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ABSTRACT: Here we present an in-depth analysis of structural factors that modulate peptide-capped nanoparticle
catalytic activity via optically driven structural reconfiguration of the biointerface present at the particle surface.
Six different sets of peptide-capped Au nanoparticles were prepared, in which an azobenzene photoswitch was in-
corporated into one of two well-studied peptide sequences with known affinity for Au, each at one of three different
positions: The N- or C-terminus, or mid-sequence. Changes in the photoswitch isomerization state induce a reversi-
ble structural change in the surface-bound peptide, which modulates the catalytic activity of the material. This
control of reactivity is attributed to changes in the amount of accessible metallic surface area available to drive the
reaction. This research specifically focuses on the effect of the peptide sequence and photoswitch position in the
biomolecule, from which potential target systems for on/off reactivity have been identified. Additionally, trends
associated with photoswitch position for a peptide sequence (Pd4) have been identified. Integrating the azobenzene
at the N-terminus or central region results in nanocatalysts with greater reactivity in the trans and cis confor-
mations, respectively; however, positioning the photoswitch at the C-terminus gives rise to a unique system that is
reactive in the trans conformation and partially deactivated in the cis conformation. These results provide a funda-
mental basis for new directions in nanoparticle catalyst development to control activity in real time, which could
have significant implications in the design of catalysts for multistep reactions using a single catalyst. Additionally,
such a fine level of interfacial structural control could prove to be important for applications beyond catalysis, in-
cluding biosensing, photonics, and energy technologies that are highly dependent on particle surface structures.

Introduction

Catalytic nanoparticles (NPs) provide new path-
ways for chemical transformation processes, advanc-
ing these approaches toward a sustainable future.l4
Typically, such materials are stabilized in colloidal
suspension by organic ligands covalently bound to the
particle surface.>6 While these ligands are required
for stability, they can hamper reactivity by blocking
reactant access to the catalytic surface.” Moreover,
they are rigidly attached to the NPs in a single con-
formation, such that their influence on the catalytic
process is fixed. By advancing the capabilities of the
ligand layer, new functions could be integrated into
the NP catalytic system, such as controllable on/off
reactivity and substrate selectivity.

Recently, we have demonstrated that peptides with
azobenzene photoswitches integrated into their bio-

molecular structure can provide a unique photore-
sponsive NP biointerface that allows for remote opti-
cal manipulation of the particle’s catalytic proper-
ties.8 In this approach, the modified AuBP1 peptide
(WAGAKRLVLRRE), identified for its affinity for Au,
non-covalently interacts with the noble metal surface,
stabilizing the colloidal dispersion in water.910 With
the photoswitch in the frans configuration, the bio-
molecules adopt an initial conformation. Then, upon
optical triggering, the azobenzene isomerizes to the
cis conformation.!! This isomerization event is propa-
gated throughout the peptide, causing the entire bio-
molecular overlayer structure on the NP surface to
adopt a different configuration.!213 Using light, these
overlayer structures can be reversibly switched be-
tween the two conformations, thus presenting two
substantially different NP surface structures in solu-
tion. In this manner, different catalytic capabilities
can be achieved from the same Au NPs depending



upon the peptide surface configuration.8 For instance,
using the reduction of 4-nitrophenol to 4-aminophenol
as a model reaction, the reactivity for Au NPs capped
with the AuBP1 peptide with the photoswitch at the
N-terminus demonstrated notably higher activity
with the azobenzene molecule in the t¢rans confor-
mation compared to the cis conformation.

While peptide sequence plays a central role in de-
termining biomolecular NP surface structure, the po-
sition of the photoswitch can also drive adoption of
different configurations.!417 Peptides can adopt re-
markably different conformations when bound to NPs
based upon the number and arrangement of anchor-
ing residues. These changes alter the metal surface
exposure for wide variations in catalytic activity. Fur-
thermore, the position of the photoswitch within the
peptide could also alter both the photoswitching pro-
cess and the catalytic performance. In our prior stud-
ies, photoswitches were only positioned at the N- or
C-terminus of the sequence.® Positioning the pho-
toswitch within central region of the peptide may am-
plify the surface structural differences between the
two conformations (cis or trans). Taken together, nu-
merous biomolecular structural effects are working in
concert to control the catalytic capabilities of the ma-
terials, presenting great opportunities to fine-tune
the reactivity.

Herein we present an in-depth analysis of sequence
and structural effects on photo-driven peptide confor-
mational switching and the resultant effects on NP
catalytic properties. Through attachment of the azo-
benzene-based photoswitch into two different pep-
tides at three positions, the N-terminus, C-terminus,
or mid-sequence, eight different peptide/NP configu-
rations were examined and compared (Table 1). To
probe peptide sequence effects, we selected two well-
studied peptides with known affinity for Au: AuBP1
and Pd4 (TSNAVHPTLRHL).% 18 In this contribution,
the effects of photoswitch attachment at the mid-se-
quence position in AuBP1 and at all three positions of
Pd4 were examined and compared to our previous
studies conducted using N- and C-terminus modified
AuBP1.2 Each system was thoroughly characterized
for reversible light-driven biointerface reconfigura-
tion by both experimental and computational anal-
yses, which demonstrated that the peptide sequence
and the photoswitch position played important roles
in controlling the reconfiguration process. Upon con-
firmation of biointerface reconfiguration capabilities,
the catalytic properties of the materials with the pho-
toswitch in the trans and cis states were assessed us-
ing 4-nitrophenol reduction as a model reaction. In-
terestingly, the reaction rate constants can vary by as
much as a factor of four for the same particles in the
two different configurations, suggesting that on/off
reactivity controlled by light may be possible.

