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Abstract

Objectives: Glutathione (GSH, L-y-glutamyl-L-cysteinyl-glycine), one of the major cellular antioxidants, is
an important non-protein intracellular physiological antioxidant with sulphhydryl groups for detoxification
of reactive oxygen species (ROS) in all living organisms. GSH deficiency has been shown to be associated
with many human diseases, including cardiovascular, immune and ageing diseases, arthritis and diabetes.
Therefore, the development of an accurate, reliable and sensitive method for the determination of GSH in
biological fluids is essential for the understanding of GSH homeostasis in medicine and biochemical research

Material and Methods: In this study, a very inexpensive, practical, rapid, sensitive, and highly specific
colorimetric method for the determination of glutathione (GSH) that can be detected by the naked eye
was developed. This method is based on the inhibition of horseradish peroxidase (HRP) by GSH. As the
concentration of glutathione increases, a pink coloured compound consisting of 4-chlorophenol, H202 and
4-aminoantipyrine (4-AAP) decomposes as a result of the reaction catalyzed by HRP, thus reducing the
intensity of the colour.

Results: While the linear range of the developed method was found to be between 15.6-1000 mM, the intra-
and inter-day repeatability % coefficient of variation values of the method were less than 15%. The effect of
potential interfering substances on the developed method was tested, and no interference was found, except
for cysteine. Cysteine increased GSH response by 10%. The developed method was used for the determination
of GSH in commercial serum samples, and results were obtained between 91-106%.

Conclusion: In conclusion, this study has developed a very simple, inexpensive and unique colourimetric
method for the determination of GSH.
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Colorimetric method for GSH

a0 )
0z
Amag: Bagslica hiicresel antioksidanlardan biri olan glutatyon (GSH, L-y-glutamyl-L-cysteinyl-glycine),
tlim canli organizmalarda reaktif oksijen tiirlerinin (ROS) detoksifikasyonu icin stilfhidril gruplari iceren
onemli bir protein olmayan hiicre i¢i fizyolojik antioksidandir. GSH eksikliginin kardiyovaskiiler, bagisiklik
ve yaslanma hastaliklari, artrit ve diyabet dahil olmak tzere bir¢cok insan hastalig ile iliskili oldugu
gosterilmistir. Bu nedenle, biyolojik sivilarda GSH tayini icin dogru, giivenilir ve hassas bir yontemin
gelistirilmesi, tipta ve biyokimyasal arastirmalarda GSH homeostazinin anlasilmasi icin gereklidir.

Gereg ve Yontem: Bu ¢alismada, glutatyon (GSH) tayini icin ¢iplak gozle tespit edilebilen ¢cok ucuz, pratik,
hizli, hassas ve oldukga spesifik bir kolorimetrik yontem gelistirilmistir. Yontem, horseradish peroksidazin
(HRP) GSH tarafindan inhibisyonuna dayanmaktadir. Glutatyon konsantrasyonu arttik¢a, 4-klorofenol,
H202 ve 4-aminoantipirinden (4-AAP) olusan pembe renkli bir bilesik, HRP tarafindan katalize edilen
reaksiyon sonucunda ayrisir ve boylece rengin yogunlugu azalir.

Bulgular: Gelistirilen yontemin dogrusal aralig1 15,6-1000 mM arasinda bulunurken, yontemin giin ici
ve glinler arasi tekrarlanabilirlik % varyasyon katsayisi degerleri %15’in altinda bulunmustur. Potansiyel
interferans maddelerinin gelistirilen metot lizerindeki etkisi test edilmis ve sistein disinda herhangi bir
interferansa rastlanmamistir. Sistein, GSH i¢in yanit1i %10 oraninda artirmistir. Gelistirilen yontem ticari
serum orneklerinde GSH tayini icin kullanilmis ve %91-106 arasinda sonuglar elde edilmistir.

Sonugc: Sonug olarak, bu calismada GSH tayini icin ¢ok basit, ucuz ve benzersiz bir kolorimetrik yontem
gelistirilmistir.

