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Gold nanoparticles (Au NPs) have been extensively used as artificial enzymes, but their performance is still
limited. We address this challenge by focusing on multimetallic nanorattles comprising an Au core inside
a bimetallic AgAu shell, separated by a void (Au@AgAu NRs). They were prepared by a galvanic replace-
ment approach and contained an ultrathin and porous shell comprising an AgAu alloy. By investigating the
peroxide-like activity using TMB oxidation as a model transformation, we have found an increase of 152
fold in activities for the NRs relative to conventional Au NPs. Based on the kinetics results, the NRs also
showed the lowest K., indicating better interaction with the substrate and faster product formation. We
also observed a linear relationship between the concentration of the product and oxTMB as a function of
H,O, concentration, which could be further applied for H,O, sensing applications (colorimetric detec-
tion). These data suggest that the NRs enable the combined effect of an increased surface area relative to
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confinement effects due to the void regions between the core and shell components. These results
provide important insights into the optimization of peroxidase-like performances beyond what can be
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Introduction

Enzymes are the catalysts of biological processes,' as their
complex structures allow for high specificity and sensitivity to
several biomolecules, which also makes them important tools
for biosensing."” For example, one of the most common lab-
oratory assays, blood glucose determination, relies on the
natural enzyme glucose oxidase.>* However, enzymes are often
sensitive to changes in the reaction media, such as tempera-
ture, pH, and solvent, which restrict their storage conditions,
shorten the shelf life and limit end-use applications.” In
addition, the synthesis and purification of enzymes involve
complex and expensive processes, making their large-scale pro-
duction not cost-effective.® Consequently, the development of
artificial enzymes comprising organic and/or inorganic
materials that can reproduce an enzyme’s function in a chemi-
cal reaction has received increased attention in the last few
decades.”

Among the several materials which mimic the function of
enzymes are certain inorganic nanoparticles that have been
reported to present oxidase, catalase, and peroxidase-like
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achieved in conventional NPs and may inspire the development of better-performing artificial enzymes.

activities.® Specifically, peroxidase-like activity, which involves
the decomposition of peroxide and oxidation of substrates, is
highly desirable for biosensing and clinical applications.’
Under the umbrella of inorganic nanoparticles presenting per-
oxidase-like activity (also referred to as nanozymes), gold (Au)
nanoparticles (NPs) have received great attention due to their
biocompatibility, easy-to-functionalize surface, stability, and
straightforward synthesis.'®''™® Nevertheless, their peroxi-
dase-like activity is still limited relative to enzymes.'* In this
context, strategies for the improvement of activities in Au-
based NPs have focused on the optimization of individual NP
features, such as NP size, shape, composition, surface mor-
phology, and metal-support interactions. Although these strat-
egies have allowed for enhanced enzyme-mimicking perform-
ances relative to conventional Au NPs, it is clear that further
improvements in activity are desperately still needed.">™°

In this paper, we address this challenge by engineering NP
morphologies to enable the combined optimization of several
morphological features for the improved performances of Au-
based nanozymes. We focus on multimetallic nanorattles
(NRs) comprising an Au core inside a bimetallic AgAu shell,
separated by a void (Au@AgAu NRs).”® NRs show a combi-
nation of an increased surface area relative to solid counter-
parts due to the hollow interiors and ultrathin walls, the possi-
bility of exposing highly active surface sites due to the porous
nature of the shell, and the exploitation of nanoconfinement
effects due to the void regions between the core and shell com-
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ponents. Although some examples of the use of NRs as nano-
zymes have been described, they remain limited and the
enhancement in performance has been mostly attributed to an
increase in the surface area.'® A better understanding of how
metallic NRs perform as nanozymes in terms of structure-per-
formance relationships relative to solid and hollow NP
counterparts is essential to unlock their full potential and
develop better performing nanozymes. We confront this issue
by investigating the peroxidase-like activity of NRs relative to
Au NPs and AgAu nanoshells (NSs) using TMB oxidation in the
presence of H,0, as a model transformation. We have found
that the NRs displayed significantly higher activities relative to
Au NPs as nanozymes (an increase of 152 fold). By comparing
the activity of conventional Au NPs with that of NSs and NRs,
we found that nanoconfinement played a major role in the sig-
nificant enhancement of peroxidase-like activity.

