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Abstract: A new biomimetic functional
system having an impure multiwalled
carbon nanotube (MWCNT-Fe)—chito-
san biopolymer (H,N-CHIT) chemical-
ly modified glassy carbon electrode
(GCE/[MWCNT-Fe:H,N-CHIT]) has
been developed and demonstrated effi-
cient hydrogen peroxide electrocatalyt-
ic and electrochemical sensing applica-
tions in pH 7 phosphate buffer solution
(PBS). The hybrid system showed
a stable and well-defined surface con-
fined redox peak at an apparent elec-
trode potential, E®=-0.22V versus

chemical experiments revealed that the
iron impurity in the MWCNT interact-
ed with the amino functional group of
the chitosan polymer and thereby
formed an unique complex-like struc-
ture  ([MWCNT-Fe""':NH,-CHIT]),
similar to heme peroxidase with a cen-
tral Fe"™redox-active site. The bio-
mimetic system followed Michaelis—
Menten-type reaction kinetics for the
H,0, reduction reaction with a Ky,
value of 0.23 mm. At pH 7, amperomet-
ric i—t sensing and flow-injection analy-
sis of H,O, on the biomimetic system

showed calibration plots in windows 5-
500 and 50-2500 pm, with detection-
limit values of 2.3 and 9.7 um, respec-
tively. Unlike most of the previously
reported systems that undergo serious
interferences in physiological pH, the
biomimetic system displayed a remark-
able tolerance to other co-existing in-
terferants (such as cysteine, ascorbic
acid, uric acid, nitrate, and nitrite), at
a H,0, detection potential similar to
the peroxidase enzyme. The ability of
the biosensor system to perform rou-
tine analyses was demonstrated by the

Ag/AgCl with surface excess value
13.63 nmolcm ™. Physicochemical char-
acterizations of the hybrid by using
FESEM, TEM, Raman spectroscopy,
FTIR, and various control electro-

tubes - sensors

Introduction

Trace impurities in carbon nanotubes (CNTs) such as graph-
itic carbon and metals of iron oxide, cobalt oxide, and nickel
oxide were found to have unique electrochemical behaviors,
especially electrocatalysis and electrochemical sensing. In
2006, Compton and co-workers first identified the electroca-
talytic activity of a Fe impurity in the CNT for H,O, reduc-
tion'"™® and hydrazine oxidation reactions."™ Later on,
Pumera etal. reported the electrocatalytic activities of
Fe,0,-24 NiO,-,?1 bimetallic Ni and Fe-,?¢ Co-, Mo-,
and Fe™ impurities in multiwalled CNT (MWCNT), single-
walled CNT (SWCNT), and double-walled CNT (DWCNT)
towards some organic compounds such as organic perox-
ides,® arginine, histidine,”® L-glutathione,” sulfide? and
hydrazine,”™! H,0,”*" and glucose.! Similarly, the presence
of graphitic impurities within the CNT brings an electrocata-
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detection of H,O, present in simulated
milk and clinical and cosmetic samples
with appreciable recovery values.

carbon -

heme - nano-

lytic effect to hydroquinone,® phenol,”” carbamazepine,

azo groups,”Y NADH,”! hydrazine,*" and biomolecule oxi-
dation reactions.”® Recently, our group observed the im-
proved molecular wiring of hemoglobin (Hb; heme protein)
on the impure MWCNT. ! Although nanometallic impuri-
ties in the CNT are a unique source for derivatization, so far
only a few reports are available for new CNT-impurity-
based hybrid compounds.*! The availability of the impuri-
ties in a low concentration and difficulty in accessing the
buried metallic sites inside the CNTs are limitations of the
impurities for further derivatizations. Herein, we report the
electro-assisted complexation of iron impurity in the
MWCNT (MWCNT-Fe) with the amino functional group of
chitosan (NH,-CHIT) ([MWCNT-Fe:NH,-CHIT]). The new
hybrid chemically modified electrode showed a highly
redox-active characteristic, which is similar to that of the
redox and functional behaviors of heme peroxidase.

