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In the present study, a novel colorimetric sensing platform was constructed for probing the NAD */NADH-
dependent biocatalytic transformations. Manganese dioxide (MnO,) nanosheets as an oxidase-mimicking na-
nomaterial could directly oxidize 3,3’,5,5-tetramethylbenzidine (TMB) into oxTMB without the need of H,O,.
Importantly, it was found that NADH could easily trigger the decomposition of MnO, nanosheets, causing the
decrease of solution absorbance. This is demonstrated by the enzyme catalysis reactions of two dehydrogenase
models, ethanol dehydrogenase (ADH) and lactate dehydrogenase (LDH), where NADH is formed and consumed,

respectively, in their physiological enzymatic reactions. A MnO,-TMB sensing platform was thereby proposed for
the analysis of their catalytic reaction substrates including ethanol and pyruvic acid. The detection limits of
ethanol and pyruvic acid can reach 5.0 uM and 100 nM, respectively. The developed optical biosensing platform
can be used to develop other dehydrogenase-based biosensors followed by monitoring their substrates.

1. Introduction

Enzymes as a kind of biological catalysts play a crucial role in the
process of biocatalytic transformation [1]. Nicotinamide adenine di-
nucleotide (NADH) and its oxidized form nicotinamide adenine dinu-
cleotide (NAD™) play an important role as cofactor in numerous bio-
catalytic processes, including energy metabolism, mitochondrial
responses, immunological functions, aging and cell death [2]. In-
creasing evidence has also suggested that NADH metabolism is poten-
tial therapeutic target for treating several neurological disorders. NADH
and NAD™ transfer hydrogen atoms and electrons from one metabolite
to another in many cellular redox reactions. Because over 300 dehy-
drogenases require NADH and NAD* as the cofactors, therefore the
appropriate probing NADH or NAD* could provide an effective method
to detect NAD(H) *-dependent enzymes, as well as to detect their sub-
strates [3,4].

Advances in nanoscience and nanotechnology, nanomaterials find
growing interest for probing various biocatalytic transformations or
proteins and biologically relevant small molecules [5-9]. There are
many reports where nanomaterials have been used to monitor the
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NAD * /NADH-dependent enzyme biocatalytic processes by optical and
electrochemical analysis methods [10-16]. Electrochemical sensing
methods suffer from multiple drawbacks like electrode fouling and re-
quirement of over-potential to oxidize NADH to NAD ™" leading to non-
specific oxidation and high cross reactivity [11]. To overcome this
problem, many studies have focused on the optical detections of de-
hydrogenase mediated reactions through the detection of NADH or
NAD"' [12,11-16]. For example, gold nanoparticles (AuNPs) were
employed for the optical detection of NADH and probing the NAD*-
dependent dehydrogenase transformation [12,13]. Semiconductor
quantum dots (QDs), as fluorescent labels, also find growing interest in
the development of biosensors based on NADH/NAD *-dependent bio-
catalysts [14,15]. Moreover, fluorescent silver nanoclusters (AgNCs)
have been developed for the quantitative detection of NAD* and
monitoring NAD*/NADH based enzymatic reactions [16]. However,
most of these nanomaterials might suffer from some drawbacks, such as
laborious synthesis procedure for QDs, high cost for AuNPs and AgNCs.
In addition, the aggregation process of AuNPs analysis is easy to be
affected by some environmental stimuli such as salt of high con-
centration and longtime incubation, which may reduce the accuracy.
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Thus, it is still highly desirable to develop new optical assays for
probing NADH/NAD *-dependent bio-catalyzed transformation.

It is well established that 3,3’,5,5’-tetramethylbenzidine (TMB)-
based optical assay is employed as an effective and easy-to-use ap-
proach for quantifying analytes without the need for complex equip-
ment and high-cost reagents [17,18]. In particular, nanozymes such as
carbon [19], metal [20], or metal oxide [21] nanomaterials could
oxidize the colorless TMB into blue oxTMB with the help of hydrogen
peroxide (H,0,). However, these systems require H,O, as a substrate.
H,0, is very sensitive to the surrounding environment, and the iden-
tification of suitable storage for direct point-of-care detection is diffi-
cult.

