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ABSTRACT

Herein we report the photoelectrocatalytic regeneration of NADH at poly(4,4’-diaminodiphenyl sul-
fone)/nano TiO, (PDDS/TiO; ) composite modified indium tin oxide (ITO) electrode. The PDDS film growth
was confirmed through in situ electrochemical quartz crystal microbalance (EQCM) studies. The prepared
PDDS/TiO, composite was characterized by scanning electron microscopy (SEM), atomic force microscopy
(AFM) and X-ray diffraction (XRD) studies. SEM and AFM results confirmed that TiO, nanoparticles size
is between 130 and 180 nm. XRD results showed that TiO, nanoparticles are crystalline and belong to
anatase phase. Electrochemical impedance spectroscopy (EIS) and light induced EIS results substanti-
ate a rapid electron transfer process at PDDS/TiO, composite surface. Cyclic voltammetry (CV) results
demonstrated that composite film showed excellent response to the photoelectrocatalytic regeneration
of NADH. The photoelectrocatalytic oxidation of NADH at composite film surface irradiated for 5 min
(optimized irradiation time) produced a notable enhancement in anodic peak current and it was 18-fold
higher than that of PDDS film and several folds higher than that of TiO, and bare ITO electrodes. Further,
composite film showed higher sensitivity of 124.1 wA uM~! for NADH. From Square wave voltammetry
(SWV) results, sensitivity of the irradiated composite film was obtained as 0.252 pAnM-! of NADH. The
linear concentration range was between 23 and 39 nM NADH respectively. Further, the composite film
exhibits good selectivity towards NADH and no significant interference effect was observed even when
200-fold excess of ascorbic acid (AA), dopamine (DA) and uric acid (UA) coexist in the same supporting

electrolyte solution.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The redox electrochemistry and meticulous interconversion
pathway of nicotinamide adenine dinucleotide (NAD") and its
reduced form (NADH) have fascinated immense interest since they
play critical role as redox coenzymes in biological systems [1]. Sig-
nificant advancements have been made in this area of research
promptly after the exploitation of chemically modified electrodes
[2]. However, an important shortcoming was direct oxidation of
NADH at conventional solid electrode surfaces often required high
over potential [3,4]. As aresult significant interference effect would
be caused by easily oxidizable species [5]. Furthermore, these
oxidizable products and the radical intermediates formed dur-
ing NADH oxidation reaction pathway would pacify the electrode
surfaces [6,7]. The above said shortcomings have ultimately neces-
sitated the quest for novel electroactive materials with appreciable
catalytic properties. Among various electroactive materials, redox
mediators significantly reduced the over potential for NADH oxi-
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dation [6]. Phenoxazine [8], phenothiazines and phenazines groups
containing mediators were used in larger extent in NADH sensors
[9-13]. However, rapid deactivation of mediators on electrode sur-
face causes electrode surface poisoning and blocking [14,15].

In recent years, with progressive advancements in the field of
nanotechnology, considerable interest has been drawn towards
the exploitation of nanomaterials in NADH based electrochemical
sensors. In particular, the unique properties of CNT such as large
active surface area, high electronic conductivity, high mechanical
resistance properties, anti-fouling capability [16] and their ability
to reduce over potential for NADH [17-21] have promoted their
extensive applications in NADH based sensors [22]. Besides CNT, Au
nanoparticles [5,23-25] and several conducting polymer matrices
[26-34] have also been successfully employed.

Other convincing matrices used for NADH sensing applica-
tions were semiconductor nanoparticles which are well known
for their unique photophysical, electronic features and enhanced
electron-hole transfer efficiency [35,36]. Amid various semicon-
ductor nanoparticles, owing to the large surface area, large band
gap energy (3.2 eV) and rapid electron-hole pair generation ability,
TiO, nanoparticles were extensively employed in photoelectro-
chemical cell and solar cell applications [37]. Particularly, studies
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related to the photocatalytic regeneration and phototocatalytic
oxidation of NADH at TiO, nanoparticles modified matrices have
attracted much attention. Earlier, Jiang et al. studied the pho-
tocatalytic regeneration of NADH at carbon-containing TiO, in
the presence of visible light and Rhodium complex catalyst [38].
In another approach, Chen et al. have noticed a good enhance-
ment in the photocatyltic NADH regeneration at TiO, nanoparticles
doped Boron upon UV light irradiation [39]. So far, the photo-
electrocatalytic oxidation of NADH was successfully investigated
at electropolymerized toludine blue O and polyphenothiazine
formaldehyde modified matrices[40,41]. Recently, Wang et al. have
reported the photoelectrocatalytic NADH oxidation at dopamine
sensitized nanoporous TiO, film and they confirmed that generated
anodic photocurrent results from the absorption of visible light by
dopamine-Ti charge transfer complex [42].

