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Abstract: Glutathione (GSH) is vital for several functions of our human body such as
neutralization of free radicals and reactive oxygen compounds, maintaining the active forms of
vitamin C and E, regulation of nitric oxide cycle, iron metabolism, etc. It is also an endogenous
antioxidant in most of the biological reactions. Given the importance of GSH, a simple strategy
is proposed in this work to develop a biosensor for quantitative detection of GSH. This particu-
lar biosensor comprises of gold nanoparticles (Au NPs)-immobilized, hierarchically ordered
titanium dioxide (TiO,) porous nanotubes. Hexagonally arranged, honeycomb-like nanoporous
tubular TiO, electrodes are prepared by using a simple electrochemical anodization process by
applying a constant potential of 30 V for 24 hours using ethylene glycol consisting of ammo-
nium fluoride as an electrolytic medium. Structural morphology and crystalline nature of such
TiO, nanotubes are analyzed using field emission scanning electron microscope (FESEM) and
X-ray diffraction (XRD). Interestingly, nanocomposites of TiO, with Au NPs is prepared in
an effort to alter the intrinsic properties of TiO,, especially tuning of its band gap. Au NPs are
prepared by a well-known Brust and Schiffrin method and are immobilized onto TiO, electrodes
which act as a perfect electrochemical sensing platform for GSH detection. Structural charac-
terization and analysis of these modified electrodes are performed using FESEM, XRD, and
UV-visible spectroscopic studies. GSH binding events on Au NPs-immobilized porous TiO,
electrodes are monitored by electrochemical techniques, namely, cyclic voltammetry (CV) and
chronoamperometry (CA). Several parameters such as sensitivity, selectivity, stability, limit
of detection, etc are investigated. In addition, Au NPs dispersed in aqueous medium are also
explored for naked-eye detection of GSH using UV-visible spectroscopy in order to compare
the performance of the proposed sensor. Our studies clearly indicate that these materials could
potentially be used for GSH sensing applications.
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Introduction

Glutathione (GSH), chemically described as y-L-glutamyl-L-cysteinylglycine is one
of the most important intracellular components in living organisms. Basically, it is an
abundant nonprotein tripeptide amino acid compound consisting of a peptide linkage
between the amine group of cysteine and the carboxylate group of glutamate side
chains.! In addition, it also possesses a thiol group which acts as a reducing functionality
and serves as a targeting group for not only this compound but also for many biological
thiol compounds. It exists in both oxidized (GSSG) and reduced (GSH) forms.' This
thiol-containing compound is crucial for many important biological functions in our
body, such as performing oxidation—reduction cycles, synthesis of proteins, transpor-
tation of biological compounds, metabolism reactions, maintaining the active forms
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of vitamin C and E, regulation of nitric oxide cycle, etc.**
Detoxification of poisonous heavy metals including Hg, Pb,
and cyanide in living cells is the primary and vital function
of GSH.* Moreover, this also helps in integration of red
blood cells (RBC).’ Predominantly, GSH is employed as an
antioxidant as it scavenges the free radicals generated within
our human body and plays a key role as an anticancer agent.
Imbalance of GSH levels in the cell causes several diseases
such as vascular diseases, diabetes, strokes, anemia, etc.®”
Usually, GSH prevents the cell from undergoing oxidative
damage by scavenging the free radicals, which are particu-
larly damaging to DNA and RNA, with the aid of maintain-
ing the redox homeostasis thereby helping in the repair of
DNA and RNA damages.'® Thus the molar ratio of oxidized
and reduced forms of glutathione is vital in monitoring the
functions of cells.!" Hence, there is an increasing demand to
monitor the levels of GSH concentration for the betterment
of human life.

Numerous methods have been reported for the detection
of GSH that include colorimetric, electrochemical, and assay
based sensing methods.'*'® Among these methods, very few
reports specifically focused on the quantitative determina-
tion of GSH in addition to the usual qualitative detection.
In general, electrochemical detection methods offer several
advantages when compared with other methods in terms of
sensing, with a particular emphasis on specificity, minimal
response time, low cost, and ease of fabricating and handling
the sensors. In these methods, mostly carbon-based elec-
trodes were employed due to their specific characteristics
like high surface area, good conduction ability for electron
mobility, low cost, and few others.'?"'® These carbon-based
electrodes were chemically modified to meet the specificity
of the target analyte, tune the electron transport across the
electrode—electrolyte interface, and promote compatibility
with the electrochemical measurement techniques. Usually,
amine compounds, aryl acetates, and aliphatic alcohols
were used for the chemical modification of such carbon
electrodes.'”'® For some specific electrodes, diazonium
salts were also employed for film formation, and this had
been performed by carrying out electrochemical potential
cycling process over the electrode surface.! In other cases,
conducting polymer?® coated electrodes such as poly-m-
aminophenol modified glassy carbon electrodes?' and
ferrocene-immobilized carbon paste electrodes were also
utilized for electrochemical sensing of GSH. As far as TiO,
is concerned, to the best of our knowledge, only one paper by
Raoof et al* reported the use of where nano-TiO_/ferrocene
carboxylic acid-modified carbon paste electrode for GSH

