
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Ja

nu
ar

y 
20

19
. D

ow
nl

oa
de

d 
on

 1
1/

16
/2

02
5 

8:
09

:2
3 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Highly efficient r
aCollege of Life Science, Fujian Agriculture a

R. China
bFujian Institute of Research on the Structur

Fuzhou 350002, P. R. China. E-mail: zax040

com
cThe United Innovation of Mengchao Hepa

Fujian Province, Mengchao Hepatobiliary

Fuzhou 350025, P. R. China
dState Key Laboratory for Manufacturing Sy

Engineering, Xi'an Jiaotong University, Xi'

mail.xjtu.edu.cn
eFih People's Hospital, Ganzhou City, Jian

† Electronic supplementary informa
10.1039/c8ra07758d

Cite this: RSC Adv., 2019, 9, 1889

Received 18th September 2018
Accepted 23rd December 2018

DOI: 10.1039/c8ra07758d

rsc.li/rsc-advances

This journal is © The Royal Society of C
edox reaction between potassium
permanganate and 3,30,5,50-tetramethylbenzidine
for application in hydrogen peroxide based
colorimetric assays†

Ying Sun,abc Hui Liu,e Xionghong Tan,abc Zheng Li,d Yanlin Du,abc Aixian Zheng,*bc

Xiaolong Liu *bc and Niancai Peng*d

Potassium permanganate (KMnO4) is one of the most important oxidants, which plays important roles in

many fields. Here, we found that KMnO4 could directly induce the oxidation of 3,30,5,50-
tetramethylbenzidine (TMB) to generate an oxidized product with a color change. This redox reaction is

highly efficient, and 1 mM KMnO4 is enough to cause detectable changes in the absorbance signal.

Meanwhile, this reaction is very fast and the generated blue product can stabilize for a relatively long

period, which has great advantages in practical applications. Since hydrogen peroxide (H2O2) is able to

react with KMnO4 under acidic conditions, the KMnO4-TMB system can be used for the detection of

H2O2; the absorbance signal induced by 5 mM H2O2 can be easily detected in this method. Meanwhile,

the KMnO4-TMB system can also be used for the detection of glucose by monitoring the generation of

H2O2, which is the main product of glucose oxidation; this method permits detection of concentrations

as low as 10 mM glucose, and the sensitivity is comparable to or higher than most peroxidase mimetic

based methods, but avoiding the preparation and storage of the nanomaterials. Furthermore, the

KMnO4-TMB system can even be used for analyzing glucose in serum samples, which can also be

expected to be used in immunoassays.
Introduction

The development of simple, fast and cost-effective bioassays for
the detection of disease related biomarkers plays important
roles in biomedical application. Natural enzymes show high
catalytic activity and substrate specicity, which have been
applied to various elds, such as food safety, environmental
analysis, biotechnology and biomedicine. For example, horse-
radish peroxidase (HRP) has been widely used in enzyme linked
immunosorbent assay (ELISA), which can be conjugated with
antibodies for the detection of specic proteins through an HRP
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mediated color reaction. However, the catalytic activity of
natural enzymes is highly related to the environmental condi-
tions during measurement, such as pH and temperature.
Furthermore, the strict conditions and high cost of their prep-
aration and storage could further limit their applications.1–3

To overcome these shortcomings, recent efforts have been
devoted to develop simple and efficient enzymatic mimics. Up
to now, a variety of nanomaterials have been reported to exhibit
peroxidase-like catalytic activities, such as magnetic nano-
materials,4,5 carbon nanomaterials,6–8 metal–organic frame-
works (MOFs),9,10 and so on.1,11–16 Compared with natural
enzymes, these peroxidasemimetics exhibit obviously improved
stability and design exibility, which can be applied in different
biosensing applications. It is also reported that some nano-
materials17 such as V2O5 nanosheets,18 MnO2 nanosheets19,20

and cobalt oxyhydroxide nanoakes,21,22 exhibited intrinsic
oxidation ability, which can directly induce the oxidation of
3,30,5,50-tetramethylbenzidine (TMB) to generate the oxidant
product with color change. These reactions are fast and highly
efficient, which can be further used for the detection of many
biomolecules.