Experimental section
Materials and methods

Analytical grade chemicals chloroauric acid trihydrate
(HAuCl,-3H,0, 99.9%, Sigma-Aldrich), sodium citrate dihydrate
(CeH5Naz0,-2H,0, 99%, Sigma-Aldrich), silver nitrate (AgNO;,
99%, Sigma-Aldrich), polyvinylpyrrolidone (PVP, 99%, Sigma-
Aldrich), sodium hydroxide (NaOH, 99.2%, VWR), ascorbic acid
(CeHgOs, 99%, Sigma-Aldrich), 3,3',5,5-tetramethylbenzidine
(C16H2oN,, 98%, Sigma-Aldrich), hydrogen peroxide (H,O,,
33%, VWR), acetic acid (C,H,0,, Fischer Chemical), and
sodium acetate trihydrate (C,H3NaO,-3H,0,99%, VWR) were
used as received. Deionized water (DI) was used to prepare all
the solutions.

Ultraviolet-Visible (UV/Vis) spectroscopy was performed in
aqueous suspensions containing NPs using a Shimadzu
UV-2600 spectrophotometer. Absorbance was measured over a
range of 200-1000 nm using a quartz cuvette (optical path
length 1 cm). Field emission scanning electron microscopy
(FESEM) was performed using a Hitachi S-4800 field emission
scanning electron microscope. Samples were prepared by
drop-casting a suspension containing the NPs over a Si wafer
followed by drying under ambient conditions. Transmission
electron microscopy (TEM) images were obtained on a Jeol
JEM-1400 microscope operating at an accelerating voltage of
120 kv. To prepare TEM samples, an aqueous suspension of
the catalysts was dripped onto a carbon film-supported copper
grid (400 square mesh). Scanning transmission electron
microscopy (STEM) bright field and high-angle annular dark-
field (HAADF) images were obtained using a Hitachi SU9000
low kv STEM with an accelerating voltage of 30 kV. High-
resolution STEM bright field and HAADF images were
obtained with a Hitachi HD-2700 aberration-corrected STEM
operating at 200 kV. Samples for STEM/HAADF were prepared
using an analogous procedure as described for TEM. The com-
position of the NPs and the metal concentration in the cata-
Iytic experiments were analyzed by inductively coupled
plasma-atomic emission spectroscopy (ICP-AES) using an
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Agilent Technologies 4100 MP AES. Three independent
measurements were performed for each sample.

Synthesis of Au and Ag NPs

Au NPs were prepared using the Turkevich method.*! In a
typical synthesis, 100 mL of 0.25 mM AuCl,” (aq) were added
into a 250 mL round-bottomed flask under magnetic stirring
and heated to 110 °C for 15 minutes. When the solution
reached the boiling point, 3.0 mL of 1 wt% aqueous sodium
citrate dihydrate was added to the solution and the reaction
was allowed to proceed for another 10 min, leading to the for-
mation of a red suspension containing the Au NPs.

Ag NPs were synthesized by a homogeneous nucleation and
growth method.>* To this end, 25 mL of an aqueous 5.0 mM
sodium citrate and 0.25 mM tannic acid solution was heated
to 100 °C for 15 minutes, followed by the addition of 250 pL of
25 mM AgNO;. After 10 minutes of magnetic stirring, the sus-
pension was centrifuged to remove excess tannic acid and the
NPs were resuspended in polyvinylpyrrolidone (PVP) 0.1 wt%
aqueous solution.

Synthesis of Au@Ag core-shell NPs

Au@Ag core-shell particles (Au@Ag NPs) were obtained by a
stepwise seeded-growth process using Au NPs as seeds for Ag
deposition.? In the first step, 10 mL of the as-prepared sus-
pension containing the Au NPs was transferred to a 25 mL
round-bottomed flask, followed by the quick and successive
addition of 150 pL of 100 mM NaOH and 120 pL of 100 mM
ascorbic acid (both solutions were aqueous). After the mixture
was stirred for 5 min, 30 uL of aqueous 100 mM AgNO; was
added to the mixture and the reaction was allowed to proceed
at room temperature for 30 min. This was the first step of Ag
deposition and growth which was then repeated every
30 minutes until 4 deposition steps were completed. These
multiple deposition steps lead to the formation of a dark
orange suspension.