detection. Apart from this, most of the colorimetric sensors
of GSH are essentially based on gold nanoparticles (Au NPs)
and their interaction with GSH resulting in specific color
change.”**® Nevertheless, an affordable and easy-to-monitor
electrochemical-sensing platform for GSH detection is still a
challenge and at exploratory level that opens up a new area
for modulating the electron transport across the interface.
In this work, a new and alternative material is proposed
for the electrochemical detection of GSH. This material is
basically a composite material comprising a semiconduct-
ing titanium dioxide (TiO,) and metallic Au NPs. The main
advantage of this composite material is the one-dimensional
electron transport across the interface facilitated by the
formation of uniform nanotubular structures of TiO, and
immobilization of Au NPs on these fascinating structures,
which eventually leads to considerable increase in conductiv-
ity and, in turn, the sensing limits. TiO, electrodes consisting
of hierarchically ordered, nanoporous, tubular structures are
prepared by a simple electrochemical anodization process.
Field emission scanning electron microscope (FESEM) and
X-ray diffraction (XRD) studies are employed for structural
and morphological characterizations. Later, Au NPs are
immobilized over these electrodes by following a simple
physical adsorption process with an aim of tuning the band
gap values. UV-visible (UV-vis) spectroscopy performed in
diffuse reflectance mode is used for the determination of
band gap values using Kubelka—Munk function. Further,
these electrodes are explored for the electrochemical detec-
tion of GSH. Electrochemical techniques, namely, cyclic
voltammetry (CV) and chronoamperometry (CA) are used
to monitor the sensing events by measuring the changes
associated with current values for each incremental addition
of GSH. Moreover, Au NPs dispersed in aqueous solvent
are also explored for the possibility of naked-eye detection
of GSH. Preliminary experiments indicate that these nano-
particles help in distinguishing GSH from an amino acid
cysteine through a measurable and visible color change.
UV-vis spectroscopy is used for analyzing the color changes
quantitatively. Our results clearly indicate that these materials
could potentially be used for the quantitative determination
and visual detection of GSH. These experiments are carried
out for comparison of the sensor performance using both
electrochemical and naked-eye detection methods.

Materials and methods

Chemicals
Ethylene glycol (SRL Chemicals, Mumbai, India), ammonium
fluoride (Merck, Whitehouse Station, NJ, USA), GSH
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(Hi-Media, Mumbai, India), hydrogen tetrachloroaurate(III)
trihydrate (Alfa Aesar, Ward Hill, MA, USA), and sodium
borohydride (Sigma Aldrich, St Louis, MO, USA) were
purchased and used without further purification. Millipore
water having a resistivity of 18.2 MQ cm obtained from a
quartz distillation unit was used for making all the aqueous
solutions and for the electrochemical experiments. Titanium
plates (0.127 mm thick) possessing 99.7% metal purity were
purchased from Sigma Aldrich and employed for the elec-
trochemical anodization process to prepare TiO, electrodes.
These plates were cut into small pieces with a geometric area
of 1x1 cm? for further characterization and analyses.

Electrode processing

Titanium plates were cut into small pieces of predefined geo-
metric area and sonicated with water and acetone sequentially
for about 5 minutes each in order to clean the surface. Then
the precleaned plates were developed as electrodes by con-
necting them with a copper wire using teflon and parafilm to
cover the rest of area and have a predefined geometric area.
Further, such electrodes were used as a working electrode.
Platinum coil was used as a counter electrode. Prior to use,
this electrode was washed by sonication with 1:1 ratio of
concentrated nitric acid and millipore water. Saturated calo-
mel electrode (SCE) was used as a reference electrode, and
it was cleaned by rinsing with millipore water.

Electrochemical anodization

Nanoporous TiO, electrode was prepared by a simple elec-
trochemical anodization using a two-electrode system where
the fabricated titanium plate was used as a working electrode
(anode) and a platinum coil was used as a counter electrode
(cathode). Anodization was carried out using ethylene glycol
electrolytic medium containing 0.3 wt% ammonium fluoride
and 2 vol% millipore water. The anodization process was
continued for about 24 hours with a constant DC voltage
of 30 V. After the anodization process, the anodized plate
was taken out and sonicated for 1-3 minutes to remove any
loosely bound TiO, nanotubes, known as debris, and other
impurities. Then, this plate was annealed at 450°C in the
presence of air for about 6 hours to obtain pure, crystalline
TiO, nanotubes.

