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Abstract

Pathway regulation of chemical reactions is an important means of precision
chemistry. As an extremely important chromogenic substrate, 3,3°,5,5’-
tetramethylbenzidine (TMB) generally undertakes one-electron oxidation, but the
reaction product (TMBoxi), a confused complex, is unstable, which significantly
hampers the practical applications, such as clinic enzyme-linked immunosorbent assay
(ELISA). Herein, we report that sodium dodecyl sulfate (SDS)-based micelles could
promote the direct two-electron oxidation pathway of TMB into more stable TMBoxo.
Different to the common processes of one-electron TMB oxidation by homogeneous
peroxidase (POD) or other emerging heterogeneous nanocatalysts, the confused
complex consisted of TMB and TMBox1 was successfully decoupled by SDS micelles
via spatial isolation and electrostatic effect. As a proof-of-concept application, glucose
oxidase and SDS micelles were cascaded for glucose detection, and the selective two-
electron oxidation of TMB endowed enhanced reliability and broader detection range
of glucose chromogenic bioassays without any conventional strong acid termination.
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Introduction

Chemistry has always been changing throughout time toward precision, particularly
in recent years.! Precise regulation of chemical reaction processes helps to realize
precise and controllable chemical synthesis with high selectivity and efficiency.” As a
typical substrate and chromogenic probe, 3,3°,5,5’-tetramethylbenzidine (TMB)
features particular interest, due to its low toxicity and high sensitivity of response.>”
And horseradish peroxidase (HRP) has been widely used in immunochemistry due to
its high catalytic efficiency and specificity under mild reaction conditions.®® Along this
line, HRP-H>0,-TMB has become the standard chromogenic system in the clinic
enzyme-linked immunosorbent assay (ELISA), which generally detects the absorbance
of the one-electron oxidation product of TMB (TMBoxi1).”!! Notably, TMBox: is
essentially a blue charge-transfer complex, consisting of the parent diamine (TMB) and
the two-electron oxidation product of diimine (TMBox2) in rapid equilibrium with a
radical cation (Fig. 1a).!? After free TMB is completely oxidized in bulk solution, the
blue TMBox1 would inevitably undergo one more electron oxidation into the yellow
product (TMBox2). In this way, the absorbance measurement of blue TMBox1 catalyzed
by HRP is time dependent and unreliable in practical applications.!>"'* To address this
problem, a terminator, typically a strong acid, is generally required,'>"!7 but which is
corrosive and would cause critical safety hazards in bioassay. Therefore, selective
catalytic oxidation of TMB via a direct two-electron pathway is highly envisioned,
preferably using artificial enzymes for further considering risks of denaturation,
laborious purification and high costs of natural enzymes.

Since the discovery of Fe3O4 nanoparticles with intrinsic peroxidase (POD)-like
activity in 2007, many nanomaterial-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.?!* Nonetheless, the oxidation
product of TMB catalyzed by conventional POD-like nanozymes also follows the order
of the blue TMBox1 and later the yellow TMBox2. Notably, surfactants assemblies have
also been intensively explored as the simplest enzyme mimics, which overcomes poor
reactant solubility and promotes product formation by interacting substrates through
hydrogen bonding, van der Waals forces, or hydrophobic interactions.?>?® Interestingly,

TMB is hydrophobic, while the oxidation products of TMB are hydrophilic and
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positively charged.!* 232 Considering the heterogeneity and local environment of
surfactants in aqueous solution, we reason that a spatial separation of TMB and its
oxidation products would occur, thus decoupling the confused complexation and
leading to a selective two-electron oxidation reaction pathway of TMB. Rather than
free diffusion, it is highly reminiscent of biological metabolon that regulates specific
metabolic pathways in a confined space by passing intermediate product from one
enzyme to the next. In this sense, surfactant assemblies in solution would not only
accelerate the reaction rate but also control the reaction pathway, which is superior than
nanozymes and natural HRP in bulk solution for chromogenic bioassay; but to the best
of our knowledge, it has not been reported.

