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Abstract

The generation of a mesoporous structure in platinum nanoparticles can effectively enhance physical and chemical prop-
erties. In this study, mesoporous platinum nanoparticles (MPNs) were synthesized by a soft template-mediated one-pot
chemical method. To develop a mesoporous structure, Pluronic F-127 was employed. The Pluronic F-127 surfactant forms
self-assembled micelles, and the micelles act as the pore-directing agents in the synthesis of nanoparticles. Scanning electron
microscopy results revealed that the MPN had a uniform size of 70 nm on average and a distinct mesoporous structure. The
development of a concave mesoporous structure on the surface of the MPNs can increase the surface area and facilitate the
efficient transport of reactants. The synthesized MPNs exhibited peroxidase-like activity. Furthermore, the MPNs showed
excellent catalytic efficiency compared to HRP, due to the high surface area derived from the presence of the mesoporous
structure. The peroxidase-like MPNs were applied to the enzyme-linked immunosorbent assay (ELISA) of C-reactive pro-
tein (CRP). The MPN-based ELISA exhibited sensitive CRP detection in the range from 0.24 to 7.8 ng/mL with a detection
limit of 0.13 ng/mL. Moreover, the recoveries of the CRP concentrations in spiked human serum were 98.6% and 102%.
These results demonstrate that as a peroxidase mimic, the MPNs can replace the natural enzymes in conventional ELISA
for sensitive CRP detection.

Keywords Mesoporous nanoparticle - Nanozyme - Colorimetric detection - C-Reactive protein - Enzyme-linked
immunosorbent assay

Introduction nanomaterials are considered promising catalysts for bio-

medical applications such as immunoassays, biomolecule

In recent years, nanozymes, the nanomaterials which show
the enzyme-like activity, have been considered as substitutes
to natural enzymes due to significant advantages, such as
their ease of preparation and storage, high stability, and great
catalytic activity [1]. Since magnetite nanoparticles were
identified as a peroxidase mimic [2], a variety of nanomateri-
als, such as metal-organic frameworks, carbon-based materi-
als, metal oxides, and noble metals, have shown enzyme-like
activities [3-9]. Among these nanomaterials, platinum (Pt)-
based nanomaterials showed great catalytic activities with
excellent sensitivity and good stability. Therefore, Pt-based
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detection, and other applications. To date, various Pt-based
nanomaterials showed several enzyme mimicking activities
such as catalase, peroxidase, and oxidase [10—-14]. Although
various Pt-based nanomaterials have been developed and
show enzyme-like activities, the utilization of these nano-
materials as enzyme mimics remains unexplored due to chal-
lenges in controlling the surface properties, morphology, and
size to enhance the enzyme-like activities.

Recently, the development of mesoporous nanoparticles
has attracted attention due to the presence of small-sized
pores, which allows the facile transfer of reactants [15]. In
mesoporous structures, abundant active sites are exposed
due to the high surface area. The mesoporous architectures
can be synthesized using various methods, including elec-
trochemical deposition, galvanic replacement, and soft or
hard template-mediated synthesis [16—19]. Of these several
methods, soft template and chemical reduction mediated
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approaches have significant advantages, such as simple
synthetic steps, ease of template removal, and good repeat-
ability [20]. In recent years, various mesoporous noble metal
nanomaterials (e.g., Rh, Pd, and Pt) were synthesized using
micelles as a pore-directing template. These mesoporous
nanomaterials showed enhanced catalytic activities in vari-
ous applications, such as electrochemical methanol oxida-
tion and ethanol oxidation [21-23]. However, as far as we
know, the application of mesoporous noble metal nanopar-
ticles as enzyme mimics has not been studied.

C-reactive protein (CRP) is an important indicator of the
inflammatory response in the acute phase produced princi-
pally by the liver and found in human plasma [24]. Moreo-
ver, high-sensitivity CRP levels in the blood are associated
with cardiovascular disease [25]. Therefore, it is important
to monitor the CRP level in patients for the diagnosis of
lethal diseases. As a conventional method, the enzyme-
linked immunosorbent assay (ELISA) has been employed
in clinical applications for quantifying the CRP level. In
ELISA, the critical parameter is the enzyme activity. Typi-
cally, ELISA employs natural enzymes, such as horseradish
peroxidase (HRP), which catalyzes the oxidation of organic
substrates in the presence of hydrogen peroxide (H,0,).
Although natural enzymes exhibit high catalytic efficiency,
these enzymes have several disadvantages including com-
plex preparation, high cost, and denaturation under harsh
environments. Consequently, the use of nanomaterials with
enzyme-like activity can be an excellent way to overcome
the disadvantages of natural enzymes.

