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Abstract

In a standard colorimetric sensing assay based on HRP-H,O,-TMB (3,3°,5,5’-
tetramethylbenzidine), the stability of the signal of the chromogenic probe (TMBx) is
essential for the accuracy of measurements. Terminators, typically of strong acids, are
often added to maintain signal stability. However, additional manipulations may
compromise sensing accuracy and the use of strong acids cause safety hazards. Here, a
self-assembled sodium dodecyl sulfate (SDS) micellar nanozymes sensing strategy was
proposed, which can catalyze the two-electron oxidization of TMB directly to the final
state. Unlike the free and bound oxygen intermediates pathways, the micellar
nanozymes enabled a microenvironment conducive to two-electron oxidization of TMB,
in which the electrostatic attraction between the micellar nanozymes and TMB played
crucial roles in substrate activation and intermediates stabilization. It allows micellar
nanozyme to remain active even at very high H>O concentrations, thus enabling a
broader detection range. GOD and the micellar nanozymes were cascaded for glucose
detection as an application. As a result, the disadvantage of signal instability in
conventional glucose biosensors from natural enzyme systems (HRP and GOD) was
avoided.
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Introduction

Catalysts were widely used to promote the reaction’s speed, efficiency, and
selectivity. Among them, enzymes as natural catalysts have been described as the “chip”
of modern biocatalytic reactions, which play an essential role in many practical
applications, such as bioassay, food, medicine, and industrial catalysis.!”> Among them,
peroxidases are a class of oxidoreductase extracted from living organisms, which takes
heme as a cofactor to participate in the physiological metabolism of organisms.> It could
catalyze the oxidation of various substrates by reacting with H>O» to form a high-valent
iron oxide intermediate.*> As a typical representative, horseradish peroxidase (HRP)
has been widely used in analytical chemistry and immunochemistry due to its high
catalytic efficiency, specificity, and mild reaction conditions.>® For instance, HRP-
H>0,-TMB (3,3’,5,5 -tetramethylbenzidine) has become the standard chromogenic
system in the commonly used enzyme-linked immunosorbent assay (ELISA). However,
enzymes are generally easy to denature in vitro, and enzyme purification is laborious
and costly, which impedes their broad application. Moreover, some enzyme-catalyzed
system has intrinsic limitations in reactivity. Building on the prior example, the
continuous re-oxidation of one-electron oxidation product (TMBox1) to its final state
(TMBox2) by HRP is inevitable. To improve the stability and reliability of signal, adding
a terminator, typically of strong acid, to the HRP-H,O,-TMB system is generally
needed.'%!? However, with that, will come corrosion, causing critical safety hazards in
applications. Therefore, there is an urgent need to develop artificial enzymes to address
these challenges.

Indeed, the long-term stability of TMBox2 motivates us to consider whether an
artificial enzyme could be developed to catalyze the oxidization of TMB directly to the
final state TMBox2. Since the first discovery of FesOs nanoparticles with intrinsic
peroxidase (POD)-like activity in 2007, many nanomaterials-based artificial enzymes,
termed nanozymes, have been reported.!*>!°> Due to low cost, easy availability, and high
stability against biodegradation, nanozymes have attracted increasing attention in a
wide range of fields, such as biosensors, immunoassays, and cancer therapy.!¢!
Likewise, bottom-up self-assembled artificial enzymes have recently attracted much
attention.”®??> Biomolecules such as DNA and peptides have unique molecular
structures and, as assembly elements, were often used to prepare aggregates with

controllable morphology and catalytic function.?!> 2> However, artificial enzymes



constructed using these biomolecules cannot avoid the intrinsic disadvantages of poor
stability. Surfactants with unique molecular structures may become the most
appropriate assembly elements for self-assembling artificial enzymes.?®?® Surfactants
can acquire potential enzyme-like active sites through self-assembly and bind to
substrates through hydrogen bonding, van der Waals forces, or hydrophobic interactions
to form a substrate activation state, ultimately facilitating the reaction of the substrate.?-
30 Moreover, micelles could solubilize many substances in an aqueous solution, thus
catalyzing reactions by using the solubilization, stabilization, and sensitization of
micelle systems.*'"*? Therefore, we reason that developing a micellar nanozyme would
provide a potential benign solution for addressing the instability of TMB oxidation in
bioassay by HRP. However, to our knowledge, few relevant studies have been reported.