Here, we reported a selective two-electron oxidation of TMB using sodium dodecyl
sulfate (SDS)-based micelles. Mechanism studies revealed that the SDS micelles
played crucial roles in decoupling of confused complex not only by spatial isolation,
but also via electrostatic isolation. As a result, the production of TMBox> was highly
selective, fast, and stable, overcoming the long-term challenge of TMBoxi that
continuously changes with H,O, catalyzed by natural HRP. Further cascading with
glucose oxidase (GOD), as a proof-of-concept application, glucose was more reliably
measured even in a broader range of time, using SDS-micelles-based H20.-TMB

chromogenic systems.
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Results and discussion

Two-electron oxidation of TMB with SDS micelles. As a common surfactant, SDS
has been successfully used as a promoter in many organic reactions because its micellar
structures can dissolve water-insoluble organic compounds.** Inspired by this fact, SDS
micelles were applied as a proof-of-concept to verify the feasibility of improving the
reaction rate and controlling reaction pathway here in the dehydrogenation of TMB. As
the most widely used chromogenic substrate for HRP, TMB can be oxidized to colored
products through both one-electron and two-electron pathways. The one-electron
oxidation product of TMB is denoted as TMBoxi1, which is blue (A= 370 nm, 652 nm).
It consists of a diamine/diimine charge-transfer complex and a radical cation (TMB™)
that are inter-transferable. The two-electron oxidation product of TMB only includes
diimine, which is yellow (A= 450 nm).!? Figure 1a shows the equations for the oxidation
of TMB to produce two colored products and their corresponding photographs.
Interestingly, as shown in Figure 1b and Figure S1, when TMB (0.1 mM), H>O> (100
mM), and SDS (10 mM) solutions were mixed in 1 mL of 0.1 M HAc-NaAc buffer
solution (pH 3.5), an absorbance at 450 nm was observed immediately, while the other
two controls not. It evidently demonstrated that the two-electron oxidation product of
TMB, i.e., yellow TMBox2, was produced with H>O2, under the promotion of SDS
micelles. TMB oxidation rate was calculated using the absorbance of TMBox2 as a
function of time. It was found that the steady-state kinetics for the SDS-involved
reaction followed the typical Michaelis-Menten model, reminiscent of natural enzyme-
driven reactions (Figure 1c, d).

To validate the products of the oxidation reaction, the substrate and oxidation
products of TMB in the solution were explored using high-resolution electrospray
ionization mass spectrometry (ESI-MS, Figure le, bottom panel). Prior to oxidation, a
fragment of TMB ([M + H]) was observed at m/z 241.1706. As expected, the fragment
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 in the presence of SDS micelles was TMBox2, similar to the
yellow product obtained from HRP oxidation under extended reaction time. These
results suggested that the SDS micelles accelerate the two-electron oxidation of TMB

with H2Os.
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Figure 1. TMB oxidation in SDS micellar solution. (a) Reaction scheme and
photographs for TMB oxidation catalyzed by HRP. (b) UV-vis absorption spectra of
TMB (0.1 mM) after oxidation with SDS micelles in buffer solution containing 0.1 M
H>0,. Typical Michaelis-Menten curves of SDS micelles with different concentration
of (¢c) TMB ([H202]: 0.1 M) or (d) H2O> ([TMB]: 0.1 mM) as substrate. (¢) Reaction
pathway of TMB oxidation in the presence of SDS micelles, as evidenced by the ESI-
MS spectra of TMB and TMBox2. Buffer solution: 0.1 M HAc-NaAc. [SDS]: 10 mM.

Role of ROS on two-electron oxidation of TMB with SDS micelles. To understand
the selective reaction pathway of TMB oxidation in the presence of the SDS micelles,