Taken together, these results demonstrate a
(bio)organic-inorganic NP system where reactivity
can be tuned through optically-activated interfacial

Table 1. Peptide sequences denoting position of Cys resi-
due incorporation for MAM coupling

Peptide Sequence
AuBP1 WAGAKRLVLRRE
CAuBP1 CWAGAKRLVLRRE
AuBP1C WAGAKRLVLRREC
AuBP1[C] WAGAKRCLVLRRE
Pd4 TSNAVHPTLRHL
CPd4 CTSNAVHPTLRHL

Pd4C TSNAVHPTLRHLC
Pd4[C] TSNAVHCPTLRHL

conformational changes. These differences are de-
pendent not only upon peptide structure/confor-
mation, but also upon photoswitch placement within
the biomolecule. Such results highlight the fine level
of control that can result from minor structural differ-
ences, which can be readily accessed using materials
specific peptides.

Results and Discussion

Peptide-based Materials Fabrication. To probe the
effects of peptide sequence and photoswitch incorpo-
ration location on biointerfacial reconfiguration and
catalytic property manipulation, four new biohybrid
molecules were prepared. Initially, to compare with
the previously described peptides,? the maleimide-az-
obenzene-maleimide (MAM) unit (Scheme 1) was in-
corporated at the middle position of the AuBP1 pep-
tide (termed AuBP1[C-MAMI]). Additionally, three
new species were generated based upon the Pd4 pep-
tide, with the MAM unit at the N-terminus, C-termi-
nus, and middle positions (termed MAM-CPd4, Pd4C-
MAM, and Pd4[C-MAM]). To generate each of the
MAM-modified peptides, a cysteine residue was incor-
porated at the 1, 7, or 13 position of the peptide se-
quence using standard solid-phase synthetic proto-
cols. Upon purification and confirmation of the pep-
tide i1dentity, coupling of the MAM to the peptide was

Scheme 1. Structure of the MAM photoswitch in the (a)
trans and (b) cis conformation.
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carried out in DMF. A small excess of MAM was pre-
sent in the reaction to ensure coupling of one pho-
toswitch to one peptide. Once the reaction was com-
plete, the hybrid biomolecules were purified by cen-
trifuge filtration to remove excess reagents and prod-
uct identity was confirmed by mass spectrometry. Us-
ing these newly prepared biomolecules, peptide-
capped Au nanoparticles were generated using previ-
ously described approaches.8 12

NPs capped with the four new peptides (AuBP1[C-
MAM] and all of the Pd4-based systems) were charac-
terized using UV-vis spectroscopy. Previous studies
fully analyzed the AuBP1C-MAM- and MAM-
CAuBP1l-capped materials, which demonstrated
nearly identical results.8 Figure la specifically pre-
sents the analysis for Au NPs fabricated using the
AuBP1[C-MAM]. For the peptide alone (red spec-
trum), two peaks were observed: one at 320 nm and a
second at 450 nm. These two peaks represent the n-
n* and n-nt* transitions of the azobenzene pho-
toswitch.! Upon complexation with the Au3* ions
prior to reduction, no substantial change in the spec-
trum of the materials was observed (blue spectrum);
however, reduction with NaBHs results in a substan-
tial increase in the absorbance of the materials, con-
sistent with Au NP formation (green spectrum).
Three key points are notable in this spectrum. First,
no plasmon band for the Au NPs was observed sug-
gesting that the nanoparticles were too small to ex-
hibit a well-defined Localized Surface Plasmon Reso-
nance (LSPR) absorbance peak.!® Second, the n-m*
transition of the azobenzene was not evident, as it is
masked by the inherent absorbance/scattering of the
NPs near 450 nm. Third, the n-n* transition of the hy-
brid biomolecule remains clearly visible, thus allow-
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Figure 1: UV-vis absorbance spectra for Au NP pro-
duction using the (a) AuBP1[C- 1, (b) Pd4C-
MAM, (c) MAMC-Pd4, and (d) Pd4[C-MAM] peptides.

ing for a readily observable handle to monitor pho-
toswitch isomerization. Nearly identical results were
observed with the Pd4-based materials (Figures 1 b-

d), where the 320 nm peak was clearly present for
each of the peptide-capped materials.