Here, we developed a micellar nanozyme to directly oxidize TMB to the stable final
state, TMBox2, for sensing applications, thanks to the interaction between micellar
nanozymes and substrates. The unique POD-like activity of sodium dodecyl sulfate
(SDS) -based micellar nanozymes was discussed, considering the catalytic reaction of
TMB oxidation as an example. The critical factors of micelle-substrate interactions
were explored to understand the origin of the stable catalytic ability. The special
catalytic mechanism allows micellar enzymes to remain active even at very high H2O:
concentrations, thus enabling the detection of ultra-high H>O> concentrations.
Interestingly, the stability of the SDS micellar nanozymes for the two-electron
oxidation product (TMBox2) ensured the uniqueness of the final chromogenic signal. As
a result, without HRP, glucose could be reliably measured with an SDS-based micellar

nanozyme-H>02-TMB chromogenic system without any strong acid termination.

Results and discussion

The two-electron oxidation of TMB. As a common surfactant, SDS has been
successfully used as a catalyst in many organic reactions because it can form water
micelles and dissolve water-insoluble organic compounds™. Inspired by the fact, SDS
micellar nanozymes were applied as a proof-of-concept to verify the feasibility of
constructing micellar nanozymes by improving the reaction rate in the dehydrogenation
of TMB. As shown in Figure 1a, an increase in the absorbance at 450 nm was observed,
which was attributed to the two-electron oxidation of TMB into yellow TMBox2 by the
SDS micellar nanozymes with H2O». The oxidation rate of TMB by H>0: increased



significantly upon adding SDS micelles (Figure S1). The results demonstrated that the
SDS micellar nanozymes had POD-like activity and could catalyze the oxidation of
TMB with H>O; in an aqueous solution. The TMB oxidation rate was calculated from
the absorbance of TMBox2 as a function of time. It was found that the steady-state
kinetics for the SDS micelle catalytic reaction well followed the typical Michaelis-
Menten model (Figure 1b).

To validate the products of the catalytic reaction, the substrate and oxidation product
of TMB in the solution phase were explored using high-resolution electrospray
ionization mass spectrometry (ESI-MS, Figure 1c, bottom panel). Before oxidation, a
fragment of TMB ([M + H]) was observed at m/z 241.1706. However, the fragment
was exclusively downshifted to 239.0278 after oxidation. It demonstrated the
dehydrogenation of the two -NH moieties on TMB and the oxidation of TMB into
TMBox2. The high-performance liquid chromatography (HPLC) chromatogram (Figure
S2) also showed that the product of TMB catalyzed by SDS micellar nanozymes was
TMBox2, similar to the yellow product obtained from HRP oxidation. The results
suggested that the SDS micellar nanozyme not only accelerated the oxidation reaction
of TMB in the presence of H>O> but also produced the final oxidation product of TMB,
namely the two-electron oxidation product. In fact, during the catalytic reactions of
natural and artificial peroxidases, the catalytic oxidation of TMB was generally
converted into a one-electron oxidation product. Then the generated one-electron
product was slowly oxidized to the terminated product, which leads to instability of the
output signal in constructing biosensors. For instance, additional terminators were
added in the ELISA experiments to avoid unfavorable signal changes for readings. In
contrast, the catalytic oxidation of TMB by SDS micellar nanozyme provided direct
access to the final state. It generated TMBox> much faster than HRP and Pt/C by a factor
of three to five times (Figure 1d). Forming a unique catalytic product is essential for
successfully constructing reliable biosensors, which will be demonstrated in the

following text using the proposed SDS micellar nanozyme.
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Figure 1. Catalytic activity of SDS micellar nanozymes. (a) UV-vis absorption
spectra of TMB (0.1 mM) after catalysis by SDS micellar nanozymes (10 mM) in air-
saturated 0.1 M HAc-NaAc buffer solution ([H202]: 0.1 M). (b) The typical Michaelis-
Menten curves for 10 mM SDS with TMB ([H20:]: 0.1 M) and H>O; ([TMB]: 1 mM)
as substrate in 0.1 M HAc-NaAc (pH 3.5), respectively. (c) Reaction pathway of TMB
oxidation catalyzed by SDS micellar nanozymes (10 mM), as evidenced by ESI-MS
spectra of TMB and TMBox>. (d) Time-dependent UV-vis absorption of TMB at 450 nm
catalyzed by SDS micellar nanozymes, Pt/C, and HRP in air-saturated 0.1 M HAc-
NaAc buffer solution ([H202]: 10 uM).