Synthesis of Au@AgAu nanorattles and AgAu nanoshells

The synthesis of Au@AgAu nanorattles (Au@AgAu NRs) and
AgAu nanoshells (AgAu NSs) was based on the galvanic re-
placement reaction between Au@Ag or Ag NPs (for nanorattles
and nanoshells, respectively) and AuCl,”~ (aq).* Initially, 5 mL
of PVP 0.1 wt% (aq) and 2 mL of the suspensions containing
Au@Ag or Ag NPs were stirred at 100 °C for 10 min in a 25 mL
round-bottomed flask. Then, 1 mL of 0.4 mM AuCl,~ (aq) was
added dropwise and the reaction proceeded for another
10 min. The reaction mixture was cooled to room temperature,
and the product was washed three times with ethanol and
three times with hot water by successive rounds of centrifu-
gation at 14 500 rpm and removal of the supernatant.

The peroxidase-like activity of the NPs, NSs, and NRs

The oxidation of 3,3',5,5-tetramethylbenzidine (TMB) was
used to evaluate the catalytic performance (peroxidase-like
activity) of the Au NPs, AgAu NSs, or Au@AgAu NRs.>* The oxi-
dation reactions were carried out in 2 mL centrifuge tubes con-

This journal is © The Royal Society of Chemistry 2022
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taining a 1 mL solution of H,O0, 0.6 M, TMB 750 uM, and
37.8 pL of Au NPs, 190 pL of AgAu NSs or 50 pL of Au@AgAu
NRs in HAc-NaAc buffer, with pH 4.5. The volume of each
catalyst was determined to maintain the same metal loading
in the reaction (8.7 pM). The reactions were carried out at
room temperature with a Grant-bio PHMT Thermo Shaker at
1000 rpm. After 20 minutes, stirring was suspended and 3
drops of H,SO, 1.0 M were added to stop the reaction. The UV/
Vis absorbance values were measured for each sample and the
concentrations of oxTMB were obtained using the Beer-
Lambert law assuming a molar absorption coefficient of
59000 M~ " em™" at 450 nm. The total metal loading in all cata-
Iytic reactions was kept constant to allow the comparison
among the NP, NS, and NR samples. Three independent reac-
tions were performed for each sample.

Kinetics studies

In addition to the oxidation reactions, kinetics studies were
performed by measuring the absorbance at 652 nm as a func-
tion of time. Measurements were done in a 1 cm x 1 cm X
4 cm PMMA cuvette containing a 3 mL solution of H,0, (con-
centrations varied from 0.0-0.600 M), TMB 750 uM, and Au
NPs, AgAu NSs, or Au@AgAu NRs in HAc-NaAc buffer, pH 4.5.
The UV/Vis absorption spectra were obtained using the extinc-
tion spectra of the NPs, NRs, and NSs for baseline subtraction.
The concentrations of oxXTMB were obtained using the Beer-
Lambert law assuming a molar absorption coefficient of
39000 M~! em™! at 652 nm.

The kinetics data for the NRs (concentration 1.6 x 10
NPs mL™") were treated using the Michaelis-Menten model, in
which the Michaelis-Menten constant (K,,,) and the maximal
velocity at saturating substrate concentrations (Vy,.x) were cal-
culated using the Lineweaver-Burk equation, in which C is the
initial concentration of the substrate.>*

—-10

1 Kn 1 1

= X
Vo Vmax C

Vmax

Colorimetric detection of H,O,

The colorimetric detection of H,O, was performed in 2 mL
centrifuge tubes containing a 1 mL solution of H,O, 0.0-0.6
M, TMB 750 uM, and 50 pL of Au@AgAu NRs in HAc-NaAc
buffer, pH 4.5. Reactions proceeded at room temperature with
a Grant-bio PHMT Thermo Shaker at 1000 rpm. After
20 minutes, stirring was suspended and 3 drops of H,SO, 1.0
M were added to stop the reaction. The UV/Vis absorbance
values were measured for each sample and the concentrations
of oXTMB were obtained using the Beer-Lambert law assuming
a molar absorption coefficient of 59 000 M™" cm™" at 450 nm.
Three independent reactions were performed for each sample.

Results and discussion

The NRs can be prepared by using Au NPs as seeds for Ag
deposition at their surface to generate Au@Ag core-shell NPs.

