encompass the complex phenomena of peptide-based nanoparticle growth and stabilization.
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Figure/Table Captions
Table 1. Adsorption Analysis for A3 and AuBP1 Mutant Peptides on Au”

Table 2. Degree of residue-surface contact (expressed as a percentage) for each of the six A3-
based peptide sequences, adsorbed at the aqueous Au interface, predicted from REST
simulations. White, blue, green, orange, and red cell colors indicate 0-19%, 20-39%, 40-59%,
60-79%, and 80+% contact, respectively.

Table 3. Degree of residue-surface contact (expressed as a percentage) for each of the six
AuBP1-based peptide sequences, adsorbed at the aqueous Au interface, predicted from REST
simulations. White, blue, green, orange, and red cell colors indicate 0-19%, 20-39%, 40-59%,
60-79%, and 80+% contact, respectively.

Figure 1. QCM analysis of peptide binding on Au to obtain k, and k4 values. For this example,
the A3-1 peptide was used. Part (a) shows the inverted frequency change vs. time plot for five
concentrations, as well as the dissipation energy plot for the highest concentration studied. Part
(b) shows kg values vs. peptide concentration, obtained from the data in part (a) by fitting using
Langmuir kinetics. Note that no error bars are presented as they are smaller than the points in the
graph. The slope and y-intercept in part (b) provide the rate constants for adsorption and
desorption, respectively.

Figure 2. Most likely structures of the six indicated A3-based peptides adsorbed at the aqueous
Au interface, predicted from the REST simulations. Water not shown for clarity.

Figure 3. Most likely structures of the six indicated AuBPI1-based peptides adsorbed at the
aqueous Au interface, predicted from the REST simulations. Water not shown for clarity.

Figure 4. UV-vis absorbance spectra of the Au NPs prepared using the (a) A3 peptide and its
mutants and (b) AuBP1 peptide and its mutants. Insets show images of the corresponding
colloidal dispersions, approximately 1 h after synthesis.

Figure 5. Representative TEM images of Au NPs prepared using the A3 peptide and its mutants,
as labelled.

Figure 6. Representative conformation of A3-4 adsorbed at the aqueous Au interface, in the
instance where F10 is not in surface contact. Solvent-exposed hydrophobic residues P2, A4, A7
and F10 are highlighted in green, while anchor residues Y1 and M11 are highlighted in red.
Water not shown for clarity.

Figure 7. Representative TEM images of Au NPs prepared using the AuBP1 peptide and its
mutants, as labelled. Note the different magnification used for AuBP1-1 and AuBPI-3 to
highlight the degree of aggregation in these systems.

Figure 8. Conformational entropic contributions to the binding (S, calculated from REST-MD

simulations. Green and red indicate stable and unstable Au NP dispersions as observed from
experiment. Beige bars indicate systems that exhibited the most inconsistency in the nanoparticle
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stabilization experiments. Ség‘f[f

Pd4 data were taken from Ref 3.

high
and S conf

correspond with values 3.10 and 3.28 respectively.
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Peptide

A3
A3-1
A3-2
A3-3
A3-4
A3-5

AuBP1
AuBP1-1
AuBP1-2
AuBP1-3
AuBP1-4
AuBP1-5

Sequence

AYSSGAPPMPPF
AASSGAPPMPPF
AYSSGAPPAPPF

AYSSGAPPMPPA
YPPAPSAPSFMG
YMFASSGAPPPP

WAGAKRLVLRRE
AAGAKRLVLRRE
WAGAKALVLRRE
WAGAKRLVLRAE
ALRWVGRRAELK
WRRAGAKLVLRE

AG

(kJ mol)
=316 £05
-36.6 £ 1.1
-28.8+£0.9
-30.5+0.2
-30.6 £ 0.1
-28.4+£0.2

-40.7 £ 21
-32.2+0.5
-35.9+0.7
-33.3+0.7
-32.6 £ 0.0
-34.2+04

“From QCM experiments: adsorption Gibbs free energy (AG) values are given as mean + one
standard deviation from at least three independent experiments.

Table 1. Nguyen ef al.
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A3-5

Table 2. Nguyen et al.
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AuBP1

AuBP1-1

AuBP1-2

AuBP1-3

AuBP1-4

AuBP1-5

Table 3. Nguyen ef al.
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Figure 5. Nguyen et al.
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Figure 6. Nguyen et al.
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Figure 8. Nguyen et al.
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