As one kind of redox active two-dimensional (2D) nanosheets, MnO,
nanosheets have attracted considerable interests for their unique
properties, including low cost, high specific surface area, good chemical
stability, nontoxicity and abundant availability. Recently, MnO, na-
nosheets were found to exhibit intrinsic oxidase like activity due to the
presence of oxygen defect [22]. MnO, can not only oxidize colorless
TMB into blue oxidized product (oxTMB) without the requirement of
H,0, but also oxidize a great deal of reducing substrates, thus providing
promising opportunities for advanced development of the colorimetric
assay. For example, Wan et al. fabricated a colorimetric immunosensing
platform for quantitative detection of toxicological substrates in com-
plicated systems based on MnO, [22]. Liu et al. described a rapid and
highly sensitive colorimetric assay for the detection of glutathione
(GSH) employing MnO, nanosheets as an artificial oxidase [23]. He
et al. reported a unique visual colorimetric sensor array for dis-
crimination of antioxidants in serum based on MnO, nanosheets-TMB
multicolor chromogenic system [24]. Besides, the system could be ap-
plied to quantitatively measure other inhibitor of TMB oxidation in-
cluding H,0, and glucose in blood, single stranded DNA, and ascorbic
acid [25-27]. Recently, Lin et al. constructed a colorimetric sensing
platform for quantitative detection of acetylcholinesterase (AChE) ac-
tivity and inhibitor [28]. As far as we know, there are few reports about
the detection strategy which combined the specificity of enzyme and
the MnO, nanosheets catalyzed visual detection.

In the present work, it was discovered that NADH could efficiently
decompose MnO, nanosheets to generate Mn>*, while NADH could be
oxidized into NAD*. Due to the decomposition of MnO, nanosheets,
TMB would not be oxidized, resulting in the decrease of absorbance
intensity at 652 nm, which is thus employed to quantitatively detect
NADH. Considering that numerous redox enzymes use the common
NADH/NAD™ cofactor, the colorimetric analysis of NADH can provide
a generic method to analyze NADH/NAD " -dependent enzyme activ-
ities, as well as to detect their reaction substrates. Herein, the proposed
method has been validated by using alcohol dehydrogenase (ADH) and
lactate dehydrogenase (LDH) catalyzed physiological reactions. As
shown in Scheme 1, ethanol and NAD™ cofactor could react to form
acetaldehyde and NADH in the presence of ADH. Thus, the absorbance
intensity of MnO,-TMB system would be decreased in the presence of
ethanol due to the formation of NADH by the enzyme-catalyzed reac-
tion. In contrast, pyruvic acid and NADH cofactor could react to form
lactic acid and NAD" in the presence of LDH. The absorbance in-
tensities of MnO,-TMB system could easily decrease in the presence of
NADH, and then it would be recovered with the increasing amounts of
pyruvic acid in the presence of LDH due to the consumption of NADH
by the enzyme-catalyzed reaction. Therefore, a simple method was
successfully developed for the highly sensitive and selective detection
of ethanol and pyruvic acid, respectively.

2. Experimental
2.1. Materials and instruments

All reagents used were of analytical grade unless otherwise in-
dicated. Manganese (II) chloride tetrahydrate (MnCl,4H,0), 3,3’,5,5”-
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tetramethylbenzidine (TMB), sodium dehydrogenized phosphate
(NaH,PO,4), disodium hydrogen phosphate (Na,HPO,), tetra-
methylammonium hydroxide (TMA-OH), peroxide hydrogen (H>O,)
and other salts were purchased from Aladdin Reagent Co. Ltd.
(Shanghai, China). NADH, NAD ™", ethanol dehydrogenase (ADH, EC
1.1.1.1) from baker’s yeast in the form of lyophilized powder, lactate
dehydrogenase (LDH), pyruvic acid, and lactic acid were purchased
from Sigma-Aldrich Corporation.

