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Abstract

While various effects of physicochemical parameters (e.g., size, facet, composition, and
internal structure) on the catalytic efficiency of nanozymes (i.e., nanoscale enzyme mimics) have
been studied, the strain effect has never been reported and understood before. Herein, we
demonstrate the strain effect in nanozymes by using Pd octahedra and icosahedra with
peroxidase-like activities as a model system. Strained Pd icosahedra were found to display 2-fold
higher peroxidase-like catalytic efficiency than unstrained Pd octahedra. Theoretical analysis
suggests that tensile strain is more beneficial to OH radical (a key intermediate for the catalysis)
generation than compressive strain. Pd icosahedra are more active than Pd octahedra because
icosahedra amplify the surface strain field. As a proof-of-concept demonstration, the strained Pd
icosahedra were applied to immunoassay of biomarkers, outperforming both unstrained Pd
octahedra and natural peroxidases. The findings in this research may serve as a strong foundation

to guide the design of high-performance nanozymes.
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Recent extensive studies on nanoscale enzyme mimics (typically known as "nanozymes")
have drawn great attention due to their promising potentials in various applications, such as
biosensing,'? imaging,** therapy,”® and environmental protection.” Compared to natural
enzymes as counterparts, nanozymes are usually much more stable because they are less
vulnerable to changes in the catalytic environment (e.g., pH and temperature).® With superior
stability, significant efforts in developing nanozymes have been devoted to enhancing the
catalytic efficiency that largely determines the performance of these nanozymes in certain
applications.” Improvement of catalytic efficiency is rooted in a fundamental understanding of

the structure-property relationship. To this end, effects of particle size,'® facet exposure on the
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surface, elemental composition, surface capping ligands," and internal structure (solid
versus hollow)'®!7 on the catalytic efficiency of nanozymes have been broadly investigated.

In conventional heterogeneous catalysis, surface strain has been proven to be a critical
parameter that affects the activity of a catalyst. Surface strain, which is generally caused by
lattice mismatch between different components or the intrinsic twin structures, can modify the
surface electronic structure through a change of surface atomic distances, thus altering the
interaction between reaction intermediates and surfaces and in turn tuning catalytic activity.'®"
For instance, previous work on platinum nanostructure demonstrated the catalytic surface with
only 1% compressive lattice strain could appreciably alter the adsorption energies of key reaction
intermediates.”’ Engineering the surface strain as an effective strategy to enhance catalytic
activity has been extensively used in many industrially important reactions such as oxygen
reduction,'®!'*?! formic acid oxidation,”” and CO2 reduction?’. Nevertheless, to the best of our
knowledge, strain effect has never been reported in nanozyme development so far.

In this work, we design an ideal platform based on Pd octahedra and icosahedra with
peroxidase-like activities to investigate the strain effect on the catalytic efficiency of nanozymes.
We chose peroxidase as a model enzymatic system for demonstration because artificial
peroxidases have been actively developed and widely used in recent years, and their catalytic
efficiency can be conveniently quantified with a simple spectrophotometer.”'*> Our experimental
results showed that strained Pd icosahedra display much higher peroxidase-like catalytic
efficiencies than unstrained Pd octahedra. Theoretical analysis based on density functional theory

(DFT) calculations, which takes surface strain and surface coverage into consideration, suggests

that tensile strain is more beneficial to the generation of OH radical as a key intermediate for the



catalysis than compressive strain. The amplification of the surface strain field as seen on the Pd
icosahedra imparts both more stretched and more compressed surface areas, which results in a
noticeable increase in peroxidase-like efficiency overall. As a proof-of-concept demonstration,
we applied the Pd icosahedra to colorimetric detection of carcinoembryonic antigen (CEA, a
common cancer biomarker)®*, which provided a higher detection sensitivity compared to both Pd
octahedra- and natural peroxidase-based assays.