Anahtar Kelimeler: Glutatyon, Yabani turp peroksidazi, 4-AAP, Inhibisyon temelli

INRODUCTION associated with specific diseases including

Glutathione (GSH) is a tripeptide consisting cancer, human immunodeficiency virus

of the combination of glutamate, cysteine (HIV), liver damage, and neurodegenerative

and glycine and containing sulfhydryl diseases (3-5). Therefore, determination

groups commonly found in animals. As an of GSH levels is very important for in vivo

important metabolic substance in the body, detection and biological diagnosis systems.

it participates in the tricarboxylic acid cycle In the last 20 years, several methods have

and glucose metabolism, can activate various been proposed for GSH determination, such

enzymes to promote sugar, fat, and protein
metabolism (1), and participates in many
important biochemical reactions (2). Based
on its antioxidant properties, it can remove
freeradicalsandtoxins, protectthe sulfhydryl
groups of important enzyme proteins from
oxidation and inactivation, and ensure the
normal operation of molecular physiological
functions, such as proteins and enzymes (3).

Abnormal GSH levels in the body are directly
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as methods based on high-performance
liquid chromatography (HPLC) (6), UV-
Vis spectrophotometry (6), fluorescence
spectroscopy (7), and mass spectrometry
(8). Despite acceptable sensitivity, some
of these methods suffer from practical
disadvantages, such as the need for
expensive and high-tech instrumentation,
time-consuming processes, and complex

sample preparation processes. Therefore, it
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Colorimetric method for GSH

is essential to develop a method for the rapid,
inexpensive, and practical determination of

glutathione.

Colorimetry is one of the most widely used
methods to determine the concentration
of a compound by measuring its colour
or optical density (9) . In recent years,
there has been an increasing interest in
the colorimetry technique, which has
advantages such as simplicity, low cost,
and recognition even with the naked eye.
This is because smartphones have become
portable photometers with their advanced
cameras and colour measuring software
(10,11). In other words, when colorimetric
methods are developed, the need for an
extra device is reduced, unlike methods such
as chromatographic and electrochemical

methods.

Horseradish peroxidase (HRP) (E.C.1.11.1.7)
is an enzyme that has been widely used and
investigated for analytical purposes (12). It
catalyses the reduction of hydrogen peroxide
in the presence of a reducing compound.
Methods involving peroxidases described
in the literature are based on colorimetry,
chemiluminescence, fluorescence  and
amperometric measurements (13,14). If
the reducing agent is selected to produce a
coloured product or to further react with a
suitable chromogen to produce a coloured
product, then hydrogen peroxide (or an
oxidase substrate if HRP is combined with
a hydrogen peroxide-producing oxidase)
can be determined spectrophotometrically.
A wide variety of reducing HRP substrates
(such as phenol,aminophenols, indophenols,
diamines and a number of other compounds)
have been used in the spectrophotometric
determination of H,0,. Trinder et al. (15)
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developed a method for the determination
of H,0, using HRP-catalysed oxidation of
phenolinthe presence of 4-aminoantipyrine.
This method is the working principle of many
oxidase-enzyme-based colorimetrickits. One
of these is the glucose oxidase/peroxidase
system, which was developed for glucose
determination. In this reaction, glucose is
catalyzed by glucose oxidase and converted
to gluconic acid and H,0,. The resulting
H,0, reacts with 4-aminoantipyrine (4-AAP)
and phenol to produce a pink-red-colored

compound in the presence of HRP (16).

Some of the most important criteria for
analytical method development are that
the method should be simple, rapid,
and inexpensive, without expensive
equipment. GSH levels are directly related
to specific diseases, including cancer,
human immunodeficiency virus (HIV), liver
damage, and neurodegenerative diseases.
The inhibitory properties of the analyte
to be determined also form the basis of
some methods (17,18). Literature data
indicate that Reduced glutathione is an HRP
inhibitor (19). The aim of this study was to
develop a fast, practical, inexpensive, and
colorimetric method for the determination
of glutathione, one of the most important
cellular antioxidants, which can be detected
even with the naked eye. Since HRP will be
inhibited in the presence of glutathione, the
intensity of the pink-red colour produced
by the enzymatic reaction of 4-AAP,
4-chlorophenol and H,0, with HRP will
decrease. The decrease in absorbance
constitutes the principle of determination of
glutathione. No colourimetric method based
on HRP inhibition for the determination of
glutathione has been found in the literature.