In this study, we fabricated mesoporous Pt nanoparti-
cles (MPNs) by a simple soft template-mediated synthetic
method. The enzyme-like activity of the MPNs was evalu-
ated by measuring the absorbance of 3,3',5,5'-tetramethylb-
enzidine (TMB). The MPNs exhibited intrinsic peroxidase-
like activity and quickly oxidized the TMB in the presence
of H,0, due to the high surface to volume ratio derived from
the mesoporous structure. Then, the MPNs were applied to
ELISA for CRP detection. The MPN-based ELISA exhib-
ited a good linear relationship with the CRP concentration.
Moreover, the MPN-based ELISA showed a higher sensitiv-
ity than conventional HRP-based ELISA in the same CRP
concentration range. These results validate the possibility
of MPNs as an effective alternative to natural enzymes for
sensitive CRP detection.

Experimental section
Materials
Pluronic F-127, potassium bromide (KBr), L-ascorbic acid

(AA), chloroplatinic acid hexahydrate (H,PtCl,-6H,0), uric
acid, urea, glucose, creatinine, 5,5'-dithiobis (2-nitrobenzoic
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acid) (Ellman’s reagent), N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDC), bovine serum
albumin (BSA), human serum albumin, ethylenediami-
netetraacetic acid (EDTA), N-hydroxysulfosuccinimide
(sulfo-NHS), TMB, phosphate buffer (1.0 M, pH 7.4),
poly(ethylene glycol) 2-mercaptoethyl ether acetic acid
(HS-PEG;5,,-COOH, MW = 3500), terephthalic acid (TA),
hydrogen peroxide (H,0,), dimethyl sulfoxide (DMSO), and
sodium acetate (NaAc) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Acetic acid (HAc) was obtained
from Junsei Chemical Co., Ltd. (Tokyo, Japan). Sulfuric
acid (H,SO,, 98%) was purchased from Daejung Co., Ltd.
(Siheung, South Korea). Indium tin oxide (ITO) glass was
supplied from Samsung Corning Advanced Glass (Asan,
South Korea). 20X phosphate-buffered saline (PBS, pH 7.4)
was acquired from Biosesang Co., Ltd. (Seongnam, South
Korea). The laminating film was purchased from Two-Hand
Co., Ltd. (Anseong, South Korea). The mouse anti-CRP
monoclonal capture and detection antibodies (cAb-CRP and
dAb-CRP) were obtained from Fitzgerald Industries Inter-
national (Acton, MA, USA).

Synthesis of MPNs

The MPNs were synthesized by modifying a previously
reported method [26]. Briefly, 150 mg of KBr and 30 mg
of Pluronic F-127 were added to 2 mL of DI water. The
solution was sonicated to completely dissolve the KBr and
Pluronic F-127. Then, 0.75 mL of a H,PtCls*6H,0 solution
(40 mM) was added and incubated for 5 min under gentle
shaking. At this point, the color of the solution changed from
bright yellow to orange. Finally, 2 mL of an AA solution
(100 mM) was added. The solution was incubated in an oil
bath for 12 h at 70 °C. The sample was washed by four con-
secutive cycles using ethanol and water. Finally, the pure
MPNs were resuspended in 4 mL of water and stored at 4 °C.

Enzyme-like activity of the MPNs

The enzyme-like activity of the MPNs was investigated by
using the reaction between TMB and H,0,. In the reaction,
TMB and H,0, were introduced to 0.1 M HAc-NaAc buffer
(pH 5.5) that contains the MPNs (0.5 ug/mL). Then, the
time-dependent absorbance of the mixed solution was meas-
ured at a wavelength of 652 nm. To evaluate the catalytic
efficiency, the Michaelis constant (K,,) and maximum reac-
tion rate (V,,,,) were determined using the Lineweaver—Burk
equation, which was derived from the double-reciprocal
of the Michaelis—Menten equation. Moreover, the turno-
ver number (K_,) was calculated by dividing V,,,, by
the nanozyme concentration. The detailed equations are
depicted in the Supplementary Information.