To construct such a platform, Pd octahedra and icosahedra with the same type of facet on the
surface and similar sizes were prepared according to previous reports (see Supporting
Information (SI) and Figure S1 for details).”>?° The representative transmission electron
microscopy (TEM, Figure 1A and 1B) images of the Pd octahedra and icosahedra suggest both
nanostructures were obtained in high purity and good uniformity. The average sizes of Pd
octahedra and icosahedra were measured to be 19.2 + 1.8 and 19.5 £ 1.3 nm, respectively, by
randomly analyzing more than 400 particles of each nanostructure (Figure S2). To reveal
detailed structures, atomic resolution high-angle annular dark-field scanning TEM (HAADF-
STEM) images of an individual Pd octahedron (Figure 1C) and icosahedron (Figure 1D) were
obtained. The twin boundaries on icosahedron could be clearly seen in Figure 1D. The 4 (111)
spacing for the octahedron was measured to be 2.23 A, close to the single-crystalline bulk (2.25
A).2 In contrast, the d (111) spacing for the icosahedron varies with different regions. The
interatomic distances near the twin boundaries were measured to be 2.17 A, indicating a ~2.5%
compressive strain than octahedron, while those at the central faces were 2.33 A, indicating a
~4.5% tensile strain. These different strains are caused by the unique intrinsic structure of the
icosahedral shape and the strong distortions near twin boundaries.?”-?® The X-ray diffraction
(XRD) patterns (Figure 1E) showed that all the major peaks of icosahedra were shifted to lower
angles with respect to those of octahedra, indicating the stretched lattice constant of icosahedra.?’
Meanwhile, the small hump at higher angle in (111) diffraction peak indicates the existence of
highly compressed areas in icosahedra.’’” Notably, all peaks of icosahedra were broader than
those of octahedra, suggesting the icosahedra are twin defect-rich.’ These data clearly
demonstrate the co-existence of tensile and compressive strains on icosahedral facets, as well as
the negligible strain on octahedral facets, which are consistent with the electron microscopy
analyses. The thermal gravimetric analysis (TGA) (Figure S3) showed both Pd octahedra and
icosahedra had similar weight percentage of residual capping agent (polyvinylpyrrolidone (PVP))



on surface. The PVP packing density on Pd octahedra and icosahedra were estimated to be 9.2 X
10 and 8.5 X 10 nm? respectively according to the TGA weight loss and the Pd size and
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shape, suggesting the similar surface ligand coverage density of both Pd nanostructures.
Electrochemical copper-based underpotential deposition (Cuuep) was used to measure the
surface areas of both Pd nanostructures.*? Figure S4 shows the cyclic voltammetry (CV) curves
of Cu UPD on Pd nanostructures, where the dominant pair peaks around 0.4 V on the curves can
be ascribed to the Cu dissolution and deposition on Pd (111) surfaces.** Based on the Cu
stripping curves, the accessible surface areas of Pd octahedra and icosahedra normalized to the
mass in solution phase were determined to be 33.33 m? g!' and 38.46 m*> g’!, respectively,
assuming monolayer Cu deposition on Pd surfaces and charge density 480 uC cm™.3? Notably,
the surface areas measured by Cu UPD are very close to the calculated geometric surface areas
(i.e.,32.21 m? g'! for Pd octahedra and 32.22 m* g'! for Pd icosahedra).’ Collectively, these two
types of Pd nanostructures, which have the same type of (111) facet exposure and capping agent
on surface, similar sizes, ligand coverage densities and surface areas, but different surface strains,
could serve as an ideal platform to investigate the strain effect in nanozyme catalysis.

We then evaluated the peroxidase-like activities of the two Pd nanostructures. Oxidation of
3,3',5,5' - tetramethylbenzidine (TMB, a typical peroxidase substrate’*) by H202, which yields a
blue-colored product with Amax = 653 nm (i.e., oxidized TMB?*), was employed as a model
catalytic reaction. As shown by Figure 2A, Pd icosahedra were more active in catalyzing the
reaction relative to Pd octahedra, generating a more intense blue-colored reaction solution. To
quantify their catalytic efficiencies, apparent steady-state kinetic assay was performed (see the SI
for details). Typical Michealis-Menten curves were obtained for both Pd nanostructures by
plotting initial reaction velocities against TMB concentrations (Figure 2B). These curves were
then fitted to the double-reciprocal plots (Figure 2C), from which the kinetic parameters of both
Pd nanostructures were derived (Table S1).*°> The catalytic efficiency of Pd icosahedra in terms
of Keat (defined as the maximum number of substrate conversions per second per catalyst) was
much higher than those of Pd octahedra and horseradish peroxidase (HRP, a typical natural
peroxidase).? For direct comparison, we derived the specific catalytic efficiencies (Kcatspecific) of
the Pd nanostructures by normalizing Kcat to the surface area measured from Cuurp of an
individual catalyst. As summarized in Figure 2D, the Kcatspecific value of Pd icosahedra was

3.0X10% s'nm™, 2-fold higher than the value of Pd octahedra.



