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ABSTRACT: The realization of multifunctional nanoparticle systems is essential to achieve highly efficient catalytic materials for
specific applications; however, their production remains quite challenging. They are typically achieved through the incorporation of
multiple inorganic components; however, incorporation of functionality could also be achieved at the organic ligand layer. In this
work, we demonstrate the generation of multifunctional nanoparticle catalysts using peptide-based ligands for tandem catalytic func-
tionality. To this end, chimeric peptides were designed that incorporated a Au binding sequence and a catalytic sequence which can
drive ester hydrolysis. Using this chimera, Au nanoparticles were prepared, which sufficiently presented the catalytic domain of the
peptide to drive tandem catalytic processes occurring at the peptide ligand layer and the Au nanoparticle surface. This work represents
unique pathways to achieve multifunctionality from nanoparticle systems tuned by both the inorganic and bio/organic components,
which could be highly important for applications beyond catalysis, including theranostics, sensing, and energy technologies.

INTRODUCTION

The design and deployment of multifunctional nanoparticle
systems is critical to the advance of multiple applications rang-
ing from theranostics to energy technologies.'* The challenge
with this ability, however, lies in the production of the nanopar-
ticles themselves, which requires advanced synthetic strategies
to make complex, multicomponent materials. One avenue to
achieve multifunctional nanoparticles that is underexplored for
energy-based applications focuses on the integration of func-
tional ligands at inorganic particle surfaces.”” In this situation,
the ligands could be designed to both stabilize the nanoparticle
while engendering specific functionalities into the material.®
This could be transformational for nanocatalysts where the cat-
alytic inorganic core component could be coupled with addi-
tional functionalities at the ligand surface for secondary cata-
lytic domains, substrate selectivity, etc. Unfortunately, the de-
sign of complex ligands for such abilities remains difficult.

Strategies to prepare functional ligands that bind inorganic
nanoparticles are possible;’'! however, by necessity, these mol-
ecules can be complex. There must be a separate metal surface
binding domain and a functionality domain. In this case, the
functional domain typically must be presented away from the
surface; however, should unanticipated binding of this domain
to the surface occur, this could lead to inhibition of the ligand
functionality. As such, this makes the design of traditional or-
ganic ligands to achieve such capabilities complex and poten-
tially difficult.

As an alternative, bio-inspired approaches could be used to
design multifunctional ligands that precisely bind the nanopar-
ticle surface while presenting secondary ligand functionali-
ties.'>'” To this end, peptides have been identified with the abil-
ity to bind and stabilize inorganic nanoparticles, including no-
ble metal particles'® (e.g., AuBP1, WAGAKRLVLRRE, which
binds to Au'?), while additional sequences are known to possess
inherent catalytic capabilities. For instance, Ulijn and cowork-
ers have identified the CPN3 peptide (DLRSCTACAVNA),

which can catalyze ester hydrolysis.** By coupling these pep-
tides together, a new chimeric species could be realized with
both a domain responsible for binding the nanoparticle and one
for secondary functionality (e.g., catalysis). By anchoring the
peptide to a catalytic nanoparticle, multistep, tandem catalysis
could be possible, mimicking enzymatic cascades.

In this contribution, we demonstrate a new concept for the
design of multifunctional nanoparticle ligands using biomi-
metic approaches for the generation of single nanoparticle cas-
cade catalysts (Scheme 1). In this regard, a biomolecule was
designed that incorporated a Au nanoparticle binding domain
(AuBP1) and a catalytic domain (CPN3) into a single chimeric
sequence. For this, two specific constructs were made: either
the AuBP1-CPN3 or CPN3-AuBP1, which positioned the Au
binding domain at either the N- or C-terminus, respectively.
These peptides were subsequently employed to generate pep-
tide-capped Au nanoparticles where the biomolecules bound
the Au surface through the AuBP1 domain, thus presenting the