Mechanism of two-electron oxidation of TMB. To understand the mechanism by
which SDS micellar nanozyme accelerated the electron exchange between TMB and
H>0», possible intermediate radical species, such as free reactive oxygen species (ROS),
were first explored using the scavenger trapping technique. UV-vis kinetic experiments
were performed using isopropyl alcohol (IPA) as a hydroxyl radical scavenger (Figure
2a). It was observed that the oxidation rate of TMB decreased dramatically after adding
IPA, confirming that hydroxyl radicals were the primary radical intermediates in the

reaction process.>* Moreover, the oxidation products increased with the amount of



hydroxyl radicals, which positively correlated with the H>O» concentration in the
solution (Figure S3, S4). Electron spin resonance (ESR) spectra were carried out to
further confirm the type of ROS by monitoring the effect of SDS micelle addition on
the generation of free radicals in the H>O> solution (Figure 2b-2¢). As shown in Figure
2b, using 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as the spin-trapping agent,
distinct 4-fold characteristic peaks of hydroxyl radical-DMPO adducts with a signal
intensity of 1:2:2:1 were observed both before and after the addition of SDS micellar
nanozymes. The signal intensities of the solutions before and after SDS addition were
equal, indicating that the hydroxyl radicals originating from the self-decomposition of
H>0O> and the addition of SDS micellar nanozymes did not increase the efficiency of
hydroxyl radical production (Figure 2b and c). The results suggested that the catalytic
mechanism of SDS micellar nanozyme did not follow the pathway of activating H>O»

to form the free ROS.* 33-36
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Figure 2. Intermediates in peroxidase-like reactions by SDS micellar nanozyme.
(a) Time-dependent UV-vis absorption of TMB catalyzed by SDS micellar nanozymes
(10 mM) with or without IPA as the hydroxyl radical trapping agent. ESR spectra of the
spin adduct of the hydroxyl radical generated by H>O» before (b) and after (c) the
addition of SDS micellar nanozymes. ESR spectra of spin adduct of superoxide radical

(d) and singlet oxygen (e) generated by H>O> in 0.1 M HAc-NaAc solution. (f) DLS



size distributions of SDS micelles addition of TMB. (g) Cryo-TEM images of SDS
micelles (10 mM) after addition of TMB (0.1 mM). (h) UV-vis absorption spectra of
TMB after irradiation with visible light (A > 400 nm) in solutions with or without the

addition of SDS micellar nanozymes (10 mM).

Previous studies on micellar catalysis have shown that the micellar
microenvironment can change the state of the substrate or transition state, thereby
affecting the reaction progress.’® 373% Next, the interactions between the micellar
nanozymes and TMB in bimolecular reactions were investigated. The sizes of the
particles in SDS micellar solutions before and after TMB addition were measured by
dynamic light scattering (DLS). As can be seen from Figure S5, the micelle size in pure
SDS solution was approximately 4 nm, which was consistent with the values reported
in the literature.’*-** However, the micelle size increased dramatically to about 1000 nm
with the addition of TMB (Figure 2f). When SDS was dissolved in pure water, there
was a high degree of electrostatic repulsion between the head clusters in the micelles,
owing to the negative charge of the anion head clusters. It led to a sizeable effective
head cluster area and a high micelle core curvature, resulting in spherical micelles
forming. In fact, at concentrations much higher than the critical micelle concentration
(CMC) or with additives, the micelles would undergo a morphological transformation
into a cylindrical structure with a 100-1000 nm length.***! The transformation was
caused by reducing the effective area of the head cluster or by reducing the electrostatic
repulsion. The transformation has been demonstrated experimentally and by all-atom
molecular dynamics simulation studies of micelle front aggregation.*’ 4>