Transmission electron microscope (TEM) images were obtained
using a Philips CM200 FEG microscope. X-ray photoelectron spectro-
scopy (XPS) analysis was performed using X-ray photoelectron spec-
trometer model ESCALAB 250 with an AlKa X-ray source (Thermo,
USA). Raman spectra were carried out with a HR 800 Raman spectro-
meter with an excitation laser at 633 nm (Horiba, France). The UV-vis
absorption spectra were recorded on a UV-vis spectrophotometer
(Shimadzu, UV-3600, Japan). The desired pH buffer solutions were
adjusted with pHS-3C pH meter (Shanghai, China).

2.2. Preparation of MnO_, nanosheets

MnO, nanosheets were prepared according to the previously re-
ported method [29]. In a typical synthesis process, 8 mL of 1.0M
TMA-OH and 1.5 mL H,0, were mixed and then diluted to 15 mL ul-
trapure water. After that, the solution was mixed with 0.415g
MnCl,4H,0 within 30s. The mixture was stirred vigorously overnight
and MnO, nanosheets were obtained from the suspension by cen-
trifugation at 10,000 rpm for 10 min, followed by washing three times
with methanol. Afterwards, MnO, nanosheets were washed three times
with deionized water. To obtain homogeneous MnO, nanosheets solu-
tion, the as-prepared MnO, samples were further treated by a SCIENTZ-
IID ultrasonic homogenizer (Ningbo Scientz Biochenology Co. Ltd.
China).

2.3. UV-vis measurements

In a typical NADH assay, 10 pL different concentrations of NADH,
and 30 pL. MnO, nanosheets solution were added into a centrifuge tube
containing 420 pL. 10 mM PBS buffer with pH of 5.0. After incubation
for 10 min to ensure complete reaction, 40 uL of 5.0 mM TMB was
added into the above mixture solution and mixed for 10 min at room
temperature. The UV-vis spectra were recorded from 550nm to
750 nm. Absorbance at 652 nm of solution was collected for analysis.

For the analysis of ethanol, 30 uL of NAD* (10 mM), 10 uL of ADH
(1.0mg/mL), and 20 pL of different concentrations of ethanol were
mixed with 20 uL of PBS (pH = 9.0, 10 mM). After incubated at 37 °C
for 20 min, 40 pL of TMB solution (5.0 mM), 30 pL of MnO, nanosheets,
and 350 pL of PBS buffer (pH = 5.0, 10 mM) were added. Subsequently,
the solution was incubated for 10 min before the absorption spectra
were collected. Absorbance (652nm) of solution was collected for
analysis.

For the analysis of pyruvic acid, 15 pL of NADH (5.0 mM), 10 pL of
LDH (1.0 mg/mL), and 50 uL of different concentrations of pyruvic acid
were mixed with 30 pL PBS buffer (pH = 6.0, 10 mM). After incubated
at 37 °C for 10 min, 40 uL. of TMB solution (5.0 mM), 30 puL. of MnO,
nanosheets, and 325 L of PBS buffer (pH = 5.0, 10 mM) were added
successively into the above mixture followed by the thoroughly shaking
and equilibrated for 10 min. Finally, the UV-vis absorption spectra
were measured by spectrophotometer.

2.4. Preparation of real samples

Commercial alcoholic beverage samples were diluted with 10 mM
PBS in appropriate concentration and then analyzed with the proposed
analysis method.

The commercial calcium pyruvate tablets were thoroughly grinded
using agate mortar. The resulting powder were weighted, dissolved by
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Scheme 1. The schematic of colorimetric sensing platform for probing the NAD * /NADH -dependent biocatalytic transformations based on MnO,-TMB system.

distillation water, filtrated, and then made to constant volume. The attributed to the Mn—O vibration [30] (Fig. 1B). XPS was used to make
obtained calcium pyruvate tablet solution was further diluted to an a qualitative analysis of chemical valence and binding of the elements
appropriate concentration for the next colorimetric detection. for the obtained MnO,. Two characteristic peaks centered at 641.0 eV
and 652.8 eV were observed, belonging to Mnyp3,, and Mnypy 2, re-
spectively [31] (Fig. 1C). Another peak centered at 528.6 eV was ob-
3. Results and discussion served, corresponding to the O, (Fig. 1D). These results further sup-

ported the successful preparation of MnO, nanosheets.
3.1. Characterization of MnO, nanosheets

