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Prudently designed Se@fMWCNT as a peroxidase
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Nanozymes are nanomaterials with enzymatic characteristics that are used to overcome the challenges
associated with naturally occurring enzymes. A peroxidase mimicking nanozyme has been developed in
this work, which has ability in the reduction of hydrogen peroxide (H,O,) to water, by oxidising the
substrates in the presence of H,O,. We have designed and developed a neoteric Se@fMWCNT
nanocomposite with peroxidase mimicking activity for electrochemical detection of H,O, and glutathione
(GSH). The choice of selenium (Se) was inspired by the natural enzymatic antioxidant glutathione
peroxidase, which has Se as its active centre. Before preparation of the nanocomposite, MWCNT was
functionalized with acid to obtain functionalized MWCNT, in order to improve biocompatibility and to
increase conductivity by providing abundant active sites for the successful incorporation of Se. The as-
synthesized nanocomposite was immobilized on a glassy carbon electrode, which could then be used for
amperometric detection of the analytes H,O, and GSH at neutral pH. The fabricated sensor exhibits a
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linear detection range of 50 nM-1.4 uM and a limit of detection (LOD) of 18.23 nM for H,O,, and a range
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1. Introduction

Scrimin and Pasquato’s team first coined the term ‘hanozyme’
in order to illustrate the ribonuclease-like activity of their gold
nanoparticles functionalized with triazacyclononan.! Noticeably,
following the discovery of intrinsic peroxidase mimetic charac-
teristics of Fe;O4 by Yan and co-workers in 2007,” these nano-
zymes have been in the limelight in wide variety of areas of
research, such as biomedicine, environmental monitoring and
food safety.> They have been exploited to replace the frailties of
naturally occurring enzymes and exisiting artificially obtained/
synthesized enzymes. Of several existing nanozymes, the four
most explored nanozymes are for mimicking oxidase, peroxi-
dase, catalase and superoxide dismutase (SOD), because of their
vital role in biomedical science in protecting cells by altering the
levels of reactive oxygen species (ROS) in the cells. Briefly,
oxidases catalyse the oxidation of substrates by making use of
oxygen (O,) as the electron acceptor, eventually reducing O, to
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of 50-450 uM and 500 pM-1.5 mM for GSH determination, with an LOD of 19.2 uM.

water (H,O) or hydrogen peroxide (H,O,). Similarly, SODs cata-
lyse the conversion of superoxide into H,0,, which is further
oxidised into H,O and O,. The decomposition of H,O, into H,O
and O, is further aided by the enzyme catalase. Meanwhile,
peroxidases oxidise substrates mostly in the presence of H,0,,
where the substrates act as electron donors.”® Due to the out-
standing catalytic properties of peroxidase enzymes, they are
widely applied in diverse domains, including sensing, catalysis,
bioimaging, and wound healing.*’

Peroxidase enzymes have acquired marked significance in
bioscience due to their superior catalytic activity. They can
oxidise a wide range of chromogenic substrates, such as o-phenyl-
enediamine (OPD), 3,3',5,5-tetramethylbenzidine (TMB), and
2,2'-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid) (ABTS), in
the presence of H,0,.>® They play a vital role in biological
processes by efficiently detoxifying ROS and protecting cells from
attack by pathogens. However, natural enzymes are prone to being
denatured under harsh conditions, such as high temperature and
variable pH. These limitations have given rise to peroxidase
mimicking enzymes, or peroxidase nanozymes. Thus, natural
peroxidases can be prudently substituted with peroxidase nano-
zymes for sustained bioanalytical applications in electrochemical,
fluorescence and colorimetric sensing.” " Being a potent member
of the ROS family, detection of H,O, is crucial in order to monitor
cell health. The optimum level of intracellular H,O, should be less