To determine the specific structure of the micelles in the mixed TMB and SDS system,
cryo-TEM imaging was performed, showing a cylindrical form (Figure 2g). The results
confirmed that the addition of TMB caused a morphological change in the micelles,
which may be due to van der Waals forces and hydrophobic interactions. It can be
assumed that the special intermediate state formed by TMB and the micellar nanozymes,
which made TMB seem to be in an “activated state” and made it easier for oxidative
dehydrogenation. Figure 2h shows a comparison of the results of oxidized product of
TMB with and without SDS micellar nanozymes under visible-light irradiation (A > 400
nm). The results showed that the introduction of SDS micellar nanozymes significantly
affected on the rapid dehydrogenation of TMB. It was demonstrated that “activated
state” formed readily allowed the oxidation of TMB, i.e., activated TMB. No UV light



was required and low-energy light illumination allowed the reaction to occur. It has
been demonstrated that micelles have solubilizing effects and can promote catalysis by
binding to the substrate through hydrogen bonding, van der Waals forces, or
electrostatic gravitational forces.?’*? In addition, micelle aggregates of nanometer
dimensions behaved as containers in which a variety of reactions occur. Nanometer-
sized micelles increased the local concentration of reactants around their surfaces,
which was also one of the reasons for the accelerated transformation. Therefore, in
contrast to traditional peroxidase’s mechanism in activating H>O», micellar nanozymes

accelerated the oxidative dehydrogenation process via TMB activation.

CMCgps
() S m—— | (b) — () —
P C SDs
- P+buffer 8 CTAB
. DTAB
i 3 - A
1
A ——BS-14
! 370 nm . . 12 /\ ——— Tween 20
1 2 bufferl " // \
o /
” I I I I I l I ' i < /
o / |
< ! 06 /|
1 450 nm 1 \
gz . « \
. ! & N
L il & ! z 0 0.0 e
01 246 7 8 9 10 15 20 40 300 400 500 600 700 800 450 500 750
SDS (mM) Wavelength (nm) Wavelength (nm)
(d)
. ‘
o , ' §
. e 12
-
° K '
l °
.
. e L) /Q_
& ot S >
VA o :
b L AR N °
\T ¢ ces00ns &8
'l »> B 55 °
.
- ! ..
oilye.
WV ot y2+ 4
.

Figure 3. Mechanistic studies of the POD-like activity. (a) Color (top panel) and UV-
vis absorption (bottom panel) changes in the oxidation solution of TMB with increasing
SDS concentrations. (b) UV-vis absorption spectra of P solution before and after the
addition of and SDS micelle solution. (The P solution was obtained by oxidation of
TMB catalyzed by SDS micellar nanozymes (10 mM) in the presence of H>O»). (c) The
catalytic activity of different surfactants for TMB oxidation, as measured by UV-vis
spectroscopy. (The concentration of each surfactant used in the experiment was the
critical micelle concentration) (d) The proposed bound TMB mechanism for SDS

micellar nanozymes.



To confirm the role of micelles on the catalysis process, the influence of different
concentrations of SDS on the catalytic reaction was studied. Figure S6 shows the
mechanism of the oxidation of TMB to produce two colored products. As shown in
Figure 3a (top panel), with increasing SDS concentration, the color of the products
gradually changed from blue to yellow. The inflection point of the product transition
corresponded to the critical micelle concentration of SDS (8§ mM). The UV-vis spectra
corresponding to each concentration of the solution also confirmed the transformation
of the products (Figure S7). To make the data more intuitive, Figure 3a (bottom panel)
shows the trend plots of the blue product (370 nm, one-electron oxidation product) and
yellow product (450 nm, two-electron oxidation product) with increasing SDS
concentration. The results showed that the addition of different concentrations of SDS
accelerated the oxidation of TMB in the presence of H,O> compared to samples without
SDS. With an increase in SDS concentration, the oxidation products gradually changed
from the one-electron oxidation product to the two-electron oxidation product.