Mesoporous platinum nanoparticles as a peroxidase mimic for the highly sensitive determination... 7193

Evaluation of the catalytic system of the MPNs

To verify the production of hydroxyl radicals (¢OH) from
H,0, decomposition by the MPNs, TA was employed. In
brief, the 0.5 mM TA, 20 mM H,0,, and 1.0 pg/mL. MPNs
were mixed. After 50 min incubation at room temperature,
the fluorescence was recorded with an excitation wavelength
of 315 nm.

The electrochemical experiments were conducted to
investigate the electron transfer between the MPNs and
substrates. The ITO glass was modified with the MPNs and
Nafion and used as a working electrode. Briefly, 10 pL of
MPNs (10 pg/mL) was dropped onto ITO glass and dried,
followed by the addition of 10 pL of 0.5% Nafion. Finally,
the modified ITO electrode (Nafion/MPN/ITO) was washed
using water and dried. As a reference and counter electrode,
the Ag/AgCl (saturated in 3 M NaCl) and a platinum wire
were used, respectively. In electrochemical experiments,
all three electrodes were placed in 5 mL PBS (10 mM). In
cyclic voltammetry, the current value was monitored at room
temperature and potential range of —1.0-0 V. In chrono-
amperometry analysis, the current response was monitored
by adding 50 uL of 1 M H,0, to the PBS solution every 50 s
under continuous stirring.

PEGylation of MPNs

To introduce carboxyl groups, the MPNs were conjugated
with HS-PEG;5,,-COOH. First, 330 uL of 50 uM HS-
PEG3;5,,-COOH was mixed with the same amount of a 5 mg/
mL MPN solution. The mixed solution was incubated for
4 h at room temperature. Then, the solution was centrifuged
to precipitate the PEG-modified MPNs (MPN-S-PEG;;,-
COOH). The supernatant was carefully separated and stored.
The MPN-S-PEG;;,,-COOH precipitates were washed twice
with DI water. Finally, the MPN-S-PEG;5,,-COOH was
redispersed in 660 pL of DI water.

The PEGylation of MPNs was confirmed by Ellman’s
test. The thiol groups of HS-PEG;5,,-COOH can react with
the Ellman’s reagent, generating a yellow-colored product.
First, 100 pL of carefully separated supernatant was mixed
with 150 pL of 0.3 M phosphate buffer containing 1 mM
EDTA (pH 8.0). Then, 5 uL of Ellman’s reagent dissolved
in 0.5 M phosphate buffer containing 1 mM EDTA (pH 8.0)
was added. After 10 min incubation at room temperature, the
absorbance was recorded at a wavelength of 412 nm. 25 uM
HS-PEG;5,,-COOH was employed as a control to compare
the absorbance signal of the supernatant.

Preparation of dAb-CRP/MPN conjugates

The mouse anti-CRP monoclonal detection antibody (dAb-
CRP) conjugated MPN (dAb-CRP/MPN) was prepared by

chemically modifying the MPN-S-PEGj;5,,-COOH with the
dAb-CRP. Briefly, 5 uL. of EDC (25 mM) and 5 pL of sulfo-
NHS (25 mM) were mixed with 1 mL of MPN-S-PEGg;;5,-
COOH (0.15 mg/mL). The solution was reacted for 1 h at
room temperature. Then, the solution was washed two times
with DI water and redispersed in 1 mL of DI water. Subse-
quently, 10 uL of dAb-CRP (1 mg/mL) was mixed with the
solution. After incubation for 4 h at 4 °C, 110 pL of 2% BSA
was added to block the unmodified surface of the MPNs.
The solution was further incubated for 1 h at room tempera-
ture. Then, the dAb-CRP/MPN was purified two times with
DI water. Finally, the dAb-CRP/MPN was redispersed in
0.5 mL of PBS (10 mM) containing 0.2% BSA.

Detection of CRP

To prepare the sandwich ELISA, the 96-well microplates
were coated with mouse anti-CRP capture antibody (cAb-
CRP). 100 pL of 5 pg/mL cAb-CRP dissolved in 50 mM
carbonate/bicarbonate buffer (pH 9.6) was added to a micro-
plate and incubated at 4 °C overnight. The microplates were
washed three times with washing buffer (PBST, 10 mM
PBS containing 0.05% Tween 20, pH 7.4). Then, 200 uL
of 2% BSA dissolved in 100 mM PBS was added to block
the microplates. After washing three times, the microplates
were sealed and stored in a fridge until use.