This is a unique aspect of this study.

26



Colorimetric method for GSH

MATERIALS AND METHODS
Chemicals and instruments

HRP (1200 U/L) was obtained from Biolabo
(France), and 4-AAP, 4-chlorophenol,
H202, potassium phosphate dibasic,
glutathione, and other chemicals were
obtained from Sigma Aldrich (USA). The
solutions were prepared using ultrapure
water. Spectrophotometric measurements
were carried out with Multiscan FC Thermo

Scientific device.

An Ethics Committee Approval Certificate is
not required for studies to be conducted on
commercially sold human cadavers, cadaver
partsand otherbiologicalmaterials» (ETHICS
COMMITTEE  APPROVAL  DOCUMENT
INFORMATION NOTE 2020, n.d.). We declare
that our study, the information of which is
included above, is among the studies that
do not require ethics committee permission
due to the use of commercially purchased
Chemicals Required in the Study

Working buffer: 100 mM pH:7 Phosphate
Buffer containing 5 mM 4-chlorophenol and
0.25 mM 4-AAP

Substrate: 0.5 mM H202 was prepared

using water.
HRP: Prepared in 1200 U/L working buffer.

Glutathione: A 20 mM stock solution was

prepared in artificial serum.

Preparation of artificial serum: 111 mM
NaCl, 2.9 mM NaHCO,, 2.2 mM K,HPO,, 0.8
mM MgCl,, 2.5 mM urea, 5 mM KCl are mixed
and the pH is adjusted to 7.4 (20).

Principle of measurement

The working principle of this method is
illustrated in Figure 1. Accordingly, in the
absence of GSH, the enzymatic reaction
will take place with high efficiency and the
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pink-red colour of quinoneimine formed
as a result of the reaction will be apparent.
In the presence of GSH, HRP is partially
inhibited (depending on the concentration),
and therefore, the intensity of the color
decreases. A decrease in the intensity of the
color causes a decrease in absorbance. GSH
can be determined from the graph drawn
between the decrease in absorbance and

GSH concentration.

: OH :
40
210, + N o * HR®. N_O &
CHgN [ = [
o}
N, CHy N
o

Q Od Partial inhibition @
N + 4H,0
R Hi N
T g
osH

Figure 1. Working principle of the
inhibition-based colorimetric glutathione
determination method

Test protocol

100 mL HRP solution + 50 mL GSH + 50 mL
(0,5 mM) H,0, is added to an ependorf tube
and left to incubate at room temperature and
inthe dark. The reaction was complete within
1 min. The absorbance of the formed color
was measured using a spectrophotometer at
a wavelength of 504 nm.
Determination of linear range

In order to determine the linear range of
determination, standards are prepared
by serial dilution from 4 mM GSH. A
calibration graph was drawn with 16 points
between 0-4 mM, and the range of linearity
was determined as the linear range of

determination.
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Determination of intra-day and inter-
day repeatability
Therepeatability experiment was performed
in 6 replicates at 3 levels, low (0.0625 mM),
medium (0.25 mM) and high (1 mM) GSH
concentrations, both within and between
days, and the mean (x), standard deviation
(S.D.%) and % coefficient of variation (% CV)
values were calculated.

Determination of substrate specificity

and interference effect
Inordertodeterminethe substrate specificity
of the developed colorimetric GSH method,
cysteine, alanine, glycine, glutamic acid,
serine, tryptophan, and histidine substrates
were used as 0.5 mM instead of GSH. The
GSH response was accepted as 100% and
compared with the GSH responses of other
substrates. The data are plotted as a column
graph.
In the interference effect experiment, the
same substrates were added separately at
the same concentration as that of the sample
containing 0.5 mM GSH. The GSH response
alone was accepted as 100%, compared with
the responses to other substrates + GSH, and
graphed.