Scheme 1. Biointerfaces for tandem catalysis. Catalytic peptides
are bound to Au nanoparticles to drive the multistep reaction in-
dicated. At right is a diagram of the multicomponent peptide.
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catalytic CPN3 to solution. From this unique structure, multi-
step cascade-like catalytic functionality was achieved, which is
sensitive to the orientation of the two domains in the chimeric
bioligand. For the model tandem reaction (Scheme 1), hydroly-
sis of 4-nitrophenyl acetate (4-NPA) was catalyzed at the pep-
tide interface to generate 4-nitrophenol (4-NP). This intermedi-
ate was subsequently converted to 4-aminophenol (4-AP) at the
Au surface, demonstrating the multistep functionality. This rep-
resents new capabilities from the surface bound ligands, which
could be programmed based upon the functionality of the inor-
ganic core. While synergistic activities are demonstrated for ca-
talysis, similar capabilities could be achieved for other applica-
tions ranging from drug targeting/delivery to energy harvest-
ing/storage.

EXPERIMENTAL SECTION

Materials

All peptides were commercially synthesized and acquired from
Genscript (295% purity). Methanol (ACS grade), H,O, (35%),
KCIl, HCI (ACS grade), and NaOH were purchased from VWR.
HAuCl, and 4-nitrophenyl acetate (98+%) were both obtained
from Alfa Aesar, while 4-nitrophenol (99%) and Na,HPO,4 were
procured from Acros. NaBHy (97%) was sourced from Bean-
town Chemicals and ammonia (25% in water) was obtained
from Ward’s Scientific. NaH,POs was purchased from
Mallinckrodt Chemicals. For the QCM analysis, all Au sensors
were purchased from Biolin and Hellmanex III was obtained
from HellmaAnalytics. Finally, Ultrapure Milli-Q water (18.2
MQ:cm) was used from a Millipore Direct-Q system. All chem-
icals were used as received.

Quartz Crystal Microbalance (QCM) Binding Analysis.
Prior to binding measurements, the Au-coated QCM sensors
were exposed to UV/ozone treatment for 10 min and then sub-
merged in a 5:1:1 solution of water, ammonia (25%), and hy-
drogen peroxide (30%). This mixture was heated at 75 °C for 5
min.?! The sensors were then immediately rinsed with water,
dried with N,, and then exposed to UV/ozone treatment for 10
min. Once the sensors were cleaned, they were inserted into a
QSense 4 QCM system (Biolin) where water was flowed over
the sensor surface for 10 min. Following this time, aqueous so-
lutions of selected peptide concentrations were flowed over the
sensors for 30 min to quantify peptide binding to Au. After the
binding analysis, Hellmanex III was flowed through the system
for 5 min, followed by flowing water for 25 min and then air for
5 min before proceeding to remove sensors. The binding analy-
sis was conducted at five different peptide concentrations rang-
ing from (0.13 — 1.8) x 102 mM where previously described
methods were used to quantify and calculate the binding free
energy of the peptide to Au.'”2>%

Nanoparticle Synthesis. Standard methods were employed to
prepare the peptide-capped Au nanoparticles.* For this, 4.96
mL of 0.1 mM aqueous peptide was combined with 10 pL of
100 mM aqueous HAuCl, followed by stirring at 300 rpm for
15 min. Next, 30 pL of freshly prepared, aqueous 0.1 M NaBH4
was added dropwise to the solution. The vial was gently swirled
until a color change occurred and then allowed to sit at room
temperature for 1 h.

Nanoparticle Characterization. UV-vis analysis was con-
ducted using an Agilent 8453 spectrometer with a 1 cm path

length quartz cuvette. TEM samples were prepared by drop
casting 15 pL of a freshly prepared nanoparticle solution onto a
lacey carbon-coated 200 Cu-mesh TEM grids (EM Science).
The samples were allowed to dry overnight in a desiccator at
room temperature. TEM was subsequently conducted using a
Talos-200FX microscope operating at 200 kV. Sizing of at least
70 particles per sample was completed to ascertain the average
diameter.