The design and development of an efficient heme enzyme
biomimic is of considerable research interest in analytical,
biochemical, and clinical chemistry due to the limitations of
the features of the natural enzyme, which is found to have
complicated isolation and purification steps, less stability,
high cost, and easy denaturation.”! In general, for any
system to biomimic the natural enzyme, it would need to
fulfill the following four key criteria: 1) structural and func-
tional similarity, 2) matching of the redox potential, 3) op-
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erational at a neutral pH conditions, and 4) high selectivity
towards the target analyte. Considering the above criteria,
the following representative compounds were reported as
biomimics of heme peroxidase protein; porphyrins of Fe,
Mn, and Co,/** % hemin,"" and its functionalized compounds
such as B-cyclodextrin-hemin,[™ phytol-modified hemin!™
and hemin carbon nanomaterial ¥ ferric 2-hydroxy-1-naph-
thaldehyde thiosemicarbazone®™ Fe;O, magnetic parti-
cles,>®< hematin,®¥ prussian blue,”*® Fe-meso-tetrakis[4-
(N-trimethyl)aminophenyl]-porphophine, Fe-meso-tetra-
kis(4-N-methylpyridinium) porphophine,’ and FeS.’*¢! Un-
fortunately, most of the existing compounds do not fulfill all
the four biomimetic criteria. For instance, metal porphyrins
and hemin have less selectivity because the compounds can
also mediate other biochemicals such as nitrite, catechol,
and dopamine.® ! Prussian blue analogues shows less sta-
bility in neutral pH.""*4 Fe,O, and FeS exhibit either zero
or poor redox signatures.”**<! A new heme peroxidase bio-
mimetic introduced in this work, [MWCNT-Fe:NH,-CHIT],
prepared by an electrochemical method on a glassy carbon
electrode (GCE) showed highly selective, stable, efficient
redox-active, and neutral pH-operational characteristics,
unlike the conventional systems used for H,O, reduction.
The GCE/[MWCNT-Fe:NH,-CHIT] is characterized by vari-
ous physicochemical techniques such as field emission scan-
ning electron microscopy (FESEM), transmission electron
microscopy (TEM), Raman spectroscopy and Fourier trans-
form infrared (FTIR) spectroscopic and electrochemical
techniques (cyclic voltammetry (CV), rotating disc electrode
(RDE), and amperometric it and flow injection analysis
(FIA)). The analytical utility towards selective H,O, sensing
in various real samples (i.e., clinical, cosmetic, and milk) is
also demonstrated in the final

section of the work.

A. GCE/{MWCNT-Fe:NH,-CHIT}

Dt Europe

of cycles, n=10), respectively, is deduced. The modified
system, GCE/[MWCNT-Fe:NH,-CHIT], is surface-confined
electron-transfer in nature (the plot of the peak current vs.
scan rate is linear, Figure 2 A and B) and follows the pH-de-
pendent Nernstian characteristic (plot of E,. vs. pH is linear
and AE,/ApH=—(30£3) mV, Figure 2C and D). Control
CV experiments of the single-material-modified systems,
GCE/MWCNT and GCE/CHIT failed show any such inter-
esting redox features (Figure 1 A, curves b and c). These ob-
servations showed a unique redox feature of the mixture
chemically modified electrode (CMEs). Other forms of
carbon, that is, functionalized (f-)MWCNT (Figure 1B), pu-
rified (p-)MWCNT (Figure 1C), graphite nanopowder
(GNP, Figure 1D) and activated carbon (AC, Figure 1E)
were also subjected to [Carbon+ CHIT]-chemically modified
electrode preparation such as in the case of GCE/
[MWCNT-Fe:NH,-CHIT] and CV studies were performed
in pH 7 PBS. With the exception of the GCE/[f-MWCNT +
CHIT] system, which showed E° and I" values of —(110+
5) V versus Ag/AgCl and 10.96 nmolcm 2, respectively (Fig-
ure 1B), none of the above CMEs displayed any marked
redox signatures (Figure 1 C-E). Note that the E value ob-
tained with [f-MWCNT +CHIT] (—110 mV vs. Ag/AgCl) is
distinctly different from the value —220 mV vs. Ag/AgCl for
the [MWCNT-Fe:NH,-CHIT] system; however, it closely
matches with the value —100 mV vs. Ag/AgCl for the previ-
ously reported -MWOCNT covalently grafted CHIT hybrid
system (possibly through amide bonding, —C(=0)—NH-)
-modified electrode prepared by chemical synthesis
route).m] From the above results, the following conclusions
can be derived: 1) A specific and strong interaction between
impure MWCNT with CHIT polymer; presumably, metal