Next, the effect of micelles on the catalytic reaction process in our proposed catalytic
mechanism was verified. First, an equal volume of buffer was introduced into the
product solution (P refers to the product solution of TMB after catalysis by the SDS
micellar nanozymes). The change in absorbance was measured using UV-vis
spectroscopy. As shown in Figure 3b, compared with the UV-vis absorption spectra of
the original product solution (P), the absorbance of the two-electron products (450 nm)
decreased; meanwhile, that of one-electron products (600 nm) increased after 1 mL of
HAc-NaAc buffer (pH 3.5, 0.1 M) was added to 1 mL of P solution. The change was
because adding the buffer diluted the original solution and destroyed the original
micelle structure. The TMB molecules encapsulated in the micelles were released, and
the blue one-electron oxidation product of TMB was obtained again through reaction

Equation 4.
For comparison, 1 mL of SDS micelle (10 mM) solution was added to 1 mL of the P
solution. In the case, the SDS concentration in the solution was kept constant. As shown

in Figure S8, a decrease in the absorbance of two-electron products (450 nm) was



observed, but there was no increase in the absorbance of one-electron products (600
nm). Consistently, the color of the solution did not turn blue but only became lighter
(Figure S8, inset). It was confirmed that the micellar structure was more favorable for
stabilizing the two-electron oxidation product TMBox2. In addition, TMBox2 when the
amount of TMBox2 exceeded the maximum amount that SDS micellar nanozyme could
stabilize, one-electron products gradually appeared in the solution (Figure 9, see
Supporting Information for more details). These results confirmed the important role of
micelle structure on the catalysis process.

It is well known that there is an electrostatic gravitational force between the positive
and negative charges.**** In fact, the TMB oxidation products are positively charged,
and SDS is an anionic surfactant with a negative charge. Therefore, the role of the
electrostatic effect between the micelle and the substrate on the catalytic effect is also
worth exploring. As a comparison, cationic surfactants (e.g., cetyltrimethylammonium
bromide, CTAB; dodecyltrimethylammonium bromide, DTAB;
tetradecyltrimethylammonium chloride, TTAC) were firstly explored. As expected,
only SDS micellar nanozymes showed a catalytic acceleration of the reaction between
H>02 and TMB (Figure 3c). Second, the results that SDS micellar nanozymes could
catalyze other positively charged chromogenic substrates, which further confirmed the
vital role of electrostatic attraction in micellar nanozymes catalysis (Figures S10). Third,
the role of the electrostatic effect was further demonstrated by the phenomenon that
cationic micelles can catalyze the oxidation of negatively charged substrates (Figures
S11). In the sense, the electrostatic interactions between SDS micellar nanozymes and
TMB was also play an important role.

Based on these considerations, we proposed a possible mechanism by which SDS
promotes the reaction of TMB with H20:. As shown in Equation (1) — (4), the TMB
oxidation reaction was in equilibrium with both one-electron oxidation products
TMBox1 (TMB™ and charge transfer complexes) and two-electron oxidation products
TMBox2 (TMB?").* When the concentration of SDS added did not reach the CMC, the
surfactant chain stabilized the product cations according to electrostatic gravitation to
promote Equation (2) to the left (Figure 3d, left). In the case, SDS promoted oxidation
product formation while maintaining the reactants and products in the same solution
phase. When the concentration of SDS added exceeded the CMC, a micelle structure

was formed. The unique structure enabled the separation of hydrophilic products to the



hydrophilic surface, blocking the interaction between the substrate and product. The
entire TMB reaction process was separated by micelles owing to the formation of
micellar nanoreactors. The hydrophobic substrate, TMB, was wrapped inside the
hydrophobic cavity, and the hydrophilic products (TMB™* and TMB?*) were adsorbed
onto the negatively charged outer surface due to electrostatic interactions. That is, the
addition of the SDS micelle nanoreactor translated Equation (2) to the left, and the
TMB'" formed was transferred to the hydrophilic negatively charged outer layer. The
free radical form was unstable and eventually converted to TMB?" by Equation (3) or
(4) (Figure 3d, middle). Therefore, adding SDS micellar nanozymes resulted in only
yellow two-electron products from the oxidation reaction between TMB and H>O..
However, when the surfactant concentration was increased continuously, the “compact”
structure of the micellar nanozymes was formed owing to the excessive concentration
of surfactant (Figure 3c, right).*’** Another reaction substrate, H,O2, did not penetrate
well into the micelles, which led to a lower effective concentration of reactants in the
catalytic region owing to a reduced chance of collisions between reactants. The result
was consistent with that in Figure 3a, where there was a tendency for the absorbance of
the product at 450 nm to decrease at the same reaction time when the SDS concentration

exceeded 15 mM.

