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De novo designed peptides form a highly catalytic
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Here we demonstrate that short peptides, de novo designed from first principles, self-assemble on the
surface of graphite to produce a highly robust and catalytic nanoarchitecture, which promotes peroxi-
dation reactions with activities that rival those of natural enzymes in both single and multi-substrate reac-
tions. These designable peptides recapitulate the symmetry of the underlying graphite surface and act as
molecular scaffolds to immobilize hemin molecules on the electrode in a hierarchical self-assembly
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manner. The highly ordered and uniform hybrid graphite—peptide—hemin nanoarchitecture shows the
highest faradaic efficiency of any hybrid electrode reported. Given the explosive growth of the types of
chemical reactions promoted by self-assembled peptide materials, this new approach to creating
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Introduction

De novo designed short peptides have recently emerged to
form nano-assemblies in solution and exhibited chemical reac-
tions with activities that rival those of natural enzymes." The
rapidly growing repertoire of the reactions promoted by these
materials, often referred to as catalytic amyloids,” their versati-
lity in productive accommodation of various cofactors,® their
highly designable sequences, and their simple molecular
structures that can be produced in large amounts at low cost
offer an exciting possibility of creating highly efficient hybrid
materials for different electrochemical applications. Yet, all
the currently reported applications of these catalytic peptide
amyloids were demonstrated in solution, and no attempts to
incorporate these into complex assembled structures on solid
surfaces were made.

Graphene, a single layer of graphite, has motivated much
research due to its unique electrical and physicochemical pro-
perties, including electrical conductivity, large surface area,
chemical robustness, and mechanical stability.* For electro-
chemical applications, graphene can be functionalized by
partial oxidation and immobilization of functional molecules
on its surface.”” Simultaneously, peptide-functionalized gra-
phene electrodes have been shown to have applications in
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complex electrocatalytic assemblies will yield highly efficient and practically applicable electrocatalysts.

biosensing.®

Moreover, graphitic surfaces have been used as
templates for peptides to form  highly ordered
nanostructures,” ™7 offering a unique possibility to act as a
versatile platform for hierarchical self-assembly.'®'® Hybrid
architectures with cofactors supported by self-assembled pep-
tides on graphitic surfaces can be highly efficient and robust
electrocatalysts for a variety of practical applications.>?%>*

We hypothesized that assembling catalytic peptides on a
graphitic surface would fully harness the catalytic potential of
peptide assemblies and create a highly functional nanoarchi-
tecture capable of efficiently catalyzing practical chemical reac-
tions. In a proof-of-concept study, we focused on peroxidation
reactions due to their potential applications in various pro-
cesses ranging from cancer therapy,”®  wastewater
purification,*®*” to polymer production.”® In particular,
enhanced capability of accelerating the reduction of H,O, is
essential for constructing electrocatalysts for various peroxi-
dation applications due to its role as an electron acceptor in
most peroxidase reactions. Furthermore, peroxidase activity in
natural enzymatic*® and model systems*® has been extensively
studied, providing important activity and stability
benchmarks.

To test our hypothesis, we employed several peptides from
a recent report.’’ These peptides were found to self-assemble
in the presence of hemin into catalytic amyloids with high per-
oxidation activities in solution. Among them, we selected
highly active (LMLHLFL and LILHLFL) and moderately active
(LHLHLFL and VHVHVYV) peptides in this work (Fig. 1a).
First, we investigated their ability to form highly ordered
nanostructures on graphite surfaces, and then immobilized
hemins on peptides to evaluate their catalytic activities by

This journal is © The Royal Society of Chemistry 2022
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a peptide sequence c
1 LMLHLFL
2 LILHLFL
3 LHLFLFL
4 VHVHVYV

Fig. 1 (a) Sequences of the four peptides studied. (b) The reactions
catalyzed by the electrodes functionalized by the hybrid system of self-
assembled peptides. (c) Schematic representation of the self-assembled
hybrid interface consisting of peptides (green arrows) and hemin (red
molecules) on a graphite surface.

electrochemical measurements over H,0,. Additionally, we
introduced 3,3,5,5-tetramethylbenzidine (TMB) to demon-
strate the model of peroxidase reactions for multiple substrates
and analyzed the efficiency during the electron transfer
process (Fig. 1b). The robust structure, ease of production, and
high peroxidation activities of our hybrid system make them
notable interfaces for electrocatalysis.