Recovery

In the recovery experiment, commercially
purchased serum samples were spiked with
standard additives at 3 levels: low (0.0625
mM), medium (0.25 mM), and high (1 mM)
GSH concentrations, and the percentage
recovery was calculated.

RESULT AND DISCUSSION

Findings related to the working
principle of the developed method
Colorimetric methods allow quantitative
measurements to be performed using the
relationship between the concentration

and absorbance of a solution. To perform
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these measurements, a spectrum scan was
first performed, and the wavelength with
the maximum absorbance was selected
for quantitative measurements. For this
purpose, a spectrum scan was performed
between wavelengths of 400-680 nm,
including wavelengths in the visible region,
and the results are shown in Figure 2. When
examining the spectrum scan and the results
of the solution obtained from the reaction in
the absence of GSH and in the presence of 1
mM GSH (Figure 2), the wavelength at which
the maximum absorbance was observed
was 504 nm. Absorbance measurements
were performed at this wavelength for
further optimization and characterization.
In addition, the principle of the method
developed in this study is to determine
GSH by the decrease in intensity of the
pink colour formed by HRP activity and the
inhibition of HRP by GSH. A careful analysis
of Figure 2 shows that the decrease in the
red peak is due to the presence of GSH.
This confirmed the principles of this study.
Optimization of the pH, temperature, buffer
type, and concentration of the studied HRP-
catalyzed method has been extensively
studied (15,16). Therefore, in this study, the
measurement conditions were established
based on the literature information without

repeated optimizations.

L —0mMGSH — 1 mMGSH
08
08 &
07
06

Absorbance

04
03
02
01

o
300 350 400 450 500 550 600 650 700

‘Wavelength

Figure 2. Colourimetric responses obtained

in the absence and presence of 1 mM GSH
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Results on the linear range of the
developed method
The linear range of the developed method
is one of the most important factors
determiningits limitations and performance.
The developed method also aims to analyze
serum. Therefore, calibrators were obtained
by adding a standard to the artificial
serum. Samples containing 4 mM GSH were
serially diluted, and 16 calibration points
between 0.245 m 4 mM were subjected
to the test procedure and measured by
spectrophotometry. The absorbance was
plotted against concentration, and the
results are shown in Figures 3 and 4. Figure
3 shows an image of the solutions formed as
a result of the working method on the plate,
the spectral scan of these solutions, and
the GSH concentration-absorbance graph
drawn using the absorbances at 504 nm.
As shown in Figure 3, no decrease in colour
intensity was observed between 0-7.8
mM GSH concentrations. Above 1 mM, the
colour disappeared almost completely. The
range in which the method showed linearity
between concentration and absorbance
was found to be between 15.6 mM-1 mM.
The equation of the graph plotted in this
range was y=0.0006x + 0.0301, and the R?
value of the graph was 0.9945. The R? value
of the graph is 0.9945, which is not only
acceptable, but also close to perfect. Serum
levels of GSH are in mM levels(21), and the
linear determination range of the method
we developed in this study includes serum
GSH levels.
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Figure 3. The resulting colours obtained
in the presence of 0-4 mM GSH and their

spectrum scan between 400-680 nm
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Figure 4. Standard graph for GSH

concentrations between 15.6-1000 mM
Selectivity and interference effect of
the developed method
To determine the selectivity and interference
effect of the colorimetric method developed
for GSH determination, cysteine, alanine,
glutamic acid, serine, tryptophan, glycine,
and histidine were tested at the same
concentration (0.5 mM) as GSH. Although
these compounds were added alone in the
selectivity assay, they were added together
with GSH (0.5 mM) in the interference
effect assay. The response obtained in the
presence of GSH (0.5 mM) was considered
100% and the response obtained from other
compounds was plotted as a ratio to the GSH
response. The results are shown in Figure
5. According to this, only cysteine gave a
response of 13% among the compounds

tested, whereas no response was obtained

29



Colorimetric method for GSH

with the other compounds. In the
interference effect experiment, only cysteine
increased the response of the method by
11%, whereas the other compounds had no
significant effect on the GSH response. These
results show that there was no interference
effect on the developed method, except for

cysteine.