Preparation of gold nanoparticles

(Au NPs)

Au NPs were prepared by the famous Brust and Schiffrin
method by employing the reduction of a gold salt with
sodium borohydride. Initially, 100 mL of 0.3 mM hydrogen

tetrachloroaurate(I1l) trihydrate solution was prepared by
dissolving 12 mg of this salt in 100 mL of millipore water.
Later, 60 mM sodium borohydride solution was freshly
prepared by dissolving 2.5 mg of this substance in 1 mL of
millipore water. Then, Au NPs were obtained by adding fixed
amount of sodium borohydride to 15 mL of gold solution.
The effect of varying the amounts of sodium borohydride
on the resultant Au NPs was analyzed by using different
volumes viz 30, 40, 50, 60, and 70 uL. From this study, the
optimum amount of sodium borohydride for obtaining uni-
form size of Au NPs was estimated to be 50 uL. The higher
concentrations of sodium borohydride result in immediate
coagulation of gold nanosolution leading to formation of a
precipitate. The resultant Au NPs solution appears pale pink
in color and was further analyzed and characterized using
UV-vis absorption spectroscopy.

Immobilization of Au NPs onto

nanoporous TiO, electrodes

Further these Au NPs were immobilized onto TiO, electrodes
using a simple physical adsorption process, where the nano-
porous TiO, electrode was dipped into the Au NPs solution
for about 12—14 hours. After immobilization, the electrode
was taken out and washed thoroughly with millipore water.
Interestingly, Au NPs anchored TiO, electrodes exhibit a
color change from its initial blue color to pale pink color after
the immobilization. UV-vis spectroscopy obtained in diffuse
reflection mode was utilized for the analysis and characteriza-
tion of such modified electrodes. This particular process is
crucial to obtain a good performance of the proposed sensor.
Since the amount of Au NPs coated onto TiO, is expected to
affect several parameters of the sensor, it is very important to
load an optimum amount of Au NPs. In this work, we adopted
a simple physical adsorption process in which controlling the
amount of loading is generally difficult. So, every time after
the deposition of Au NPs onto TiO, electrode, we measured
the surface area of such modified electrodes using CV.
Basically, we recorded CV in an aqueous solution of 0.5 M
perchloric acid at a fixed scan rate of 50 mV/s. This CV
displays a specific stripping peak corresponding to the Au
deposit on the electrode surface. By integrating the charge
associated with the peak formation, it is possible to determine
the surface coverage and, in turn, the amount of loading of Au
NPs. It is worth mentioning here that we estimated a surface
coverage value that indicates almost 90%-95% of surface
coverage of Au NPs onto TiO, electrode. For repeated mea-
surements using different electrodes, the deviation associated
with the surface coverage value is calculated to be within
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2%—3%, suggesting a good reproducibility of the proposed
method for the sensor fabrication. In fact the method proposed
for sensor fabrication is simple and possibly applicable for
detection of a specific target analyte, in this case, GSH.

Electrochemical analysis of Au NPs
anchored TiO2 electrodes for the

detection of glutathione

Two well-known and popular electrochemical techniques,
namely, CV and CA were used for the electrochemical
analysis of Au NPs-immobilized TiO, electrodes and,
concomitantly, for the detection of GSH. A three-electrode
setup was used for the studies in which the Pt coil was used
as a counter electrode and SCE was employed as a reference
electrode along with Au NPs-anchored TiO, as a working
electrode respectively. CV was recorded in an aqueous solu-
tion of phosphate buffered saline (PBS) of pH=7.0 under N,
atmosphere at a scan rate of 50 mV/s over a potential range
from —0.6 to +0.2 V. For GSH-sensing experiments, a stock
solution of a fixed concentration of GSH in PBS buffer
solution was prepared, and the concentration was varied by
incremental additions of 100 uL. For each and every addi-
tion, the corresponding CVs were recorded at a fixed scan
rate. For CA studies, two different experiments were carried
out by varying the concentration range of GSH. In one, pri-
marily micromolar concentration and in another millimolar
concentration of GSH were analyzed. Similar to CV, a fixed
higher concentration of GSH stock solution was prepared,
and for sensing experiments incremental addition of GSH was
performed. CA studies were done by measuring the change
in reduction current at a fixed potential of —0.45 V vs SCE
with respect to time for increasing concentration of GSH in
a stirred PBS buffer solution. Later, the measured current
values were plotted against the added concentration of GSH
and from that plot several parameters including sensitivity
and limit of detection were determined. Further, Au NPs
modified TiO, electrodes were preserved in PBS aqueous
buffer solution of pH=7.0 when not in use. For comparison,
similar sensing experiments were also performed using TiO,
electrodes without Au NPs and Ti electrodes before anodiza-
tion under similar conditions. All these experiments were
carried out at room temperature.

Instrumentation

FESEM studies were performed using Hitachi model
S3000H (Hitachi Ltd, Tokyo, Japan) which also has an
EDAX facility attached. XRD studies were carried out using
XPERTPRO multipurpose X-ray diffractometer procured

from the Netherlands, using Cu Ko radiation with a wave-
length of 1.540 A. UV-vis analysis in both absorption mode
and diffuse reflectance mode was performed using Perkin
Elmer Lambda 650 with Infinite M200MPC model UV-Vis
spectrophotometer (Perkin Elmer, Waltham, MA, USA).
For diffuse reflectance measurements, a similar instrument
attached with 60 mm integrated sphere detector module was
used. These spectra were recorded over a wavelength range of
200-800 nm. Electrochemical studies were carried out using
Electrochemical Impedance Analyzer model 6310, EG&G
instruments obtained from Princeton Applied Research,
Oak Ridge, TN, USA, and the echem software provided by
them was used for the data collection and analysis. All the
other parameters were shown in the respective diagram.