Results and discussion

As shown in Fig. 1c, we hypothesized that the peptides form
long-range ordered structures on graphite surfaces in a self-
assembly manner and support the immobilization of hemins
on them. The ability of peptides 1-4 to self-assemble on graph-
ite surfaces was tested first. In all cases, the peptides formed
long-range ordered structures on the graphite surface as
revealed by atomic force microscopy (AFM) studies under wet
(Fig. 2a-c, Fig. S1-S3 and ESI section 1) and dry conditions
(Fig. 2d-g, Fig. S4 and ESI section 27), respectively. We defined
AFM measurements under wet and dry conditions as in situ
AFM and ex situ AFM, respectively. All the peptides exhibited
well-ordered linear structures with dissociation constants for
graphite binding ranging from 125 to 294 nM (Fig. S5 and S6
and ESI section 31). The images of fast Fourier transform
corresponding to each height image show a clear six-fold sym-
metry indicating that the peptide self-assembly was templated
by the graphite crystal lattice (insets of Fig. 2d-g), consistent
with previous reports on peptide assembly on the graphite
surface,'"1>14716:17:32 The gelf-assembled structures formed by
1-4 exhibited high stability in rinsing experiments. After
rinsing the surface with water and hydrogen peroxide solution,
the original structures remained as shown by AFM (Fig. S7 and
S8 and ESI section 471). The stability is essential for being a
molecular scaffold for functional hemin immobilization.
Having established the stability of the self-assembled pep-
tides on the graphite surface, we studied their ability to
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Fig. 2 Self-assembly of catalytic peptides on a graphite surface and
hemin adsorption on the self-assembled peptides. (a)-(c) In situ AFM
height images and height distribution of hemin adsorbed on the self-
assembled peptide 1 at various times. (d)—(g) ex situ AFM height images
of the respective peptides of 1, 2, 3, and 4 assembled at a 1 pM concen-
tration. The insets show the corresponding fast-Fourier transform
images. (h)—(k) ex situ AFM height images (dry) and height distribution of
the samples of 1, 2, 3, and 4 after immobilizing hemin. The fits show
deconvolution of the contributions of the peptides and hemins.

immobilize hemin molecules. After incubating a 1 pM hemin
solution on the self-assembled peptides for one hour, the
surface morphology of peptide self-assembled structures was
characterized by AFM (Fig. 2d-g). The concentration of the
hemin solution was optimized to avoid the aggregation of
hemin on the surface (Fig. S91) and was used for all sub-
sequent electrochemical experiments. AFM images show
hemin molecules bound on each self-assembled peptide,
where bright dots appeared on the linear structures of pep-
tides (Fig. 2h-k). Height distributions of AFM images were
fitted with Gaussian peaks to estimate the coverage and height
of hemin molecules on the surface (ESI, sections 5 and 67).
For peptide 1, we performed an in situ AFM experiment moni-
toring the adsorption process of hemin on self-assembled
structures formed by peptide 1 (Fig. 2a-c, Fig. S1t). Before the
observation, peptide 1 was incubated on the graphite surface.
At 0 minutes, right after hemins were injected into the solu-
tion, aligned nanowires of peptides in one direction were
observed with a 5 nm separation (Fig. 2a and Fig. S1t). After
30 minutes, an adlayer formed on the peptide structures
(Fig. 2b and c). The height increases are seen in the height his-
togram (Fig. 2a-c), indicating the successful binding of hemin
molecules supported by the peptide assemblies.

Next, we evaluated the ability of the assemblies to perform
electrocatalysis. First, we analyzed the apparent kinetic para-
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meters for the electrochemical peroxidation using H,O, as a
single substrate on a hybrid electrode formed by 4 and hemin.
Cyclic voltammetry (CV) was performed with electrodes func-
tionalized with self-assembled peptides prepared with hemin
concentrations ranging from 1 nM to 1 mM (Fig. 3a). The peak
at a potential of —0.75 V on the negative scan corresponds to
H,0, reduction for the peroxidase-like activity of the hybrid
electrode. Consistent with the AFM data on hemin binding
(Fig. S91), the current density increases linearly until the
hemin concentration reaches 1 pM and decreases at higher
concentrations, presumably due to unproductive aggregations
of hemins on the electrode surface making the catalytic sites
inactive (Fig. 3b).