Although lot of efforts have been devoted to the nano-
material based methods, there are still some deciencies that
limit their applications, such as complicated preparation, the
RSC Adv., 2019, 9, 1889–1894 | 1889
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uniformity and stability of the nanomaterials. Meanwhile, the
catalytic sites of the enzymatic mimics are always on their
surfaces, which might be easily blocked by nonspecic proteins
or other biomolecules. In this way, the catalytic activities of the
enzymatic mimics would be signicantly reduced, and thus
further reduce the sensitivity of these enzymatic mimic based
sensors.

Potassium permanganate (KMnO4) is one of the most
important oxidants, which plays important roles in many elds.
In this paper, we found that KMnO4 can directly induce the
oxidation of TMB to generate the oxidized product with signif-
icant color change. Meanwhile, the reaction is very fast and the
generated blue product can be stable for a relatively long period.
It is well known that hydrogen peroxide (H2O2) is able to reac-
tion with KMnO4 in acidic conditions, and thus causing the
consumption of KMnO4. In this way, the KMnO4-TMB system
can be used for the detection of H2O2. Meanwhile, the KMnO4-
TMB system can be also used for the indirectly detection of
other biomolecules by monitoring the generation of H2O2.

Glucose is the main energy source for human body, which
plays important roles in cell growth. The concentration of
glucose in blood is closely associated with hypoglycemia or
diabetes, which can be also used for monitoring many other
diseases. Thus, accurate measurement of glucose is of great
importance.23–25 As we know, glucose oxidase (GOx) can catalyze
the oxidation of glucose in the presence of oxygen, accompa-
nying the formation of gluconic acid and H2O2.6,8 Thus, the
proposed KMnO4-TMB system also can be used for the detec-
tion of glucose by monitoring the generation of H2O2. Scheme 1
depicts the principle of KMnO4-TMB system for glucose
detection.
Experimental
Materials and apparatus

TMB, b-lactose, ascorbic acid and uric acid were purchased
from Aladdin Reagent Co. Ltd. (China). Glucose, sucrose and
galactose were purchased from Sigma-Aldrich Chemical Co.
(USA). GOx was purchased from J & K Chemical Ltd. (China). All
other reagents were of analytical grade and obtained from
Sinopharm Chemical Reagent co. Ltd. (China), such as KMnO4,
a-lactose and H2O2. Ultrapure water used in this experiment
was obtained from a Millipore water purication system (Milli-
Scheme 1 Highly efficient redox reaction between KMnO4 and TMB
for application in H2O2 based colorimetric detection of glucose.

1890 | RSC Adv., 2019, 9, 1889–1894
Q). The absorption signals in this experiment were measured by
microplate reader (Spectra Max M5, Molecular Devices).

The highly efficient redox reaction between KMnO4 and TMB

TMB solution was prepared by dissolving in ethanol. To verify
the redox reaction between KMnO4 and TMB, the absorption
spectra of 20 mM KMnO4, 200 mM TMB and their mixture
between 350 nm and 750 nm were measured. To investigate the
inuence of pH on the redox reaction, the absorption spectra of
KMnO4-TMB system prepared in 10 mM PBS buffer with
different pH values (2, 2.5, 3, 3.5, 4, 4.5, 5, 5.5, 6, 6.5 and 7) were
measured. To obtain the optimal concentration of TMB, the
absorption spectra of KMnO4 (20 mM) aer reaction with
different concentrations of TMB (0, 25, 50, 100, 200, 250 and 500
mM) were measured. We also measured the absorption spectra
of the corresponding solution aer addition of sulfuric acid to
further oxidize the oxidized TMB. Finally, to investigate the
stability of the oxidized product, we also measured the
absorption spectra of 20 mM KMnO4 solution aer addition of
200 mM TMB for different times.

The KMnO4-TMB system for H2O2 detection

To verify the reaction between KMnO4 and H2O2, the absorption
spectra of 0.2 mM KMnO4 aer reaction with different
concentrations of H2O2 (0, 0.1, 1 and 10 mM) were measured.
For the detection of H2O2, 8 mL of 0.5 mM KMnO4 was rstly
reacted with different concentrations (0, 5, 10, 20, 40, 80, 100
and 200 mM) of H2O2 in 10 mM PBS buffer (pH 5.5) for 5 min.
Then, 8 mL of 5 mM TMB was added into above solutions. The
absorption spectra of these solutions between 350 nm and
750 nm were measured by microplate reader. The calibration
curve for H2O2 sensing was made by using the absorbance
intensity at 652 nm as the ordinate and the concentration of
H2O2 as the abscissa.