4-NPA hydrolysis reactivity. A 119 mM phosphate buffer was
prepared at pH 8.0. For the hydrolysis reaction, 1.8 mL of 0.05
mM peptide in buffer was combined with 120 pL of methanol
and 80 pL of 0.320 mM 4-NPA in methanol. Immediately after
substrate addition, the system was monitored at 405 nm via UV-
vis analysis for 10 min to quantify 4-NP production over time.

4-NP reduction reactivity. For the reduction of 4-NP, standard
reaction procedures were employed.?>?® Briefly, 1.8 mL of 0.05
mM peptide-capped Au nanoparticles in buffer was mixed with
80 uL of 0.320 mM 4-NP, which stirred for 5 min. To this mix-
ture, 120 uL of 2.0 M aqueous NaBH,4 was added. The reaction
was again quantified via kinetic UV-vis analysis at 405 nm for
the consumption of the 4-NP substrate.

RESULTS AND DISCUSSION

For the generation of multistep catalytic nanoparticle system,
two different peptide ligands were designed: AuBP1-CPN3 and
CPN3-AuBPI1 (Table 1). In the first case, the Au binding
AuBP1 domain is positioned at the N-terminus, followed by the
catalytic CPN3 domain at the C-terminus. For the latter se-
quence, the order of the two domains were reversed. In both
cases, a four glycine spacer was incorporated between the two
specific domains. These two sequences were important to iden-
tify sequence structural effects that could alter the activity of
either domain, which must work independently. In this arrange-
ment, the AuBP1 domain is anticipated to anchor the biomole-
cule to the Au nanoparticle surface while presenting the second-
ary catalytic domain to solution. Prior studies have demon-
strated that the order of domain incorporation into the chimeric
sequence can alter the binding event, necessitating the two se-
quences. '

Table 1. Peptide sequences, binding free energy values to Au, and
nanoparticle diameters.

Name Sequence AG (kJ/mol) Diameter (nm)
CPN3 DLRSCTACAVNA -28.7+0.9 4.1+0.8
*AuBP1 WAGAKRLVLRRE -40.7+2.1 3.1+£0.7
WAGAKRLVLRREGGGG-
AuBP1-CPN3 DLRSCTACAVNA -286+1.0 2.7+0.7
DLRSCTACAVNAGGGG-
CPN3-AuBP1 WAGAKRLVLRRE -274+16 28+0.8

*Data for AuBP1 taken from ref 17.

With production of the two chimeric peptides, their affinity,
as well as that for the catalytic CPN3 peptide, for Au was meas-
ured via QCM (Table 1). From this method, a binding free en-
ergy (AG) of -28.7 + 0.9 kJ/mol was determined for CPN3 bind-
ing to the Au surface. Such a value is notably lower than previ-
ously observed for the AuBP1 sequence for Au (-40.7 + 2.1



kJ/mol)."” This significant difference in affinity is highly im-
portant to ensure that the AuBP1 domain preferentially binds to
Au instead of the CPN3 domain.

Quantification of the binding affinity was subsequently per-
formed for the two chimeric peptides, giving rise to AG values
of -28.6 + 1.0 and -27.4 + 1.6 kJ/mol for the AuBP1-CPN3 and
CPN3-AuBPI, respectively. Such values were lower than that
for the AuBP1 peptide binding alone, but were sufficiently
strong to ensure binding to the Au nanoparticle surface. Fur-
thermore, with the binding free energy values being similar, this
suggests that the order of domain incorporation does not signif-
icantly affect the overall affinity; however, it may alter the
presentation of the catalytic domain, inhibiting ligand hydroly-
sis functionality.