The materials were subsequently imaged by trans-
mission electron microscopy (TEM) to characterize
particle size and morphology. When the unmodified
parent AuBP1 and Pd4 peptides were previously used
to stabilize Au NPs, particle sizes of 4.2 + 1.1 and 4.3
+ 1.7 nm were prepared.!6 20 Note that for the AuBP1
peptide, generally spherical particles were prepared;
however, for the Pd4-based system, irregularly
shaped materials were obtained. TEM images of the
Au NPs stabilized with the biohybrid molecules are
shown in Figure 2. The materials capped with the
AuBP1[C-MAM], Pd4C-MAM, and MAM-CPd4 mole-
cules were generally spherical and small in size with
average diameters of 2.8 + 0.6, 2.5+ 0.6, and 2.5 £ 0.5
nm, respectively. These values were similar in dimen-
sion to the Au NPs capped with the AuBP1C-MAM
(2.740.7nm) and MAM-CAuBP1 (2.4+0.6 nm) pep-
tides, as shown previously.® 12 However, when the
MAM unit was positioned at the center of the Pd4
peptide (Pd4[C-MAM]), the AuNPs were notably

Pd4C-MAM

. 28% 0.6 nm 2.5+ 0.6 nm

 MAM-CPd4

2.5%0.5nm

Figure 2. TEM images of the Au NPs passivated using
the (a)AuBP1[C-MAM], (b) Pd4C-MAM, I(c) MAM-
CPd4, and (d) Pd4[C-MAM] peptides.

larger and more polydisperse in size (5.5 + 1.6 nm).
For each sample, sizing of at least 100 NPs was com-
pleted with the MAM held in the trans conformation
(Supporting Information, Figure S1). Such small sizes
are likely the basis of the lack of a significant plasmon
band in the UV-vis analysis of the materials.

From the TEM analysis, we note that the Pd4C-
MAM- and MAM-CPd4-capped NPs were quite small
compared to those capped with the parent Pd4 se-
quence or the Pd4[C-MAM] biomolecules. This sug-
gests that the position of the MAM within the Pd4
peptide plays a role in controlling the final NP size
and structure; however, no clear trends are present



with respect to MAM position and particle size. This
behavior is similar to that of the AuBP1 peptide, for
which NP sizes differed based upon whether the
MAM unit was present in the sequence or not. As
such, this presents a clear difference between pep-
tides with and without the MAM, suggesting that the
amino acid composition, photoswitch, and MAM posi-
tion are important for controlling material structure
and resultant properties.

After characterizing the NP structure, we examined
the ability of the photoswitch to isomerize between
the trans and cis conformations. 7Transto-cis switch-
ing was achieved by UV-illumination, while cisto-
trans switching employed white light illumination.
The azobenzene conformational changes were moni-
tored wvia the 320 nm peak, which diminished in in-
tensity after switching to the cis conformation; the
320 nm peak then returns to a higher intensity when
the molecule is isomerized back to the trans confor-
mation.1t 21

Figure 3a presents the photoswitching results for
the AuBP1[C-MAMI]-capped Au NPs. Prior to the pho-
toswitching process (red spectrum), the materials pre-
sented a peak at 320 nm, as anticipated. These parti-
cles were then irradiated with UV light for at least 30
min, resulting in the 320 nm peak diminishing in in-
tensity (blue spectrum). The materials were then ex-
posed to white light for 30 min to switch the MAM
component back to the trans state, which resulted in
a restoration of the original absorbance intensity of
the 320 nm peak (green spectrum). This trend was
demonstrated for all four NP systems, consistent with
reversible photoswitching of the azobenzene moiety
between the trans and cis conformations. Note that
the photoswitch can be optically switched over multi-
ple cycles without causing particle aggregation,
demonstrating persistent NP colloidal stability pro-
vided by the hybrid biomolecules.
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Figure 3. Photoswitching analysis for the Au NPs
capped with (a) AuBP1[C-MAMI, (b) Pd4C-MAM, (¢)
MAM-CPd4, and (d)Pd4[C-MAM].

While light is used to intentionally drive pho-
toswitch isomerization, thermal switching of the mol-
ecule from the cisto-trans conformation can occur.
This is based upon the greater stability of the trans
molecule over the cis.1l: 2! As such, the half-life of the
four different MAM-modified peptides on the Au NP
surface was also monitored using UV-vis absorbance.
For this, the NP sample was irradiated with UV light
for 30 min to drive trans to cis conversion. The parti-
cles were then kept in the dark at 20 °C and analyzed
by UV-vis every 10 min for 16 h to quantify the rate
of thermal switching. Consistent with previous stud-
ies of the AuBP1C-MAM and MAM-CAuBP1 se-
quences, long half-lives of 218.8 + 59.5, 160.7 + 72.4,
332.6 + 10.7, and 191.4 + 42.1 h were determined for
the NPs capped with the AuBP1[C-MAM], Pd4C-
MAM, MAM-CPd4, and Pd4[C-MAM] peptides, re-
spectively (Supporting Information, Figure S2). Such
long half-lives are a result of stabilization of the MAM
moiety on the Au surface, which can inhibit the ther-
mally driven conformation change.® These results
demonstrate that the reactivity observed from the
NPs with the biointerface in the cis conformation
arises from the anticipated configuration and that
photoswitch thermal isomerization is not complicat-
ing the reactivity analysis.