The KMnO4-TMB system for glucose detection

The KMnO4-TMB system also can be used for glucose detection
by monitoring the generation of H2O2. For glucose detection, 4
mL of 0.1 mg mL�1 GOx was mixed with 50 mL of different
concentrations of glucose in 0.5 mM PBS (pH 7.0). Aer incu-
bated at 37 �C for 30min, 130 mL of 10mMPBS buffer (pH 5.5), 8
mL of 0.5 mM KMnO4 and 8 mL of 5 mM TMB were added into
above solution. Then, the absorption spectra of these solutions
between 350 nm and 750 nm were measured by microplate
reader. The calibration curve for glucose sensing was made by
using the absorbance intensity at 652 nm as the ordinate and
the concentration of glucose as the abscissa. To investigate the
specicity of this method, 1mM other sugars such as sucrose, b-
lactose, a-lactose and galactose, were used instead of 0.1 mM
glucose under the same condition for glucose detection.

Analysis of glucose in serum sample

The serum samples were obtained from Mengchao Hep-
atobiliary Hospital of Fujian Medical University, which was
diluted by 0.5 mM PBS buffer (pH 7.0). The study was approved
This journal is © The Royal Society of Chemistry 2019
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by the Medical Ethics Committee of Mengchao Hepatobiliary
Hospital of Fujian Medical University, and the written consent
was received from all participants in this study. The detection of
glucose in serum sample was realized as follows: 4 mL of 0.1 mg
mL�1 GOx was mixed with 50 mL of 100 times diluted serum and
different concentrations of glucose in 0.5 mM PBS (pH 7.0).
Aer incubated at 37 �C for 30 min, 122 mL of 10 mM PBS buffer
(pH 5.5), 16 mL of 0.5 mM KMnO4 and 8 mL of 5 mM TMB were
added into above solution. Then, the absorption spectra of
these solutions between 350 nm and 750 nm were measured by
microplate reader. The calibration curve for glucose sensing
was made by using the absorbance intensity at 652 nm as the
ordinate and the concentration of the added glucose as the
abscissa. The added concentrations of glucose varied from 20
mM to 800 mM. The concentration of glucose in serum sample
was estimated by the standard addition method.
Results and discussion
The highly efficient redox reaction between KMnO4 and TMB

To verify the redox reaction between KMnO4 and TMB, the
absorption spectra of KMnO4, TMB and their mixture were
measured. As shown in Fig. 1A, KMnO4 and TMB themselves
exhibited extremely low absorbance signal (curve a and b).
However, upon the addition of TMB, the KMnO4 solution had
signicant absorbance enhancement at 652 nm (curve c), which
is consistent with the characteristic absorption peak of oxidized
TMB. This result indicated that KMnO4 can directly induce the
oxidation of TMB to generate the oxidized product with signif-
icant color change. This reaction can be also conrmed by the
photograph of corresponding solution shown in Fig. 1A.

In order to obtain the best reaction efficiency, we optimized
the reaction condition. To investigate the inuence of pH on the
redox reaction, the absorption spectra of KMnO4-TMB system
prepared in 10 mM PBS buffer with different pH values were
measured. As shown in Fig. S1 in the ESI,† the reaction effi-
ciency was obviously affected by the pH value of the buffer. In
more acidic conditions, the absorption peak of the KMnO4-TMB
system shied to 450 nm, which may be due to the further
oxidation of oxidized TMB. It is reported that the oxidized TMB
can be further oxidized to a yellow diimine aer addition of
sulfuric acid, with the maximum absorption peak at 450 nm.
This process can be also conrmed by the results shown in
Fig. 1 (A) The absorption spectra of different solutions: (a) 20 mM
KMnO4; (b) 200 mM TMB; (c) 20 mM KMnO4 + 200 mM TMB. (B) The
absorption spectra of different concentrations of KMnO4 after reaction
with 200 mM TMB.

This journal is © The Royal Society of Chemistry 2019
Fig. S1B in the ESI.† The best pH value of PBS buffer is 5.5 due to
its best absorbance signal.

To optimize the concentration of TMB, the absorption
spectra of KMnO4 aer reaction with different concentrations of
TMB were measured in the optimized buffer. As shown in
Fig. S2 in the ESI,† TMB at low concentration could be partly
oxidized to yellow oxide. When the concentration of TMB up to
200 mM, TMB could be mainly oxidized to blue oxide. While
further increase the concentration of TMB, the absorbance
signal might slightly decrease. Aer comparison, the optimal
concentration of TMB is 200 mM due to its best absorbance
signal. We also investigate the stability of the oxidized product
by measuring the absorption spectra of KMnO4 solution aer
addition of 200 mM TMB for different times. As shown in Fig. S3
in the ESI,† there is no signicant difference in the absorbance
signals at different times. This data indicated that the redox
reaction between KMnO4 and TMB is very fast, and the experi-
mental result can be stable for a relatively long period, which
have great advantages in practical applications.