With confirmation of peptide affinity for Au, the production
of peptide-capped Au nanoparticles was examined. For this, the
selected peptide was commixed with two equivalents of
HAuCl, in water and subsequently reduced with NaBH4 to gen-
erate the final material. Figure 1a presents the UV-vis analysis
of the different nanoparticles after reduction. In general, all of
the materials demonstrated an increase in absorbance towards
lower wavelengths, as anticipated for nanoparticles. Interest-
ingly, only the AuBP1-capped materials displayed a broad plas-
mon band at 530 nm, consistent with prior results.!” The other
materials did not display a plasmon due to a sufficiently small
particle size or lower particle concentration. TEM analysis of
the peptide-capped Au nanoparticles was completed to image
the final materials. In general, spherical nanoparticles were pre-
pared using the AuBP1-CPN3 (Figure 1b), CPN3-AuBP1, and
CPN3 peptides (Supporting Information, Figure S1) with aver-
age sizes of 2.7+ 0.7, 2.8 +£ 0.8, and 4.1 + 0.8 nm, respectively.
Such sizes were comparable to those prepared using the AuBP1
sequence (3.1 0.7 nm)."”
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Figure 1. Peptide-capped nanoparticle characterlzatlon Part (a)
presents the UV-vis analysis of the materials capped by the indi-
cated peptide, while part (b) presents a TEM image of the
AuBP1-CPN3-capped Au nanoparticles.

With confirmation of nanoparticle formation for the chimeric
peptides, studies of the catalytic reactivity of the materials were
completed. Initially, the first reaction of the tandem process, hy-
drolysis of 4-NPA to 4-NP (Figure 2a), was studied using the
peptides alone. Such studies were important to confirm the in-
herent reactivity of the CPN3 and chimeric sequences. For this,
the reaction was analyzed in phosphate buffer at pH 8, which
was observed to be optimal for this reaction. To drive the cata-
lytic process, the 4-NPA substrate was added to the peptide
mixture, resulting in rapid hydrolysis to generate the colored 4-
NP species. UV-vis spectroscopy was used to observe the
growth of the 405 nm 4-NP absorbance to quantify the reaction
kinetics. Figure 2b presents the growth in this absorbance as a

function of time for all of the peptide-driven reactions. A degree
of background reactivity was noted for the system, giving rise
to the observed absorbance at reaction initiation. As a control,
the reaction was studied in buffer in the absence of peptide
where background hydrolysis was observed with a rate constant
(k) of (2.1 £ 0.1) x 10 s (Figure 2c). This control was con-
ducted under identical conditions (1.8 mL phosphate buffer, pH
8.0, and 200 L. MeOH), thus the only difference was the lack
of peptides to drive the reaction. Note that the rate constants are
reported as average values + one standard deviation from the
mean for triplicate analyses.
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Figure 2. Catalytic analysis of the CPN3-peptide for hydrolysis
of 4-NPA. Part (a) presents the reaction, while part (b) displays
the UV-vis analysis at 405 nm of the reaction driven by the in-
dicated peptide. Part (c) presents the & values for the peptide
driven reaction, while part (d) shows the rate constants for the
reaction driven by the peptide adsorbed onto the Au nanoparti-
cle surface.

When the CPN3-based peptide reactivity was analyzed, en-
hanced reaction rate constants were observed compared to the
background (Figure 2¢). For the CPN3 parent peptide reactivity,
a k value of (3.4 £ 0.4) x 10° s was quantified, which was
slightly higher than prior results? due to differences in reaction
conditions. This represents a 62% enhancement as compared to
the background. Ulijn and coworkers suggested that the basis