In this work, the MnO, nanosheets were synthesized by oxidation of 3.2. Fabrication and principle of visual colorimetric sensor assay for NADH
Mn?* with H,0, in the presence of TMA-OH. The resulting MnO,, na-
nosheets were systematically characterized by TEM, Raman spectrum It was well recognized in the previous reports [23-28], MnO, can
and XPS. As shown in Fig. 1A, the MnO, nanosheets exhibited a large possess oxidase-like catalysis activity. To further verify the capacity of
2D and ultrathin plane with occasional folds and crinkles, indicating MnO, nanosheets, MnO, nanosheets were employed for the direct in-
that the nanostructures possessed a large surface area for the reaction cubation with TMB to catalyze colorimetric reaction. As shown in

with TMB. The Raman shift at 567 cm™' and 653cm™! can be Fig. 2A, TMB had no clear absorption peaks from 550 nm to 750 nm
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Fig. 1. The TEM image (A), Raman spectrum (B), XPS spectra of Mn,, (C) and XPS spectra of Oy, (D).
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Fig. 2. (A) UV-vis absorption spectra of TMB (a), and TMB incubated with
MnO,, nanosheets in the absence (b) and presence (c) of NADH. (Inset: photo-
graphs of the corresponding product solutions). (B) UV-vis absorption spectra
of the MnO,, nanosheets, NADH, and MnO, nanosheets incubated with NADH.
[TMB] = 0.40 mM, [NADH] = 50 pM. (For interpretation of the references to
colour in the text, the reader is referred to the web version of this article.)

(curve a). Yet, there was a strong absorption peak at 652 nm after the
mixture of MnO, and TMB (curve b). Moreover, the solution color has
been changed from colorless to blue (Inset), indicating that MnO, na-
nosheets could possess the oxidase-like catalysis activity. However,
after the addition of NADH into the MnO,-TMB system, the absorbance
at 652nm decreased obviously with the blue color fading (curve c).
This may be attributed to the fact that NADH can trigger the decom-
position of MnO, nanosheets. Due to the decomposition of MnO, na-
nosheets, TMB would not be oxidized followed by the decrease of ab-
sorbance intensity at 652 nm.

The interaction between MnO, and NADH was confirmed by testing
the UV-vis spectra of MnO, nanosheets in the presence and absence of
NADH. As shown in Fig. 2B, the characteristic peak of the MnO, na-
nosheets at 380 nm decreased after incubation with NADH, indicating
that MnO, nanosheets could be reduced to Mn®>* by NADH, although
the direct reduction of oxTMB by NADH cannot be excluded. As a
control, the presence of NAD™ presented a negligible influence on the
UV-vis spectra of MnO, (Fig. S1). Moreover, the distinct UV-vis ab-
sorbance band centered at 340 nm of NADH decreased obviously after
the incubation with MnO,, indicating that NADH could be oxidized to
NAD* by MnO,. As shown in Eq. (1), MnO, nanosheets were reduced to
produce Mn?™.

MnO, + NADH + 3H" —Mn?* + NAD" + 2H,0 1

In addition, the TEM images of MnO, nanosheets in the presence of
NADH and NAD* were investigated (Fig. S2). As shown in Fig. S2A,
after incubation with NADH, the plane structure of MnO, was destroyed
due to the decomposition of MnO, nanosheets by NADH. In contrast,
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Fig. 3. (A) The UV-vis absorption spectra of MnO,-TMB system in the presence
of different concentrations of NADH. (B) The NADH calibration plot. Inset: the
corresponding digital photos.

the presence of NAD* had negligible influence on the morphology of
MnO, (Fig. S2B). These results indicated that NADH-induced decom-
position of MnO, nanosheets could serve as an accurate probe for
NADH in solution.