This journal is © The Royal Society of Chemistry 2022
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This is followed by a galvanic replacement reaction between Ag
at the shells and AuCl,” (aq) leading to the formation of an
AgAu shell containing the Au NPs in their interiors (nanorattle
morphology) (Fig. S11).%° For the benchmarking of the NR per-
formances, we also prepared AgAu nanoshells (NSs) by a
similar approach, i.e., a galvanic replacement reaction between
Ag NPs and AuCl,™ (aq).

Fig. 1A-F show the SEM images and histograms of the size
distribution for the obtained Au NPs (Fig. 1A and D), AgAu NSs
(Fig. 1B and E), and Au@AgAu NRs (Fig. 1C and F). It can be
observed that all nanomaterials displayed a spherical shape
and were relatively uniform in terms of size distribution. The
Au NPs, AgAu NSs, and Au@AgAu NRs were 15, 27, and 32 nm
in diameter, respectively. HRTEM and STEM images for the
Au@AgAu NRs (Fig. 1G-I) indicate the formation of the nanor-
attle morphology, in which Au NPs are present inside a shell
around <5 nm in thickness and separated by a void. The
STEM-HAADF images (Fig. 1I and 2A-C) further confirm the
formation of the nanorattle morphology comprising an Au
core that appears brighter in the image inside a bimetallic
AgAu shell, in agreement with previous reports.”®*> The
higher magnification STEM-HAADF images (Fig. 2A-C and
Fig. S21) show that the shells contain polycrystalline domains,
are <5 nm in thickness and are porous. To elucidate and
characterize the pore sizes, we obtained higher magnification
HRTEM images of different regions in the NRs (Fig. S3A-Cf¥),
STEM images using a secondary electron detector (Fig. S3Dt),
and additional higher magnification STEM-HAADF images of
the NRs (Fig. S4t). These images clearly show the presence of
various pores at the surface. It can be observed that they are
<10 nm in diameter, having sizes as low as <3 nm.

We used STEM-energy dispersive X-ray spectroscopy (EDS)
elemental mappings to confirm the distribution of Au and Ag
in the NRs (Fig. 2D-F). The elemental distribution for Au and
Ag in Fig. 2D is depicted in blue (Fig. 2E) and yellow (Fig. 2F),
respectively. It can be observed that the NRs indeed possessed
a bimetallic composition, in which Au is present both at the
core and the shells of the NRs, while Ag is also present in the
shells due to its incomplete oxidation during the galvanic re-
placement reaction. In this case, during the synthesis of the
NRs, it has been reported that the partial oxidation of Ag from
the starting Au@Ag NPs is not observed and the resulting
shells in the NRs are bimetallic and comprise an AgAu
alloy.>*?® Thus, the STEM-EDS support the formation of bi-
metallic NRs. The EDS spectrum recorded from the STEM-EDS
maps is shown in Fig. S57 and suggests that the Au content
corresponds to 23 wt%. The XRD diffractogram (Fig. S67)
shows the presence of peaks characteristic of fcc Au and Ag,
indicating that our synthesis procedure does not lead to the
incorporation of any crystalline impurities in the NRs. It is
important to note that as the Au cores are not stuck to the
shell walls, they are expected to move freely inside the NRs in
solution.>”*®

The UV/Vis extinction spectra of Au NPs, Ag@Au NSs and
Au@AgAu NRs shown in Fig. 3 displayed a maximum extinc-
tion band centered at 520, 440, and 466 nm, respectively. The
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Fig. 1 (A-C) SEM images of (A) Au NPs, (B) Ag@Au NSs, and (C) Au@AgAu NRs. (D—F) Histograms of the size distribution of the (D) Au NPs, (E)

Ag@Au NSs, and (F) Au@AgAu NRs. (G and H) TEM and (I) STEM-HAADF images of the Au@AgAu NRs depict the presence of an Au nanosphere inside

an AgAu shell separated by a void.

absorbance peak at 520 nm for Au NPs is characteristic of the
dipolar mode for the localized surface plasmon resonance
(LSPR) and agrees with the presence of NPs 15 nm in size.>
The band at 440 nm is also in agreement with the formation
of AgAu NSs as the deposition of Au, as well as the formation
of hollow interiors are reported to redshift the characteristic
Ag LSPR band at 420 nm.*° The broad band at 466 nm for the
NRs is a result of the coupling of the core and shell LSPR
effects.”® This indicates that both the Au core and AgAu shell
contribute to the optical and electronic properties of the rattle
structure. This band is red-shifted relative to AgAu NSs and
blue-shifted relative to the Au NPs.