Results and discussion

Structural and morphological analysis
of TiO, and Au NPs immobilized TiO,

electrodes

Figure 1 shows FESEM images of bare Ti (Figure 1A) and
anodized Ti (Figure 1B and C) plates using ethylene glycol
electrolytic medium containing ammonium fluoride as an
additive, leading to the formation of nanoporous TiO,.
Anodization was carried out at an optimized voltage of 30 V
for about 24 hours. It can be seen from the images that bare
Ti (Figure 1A) shows no distinguishable structural features
and the entire surface looks very smooth and homogeneous.
On the contrary, anodized Ti plate (Figure 1B and C) depicts
the formation of uniform porous structures with an array of
nanotubes. These images display the structure of anodized Ti
plates at different scales. The top surface of the as-prepared
anodized plates was found to be covered with the broken
nanotubes and other debris (Figure 1B). It is worth mention-
ing here that a simple sonication process in acetone or ethanol
is employed to remove those loosely bound broken nanotubes
and results in the formation of a more uniform and homoge-
neous array of nanotubes. Nevertheless, the formation of the
honeycomb structure with ordered hexagonal arrangement of
porous nanotubes is characteristic of this type of anodization
process. These images clearly show the formation of beautiful
ripples across the growth of the nanotubes (Figure 1C). These
nanotubes are about 14—15 um long, and the outer diameter
of'the tubes is ~150 nm with a wall thickness of about 15—20
nm. Detailed analysis of these images indicates that some of
the pores seem to be a combination of two or three nanotubes
(Figure 1B), suggesting the variation of current density
distribution during anodization. In fact, during the initial stage
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SEM HV: 15 kV VEGA3 TESCAN
View field: 5.09 ym

SEM MAG: 25.0 kx

WD: 5.23 mm
Det: SE
Date (m/d/y): 08/01/12

200 nm EHT =10.00 kV Signal A =InLens ESB grid =600 VV Date: 25 Sep 2012
|’_| WD =3.7 mm Mag =100.52 kx Time: 10:50:49

4 {
300 nm EHT =10.00 kV Signal A =InLens

ESB grid =600V Date: 25 Sep 2012

WD =3.7mm  Mag =75.26 kx Time: 11:38:08

Date: 10 Apr 2013
Time: 14:57:12

WD =4.0 mm  Mag =30.00 kx

Figure | Field emission scanning electron microscopic (FESEM) images.

Notes: FESEM images of (A) bare Ti. (B) and (C) show anodized Ti electrodes at various scales obtained using ethylene glycol consisting of ammonium fluoride as an
electrolytic medium at an applied voltage of 30 V for 24 hours and (D) shows FESEM image of Au NPs immobilized TiO, electrodes.

Abbreviation: Au NPs, gold nanoparticles.

of anodization, formation of hairy fiber-like structures was
observed. Due to the fluctuations in current density arising
out of conductivity associated with the electrolyte employed,
thickness of the oxide layer formed, and the potential drop
across the electrode—electrolyte interface, it eventually results
in the formation of homogeneous, highly ordered hexagonal
arrangement of arrays of porous nanotubes, leading to a
honeycomb-like structure possessing an average pore diam-
eter of ~100—120 nm, as is clearly evident from these images.
Moreover, elemental mapping analysis of these anodized
samples indicates the presence of Ti and oxygen suggesting
the formation of pure TiO, nanotubes during anodization.
Furthermore, SEM image of Au NPs immobilized TiO,
electrode is also shown in Figure 1D. It can be noticed from
the image that Au NPs are beautifully anchored onto TiO,
electrodes. These Au NPs are immobilized by simply dipping
TiO, electrodes in the Au NPs aqueous solution. Also, the
average size of these immobilized Au NPs is determined to
be ~200—400 nm. SEM analysis clearly indicates the forma-
tion of hierarchically ordered, porous nanotubular structures

of TiO, electrodes and the anchoring of Au NPs on top of
these electrodes.

XRD studies

Phase purity and crystalline structure of the anodized Ti
plates were characterized using XRD studies. Figure 2 shows
the XRD pattern of bare Ti (before anodization; Figure 2A),
anodized Ti (TiO,; Figure 2B) plates along with Au NPs
immobilized TiO, electrodes (Figure 2C). It can be noted
from the picture that bare Ti (Figure 2A) displays a distinct
prominent peak at 38.87° corresponding to the (002) plane
and the other peaks at 35.65°,40.65°, 53.39°, and 71.05° rep-
resent the existence of (100), (101), (102), and (103) planes
of Ti respectively.?2 On the other hand, anodized plates
(Figure 2B) after annealing show the peaks at 25.89° and
63.41° corresponding to (101) and (110) planes associated
with the anatase phase of TiO, respectively,”** in addition to
the peaks of underlying Ti substrate. Since TiO, film formed
after anodization was so thin when compared to base Ti
metal, the peaks due to Ti were apparent and clearly visible.