Sandwich ELISA was performed for CRP detection. 100
uL of a CRP sample was added to cAb-CRP coated micro-
plates and incubated for 2 h in a 37 °C oven. The micro-
plates were washed three times with PBST and 100 pL of
dAb-CRP/MPN (6 pg/mL in 10 mM PBS) was added. After
incubation for 1 h at 37 °C, the microplates were washed
five times with PBST. Then, 100 pL of the substrate solu-
tion (0.5 mM TMB and 50 mM H,0, in 0.1 M HAc-NaAc,
pH 5.5) was added. After incubation for 10 min at room
temperature, 50 uL of H,SO, (0.5 M) was added to stop the
reaction. Then, the absorbance was recorded at a wavelength
of 450 nm.

In the HRP-based ELISA, the procedure for the introduc-
tion of CRP to a microplate was the same as in the MPN-
based ELISA. Then, 100 uL of HRP-anti-CRP antibody
(0.5 pg/mL) was added and incubated for 1 h in a 37 °C
oven. The microplate was washed three times using PBST.
Then, 100 pL of the substrate solution (0.5 mM TMB and
5 mM H,0, in 0.1 M HAc-NaAc buffer, pH 5.5) was added
to each well. After incubation for 20 min, the reaction was
stopped by the addition of 50 uL of 0.5 M H,SO, and the
absorbance was monitored at a wavelength of 450 nm.

Characterizations

The morphology and crystalline structure of the MPNs were
confirmed using transmission electron microscopy (TEM,
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JEOL JEM-2010, USA) and field-emission scanning electron
microscopy (FE-SEM, Hitachi S-4800, Japan), and X-ray
diffractometer (XRD, D/MAX-2500, Rigaku, USA), respec-
tively. The absorbances were recorded using a UV—visible
spectrometer (UV-vis, OPTIZEN 2120UV, Mecasys Co.,
Ltd., South Korea). All electrochemical experiments were
performed using an electrochemical workstation (CHI 622C,
CH Instrument Inc., USA) with a three-electrode system.
A multi-mode microplate reader (BioTek Instrument Inc.,
USA) was utilized to monitor the absorbance.

Results and discussion
Characterization of MPNs

A schematic illustration of the simple micelle template-
mediated synthesis of the MPNs is shown in Fig. 1. To syn-
thesize the MPNs, Pluronic F-127 was employed as a pore-
directing agent. The Pluronic F-127 forms a self-assembled
micelle structure in which hydrophilic polyethylene oxide
(PEO) faces outward and hydrophobic polypropylene oxide
(PPO) faces inward. The generation of a micelle structure
from the Pluronic F-127 was clearly indicated by the Tyndall
effect. Above the critical micelle concentration (CMC) of
0.87 mg/mL [27], the micelle structures were generated from
the self-assembly of Pluronic F-127. Then, the light was
scattered due to the presence of colloidal micelles, showing
a distinct line (Fig. S1A). However, the light scattering was
not observed below the CMC (Fig. S1B). After micelle gen-
eration, the Pt precursor was stabilized by micelle through
the interaction with ethylene oxide groups of the micelles
[28]. Then, Pt clusters reduced by ascorbic acid continue
to deposit on the surface of micelles, and the micelle-Pt
nanoparticle complex was formed. Finally, the micelle was
completely removed by consecutive washing, resulting in the
generation of a mesoporous structure.

3y, 2
X Pt % )
HPCl, 00
3 ) )) ) a0
) Ayt ]
x % > 3 % §

A 33 P

33
/N ’
Polypropylene oxide  Polyethylene oxide
(PPO) (PEO)
Pluronic F-127 x'

Fig. 1 Schematic diagram of the synthesis of the MPNs
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12 h reaction