3.3. Detection of NADH

In order to obtain a better sensing performance for NADH detec-
tions, several experimental conditions were optimized prior to the ap-
plication of this method, such as the reaction time, pH values, the vo-
lumes of MnO,, and the concentrations of TMB. The absorbance
difference AA = Ag — A, where Ay and A was the absorbance of MnO,-
TMB system in the absence and presence of NADH, respectively, was
used the criteria to select the optimal conditions. As shown in Fig. S3,
the reaction between TMB and MnO, could be completed within
10 min; the optimal pH value was 5.0; the optimal volume of MnO, was
30 uL; and the ideal concentration of TMB was 0.4 mM. The following
experiments were performed under the optimal conditions.

Under the optimal conditions, NADH was analyzed by the MnO,-
TMB-based sensing platform. As shown in Fig. 3A, along with the
concentrations increasing from 5 to 100 uM, the absorbance intensities
of MnO,-TMB system displayed the continuous decreases. Meanwhile,
Fig. 3B illustrated an excellent linear relationship between AA and the
NADH concentrations. The regression equation was obtained as
AA = —0.01928 + 0.00955 Cnapu (UM) (R% = 0.9951). Moreover, the
color changes of MnO,-TMB system in the presence of various amounts
of NADH were recorded by using a digital camera (Inset of Fig. 3B). The
color change of MnO,-TMB system induced by NADH can be visualized
by the naked eye. These results show that the developed MnO,-TMB
system is suitable for the NADH detection. Moreover, the platform has a
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great potential for monitoring the enzyme catalysis of two different
dehydrogenase models, ADH and LDH, where NADH is formed and
consumed, respectively, in their physiological enzymatic reactions.

3.4. Probing the ADH-catalyzed biocatalytic transformation

The ability of analyzing the NADH cofactor with the MnO,-TMB
system also enabled the use of this system to study the activity of
NAD*-dependent enzymes as well as their substrates. As a model
system, the MnO,-TMB system was separately applied to analyze
NAD *-dependent ADH and the substrate ethanol. The reaction prin-
ciple was based on the following equation:

Ethanol + NAD* — Acetaldehyde + NADH + H" (in the presence of
ADH) (2)

As shown in Schemel, in the presence of ADH, ethanol could react
with NAD™* to generate NADH, which induced the absorbance intensity
decrease of MnO,-TMB system. Control experiments revealed that no
decrease of the absorbance intensity occurred in the presence of
ethanol, NAD", ADH, ethanol with NAD*, ethanol with ADH, and
NAD™" with ADH, respectively (Fig. S4). These results indicated that the
decrease of absorbance intensity of MnO,-TMB system originated from
the ADH/ethanol-generated NADH. Thus, this photophysical process
enabled the quantitative assay of ADH as well as ethanol.

By retaining the concentrations of NAD* and ethanol in the system
constant, except the concentration of ADH, the biocatalytic reactions in
the system was allowed to proceed for a fixed time. It was found that
the resulting absorbance decrease of MnO,-TMB system related directly
to the concentration of ADH (Fig. S5). Fig. S5A showed the absorbance
responses of MnO,-TMB system upon the addition of different con-
centrations of ADH. The calibration curve was shown in Fig. S5B. ADH
can be detected as low as 0.0050 pg/mL (1.5 mU/mL).

Similarly, the MnO,-TMB system was also applied for the quanti-
tative detection of ethanol (Fig. 4). Fig. 4A depicted the absorption
spectra of MnO,-TMB system resulting from the activation of biocata-
lyzed oxidation of ethanol and the generation of NADH. As the con-
centration of ethanol increased, the absorbance intensities of MnO,-
TMB system decreased, in consistence with the higher-content genera-
tion of NADH. The derived calibration curve was presented in Fig. 4B.
There was a good linear relationship between the AA and ethanol
concentrations in the range of 0.010-1.0 mM and 1.0-10 mM. The re-
gression equation could be described as follow:
AA = 0.05505 + 0.1369 C (mM) and AA = 0.1375 + 0.0661 C (mM),
with corresponding regression coefficient of 0.9966 and 0.9971, re-
spectively. The detection limit for ethanol was 5.0 uM. The color change
of MnO,-TMB system induced by ethanol can be visualized by the
naked eye (Inset of Fig. 4B). The standard deviation for six replicate
measurements of 0.50mM and 5.0 mM ethanol was obtained to be
3.41% and 2.69%, respectively. Compared with the previous reports on
the detections of ethanol (Table 1), the developed MnO,-TMB-based
colorimetric method could achieve the lower detection limit and wider
linear range for the determination of ethanol.