possible intermediate radical species, such as free reactive oxygen species (ROS), were
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explored using the scavenger trapping technique. UV-vis kinetic experiments were
performed using isopropyl alcohol (IPA), 2,2,6,6-tetramethylpiperidine (TEMP), and
superoxide dismutase (SOD) as scavengers for hydroxyl radicals, singlet oxygen, and
superoxide radicals, respectively (Figure 2a). It was observed that the oxidation rate of
TMB decreased dramatically after exclusively adding IPA, confirming that hydroxyl
radicals were the primary radical intermediates in the oxidation reaction.** Moreover,
the oxidation products increased with the amount of hydroxyl radicals, which positively
correlated with the H2O> concentration in the solution (Figure S3 and S4). Electron spin
resonance (ESR) spectra were obtained to further confirm the type of ROS. 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 adding SDS. The ESR
spectra shown in Figure S5 further demonstrated that there were no signals for the
superoxide radical and singlet oxygen-trapping agent adducts. These results again
confirmed that hydroxyl radicals were the primary radical intermediates in the reaction
process. However, it should be noted that the ESR signal intensities of the hydroxyl
radicals in H2O; buffer solutions remained unchanged before and after SDS addition
(Figure 2b and c). This indicated that the hydroxyl radicals originated from the self-
decomposition of H202, and the addition of SDS micelles did not increase the efficiency
of hydroxyl radical production. Therefore, the mechanism of SDS micelles in the
selective oxidation pathway of TMB did not follow the conventional pathway of
activating H,O» to form free or bounded ROS like HRP and typical nanozymes, such
as Fe304 and Fe-N-C SACs.*>3¢
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Figure 2. Intermediates in selective two-electron oxidation of TMB with SDS
micelles. (a) Effects of ROS scavengers on the oxidation efficiencies of TMB with SDS
micelles based on typical absorption at 450 nm (TMBox2). ESR spectra of the spin
adduct of the hydroxyl radical generated by H>20O (b) before and (c) after addition of
SDS. DLS size distributions of SDS micelles before (d) and after (¢) TMB addition.
Inset: Cryo-TEM image of SDS micelles after the addition of TMB. (f) UV-vis
absorption spectra of TMB after irradiation with visible light (A > 400 nm) in aqueous
solution with or without the addition of SDS micelles. Inset shows the photos. [SDS]:
10 mM.

Role of SDS micellar structure on two-electron oxidation of TMB. In general, the
micellar microenvironment can change the state of the substrate or transition state,
thereby affecting the reaction progress.® 373 As such, the interactions between SDS
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micelles and substrate TMB in bimolecular reactions were investigated. The sizes of
the particles in SDS micelles before and after TMB addition were measured by dynamic
light scattering (DLS). As shown in Figure 2d, the micelle size in the pure SDS solution
was approximately 4 nm, which was consistent with previous reports.>*** However, the
micelle size increased dramatically to approximately 1000 nm after adding TMB
(Figure 2e). In principle, when SDS is dissolved in water, there is a high degree of
electrostatic repulsion between the head clusters in the micelles owing to the negative
charge of the anion head clusters. This led to a sizeable effective head cluster area and
a high micelle core curvature, resulting in the formation of spherical micelles. 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 is 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.* 42

To determine the specific structure of the micelles in the mixed TMB and SDS
systems, cryo-TEM imaging was performed, which showed a cylindrical form (Figure
2e, inset). These results further confirmed that the addition of TMB caused
morphological changes in the micelles. It was mainly due to the hydrophobic interaction
that drives TMB into the hydrophobic cavity of SDS micelles. Moreover, from a kinetic
point of view, such confined space would improve the local concentration of reactants
and accelerate the oxidation reaction rate, i.e., making TMB be in an “activated” state.
To confirm this assumption, the TMB oxidation in aqueous solution with and without
SDS micelles was explored under light irradiation (100 mW/cm? A > 400 nm) that
would photochemically produce trace amount of free ROS. Interestingly, the two-
electron dehydrogenation of TMB was evidently observed with SDS micelles, while
that of the control buffer solution not (Figure 2f), indicating their critical role in promote
the reaction rate even when the concentration of oxidants was low. Therefore, in
contrast to activating H>O; oxidant via the common free ROS route or bound oxygen-
atom transfer pathway for natural HRP and most peroxidase-like nanozymes, SDS
micelles unusually accelerated the oxidative dehydrogenation process by activating

TMB substrate.
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Figure 3. Spatial isolation of TMB two-electron oxidation product by SDS micelles.

(a) Photographs and UV-vis absorbance at 600 nm (TMBox1) and 450 nm (TMBox2) of

aqueous solutions containing TMB (0.1 mM) and SDS at different concentrations. (b)

Time dependent scattered intensity of mixed solution containing 10 mM SDS, 0.05 mM
TMB and 100 mM H>O, or mixed solution containing 10 mM SDS and 0.05 mM TMB
(c) before and (d) after addition of 100 mM H»O». Scattering angle: 90°. (c) *H NMR
spectra of SDS, TMB+SDS, and TMB in D20. UV-vis absorption spectra of TMBox2
obtained by 10 mM SDS assemblies with 100 mM H>O- before and after dilution using

a buffer solution (d) and SDS assemblies (e). (f) UV-vis absorption spectra of TMBox2

after the introduction of various substances.