The NR morphology and its synthesis strategy enable the
combination of the following features that are attractive for
applications as nanozymes: (i) an increased surface area rela-
tive to solid counterparts;®' (ii) the possibility of exposing
highly active surface sites due to the porous nature of the
shell;** and (iii) the exploitation of nanoconfinement effects
due to the void regions between the core and shell com-

15136 | Dalton Trans., 2022, 51,15133-15141

ponents.*® All these factors are envisioned to contribute to
higher nanoenzymatic performances relative to conventional
Au NPs or NSs. While hollow interiors enable higher surface-
to-volume ratios relative to solid NP counterparts, a nano-
sphere inside the void enables the combination of properties
between core and shell components.>* Moreover, it has been
shown that the surface charge as enabled by different surfac-
tants in the synthesis of Au NPs affects their performances as
peroxidase mimics, with citrate capped Au NPs (negatively
charged) having lower activities relative to PVP (positively
charged) counterparts.®® Thus, this indicates that PVP-capped
NSs and NRs would have better peroxidase activity than citrate-
capped Au NPs.

The application of NRs as nanozymes was evaluated focus-
ing on the peroxidase-like activity of the NRs by using TMB oxi-
dation in the presence of H,0, as a model reaction as depicted
in Fig. 4A. The activity was benchmarked against citrate-
capped Au NPs and AgAu NSs. All catalytic experiments were
performed under the same reaction conditions and metal

This journal is © The Royal Society of Chemistry 2022
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(A—D) STEM-HAADF images of the Au@AgAu NRs, in which the brightest contrast from the Au core results from its higher Z (atomic number)

as Za, > Zag. (E and F) Corresponding EDS elemental maps of (E) Au (blue) and (F) Ag (yellow) of the region shown in (D).
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Fig. 3 Normalized UV/Vis extinction spectra were recorded from
aqueous suspensions containing Au NPs (red trace), AgAu NSs (black
trace), and Au@AgAu NRs (blue trace).

loading. A significant change in the colour of the reaction
mixture could be observed in the presence of the NRs, TMB,
and H,0, because of the formation of oxTMB (Fig. S77).
However, no change in color was detected in the absence of
NRs or H,0, (Fig. S7t1). The concentration of the product
(oXTMB) increased as a function of time as displayed in the
UV/Vis spectra shown in Fig. 4B when the NRs were employed
as nanozymes. This is visualized by the increase in the inten-
sity of the absorption band assigned to oxTMB at 370 and

This journal is © The Royal Society of Chemistry 2022

652 nm (which leads to the appearance of blue colour) as a
function of time (from 0 to 20 min of the reaction).>® Fig. 4C
shows a comparison of the peroxidase-like activity for the NRs
relative to the NPs and NSs in which the concentration of
oxTMB after 20 min of reaction when the NRs were used as
nanozymes corresponded to 35 pM. This was significantly
higher relative to both the NSs (11 uM) and NPs (0.23 uM).

The turnover frequency (TOFs) was also calculated by con-
sidering the total metal loading in each of the nanomaterials.
The TOF for the particles corresponded to 337.4 x 107 s~* for
NRs, 104.9 x 10> s~! for NSs, and 2.2 x 107> s™' for NPs.
Thus, it can be observed that the control over the morphology
as enabled by the synthesis of NRs caused an increase in TOF
by 3 and 151 fold in comparison to NSs and NPs, respectively.
We also compared the performances with Ag NPs to isolate the
effect of Ag over the peroxidase-like activity. Our data show
that, under our employed conditions, Ag does not contribute
significantly to the detected peroxidase-like activity.