Molecular Simulation of Peptide Adsorption. Molec-
ular simulations of these molecules adsorbed at the
aqueous Au interface showed differences in the de-
gree and modes of surface contact, depending on both
the parent peptide sequence and the location of the
MAM moiety. In comparison with data from our pre-
vious simulations of surface-adsorbed cis-AuBP1C-

Table 2. Residue-surface contact data (percentages)
for the Pd4/MAM and associated molecules adsorbed
on the Au(111) surface, determined from the REST-
MD simulations. Colors indicate percentage ranges for
ease of comparison.*

Residue | Pd4 | Pd4[C] | MAM-CPd4 | Pd4C-MAM | Pd4[C-MAM]
trans cis | trans cis trans cis
C - 63 57 - - - -
T 7 42 3 9 13 6
S
N 48 55 53 55 60 50 48
A 46 47 62 48 42 62
\Y 42 44 13
HH 78 66 66 7/ 62 57 77 70
c | - [ 7 - - - - 72 71
P 42 60 60 70 64
T 13 40 14 10 6
L 14 54 19
R 44 79 72 60 51 59
HA 79 74
L 17 13 11 4 8
c | - [ - - 79 70 - -
Mall
Bnzl
N=N
Bnz2
Mal2

*HA and HH denotes histidine in the unprotonated and
protonated states respectively. Further details are pro-
vided in the Supporting Information.



MAM and cis MAM-CAuBP1,1213.20 the binding char-
acteristics of cisAuBP1[C-MAM] from our current
simulations suggest an overall reduction in surface
contact of the MAM unit (Table S1, Supporting Infor-
mation).1213 In contrast, the surface contact of the
peptide component of cis AuBP1[C-MAM] was less af-
fected. A similar outcome emerged from comparisons
of the three variants in the trans state. However, alt-
hough the MAM unit in #rans-AuBP1[C-MAM]
showed relatively reduced binding, its degree of sur-
face contact was still very high.

Surface adsorption of both the cisand transisomers
of Pd4C-MAM, MAM-CPd4, and Pd4[C-MAM] was
modeled in the present work (summarized in Table 2).
We found that the two anchor points identified in ear-
lier work for the parent peptide,2 namely H6 and
H11, broadly featured as surface anchors in all cases.
Regardless of its position in the peptide sequence,
binding of the MAM unit was similarly strong. When
considering all three variants in the trans state, the
greatest degree of contact for H6 was noted for Pd4[C-
MAM]. Comparing this species with the binding data
for Pd4[C] (the 13-mer version of the parent Pd4 pep-
tide with a central Cys residue) indicated that the
presence of the MAM unit, and not merely the central
Cys residue, is responsible for this enhancement. The
presence of the central C-MAM unit was also seen to
enhance the overall contact of the region containing
the H6 and P7 residues. Enhanced contact for this re-
gion was maintained for Pd4[C-MAM] in the cis con-
formation as compared to the other two conjugates.

Further trends were noted for Pd4[C-MAM] that

were not evident for the other two conjugates. In this
regard, the C-terminal portion, LRHL, demonstrated

Figure 4. Representative snapshots of Pd4[C-MAM]
adsorbed at the aqueous Au(111) interface. Water
not shown for clarity. (a) top view of the transisomer,
(b) top view of the cisisomer, (c) side view of the trans
isomer, (d) side view of the cisisomer.

enhanced contact in the cis isomer relative to the
trans form. This suggests that the cis isomer is less
disordered when bound to the Au surface as compared
to the trans form. These findings differ from those for
the other two conjugates, MAM-CPd4 and Pd4C-
MAM. For these conjugates, no clear trend was noted
for the residue-surface contact for the cis and trans
isomers of these species. Representative snapshots of
the surface-adsorbed structures of Pd4[C-MAM] in
both the cis and trans form are provided in Figure 4.

In addition to surface contact, we also analyzed the
conformational entropic contribution of these surface-
adsorbed molecules,? which can indicate whether
binding is enthalpically- or entropically-driven. As de-
scribed in the Computational Methods in the Sup-
porting Information, we estimated this by calculating
the conformational entropic contribution of the pep-
tide backbone, Scons summarized in Table 3. A larger
value of Sconrindicates a greater degree of disorder in
the ensemble of adsorbed conformations. For conju-
gates of both AuBP1 and Pd4, we found that the cen-
tral location of the MAM unit led to the highest con-
formational entropic contribution, compared with the
N- and C-terminal MAM positions. In all cases except
Pd4[C-MAMI, the trans isomer featured a smaller
value of Swnrthan the corresponding cis isomer, re-
flecting the general trend that strong surface engage-
ment of the MAM unit in the transstate restricted the
conformational freedom of the peptide backbone. For
the Pd4[C-MAMI, we noted an unexpected reduction
in Seonr for the cis isomer compared with that of the
trans state. This finding is consistent with our surface
contact analysis presented above.

Table 3. Scont values for the indicated peptide backbone
calculated from REST-MD simulations.

trans cis
AuBP1 2.73
AuBP1[C] 3.20
MAM-CAuBP1 2.58 2.89
AuBP1C-MAM 2.52 2.73
AuBP1[C-MAM] 2.90 3.16
Pd4 3.08
Pd4[C] 3.53
MAM-CPd4 2.72 2.85
Pd4C-MAM 2.84 3.02
Pd4[C-MAM] 3.23 3.12