International Journal of Nanomedicine 2015:10 (Suppl I: Challenges in biomaterials research)

submit your manuscript

175

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Sheen Mers et al

Dove

Au (111)
A(101)
Au (200) A(110) l Au (311)
t‘ ' %‘ A s * Ac
(002)
(101)
E, (103)
£ A(101) G5 A (110)
2 I - A k A
= * * B
= (002)
(103)
(101) (102)
(100)n| l l A
20 30 40 50 e 70 80
20/deg

Figure 2 X-ray diffraction (XRD) spectra.

Notes: XRD of (A) bare Ti (before anodization), (B) TiO, electrode prepared by electrochemical anodization in ethylene glycol containing ammonium fluoride as the
electrolytic medium (30 V for 24 hours), and (C) Au NPs immobilized TiO, electrode respectively. Here “*” represents the peaks corresponding to the formation of anatase
TiO, crystalline phase and “A” denotes the formation of peaks corresponding to Au crystalline phase.

Abbreviations: au, arbitrary units; deg, degree; Au NPs, gold nanoparticles.

But, nevertheless these studies clearly demonstrate the forma-
tion of close-packing hexagonal arrangement of porous TiO,
nanotubes arrays that are crystalline anatase phase. Similarly,
the formation of peaks at 38°, 44°, and 77° corresponding to
(111), (200), and (311) planes of crystalline Au indicate the
immobilization of Au NPs onto TiO, electrodes (Figure 2C).
Formation of the anatase phase of TiO, is represented by “*”,
and, similarly, the Au peaks are denoted by “A” in Figure 2.
These studies reveal that the resultant electrodes are of pure
and crystalline nature.

UV-vis spectroscopic analysis

From SEM and XRD analyses, it is understood that a simple
electrochemical anodization of bare Ti results in the for-
mation of hexagonally ordered, honeycomb-like, porous,
nanotubular structures of TiO, which are crystalline after
annealing at 450°C and are in the anatase phase of TiO,.
It is important to understand that these are electrodes
made of Ti plates and TiO, layer is formed as a thin film
after anodization. UV-vis spectroscopy is used for further
characterization and determination of band gap values of
these electrodes since TiO, is semiconductor in nature.
These spectra are recorded in diffuse reflectance mode by
measuring reflectance and not the usual absorption values.
Figure 3 shows the UV-vis diffuse reflectance spectra of
bare Ti, before anodization (Figure 3A), TiO, produced

by electrochemical anodization (Figure 3B), and Au NPs
immobilized TiO, electrodes (Figure 3C) respectively. It
is clearly visible from these spectra that the TiO, electrode
(Figure 3B) does not show any characteristic peak; instead
it shows a broad reflection almost covering the entire visible
region from 300 to 800 nm. In contrast, bare Ti (Figure 3A)
displayed a clear peak at 297 nm and a small kink at 250 nm
due to reflections of Ti metal. Deeper analysis of these

450 -
400
350
3001
250-

% R

(g)

200 ~

e

150 1

100 ~

7

—
200

L] 2 T b T " T i T
400 500 600 700 800

A/lnm

g
300

Figure 3 UV-vis spectra obtained in the diffuse reflectance mode for bare Ti
(A\) before anodization, TiO, obtained by electrochemical anodization (B), and Au
NPs immobilized TiO, (C) electrodes.

Abbreviations: UV, ultraviolet; vis, visible; Au NP, gold nanoparticles; R, reflectance.
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spectra suggests that the relative reflectance (R) value is
very much lower, indicating the maximum absorption of
light over a wide wavelength region in the case of TiO,
electrodes. This peculiar phenomenon can be employed for
biosensing applications where the molecules that absorb in
the visible region could be easily detected with enhanced
absorption without the addition of any dopants or sensitiz-
ers. Band gap values of these porous TiO, nanotubes were
determined from this spectrum by converting the absolute
reflection values to Kubelka—Munk function,** and the
value is determined to be 3.2 eV, which is very similar to
semiconductive TiO, material. Similarly, the corresponding
spectrum for Au NPs-immobilized TiO, electrode is also
shown in Figure 3C. Compared to TiO,, these electrodes
display slightly higher reflection values and an additional
peak at 530 nm due to the presence of Au NPs. Band gap
value in this case is determined to be 2.23 eV. It is interest-
ing to note that on adding GSH to Au NPs anchored TiO,
electrodes, the peak at 530 nm is observed to decrease with
increasing concentration of GSH. It is well-known that sulfur
present in GSH has a higher binding affinity to gold, and on
increasing the concentration of GSH, the activity of gold may
be prevented due to enhanced binding, eventually leading
to disappearance of Au peak. This phenomenon is further
investigated using electrochemical technique.