It is well established that the peroxidase-like activity of Au
nanozymes occurs via a surface binding mechanism, in which
adsorbed H,0, is decomposed into hydroxyl radicals, which
are in turn responsible for the oxidation of the substrate TMB,
resulting in the blue product oxXTMB (Fig. 4A).>® The presence
of hydroxyl radicals can be determined by a decrease in the
concentration of the reaction product (oxTMB) upon the
addition of the hydroxyl radical scavenger isopropanol (IPA) as
shown in Fig. S8.1 Thus, it is expected that the peroxidase-like
activity of Au nanozymes will be affected by their surface area
and the nature of capping agents or surface charge.’”
Although the effect of particle size on the peroxidase-like pro-

Dalton Trans., 2022, 51, 15133-15141 | 15137
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Fig. 4 (A) Schematic illustration of the oxidation of TMB catalyzed by the NRs. (B) Absorption spectra of the TMB oxidation reaction were recorded

in 1 min intervals for 20 min, using NRs as the catalyst. The spectra show an increase in the band centered at 652 nm assigned to oxTMB. (C)
Comparison of the final concentration of oxTMB under blank conditions (no catalyst, control) as well as Au NPs, AgAu NSs, and Au@AgAu NRs as
catalysts. Reaction conditions and metal loading were kept the same for all catalysts. The error bars represent the standard deviation of the three
independent measurements. (D) The concentration of oxTMB as a function of time using the NRs (black trace) and NPs (red trace) as catalysts. The
concentrations of oxTMB were obtained using the Beer-Lambert law assuming a molar absorption coefficient of 39 000 M~t cm™ at 652 nm.

perties of nanozymes has not been extensively studied, it is
expected that a decrease in size*®*° and increased surface-to-
ratios would lead to higher peroxidase-like
40-42 Therefore, we hypothesize that one of the
reasons why NRs have better catalytic performance is their
higher surface-to-volume ratios due to the nanorattle mor-
phology, i.e., hollow interiors, ultrathin walls, and porous
shells. In this case, regions comprising the pores, the interior
of the nanorattles, and the Au core surface can become accessi-
ble to the H,0, and TMB molecules and represent a catalyti-
cally active site for driving the conversion of TMB. This means
that molecules can access the surface of the Au cores, inner
and outer AgAu shell walls, and the regions within the pores
in the NRs."®*>** Although these factors can contribute to the
peroxidase-like activity of the NRs and NSs, it is plausible that
they do not fully account for the substantial enhancement
when compared to NPs.

We would like to propose herein that the hollow and porous
structure can also lead to enhanced reaction rates due to the

volume
activities.

confinement effect on the interior of the NRs and NSs.** In
nanocatalysis (and therefore also in nanoenzymatic perform-
ances), activity is determined by a balance between mass trans-
port and conversion. This is particularly important when cata-
lytic centers (such as metallic surfaces) are inside confining
materials (shells in this case). Although the understanding of
nanoconfinement effects in catalysis is complex, it is noted

15138 | Dalton Trans., 2022, 51, 1513315141

that they can increase reaction rates relative to non-confined
counterparts by altering (decrease) the adsorption strength of
surface species as well as the enrichment of the concentration
of intermediate or reactant species in the confining space.*’
For example, in Au NPs the OH radicals that are formed from
H,0, at the NP surface could dissociate from the Au NPs and
diffuse into the bulk solution before the combination with
TMB. In the NSs and NRs, the OH radicals would be tempor-
arily trapped inside the shells (NSs) or between the NP core
and the shell (NRs void) as it can be formed from the Au NP
surface and AgAu shell inner surface in the NRs. This can
create an increase in the local concentration of OH radicals
and therefore increase the reaction rate for the formation of
OXTMB.23’45’46

This hypothesis would support the significant enhance-
ment of the NSs and NRs relative to the NPs and support the
results in which the NSs are compared with the NRs. In the
NSs, there was an increase in activity relative to the Au NPs
due to nanoconfinement effects, a higher surface-to-volume
ratio relative to the Au NPs enabled by the nanoshell/porous
morphology, and the absence of citrate as the stabilizer.
However, when compared to the NRs, a much lower activity
was observed. In the NRs, it is possible that the interior core
comprising Au NPs that is present in the NRs substantially
increases the magnitude of the nanoconfinement effects rela-
tive to the NSs. It is noteworthy that although Ag is also able to

This journal is © The Royal Society of Chemistry 2022
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promote the homolytic cleavage of the HO-OH bond,” the
presence of Ag in the AgAu NSs and NRs does not significantly
contribute to the increased activity since the pH of the reaction
is not optimum for hydroxyl radical generation by Ag.*®

The temporal evolution studies for the formation of oxTMB
catalyzed by the NRs and Au NPs are shown in Fig. 4D. While
no significant increase was detected for the Au NPs, an
increase in the absorbance values and, consequently, in the
concentration of oxTMB in the reaction media with time was
detected in the presence of the Au@AgAu NRs. The rate of
increase in the concentration of oxITMB produced is higher in
the first 5 minutes of the reaction. Then, it starts to decrease
as the reaction proceeds, reaching its maximum at 20 minutes.
Therefore, in our subsequent experiments, we chose to evalu-
ate the reaction kinetics on the effect of the H,O, concen-
tration in the 0-5 min interval.