The influence of different concentrations of SDS on the reaction pathway of TMB
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oxidation was studied. As shown in Figure 3a, with an increase in SDS concentration,
the color of the oxidation products gradually changed from blue (one-electron oxidation
product) to yellow (two-electron oxidation product). This indicated that with an
increase in SDS concentration, the oxidation products gradually changed from TMBox1
to TMBox2. The product transition appeared at the critical micellar concertation (CMC)
of SDS (ca. 8 mM), indicating the formation of SDS micelles played an essential role
in altering the reaction pathway of TMB oxidation. The detailed UV-vis spectra also
confirmed the transformation of the products (Figure S6). In addition, at concentrations
much higher than the CMC of SDS (e.g., >15 mM) lower TMBox> conversion
efficiencies were observed (Figure 3a). This was presumably due to the formation of a
more “compact” structure of assemblies when the surfactant concentration constantly
increased.** In this case, the diffusion of the H,O, oxidant into the micellar inner
cavities would be depressed, thus reduce the chance of collisions between reactants.**
Therefore, the SDS concentration approaching CMC need optimization for the highly
selective two-electron oxidation pathway for TMB.

Moreover, TMB encapsulating and product stabilization by the micellar structure
was found to have a maximum capacity. As shown in Figure S7a, TMB (0.05 mM),
H202 (100 mM), and SDS (10 mM) were added to the reaction solution, and the reaction
products were only TMBox2 from the beginning to the end of the reaction. It was
supposed that when the TMB concentration was as low as 0.05 mM, the substrate TMB
could be all encapsulated in the hydrophobic cavity. Due to electrostatic interactions,
TMBox2 would adsorb on the negatively charged outer surface. The substrate TMB and
product TMB?* thus cannot interact to form the electron transfer complex (TMB-
TMB?"). In this case, TMBox> was the only product. Interestingly, when the TMB
concentration increased to 0.1 mM, the product at the beginning of the reaction was
TMBox2 (Figure S7b). However, as the time increased, the absorbance increase of
TMBox2 gradually slowed down, and the absorption peak of TMBox1 began to appear.
This trend became more significant when the TMB concentration increased to 0.2 mM
(Figure S7c¢). It indicated that there was a maximum amount of TMB,x; stabilized by

micellar nanozymes (10 mM). Similarly, the amount of TMB that can be encapsulated

by the hydrophobic pocket had an up limit. In addition, as shown in Figure S8, when
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the micelle concentration increased to 20 mM, the amount of TMBox2 that could be
stabilized by micellar nanozymes also increased. The product TMBx1 did not appear
until the TMB concentration reached 0.2 mM. It showed that the up limit of TMBox>
stabilization relied on the micelle concentration. Therefore, an optimization of SDS and
TMB concentration was essential to achieve a highly selective two-electron oxidation
pathway of TMB.

Spatial and electrostatic decoupling of confused complex by SDS micelles. To
understand reactants and products migration in SDS micelles, in-situ dynamic light
scattering experiments for TMB oxidation were performed.*® Figure 3b shows the
evolution of the scattering intensity with time. No significant change was observed in
the scattering intensity of SDS micelle alone, indicative of a quasi-stable system (Figure
S9). Interestingly, the profile of the scattered intensity with time for the solution
containing SDS, TMB and H>O: can be divided into three stages (Figure 3b). In stage
I, the scattered intensity gradually increased, indicating that the encapsulation process
for TMB by SDS micelles was dominant. The inner hydrophobic structure of SDS
micelles drove TMB into the hydrophobic cavity, making the micellar structure became
progressively larger. To further verify this process, 'H NMR spectroscopy was
explored.*’*® As shown in Figure 3e, the chemical shifts of TMB varied from 7.40 and
2.34 ppm to 7.17 and 2.22 ppm after adding SDS micellar solution, respectively. The
change in TMB chemical shift confirmed the interaction between SDS and TMB. In
stage II, a gradual decrease in the scattering intensity was observed, indicating the
oxidation of TMB and the departure of the oxidation product from the SDS micelles.
Due to the positive electrical and hydrophilic nature of the oxidation products,?® 3! the
oxidation products would move to the outer surface of the micelles that was hydrophilic
and negatively charged properties. To verify this assumption, the zeta potential of the
mixed solution of SDS micelles (10 mM) and TMB (0.05 mM) was determined to be -
61.55 + 1.14 mV, while the zeta potential of the solution changed to -37.43 + 1.65 mV
after the addition of H2O; (100 mM). The deceased of the negative zeta potential