Catalytic Activity Modulation via Optical Stimula-
tion. Modulation of catalytic reactivity upon reconfig-
uration of the biointerfaces can arise from differences
in exposure of the underlying metallic surface to the
reagents in solution. To examine this effect, we em-
ployed reduction of 4-nitrophenol (4-NP) to 4-amino-
phenol (4-AP) as a model reaction. This reaction is



ideal for many reasons, but primarily because it is
known to occur directly on the metal surface.2223 This
feature is critically important for elucidating how
changes in the biointerfacial structure drive varia-
tions in catalytic activity. Additionally, the reaction is
readily monitored using simple UV-vis measure-
ments of reactant consumption. In the presence of ex-
cess NaBH4, the Au NPs can catalytically reduce 4-
NP to 4-AP, where the reaction progress is followed
by the decrease in absorbance intensity of the 4-NP
reactant.2324
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Figure 5. The reduction of 4-NP with Au NPs capped
with AuBP1[C-MAM] in the trans conformation. Panel
(a) presents a collection of UV-vis absorbance spectra
over a period of time, showing the characteristic decrease
of absorbance near 400 nm related to 4-NP reduction,
while panel (b) plots the decrease of absorbance at 400 nm
as a function of time. Panel (c) illustrates the determina-
tion of the pseudo-first order rate constant via a plot of
In(A4v/Ao) vs time. Panel (d) shows the calculation of acti-
vation energy via an Arrhenius plot.

Figure 5 presents the reaction rate analysis for the
AuBP1[C-MAM]-capped Au NPs, while the corre-
sponding Arrhenius analysis for the Au NPs capped
with Pd4-based ligands are presented in the Support-
ing Information, Figure S6. Figure 5a presents UV-
vis results demonstrating a decrease in absorbance at
400 nm, the peak associated with the 4-NP reactant.
Over time, this peak decreases in intensity, concomi-
tant with an increase in intensity for the peak at 300
nm associated with the 4-AP product. Figure 5b pre-
sents the decrease in the 400 nm absorbance as a
function of time, while Figure 5c displays a plot of
In(A4i/Ao) vs. time, where A represents the absorbance
at time ¢, and Ao is the initial absorbance. Thus, A/ Ao
1s proportional to the 4-NP concentration. The analy-
sis illustrated in Figure 5 has been previously em-
ployed by many research groups.22 2526 Linear fitting
of the plot in Figure 5c provides a pseudo first order
rate constant (k.»s). This approach was completed for
catalytic reactions over a temperature range of 15 —
35 °C. The resulting temperature-dependent koss val-
ues were then used in the Arrhenius plots like that

AuBP1[C-MAM] a
trans cis trans cis
0.150
[ 15°c
[ 20c MAM-CPd4 c Pd4[{C-MAM] d
04254 50¢
[ 30c
0.100 - [ 35°C
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Figure 6. koss values for the reduction of 4-NP cata-
lyzed by Au NPs capped with (a) AuBP1[C-MAM], (b)
Pd4C-MAM, () MAMC-Pd4 , and (d) Pd4[C-MAM].
Parts (e and f) present the catalytic data previously
published from reference 8 for Au NPs capped with (e)
AuBP1C-MAM and (/) MAM-AuBP1. This data is
shown for ease of comparison.

shown in of Figure 5d to determine activation ener-
gies (£) and pre-exponential factors (4).

Using the process shown in Figure 5, the pseudo
first order rate constants of for Au NPs stabilized by
AuBP1[C-MAM] were calculated at the selected reac-
tion temperatures and are presented in Figure 6a and
Table S2 of the Supporting Information. When the az-
obenzene molecule in the peptide was in the trans
configuration, the kossvalues ranged from (8.8 + 0.2) x
10351 to (65.6 + 2.9) x 103 st over the selected tem-
perature range; however, when the same Au NPs
were used to drive the reaction with the MAM in the
cis state, the rate constants ranged from (10.9 + 1.0)
x 103 g1 to (25.9 + 2.2) x 1031, Activation energies
calculated from this data were 73.2 + 5.2 kd/mol and
30.9 + 7.2 kd/mol for the trans and cis conformations,
respectively.

In previous experiments, Au NPs were prepared
with AuBP1 peptide that positioned the photoswitch
at the N- or C-terminus, denoted as MAM-CAuBP1
and AuBP1C-MAM.8 From those catalytic trials (Fig-
ures 6 e and f), the reduction of 4-NP was monitored
across a temperature range of 20 to 40 °C, and meas-
ured at four temperatures. Particles passivated with
AuBP1C-MAM (Figure 6e) while in the ¢rans confor-
mation had kobs ranging from (9.0 + 1.3) x 103 to (16.6
+0.7) x 103 s'1. When the photoswitch was isomerized
to the czs conformation, a significantly smaller range
of rate constants was observed, ranging from (4.2 +



0.7) x 103 sto (12.1 + 1.1) x 103 1. From this data,
the calculated activation energies were 23.0 = 3.5 and
35.3 + 4.0 kd/mol, for the trans and cis conformations,
respectively. When the photoswitch was placed at the
C-terminus of the AuBP1 peptide, neither pho-
toswitch conformation allowed for determination of
an activation energy (Figure 6f); however, when
MAM-CAuBP1 was in the transconformation, the &obs
values appeared to be relatively steady across the
specified temperature range, with an average value of
(10.9+1.3) x 10® s'L.