On the other hand, 4,4’-diaminodiphenyl sulfone (DDS) was a
well known curing agent for epoxy resins [43]. Manishankar et al.
reported the electrochemical preparation of conducting copoly-
mers of DDS and aniline and investigated their electrochromic
behavior through spectroelectrochemical analysis [44]. They also
pioneered the chemical [45] and electrochemical [46] synthe-
sis of copolymers containing DDS. However, to the best of our
knowledge no one has reported the photoelectrocatalytic regen-
eration of NADH at poly(4,4’-diaminodiphenyl sulfone)/nano TiO,
(PDDS/TiO, ) composite. The composite film showed excellent pho-
toelectrocatalytic response towards NADH oxidation with good
sensitivity. Further, the photoelectrocatalytic current noticed at
composite film increased linearly with increase in irradiation time
and sequential NADH concentration additions. The photoelectro-
catalytic results achieved in the present study could thus be an
initiative for the construction of dehydrogenase enzyme based
biosensors and other energy storage devices based on PDDS/TiO,
nanocomposites.

2. Experimental
2.1. Reagents and apparatus

DDS and B-nicotinamide adenine dinucleotide, reduced dis-
odium salt hydrate (NADH) were purchased from Sigma-Aldrich
and used as received. Nano TiO, suspension was purchased from
Ever light chemicals, Taiwan and used without any purification. All
reagents used in this work were of analytical grade and all aque-
ous solutions were prepared using doubly distilled water. Prior to
each experiment, experimental solutions were deoxygenated with
pre-purified N, gas for 10 min and N, atmosphere was maintained
above the solutions.

Cyclic voltammetry (CV) experiments were carried out using
CHI 1205a work station. Similarly, Square wave voltammetry
(SWV) studies were performed using CHI 750 work station. A
conventional three electrode cell with 0.1 M H,SO4 as support-
ing electrolyte was used throughout the electrochemical studies.
For electrochemical experiments, ITO electrode coated either with
nano TiO, or PDDS or PDDS/TiO, films was used as working elec-
trode and Pt wire with 0.5mm diameter was used as counter
electrode. All the potentials were referred with respect to standard
Ag/AgCl reference electrode. For electrochemical quartz crystal
microbalance (EQCM) studies an 8 MHz AT-cut quartz crystal
coated with Au was used as working electrode. The diameter of
quartz crystal and Au electrode used were about 13.7 and 5mm
respectively. EIM6ex ZAHNER (Kroanch, Germany) was used for
electrochemical impedance spectroscopy (EIS) and ZAHNER con-
trolled intensity modulated photo spectroscopy (CIMPS) system
was used for light induced EIS and photoelectrocatalytic studies.
A light emitting diode (WLLO1) with an average intensity of 4u
(W/m?2)was used as white light source. A normalized intensity/Volt

of 1 (WV-1m=2) 472, 25 (nm, Anm) was employed throughout
the photoelectrocatalytic experiments. Where, nm is the dominant
wave length and Anm is the bandwidth of the illuminator. Sur-
face morphology of the prepared films were studied using Hitachi
S-3000 H scanning electron microscope (SEM) and Being nano-
instruments CSPM 4000, atomic force microscope (AFM). UV-vis

absorption spectroscopy measurements were carried out using
Hitachi U-3300 spectrophotometer.

2.2. Preparation of PDDS/TiO, composite film modified ITO
electrode

Prior to modification, ITO electrodes were cleaned well, soni-
cated in acetone-water mixture for 15 min and were dried at room
temperature. A clean ITO electrode surface was immersed into 4 ml
of TiO, nanoparticles/ethanol suspension and kept undisturbed for
20 min. The prepared nano TiO, modified ITO was taken out care-
fully and gently washed few times with doubly distilled water to
remove loosely adsorbed TiO, nanoparticles. Finally it was dried in
air for few minutes and transferred to an electrochemical cell with
0.5mM DDS in 0.1 M H;SO4. The electropolymerization of PDDS
film on nano TiO,/ITO was carried out according to the procedure
reported elsewhere in literature [44]. 20 consecutive CV poten-
tial cycling were done in the potential range between —0.25 and
1.25V at the scan rate of 100 mV s~! (figure not shown). In the first
cycle a broad oxidation peak with enhanced anodic peak current
appeared at 1.165 V. However, this anodic peak current decreased
drastically in the consecutive cycles. As reported previously by
Manishankar et al. this oxidation peak was attributed to the oxi-
dation of amino group in the phenyl ring of DDS [44]. Finally, the
prepared PDDS/TiO, modified ITO was washed gently with double
distilled water and utilized for the electrochemical studies.

The isoelectric point of TiO, is 6.5, so the surface charge of
TiO, is negative at pH above the isoelectric point and positive at
pH below the isoelectric point [47]. It is noteworthy that, pH of
the TiO, suspension used in this study is 6.3 and since this value
lies below the isoelectric point, the surface charge of TiO, NPs is
positive. Whereas, the PDDS used in this study is an anionic poly-
mer and therefore its surface is negatively charged. As a result, the
composite film modified ITO electrode will be highly stable due to
the electrostatic interactions between the positively charged nano
TiO, and negatively charged PDDS. For comparison studies, PDDS
film was electrodeposited on a bare ITO electrode surface in the
same potential window following similar experimental conditions
mentioned above.