for this reactivity likely arises from the serine and cysteine res-
idues in the sequence;?* however, further studies are required to
confirm this theory. For an additional control analysis, the reac-
tivity of the AuBP1 peptide was also studied, which demon-
strated activity consistent with the background (k= (2.0 £ 0.4)
x 107 s). As anticipated, no reactivity associated with the Au
binding domain was observed. When the hydrolysis reactivity
of the chimeras was analyzed, rate constant values of (3.5 + 0.3)
x 107 and (4.8 £ 0.4) x 103 s! were noted for the AuBP1-CPN3
and CPN3-AuBP1 peptides, respectively. Such values suggest
that incorporation of the catalytic domain into the larger bio-
molecule did not inhibit reactivity and may actually increase the
catalytic capability for the CPN3-AuBP1. Prior studies of dif-
ferent materials binding peptides have demonstrated changes in
binding affinity and adsorbed structure when conjugated to sec-
ondary functionalities.'*'** These differences arise from
changes to the overall structure of the biomolecule, which could
be occurring in the CPN3-AuBP1 chimera to promote increased
reactivity; however, additional analyses are required to confirm
such an effect.

The hydrolysis reactivity of the peptides once immobilized
on the Au nanoparticle surface was subsequently studied (Fig-
ure 2d). For this, identical reaction procedures were employed;
however, using the nanoparticles, the pH of the reaction system
decreased to 7.7. At this lower pH, slightly diminished back-
ground reactivity was noted from the control in the absence of
the nanoparticles, with a k value of (1.2 £ 0.2) x 10~ s”'. For the
Au nanoparticles capped with either the CPN3 or AuBP1 pep-
tides, similar degrees of reactivity as compared to the control
were noted with rate constants of (1.4 + 0.2) x103 and (1.0
0.4) x 107 s, respectively. This was anticipated for the non-
reactive AuBP1 and for the CPN3, as well. For CPN3, the reac-
tivity was suppressed due to the binding event between the pep-
tide and the Au nanoparticle, preventing exposure of the bio-
molecule to solution for reactivity.

Reactivity analysis for the hydrolysis of 4-NPA using the na-
noparticles capped with the two chimeric peptides provided
highly interesting results. For the AuBP1-CPN3-capped Au na-
noparticles, a k value of (2.0 + 0.06) x 10 s™! was noted, which
is higher than the background (67% enhancement). This sug-
gests that the peptide-based reactivity was retained in this sys-
tem where the CPN3 catalytic domain was sufficiently pre-
sented to solution to drive 4-NPA hydrolysis. Interestingly,
when the second chimeric peptide-capped Au nanoparticle
(CPN3-AuBP1) was studied for the reaction, a rate constant
equivalent to the background reaction was observed (k= (1.3
0.3) x 10~ s™"). This indicates that for this chimeric peptide, the
catalytic domain was in sufficient contact with the Au surface,
thus preventing reactivity. As such, the order of domain incor-
poration into the chimeric biomolecule has a significant effect
on the peptide surface adsorbed structure to inhibit ligand hy-
drolysis reactivity.

It is quite interesting that such different reactivity for 4-NPA
hydrolysis was observed from the two chimera once adsorbed
to the Au nanoparticle surface. This indicates that exposure of
the catalytic domain was achieved for the AuBP1-CPN3 sys-
tem; however, for the CPN3-AuBP1 sequence, the catalytic do-
main was presented in a way that prohibits reactivity. Prior stud-
ies have demonstrated that changes to the overall peptide se-
quence can have significant effects on the structure of the bio-
molecule in the surface adsorbed state.'> '*? This structural
change as a function of domain order in the chimera could have

dramatic implications on the reactivity, giving rise to the differ-
ent hydrolysis capabilities for the two chimera-capped Au na-
noparticles (i.e., reactivity for AuBP1-CPN3 and no reactivity
for CPN3-AuBP1). Ulijn and coworkers have indicated that the
cysteine and serine residues of CPN3 are potentially the basis
for the reactivity,” thus they are more likely to be exposed for
the reactive AuBP1-CPN3 system as compared to the catalyti-
cally inactivity CPN3-AuBP1.