Pseudo first order rate constants for the Au NPs
capped with Pd4C-MAM ligands were determined in
a similar manner and are presented in Figure 6b. For
this system in the trans conformation, the k.ss values
ranged from (10.9 + 1.0) x 103 s! to (106.1 + 26.8) x
103 g1, while in the cis conformation, the kossvalues
spanned a significantly smaller range of (7.2 + 1.1) x
103 st to (42.1 + 3.3) x 103 s'.. These values show a
2.5-fold difference in the rate constants at 35 °C.
From this analysis, activation energies of 83.7 + 6.9
kd/mol and 64.6 + 4.4 kdJ/mol were determined for
trans and cis conformations respectively. Pseudo first
order rate constants were also extracted for the Au
NPs capped with MAM-CPd4 peptide (Figure 6¢). For
this system in the transconfiguration, the rate varied
from (17.4 + 0.5) x 103 s at 15 °C to (102.0 + 6.8) x
103 st at 35 °C. Interestingly, for the MAM-CPd4-
capped Au NPs in the cis conformation, the koss values
did not change with temperature; an average pseudo
first order rate constant of ~20.6x103 s was deter-
mined, regardless of the reaction temperature. This
suggests that a potentially unique surface structure
on these materials with the peptide in the cis form
may be occurring. That said, a roughly four-fold en-
hancement in reactivity was noted for these materials
with the peptides in the trans conformation over the
cis at 35 °C. While an activation energy cannot be cal-
culated for the NPs in the cis configuration, the £
value for the trans-based NPs was 63.3 + 2.9 kd/mol.

For the Au NPs passivated with Pd4[C-MAM], a no-
tably different reaction trend was observed (Figure
6d). For this system, Au NPs with the peptide over-
layer in the cis conformation displayed enhanced re-
activity as compared to the NPs with the peptide in
the trans configuration. More specifically, the reac-
tion rates for the cis Pd4[C-MAM] system ranged
from (15.3 + 1.0) x 103 s at 15 °C to (96.8 + 13.9) x
103 sl at 35 °C. This resulted in an activation energy
of 66.9 + 4.2 kd/mol. For the Au NPs in the ¢trans con-
formation, the reaction rates increased from (11.8 +
3.2) x 103 s! to (51.6 = 7.9) x 103 s'! over the same
temperature range, resulting in an F; value of 50.8 +
1.9 kJ/mol.

The above results show that, not only are reaction
rates different for the same NPs with the peptide in
the cisand trans states, but the temperature depend-
ence of reaction rates differs dramatically between cis
and trans states. In general, the isomerization state

producing the higher reaction rates also exhibited
higher activation energy. This is somewhat unex-
pected, as it implies a higher energetic barrier to re-
action for the state with a higher reaction rate. Gen-
erally, catalysts work by lowering activation barriers
to facilitate the reaction, and thus lower activation
barriers are characteristic of high reaction rates.
However, the activation energy alone does not deter-
mine the reaction rate. The frequency factor (4) was
determined from the y~intercept of the Arrhenius plot
(Figure 5d) for each catalytic system. A4 is related to
the frequency with which the reactant approaches the
activation barrier. Note that A does not discriminate
between successful and non-successful approaches,
rather, it reflects the total number of approaches. The
frequency factor is also related to the entropy differ-
ence between the reactants and transition state struc-
ture. A large value of A implies relatively high en-
tropy of the reacting system near the barrier to reac-
tion, or a relatively high density of states or pathways
leading to reaction.

For the AuBP1[C-MAM]-capped Au NPs, a large A
value of 1.60 x 108 st was determined with the peptide
in the trans state; however, the same NPs with the
ligands in the cis conformation yielded a significantly
smaller frequency factor of 5.04 x 103 s'1. This repre-
sents a difference of five orders of magnitude and re-
flects a one hundred thousand-fold higher rate of re-
action “attempts” in the trans state. Such effects are
not too surprising as changes in the biomolecular
overlayer structure are being exploited to change the
reactivity. As such, access to the catalytic surface is
anticipated to change, giving rise to the substantial
differences in the A values, which directly correlates
to the differences in reactivity.

Similar trends were noted for the Pd4C-MAM- and
Pd4[C-MAM]-capped Au NPs. Note that a correlation
could not be achieved for the MAM-CPd4-capped ma-
terials due to their unique reactivity. When consider-
ing the Pd4C-MAM-based NPs specifically, notably
different frequency factors were calculated: 1.64 x
1013 and 4.12 x 109 s’ for the NPs with the peptide in
the trans and cis structure, respectively. Again, the
higher A value for the trans conformation was the
source of higher koss values. For the Pd4[C-MAM]-
capped Au NPs, the situation was reversed. The ma-
terials with the cis form of the peptide were the most
active. When the A values were calculated for this
system, the optimal cis-based materials presented the
higher frequency factor (2.28 x 10 s'!) by approxi-
mately three orders of magnitude over the value for
the trans-based structures (1.82 x 107 s'1).

When considering the MAM-CPd4-capped Au NPs,
a unique situation is observed. While a typical Arrhe-
nius-type increase in the ks values with increasing
temperature was noted for the particles with the pep-
tide in the #rans conformation, the rate constants for
the same NPs with the peptide in the cis conformation
displayed nearly constant reactivity over the studied



temperature range. For this system, the materials re-
main stable and dispersed in solution throughout the
duration of the reaction, without any noticeable
changes, indicating that the particle structures re-
mained intact. Such stability is also supported by the
recyclability studies discussed below. This reactivity
difference suggests that the MAM-CPd4-capped NPs
present a surface structure that inhibits the reactiv-
ity when present in the czs conformation, and that
this structure is independent of temperature over the
range considered here. As such, the four-fold differ-
ences in kobs values at 35 °C likely arise from substan-
tial biointerfacial structural differences.