It is well known in literature that Au NPs solution is mostly
used for the development of colorimetric sensor for GSH.3-2#
In this work, we also explored the possibility of developing
colorimetric GSH sensor using Au NPs prepared by the Brust—
Schiffrin method in order to compare the performance of the
proposed sensor. Usually, the naked-eye detection of GSH
based on the color change works at a higher concentration (in
the range of millimolar concentrations). Also, this method
suffers from several disadvantages, including the ability of
the observer to distinguish the color variation and the tedious
procedure associated with the protocol, etc. In order to over-
come these problems, in this work we proposed an electro-
chemical method for the detection of GSH. For comparison, in
this work, aqueous solution-based absorption mode for GSH
sensing is also analyzed using UV-vis spectroscopy and the
corresponding spectra are shown in Figure 4. In this figure,
UV-vis spectra of as-prepared Au NPs (Figure 4A) using
sodium borohydride reduction method, GSH added Au NPs
solution (Figure 4B), and cysteine added Au NPs solution
(Figure 4C), respectively, were displayed. Formation of a sharp
peak at 503 nm in the case of as-prepared Au NPs which is pink
in color is due to the presence of surface plasmon resonance
of Au NPs. Interestingly, addition of 1 mM GSH results in a
clear color change from pink to colorless, ultimately leading to

1.2
1.0

0.8

0.6

Abs (au)

0.4 1

0.24

0.04

600 700 800

Alnm

400 500

Figure 4 UV-vis spectra recorded in absorption mode using (A) Au NPs dispersed
in aqueous solution, (B) GSH added Au NPs, and (C) cysteine added Au NPs
solutions respectively.

Notes: Inset shows the photographs of the above mentioned solutions indicating
the color changes after the addition of GSH (G) and cysteine (C) Here, a refers to
Au NPs solution; b and ¢ denote the same solution after the addition of cysteine (C)
and GSH (G) respectively.

Abbreviations: Abs, absorbance; UV, ultraviolet; vis, visible; Au NPs, gold
nanoparticles; GSH, glutathione.

the formation of a settling black precipitate (Figure 4, Inset ¢).
This also results in a significant shift in the absorption peak
to a higher wavelength at 570 nm due to the higher binding
affinity of sulfur to gold, leading to the aggregation of particles
that settle as a black precipitate. Similarly, cysteine, an amino
acid, is also added to Au NPs solution and the corresponding
spectrum is shown in Figure 4C. In this case, the color changes
from pink to blue upon adding 1 mM of cysteine. It can also
be noted that there is a very little shift in the absorption peak
to 530 nm. The inset in Figure 4 shows the photographs
indicating the color of the original Au NPs solution and the
color change due to the addition of GSH and cysteine. It can
clearly be seen that the as-prepared Au NPs are pink (Figure 4,
Inset a) in color and upon adding GSH it becomes colorless
with the formation of a black precipitate (Figure 4, Inset b) in
contrast to the addition of cysteine where it results in forma-
tion of blue color (Figure 4, Inset ¢). Keeping this in mind, a
naked-eye detection method for GSH sensing is demonstrated.
By varying the concentrations of GSH and cysteine added
to Au NPs solution, the absorbance spectra were analyzed.
The corresponding UV-vis spectra for addition of different
concentrations of cysteine and GSH are shown in Figure SA
and B respectively. The concentrations were varied from 1 to
7 mM, and, for comparison, UV-vis spectrum of Au NPs before
adding either cysteine or GSH is also shown. In these figures,
arrows indicate the direction of increasing concentrations of the
added analyte. In the case of cysteine (Figure 5A), increasing
concentrations result in decrease of absorbance values with a
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Figure 5 UV-vis spectra of Au NPs solution obtained for various additions of cysteine (A) and GSH (B). The corresponding plots of variation of intensity with respect to
added concentrations are shown in (C) and (D). Analyte concentrations are varied from a) 0, b) I, ¢) 2, d) 3, ) 4, f) 5, and g) 6 mM respectively. For comparison similar
spectrum recorded for Au NPs solution before the addition (a; 0 mM) is also shown. In these figures arrows indicate the direction of changes in absorption values with

respect to increasing analyte concentrations.

Abbreviations: Abs, absorbance; UV, ultraviolet; vis, visible; Au NPs, gold nanoparticles; GSH, glutathione.

very small shift. On the contrary, addition of GSH (Figure 5B)
leads to a clear shift in the absorption peaks, and further
increase in concentration results in significant decrease in the
peak intensity values. In order to quantify these results, a plot of
change in intensity with respect to increasing concentration of
analyte was determined and analyzed. The corresponding plots
for cysteine and GSH additions are shown in Figure 5C and D
respectively. A linear decrease in absorbance with increasing
concentrations of added analyte is observed. From these plots,
a sensitivity value of 1.1024 abs/mM and 1.4837 abs/mM was
calculated for cysteine and GSH respectively. Although the
limit of detection is estimated to be 0.04 mM for cysteine and
0.07 mM for GSH, a color change was visible to naked eye
only at 1 mM concentration. These studies clearly indicate
that Au NPs are immobilized onto TiO, electrodes and that
solution-based analysis could be used for naked-eye detection

of higher concentrations of GSH and cysteine. Further, a
quantitative detection is explored with Au NPs-anchored
TiO, electrodes using the electrochemical method with the
aim to enhance sensitivity and to bring down the detection
limit. Moreover, a sensor should work over a wide range of
concentrations, and the electrochemical detection method
offers such a possibility.