3. Results and discussion

3.1. EQCM studies for the investigation of PDDS film growth
process

In situ mass changes in nanogram range during electrochemical
measurements could be monitored by EQCM technique [48]. EQCM
studies provide valuable information about change in composition
of species on the interface of a working electrode during conduc-
tive polymer redox switching processes. Furthermore, EQCM is also
a versatile tool to substantiate polymer deposition from the cor-
responding mass changes during each potential cycle run [49]. In
the present study, we utilized EQCM technique for monitoring the
PDDS film growth process. Prior to conducting experiments, Au
electrode surface in an AT-cut quartz crystal was cleaned well and
immersed into TiO, nanoparticles/ethanol suspension for 20 min.
After 20 min, thus obtained nano TiO, modified Au electrode was
taken out, dried and gently washed with doubly distilled water and
transferred into a Teflon cell containing 0.5 mM DDSin 0.1 M H,SO4.
Then 20 consecutive CV potential scans were run in the potential
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Fig. 1. (a) 20 consecutive cyclic voltammograms recorded at nano TiO; film mod-
ified Au electrode kept in 0.5mM DDS solution. The supporting electrolyte is
0.1 M H,S04. Scan rate =100 mV s~!. (b) The corresponding EQCM frequency change
observed for 20 consecutive cyclic voltammograms as that of (a).

range between —0.25 and 1.25V as shown in Fig. 1(a). When the
potential was swept to more positive side, i.e. +1.25V the resonance
frequency decreased for each cycle which indicates a continuous
increase in mass above the crystal. Thus PDDS film growth was
successfully occurred during each cycle. The frequency decrease
corresponding to each PDDS film deposition cycle is shown in
Fig. 1(b). From the frequency change, the mass change has been
calculated using Sauerbrey equation [50,51]. Here, 1 Hz frequency
change corresponds to 1.4 ng cm~2 of mass change. The total mass
change after 20 PDDS film deposition cycles is 243 ng cm~2.

3.2. Electrochemical behavior of various film modified ITO
electrodes

The electrochemical behavior of nano TiO,, bare, PDDS and
PDDS/TiO, modified ITO have been investigated using CV and the
results are shown in Fig. 2. Cyclic voltamograms were recorded
at the scan rate of 50mVs~! in N, saturated 0.1 M H,SOy, in the
potential range between 0 and 0.9V. Among the above said mod-
ified electrodes, nano TiO, modified ITO exhibits a small redox
couple as shown in Fig. 2(a). It’s Epa and Epc values are 0.318V
and 0.138 V. However, no significant redox peaks were noticed at
bare ITO (see Fig. 2(b)). In contrast, PDDS/ITO exhibits two redox
couples with higher peak currents (see Fig. 2(c)). Their Ep, values

Fig. 2. Cyclic voltammograms recorded at (a) nano TiO-, (b) bare, (c) PDDS, and (d)
PDDS/TiO, film modified ITO in N; saturated 0.1 M H,S04. Scan rate=50mVs~'.

are 0.556V and 0.245V; Epc values are 0.512V and 0.120V. The
formal potential (E°’) values are 0.534V and 0.183V. Among all
the above mentioned modified electrodes, PDDS/TiO, composite
film modified ITO electrode exhibits a well defined redox couple
with maximum peak current as shown in Fig. 2(d). The Ep,, Epc and
E°’ values are 0.614V, 0.490V and 0.552V, respectively. Here, it is
noteworthy that E°’ value of redox couple at the composite film
is 18 mV positive than that of PDDS/ITO. The significant enhance-
ment in redox peak currents along with positive shift in E°’ value
at composite film could be attributed to the synergistic effect of
PDDS incorporated TiO, nanoparticles. Furthermore, surface cov-
erage concentration (/I7) results validate that more amount of PDDS
have been efficiently deposited at the composite film. The I" value
of PDDS at PDDS/TiO,/ITO and PDDS/ITO are 1.37 x 1019 mol cm~2
and 2.21 x 10~ molcm~2 respectively. It is clear that I" value
observed at the composite film is 6.2-fold higher than that of PDDS
film. The notable enhancement in /" value at composite film could
be attributed to the large surface area, porous nature and positive
surface charge of TiO, nanoparticles [47].

3.3. Different scan rate and pH studies

The effect of scan rates at PDDS/TiO, composite film has been
investigated in N, saturated 0.1 M H;SO4 using CV studies. The
cyclic voltammograms are shown in Fig. 3. I, and I increase lin-
early with increase in scan rates between 100 and 1000 mV s~!. The
different scan rate result illustrates that electron transfer process
occurring at the composite film is a surface confined process. Fig. 3
inset shows the linear dependence of Ip, and Ipc with scan rates
between 100 and 1000 mVs~1.

The effect of pH on E°’ of PDDS/TiO, composite film has been
investigated using CV studies in N, saturated different buffer solu-
tions with pH 1, 4, 7 and 9. The results are shown in Fig. 4. It is
clear from Fig. 4(a) that composite film exhibits a well defined
reversible redox couple in pH 1. This shows the good stability of
composite film in acidic pH. However, when composite film modi-
fied ITO electrode was transferred to different pH solutions, redox
couple showed a steady potential shift with constant decrease in
both anodic and cathodic peak currents (see Fig. 4(b)-(d)). The lin-
ear dependence of E°’ of composite film with pH is shown in Fig. 4
inset. The slope value of E°’ vs. pH is observed to be 56 mV pH~!,
which s close to the theoretical slope value of 59 mV pH-! for equal
number of proton and electron transfer process.
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Fig. 3. Cyclic voltammograms recorded at PDDS/TiO, composite film in N, satu-
rated 0.1 M H,SO4 at different scan rates. The scan rates from inner to outer are:
100, 200, 300, 400, 500, 600, 700, 800, 900 and 1000 mV s~ . Inset shows the linear
dependence of I, and Ic on scan rates between 100 and 1000 mV s 1.