Across the majority of the different NP systems,
over the temperature range employed in this study,
higher rate constants arose from the conformation
with the higher frequency factor and higher activa-
tion energy. Differences in the catalytic activity be-
tween the isomerization states are attributed to the
peptide/NP interface that changes structure based
upon the conformation of the MAM unit. In each case,
one conformation dramatically increases the fre-
quency of reaction attempts, providing many more
pathways for the reaction to occur, but also a higher
barrier to reaction. The simplest explanation for this
would be that in each case, one isomer provides much
greater access to the underlying metal surface. Such
effects were clearly evident for three of the NP sys-
tems; however, notable differences were observed for
the MAM-CPd4-capped NPs which displayed a bioin-
terface structure in the cisconformation that strongly
inhibited reagent metal surface access at all temper-
atures. The large differences in both activation en-
ergy and frequency factor imply substantially differ-
ent reaction paths for the two isomerization states.

The recyclability of the NPs was also evaluated by
employing the materials in six consecutive reduction
reactions at 25 °C (Figure 7). In general, the reactivity
of the materials was stable over the selected number
of catalytic cycles. Interestingly, a jump in reactivity
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Figure 7: Recyclability studies of for multiple 4-NP
reduction reactions driven via Au NPs capped with
(a) AuBP1[C-MAM], (b) Pd4C-MAM, (c) MAM-CPd4,
and( d) Pd4[C-MAM].

after the first catalytic cycle was noted for each sys-
tem. Such changes have been observed previously and
may arise from restructuring of the metal atoms on
the NP surface in response to the first reaction.2? Nev-
ertheless, the NPs remain highly reactive and recy-
clable for at least six cycles, regardless of the peptide
surface conformation.

The observed changes in reactivity are controlled
by the structure of the peptide overlayer on the NP
surface, which is substantially affected by the peptide
sequence and the position of the photoswitch. Clear
differences in reactivity are observed when compar-
ing the NPs capped with either the AuBP1- or Pd4-
based hybrid biomolecules possessing the MAM unit
at the same position, as anticipated. Interestingly,
when comparing the materials capped with the Pd4-
derived biomolecules, a unique reactivity trend can be
observed based upon the MAM position. When the
photoswitch is included at the N-terminus (MAM-
CPd4), reactivity for NPs with the bio-overlayer in the
trans conformation is greater than the same materi-
als in the czs. When the MAM is positioned in the cen-
tral position, as in the Pd4[C-MAM] sequence, an op-
posite trend is observed where greater reactivity for
the NPs in the czs conformation is observed as com-
pared to the trans. Finally, for the Pd4C-MAM NPs
that integrate the azobenzene moiety at the C-termi-
nus, an unusual trend in reactivity is observed. In
this case, the NPs in the trans conformation display
great reduction capabilities; however, when the bio-
overlayer is photoswitched to the cis conformation,
the reactivity is nearly inhibited at all reaction tem-
peratures. This demonstrates how the position of the
photoswitch can be employed to directly modulate the
catalytic reactivity as a function of the isomerization
state. We note, however, that this trend is specific for
the Pd4 sequence, and different trends are likely to
occur for different peptides.

Our combined experimental and modeling data
clearly show that the placement of the azobenzene
MAM unit within the peptide affects the trends in
structural changes as a function of MAM isomeriza-
tion state. This is reflected in the catalytic activity
data, where larger reaction rate constants were ob-
served for the Pd4C-MAM- and MAM-CPd4-capped
Au nanoparticles for the trans conformation relative
to the cis state. The opposite was observed for the
Pd4[C-MAM] system that displayed greater reactiv-
ity for the czs conformation relative to trans. Such dif-
ferences were consistent with the modeling data that
indicated that the MAM-CPd4 featured an unex-
pected increase in peptide conformational order in the
cis structure, potentially giving rise to a ligand layer
structure that blocked the surface. The opposite trend
was observed for the other two conjugates of Pd4,
where conformational disorder increased for the cis
isomer compared with Zrans.

Conclusion



In summary, our combined experimental and com-
putational analyses demonstrate that positioning of
non-natural functional moieties into peptides can di-
rectly modulate the emergent material properties at
the biotic/abiotic interface. In this specific instance we
showed that the catalytic capabilities were altered
through site-selective integration of the azobenzene
photoswitch and the photoswitch isomerization state.
This allowed for substantial modulation of the cata-
Iytic properties of peptide-capped Au NPs, where up
to a four-fold difference in reactivity can be accessed
as a function of the light-driven switching of the pep-
tide conformation. Additionally, we have demon-
strated a system (MAM-CPd4) that presents a path-
way toward potential on/off reactivity where the bio-
molecule overlayer in one conformation greatly inhib-
its the overall reactivity in a temperature-independ-
ent manner. Such results could prove to be important
for both catalyst design and activation, as well as in
the development of new functional biomolecules for
the production of nanomaterials with applications in
sensing, energy, and therapeutics.