TMB —— TMB** (1)
2TMB** «——— CT complex + 2H™ ()
TMB** «—— TMB?* 3)
2TMB** «——— TMB + TMB?* (4)

In contrast to the free ROS and bound oxygen intermediates pathways, the SDS
micellar nanozymes achieved catalytic acceleration by creating a microenvironment
conducive to TMBox> generation. The catalytic mechanism different from previous
nanozymes will bring unique applications in the field of sensing analysis.
Applications of micellar nanozymes for detecting glucose. In nature, most enzymes
with peroxygenase activity normally employ a heme cofactor to catalyze peroxidation
reactions. A corresponding artificial enzyme was also formed by encapsulating
cofactors in micelles or vesicles, which mimic the peptide envelope protecting the
catalytic center of the natural enzyme.’*! However, the cofactor is susceptible to

deactivation by environmental influences.’'?> Therefore, based on SDS micellar



nanozymes, which relies on the creation of a microenvironment to achieve the catalytic
reaction, it remained active even at very high H,O, concentrations. In other words, the
cofactor-free micellar nanozymes does not suffer from the phenomenon of “peroxide
suicide inactivation”,>?

hydrogen peroxide (0.1-100 mM) (Figure S12a, b). In addition, it has been known that

thus enabling the detection of ultra-high concentrations of

in such a micellar-catalyzed reaction system, hydroxyl radical was the main oxidizing
species generated by the autolytic decomposition of H2O». As shown in Figure S13, the
response of hydroxyl radicals in the SDS micelle/TMB system was more sensitive than
that of the commonly used coumarin for detecting hydroxyl radicals. Hence, the
sensitive detection of lower concentrations of H>O: could also be achieved by
introducing Fe?". More hydroxyl radicals were produced via Fenton reaction (Fe**and
H>0»). As shown in Figure S12¢, d (see Supporting Information for details), the Fenton
reaction of Fe** with H,O significantly improved the sensitivity of the SDS

micelle/TMB system for H2O2 sensing with limit of detection from millimolar to

micromolar.
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Figure 4. Comparison of SDS and HRP in cascade colorimetric sensors. Schematic
for the mechanism of the GOD/SDS micellar (a) and GOD/HRP (d) cascade
colorimetric sensors for glucose detection. (Glu: glucose, GOD: glucose oxidase, GA:
gluconic acid) (b) Time-dependent UV-vis absorption of TMBox2 (450 nm) catalyzed
by SDS (10 mM) with the generation of H>O» during the catalytic oxidation of glucose
(100 uM). UV-vis absorption spectra of GOD/SDS micellar system (c) and GOD/HRP
system (g) in the presence of different concentrations of glucose. (d) Relationship
between absorbance intensity change at 450 nm and glucose concentration. Inset:
Calibration curve of absorbance intensity changes at 450 nm versus glucose
concentration. (f) Time-dependent UV-vis absorption of TMBox2 (652 nm) catalyzed
by HRP (5 pg/mL) with the generation of H>O> during the catalytic oxidation of glucose
(100 uM). (h) Calibration curves between absorbance intensity (652 and 450 nm peaks)
and glucose concentration. The error bars illustrate the standard deviations of three

replicate measurements

Glucose can be oxidized to gluconic acid and H>O; after reacting with GOD and O».
Thus, the sensitive H>O» response of the present system makes it possible to further
establish a platform for detecting glucose, an important biological analyte (Figure 4a).
The feasibility of the cascade system (GOD/SDS micellar nanozymes) for glucose
sensing was shown in Figure S14. In the absence of the SDS micellar nanozymes, there
was only a slight absorption peak at 652 nm (TMBox1), due to the oxidation of the TMB
by the free radicals produced. However, an obvious absorption peak at 450 nm could
be observed in the presence of GOD+glucose+TMB+Fe**+SDS, which indicated that
TMB was oxidized toTMBox2 by SDS micellar nanozymes. The results confirmed that
the SDS micellar nanozymes was acted as important role in promoting the oxidation of
TMB to TMBox2. Here, SDS had a dual function: a) as a terminator of the glucose
oxidation reaction, inhibiting GOD activity and terminating the first step of the reaction
(Figure S15).>* It is known that SDS can destroy the non-covalent bonds of proteins,
thereby denaturating proteins and losing their native conformation and function.>
Therefore, the stability of the signal in the second step was not affected by the