3.4. Surface morphological characterizations using SEM, AFM and
XRD studies

Fig. 5 shows top and 3D view of SEM and AFM images of PDDS,
nano TiO, and PDDS/TiO; film modified ITO electrodes. The top
view SEM image of PDDS film demonstrates thin polymer film
coated ITO electrode surface. Where, several flattened small PDDS
globular structures have been randomly distributed. In contrast,

Fig.4. Cyclic voltammograms obtained at PDDS/TiO, composite film in N, saturated
different buffer solutions with pH (a) 1, (b) 4, (c) 7, and (d) 9. Scan rate=50mVs~".
Inset shows influence of pH on the E°’ of PDDS/TiO, composite film.

3D AFM image of PDDS film surface shows random distribution of
slightly elongated PDDS globules with variable sizes. This result
illustrates that PDDS film growth is not efficient on the bare ITO
electrode surface. On the other hand, SEM image of nano TiO, film
possess numerous granular TiO, nanoparticles which are closely
distributed throughout the ITO electrode surface. Similarly, the
AFM image of nano TiO, film also illustrates the presence of granu-
lar TiO, nanoparticles. The size of TiO, nanoparticles was between
130 and 180 nm. On the other hand, SEM image of PDDS/TiO, com-
posite film depicts much uniform surface morphology. The TiO,
nanoparticles are not clearly seen since they are covered well by
the PDDS film. Likewise, AFM image of composite film also shows
several PDDS coated TiO, nanoparticles formed on the ITO elec-
trode surface. The uniform surface morphology of composite film
could be attributed to the efficient loading of PDDS globules in to
porous TiO, matrix. This result validates that nano TiO, modified
ITO electrode surface is more efficient for PDDS film growth. From
AFM data, the average surface roughness values of PDDS, nano TiO,
and PDDS/TiO, composite films have been calculated. They are 30.2,
1.84 and 7.21 nm respectively. It was apparent that average surface
roughness value of the composite film is 3.9-fold higher than that of
only nano TiO, film and 4.2-fold lower than that of PDDS film. The
notable enhancement in average surface roughness value at com-
posite film than nano TiO, film confirms the formation of PDDS
coating on TiO, nanoparticles, while the decrease in average sur-
face roughness value of composite film than PDDS film shows its
smooth surface morphology.

In order to ascertain the crystalline nature of TiO, nanoparti-
cles, X-ray diffraction (XRD) studies have been performed. Fig. 6
shows the XRD pattern of TiO, nanoparticles used in this work.
The results reveal that diffraction peaks seen in the XRD pattern of
TiO, nanoparticles correspond to anatase phase and they have good
crystalline nature. The peak positions and their relative intensities
are consistent with standard powder diffraction pattern of anatase
reported earlier [52,53].

3.5. EIS and light induced EIS studies at different film modified
ITO electrodes

EIS measurements were carried out in the absence of light at
bare, nano TiO,, PDDS and PDDS/TiO, composite film modified ITO
electrodes and the results are shown in Fig. 7(a). The supporting
electrolyte used was 0.1 M H,SO4 containing 5 mM Fe(CN)g3—/4-.
Inset represents Randles equivalence circuit model used to fit the
experimental data. Where, Rs represents electrolyte resistance, Ret
charge transfer resistance, Cg double layer capacitance and Z
Warburg impedance. The Rer and Cy; values calculated for all the
above-mentioned electrodes are given in Table 1. Generally, semi-
circle portion observed at higher frequencies in a Nyquist plot
corresponds to electron-transfer-limited process and diameter of
the semicircle corresponds to interfacial electron-transfer resis-
tance (Ret). Linear part of the spectrum is characteristic of lower
frequency range and represents diffusional-limited process [54,55].
In Fig. 7(a), an enlarged semicircle portion is observed at PDDS
film modified ITO. Its Ret value is 560 €2 (see Table 1). This result
indicates that PDDS film exhibits a substantial hindrance to elec-
tron transfer. On the other hand, the Nyquist plots of bare, nano
TiO, and PDDS/TiO, composite film modified ITO exhibit much
depressed semicircles. Their Re values are 330 €2, 240 2 and 170 2
respectively (see Table 1). Among all the above mentioned ITO,
smallest semicircle diameter with much lower Re; value (170 2)
has been observed at the composite film modified ITO which ulti-
mately reveals a rapid electron transfer process. Thus incorporation
of PDDS with TiO, nanoparticles leads to good conductivity and
rapid electron shuttling between the composite film and underly-
ing electrode surface.
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Fig. 5. Top view and 3D view of SEM and AFM images of PDDS, nano TiO, and PDDS/TiO, film modified ITO.