To confirm this effect of the cysteine residues, derivatization
of the thiols in the free CPN3 peptide was completed using the
Ellman’s reagent.’® Employing the derivatized free peptide, no
hydrolysis reactivity above the background was noted, confirm-
ing the role of the cysteine residue. Next, the AuBP1-CPN3-
capped Au nanoparticles were derivatized using the Ellman’s
reagent. Should the cysteines not be adsorbed to the Au nano-
particle, they would be susceptible to derivatization, thus lead-
ing to diminished hydrolysis reactivity. Using these derivatized
Au nanoparticles, a k value of (1.6 £0.1) x 105! was observed
(Figure 2d — light blue bar), which was notably lower than for
the underivatized materials. This result demonstrates that the
cysteine residues were exposed at the hydrolysis active site,
which upon derivatization, leads to their catalytic deactivation.

After elucidating the reactivity of the peptide ligands for the
first step in the tandem reaction, the catalytic activity of the un-
derlying Au core for the second step in the process (4-NP
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Figure 3. Catalytic analysis of the peptide-capped Au nanopar-
ticles for the reduction of 4-NP to 4-AP. Part (a) displays the
anticipated reaction, while part (b) presents the change in ab-
sorbance at 405 nm throughout the reaction. Part (c) shows the
calculated & values for the reaction after the lag time using the
Au nanoparticles capped with the indicated peptides.



reduction to 4-AP — Figure 3a) was examined. This reaction is
well-known to occur directly on the metallic surface.” To mon-
itor the reaction, consumption of the 4-NP intermediate was
monitored via a decrease in the 405 nm absorbance as a function
of time. Figure 3b plots this analysis. For each reaction system,
a lag time was noted that was likely due to O, consumption in
the solution;?® however, quantification of k values was deter-
mined immediately after completion of the lag time. For all of
the systems in the absence of nanoparticles, no reaction was ob-
served, as anticipated. When the peptide-capped Au nanoparti-
cles were studied, rapid 4-NP reduction was noted. For the two
nanoparticle control systems capped with the CPN3 and AuBP1
peptides, reaction k values of (1.2 + 0.2) x10 and (1.1 = 0.2) x
10 5! were quantified, respectively (Figure 3c).

Interestingly, when the nanoparticles capped with the two
chimeric peptides were employed to drive the reduction reac-
tion, diminished reactivity was noted, giving rise to a rate con-
stant of (7.9 = 1.7) x 103 s™! for the AuBP1-CPN3-capped par-
ticles and (7.9 % 0.08) x 107 s™! for the CPN3-AuBP1-capped
materials. The diminished reactivity for the second step of the
tandem process was somewhat surprising; it may be related to
the increased amount of biological ligand present on the nano-
particle that could inhibit access of the 4-NP substrate to the
catalytic metal surface. Nevertheless, 4-NP reduction reactivity
was observed from these species, confirming that they could be
used for the second step of the tandem process.

With confirmation of reactivity for both 4-NPA hydrolysis
and 4-NP reduction, the tandem reactivity for the AuBP1-
CPN3-capped Au nanoparticles was examined (Figure 4). Since
the CPN3-AuBP1-based system demonstrated negligible reac-
tivity for 4-NPA hydrolysis, its reactivity for the tandem reac-
tion was not further explored. Using the AuBP1-CPN3-capped
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Figure 4. Tandem catalytic analysis of the AuBP1-CPN3-capped
Au nanoparticles. Part (a) presents the absorbance at 405 nm
throughout the reaction where 4-NPA hydrolysis is occurring
prior to 600 s, which is followed by 4-NP reduction after this time
point. Part (b) presents the rate constant value calculated for the
nanoparticles and control for both steps of the process.

materials, the tandem process was initiated by driving 4-NPA
hydrolysis. Once the process reached near completion at ~600
s, NaBH4 was injected into the system to initiate reduction of
the 4-NP intermediate to generate the 4-AP final product. Note
that the steps must be separated to facilitate UV-vis monitoring
of the reaction phases.