supported the absorption of positive two-electron TMB oxidation product on the out
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surface of SDS micelles. Then, in this stage, the micelles gradually become smaller. In
stage 111, the dispersion intensity tended to be constant, indicating that the reaction was
complete. As controls, the scattered intensity changes of SDS micelles solution, after
only TMB was added, were monitored. As shown in Figure 3c, the scattered intensity
gradually increased and eventually stabilized. It indicated that the micellar
encapsulation of the substrate made the micellar particles increasingly larger,
corresponding to stage I of Figure 3b. Afterwards, H,O> was added to the above
stabilized micellar solution. It was found that the oxidation of TMB leads to the
decrease of light intensity (Figure 3d), corresponding to stage II of Figure 3b. Thus,
these results again confirmed the encapsulation of the TMB substrate and the release of
the TMBox2 product during the oxidation reaction.

Interestingly, when the surfactant concentration reached the CMC, the two-electron
oxidation product TMB,x2 was the only product. To get insights of this phenomenon, in
the first set of experiments, an equal volume of buffer solution was used to dilute the
TMB solution after the two-electron oxidation, i.e., TMBox2 solution. As shown in
Figure 3f, compared with the UV-vis absorption spectra of the original product solution,
the absorbance of TMBox2 (450 nm) decreased sharply, whereas that of TMBox1 (600
nm), the one-electron product, increased. It was assumed that the dilution destroyed the
original micelle structure that stabilized TMBox2. Such phenomenon of micelle
disruption was verified by comparing the Tyndall effect before and after the dilution of
the SDS micelle solution (Figure S10). Along this line, the TMB molecules
encapsulated in the micelles should be released and complex with TMBox2, regenerating
blue TMBox1 (Figure 3f). As a control, an equal volume of SDS micelle (10 mM)
solution was added to TMBx2 solution. In this case, the SDS concentration of the
solution remained unchanged. As shown in Figure 3g, a decrease in the absorbance of
TMBox2 (450 nm) was observed; however, there was no increase in the absorbance of
TMBox1 (600 nm). Consistently, the color of the solution did not turn blue but only
became lighter. Therefore, we speculated that the stabilizing effect of SDS on TMBox>

was mainly related to the micellar structure of SDS.
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To further confirm the above hypothesis, more control experiments were performed
(Figure 3h). The pure TMBox2 solution was obtained by irradiating the TMB solution
with full light. The method avoided the possible interferences in the solution. When
TMB is added to the solution of TMBox2, TMBox2 and TMB would undergo a redox
reaction to form TMBox1 (red line). However, when TMB was introduced into the
solution of TMBox> after adding SDS micelles, no blue product was formed (green line),
even though the amount of TMB added gradually increased (Figure S11). This indicates
that TMBox2 can be stabilized as long as micelles are present and sufficient in the
solution. In addition, the important role of electrostatic interaction for TMB oxidation

was explored by a series of control experiments using surfactants with different changes