GSH GSH GSH GSH GSH GSH GSH
+ + + + + + +
His  Gly TP Ser Glu  Ala Cys

100
80
60
40
20
| [
Géé

S PSS &ﬁ’ é,e’ go" s %xc?“ &
SF&FSHF &S

GSH

Response %

Figure 5. Findings on selectivity and
interference effects of the developed
method. Cys: Cysteine; Ala: Alanine; Glu:
Glutamic acid; Ser: Serine; Trp: Tryptophan;
Gly: Glycine; His: Histidine

Accuracy and precision test of the
developed method
Intraday and inter-day repeatability and
% recovery tests were performed at three
levels: low (62.5 mM), medium (250 mM),
and high (1000 mM). The repeatability study
showed the precision of the method, and the
recovery study showed the accuracy of the
method. The results are presented in Tables
1 and 2. The repeatability of the method was
lower at low concentrations and higher at
medium and high concentrations. However,
in all cases the repeatability of the method
is below the acceptable limit of 15%. This
shows that the results of the method are of

acceptable precision. The retrieval results
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were between 91.6-106.9%. These values
indicate that the accuracy of the method was
close to 100%. The % recovery experiment
was performed by standard addition to
serum samples obtained commercially from
Bio-Rad. The standard was plotted for both
the artificial serum and real serum samples
(Figure 6). Although the linearity of the
graphs plotted with both matrices is good,
the slopes of the graphs show a reduction of
approximately 33% in the real serum matrix
(0.006 vs. 0.004). This suggests that the
blank used when studying serum samples

should be a real serum sample.

Table 1. Findings related to intra-day and inter-

day repeatibility of the developed method (n=6)

GSH (mM) Intraday Inter-day
repeatibility repeatibility
CV% CV%
62.5 11.75 14.55
250 6.83 7.41
1000 3.63 4.45

Table 2. Results on the recovery of the developed
method in commercial serum sample (n=3)

Added GSH (mM) Found (mM) Recovery %

62.5 57.25+6.81 91.6
250 267.25¢21.55  106.9
1000 924.75+36.52  92.47
o8 * Water matrix » Sernm matrix
g 05 v R’=o:3:351
E 04 . I
E 03
-
0.2 i e -
0.1 :c‘. .

GSH (uM)

Figure 6. Standard plots obtained by
standard addition to both artificial serum

and real serum samples
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CONCLUSION

In summary, this study demonstrated a
colorimetric method for the determination of
GSH using the mechanism of HRP inhibition
by GSH. Since HRP will be inhibited in the
presence of glutathione, the intensity of the
pink-red colour produced by the enzymatic
reaction of 4-AAP, 4-chlorophenol and
H,0, with HRP will decrease. The resulting
decrease in absorbance constitutes the
principle of glutathione determination. The
developed method does not require any
complex pretreatment process, does not
require expensive equipment, substrate, and
enzyme systems, allowsrapid determination,
is inexpensive, and very practical. Only a
spectrophotometer or even smart phones
with colour measuring software is sufficient
for the method to work. The method
showed linearity between concentration
and absorbance within the range of serum
GSH concentrations. Cysteine exhibited 13%
response, whereas the other compounds
showed no response. In the interference
tests, only cysteine elicited an 11% increase
in method response, indicating minimal
interference, except for cysteine. The
repeatability of the method was lower at low
concentrations but improved at medium and
high concentrations, remaining below the
acceptable 15% limit in all cases, indicating
acceptable precision. The recovery results
fall between 91.6-106.9%, suggesting a
method accuracy close to 100%. % recovery
experiments using standard addition to
commercially obtained serum samples
from Biorad show satisfactory linearity
in both artificial and real serum matrices.
However, the slopes of the graphs for real
serum were reduced by approximately 33%,