The crystalline structure of the MPNs was confirmed by
XRD measurements (Fig. 2A). Four characteristic diffrac-
tion peaks corresponding to (111), (200), (220), and (311)
planes were present in the XRD results, indicating a face-
centered cubic (fcc) structure. The crystalline size, corre-
sponding to the (111) plane of MPNSs, was calculated to be
5.91 nm using Scherer’s formula [29]. The morphology and
structure of the MPNs were characterized by SEM (Fig. 2B).
The SEM image indicates highly uniform and well-dispersed
mesoporous structures with a diameter around 70 nm (inset
of Fig. 2B). The size of the pores of the MPNs was around
14 nm (Fig. 2D). However, micrometer-sized Pt particles
with a non-porous structure were obtained in the absence of
micelle components, Pluronic F-127 (Fig. 2C). These results
reveal the importance of Pluronic F-127 as a pore-directing
agent to make the mesoporous structure. The mesoporous
networks were also confirmed by TEM. The TEM images
also display well-dispersed MPNs and obvious contrasts,
demonstrating that the mesopores are embedded in the nano-
particles (Fig. 3A). However, the porous structure of the
MPNs before washing the micelles was not clear (Fig. S2).
Moreover, the high-angle annular dark-field scanning TEM
(HAADF-STEM) image further evidences the presence of
mesopores (Fig. 3B). Figure 3C displays a high-resolution
TEM image of the MPNs. The lattice spacing at the sur-
face of MPNs was 0.23 nm, which corresponds to the fcc Pt
(111) plane. The selected-area electron diffraction (SAED)
pattern of the MPNss exhibits distinct diffraction rings, sug-
gesting a polycrystalline structure (Fig. 3D). Moreover, the
four diffraction rings correspond to the (111), (200), (220),
and (311) planes of the MPNs, which are consistent with
the XRD results.

Enzyme-like activity of the MPNs

The enzyme-like activities of the MPNs were evaluated by
monitoring the absorbance of TMB. The MPNs catalyzed

Ascorbic acid Washing
ﬁ ﬁ
70 °C

MPN-micelle MPN

complex

Pluronic F-127

micelle ) Pt precursor
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Fig.3 A TEM and B HAADF-
STEM images of the MPNs. C
HR-TEM image of the MPNs. D
SAED pattern of the MPNs

the oxidation of TMB and produced a blue-colored product  is negligible because it is considerably weaker than per-
(TMB,,) in the presence of H,0,, suggesting peroxidase-  oxidase-like activity.

like activity (Fig. 4). Moreover, the MPNs exhibit weak Then, the optimal pH and temperature for the cata-
oxidase-like activity, which catalyzes the TMB oxidation  lytic activity of the MPNs were studied. The maximum
in the absence of H,0,. However, this oxidase-like activity ~ absorbance of TMB_, was observed at pH 5.5, and it
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Fig.4 UV-vis spectra displaying the enzyme-like activity of the
MPNs. The inset displays photograph of TMB solutions with differ-
ent compositions

decreased under lower or higher pHs (Fig. S3A). These
results demonstrate that under weakly acidic conditions,
the MPNs can catalyze the reaction of the TMB. Based
on this result, the optimal temperature on the catalytic
activity of MPNs was investigated at 4-60 °C at the opti-
mized pH of 5.5. As shown in Fig. S3B, the maximum
activity was observed from 15 to 30 °C. Above 30 °C,
the activity decreased due to the invalid decomposition
of H,0, [30]. Thus, the temperature range of 15-30 °C
was considered optimal. Based on these results, a pH of
5.5 and room temperature (25 °C) were adopted in the
subsequent experiments.

The stabilities of the MPNs against various chemi-
cal and thermal conditions were explored. The MPNs
were incubated at different pH (3.0-8.0) and temperature
(25-70 °C). After 2 h incubation, the catalytic activity of
MPNs was investigated by measuring the UV—vis absorb-
ance of TMB_,. HRP was also incubated at the same
pH and temperature ranges for comparison. As shown in
Fig. S4A, the MPNs show good stability under a broad
range of pH values while HRP lost its stability under
acidic conditions. In the case of temperature, the cata-
lytic activity of the MPNs was stable under the range of
temperature. However, the activity of HRP significantly
decreased above 50 °C (Fig. S4B). These results reveal
that the MPNs exhibit better stability for wide ranges
of pH and temperature than HRP and can be used as a
substitute for HRP. Then, the stability of the MPN solu-
tion for long-term storage at 4 °C was investigated over
the course of a month (Fig. S4C). After a month, the
catalytic activity of the MPNs was maintained at approxi-
mately 90%, which demonstrates good long-term stabil-
ity of the MPNs.
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Kinetic assay of MPNs