In the optimized condition, we measured the absorption
spectra of different concentrations of KMnO4 solution aer
reaction with 200 mM TMB. As shown in Fig. 1B, the absorbance
signal increased by increasing the concentration of KMnO4.
This redox reaction is highly efficient due to that 1 mM of
KMnO4 was enough to cause the detectable change in absor-
bance signal.

The KMnO4-TMB system for H2O2 detection

It is well known that H2O2 is able to reaction with KMnO4 in
acidic condition, and thus causing the consumption of KMnO4.
In this way, the KMnO4-TMB system can be used for the
detection of H2O2. We rst used the absorbance data to verify
the reaction between KMnO4 and H2O2. KMnO4 has two large
absorption peaks at 525 nm and 545 nm, and its solution is
purple. Aer reaction with H2O2, the absorbance of the solution
obviously reduced, accompanied by the color fading to colorless
(Fig. 2A). This phenomenon can conrm the reaction between
KMnO4 and H2O2. Based on this reaction, the KMnO4-TMB
system could be used for the detection of H2O2.

As shown in Fig. 2B, the KMnO4-TMB system exhibited high
absorbance at 652 nm. When H2O2 was introduced, the absor-
bance intensity of the solution signicantly reduced, accom-
panied by the color fading from blue to colorless. We also
Fig. 2 (A) The absorption spectra of 0.2mMKMnO4 after reactionwith
different concentrations of H2O2. (B) The absorption spectra of
different solutions: (a) 20 mM KMnO4 + 200 mM TMB; (b) 20 mM KMnO4

+ 0.5 mM H2O2 + 200 mM TMB.

RSC Adv., 2019, 9, 1889–1894 | 1891
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measured the absorption spectra of the KMnO4-TMB system for
analyzing different concentrations of H2O2. As shown in Fig. 3,
the absorbance intensity of the system gradually decreased by
increasing the concentration of added H2O2. Meanwhile, the
absorbance intensity at 652 nm was linear to the concentration
of H2O2 in the range from 5 to 100 mM, with a calibration
function of y ¼ �0.005x + 0.7375 (R2 ¼ 0.9976). This redox
reaction based method permits detection of 5 mM H2O2.
Fig. 4 (A) The absorption spectra of KMnO4-TMB system upon
addition of the below solution: (a) control; (b) glucose (1 mM); (c) GOx
(2 mg mL�1); (d) glucose reacted with GOx for 30 min. (B) The
absorption spectra of the KMnO4-TMB system for analyzing different
concentrations of glucose. (C) Calibration curve of glucose in the
range from 10 to 400 mM. (D) Absorbance changes (�DAbs) of the
system for analyzing glucose (100 mM), other sugars (sucrose, b-
lactose, a-lactose and galactose, each at 1 mM) and other interfer-
ences (ascorbic acid and uric acid, each at 100 mM). The data shown
here represent the average of three independent experiments.
The KMnO4-TMB system for glucose detection

The KMnO4-TMB system also can be used for the indirectly
detection of other biomolecules by monitoring the generation
or consumption of H2O2. It is well known that GOx can catalyze
the oxidation of glucose in the presence of oxygen, resulting in
the formation of H2O2. Thus, the detection of glucose could be
realized by using the KMnO4-TMB system. We rst use the
absorbance data to investigate the viability of this method. As
shown in Fig. 4A, the KMnO4-TMB system exhibited high
absorbance at 652 nm. When only addition of glucose or GOx,
the absorbance signal of the system was little inuenced. If
glucose was rst reacted with GOx and then introduced to the
KMnO4-TMB system, the absorbance of the solution signi-
cantly reduced, accompanied by the color fading from blue to
colorless. This phenomenon conrmed that the KMnO4-TMB
system can be used for the detection of glucose.