This journal is © The Royal Society of Chemistry 2024
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than 10 nM. The presence of excessive H,0, in cells is known to
cause damage to the central nervous system, resulting in detri-
mental diseases, including cancer.'® Hence, selective and sensi-
tive detection of H,O, is necessary to elevate quality of life.
Of late, several nanomaterials, especially carbon materials
(graphene oxide (GO), multi-walled carbon nanotube (MWCNT),
single-walled carbon nanotube (SWCNT), metal organic frame-
works (MOFs),’*™® and nanomaterials,'® were identified for their
ability to act as enzyme mimics. However, these materials have
not yet been explored for electrochemical sensing in this context.
Although there are numerous reports of peroxidase mimics for
colorimetric sensing, only a handful of sensors have been
reported as enzyme mimics in electrochemical sensing. However,
these reported sensors have drawbacks, such as high sensing
potential and failure to detect at neutral pH. Therefore, it is
important to design and develop an enzyme mimicking material
with superior analytical performance, in order to realize electro-
chemical detection in real-time, complex environments.
Glutathione (GSH) is a thiol-containing bioactive tripeptide,
which consists of three amino acids, namely cysteine, glycine
and glutamic acid.>® GSH acts as an antioxidant that aids the
enzyme glutathione peroxidase (GSHPx) in maintaining the
intracellular and extracellular concentrations of H,0,.>%?*?
GSHPx protects the cells from oxidative damage by catalysing
the reduction of H,0,. Selenium (Se) is the core moiety in
GSHPx, which makes use of GSH as a cofactor in order to alter
the oxidative damage caused by reactive oxygen species.’*™>°
The optimum level of GSH in blood should lie in the range 1-
10 x 10~* mol L™" for a healthy individual.”” Abnormal con-
centrations of GSH are known to cause several diseases, includ-
ing cancers, diabetes, Parkinson’s disease and Alzheimer’s
disease. Therefore, the detection of GSH is pivotal in order to
ameliorate living standards.”® Se present in GSHPx plays a pivotal
role in its catalytic cycle and thus several Se-based nanozymes that
act as GSHPx mimics have been reported, for diverse applica-
tions.”® For example, Li and co-workers reported a selenium-
doped g-C;N, nanocomposite with peroxidase mimicking activity
and used it for colorimetric detection of H,0, and xanthine.*°
Later, in 2017, Huang et al. reported a GO-Se nanocomposite that
acts as a GSHPx mimetic and used it for cytoprotection
applications.®" Recently, Tian and co-workers synthesized a binuc-
lear Fe-containing Se MOF nanozyme with tetraenzyme character-
istics and successfully applied it as an antioxidant agent for the
treatment of ischemic stroke.?” Although Se nanozymes and their
efficacy have been investigated in detail, no attempts have been
made, to the best of our knowledge, towards the electrochemical
sensing of GSH, and this prompted us to develop a Se nanocom-
posite that could serve as a peroxidase mimic for the electro-
chemical determination of H,O, and GSH subsequently.
MWCNTs are popular for their exceptional chemical stability,
electronic conductivity, mechanical properties, moderate anti-
bacterial nature and large surface to volume ratio, which have
secured them a distinctive spot in sensing applications.>*° Yet,
they have downsides, such as poor solubilities and difficulties
with regard to uniform dispersion, which could be overcome by
functionalization of the MWCNTs. Introduction of functional
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groups containing oxygen (-OH, -COOH and -C—O0) by acid
functionalization can lead to better dispersion and surface
activation, thereby increasing the interfacial interactions
between MWCNTSs and other nanoparticles for the formation of
nanocomposites.****

Owing to the robust nature and ease of synthesis of nano-
zymes, they can act as substitutes for natural enzymes in
disparate sensing applications. While natural enzymes are
highly selective in nature, their activity depends on several
parameters that include pH and temperature, making their
application in sensors a tedious process. Taking into account
the disadvantages of natural enzymes and significance of Se
nanozymes, herein, we have fabricated a novel Se@fMWCNT
peroxidase mimetic by a simple hydrothermal method. The
functionalized MWCNT (fMWCNT) can serve as a host for Se as
well as enhance the conducting properties of the nanocompo-
site. The synthesized material was employed for electrochemi-
cal sensing of H,0, and GSH. Impressively, the developed
sensor displayed wide linear ranges and low detection limits
with high values of sensitivity towards both analytes.