The catalytic activity and mechanism of the MPNss as a per-
oxidase mimic were investigated by evaluating the kinetic
parameters of the reaction of TMB and H,0,. Figures SA
and D show the representative Michaelis—Menten curves of
TMB and H,0,, respectively. The curves show the initial
reaction velocity (V) as a function of the substrate con-
centration ([S]). As [S] increases, V|, becomes saturated and
reaches the maximum reaction velocity (V,,,,). The Michae-
lis-Menten curves were then converted to Lineweaver—Burk
plots to determine the kinetic parameters of the MPNs
including the Michaelis constant (K,,), V,,,,, and turnover
number (K_,,) (Figs. 5B and E). The K, value represents the
enzyme’s affinity to the substrates where the lower the K,
the higher the affinity for the substrates. K, is the number
of bound substrate molecules converted into a product by
an enzyme per unit time. Thus, a higher K, corresponds
to higher catalytic efficiency. These kinetic parameters of
the MPNs were compared to other Pt-based nanoparticles
and HRP (Table 1). The MPNs show a higher K, value for
TMB than other Pt-based catalysts and HRP, suggesting a
lower affinity for TMB. In the case of H,0,, the MPNs also
showed a lower affinity for H,O, compared to the other cata-
lysts. However, the K, values of MPNs for substrates are
much higher than those of other catalysts and HRP. Espe-
cially, the K, values of the MPNs were higher than those
of the Pd@Pt NPs, which were synthesized by the similar
method. This result is due to the excellent peroxidase-like
activity of Pt-based materials and the increased surface area
by the mesoporous structure. These results suggest that
the MPNs have the highest catalytic efficiency compared
to other Pt-based nanomaterials and HRP. Figures 5C and
F reveal the Lineweaver—Burk plots for different substrate
concentrations. Parallel lines are displayed on each graph,
suggesting that the reaction is based on the ping-pong mech-
anism. This mechanism was also observed in HRP [31].
These results demonstrate that the MPNs react with the first
substrate and release the product before the reaction of the
second substrate.

Catalytic mechanism of the MPNs

Although various peroxidase mimicking nanozymes have
been developed, the obvious mechanisms of peroxidase-
like nanozymes have not yet been revealed. One possible
mechanism is the decomposition of H,O, to hydroxyl radi-
cals (¢OH) by nanozymes. Then, ¢OH reacts with TMB,
generating a blue-colored product [36]. To evaluate the
oOH generation, TA was utilized. As a #OH specific probe,
TA could easily bind with eOH and generate the fluores-
cent 2-hydroxyl terephthalic acid (Fig. 6A). As shown in
Fig. 6B, strong fluorescence was obtained for the solution
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Fig.5 Steady-state kinetic assays of the MPNs for TMB oxidation in
the presence of H,0,. A, D Michaelis—Menten and B, E Lineweaver—
Burk plots for TMB and H,0,. The concentrations of TMB and H,O,

Table1 A comparison of the kinetic parameters of the MPNs and
various Pt-based catalysts

Catalyst Sub- K, Viax X107 ko ™) Ref
strate (mM) Ms™h
HRP TMB 0434  10.00 4.00x10°  [2]
H,0, 3.70 8.71 3.48x10°
ISPtNPs TMB  0.120 126 227x10*  [32]
H,0, 769 185 1.55x 10*
uPtNZs TMB  0.174 101 2.69x10*  [33]
H,0, 827 177 4.75%10%
PHHND TMB 0.8l 12.0 1.70x 1072 [34]
H,0, 690 9.90 1.40x 1072
Pd@Pt TMB  1.78 36.4 1.42x107%2 [35]
NPs  H,0, 0053 926 0.36x 1072
MPN  TMB 0570  104.9 4.87x10°  This work
H,0, 581 65.4 3.04x10°

ISPtNPs, irregular-shaped Pt nanoparticles; uPtNZs, urchin-like Pt
nanozymes; PtHND, Pt hollow nanodendrite

which contains TA, MPNs, and H,0O,, while fluorescence
was negligible in the absence of MPNs or H,0,. Moreover,
the fluorescence signal significantly decreased for solutions
containing DMSO, which scavenges eOH. Consequently,

were fixed at 0.45 mM and 7.0 mM, respectively. C, F Lineweaver—
Burk plots for various substrate concentrations

these results demonstrate that the «OH species was gener-
ated from H,0, decomposition by the MPNs as peroxidase-
like nanozymes.