(see Figure S13-15 and more details in supporting information). In these regards, we

speculated that the stabilization effect of SDS on TMBox2 was mainly related to the
stern layer of micelles, where TMBox2 was stabilized and not easy to react again.
Density functional theory studies of electrostatic decoupling of confused
complex by SDS micelles. To gain further insight into the decoupling effect of the
confused complexation between TMB and TMBox2 in the stern layer of micelles,
density functional theory (DFT) calculations were performed on charge-transfer
complex composed with TMB. In general, TMB,x2 (diamine) in an acidic open solution
would be positively charged by binding two protons and denoted as TMB_,,. After
stabilized on the stern layer of SDS micelles that was negatively charged, the surface
charge of TMB.,, would be deduced. In this case, to simplify the system, TMB,,, was
selected to represent TMBox2 on the stern layer of SDS micelles in aqueous solution. As
control, TMB,x2 in neutralized state without any protonation, denoted as TMB,,,, was
also explored. The top view and side view of these molecules are shown in Figure S12.
It was found that when TMBox> were coupled with TMB, the positive charge that is
indicate as red color in Figure 4, would be re-distributed throughout the entire confused
complex, thereby reducing the system energy. Notably, the adsorption energy for
TMB+TMB?, reached as high as -1.02 eV, indicative a strong n-n stacking interaction

(Figure 4a). It well explained in the free diffusion state TMB was very likely coupled
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to TMBox2, forming a blue confused complex. In contrast, the adsorption energy of
TMB+TMB.,, was -0.77 eV, which was ca. 25% lower than that of the TMB+TMB_.,
(Figure 4b). It indicated that in the presence of SDS micelles, owing to a decrease in
positive charge density around TMBox2 on the stern layer, the coupling of TMB and
TMBox2 would be greatly depressed. When the surface positive charge further decreased
to zero, i.e., for TMB,,,, the adsorption energy after n-n stacking was even lower (-0.71
eV). Therefore, in view of the theoretic calculation, the stabilization of TMBox2 on the

stern layer reduced the surface positive charge, hampering the formation of an electron

transfer complex with TMB.

Electron Density (a.u.)

0.24

0.18

0.12

0.06

0.00

TMB+TMB., TMB+TMB.,, TMB+TMB\,

-0.03

AE -1.02 eV -0.77 eV -0.71 eV

Figure 4. n-n adsorption energy of TMB-based confused complexes. (a) TMB+
TMB.,, (b) TMB+ TMB,,,, and (c) TMB+ TMB.,,. The isosurfaces are calculated
molecular electrostatic potentials at the 0.001 electron Bohr>. The color scales range

from blue (-0.03 a.u.) to red (0.24 a.u.) for all molecules.

14

https://doi.org/10.26434/chemrxiv-2022-cw9v0-v2 ORCID: https://orcid.org/0000-0003-2932-4159 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2022-cw9v0-v2
https://orcid.org/0000-0003-2932-4159
https://creativecommons.org/licenses/by-nc-nd/4.0/

® —
(a)
o — —— (110072 ¢
2+
HRP or POD-like nanozyme
Xal . Fredch{)(r)S_ Confused complex
oun
o — \
(b) SDS (Cps < CMC) o
- \ B N
pra—— ”
H.O Self-decomposition OH \ Confused complex
DA %
o o < 7 T - AN
" \ " S \
® o SDS(Ceps>CMC) - .
o ® ® | - .. \ . 2+ 5 \
| /
o - o of;
Self-decomposition v e
H,0, P «OH I o
Stern layer
o_o
,OSO - a =
\ ® Na H?OO . / \
’ooso ‘\\ ®
N . \
SDS TMB o W
7F o \\\ \ l
o N 4
e 0o B i
& %eo''s g e : z
2 = @ N 0050 ' * !
NH;, [B 1 )
TMB2*  Confused complex - TR L. i

Decoupling of confused complex

Figure 5. Mechanism of selective two-electron oxidation of TMB via spatial and
electrostatic decoupling of confused complex. Reaction pathways of TMB oxidation
with H2O» in the presence of natural HRP, POD-like nanozymes (a), and SDS of
concentration less (b) and higher (c) than CMC.

Proposed mechanism of selective two-electron oxidation of TMB with SDS
micelles. As well known, HRP and conventional POD-like nanozymes generally
catalyze the one-electron oxidation of TMB via free or bound ROS pathways (Figure
5a). In contrast, the selective two-electron oxidation pathway for TMB by SDS micelles
underwent a different manner. According to the above results, we propose a possible
mechanism for TMB oxidation with H2O2 in the SDS micelles system. Hydroxyl
radicals, generated from the auto-decomposition of hydrogen peroxide under acidic