2. Experimental section
2.1 Materials and methods

Selenium powder with approx. 100 mesh size and dopamine
hydrochloride (DA) were purchased from Sigma Aldrich, India.
Multi-walled carbon nanotubes, sodium phosphate monobasic
anhydrous, sodium phosphate dibasic anhydrous, glutathione
(GSH), uric acid (UA), tryptophan (i-Tryp), cholesterol (Chol),
cystine (Cys), glucose (Glu) and potassium chloride (KCl) were
acquired from SRL Chemicals, India. Leucine (Leu) was
acquired from Sd Fine Chemicals, India. Hydrogen peroxide
(H,0,) and ascorbic acid (AA) were purchased from Merck,
India. Potassium perchlorate (KClO;) was obtained from Alfa
Aesar, India, and potassium nitrite (KNO;) was bought from
Avra Chemicals, India. Valine (Val) was purchased from Spec-
trochem, India. Glutone-Hydra tablets containing 1-GSH were
obtained from CRIUS life sciences and milk samples were
obtained from a local vendor. All the chemicals obtained were
of analytical grade and used without further purification. Milli-
Q water was used to prepare all the sample solutions.

2.2 Instrumentation

Powder X-ray diffraction (PXRD) spectra were obtained using a
Bruker D8 advance instrument with iron-filtered Cu Ku radia-
tion (4 = 1.5406 A). Field emission scanning electron micro-
scopy (FESEM) analysis was carried out on a Thermo-Fisher FEI
QUANTA 250 FEG under high vacuum conditions, at an operat-
ing voltage range of 5-30 kV. High-resolution transmission
electron microscopy (HR-TEM) studies were performed on a
JEOL JEM 2100 with LaBg as the electron source. X-ray photo-
electron spectroscopic (XPS) studies were carried out using a
PHI5000 Version Probe III. All electrochemical studies were
performed using a CHI-760E electrochemical workstation.
A conventional three-electrode system, with glassy carbon
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electrode (GCE) as the working electrode, Ag/AgCl as the
reference electrode and platinum coil as the counter electrode,
was used to perform the electrochemical studies.

2.3 Functionalization of MWCNT

MWCNT was acid-functionalized using a previously reported
literature method with minor modifications.*® Typically, 1 g of
MWCNT was added into a round-bottomed flask consisting of a
mixture of 20 mL HNO; and 60 mL H,SO,, and the mixture was
refluxed for 6 hours at 80 °C (Scheme 1). Later, the resultant
mixture was washed continuously with distilled water until the
filtrate attained a neutral pH value. Thereafter, the obtained
sample was centrifuged and later dried overnight at 60 °C to
obtain fMWCNT.

2.4 Synthesis of Se@fMWCNT nanocomposite

After a few attempts, the procedure for the synthesis of
Se@fMWCNT nanocomposite as a peroxidase mimic was opti-
mized (Scheme 1) and is as follows. Initially, 200 mg of Se
powder and 100 mg of fMWCNT were sonicated separately in 35
mL of H,O for 30 minutes, and then, the solutions were mixed
and sonicated for 30 minutes. The concomitant mixture was
taken in a 100 mL autoclave and heated for 12 hours at 120 °C.
Then, the obtained precipitate was centrifuged multiple times
with water and ethanol and was allowed to dry in a hot air oven
at 60 °C overnight to attain Se@fMWCNT.

View Article Online
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2.5 Modification of working electrode

To begin with the GCE was polished with slurries of alumina of
size 1 um, 0.3 um and 0.05 pm. Then, 10 pL of Se@fMWCNT
(1 mg in 50 puL EtOH, 49 pL H,0 and 1 pL Nafion) was drop-
coated onto the pre-cleaned GCE and allowed to dry at room
temperature to obtain Se@fMWCNT/GCE. Prior to performing
the electrochemical studies, Se@fMWCNT/GCE was stabilized
by conducting cyclic voltammetry (CV) in the potential range
+0.2 to —0.8 V (vs. Ag/AgCl electrode).