As the active species are generated in the catalytic
process, electron transfer between the MPNs and sub-
strates can take place. To evaluate the electron transfer,
the electrochemical measurements for the redox reac-
tion of H,0, was conducted using cyclic voltammetry
(CV) and chronoamperometry (CA). An ITO glass was
modified with the MPNs and Nafion and used as a work-
ing electrode (Nafion/MPN/ITO) in the electrochemi-
cal experiments. Figure 6C shows the CV responses of
Nafion/MPN/ITO in the absence or presence of the H,O,.
In the absence of H,0,, a weak current was observed
while an obvious reduction peak at around —0.79 V (vs
Ag/AgCl) was observed in the presence of H,0,. Based
on the CV results, the amperometric response to the
continuous addition of H,0, was recorded at a reduc-
tion potential of —0.79 V (Fig. 6D). The reduction cur-
rent increased after the addition of H,0O, and reached
a steady-state value within a few seconds. The current
response of Nafion/MPN/ITO for H,0, was higher than
that of Nafion/ITO, suggesting the nanozyme-catalyzed
electron transfer between the electron donor (electrode)
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Fig.6 A Reaction mechanism A B
of terephthalic acid (TA) (o) OH (o) OH o 800
with hydroxyl radical (eOH). 2
B Fluorescence spectra of *OH OH ¥ 600
various compositions: (a) ’ s
TA +H,0,, (b) TA +MPNs, 5 400
() TA+H,0,+MPNs, and (d) = 200
TA +H,0,+MPNs +DMSO. C HO™ ~O HO™ ~O =
Cyclic voltammetry of a Nafion/ Non-fluorescent Fluorescent 0
MPN/ITO electrode in PBS 400 450 500 550
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and acceptor (H,0,). Consequently, these results suggest  ELISA for CRP

that the electron transfer can be realized and enhanced
with the aid of the MPNs.

Surface modification of the MPNs

To obtain the dAb-CRP/MPN complex, the carboxyl
group (-COOH) was modified on the surface of the
MPNSs. As Pt can bind with thiol [37, 38], the surface of
the MPNss can be easily modified with -COOH through
the PEGylation of thiolated carboxylic PEG (HS-PEG3;5,-
COOH) chains. The immobilized -COOH could serve as
a reactive site to bind the antibodies. The immobilization
of HS-PEG;5,,-COOH was confirmed by Ellman’s test
(Fig. S5). As HS-PEG;5,,-COOH is immobilized on the
MPNs, the concentration of HS-PEG;5,,-COOH in the
supernatant decreases, which results in a decrease of the
absorbance signal produced from the reaction between
Ellman’s reagent and HS-PEG;5,,-COOH. After 4 h
reaction between the MPNs and HS-PEG;5,,-COOH, the
absorbance of Ellman’s reagent for the supernatant was
significantly decreased compared to the added concentra-
tion (Table S1). The concentration of HS-PEG;5,,-COOH
for the supernatant calculated from the calibration curve
was about 0.34 uM, indicating that almost 99% of 25 uM
HS-PEGj;5,,-COOH reacted with the MPNs. These results
demonstrate successful modification of HS-PEG;5,-
COOH on the surface of the MPNGs.
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The carboxylated MPNs were modified with anti-CRP detec-
tion antibody (dAb-CRP) through the EDC/NHS coupling
reaction. After modification of the dAb-CRP on the MPNss,
the catalytic activity decreased about 20% due to the block-
ing the active site of the MPNs by dAb-CRP (Fig. S6).
Although the catalytic activity decreased, the dAb-CRP-
modified MPNs preserved enough peroxidase-like activity
for CRP detection. Then, the dAb-CRP-modified MPNs
were applied for CRP ELISA. The MPN-based ELISA is
systemically the same as HRP-based ELISA except that the
MPNss are replaced with HRP (Fig. 7A). The procedures
and the CRP standard concentrations of both ELISAs were
kept the same to allow an accurate comparison. The 96-well
plate, which was immobilized by anti-CRP capture antibody
(cAb-CRP), was treated with CRP concentrations (0-7.8 ng/
mL), followed by the treatment of dAb-CRP/MPN or HRP-
anti-CRP antibodies. In this way, each well possesses differ-
ent concentrations of dAb-CRP/MPN or HRP-anti-CRP anti-
bodies. After the addition of TMB/H,0, solutions to each
well, blue-colored products (TMB,,) were generated with
different intensities. Then, the stop solution (0.5 M H,SO,)
was added and the yellow-colored products were moni-
tored in the 96-well plate (Fig. 7B). Finally, the absorbance
was recorded. The developed MPN-based ELISA for CRP
detection showed linearity in the range of 0.24 to 7.8 ng/mL
with a correlation coefficient (R?) of 0.992. Furthermore,
the limit of detection (LOD) was calculated to be 0.13 ng/
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Fig.7 A Schematic illustration of MPN-based ELISA and conven-
tional HRP-based ELISA for CRP detection. B Optical image of
MPN-based ELISA and HRP-based ELISA for CRP detection. C
Calibration curves for CRP concentrations using MPN (black line) or
HRP (red line) ELISA