The selectivity for the ethanol detection was further investigated by
using various other interferents. As shown in Fig. S6, among a series of
potentially interfering organic compounds including methanol, pro-
panol, isopropanol, cyclohexanol, tertiary butanol, n-butyl alcohol,
benzyl alcohol, only ethanol could effectively decrease the absorbance
of the MnO,-TMB system. In contrast, the other organic molecules
nearly had no effect on the absorbance of MnO,-TMB system. The re-
sults indicated that the selectivity of this method was acceptable.

In order to estimate the applicability of this method, the developed
ethanol biosensor was applied for the analysis of ethanol in alcoholic
beverages including commercial red wine, dark beer and spirit samples.
The results are shown in Table S1. It can be seen that the results ob-
tained with the developed biosensor were in good agreement with those
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Fig. 4. (A) The UV-vis absorption spectra of MnO,-TMB system with different
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certified by the supplier.

3.5. Probing the LDH-catalyzed biocatalytic transformation

The ability of MnO,-TMB system in analyzing the NADH cofactor
was explored by studying the activity of NADH-dependent enzymes as
well as their substrates. As a model system, the MnO,-TMB system was
applied to analyze NADH-dependent LDH and the substrate of pyruvic
acid. The reaction principle was based on the following equation:

Pyruvic acid + NADH — Lactic acid + NAD* (in the presence of LDH)
3)

As shown in Scheme 1, we designed the MnO,-TMB platform to
probe the LDH-catalyzed transformation based on the different re-
sponses of NADH and NAD* towards the MnO,-TMB system and the
enzyme-catalyzed reaction system. Firstly, the feasibility of the devel-
oped MnO,-TMB system for probing the LDH-dependent biocatalytic
transformation was assessed with the results shown in Fig. S7. The
UV-vis absorption spectra of MnO,-TMB system under different con-
ditions were recorded. As shown in Fig. S7, the MnO,-TMB system had
a strong absorption peak centered at 652 nm, which could decrease in
the presence of NADH due to the decomposition of NADH towards
MnO,. The absorbance intensity of MnO,-TMB-NADH system could not
be influenced by pyruvic acid or LDH. When both pyruvic acid and LDH
existed, the absorbance intensity at 652nm resorted efficiently, in-
dicating the consumption of NADH. Therefore, the MnO,-TMB-NADH
system could be used to follow the activity of LDH as well as quanti-
tatively detect pyruvic acid.
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Table 1
Comparison of different analysis methods for the determination of ethanol.
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Methods Probe/Materials/Reagents (used)

Linear range Detection limit Refs.

Acid fuchsin adsorbed onto zirconia nanotubes
niobium oxide/Meldola’s blue/silica gel
microbial

Trypsin-stabilized Ag nanoclusters

Formazan

Acidic ceric nitrate

Based on MnO,-TMB system

Amperometry

Potentiometry
Fluorescence
Colorimetry

[32]
[33]
[34]
[35]
[36]
[37]
This work

0.05-7.5 mM
0.1-10 mM
0.02-50 mM
10-300 uM
1-5mM
0.1-10% (V/V)
0.01-1.0mM
1.0-10 mM

25uM

8uM

S5uM

0.03% (V/V)
5.0 uM
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Fig. 5. (A) The UV-vis absorption spectra of MnO,-TMB-NADH system with
different concentrations of pyruvic acid (from 0 to 6 mM). (B) The change trend
of the AA with different concentrations of pyruvic acid, inset showed the linear
plot of AA versus the low concentration of pyruvic acid (1.0, 5.0, 10, 30,50, 60,

70,100, 140, 160, 180, and 200uM). Inset: the corresponding photos.
[TMB] = 0.40 mM, [NADH] = 50 uM, [LDH] = 20 pg/mL.

o4

Fig. S8A showed the absorbance responses of the MnO,-TMB-NADH
system upon the addition of different concentrations of LDH. The ca-
libration curve was shown in Fig. S8B. LDH can be detected as low as 0.