The current densities of each electrode at different H,O,
concentrations were measured to characterize their catalytic
activity. The data were fitted with a Michaelis-Menten model
(Fig. 3c), and the derived kinetic parameters are given in
Fig. 3d. The details of the method to estimate these para-
meters are given in the Experimental section. All peptide-
hemin hybrid electrodes showed higher peroxidase-like activity
than the hemin-graphite electrode alone (Fig. S10t). The
values obtained for the hybrid electrodes surpass those
reported for artificial peroxidase electrodes (Table S1, ESI}).

Encouraged by the catalytic efficiency of the peptide-modi-
fied hybrid electrodes in peroxidase activity using a single sub-
strate, we studied their performance in a multi-substrate
setting. Multi-substrate peroxidation is practically crucial as it
offers an ability to utilize the oxidizing power of the high-
valent iron species generated in this reaction for a broad range
of applications. However, it is significantly more demanding
as sufficient binding of multiple substrates to the catalyst
stable under the reaction conditions is required for efficient
turnover. We chose the commonly used substrate TMB to test
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Fig. 3 Electrochemical reduction of H,O, with graphite—peptide—
hemin hybrid electrodes. (a) Cyclic voltammograms at various concen-
trations of hemin. (b) The current density of the reduction peak vs.
hemin concentration measured in 1 mM H,0, solution. (c) Current
density at the reduction peak with various concentrations of H,O, with
1 pM hemin. Solid lines show fitting curves with the Michaelis—Menten
model. (d) Summary of the kinetic parameters.
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for the peroxidation activity due to its ability to form colored
oxidation products and previously reported data providing a
benchmark for our results. We measured the catalytic activity
of hemin-peptide-graphite electrodes over a range of H,O,
and TMB concentrations. Fits of the current density depen-
dence on one substrate concentration were obtained for a fixed
saturating concentration of the other substrate (Fig. 4a and b).
The corresponding kinetic parameters are given in Table 1.
Similar to the results obtained for a single substrate, the
catalytic abilities of all the electrodes modified with peptides
and hemin were much higher than those of electrodes modi-
fied with hemin only (Fig. S11 and S127). The double recipro-
cal plots of current density versus one substrate concentration
with a fixed concentration of the other substrate (Fig. 4c and
d) are parallel to each other, in agreement with the ping-pong
kinetic mechanism observed with horseradish peroxidase.*?
Using this mechanism, the hemin-peptide—-graphite electrode
undergoes a process of first reacting with hydrogen peroxide to
form a high valent species, which subsequently oxidizes the
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Fig. 4 Kinetic assays of the hemin—peptide—graphite electrode. The
current density was measured at a peptide concentration of 1 uM and a
hemin concentration of 1 M. (a) Current density at a TMB concentration
of 375 uM with various H,O, concentrations. (b) Current density at a
H,O, concentration of 5 mM with various TMB concentrations. (c) and
(d) Double-reciprocal plots of the current density of hemin—peptide
graphite electrodes at fixed concentrations of one substrate versus
varying concentrations of the second substrate for H,O, and TMB. 100%
electron transfer efficiency was assumed. Solid lines show the fitting
curves.

Table 1 Kinetic parameters of the peptides obtained from the electro-
chemical measurements

Icat max Km kcat Icat max Km kcat

H,0, H,0, H,0, TMB TMB TMB Ks
Peptide (mAcm™>) (mM) (s—=1) (mAcm-?) (mM) (s°9) (s
1 0.529 0.53 10700 0.299 45.23 6000 2.44
2 0.336 1.02 7300 0.183 52.72 4000 1.47
3 0.126 0.23 2600 0.152 63.03 3200 1.52
4 0.318 0.62 4700 0.181 73.13 2700 1.48

This journal is © The Royal Society of Chemistry 2022
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organic substrate. The kinetic parameters indicated that the
peptide-modified electrode showed high catalytic performance
in single- and multi-substrate modes. Although the direct com-
parison with other previously reported peroxidation electroca-
talysts (Table S2, ESI{) is not straightforward due to differences
in reaction conditions, to the best of our knowledge, the
kinetic constants we observed are among the highest reported.
Compared with natural enzymes, the modified hemin-
peptide—graphite electrode exhibited excellent substrate
affinity, high turnover rate, and a similar catalytic mechanism,
and shows potential for applications as an artificial enzyme
that can be manufactured easily. Interestingly, in all cases, the
observed K,, values for the organic substrate were lower by
approximately one order of magnitude for the peptide electro-
des compared to the values for the bulk solution, indicative of
the improved affinity for the substrate of the ordered
assemblies.