To understand the correlation between the improved peroxidase-like catalytic efficiency and
the strained Pd icosahedron surface, we investigated on the mechanism of H2O2 decomposition
by density functional theory (DFT)-based approaches. Previous theoretical studies postulated
that on a clean Pd surface H202 can be readily broken down into atomic O following H202 —
20H* — H20 + O* (* denotes a surface-adsorbate species), with O* being the oxidant to
TMB.!3637 However, the desorption of O* or OH* from Pd surface into solution toward
oxidizing TMB is hindered by the strong adsorption energies®® (Table S2). Moreover, with some
amount of O* built up on the surface, the reactivity of H202 will quickly switch to a
dehydrogenation pathway following H202 — OOH* — O2* — 021.°® Thus, the most likely
oxidant is OH radical formed directly in solution. In order to confirm this, we performed electron
paramagnetic resonance (EPR) analysis to detect OH radical in solution, where 5,5-dimethyl-1-
pyrroline N-oxide (DMPO) was used to capture OH radicals.*® As shown by Figure S5,
characteristic 1:2:2:1 EPR peaks for DMPO-OH adduct can be clearly observed, suggesting the
existence of OH radicals in solution.® To further demonstrate the formation of OH radicals in
catalytic reaction solution, we performed an additional control experiment. Specifically, a
scavenger for OH radical in solution — fert-butanol (TBA, see Figure S6A)*° — was added to the
catalytic reaction (i.e., oxidation of TMB by H202). As shown by Figure S6B, TBA actively
consumed the OH radicals formed in solution and thus dramatically decreased the catalytic
activity as indicated by the UV absorbance at 653 nm. This control experiment, along with the
EPR analysis, clearly demonstrated the formation of OH radicals in solution. We therefore
propose that OH radicals in solution must be generated from an alternate, reverse Eley-Rideal-
type step, the reactant being either OOH* or H202.*® We surmise this process (e.g., for OOH*) to
involve the shuttling of a neutral H atom through bulk water to OOH* driven by thermal
fluctuations, forming an OOHH* intermediate that immediately decomposes to H2O and an
adsorbed O*, effectively forming an OH radical in solution. As such, the stability of O* directly
affects the kinetics of this step, and it is in turn affected by both surface strain and coverages of
intermediates (e.g., O*).

To ascertain the strain effect, we developed a microkinetic model based on a simplified H20:
decomposition mechanism on Pd (111) after Plauck et al.*® (see mechanism in Table S3), using
self-consistent GGA-RPBE energetics. It contained the key steps for O-O bond scission, H
transfer, and H20 and O: formation with four surface species: O*, OH*, OOH*, and H.O*



(Figure S7). The OH radical formation steps outlined above were treated as a perturbation on this
mechanism. The outcome of our analysis is plotted in Figure 3A. Most noticeably, the model
predicts that the rate of OH radical formation increases with tensile strain on Pd (111). This is
due to increasing coverage of OOH* and O* with tensile strain and due to the counteracting
effects of strain and coverage on the activation energy (Figure S8).

We then propose that the uniqueness of Pd icosahedra catalytic activity stems from the
amplification of surface strain fields in both tensile and compressive directions, which can be
verified by the surface strain mapping using geometric phase analysis (GPA).*'** Based on GPA
results (Figure 3B), the icosahedra exhibit a wider range strain distribution relative to the
octahedra. In a simple scenario, if we take +1.0% and +2.0% as representative strain values
obtained from a linear strain scan for an octahedron and icosahedron respectively, as shown in
Figure 3C, with half of the surface exhibiting the compressive strain and the other half exhibiting
the opposite tensile strain, we arrive at the conclusion, based on the microkinetic results in
Figure 3A, that the icosahedron should be 2.5 times more active at generating OH radicals than
the octahedron, considering the similar surface areas of two Pd nanoparticles. This agrees well
with our experimental measurements (2 times). It should also be mentioned that the coordination
number (CN) of edge atoms on Pd octahedra and icosahedra are similar, which are 7 and 8,
respectively.>»?® As shown in Figure S9, the d-band center of a representative edge site (using Pd
(221) facet with 0% strain as model), CN=7 (same CN as edge atoms on Pd octahedra) would
suggest its reactivity to be equivalent to that of a Pd (111) facet with about +2% tensile strain.
This places the catalytic activity of the edge site well within the spectrum of strain values that we
have considered. Previous DFT studies demonstrated that the atoms with lower CN are expected
to have stronger adsorption energies.”® Thus, an edge atom with CN=7 that is also under
compressive strain, or an edge atom with CN=8 (same CN as edge atoms on Pd icosahedra)

under tensile strain,??

should have d-band center in the close vicinity in our catalytic system.
Moreover, edge atoms amount to very small percentages of all surface atoms (4.6% for octahedra
and 8.6% for icosahedra). Altogether, we do not expect them to significantly alter the activity
ratio that we have estimated for octahedron vs. icosahedron (i.e., 2.5).