3. Results and discussion
3.1 Characterization of Se@fMWCNT

The formation of Se@fMWCNT nanocomposite has been inves-
tigated by recording the PXRD patterns of Se powder,  MWCNT
and Se@fMWCNT, and the patterns are shown in Fig. 1a. The
peaks at 23.4°, 29.6°, 41.1°, 43.6°, 45.2°, 51.4° and 55.8° are
attributed to the (100), (101), (110), (102), (100), (201) and (112)
planes of Se (blue curve) (JCPDS 06-0362). The XRD pattern of
fMWCNT (green curve) shows two peaks at 25.8° and 42.6°,
which can be correlated to the (002) and (100) planes, respec-
tively, corresponding to graphitic carbon. The formation of
Se@fMWCNT nanocomposite (orange curve) was confirmed
with the appearance of an additional peak at 26.2° representing
the (002) plane of f[MWCNT along with the characteristic peaks
of Se. Due to the higher intensity of the (102) plane of Se, the
peak at 42.6° corresponding to the (100) plane of fMWCNT has

H,SO,/HNO, (3:1)

Reflux 3h/ 80 °C

Ultrasonicate 30 min.

120 °C/ 12h

Dried 60 °C

Scheme 1 Schematic diagram of synthesis of Se@fMWCNT.
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Fig. 1 (a) XRD patterns of fMWCNT (green), Se (blue) and Se@fMWCNT (orange). (b) and (c) HR-TEM images and (d) SAED pattern of Se@fMWCNT.

diminished in the nanocomposite. Additionally, the HR-TEM anchored onto the fMWCNT. Fig. 1c shows the HR-TEM image
images (Fig. 1b and c) and selected area electron diffraction of Se@fMWCNT and exhibits d-spacings of 0.26 nm and
(SAED) pattern (Fig. 1d) support that Se has been successfully 0.33 nm, which can be attributed to the (102) and (002) planes.

CKal,2

Se Kal,2 O Kal

Fig. 2 FESEM and elemental analysis of Se@fMWCNT nanocomposite.
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In addition, Fig. 1d discloses the SAED pattern, consisting of
rings that can be assigned to the amorphous nature of
fMWCNT (002) and crystalline nature of Se atoms, which can
be indexed to the (101) and (201) planes. Moreover, the size of
the Se nanoparticles on fMWCNT was obtained from the HR-
TEM images, with the average size of Se found to be 7.9 nm.
Furthermore, the morphology of the prepared Se@fMWCNT
was probed using FESEM and elemental mapping, and the
results are displayed in Fig. 2. The FESEM images show the
uniform size of the Se nanoparticles, and the elemental map-
ping proved that the elements are uniformly distributed.

The surface composition of Se@fMWCNT (Fig. 3a) was
identified using XPS, which reveals the presence of Se, carbon
(C) and oxygen (O). In the Se 3d spectrum (Fig. 3b), the two
major peaks at binding energy (B.E.) values of 55.7 eV and 54.8
eV represent the 3d;/, and 3ds,, states of Se, affirming the —2
oxidation state.**™*° The small peaks at 56.5 eV and 58.4 eV are
due to the formation of C-Se bonds.*>*” The O 1s spectrum
(Fig. 3c) shows the presence of C-OH at a B.E. value of
533.48 eV, HO-C—O0 at a B.E. value of 532.58 eV and C—O0 at
a B.E. value of 531.38 eV.”®*° The deconvoluted spectrum of C 1s
(Fig. 3d) unravels the presence of functional groups, such as C-
O, C—0 and COOH. The peaks at B.E. values of 284.48 eV and
284.98 eV could be assigned to C=C (sp?) and C-C/C-Se (sp°),
respectively.’>”" The peaks correlating to C-O species are found
to occur between 286 and 289 eV, and the satellite peak around
291 eV could be assigned to the n-r* transition.” Thus, the XPS
results clearly infer the formation of Se@fMWCNT, which could
subsequently be used for electrochemical detection.
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3.2 Electrochemical and electrocatalytic behaviour of
Se@fMWCNT/GCE

The electrochemical behaviour of the newly synthesized nano-
composite has been probed using CV. As anticipated, the
Se@fMWCNT/GCE did not exhibit any redox activity in 0.1 M PBS
(pH = 7; N, saturated) in the potential window from —0.2 V to
+0.8 V. Since redox behaviour was not observed for Se@fMWCNT/
GCE, the scan rate effect was studied in the presence of a 2.5 mM
ferricyanide/ferrocyanide redox couple. Both oxidation and
reduction peak currents showed a gradual increment with increase
in the scan rate. As shown in Fig. S1 (ESIt), the square root of scan
rate vs. peak current had a linear relationship, indicating that the
redox process occurring at the modified electrode surface is diffu-
sion controlled. The electrochemical active surface area (ECSA) of
the Se@fMWCNT/GCE and fMWCNT/GCE were also calculated
using the Randles-Sevcik equation,®®>* as displayed below:

ip =2.69 x 10° x A x C x n*> x D’ x v*?,

where i, (A) is the anodic peak current, A (cm?) is the ECSA, C
(mol cm ™) is the concentration of Fe** ions, 7 is the number of
electrons involved in the redox process, D (cm” s™') is the
diffusion coefficient of Fe** and v (V s~ ") is the scan rate. The
ECSA was obtained from the slope of the square root of scan
rate vs. current and was calculated to be 0.251 em?® for
Se@fMWCNT/GCE and 0.031 cm” for fMWCNT/GCE. Further-
more, the electrocatalytic activity of the Se nanozyme sensor
was explored for H,0, sensing, and the voltammetric response
of bare GCE and Se@fMWCNT/GCE in the absence and presence
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34 532
Binding Energy (eV)
Fig. 3 (a) XPS survey spectrum of Se@fMWCNT and core-level spectra of (b) Se 3d, (c) O 1s and (d) C 1s.
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Fig. 4 CV response of Se@MWCNT/GCE in 0.1 M PBS (pH = 7; N, saturated) at a scan rate of 50 mV s~ for (a) increasing concentration of H,O, (0-250
nM) and (b) increasing concentration of GSH in the presence of 1 mM H,O, (0-250 pM).

of H,0, are depicted in Fig. S2 (ESIt). The bare GCE did not show
any response towards H,0,. However, as shown in Fig. 4a the
Se@fMWCNT/GCE showed a prominent linear increment in
cathodic current around —0.2 V on successive additions of 50
nM H,0,. Subsequently, in order to study the electrocatalytic
activity of Se@fMWCNT towards GSH, 50 uM of GSH solution
was added to 0.1 M PBS (pH = 7; N, saturated) consisting of 1 mM
H,0, (Fig. 4b). Although there was no formation of a redox peak,
interestingly the cathodic tail currents at —0.2 V decreased linearly,
indicating the oxidation of GSH to its oxidised form of GSSH. The
exciting electrocatalytic behaviour of the Se@fMWCNT modified
electrode can be attributed to the deliberate choice of Se metal and
fMWCNT and to optimization of the electrochemical parameters.

3.3 Amperometric detection of H,0, and GSH

The impressive electrocatalytic activity of Se@fMWCNT/GCE
towards H,0, and GSH prompted us to investigate its performance

0 (a)
Se@fMWCNT/GCE

) -5 )
<
2
$-10-
=
=
®)

-15-

20 . _Lipm

0 500 1000 1500

Time (s)

Fig. 5
obtained from amperometric response.

This journal is © The Royal Society of Chemistry 2024

under dynamic conditions using the amperometric technique.
Hence, amperometric measurements were carried out in Ny-
saturated 0.1 M PBS (pH = 7) with an operating potential of
—0.2 V and solution rotation speed of 350 rpm. Fig. 5a shows the
amperometric (i~f) curve of Se@MWCNT/GCE for different con-
centrations of H,O, spiked at an addition time interval of 50 s. The
Se@fMWCNT/GCE shows a uniform catalytic current response for
successive addition of 50 nM H,0,, which clearly depicts the
tremendous peroxidase enzyme mimicking property of the fabri-
cated sensor obtained, resulting from the selection of Se metal and
fMWCNT. The corresponding calibration plot (Fig. 5b) displays
exceptional linearity in the concentration range from 50 nM to
1.4 uM with a regression coefficient (R*) value of 0.9992. The
detection limit and sensitivity of Se@fMWCNT/GCE towards
H,0, sensing were found to be impressively, as 18.23 nM and
0.1585 HA UM cm ™2, respectively. The linear range, detection limit
and sensitivity thus obtained using Se@fMWCNT/GCE for the

i-i, (uA) = 0.01124 (uM) + 0.2309 ®
151 R = 0.9993
:ﬂ;lo ]
ol .
04

0 500 1000 1500

Concentration (nM)