Electrochemical characterization of Au
NPs-immobilized TiO2 electrodes and
detection of GSH using CV and CA

techniques

Electrochemical techniques, namely, CV and CA were used
for the electrochemical characterization and detection of
GSH using Au NPs-anchored TiO, electrodes. CV studies
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were carried out in an aqueous solution of PBS buffer hav-
ing pH=7.0 at a fixed scan rate of 50 mV/s over a potential
ranging from —0.6 V to+0.2 V vs SCE, and the corresponding
voltammograms are displayed in Figure 6. Initially, Au NPs-
immobilized TiO, electrode was analyzed before adding any
GSH in order to understand the electrochemical behavior of
the electrode. The CV recorded for such an electrode is shown
in Figure 6 as A. This CV clearly exhibits a redox peak forma-
tion corresponding to Au suggesting the formation of oxide
during the forward scan and the stripping peak during the
reverse scan. Appearance of the anodic peak at —0.05 V and the
reduction peak at —0.385 V due to the redox property of gold
in PBS buffer is apparent, suggesting the formation of Au NPs
film onto TiO, electrodes. On adding GSH, the redox current
is decreased due to the binding of GSH to Au NPs. Each and
every addition of GSH results in a systematic decrease of redox
current in the case of both anodic and cathodic peaks. The
corresponding CVs with respect to increasing concentrations
of GSH are shown in Figure 6. It can be noted that the redox
current due to Au NPs decreased after incremental addition
of GSH starting from 1 mM GSH. It was observed using CV
studies that the addition of lower concentration of GSH in
terms of micromolar concentrations results in no measurable
current change. This reveals the inability of CV to distinguish
a minor current change with respect to addition of minimum
concentration of GSH. Furthermore, a superior sensitive tech-
nique such as CA is employed for investigating the binding
events of GSH to Au NPs-immobilized TiO, electrodes.

; A
i B
4 1 c
D

I (MA)

' —4('JO ' —2(')0 ) (.)
E (mV) vs SCE

L) L)
—600 200

Figure 6 CVs recorded in an aqueous PBS buffer solution (pH=7.0).

Notes: CVs were recorded in an aqueous PBS buffer at a fixed scan rate of 50 mV/s
for Au NPs immobilized TiO, electrodes before GSH addition (A) and after the
addition of several concentrations (B) |, (C) 2, and (D) 3 mM of GSH respectively.
Abbreviations: |, current; E, potential; CV, cyclic voltammetry; PBS, phosphate
buffered saline; Au NPs, gold nanoparticles; SCE, saturated calomel electrode; GSH,
glutathione.

Basically, in CA technique the change in current value
is measured with respect to time at a fixed potential for
varying analyte concentrations. In this work, CA studies
related to GSH sensing experiments were carried out at a
fixed potential of —0.45 V vs SCE, and the corresponding
chronoamperograms are shown in Figure 7. We have ana-
lyzed a wide concentration of GSH ranging from uM to mM
concentrations. Figure 7A displays the chronoamperometric
plot corresponding to lower concentrations (in the range of
uM) of GSH, and, similarly, Figure 7B depicts the same
plot for higher concentrations (in the range of mM) of GSH,
respectively. The corresponding GSH concentration values
are displayed in the figure. It can be clearly seen from these
figures that the current values change systematically with
respect to increasing concentrations of GSH. In fact, in the
lower concentration range, since the change in current value
is very small, the resultant plot is somewhat noisy. Never-
theless, the changes in current values are evident. Similarly,
higher concentrations of GSH lead to a clear and obvious
change in current value, and in this case, particularly, the
signal-to-noise ratio is quite significant, resulting in a system-
atic change. Another interesting feature is that the addition of
higher concentration of GSH beyond 7 mM leads to a kind of
saturation in the current values suggesting the possible occu-
pation of all the active sites by the analyte GSH molecule on
the sensor matrix. Moreover, the respective plots of change
in current values with respect to added GSH concentrations
are shown in Figure 7C and D. A linear variation of current
with respect to concentration is noted for UM concentrations
of GSH. On the contrary, for higher concentrations, viz, mM
GSH, an initial linear region (Figure 7D, Inset) followed by
saturation in the current values beyond 7 mM GSH concen-
tration is noted. From this plot, several parameters, namely
sensitivity, limit of detection, etc were determined. For lower
concentrations, a sensitivity of 5.6497 LA/UM and a limit
of detection of 1.3 UM was estimated. Similarly for higher
concentrations, a sensitivity of 1.4117 pA/mM and a detec-
tion limit of 0.15 mM was determined. Noticeably, these
values are very good when compared to the similar values
determined using the UV-vis spectroscopy studies described
earlier. A significant improvement in terms of sensitivity and
detection limit is achieved through electrochemical studies.
These values are also quite impressive in comparison to other
electrochemical GSH sensors reported.!>!152-22 Importantly,
the response time is estimated to be less than 5 seconds,
and this particular sensor works for a wide range of GSH
concentrations, from the UM to mM range. This is agree-
able because GSH concentration varies from place to place
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Notes: CA plots recorded using Au NPs-immobilized TiO, electrodes toward the addition of micromolar (lower) concentration range (A) and millimolar (higher)
concentration range (B) of GSH. The corresponding linear plots of change in current with respect to different concentrations of GSH are shown in (C) and (D). Inset displays
the zoomed version of (D) highlighting the linear range of GSH detection. The concentration values are shown in the respective chronoamperometry plots.
Abbreviations: CA, chronoamperometry; GSH, glutathione; Au NPs, gold nanoparticles.