We assumed that the electron transfer efficiency in the
electrocatalytic reactions was 100% in the kinetic analyses
reported above. However, practically, this number is often sub-
stantially lower due to energy loss as heat and/or reaction
byproducts.** We conducted chronoamperometric and UV-Vis
measurements to evaluate the electrocatalytic process and
derive the Faradaic Efficiency (FE) of the peptide-modified
electrode (ESI, Section7f). All peptide-modified electrodes
showed excellent FE values ranging from ~50% for 4 to 70%
for peptide 1 (Fig. S13t). Furthermore, we estimated the
heterogeneous electron transfer rates (Kg) of hybrid electrodes
from CV experiments (ESI, Section 8).** The 1-hemin-graphite
assemblies show the largest K, value of 2.44 s~' among the
peptides tested, consistent with the results of the kinetic
experiments (Fig. S14 and Table S3 and S47). Notably, the K;
value for the assemblies formed by 1 is comparable to the
highest value reported to date in all the systems where heme is
not in direct contact with a conducting surface.’**° In
addition, peptide 1 had a stable reaction over multiple cycles
under cyclic voltammetry for both single and multi-substrate
reactions with H,O, and TMB (Fig. S157).

Conclusions

In conclusion, we have demonstrated that catalytic supramole-
cular peptide assemblies can be efficiently and selectively
assembled on graphite electrodes. The resulting highly
ordered nanoarchitectures promote peroxidation with kinetic
parameters approaching the natural enzymes in the same reac-
tion at a fraction of the cost. Unlike the existing methods for
preparing electrocatalytic electrodes, this approach allows for
crystal lattice-directed assembly, wherein the symmetry of
graphite supports the formation of highly ordered peptide
assemblies. We created self-assembled structures with variable
substrate affinities and electrochemical properties, yet still
strongly associated with the electrode. This finding suggests a
previously inaccessible possibility of molecular level fine-
tuning to manufacture complex hybrid electrodes with variable

This journal is © The Royal Society of Chemistry 2022
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properties, including selective molecular recognition of mul-
tiple substrates. The ability of peptides to form catalytic het-
eromeric assemblies with synergistic properties further
expands the possibilities of creating functional and biocompa-
tible materials based on their designability of the sequence.
The self-assembling peptides are remarkably stable and work
under a wide range of conditions in different solvents. Given
the rapidly growing number of reports showing that catalytic
peptide assemblies promote a wide variety of other chemical
transformations,*’ we believe that this strategy will be widely
applicable for creating efficient, inexpensive, and environmen-
tally compatible electrochemical catalysts.

Experimental
Materials

Highly ordered pyrolytic graphite (HOPG, SPI supplies) was
exfoliated using a mechanical exfoliation method and trans-
ferred onto a glass slip as a working electrode. Peptides were
synthesized by manual fluorenylmethyloxy-carbonyl (Fmoc)
solid-phase synthesis following a previously reported proto-
col.*” Peptide stock solutions were prepared by dissolving lyo-
philized peptides (purity >95%) with 30% acetone in DI water
to reach a final concentration of 4 mM. The stock solutions
were then diluted with deionized water to 5 pM-100 nM.
Hemin powder was purchased from Fujifilm. Hemin stock
solution was made by dissolving hemin powder in DMSO (pH
8) with subsequent dilution with deionized water to the
desired concentration.

Preparation of atomic force microscopy (AFM) samples

The preparation of the in situ AFM samples was performed in
solution. All the in situ AFM images were captured after 1-hour
incubation of peptides followed by the replacement of the
solutions with DI water to stop the self-assembly. The in situ
AFM images monitoring the hemin immobilization were cap-
tured after injecting hemin aqueous solution into the above
solution to reach a final concentration of 1 pM.