(@) Amperometric response of Se@fMWCNT/GCE for sequential addition of HO, in 0.1 M PBS (pH = 7; N, saturated) at —0.2 V. (b) Calibration plot
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detection of H,0, are comparable or better than for other recently
reported nanozyme-based H,0, sensors.”>>®

Similarly, GSH was detected amperometrically in 0.1 M PBS
(pH = 7; N, saturated) consisting of 1 mM H,0,. The operating
potential was fixed at —0.2 V, and the solution was stirred at
350 rpm, and, as expected, a linear decrease in current was
observed for every addition of GSH. This decrease in catalytic
current is due to the oxidation of GSH to GSSH, and the sudden
increase in current response is because of the availability of
large numbers of active sites at Se@fMWCNT/GCE. The experi-
ment was also carried out in the absence and presence of
varying concentrations of H,O, (0.1 mM, 1 mM and 10 mM),
and the results are presented in Fig. S3 (ESIt). As anticipated,
no reasonable difference in current was seen in the absence of
H,0, (Fig. S3a, ESIf) and a significant decrease in current
response was noted in the presence of H,O, (Fig. S3(b-d),
ESIYT). These results clearly infer that the Se@fMWCNT sensor
detected GSH only when H,0, is present, revealing that the
sensor demonstrates GSHPx-like characteristics. Although
obvious decrease in the current response was noticed at differ-
ent concentrations of H,0,, a distinct and linear response was
obtained only in the presence of 1 mM H,O0, (Fig. S3c, ESIt) and
hence this concentration was chosen as the optimum concen-
tration for amperometric determination of GSH (Fig. 6a). The
mechanism of sensing of GSH is similar to that observed in the
enzyme GSHPx and can be expressed as follows:

H,0, +R — Se” > R — SeOH + OH~ (i)

R — SeOH + GSH — R — Se — SG + H,0 (i)

R — Se — SG+ GSH — GSSG + H" + R — Se™  (iii)
The first step involves the formation of a selenic acid
derivative (R—SeOH) by oxidation of R—Se™ and generation of
OH™ anion by the reduction of H,0,. In the second step,

R—SeOH reacts with the added analyte GSH and forms the
selenyl-sulfide intermediate (R—Se—SG) and H,O. Then, in the
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third step, the R—Se-SG intermediate immediately reacts with
another molecule of GSH to form GSSH, during which R—Se™ is
regenerated. These reactions occur in a cycle as long as the
analyte GSH is available at the electrode surface, which results in a
linear current response. The calibration plot corresponding to the
amperometric response obtained is shown in Fig. 6b. The devel-
oped sensor had two linear ranges, from 50 to 450 uM and from
500 UM to 1.5 mM, and the LOD was calculated to be 19.2 pM. The
sensitivities of the Se@fMWCNT/GCE sensor towards GSH detec-
tion were calculated to be 0.1465 and 0.2873 pA pM cm™ 2. The
obtained analytical parameters are comparable or better than for
the recently reported sensors for GSH detection.””*%37>9-%1
Furthermore, fIMWCNT/GCE was employed for its ability to detect
H,0, and GSH as shown in Fig. S4(a and b) (ESI}). In detail, 50
nM of H,0, was added to a solution of N,-saturated 0.1 M PBS
(pH = 7) at a time interval of 50 s. Similarly, 50 uM of GSH was
added to a solution of N,-saturated 0.1 M PBS (pH = 7) containing
1 mM H,0, at a time interval of 50 s. From the figures it can be
seen that fIMWCNT/GCE (without Se) does not show any linear or
reproducible response, and hence it cannot be employed for
detection of H,0, and GSH. This investigation also evidences
that the enzyme mimicking activity could not be observed in the
absence of Se and is attained only with Se@fMWCNT/GCE.