Fig. 5A shows the increase in [oxTMB] as a function of time
for different concentrations of H,O,. It can be observed that
the produced [0oxTMB] increased linearly as a function of time
and H,0, concentration between 0.1 to 0.6 M. We then per-
formed the apparent steady-state kinetic analysis to acquire
the Michaelis-Menten constant (K;,) and maximal velocity at
saturating substrate concentrations (Vi) which can give
further insights into the peroxidase-activity of the NRs. In the
case of enzymatic reactions, Vinax/[Eo], where [E¢] is the initial
concentration of the enzyme or catalyst (in the case of nano-
zymes), corresponds to k. (catalytic constant). Typical
Michaelis-Menten curves by varying the concentration of H,O,
were obtained, and the corresponding Lineweaver-Burk plot
for H,0, is shown in Fig. 5B. The Lineweaver-Burk plot
reinforces that there is a well-defined linear correlation
between the concentration of H,O, and oxXTMB, and it was
used to obtain the Michaelis—-Menten constant, K, = 1.65 mM,
and the maximal velocity at saturating substrate concen-
trations, Via = 2.0 pM min~". As previously established, the
lower the K, value, the higher the affinity between the sub-
strate (H,O, in this case) and the catalyst surface. The higher
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the Vmax for a fixed concentration of catalyst, the higher the
catalytic activity. These parameters were compared with the
natural horseradish peroxidase (HRP, K;;, = 3.7 mM and Vax
5.53 M min~") as reported by Gao et al.*’ It can be observed
that the NRs displayed a higher affinity for H,0, than HRP,
while Vi, values were higher for HRP.

It is noteworthy that direct comparison of Ky, Viax, and
K..c with other reported systems is challenging as they can
depend on a variety of experimental parameters. In this
context, as an approximation, we calculated the TOF (turnover
frequencies) values as a function of metal loading for the NRs,
NSS, and NPs as well as other reported systems based on Au
for various reaction conditions as shown in Table 1. It can be
observed that the NRs displayed improved TOFs relative to
many reported systems, except for chitosan-Au NPs, which
required higher temperatures during the reaction and a much
higher concentration of TMB.?° Relative to systems comprising
conventional Au NPs, the NRs are more versatile in terms of
future optimization for tailoring the morphology and surface
compositions. NRs could also serve as carriers for other bio-

Table 1 Comparison of reaction conditions and calculated TOFs? for
the NPs, NSs, and NRs as well as other gold-based nanozymes reported
in the literature

Metal

loading [TMB] [H,0,] T TOF
Nanozyme (kM) M) (M) (°C) (x107°s™H* Ref.
Au@AgAuNRs 8.7 750 0.600 25  337.4 b
AgAu NSs 8.7 750 0.600 25  104.9 b
Au NPs 8.7 750 0.600 25 2.2 b
Au SRNPs 15.7 750 0.568 25 11 23
Chitosan-Au 2.0 3495  0.097 50 3053 53
NPs
Au NPs 228.6 143 0.0001 37 8.3 54
Ag-CDs 36 1600  0.0016 RT 18.6 55
Ag NP-N-GQD 817 333 0.03 37 23 56

“The TOF was calculated based on the total metal loading and final
[oxTMBY]. ® This work.