We then measured the absorption spectra of the KMnO4-
TMB system for analyzing different concentrations of glucose.
As shown in Fig. 4B, the KMnO4-TMB system exhibited high
absorbance at 652 nm when only addition of GOx. When
glucose was introduced, the absorbance intensity of the system
slowly decreased by increasing the concentration of added
glucose. Meanwhile, the reduced absorbance intensity at
652 nm was linear to the concentration of glucose in the range
from 10 to 400 mM, with a calibration function of y ¼ 0.0016x +
0.0049 (R2 ¼ 0.9981). The detection limit of this method was
calculated to be 4.55 mM, which gave a net signal equal to three
times the standard deviation of the background. As shown in
Table S1 in the ESI,† this sensitivity is comparable to many
other nanomaterials based methods, but avoiding the prepa-
ration and storage of the nanomaterials.6,9,26–34

To investigate the specicity of this method, 1 mM other
sugars (sucrose, b-lactose, a-lactose and galactose) were used
Fig. 3 (A) The absorption spectra of the KMnO4-TMB system for
analyzing different concentrations of H2O2. (B) Calibration curve of
H2O2 in the range from 5 to 100 mM. The data shown here represent
the average of three independent experiments.

1892 | RSC Adv., 2019, 9, 1889–1894
instead of 0.1 mM glucose under the same condition for glucose
detection. As shown in Fig. 4C, the system showed obvious
absorbance decrease when analyzing 0.1 mM of glucose. While,
the absorbance signals of the system were scarcely inuenced
by other sugars even at ten times of the concentration of
glucose. The other interferences, such as ascorbic acid and uric
acid, have also been investigated. The absorbance signals of the
system were scarcely changed, when GOx was added to initiate
the reaction. Thus, the proposed KMnO4-TMB system can show
high selectivity for glucose detection.
Analysis of glucose in real sample

The concentration of glucose in blood is closely associated with
hypoglycemia or diabetes, which can be also used for moni-
toring many other diseases. Thus, accurate measurement of
glucose is of great importance. To investigate the feasibility of
KMnO4-TMB system for practical application, we further use the
proposed method for analyzing glucose in serum sample, which
obtained from Mengchao Hepatobiliary Hospital of Fujian
Medical University. Fig. 5A showed the absorption spectra of the
KMnO4-TMB system for analyzing diluted serum with addition
of GOx and different concentrations of glucose. The absorbance
signal of the system slowly decreased by increasing the
concentration of spiked glucose. Meanwhile, the reduced
absorbance intensity at 652 nm was linear to the concentration
of spiked glucose, with a calibration function of y ¼ 0.0002x +
0.0089 (R2 ¼ 0.9954). We then used a standard addition method
to estimate the concentration of glucose in serum. Aer calcu-
lation, the concentration of glucose in diluted serum was 44.5
mM. Thus, the actual concentration of glucose in serum sample
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 The absorption spectra of the KMnO4-TMB system for
analyzing diluted serum with addition of different concentrations of
glucose (0, 20, 40, 80, 100, 200, 400 and 800 mM, respectively). (B)
Calibration curve of glucose sensing in diluted serum using the
reduced absorbance intensity (�DAbs) as the ordinate and the
concentrations of added glucose as the abscissa. The data shown here
represent the average of three independent experiments.
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was 4.45mM, which agreed with the fact that the normal level of
glucose in blood is between 3.9 and 6.1 mM.35 It is worth
mentioning that the GOx does not affect the redox reaction
between KMnO4 and TMB, when the concentration of GOx was
lower than 2 mg mL�1. Meanwhile, 10 ng mL�1 of GOx was
enough to cause the detectable absorbance signal (Fig. S4 in the
ESI†). Therefore, the KMnO4-TMB system can be also expected
to be used in immunoassays by combining antibody and GOx,
and thus further expand its applications.
Conclusions

In this study, we have designed a novel KMnO4-TMB system for
H2O2 based colorimetric assay based on the KMnO4 induced
oxidation of TMB, that could generate oxidized blue product.
The designed system is very fast, stable and highly efficient due
to that 1 mM of KMnO4 is enough to induce the detectable
change in absorbance signal. The current system can be used
for the detection of H2O2 by the consumption of KMnO4, and
also can be used for the detection of glucose even in serum
sample by monitoring the generation of H2O2, which permits
detection of as low as 10 mM glucose that is comparable to or
lower than most peroxidase mimetic based methods, but
avoiding the preparation and storage of the nanomaterials.
Taking together, this highly efficient redox reaction between
KMnO4 and TMB might be further expected to food safety,
environmental analysis, clinical diagnosis and other elds.
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