3.4 Peroxidase mimetic activity of Se@fMWCNT

The Michaelis-Menten constants (K,,, and I,,,,,) are important in
the case of biological enzymatic systems, as they provide vital
information about the magnitude of the affinity between the
enzyme and substrate. Lower values of K, indicate effective
binding of the enzyme to the substrate and a higher value of
Ihax implies the better catalytic activity of the enzyme. Hence,
the enzyme mimicking efficacy of the newly designed nano-
zymes could be understood by comparing these parameters
with those of natural enzymes. The peroxidase-like activity of
nanozymes can be evaluated by their ability to oxidise sub-
strates such as TMB, ABTS, and OPD, in the presence of

@ 1 mM L]
i-i, (uA) = 0.0105 (uM) + 6.6314
600 pM 201 R?=0.9961
2 -30-
=
= 150 pM 2
3 E
= ” 10+
O 401 -
i-i, (1A) = 0.0220 (M) + 1.4575
T 2
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0 500 1000 1500 0 500 1000 1500
Time (s) Concentration (uM)

Fig. 6 (a) Amperometric response of Se@fMWCNT/GCE for successive addition of GSH in 0.1 M PBS (pH = 7; N, saturated) containing 1 mM of H,O, at

—0.2 V. (b) Calibration plot obtained from amperometric response.
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H,0,.%>%! Herein, the peroxidase mimicking characteristics of
Se@fMWCNT were assessed primarily using UV-vis spectroscopy.®®
Precisely, to a solution containing 1 mM H,O, in 0.1 M PBS
(pH = 7), 1 mg TMB and 1 mg mL ' of the synthesized
Se@fMWCNT were added (Fig. S5a inset, ESIT). As expected,
the colour of the solution changed to blue, indicating
the peroxidase mimicking activity of the synthesized
Se@fMWCNT nanocomposite. Furthermore, on addition of
1 mM GSH, the solution turned colourless, restricting the
further oxidation of TMB by Se@fMWCNT. The UV-vis spec-
trum (Fig. S5a, ESIt) of TMB in 1 mM H,0, showed a weak
absorbance, which was enhanced upon addition of 1 mg
of Se@fMWCNT, proving the ability of Se@fMWCNT to
oxidise TMB. Moreover, on introduction of 1 mM GSH to
the aforementioned solution, the absorbance diminished,
since GSH acts as a reductant, prohibiting further oxidation
of TMB by the Se@fMWCNT nanocomposite.®® Furthermore,
the peroxidase mimicking efficacy of the Se@fMWCNT
nanozyme has been examined using amperometric
measurements, and the Michaelis-Menten parameters were

4
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quantified using the Lineweaver-Burk equation, as follows:*®

N

—_ = 1.
7 ImaxC+ max

where I represents anodic or cathodic current, C represents
the concentration of analyte and I, is the maximum elec-
trocatalytic current. K,, and I,,,,, were calculated from the 1/1
versus 1/C plots of H,0, (Fig. S5b, ESIT) and were found to be
4.42 pM and 60.98 pA, respectively. The K, value of
Se@fMWCNT nanocomposite with H,O, as substrate was
found to be remarkably less than that of the natural horse-
radish peroxidase (HRP) enzyme, which is indicative of a
larger affinity of the synthesized nanocomposite towards
H,0,.%

3.5 Interference and stability studies

With the aim of investigating the selectivity for the real-time
applicability of the constructed sensor towards electrochemical
determination of H,0, and GSH, the effect of interferents was
also studied by performing amperometry in 0.1 M PBS (pH = 7),

0.8 (b)
R BN H,0, W Val
< I KCIO; Il Leu
-t B KNO, DA
2 0 B KCl B AA
5 L-Tryp i UA
0.2
0.0 —_— s e
Interferents
(d
2.0
B GSH [ Chol
_ mvA B L-Tryp
<15 EEAA HEEVal
g EEDA [ Leu
£ 1.0 Glu i Cys
=]
&)
0.5
0.0

Interferents

Fig. 7 (a) Effect of interferents on the amperometric response of Se@fMWCNT/GCE towards 50 nM H,O, in 0.1 M PBS (pH = 7; N, saturated). (b)
Columnar diagram of corresponding current response. (c) Effect of interferents on the amperometric response of Se@fMWCNT/GCE towards 50 uM GSH
in 0.1 M PBS (pH = 7; N, saturated) containing 1 mM H,O,. (d) Columnar diagram of corresponding current response.
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Table 1 Real-time analysis of H,O, in milk and GSH in tablet samples

Sample Spiked Found“ Recovery (%)
Milk 100 nM 97.8 £ 1 nM 97.8

200 nM 206.2 = 2 nM 103.1
Glutone-Hydra tablet 100 pM 98.1 + 2 uM 98.1

200 pM 203.9 + 1 uM 101.9

“ Triplicates were performed.