continuation of the first step. b) as a micellar nanozymes-building cascade reaction that



initiated the second step of the reaction. Moreover, SDS micellar nanozymes could
directly obtain a stable two-electron oxidation product. Hence, the SDS micellar
nanozyme not only inhibited GOD activity in the first step of the cascade reaction but
also directly drove the two-electron oxidation of TMB, making the output signal more
stable and accurate (Figure 4b). Under optimal conditions (Figure S16), the absorbance
of oxidized TMB at 450 nm sharply increased with glucose concentration changing
from 0 to 1000 uM (Figures 4c and d). Similar to natural enzymes, the molecular
recognition mechanism between micellar nanozymes and substrates allowed for
datasets that are not aligned along a straight line over a large range of concentrations
(5-1000 uM). Along the line, the nonlinear calibration curve (Figure 4d) was fitted
under the Michaelis-Menten mechanism.’® Moreover, a good linear relationship
(R?=0.999) for glucose was also obtained in the concentration range of 0-100 pM
(Figure 4d, inset) using the GOD/SDS micelle system. The calculated limit of detection
(LOD) of glucose was measured to be 0.73 uM at S/N = 3, which was lower than the
glucose threshold value diagnosed as diabetes mellitus and comparable or even superior
to those of the reported results, as summarized in Table S1.

Based on the above discussion, the excellent analytical performance of the sensing
strategy benefited from the dual function of SDS. For further validation, a cascade
catalytic system based on GOD and HRP was designed as a contrast experiment. For
the enzyme cascade system based on GOD and HRP (Figure 4¢), H>O> would keep
producing due to the continuous glucose oxidase reaction. With the increase of H>O>
concentration, the product of HRP-catalyzed oxidation of TMB changed and led to
signal instability (Figure 4f). As shown in Figure 4g, the catalytic system of GOD/HRP
led to the appearance of the two products. The detection range of the GOD/HRP cascade
system was divided into two narrower detection ranges (Figure 4h, 5-60 uM at 652 nm
with a LOD of 2.1 uM, 60-110 uM at 450 nm with a LOD of 9.7 uM). These multiple
variations in the H>O; intermediate generation made the detection of the analyte
concentration very unintuitive and convenient. Therefore, compared with GOD/HRP
system, GOD/SDS micellar nanozymes system was superior in both detection limit and

detection range due to the unique catalytic characteristics of SDS micellar nanozymes.



In order to evaluate the applicability of the proposed method based on the SDS
micellar nanozymes as peroxidase mimetics, the present colorimetric method was
employed to detect glucose in human serum. Glucose detection in diluted human serum
(10, 30, and 100 uM) had a high recovery rate (Table S2), suggesting its practicability
in real sample detection. The selectivity of the established glucose-detection system
was verified by xylose, trehalose, sucrose, fructose, and galactose as interfering
substances. As shown in Figure S17, the detection system was capable of resisting other

sugar interferences, demonstrating a good selectivity for glucose detection.

Conclusion

In summary, we reported a reliable colorimetric sensing strategy based on the
micellar nanozyme catalyzed oxidation of TMB. The critical factors of micelle-
substrate interactions were explored to understand the origin of the unique catalytic
ability. Different from the free ROS and bound oxygen intermediates pathways, the
SDS micellar nanozymes achieved catalytic acceleration by creating a
microenvironment conducive to TMBox2 generation. The special catalytic mechanism
and the uniqueness of the catalytic product made SDS micellar nanozymes successfully
applied to high concentration H,O, detection and glucose reliable sensing. Due to the
properties of SDS micellar nanozymes and the general inhibition of natural enzymes,
the micellar nanozyme system avoided the disadvantage of signal instability in natural
enzyme systems (HRP and GOD) and achieved reliable and sensitive glucose detection.
In addition, the mechanism of action of such micellar nanozymes, which through
creates a microenvironment conducive to product generation, will provide new insights

into the mechanism of nanozyme catalysis.
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