50 ng/mL (0.050 mU/mL). Fig. 5 depicted the absorbance intensities of
the MnO,-TMB-NADH system resulting from the activation of biocata-
lyzed reduction of pyruvic acid and the consumption of NADH. As the
concentration of pyruvic acid increased, the absorbance intensities of
MnO,-TMB-NADH system increased, consistent with the higher content
of pyruvic acid. The derived calibration curve was presented in Fig. 5B.
There was a good linear relationship between the AA and pyruvic acid
concentration in the range of 1.0-200 uM. The regression equation
could be described as follow: AA = 0.0122 + 2.571Cpyruvic acia (UM).
The corresponding regression coefficient was 0.9978, and the detection
limit for pyruvic acid was 100 nM. Moreover, the color change of the
MnO,-TMB-NADH system induced by pyruvic acid can be visualized by
the naked eye (Inset of Fig. 5B). The standard deviation for six replicate
measurements of 10.0 uM pyruvic acid was 3.12%. Compared with the
previous reports on the detections of pyruvic acid shown in Table 2, our
method based on the MnO,-TMB-NADH system for the determination of
pyruvic acid obtained the lower detection limit and wider linear range.

The selectivity for pyruvic acid detection was further investigated
by using various other interferents. As shown in Fig. S9, among a series
of potentially interfering molecules and ions, only pyruvic acid mole-
cule could effectively restore the absorbance of the MnO,-TMB-NADH
system. Accordingly, the other molecules or ions nearly had no effect on
the absorbance of MnO,-TMB-NADH system. The results indicated that
the selectivity of this method was acceptable.

To demonstrate this method was feasible, it was applied to the de-
termination of pyruvic acid in commercial calcium pyruvate tablets.
The tablets were diluted appropriately to bring them to their working
concentration range. As shown in Table S2, the recoveries of known
amounts of pyruvic acid were in the range 93.0-105.2% with RSD
ranging from 2.12% to 3.49%. The results demonstrated the potential
applicability of the MnO,-TMB-NADH system for the detection of
pyruvic acid content in commercial tablets.

4. Conclusion

The present study has developed a MnO,-TMB-based sensing plat-
form for monitoring the biocatalytic transformations. This sensing
platform relies on the catalytic ability of MnO, nanosheets to directly
oxidize TMB into oxTMB. We demonstrated that NADH could trigger
the decomposition of MnO, nanosheets, resulting the weaken progres-
sion of MnO,-TMB platform in the visual color, which enabled the
probing of the dehydrogenase-stimulated NADH-generating or

Table 2
Comparison of different analysis methods for the determination of pyruvic acid.
Methods Probe/Materials/Reagents(used) Linear range Detection limit Refs.
Amperometry Poly(mercapto-p-benzoquinone) film 0-2mM 1uM [38]
A bienzyme modified carbon paste electrode 0-5mM 5uM [39]
Covalent attachment to polytyramine 0.1-3mM 0.05 mM [40]
Fluorescence NADH as fluorescence probe with LDH 0.2-1.2mM 12uM [41]
LDH as fluorescence probe 3.0-25uM 0.88 M [42]
Colorimetry Dinitrophenylhydrazine 0-10 mM 0.5mM [43]
MnO,-TMB-NADH system 1.0-200 pM 100 nM This work
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consuming bio-transformations. This was exemplified with the analysis
of the ADH-mediated oxidation of ethanol and the LDH-mediated re-
duction of pyruvic acid. So that the selective detections of ethanol and
pyruvic acid could be separately expected with high sensitivity.
Importantly, the proposed method may pave the way to implement the
MnO,-TMB as the optical labels to follow the activity of other dehy-
drogenase and their substrates.
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