Finally, to demonstrate potential use of the Pd icosahedra with enhanced enzymatic
efficiency, we applied them as labels to colorimetric enzyme-linked immunosorbent assay

(ELISA, a widely used technology for medical diagnostics*}). Carcinoembryonic antigen (CEA,



a common cancer biomarker’*) was chosen as a model analyte. For comparison, Pd octahedra
and HRP were also used as labels for the ELISA of CEA by using the same set of antibodies.
Figure 4A illustrates the principle of the ELISA, which was established and performed according
to our previously published procedures.”* CEA standards of various concentrations were
monitored in a 96-well microtiter plate (Figure 4B), where the yellow-colored product with Amax
=450 nm (i.e., diimine) was converted from oxidized TMB by quenching the catalytic reaction
using H2S04.** By quantifying the results shown in Figure 4B using a plate reader, calibration
curves of the ELISAs were obtained (Figure 4C). For the Pd icosahedra-ELISA (red curves),
quality linear relationship (72 = 0.997) in the range of 50-5,000 pg/mL was observed. The
detection limit (defined by the 3SD method**) was determined to be 34 pg/mL. In comparison,
the detection limits of Pd octahedra- and HRP-ELISAs were calculated to be 98 pg/mL and 434
pg/mL, respectively, based on their calibration curves (blue and black). This substantially
increased detection sensitivity for the Pd icosahedra-ELISA could be mainly attributed to the
much higher catalytic efficiency of the Pd icosahedra relative to Pd octahedra and HRP because
all other conditions of the three ELISAs were kept identical.

In summary, we have demonstrated surface strain-dependent catalytic efficiency in
nanozymes by using Pd octahedra and icosahedra with peroxidase-like activities as a model
system. The strained Pd icosahedra show a 2-fold higher specific catalytic efficiency than
unstrained Pd octahedra. The experimental findings were rationalized with DFT calculations
based on a reverse Eley-Rideal-type mechanism, which may be applicable to other metal mimics
of peroxidase.'® The strain enhanced catalytic efficiency of Pd icosahedra ensures their superior
performance in immunoassay of biomarkers. This work not only demonstrates the strain effect

but also provides an effective knob to tune the catalytic efficiency of nanozymes.
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Figure 1. (A, B) TEM images of (A) Pd octahedra and (B) Pd icosahedra; (C, D) Atomic
resolution HAADF-STEM images of individual (A) Pd octahedron and (B) Pd icosahedron.
Insets show corresponding models of the nanostructures. Dashed red lines highlight twin planes;
(E) XRD patterns recorded from Pd octahedra and icosahedra. The black arrow indicates the
hump at higher angle of (111) diffraction peak.
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Figure 2. (A) UV-vis spectra taken from reaction solutions (i.e., oxidation of TMB by H202)

catalyzed by Pd octahedra and icosahedra of the same particle concentration at # = 1 min. Inset is

photographs of corresponding reaction solutions; (B, C) Kinetic assays of the catalytic reaction

toward TMB. Error bars indicate standard deviations of three independent measurements; (D) A

histogram comparing the Kcat-specific values of Pd octahedra and icosahedra.
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Figure 3. (A) Predicted rates of H202 consumption and OH radical formation (in s™!-site’!) on Pd
(111) as a function of surface strain from a microkinetic model based on self-consistent GGA-
RPBE energies. (B) Surface strain mapping for Pd octahedron and icosahedron through GPA.
Note, signal from regions out of the areas marked by two white quadrilaterals is the noise caused
by blurring STEM image.*> (C) Strain distribution along the white arrows in (B) for Pd

octahedron and icosahedron.
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Figure 4. (A) Schematics of the colorimetric ELISAs of CEA; (B) Photographs taken from the
detection of CEA standards with the Pd icosahedra-ELISA (top), Pd octahedra-ELISA (middle),
and HRP-ELISA (bottom); (C) Corresponding calibration curves (left) and the linear ranges
(right) of the detection results shown in (B). Error bars indicate standard deviations of eight

independent measurements.
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