at an applied potential of —0.2 V. The interfering species,
namely, KClO3;, KNO,, 1-Tryp, Val, Leu and Cys, were chosen
since they have high tendency to interfere with H,0, and GSH
at an applied potential of —0.2 V. Further, DA, UA, AA, Chol and
Glu are some well-known interfering species in biological
systems, and hence were used as interferents in order to study
the selectivity of the sensor. Fig. 7a shows the amperometric
current response of Se@fMWCNT/GCE towards H,0, along
with a tenfold excess of other, concomitant interfering species.
The corresponding columnar diagram of the current response
(Fig. 7b) depicts that the developed sensor is highly selective
towards H,O,. Similarly, the selectivity of Se@fMWCNT/GCE
towards GSH was determined by carrying out amperometry at
—0.2 Vin 0.1 M PBS comprising of 1 mM H,0,. Fig. 7c shows
the amperometric current response of Se@fMWCNT/GCE
towards GSH along with a tenfold excess of other interferents.
The respective columnar diagram of the current response
(Fig. 7d) illustrates the high selectivity of Se@fMWCNT/GCE
towards GSH, since no, or negligible, signal was obtained for
any other interferents. The results clearly validate that the
Se@fMWCNT/GCE sensor has exceptional selectivity towards
biomimetic electrochemical detection of H,O, and GSH.

The stability of this newly proposed nanozyme-based sensor
was also probed by recording cyclic voltammetry at a scan rate
of 50 mV s~ for 100 continuous cycles in 0.1 M PBS (pH = 7; N,
saturated), and the results are shown in Fig. S6 (ESIt). Fig. S6
(ESIf) clearly demonstrates that the constructed sensor was
stable up to 100 cycles without any decline in current response,
both in the absence and presence of 1 mM H,O,. The stability
studies confirm the robust, lasting nature of the sensing probe
Se@fMWCNT, which is an essential quality for real-time
applications.

3.6 Real-time analysis

The sensor was tested for its ability to detect H,O, and GSH in
real-time samples. For this purpose, the fabricated sensor was
employed towards sensing of H,0, and GSH in milk samples
and glutathione tablets, respectively, and this is shown in Fig.
S7(a and b) (ESIT). Briefly, milk samples were diluted using
0.1 M PBS (pH = 7) and a known concentration of H,0, was
spiked by a standard addition method. Similarly, GSH tablets
were diluted to 10 mM using 0.1 M PBS (pH = 7) and a known
concentration was spiked to a solution of 0.1 M PBS (pH = 7),
consisting of 1 mM H,O,. All the measurements were carried
out in triplicate, and the fabricated sensor showed a good
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recovery percentage and low RSD values, as presented in
Table 1.

4. Conclusion

In summary, a simple viable Se@fMWCNT nanocomposite with
intrinsic peroxidase mimicking activity has been synthesized
via a hydrothermal method. The as-prepared nanocomposite
showed excellent nanozyme activity and was utilized to con-
struct an electrochemical biosensor for the determination of
H,0, and GSH. The system shows extraordinary Michaelis-Men-
ten values, which reveals the unprecedented peroxidase-like activ-
ity. The Se@fMWCNT/GCE sensor functions by electrochemical
reduction of H,0, and subsequently facilitates the electrochemi-
cal oxidation of GSH. Selectivity of the sensor towards H,O, and
GSH was achieved by appropriate selection of Se and the presence
of fMWCNT. In addition, f/MWCNT served as a good host for Se
and enhanced the conductivity, thereby contributing significantly
towards the peroxidase activity of the sensor. Furthermore, the
Se@fMWCNT/GCE sensor is expected to show a sensing mecha-
nism with close resemblance to the naturally occurring GSHPx
enzyme. This work exemplifies a new, simple and judiciously
designed nanocomposite as an enzyme mimic, with outstanding
peroxidase mimicking activity for the selective detection of H,0,
and GSH. The present investigation also opens up an avenue
towards the design and engineering of novel nanomaterials with
biomimetic activity for application in bioelectrocatalysis, clinical
diagnosis and environmental screening.
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