B. GCE/{£-MWCNT-+CHIT}

C. GCE/{p-MWCNT-+CHIT}

100

Results and discussion

Electrochemical characteristics
of the biomimicking system:
Figure 1 A displays 20 continu-

ous CV responses of the
[MWCNT + CHIT] mixer modi-
fied-GCE, (GCE/[MWCNT+

CHIT]) scanned in a potential
window —0.7 to +0.7 V versus
Ag/AgCl at scan rate of
50mVs™ in pH7 PBS (step 2,
Scheme 1). A well-defined
redox behavior (A1/Cl) at an
apparent standard electrode po-
tential (E"=E,+E,2)=
—(220£10) mV  versus Ag/
AgCl with surface excess (I)
and relative standard deviation
(RSD) values of
13.64 nmolecm 2 and 0.78 % (no.
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Figure 1. Continuous CV responses of A) GCE/[MWCNT-Fe:NH,-CHIT] (curve a), GCE/MWCNT (curve b)
and GCE/CHIT (curvec), B) GCE/[f-MWCNT+CHIT], C)GCE/[p-MWCNT +CHIT], D) GCE/[GNP +

0.4 -0.4 0.0 04
E vs. (Ag/AgCly/V

CHIT], and (E) GCE/[AC+CHIT] in pH 7 PBS at a scan rate 50 mVs'.
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Scheme 1. A)-D) Schematic illustration for the fabrication of GCE/[MWCNT-Fe:NH,-CHIT] and E) SEM and F)-H) TEM images.
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Figure 2. A) Effect of scan rate on CV response of GCE/[MWCNT-Fe:NH,-CHIT] in pH 7 PBS; B) plot of peak currents versus scan rate; C) effect of
solution pH on CV response of GCE/[MWCNT-Fe:NH,-CHIT] at scan rate=50mVs™'; D) plot of E,. versus pH, and E) CV responses of GCE/

[MWCNT-Fe:NH,-CHIT] without (curve a) and with saturated dissolved oxygen (DO; curve b), GCE/MWCNT (curve c), and GCE/CHIT (curve d)
with saturated DO in pH 7 PBS at a scan rate of 10 mVs'.
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impurities in the MWCNT and the amino functional group
of CHIT may form a coordination complex and 2) the redox
potential of the GCE/[MWCNT-Fe:NH,-CHIT] is compara-
ble to the standard E° value of the heme peroxidase system
(—(270+£10) mV vs. the saturated calomel electrode or
—(225+10) mV vs. Ag/AgCl).!3"]

To obtain precise structural details, the [MWCNT-
Fe:NH,-CHIT] system was subjected to several physico-
chemical characterizations and the results are summarized
below:

1) SEM images of pristine-MWCNT and the hybrid dis-
played in the Figure S1A and B (the Supporting Infor-
mation) and Scheme 1E showed white-colored polymeric
objects wrapped around the surface of MWCNT, possibly
the CHIT on the CNT.