indicating the necessity of using real serum

JICM 2024;9(1)

as a blank in serum sample studies. Table 3
shows a comparison of GSH determination
methods. Accordingly, when compared
with the literature, it can be said that the
determination method developed in this
study has a wide determination range and
an ideal sensitivity. At the same time, the
time required for the method developed
in this study was very short, that is, 1 min.
Although the sensitivity of the developed
method is ideal, the limit of determination

can be reduced by using nanoparticles.

The limitations of the study are that it was
not compared with a reference method, and
it was not integrated into a mobile phone.
With the software installed on the mobile
phone, it is possible to easily measure

glutathione through color measurement.

Table 3. Comparison of GSH determination methods

Method Prob Linear Reference
range
Colorimetric  Naphthalimide-  0.025-  (22)
capped AuNPs  2.28 mM

Colorimetric Carbon 0-7mM (23)
nanodots
Colorimetric Cu-S 0.5-10 (24)
nanoparticles mM
Fluorescence N-Doped 0.2-1000 (25)
Carbon Dots mM
Colorimetric Cobalt 0.1-300 (26)
oxyhydroxide mM
nanosheets
Colorimetric Red-emmiting 12.5-800 (27)
& N-doped CDs mM
Fluorescence
Colorimetric TEMPO/ 1-100 (28)
Cu(acac),/TMB mM
Colorimetric 4-AAP, 15.6- This study
4-Klorofenol ve 1000 mM
HZOZ
ACKNOWLEDGEMENT

Conflict of Interest: On behalf of all
authors, I acknowledge and declare as the
corresponding author; We have no affiliation
with or endorsement by any organization

or entity with a financial or non-financial

9131



Colorimetric method for GSH

interest in the subject matter or materials
discussed in this article.

Financial Support: No financial support
was used by the authors during this study.
/ This study is financed by Private Ege High
School within the scope of Tiibitak 2204

project competition.

Author Contributions: Idea: EC, ZCC, OC
Design: EC, UC, ZIT Supervision: EC, ZCC,
ES, Equipment: EC, ES, 0(;, Data collection
and processing: EC, UC, ZIT, Analysis and
interpretation: EC , UC, ZIT, ZCC, ES, OC,
Literature review: EC, UC, ZIT, Writing: EC,
UC, ZIT, Critical review: ES, ZCC, OC

REFERENCES

1. BansalA,CelesteSimonM.Glutathionemetabolism
in cancer progression and treatment resistance.
The Journal of cell biology. 2018;217(7): 2291-
2298. https://doi.org/10.1083/]CB.201804161.

2. Malla JA, Umesh RM, Yousf S, Mane S, Sharma
S, Lahiri M, et al. A Glutathione Activatable Ion
Channel Induces Apoptosis in Cancer Cells
by Depleting Intracellular Glutathione Levels.
Angewandte Chemie (International ed. in
English). 2020;59(20): 7944-7952. https://doi.
org/10.1002/ANIE.202000961.

3. Mayer RJ, Ofial AR. Nucleophilicity of Glutathione:
A Link to Michael Acceptor Reactivities.
Angewandte Chemie International Edition.
2019;58(49): 17704-17708. https://doi.
org/10.1002/ANIE.201909803.

4. Huang X, Xia F, Nan Z. Fabrication of FeS 2 /SiO
2 Double Mesoporous Hollow Spheres as an
Artificial Peroxidase and Rapid Determination
of H 2 O 2 and Glutathione. Cite This: ACS Appl.
Mater. Interfaces. 2020;12: 46539-46548.
https://doi.org/10.1021/acsami.0c12593.

5. Singh S, Ghosh S, Pal VK, Munshi M, Shekar
P, Tumkur D, et al. Antioxidant nanozyme
counteracts HIV-1 by modulating intracellular
redox potential. EMBO Molecular Medicine.
2021;13(5): e13314. https://doi.org/10.15252/
EMMM.202013314.