in our human body. For example, in the extracellular region
the concentration of GSH is in the order of UM, and in liver
cells it is in the order of mM. Also, it is worth mentioning
here that neither bare Ti nor TiO, is sensitive to GSH addi-
tions and no redox peaks were observed in those studies. This
clearly suggests that Au NPs are essential for GSH sensing
and facilitate the electron transfer across the interface, which
is critical for developing sensors.

Reproducibility, stability, and selectivity
analyses

From our experimental results, it is understood that the pro-
posed electrochemical sensor works well for the detection of
GSH. Furthermore, several other critical parameters namely
stability, selectivity, and reproducibility were also investi-
gated using electrochemical studies. Even after repeated mea-
surements with a time period of once in 7 days over a period
of 45 days, this particular electrode displayed only 3%—5%

reduction in current values for GSH detection suggesting a
good stability of the electrode material. Similarly, the values
reported above are an average value of three different mea-
surements. Reproducibility of Au NPs-immobilized TiO,
electrodes was analyzed by recording CA plots for three dif-
ferent electrodes for three independent measurements. It was
observed that there was retention of 95%-98% reduction
current value indicating the reliable reproducibility of the pro-
posed sensor. Moreover, we analyzed the selectivity of this
sensor by studying with other possible potential interferents
namely glucose, uric acid, ascorbic acid, dopamine, etc. The
results clearly reveal that this sensor is selective to GSH only
since the mechanism of detection in this case is based on the
reduction current change at a negative potential of —0.45 'V,
which is close to the £, , potential of enzymatic reaction for
GSH detection. Interestingly, all these interferent molecules
are usually detected by oxidation process and did not interfere
in GSH sensing method. These studies suggest the potential
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use of Au NPs-immobilized TiO, electrode as a selective
electrochemical biosensor for GSH.

Based on our experimental observation, we postulated
a possible mechanism for GSH detection using Au NPs-
immobilized nanoporous TiO, electrodes. Due to the higher
binding affinity of thiols to the Au surface, as soon as the GSH
is added, it binds to Au NPs through thiolate linkage form-
ing a strong, polar Au—S bond. During the electrochemical
cycling, this adsorbed layer prevents the striping of Au oxide
resulting in the reduction of current values. Further addition
of GSH completely covers the surface of Au NPs. During CA
studies, at a fixed potential, the reduction cycling results in
the cleavage of the bond formed earlier during the adsorption
of GSH, leading to increase in the reduction current values.
This is clearly evident from the systematic change in current
values for the higher concentrations of GSH. Overall, this
work highlights and demonstrates a simple strategy to fab-
ricate an electrochemical biosensor for GSH detection using
Au NPs-anchored nanoporous, tubular TiO, electrode.

Conclusion

An electrochemical biosensor for GSH is proposed in this
work. This sensor essentially comprises of nanoporous,
tubular TiO, electrodes coated with Au NPs. Hexagonally
ordered, honeycomb-like arrangement of porous, nano-
tubular structures of TiO, are prepared easily by a simple
electrochemical anodization in ethylene glycol containing
ammonium fluoride as an electrolytic medium. Structural
and morphological analyses of such TiO, electrodes are
carried out using FESEM and XRD studies. Interestingly,
the possibility of employing such a highly nanoporous,
tubular, semiconductive TiO, electrode for electrochemical
biosensor application is explored by anchoring Au NPs over
these electrodes. Basically, Au NPs provide a good electron
transport across the electrode—electrolyte interface and
facilitate the redox reaction associated with GSH detection.
Electrochemical techniques, namely, CV and CA are used
for monitoring the sensing process. In addition, naked-eye
detection of GSH using Au NPs based on the color change
is also explored by distinguishing it from other well-known
amino acid like cysteine. This particular electrochemical
biosensor for GSH works in a wide range of GSH concentra-
tion ranging from UM to mM and possesses a rapid response
time of less than 5 seconds.
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