conditions (pH 3.5), were presumably the main source of oxidizing substances. As
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shown in Equations 1-4, the TMB oxidation reaction was in equilibrium with the one-
electron oxidation products TMBoxi (TMB'" and charge transfer complexes) and two-
electron oxidation products TMBox2 (TMB?").2-*2 When the concentration of SDS did
not reach the CMC, the surfactant chain stabilized the product cations by electrostatic
gravitation to promote Equation 2 to the left (Figure 5b). Because the TMB substrate
and the product TMB?" were maintained in the same solution phase, an electron transfer
complex (TMB-TMB?") was formed (Equation 3). Equation 4 maintained equilibrium
and the practical oxidation product was TMB"" and charge-transfer complexes, which
demonstrated the typical blue color. When the SDS concentration exceeded the CMC,
a micelle structure was formed. The entire reaction process was confined by micelles,
owing to the formation of micellar nanoreactors (Figure 5b, I). The hydrophobic TMB
was encapsulated in the hydrophobic cavity. After oxidation with hydroxyl radicals, the
hydrophilic products (TMB?") were transferred to the outer negatively charged stern
layer of SDS micelles and adsorbed on it, due to electrostatic interactions (Figure 5b,
I). In this case, TMB and TMB?" could not interact to form an electron transfer
complex (TMB-TMB?*, Figure 5b, III). In addition, after adsorption on the stern layer
of SDS micelles, TMBox2 demonstrated a depressed positive charge and subsequently,
also weakened the complexation interaction with TMB. Therefore, SDS micelles not
only confined TMB in a hydrophobic microenvironment with accelerated oxidation rate
but also decoupled the confused complexation between TMB and TMB,x> that reversed
to the conventional one-electron oxidation products TMBox1 via dual ways, i.e., spatial
isolation of TMBox2 on the stern layer and electrostatic suppression of the n-w stacking
between them. In contrast to the free ROS and bound oxygen intermediate pathways
for most peroxidase-like nanozymes in one-electron TMB oxidation, this unique
mechanism endowed SDS micelles a selective direct two-electron oxidation pathway.
It can be used to address the instability of one-electron oxidation product of TMB as

the most widely used chromogenic probe in standard chromogenic bioanalysis.

H,0, +H* —— *0H + H,0 (1)
TMB + *OH —— TMB** + H,0 )
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TMB** +TMB —— TMB — TMB** (3)
TMB — TMB** «——— 2TMB** 4)

Applications of selective two-electron TMB oxidation for glucose detection with

less dependence on measuring time.
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Figure 6. Comparison of SDS and HRP in cascade colorimetric glucose sensors. (a)
Time-dependent UV-vis absorption spectra of TMBox2 produced with SDS (20 mM) and
in-situ generated H>O» during the biocatalytic oxidation of glucose (100 uM). (b) Time-
dependent UV-vis absorption spectra of TMBox; catalyzed by HRP (5 pg/mL) and in-
situ generated H2O> during the biocatalytic oxidation of glucose (100 uM). Glu: glucose,
GOD: glucose oxidase, GA: gluconic acid. Plots of absorbance at 450 nm (¢, TMBox2)
and 652 nm (d, TMBox1) versus glucose concentration at different monitoring time (5,
10, 20, 30 min). Double reciprocal plots of the absorbance at 450 nm (e, TMBox2) and
652 nm (f, TMBox1) versus glucose concentration at different monitoring time (5, 10,

20, 30 min). Error bars illustrate the standard deviation of three replicate measurements.