In addition, light induced EIS measurements have been con-
ducted at bare, nano TiO,, PDDS and PDDS/TiO, composite film
modified ITO in 0.1 M H,S0, containing 5 mM Fe(CN)g3~/4~. Prior
to EIS measurements, these ITO were subjected to 5 min irradia-
tion (optimized time) and then Nyquist plots were recorded. The
results are shown in Fig. 7(b). The Re¢ values of the above men-
tioned electrodes are given in Table 1. It is apparent from Fig. 7(b)
and Table 1 that PDDS/TiO, composite film possesses a much
depressed semicircle and smallest Re; value than bare, nano TiO,
and PDDS films. It is noteworthy that Re; value of the compos-
ite film is 2.1-, 1.3- and 14.3-fold smaller than that of bare, nano
TiO, and PDDS films. Photo induced EIS results thus corroborates
that among all the above-mentioned electrodes, composite film
surface demonstrates maximum photosensitivity and it drastically
promotes the rapid electron transfer process upon irradiation. Fur-
thermore, effect of irradiation time on the impedance behavior
of composite film has also been investigated using EIS studies.
Nyquist plots obtained at composite film for various irradiation
times such as 30s, 1min, 2 min and 5min are shown in Fig. 7(c).
The corresponding Re; values are presented in Table 2. The semicir-
cle diameter and Re; values of the composite film increase linearly
with increase in irradiation time (up to 5 min). However, there has
been no notable increase in capacitance values. Thus composite film
surface is highly photo sensitive for 5 min irradiation and this opti-
mized irradiation time has been used for the photoelectrocatalytic
experiments.

Fig. 6. XRD pattern of TiO, nanoparticles.



Y.-H. Ho et al. / Sensors and Actuators B 156 (2011) 84-94

Table 1

89

Ret and Cy values obtained at different film modified ITO both before and after 5 min irradiation of the electrode surfaces.

Film type Before irradiation After 5min irradiation
Electron transfer resistance, Ret (£2) Double layer capacitance, Cgj (.F) Electron transfer resistance, Re; (£2) Double layer capacitance, Cq; (W F)
Bare 330 14.03 1180 5.61
Nano TiO, 240 16.64 740 7.10
PDDS 560 20.5 7980 20.09
PDDS/TiO, 170 26.64 560 26.71

3.6. Investigation of electrocatalytic regeneration of NADH at
various modified ITO electrodes

Fig. 8(a)-(d) represents cyclic voltammograms obtained at bare,
nano TiO,, PDDS and PDDS/TiO, modified ITO electrodes in the
presence of 0.12 wuM NADH in N, saturated 0.1 M H,SO4. The poten-
tial range employed for electrocatalytic studies is between —0.1
and 0.5 V. As shown in Fig. 8(a) and (b), no significant anodic peaks
were observed at both bare and nano TiO, modified ITO electrodes
in this potential range. However, during forward potential scan,
PDDS/ITO exhibits a small anodic peak at 0.275V (see Fig. 8(c)).
During the reverse scan no cathodic peak was observed. In con-
trast, PDDS/TiO, composite film modified ITO exhibits an enhanced
anodic peak at 0.267 V in forward scan and a well defined cathodic
peak at 0.095V in reverse scan (see Fig. 8(d)). Moreover, anodic
peak current noticed at the composite film was 18-fold higher
than that of PDDS film. The great enhancement in anodic peak
current observed at composite film shows its promising electrocat-
alytic activity towards NADH. Similarly, well defined cathodic peak
observed at composite film validates the regeneration of NADH as
explained by following mechanism. The possible mechanism for
regeneration of NADH at composite film surface has been explained
below:

forward scan

NADH ™~ "5 ""'NAD®* + H' + e~ (1)

__reverse scan

NAD* + H' + e —  NADH (2)

In the above NADH oxidation pathway, oxidation of NADH in the
forward scan might result in the formation of NAD*® which could be
accompanied by the release of an e~ and one H* as illustrated in
Eq. (1). However, there is no direct electrochemical evidence avail-
able in the literature for neutral radical NAD* formation. Therefore,
we are not able to conclude the neutral radical NAD* formation
from CV results alone and considerable uncertainty exists in the
reaction pathway. On the other hand, Grodkowski et al. have inves-
tigated the one-electron transfer reactions involving the couple
NAD*/NADH in aqueous solutions using pulse radiolysis [56]. They
confirmed from their experimental results that one electron oxi-
dation of NADH are rather slow than similar reactions which are
driven by a similar redox potential difference. They reported a
potential of E=+0.30V vs. NHE for the couple NAD®*/NADH. Simi-
larly, Umrikhina et al. confirmed the NADH and NADPH free radicals
(NAD* and NADPH*) formation when NADH aqueous solution was
irradiated by UV light (340 nm) [57]. Although the above mentioned
studies confirm the possibility of NAD* formation, there is always
uncertainty in its formation in the NADH reaction pathway due
to its shorter life time. Therefore we believe that the oxidation

Table 2

of NADH in the present study could follow an alternative NADH
oxidation mechanism [58].