Materials and Methods

Materials. HAuCls was purchased from Acros Organics, and
NaBH4 was obtained from Sigma-Aldrich. Trifluoroacetic
acid (TFA), 4-nitrophenol (4-NP), and tri-isopropyl silane
(TIS) were sourced from Alfa Aesar, while methanol, ace-
tonitrile, and N,N-dimethylformamide (DMF) were ac-
quired from BDH. Lastly, piperidine, N, N-diisopropylethyl-
amine (DIPEA), N,N,N,N-tetramethyl-O-(1H-benzotriazol-
1-yDuronium hexafluorophosphate HBTU, hydroxyben-
zotriazole (HOBt), Wang resins, and FMOC-protected
amino acids were purchased from Advanced Chemtech. All
experiments were conducted using Ultrapure water (18.2
MQecm) and all reagents were used as supplied.

Peptide Synthesis and Azobenzene Coupling: Standard
solid phase FMOC protocols were used to synthesize all pep-
tides using a TETRAS peptide synthesizer (Creosalus).27
Peptide cleavage from the resin was achieved using
TFA/EDT/thioanisole/anisole (90:3:5:2) for 4 h, followed by
purification via reverse-phase HPLC (Waters Co. Delta 600
with 2498 Detector). Once purified, the identities of all pep-
tides were confirmed through ESI mass spectrometry.

The maleimide-azobenzene-maleimide (MAM) molecule
was synthesized and purified using previously published
protocols.12 Coupling of the photoswitch to the peptide was
achieved via standard thiol-maleimide coupling protocols,
with an excess of MAM present to encourage single peptide
to MAM pairings.12 After coupling, the reaction mixture was
purified using centrifuge filtration (Amicon Ultra-0.5 Cen-
trifugal Filter Devices 3000 NMWL (Millipore)). The reten-
tate was diluted with ~2 mL of water and then lyophilized.

Peptide-Capped Au NP Synthesis. Standard synthesis pro-
tocols were employed to generate the peptide-capped Au
NPs.8 12 Briefly, 10 gL of HAuCls (0.1 M) was diluted with
2.96 mL of water, followed by addition of 2 mL of the pep-
tide-MAM conjugate in water (stock solution is 0.25 mM).
The mixture was stirred on the bench top for 15 min to allow
for the metal ions to complex with the peptide. Next, 30 uL

of freshly prepared NaBH4 (0.10 mM) was added to the mix-
ture and swirled by hand three times. The reaction was then
allowed to sit undisturbed for 1 h on the benchtop.

Characterization. Once prepared, the NPs were allowed to
sit for 24 h prior to optical analysis. Each sample was ana-
lyzed using an Agilent 8453 UV-vis spectrophotometer with
1 cm path length quartz cuvettes. TEM imaging was con-
ducted using a JEOL JEM-2010 TEM at a 200kV working
voltage. All of the TEM samples were prepared by drop cast-
ing 10 uL of the NP solution onto a carbon coated copper
TEM grid. Image analysis was conducted to determine NP
sizes using the Imaged software. At least 100 NPs per sam-
ple were counted over multiple regions on the TEM grid.

Catalytic Reaction Analysis. The synthesized NPs were
tested for their catalytic activity via the reduction of 4-NP
using previously reported methods.8 Briefly, in a 1 cm path
length quartz cuvette, 975 uL of water was mixed with 450
1L of the NP solution, yielding a 60 zM NP solution based
upon total metal concentration. To this solution 25 ul of
freshly prepared NaBH4 was added, resulting in a 60 mM
concentration. The solution was allowed to sit for 10 min be-
fore 50 uL of 4-NP (3.6 mM) was mixed into the solution. In
this reaction, a concentration of 120 zM of the 4-NP reagent
was present, thus the NaBH4 was in substantial excess. Af-
ter all additions, the final volume of the reaction mixture
was 1.5 mL. For the reaction analysis, UV-vis spectra were
recorded at 400 nm every 5 s to monitor reaction progress.

Molecular Simulations. The surface-adsorbed conforma-
tional ensembles of all Pd4- and AuBP1-based hybrid mole-
cules were predicted using Replica Exchange with Solute
Tempering (REST)2829 molecular dynamics (MD) simula-
tions. We performed a REST-MD simulation for each of the
hybrid molecules AuBP1[C], AuBP1[C-MAM], Pd4[C],
MAM-CPd4, Pd4C-MAM, and Pd4[C-MAM] adsorbed at the
aqueous planar Au (111) interface. Each REST-MD simula-
tion comprised a single hybrid molecule adsorbed at the Au
(111) interface in the presence of liquid water. Earlier stud-
ies indicated that the Au(111) surface is a reasonable surro-
gate for the polycrystalline Au substrate, as used in the
QCM experiments.3032 The polarizable GolP-CHARMM
force-field,333¢ the CHARMMZ22* force-field,3536 and the
modified TIP3P potential37-38 were used to describe the in-
teractions involving the Au surface, the hybrid molecule,
and water, respectively. The GolP-CHARMM force-field has
been recently demonstrated to give results consistent with
the experimentally-determined binding free energy of the
AuBP1 peptide at the aqueous Au interface.30 We used the
Gromacs3? software package for all of the simulations de-
scribed herein. Additional details, including simulation
analyses, and evidence of REST-MD sampling efficacy and
sampling equilibration, can be found in the ‘Computational
Methodology’ section of the Supporting Information.
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