mL (Fig. 7C). In contrast, conventional HRP-based ELISA
shows a linear detection range from 0.49 to 7.8 ng/mL with a
LOD of 0.35 ng/mL and R? of 0.995. The LOD was obtained
by dividing the three standard deviations of the blank sam-
ple by the slope of the calibration curve. When compar-
ing the LOD and slope values of the calibration curves
under the same CRP concentration ranges, MPN-based
ELISA was more sensitive than HRP-based ELISA. These

Table2 A comparison of analytical performance of the MPN-based
ELISA and other analytical methods

Materials Method Detection LOD (ng/ Ref
range (ng/ mL)
mL)
Au-MOF Electro- 1-400 0.2 [39]
chemical
MB, HRP Electro- 2-100 0.47 [40]
chemical
CdSe/ZnS Fluorescence 1.56-400 0.46 [41]
QDs
Ag NPs SERRS 1.5-25 1.0 [42]
MPNs Colorimetric  0.24-7.8 0.13 This work

MB, magnetic beads; HRP, horseradish peroxidase; SERRS, surface
enhanced resonance Raman scattering

enhanced detection sensitivities of MPN-based ELISA could
be ascribed to the higher catalytic efficiency of the MPNs
compared to HRP. Furthermore, the analytical performance
of MPN-based ELISA was compared with other methods
(Table 2). The other methods showed good analytical perfor-
mance with broad detection range. However, those methods
still reveal some limitations such as sophisticated equipment
and complicated operation. In contrast, although the MPN-
based colorimetric method has narrow detection range, this
method shows many advantages including simplicity of
manipulations, low cost, and high sensitivity.

Then, the impact on potential interferences such as human
serum albumin (HSA), glucose, AA, urea, uric acid (UA),
and creatinine (CT) was investigated. The concentration of
interferences was chosen according to their physiological
level in serum: HSA (50 mg/mL), glucose (1 mg/mL), AA
(6 ug/mL), urea (200 ug/mL), UA (80 ug/mL), and CT (12
ug/mL). Each interference was mixed with CRP standard
sample (7.8 ng/mL) and analyzed using MPN-based ELISA.
As shown in Fig. S7, the potential interferences showed neg-
ligible fluctuations of less than 10% compared to the sam-
ple containing only CRP standard. This result demonstrates
that the MPN-based ELISA has excellent specificity for the
detection of CRP.

Recovery test

For the recovery test, CRP samples (1 and 5 ng/mL) were
prepared by adding CRP to human serum. Table S2 shows
the recoveries of the spiked CRP using MPN-based ELISA.
The observed recovery values of 1 and 5 ng/mL. CRP were
98.6% and 102%, and relative standard deviations were
8.63% and 2.18%, respectively. The above results reveal the
applicability and effectiveness of the MPN-based ELISA
for sensitive and accurate detection of CRP in real samples.
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Conclusions

In summary, MPNs prepared by a simple synthetic method
displayed enhanced peroxidase-like activity due to the
presence of a mesoporous network, which increases the
surface to volume ratio. As a peroxidase-like nanozyme,
the MPNs followed Michaelis—Menten kinetics with splen-
did catalytic efficiency for TMB and H,0,. Moreover,
the MPNs exhibited typical ping-pong kinetics. Further
studies demonstrated that the catalytic mechanism of the
MPNs was based on the decomposition of H,O, and gen-
eration of ¢OH. The MPNs were modified with dAb-CRP
using EDC/NHS coupling and then applied to CRP detec-
tion. The MPN-based ELISA displayed sensitive detec-
tion of CRP in a concentration range from 0.24 to 7.8 ng/
mL with a LOD of 0.13 ng/mL, which is more sensitive
than HRP-based ELISA. Moreover, MPN-based ELISA
can recover CRP from spiked human serum samples. Due
to the several advantages such as simple production, great
stability, and excellent enzyme-like activity, we believe
that the MPNs can be applied to a wide range of fields.
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