NADH — e~ — NADH** (3)

(4)
(5)

In the above mechanism, radical cation formation occurs in the
first step (Eq. (3)), followed by the deprotonation of radical cation
to NAD* (Eq. (4)). As reported earlier by Zhu et al. the poroton
transfer from the radical cation in Eq. (4) should be extremely fast
and possibly diffusion controlled in aqueous solution which they
confirmed from the very low heterolytic bond dissociation energy
(5.1 kcal/mol) calculated for NADH** [59]. NAD*® produced in Eq. (4)
should be immediately converted to NAD* at the electrode surface
as shown in Eq. (5).

_Ht
NADH** . NAD*
NAD* — e~ — NAD*

3.7. UV-vis absorption spectroscopy study as an evidence for the
conversion of NADH/NAD* in NADH oxidation reaction pathway

As reported earlier, UV-vis absorption spectroscopy can be
used as an effective tool to confirm the conversion of NADH
to NAD* [60]. Aqueous solution of NADH exhibits two absorp-
tion maxima at 260 nm and 340 nm [61]. Where, the absorption
band at 260 nm corresponds to the adenine ring and the other
at 340nm arises due to the reduced nicotinamide ring. On the
other hand, UV-vis absorption spectrum of NAD* possesses only
a single absorption band at 260 nm [62]. Since we prepared the
NADH solutions using 0.1 M H,SO4 in the present study, the char-
acteristic absorption band at 340 nm is rapidly lost at acidic pH
and it has been replaced by an absorbance band at 290 nm. This
shift is due to a transience directly related to acidity [63]. As a
result, we observed two characteristic absorption bands at 240
and 290 nm in the UV-vis absorption spectra of 20 nM NADH solu-
tion recorded in the wavelength range between 200 and 600 nm.
The intensity of these absorption bands increased linearly with
increase in NADH concentration between 20nM and 41 nM. In
order to confirm the conversion of NADH/NAD™, UV-visible absorp-
tion spectra were recorded before and after performing repeated
square wave voltammograms (SWVs) at PDDS/TiO, modified ITO
in 20nM to 41 nM NADH solution. The results show that the
absorption spectra of NADH recorded without performing SWVs
exhibits two characteristic absorption bands at 240 and 290 nm.
Whereas the absorption spectra of NADH recorded after per-
forming repeated SWVs possess only a single absorption band
at 240 nm, i.e. the absorption band at 290 nm disappeared. Fur-
ther, the intensity of the absorption band (A;49) increased with
increase in NADH concentration. Comparing Fig. 9(c) with (b) it

Ret and Cy values obtained at PDDS/TiO, composite film modified ITO electrode after different irradiation time intervals.

Film type Electron transfer resistance, Re; (£2) for various Double layer capacitance, Cg; (WF) for various

irradiation time intervals irradiation time intervals

30s 1 min 2min 5min 30s 1min 2min 5min
PDDS/TiO, 240 290 380 560 26.63 26.68 26.73 26.71
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Fig. 7. EIS of bare, nano TiO,, PDDS and PDDS/TiO, composite film modified ITO
obtained (a) without and (b) with 5 min irradiation in 0.1 M H,SO4 containing 5 mM
Fe(CN)s3~/4-; frequency: 0.1Hz to 100 kHz. Insets are: (a) Randles circuit for all
the above-mentioned electrodes and (b) EIS of PDDS film modified ITO electrode
obtained after 5min irradiation. (c) EIS of PDDS/TiO, composite film modified ITO
electrode recorded with 30s, 1, 2 and 5 min irradiation.

is obvious that the intensity of absorption band (A»40) obtained in
33 nM NADH solution is higher than that obtained in 29 nM NADH.
Thus the appearance of single absorption band (A349) and the aug-
mentation of its intensity with NADH concentration increments
confirm the conversion of NADH/NAD". Vijaya et al. reported a

Fig. 8. Cyclic voltammograms recorded at (a) bare, (b) nano TiO,, (c) PDDS, and (d)
PDDS/TiO; composite film modified ITO in the presence of 0.12 wM NADH in N,
saturated 0.1 M H,SOj4. Scan rate=50mVs~'.

similar UV-visible absorption band (A,4¢) for Vanadate stimulated
oxidation of NADH [64]. They confirmed from UV-vis absorption
results that oxidation of NADH was accompanied by an increase in
absorbance at 240 nm, and the spectrum of the reaction mixture
showed a peak at 240 nm which increased with time. Further, the
mechanism for NADH oxidation proposed by Vijaya et al. involves
the formation of NAD* free radical by the interaction of NADH with
VV in the first step which is followed by the reaction of NAD* with
oxygen to give NAD* and O, ~, which then gives rise to H, 0. UV-vis
absorption spectroscopy results obtained in the present study are
thus in good agreement with the previous results available in litera-
ture and it provides an evidence for the conversion of NADH/NAD".