Glucose provides much of the basic energy for metabolic processes in living systems
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and is an important index in many clinical diseases, such as diabetes, Alzheimers, and
cardiovascular disease.*’ To date, various methods had been developed for the detection
of glucose, including the electrochemistry, and fluorescence, and colorimetric
methods.>*? In comparison to other methods, colorimetric techniques are far easier to
implement in practical applications. At present, the common colorimetric sensors
usually use the blue TMByx as the signal probe in the cascaded glucose oxidase (GOD)
and HRP (or POD-like enzymes) sensing system. As mentioned earlier, this method
suffers from unstable color development. Thus, the highly selective two-electron
oxidation pathway of TMB by SDS micelles is highly envisioned to address this long-
term challenge. The feasibility of the cascade system (GOD/SDS micelles) for stable
glucose sensing was first verified (Figure 6a, see Figure S16 and more details in
supporting information). It was observed that SDS micelles can not only be successfully
used to construct a cascade system, but also achieve a stable absorbance over a long
period of time after a rapid initial linear growth (Figure 6a). As a control, a cascade
catalytic system based on GOD and HRP was also measured, in which, H>O> was
unceasingly produced, driven by glucose oxidase. It made the product of the HRP-
catalyzed oxidation of TMB changed with time, leading to an instable absorbance
(Figure 6b). In addition, SDS was also an inhibitor for GOD in the glucose oxidation
reaction and had no peroxide suicide inactivation effect of HRP.%-*° In this sense, the
first step of the cascaded reactions (Figure S17) would be simultaneously terminated
when the second step initiated, and a broader concentration of H>O: could be tolerated
(Figure S18-19). Therefore, compared to HRP, SDS micelles demonstrated excellent
stability of absorbance in the cascaded reactions without interferences from the
continuation of the former reaction.

Under optimal conditions (Figure S20), the absorbance of oxidized TMB at 450 nm
(TMBox2) increased with glucose concentration varying from 10 to 1000 uM (Figure
6¢). The nonlinear calibration curve (Figure 6¢) followed the Michaelis-Menten
mechanism,>® reaching a steady state in about 10 min. The reciprocal of the absorbance

of TMBox> obtained by oxidation and the reciprocal of the corresponding glucose
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concentration could also fit a similar linear relationship (Figure 6e). The calculated limit
of detection (LOD) of glucose was measured to be 1.74 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 (Table S1). In contrast, for the enzyme
cascade system based on GOD and HRP, the absorbance of TMBox1 increased sharply
in the first 2 min and then decreased rapidly with time (Figure 6b). The detection range
of the GOD/HRP cascade system also decreased with the increase of time, e.g.,
significantly narrowing to 10-60 uM after 10 min (Figure 6d and 6f), indicating the
instability of the signal output. Such strong dependence of the absorbance of TMBox1
on time would challenge the reliable measurement in practical applications, which
generally requires a very precise time control in the experimental operation. Therefore,
compared with the GOD/HRP system, the GOD/SDS micelles system was superior in
not only detection limit and detection range but also reliability.

To evaluate the practical applicability of SDS micelles in chromogenic biosensing,
the detection of glucose in human serum was further explored. A high recovery rate for
glucose detection in diluted human serum (10, 30, and 100 uM) was obtained (Table
S2), suggesting its practicability for real sample detection. The selectivity of the
established glucose detection system was verified using xylose, trehalose, sucrose,
fructose, and galactose as interfering substances. As shown in Figure S21, the detection
system was capable of resisting other sugar interferences, demonstrating a good

selectivity for glucose detection.

Conclusion

In summary, we have demonstrated the effect of sodium dodecyl sulfate (SDS)
assemblies on the oxidation pathway of TMB via spatial and electrostatic decoupling
of confused complex. Detailed mechanism investigations disclose that a precise two-
electron oxidation of TMB is viable in contrast to contrast to the free ROS and bound
oxygen intermediate pathways, whereas the presence of spatial and electrostatic
decoupling of confused complex can play a decisive role for the selective two-electron

oxidation of TMB. As a proof-of-concept application, the special catalytic mechanism
19

https://doi.org/10.26434/chemrxiv-2022-cw9v0-v2 ORCID: https://orcid.org/0000-0003-2932-4159 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2022-cw9v0-v2
https://orcid.org/0000-0003-2932-4159
https://creativecommons.org/licenses/by-nc-nd/4.0/

and the uniqueness of the two-electron product made SDS assemblies successfully
applied to enhance the reliability of chromogenic bioassay of glucose. Compared to
conventional natural enzyme systems (HRP and GOD), SDS assemblies can directly
obtain stable two electron product TMBox without a terminator. Therefore, the
assembly system avoided the disadvantage of signal instability in natural enzyme
systems (HRP and GOD) and achieved reliable and sensitive glucose detection in a long
period of time. Besides, SDS assemblies was successfully applied to wider
concentration H>O» detection (0.1 uM-100 mM). We believe that this approach can not
only further advance the development of sensors with stable signal output, but also

expand the applications of micelles in the new fields.
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