6. Appala RN, Chigurupati S, Appala RVVSS,
Selvarajan KK, Mohammad JI. A Simple HPLC-UV
Method for the Determination of Glutathione in
PC-12 Cells. Scientifica. 2016;2016. https://doi.
org/10.1155/2016/6897890.

7. Kasprzyk W, Koper F, Flis A, Szreder D, Pamuta
E, Bogdat D, et al. Fluorescence assay for
the determination of glutathione based on a

JICM 2024;9(1)

10.

11.

12.

13.

14.

15.

16.

ring-fused 2-pyridone derivative in dietary
supplements. Analyst. 2021;146(6): 1897-1906.
https://doi.org/10.1039/D0AN02245D.

Herzog K, Ijlst L, van Cruchten AG, van Roermund
CWT, Kulik W, Wanders RJA, et al. An UPLC-MS/
MS Assay to Measure Glutathione as Marker for
Oxidative Stress in Cultured Cells. Metabolites.
2019;9(3). https://doi.org/10.3390/
METAB09030045.

Tang Z, Zhang H, Ma C, Gu P, Zhang G, Wu K, et
al. Colorimetric determination of the activity of
alkaline phosphatase based on the use of Cu(Il)-
modulated G-quadruplex-based DNAzymes.
Microchimica Acta. 2018;185(2). https://doi.
org/10.1007/S00604-017-2628-Y.

Peng B, Zhou ], Xu |, Fan M, Ma Y, Zhou M, et
al. A smartphone-based colorimetry after
dispersive liquid-liquid microextraction for
rapid quantification of calcium in water and
food samples. Microchemical Journal. 2019;149.
https://doi.org/10.1016/j.microc.2019.104072.

Chen Y, Fu G, Zilberman Y, Ruan W, Ameri SK,
Zhang YS, et al. Low cost smart phone diagnostics
for food using paper-based colorimetric sensor
arrays. Food Control. 2017;82: 227-232. https://
doi.org/10.1016/j.foodcont.2017.07.003.

Kojima T, Nakane A, Zhu B, Alfi A, Nakano H. A
simple, real-time assay of horseradish peroxidase
using biolayer interferometry. Bioscience,
Biotechnology, and Biochemistry. 2019;83(10):
1822-1828. https://doi.org/10.1080/09168451
.2019.1621156.

Lindgren A, Ruzgas T, Gorton L, Csoregi E, Bautista
Ardila G, Sakharov 1Y, et al. Biosensors based on
novel peroxidases with improved properties
in direct and mediated electron transfer.
Biosensors and Bioelectronics. 2000;15(9-10):
491-497. https://doi.org/10.1016/S0956-
5663(00)00110-X.

Zhu Z, Wang ], Munir A, Zhou HS. Direct
electrochemistry and electrocatalysis  of
horseradish peroxidase immobilized on bamboo
shaped carbon nanotubes/chitosan matrix.
Colloids and Surfaces A: Physicochemical and
Engineering Aspects. 2011;385(1-3): 91-94.
https://doi.org/10.1016/j.colsurfa.2011.05.047.

Trinder P. Determination of Glucose in Blood
Using Glucose Oxidase with an Alternative
Oxygen Acceptor. Annals of Clinical Biochemistry:
International Journal of Laboratory
Medicine. 1969;6(1): 24-27. https://doi.
org/10.1177/000456326900600108.

Varadaraju C, Tamilselvan G, Enoch 1,
Selvakumar PM. Phenol Sensing Studies by
4-Aminoantipyrine Methoda€“A Review. Organic
& Medicinal Chemistry International Journal.
2018;5(2): 46-52. https://doi.org/10.19080/
OMCIJ.2018.05.555657.

32



Colorimetric method for GSH

17.

18.

19.

20.

21.

22.

23.