3.8. Optimization of irradiation time and investigation of
photoelectrocatalytic regeneration of NADH at PDDS/TiO,
modified ITO electrodes

Owing to the excellent electrocatalytic ability of composite film
towards NADH we have carried out photoelectrocatalytic NADH
regeneration studies. Photoelectrocatalytic experiments were car-

Fig. 9. UV-vis spectra of (a) blank solution, (b) 29 nM, and (c) 33 nM NADH solu-
tions recorded after performing repeated SWVs at the composite film in the potential
range between —0.1 and 0.5V. Supporting electrolyte: 0.1 M H,SO4. The character-
istic absorption peak observed at 240 nM in (b) and (c) confirms the conversion of
NADH/NAD*.
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Fig. 10. The irradiation time optimization plot of PDDS/TiO, composite film; irra-
diation time intervals used were: 30s (filled triangle), 1 min (filled square), 2 min
(filled circle) or 5 min (unfilled circle); cyclic voltammorgrams were recorded at the
irradiated composite film ITO electrode at the scan rate of 50 mVs~' in N, saturated
0.1 M H;,S04 containing 0.005-0.12 wM NADH.

ried out using a light emitting diode (WLLO1) with an average
intensity of 63.581u (W/m?2). A normalized intensity/Volt of 1
(WV-1m~2) 472, 25 (nm, Anm) was employed throughout the
photoelectrocatalytic experiments. Initially, composite film irradi-
ation time was optimized and the results are shown in Fig. 10. Prior
to each NADH concentration addition, composite film surface was
irradiated for 30s, 1 min, 2 min or 5min and the light source was
turned off immediately. Then aliquots of NADH were sequentially
added into N, saturated 0.1 M H,SO4 and cyclic voltammograms
were recorded. From the obtained cyclic voltamograms photoelec-
trocatalytic anodic currents were measured and plotted against
[NADH]/M as shown in Fig. 10. It is clear that the photoelec-
trocatalytic NADH oxidation current generated at composite film
increases linearly with increase in irradiation time and sequen-
tial NADH concentration additions. The sensitivity values obtained
at the composite film for 30s, 1 min, 2 min and 5 min irradiation
are 58.5, 63.0, 64.9 and 109.7 wA WM~ of NADH. The correlation
coefficients are 0.984, 0.989, 0.983 and 0.994 respectively. Since
maximum photoelectrocatalytic response and higher sensitivity
has been observed at the composite film for 5min irradiation,
we have utilized this optimized time for all photoelectrocatalytic
experiments.

Fig. 11(a) and (b) shows the cyclic voltammograms recorded at
composite film before and after 5 min irradiation in the presence
of 0.005 wM NADH. Similarly, Fig. 11(c) and (d) represents cyclic
voltammograms recorded at the composite film in the presence of
0.12 M NADH as similar conditions as that of (a) and (b). The well
defined photoelectrocatalytic peaks with maximum I, and Ipc have
been observed at the composite film surface for 5 min irradiation.
However, even after 5 min irradiation no significant photoelectro-
catalytic peaks was noticed at bare ITO even in the presence of
0.12 M NADH (see Fig. 11(e)). This result confirms that photo-
electrocatalytic NADH regeneration ability of the composite film
is much higher than that of bare ITO. It could be attributed to the
presence of highly photosensitive TiO, nanoparticles layer and the
synergistic effect of PDDS/TiO, composite towards NADH. Fig. 11
inset plot shows linear dependence of peak currents observed at
composite film before and after 5 min irradiation with sequential
NADH concentration additions in the concentration range between
0.005 and 0.12 wM. The sensitivity and correlation coefficient val-
ues are 86.5uAuM-! and 124.1 wnAuM-1 of NADH and 0.995
and 0.996 respectively. Maximum sensitivity has been obtained
at the composite film after 5min irradiation which corroborates
its excellent photoelectrocatalytic regeneration ability for NADH.

Fig. 11. Cyclic voltammograms recorded before (a) and after 5 min irradiation (b)
of the PDDS/TiO, composite film in 0.005 wM NADH; (c) and (d) were obtained at
similar conditions as that of (a) and (b) but in presence of 0.12 wM NADH. (e) 5 min
irradiated bare ITO kept in 0.12 uM NADH. Scan rate: 50 mVs~!; supporting elec-
trolyte: N, saturated 0.1 M H,SO4. Inset is the plot of photoelectrocatalytic NADH
oxidation peak current (without/with 5 min irradiation) vs. [NADH]|; [NADH] range
used: 0.005-0.12 wM, respectively.

The linear concentration range is between 0.022 and 0.12 pM
NADH respectively. In addition, we have also explained the mecha-
nism of photoelectrocatalytic regeneration of NADH at PDDS/TiO,
composite film modified ITO electrode in Scheme 1. As demon-
strated in Scheme 1, irradiation of the PDDS/TiO, composite film
surface leads to photoexcitation. Upon NADH addition, photoex-
cited *(PDDS/TiO,) composite film surface notably triggers the
oxidation of NADH which involves the conversion of NADH/NAD*
accompanied by 2e~ and H* transfer. Dilgin et al. [40] and Gligor
et al. [41] reported similar photoelectrocatalytic excitation step for
NADH oxidation at poly (Toluidine Blue O) and polyphenothiazine
formaldehyde modified matrices.