Figure 4a presents the change in absorbance intensity as a
function of time at 405 nm. This absorbance should increase as
a function of 4-NP intermediate production during the first step
of the tandem process, which it does for both the control and
AuBP1-CPN3-capped Au nanoparticles. As anticipated (Figure
4b), the k values for the first step were greater for the nanopar-
ticle catalyzed system ((1.8 + 0.3) x 10”* s™') versus the control
((1.2£0.2) x 107 s).

After ~600 s, injection of NaBH, occurred, giving rise to a
significant increase in absorbance. Such a jump arises from
deprotonation of the 4-NP intermediate to generate 4-nitrophe-
nolate, which has a significantly higher molar absorptivity con-
stant at 405 nm.?! To confirm this effect, the pH of the reaction
system after NaBH, addition was measured to be ~10, which
would be sufficient to fully deprotonate 4-NP. After a lag time
of ~400 s for the tandem catalyst system, rapid 4-NP reduction
was observed to generate the 4-AP final product. For this pro-
cess, significant catalytic turnover was observed (Figure 4a),
giving rise to a k value of (9.9 + 1.7) x 107 5", For the control
reaction in the absence of the nanoparticles, no change in ab-
sorbance of the 4-NP intermediate was noted over the time
frame of the study, consistent with the lack of reactivity.

To further examine the tandem functionality of the AuBP1-
CPN3-based system, a new reaction was examined wherein free
CPN3 peptide was mixed in solution with AuBP1-capped Au
nanoparticles. Using this system, the two catalytic regions were
physically separated. Identical procedures were subsequently
employed as in Figure 4 where the free CPN3 peptides drove 4-
NPA hydrolysis to produce 4-NP. After ~600 s, NaBH4 was
added to drive the second step of the reaction (4-NP reduction
to 4-AP). In this system, the rate constant for 4-NPA hydrolysis
was (1.8 £0.4) x 107 s! and for 4-NP reduction was (1.2 £ 0.2)
x 107 s’ Such values were consistent with the k values ob-
served for the tandem catalysts. Taken together, this confirms
two key factors about the chimeric-based system: Incorporation
of the CPN3 into the CPN3-AuBP1 peptide, and passivation of
the chimera onto the Au nanoparticle, does not diminish or in-
hibit hydrolysis activity. Unfortunately, simultaneous initiation
of both steps of the reaction could not be completed due to the
UV-vis reaction quantification method that relied upon the 405
nm absorbance for intermediate production and consumption.

In addition, the effect of the 4-NPA concentration on the tan-
dem reactivity of the AuBP1-CPN3-capped Au nanoparticles
was also analyzed to determined changes in reaction kinetics.
In this case, five substrate concentrations were explored: 0.1,
0.2, 0.32, 0.5, and 0.6 mM. Note that 0.32 mM is the standard
reaction concentration used above. As shown in Figure 5a, at a
4-NPA concentration of 0.1 mM, the k£ value for the peptide-
catalyzed hydrolysis reaction was (0.8 £ 0.1) x 107 5™, As the
4-NPA concentration increased, larger rate constants were ob-
served, giving rise to a maximum value of (2.5 £ 0.1) x 107 s™!
at 0.6 mM substrate. In all case, the k values were greater for
the peptide-catalyzed hydrolysis reaction as compared to the
peptide-free control reactions, confirming that the biomolecules
were increasing the reaction rates. From this analysis, it was



evident that a logarithmic increase in rate constants was ob-
served as a function of substrate concentration. This suggests
that some type of binding of the 4-NPA substrate to the peptide-
capped Au nanoparticles is required to drive the reaction, simi-
lar to an enzyme. Such results are different from the prior ob-
servations of Ulijn and colleagues, which suggested that bind-
ing was not required for the free peptide in solution.”® Addi-
tional analysis of the catalytic parameters of the peptide-capped
system are presently being explored separately.
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Figure 5. Effects of substrate concentration on catalytic reac-
tions. Part (a) presents the analysis for changes in 4-NPA con-
centration for ester hydrolysis, while part (b) displays the results
for reduction of 4-NP produced in part (a).