A4.5 B C 50
®01M o ®m H,0, m [oxTMB]
404 ® 02M == |_inear fit of [oxTMB]
A 03M 8 404
3.5 v 04M ey
= 0.5M 5 s
§3,0. £ 6 330-
025 E o
= ?:3 5 = 201
3% =4 5
1.5 < 5 =104
1.0 4 2 04
0.5 4—v v v v i - 1 v v v r v
0 1 2 3 4 5 2 4 6 8 10 00 01 02 03 04 05 06
Time (min) 1/[H,0,] (mM"") H,0, (M)

Fig. 5

(A) Temporal evolution of oxTMB concentrations in 0-5 min of the reactions catalyzed by Au@AgAu NRs with different concentrations of

H,0, and (B) Lineweaver-Burk plots for H,O,. The pH of the reaction solutions was kept at 4.5, and the concentrations of NRs and TMB were 1.6 x
107%% NPs mL™* and 750 pM, respectively. The concentrations of oxTMB were obtained using the Beer-Lambert law assuming a molar absorption
coefficient of 39 000 M~* cm™ at 652 nm. The error bars represent the standard deviation of the three independent measurements. (C) Linear fitting
of the variation of oxTMB concentration for different concentrations of H,O, (0.1-0.6 M).
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molecules that could be encapsulated in the void of the rattle
structure. Furthermore, the NRs have the potential to enable
the exploitation of LSPR excitation to further increase the per-
oxidase-like activity. In this case, the NRs enable the plasmo-
nic hybridization between core and shell components that can
lead to electromagnetic hot spots, leading to much higher
plasmonic properties relative to individual Au NPs. Finally, the
synthesis of the NRs can be adapted to incorporate a different,
3rd metal at the shell enabling the design of nanoenzymes
that can be employed in bifunctional or cascade molecular
transformations. Our reported data illustrate that the NRs are
promising to obtain improvement in nanoenzymatic activities
due to the combination of higher surface areas, exposure to
highly active sites, and nanoconfinement effects. Regarding
stability, horseradish peroxidase is commonly used as the
benchmark enzyme in the TMB oxidation reaction in the pres-
ence of H,0,. It has been reported that denaturation of this
enzyme starts at temperatures as low as 45 °C, and even the
buffer solution or pH can influence stability.>>> On the other
hand, the A u@AgAu NRs can withstand a large range of temp-
eratures since they are synthesized at 100 °C. Moreover, as they
are not stabilized by electrostatic interactions, variations in pH
do not affect their stability.

Based on the dependence of TMB oxidation on H,0, con-
centration, the peroxidase-like activity of the NRs was used for
the colorimetric H,0O, detection as shown in Fig. 5C. It can be
observed that the concentration of oxXTMB was linearly depen-
dent on the concentration of H,O, from 0.1 M to 0.6 M, indi-
cating that this colorimetric assay could be applied to measure
the amount of H,0, in this concentration range. The detection
limit of H,0, under our experimental conditions was
13.42 mM. It is important to note that the detection limit can
be further optimized with changes in the concentration of NRs
employed in the experiments.

Conclusions

We have demonstrated that the nanorattle morphology, com-
prising a nanosphere inside a nanoshell and separated by a
void, can be used to significantly enhance the peroxidase-like
activity of Au-based nanozymes. The enhancement in peroxi-
dase-like activity in these systems can be assigned to a combi-
nation of increased surface areas relative to conventional solid
NPs, exposure of active surface sites within the pores of the
shells, and nanoconfinement effects between nanosphere and
nanoshell components. By comparing the activity of conven-
tional Au NPs with NSs and NRs, we found that nanoconfine-
ment played a major role in the significant enhancement of
peroxidase-like activity. Specifically, by using the oxidation of
TMB in the presence of H,0, as a model transformation, we
found that the NR morphology led to an increase in the peroxi-
dase-like activity of 3.2 and 152 fold relative to the NSs and
NPs, respectively, under our experimental conditions. Based
on the nanozyme kinetics results, the NRs also showed the
lowest K, indicating better interaction with the substrate and

15140 | Dalton Trans., 2022, 51, 15133-15141
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faster product formation. We observed a linear relationship
between the concentration of the product and oxTMB as a
function of H,0, concentration, which can be further applied
for H,0, sensing applications (colorimetric detection). We
anticipate that these results provide important insights and
inspire the development of nanozymes with high catalytic
activity. It is envisioned that this strategy can be extended to
incorporate other metals at the shells of the NRs, such as Pd
and Pt, to enable the design of systems that allow for nanoen-
zymatic and catalytic cascade transformations. Moreover, due
to the NR morphology, plasmonic coupling between the Au at
the cores and the plasmonic shell can lead to the formation of
electromagnetic hot spots due to the localized surface
plasmon resonance excitation. This can be exploited to trigger
and further enhance nanoenzymatic and catalytic activities
under light excitation.
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