Li J], Qiao D, Yang SZ, Weng GJ, Zhu ], Zhao JW.
Colorimetric determination of cysteine based
on inhibition of GSH-Au/Pt NCs as peroxidase
mimic. Spectrochimica Acta Part A: Molecular and
Biomolecular Spectroscopy. 2021;248: 119257.
https://doi.org/10.1016/].SAA.2020.119257.

Ren S, Zhou F Xu C, Li B. Simple method for
visual detection of glutathione S-transferase
activity and inhibition using cysteamine-capped
gold nanoparticles as colorimetric probes. Gold
Bulletin. 2015;48(3-4): 147-152. https://doi.
org/10.1007/S13404-015-0171-3 /FIGURES/7.

Martinez GA, Civello PM, Chaves AR, A6n MC.
Characterization of peroxidase-mediated
chlorophyll bleaching in strawberry fruit.
Phytochemistry. 2001;58(3): 379-387. https://
doi.org/10.1016/S0031-9422(01)00266-7.

Wang Q, Liu Y, Campillo-Brocal ]JC, Jiménez-
Quero A, Crespo GA, Cuartero M. Electrochemical
biosensor for glycine detection in biological
fluids. Biosensors and Bioelectronics.
2021;182: 113154. https://doi.org/10.1016/].
B10S.2021.113154.

Tekin S, Seven E. Assessment of serum
catalase, reduced glutathione, and superoxide
dismutase activities and malondialdehyde
levels in keratoconus patients. Eye 2021
36:10. 2021;36(10): 2062-2066. https://doi.
org/10.1038/s41433-021-01753-1.

Xu H, Wang Y, Huang X, Li Y, Zhang H, Zhong X.
Hg2+-mediated aggregation of gold nanoparticles
for colorimetric screening of biothiols.
Analyst. 2012;137(4): 924-931. https://doi.
org/10.1039/C2AN15926K.

Shamsipur M, Safavi A, Mohammadpour Z.
Indirect colorimetric detection of glutathione
based on its radical restoration ability using
carbon nanodots as nanozymes. Sensors and

JICM 2024;9(1)

24,

25.

26.

27.

28.

Actuators B: Chemical. 2014;199: 463-469.
https://doi.org/10.1016/].SNB.2014.04.006.

Zou H, Yang T, Lan ], Huang C. Use of the
peroxidase mimetic activity of erythrocyte-
like Cul.8S nanoparticles in the colorimetric
determination of glutathione. Analytical Methods.
2017;9(5): 841-846. https://doi.org/10.1039/
C6AY03034C.

Wu D, Li G, Chen X, Qiu N, Shi X, Chen G, et al.
Fluorometric determination and imaging of
glutathione based on a thiol-triggered inner
filter effect on the fluorescence of carbon dots.
Microchimica Acta. 2017;184(7): 1923-1931.
https://doi.org/10.1007/S00604-017-2187-2/
FIGURES/S5.

Yuan L, Guo W, Fu Y, Zhang Z, Wang P, Wang J.
A rapid colorimetric method for determining
glutathione based on the reaction between

cobalt oxyhydroxide nanosheets and
3,3',5,5'-Tetramethylbenzidine. ~ Microchemical
Journal.  2021;160: 105639. https://doi.

org/10.1016/].MICROC.2020.105639.

Jia R, Jin K, Zhang ], Zheng X, Wang S, Zhang
J. Colorimetric and fluorescent detection of
glutathione over cysteine and homocysteine
with red-emitting N-doped carbon dots. Sensors
and Actuators B: Chemical. 2020;321: 128506.
https://doi.org/10.1016/].SNB.2020.128506.

WangM, Wang],MaN, Yu S, Kong],ZhangX. Anovel
colorimetric detection of glutathione based on
stable free radical TEMPO oxidation of 3,3',5,5'-
tetramethylbenzizine (TMB) via Copper(Il)
acetylacetonate catalysis. Spectrochimica Acta
Part A: Molecular and Biomolecular Spectroscopy.
2023;285: 121875. https://doi.org/10.1016/].
SAA.2022.121875.

33