In sample preparation for ex situ AFM measurements,
freshly prepared HOPG electrodes were incubated with peptide
solutions (100 pL at various concentrations) at room tempera-
ture for 1 hour in a humid chamber to prevent evaporation.
After the incubation, the peptide solution was gently blown off
with nitrogen gas, and the electrode was dried in a vacuum
desiccator overnight to remove any remaining solution.

Preparation of hybrid HOPG electrodes

For the hemin immobilization, we replaced the peptide solu-
tion with DI water after 1-hour incubation of peptide solutions
on HOPG in a humid chamber at room temperature, and then
replaced it with 40 pl of 1 uM hemin solution without drying
up the samples. After waiting for 1 hour, the hemin solution
was removed using a flow of nitrogen gas to produce a HOPG-
peptide-hemin HOPG electrode.

Nanoscale, 2022, 14, 8326-8331 | 8329
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Morphological characterization by AFM

The morphology of peptides self-assembled or hemin-bound
peptides on graphite was observed using an atomic force
microscope  (MFP-3D-SA,  Asylum  Research,  Oxford
Instruments) in air. The AFM instrument was equipped with a
silicon cantilever (OMCL-AC160TS, Olympus, JP) with a reso-
nance frequency of 300 + 100 kHz and a spring constant of 26
N m~". The scanning speed was around 1.5 Hz. The tip radius
was 9 + 2 nm. The high resolution in situ images were obtained
by AFM in liquid mode with a silicon cantilever (Cypher,
Asylum Research, Oxford Instruments) with a resonance fre-
quency of 25 kHz and a spring constant of 0.1 N m™". The
scanning speed was around 2.5 Hz. The software Gwyddion
(Czech Metrology Institute, CZ) was utilized for analyzing AFM
images. For estimation of the hemin coverage, we converted
the height information into a height histogram and fitted it
with Gaussian functions to identify peaks. The peak at lower
height was assigned to the peptide nanostructure, while the
peaks at higher height were attributed to the bound hemin.

Electrochemical characterization

Electrochemical measurements, including cyclic voltammetry
(CV) and chronoamperometry, were performed using a
Versastat3 from Princeton Applied Research with a three-elec-
trode system. A platinum wire, Ag/AgCl electrode, and modi-
fied electrode were used as the counter electrode, reference
electrode, and working electrode, respectively. The electro-
catalytic reduction of H,O, and the coupling -catalytic
reduction of H,O, with the redox reaction of TMB were carried
out in 0.1 M phosphate buffer (pH 7) solution with 10 succes-
sive cyclic voltammograms. The stock solution of H,0, (1 mM)
and TMB (1 mM) was diluted into desired concentrations. The
ranges of scanning potential for the single substrate (H,O,)
and multi-substrate (H,0, and TMB) reactions were —1.4 to 0.5
V and 0 to 0.9 V, respectively, at a scan rate of 0.5 V s™". Prior
to all electrochemical experiments, the solutions were
degassed with high purity nitrogen for 15 minutes, and a
nitrogen  atmosphere maintained  during the
measurements.

Chronoamperometry measurements for TMB oxidation in
the presence of H,O, were performed at a potential of 0.32 V.
UV-Vis absorption spectra were recorded using a
NanoPhotometer (N60, IMPLEN, JP).

An electrochemical form of the Michaelis-Menten formal-
ism was used to analyze the catalytic activity of the hybrid elec-
trode.*

was

nFAchatc
¢+ Kn

leat =

where i, is the current of the voltage position corresponding
to the reduction peak (H,0,), or the oxidation peak (TMB); n is
the number of transferred electrons per one reaction; F is the
Faraday constant; A is the area of the electrode; I' is the
number of enzyme molecules per unit area of the electrode;
keac 18 the turnover rate of the reaction; ¢ is the bulk concen-
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tration of the substrate; and K,, is the apparent Michaelis
constant.

To investigate the mechanism of the enzymatic reaction,
multi-substrate measurements were carried out under stan-
dard reaction conditions as described (Fig. 4) by varying the
concentration of one substrate at a fixed concentration of the
other substrate. For the subsequent analysis, a double recipro-
cal plot was utilized to analyze the catalytic process.
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