After completion of the 4-NPA hydrolysis, injection of the
NaBH, was used to drive the second step of the reaction at the
different substrate concentration. Figure 5b presents the k val-
ues for this step obtained during the production of 4-AP from
4-NP. In this case, a relatively low rate constant of (3.2 + 0.5) x
107 57! was obtained at a starting concentration of 0.1 mM; how-
ever, at the two higher concentrations, equivalent k values were
obtained of ~9 x 107 s'. Taken together, this suggests that the
process was sensitive to the starting material concentration, par-
ticularly for the hydrolysis step.

To achieve tandem catalytic functionality, the present mate-
rials exploit both the catalytic inorganic nanomaterial as well as
catalytic ligands displayed at the surface. Such capabilities are
different from other nanocatalysts where multiple inorganic
components are exploited for tandem catalytic activity.> 3233
One comparable system was previously described by Filice et.
al that exploited a lipase enzyme (CAL-B) to generate Pd nano-
particles for tandem functionality.** In this case, the lipase ad-
sorbed to a Pd nanoparticle drove hydrolysis of 4-nitrobutyrate,
where the nitro group was subsequently reduced at the Pd sur-
face. In this case, the enzyme also served to reduce Pd*" ions to
generate the nanoparticles. While tandem reactivity was ob-
served, nanoparticle production/stabilization led to diminished

enzymatic activity. In addition, the system is likely to be sensi-
tive to the reaction conditions due to the requisite secondary
structure of the enzyme. In separate work, Mikolajczak and
Koksh were able to achieve similar tandem catalytic reactivity
using a catalytic peptide anchored on a Au nanoparticle sur-
face.*® The key differences here is that the peptides were an-
chored to the Au particle via thiol residues, which could poison
the metal surface to inhibit reactivity. Such binding is also not
specific (as achieved using the AuBP1 binding domains pre-
sented herein), which could be present issues in displaying the
catalytic domain. Interestingly, for this peptide, it was not cata-
lytically reactive until bound to the particle surface; when free
in solution, it was inactive. This suggests that the peptide re-
quired more complex interactions to achieve catalytic turnover
as compared to the present system that simplifies the tandem
catalytic activity.

Using the AuBP-CPN3-based materials, significant reactiv-
ity associated with the surface bound peptide was maintained
when adsorbed to the Au nanoparticle. In addition, no second-
ary structure or cooperative interpeptide interactions were re-
quired for the peptide to drive the reaction, suggesting that the
peptide-based system is amenable to changes in the reaction
conditions. For the other two comparable systems, secondary
structure (enzyme) and interpeptide interactions (peptides) are
required, which are likely to be highly sensitive to the ligand
interfacial morphology and solution conditions, both of which
could be overcome in the present system. Finally, based upon
the chimera structure, highly controlled docking of the peptide
to the particle surface can be achieved to ensure efficient
presentation of the secondary functionality to optimize the
properties.

CONCLUSION

In conclusion, this work has demonstrated a unique tandem cat-
alytic functionality, integrating reactivity from both the cata-
lytic nanoparticles and catalytic peptides. The specific reactivi-
ties were tuned to work synergistically to achieve tandem func-
tionality. The ability to generate the functional ligands revolved
around biological recognition capabilities, ensuring specific lig-
and binding to the Au nanoparticles (AuBP1) and presentation
of the catalytic CPN3 domain. This specificity is key to achiev-
ing functional ligands on nanoparticle surfaces to achieve mul-
tifunctional capabilities. The activities of peptides are expan-
sive and can be tuned to act synergistically with the properties
of the underlying nanoparticle composition, thus allowing for
the development of multifunctional bio-based nanoparticle sys-
tem for activities beyond catalysis.
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