3.9. Square wave voltammetry (SWV) studies

SWV studies have been performed before and after 5 min irra-
diation at PDDS/TiO, composite film modified ITO in 0.1 M H,S04
solution. The potential range was —0.1V to 0.5 V. Fig. 12(a)-(g) dis-

Scheme 1. The possible mechanism for photoelectrocatalytic NADH regeneration
at the PDDS/TiO, composite film modified ITO.
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Fig.12. Background substracted SWVsrecorded at 5 minirradiated PDDS/TiO, com-
posite film in the presence of (a) 20 nM, (b) 23 nM, (¢) 26 nM, (d) 33 nM, (e) 36 nM, (f)
39nM, and (g) 41 nM NADH. Supporting electrolyte: 0.1 M H,SOy4; frequency: 15 Hz.
Inset is the plot of photoelectrocatalytic NADH oxidation peak current (with/without
5 min irradiation) vs. [NADH]; [NADH] used: 20-41 nM, respectively.

play the background subtracted SWVs obtained at PDDS/TiO,/ITO
after 5 min irradiation with increasing NADH concentrations from
20nM to 41 nM. The calibration plot shown in Fig. 12 inset shows
that the NADH oxidation peak current observed at irradiated
composite film surface is several folds higher than that obtained
without irradiation and it increases linearly with increase in NADH
concentration additions. From the calibration plot of the irradi-
ated composite film, the linear concentration range is obtained
as 23 and 39nM NADH. The sensitivity is about 0.252 wAnM~1,
respectively. Further, the sensitivity of the composite film with
irradiation is higher than the sensitivity obtained without irra-
diation, i.e. 0.099 pAnM~1. Thus SWV results validate the good
photoelectrocatalytic efficiency of the irradiated composite film
towards NADH oxidation.

3.10. Repeatability, reproducibility and interference studies

SWV technique has been used to investigate the repeatability,
reproducibility and selectivity of the proposed method. Prior to
recording SWVs, PDDS/TiO, composite film surface was irradiated
for 5min and its photoelectrocatalytic response towards 33 nM
(within the working linear range) was investigated in 0.1 M H,SO4
supporting electrolyte solution. The relative standard deviation
(RSD) for six repetitive NADH measurements is 3.4% which validate
the good repeatability of the proposed method. Furthermore, in
order to ascertain the reproducibility of the proposed method, three
composite films modified ITO have been prepared and their sur-
faces were irradiated for 5 min. The photoelectrocatalytic response
of all three composite film electrodes towards 33 nM NADH was
examined using SWV technique. From the obtained SWVs, I, val-
ues of NADH noticed at all three composite film modified ITO
electrodes have been calculated and their relative standard devi-
ation (RSD) is 4.8%. This result reveals the good reproducibility of
the composite film for photoelectrocatalytic NADH oxidation.

In the present study, selectivity of the irradiated PDDS/TiO,
composite film surface towards NADH was investigated in the pres-
ence of common interferences like ascorbic acid (AA), dopamine
(DA) and uric acid (UA). Fig. 13(a) represents the square wave
voltammogram obtained at the irradiated composite film surface
in the absence of NADH. Whereas, Fig. 13(b) shows the square
wave voltammogram obtained at the composite film in presence
of 33 nM NADH. Comparing Fig. 13(b) with (a) it is clear that the

Fig.13. SWVsrecorded at5 minirradiated PDDS/TiO, composite filmin 0.1 M H,SO4
containing (a) no NADH, (b) 33 nM NADH, (c) 33 nM NADH along with 3.3 uM each
AA, DA, UA (100-fold), and (d) 33 nM NADH along with 6.6 uM each AA, DA and UA
(200-fold) frequency: 15Hz.

irradiated composite film exhibits an enhanced phototoelectro-
catalytic response towards 33 nM NADH. On the other hand, no
characteristic anodic peaks of AA, DA or UA appeared in this poten-
tial range even when their concentration was 100-fold higher, i.e.
3.3 wM of these interfering species coexist with 33 nM of NADH in
the same supporting electrolyte solution (see Fig. 13(c)). Further, no
notable change in the Ip, value of the composite film was observed.
Similarly, as shown in Fig. 13(d) even when the AA, DA and UA
concentration was increased 200-fold higher (6.6 .uM) no charac-
teristic peaks corresponding to the interfering species appeared.
However, a marginal increase in the I, value was observed. This
result indicates that composite film is highly selective towards
NADH detection. The good selectivity of the composite film could be
attributed to the repulsion between the negatively charged PDDS
layer and negatively charged interfering species. As a result of this
repulsive force, the diffusion rate of the interfering species towards
the electrode surface could be much slower and thereby less inter-
ference effect will be produced.

4. Conclusions

We investigated the photoelectrocatalytic regeneration of
NADH at PDDS/TiO, composite film modified ITO. Irradiation of
composite film surface for 5 min produced significant enhancement
in the NADH photocatalytic oxidation current. The photoelectro-
catalytic regeneration ability of composite film is notably higher
than that of only PDDS, nano TiO, and bare ITO electrodes. Fur-
ther, the composite film showed good photocatalytic activity, rapid
response towards NADH with good linear range and it possesses
good selectivity for NADH. Since the proposed PDDS/TiO, compos-
ite is highly photosensitive it could be used as a novel platform
to investigate the photoelectrocatalytic regeneration pathway of
some vital biomolecules.
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