2) TEM characterization of the hybrid provides supportive
information about the impurities as smaller black-col-
ored particles and CHIT layer as a dark-grey-colored
continuous layer wrapped around the CNT (Scheme 1F-
H and Figure S1C, the Supporting Information). The
iron content in the hybrid system on the black-colored
selective spot area calculated by using EDAX was
3.66% (36600 ppm). The value at other CNT walls area
was 0.35% (3500 ppm). Raman spectrum response (Fig-
ure 3A) of an optimal screen-printed electrode (SPE)-
Au/[MWCNT-Fe:NH,-CHIT] (step II conditioned; the
optimal; curve ¢) (Ip/Ig=0.41) in comparison with sever-

al control systems, SPE-Au/[MWCNT+CHIT] (stepI
conditioned, i.e., before the electrochemical cycling;
curve b) (Ip/I5=0.56) and SPE-Au/MWCNT (curve a)
(Ip/1=0.62) yielded a significant decrement in the ratio
(Ip/I;) of D (disorder graphitic structure) and G (graph-
itic structure) band peaks. The decreased ratio value may
indicate a specific interaction of MWCNT with CHIT.!!
Since the impure MWCNT-coupled CHIT showed effec-
tive redox behavior, we expect the impurities present in
the MWCNT might have a specific role for the interac-
tion. It has been reported that metal oxides, such as
Fe,0;, Co;0,, NiO, and carbonaceous species like graph-
ite and amorphous carbon are present in trace amounts
within the MWCNT as impurities.”***] To find out
which metal impurity is responsible for the interaction
with CHIT, the metal oxides; Fe,O;, Co;0,, and NiO
were discreetly combined with CHIT for chemically
modified glassy carbon electrode preparation as in the
optimal electrode ([MWCNT-Fe:NH,-CHIT]) and then
subjected to CV and H,0, electrocatalytic studies. It was
expected that electrocatalysis of the metal complex
would be much better than in the metal oxide systems.
As can be seen in Figure S2 (the Supporting Informa-
tion), the [Fe,O;+CHIT] composite yielded a very
feeble redox feature at E®=—(480+5) mV versus Ag/
AgCl and showed an eight times higher H,O, reduction
reaction signal than the Fe,O;, NiO, Co;0, [NiO+
CHIT], and [Co0;0,+CHIT] composite systems. Note

B.
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¢. Fe;03
b. The optimal hybrid (step I) 3425 C.
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Figure 3. A) Raman spectroscopy and B) and C) FTIR/KBr responses of [MWCNT-Fe:NH,-CHIT] and its control systems.
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that with the exception of [Fe,O;+CHIT] (Figure S2 A,
the Supporting Information), none of the other control
systems including [NiO+CHIT], (Figure S2B) and
[Co,0;+ CHIT] (Figure S2C) failed to show any signifi-
cant redox feature in this study. This observation specu-
lates specific role of iron oxide within the MWCNT for
further interaction with CHIT. In fact, a four- or six-coor-
dinated Fe™-Chitosan complex has already been report-
ed in the literature.®" Because the environment struc-
ture of impure Fe and bulk Fe,O; are different, there
was difference in the E® of the respective hybrids. It is
expected that during the electrochemical pre-treatment
step (Scheme 1, step 2), the iron impurity existing in the
form of Fe metal or Fe,O; might be electrochemically
converted to an iron ion (Fe** and Fe**) and subsequent-
ly involved in the complexation. Note that analysis of the
trace metal by using electrothermal atomic absorption
spectrometry (ETAAS) showed the Fe content values
21000 (2.1%), 6000 (0.6%) and 6000 ppm (0.6%), re-
spectively, with the bulk pristine-, functionalized- and pu-
rified-MWCNT samples. Observation of selective redox
behavior with the pristine MWCNT + CHIT system (Fig-
ure 1 A) may indicate the inaccessibility of the Fe in the
p-MWCNT and f-MWCNT by the CHIT polymer. On
the other hand, an Fe content of 21000 ppm may be the
optimal value for efficient [MWCNT-Fe:NH,-CHIT]
complexation.

3) The FTIR response of [MWCNT-Fe:NH,-CHIT] dis-
played in Figure 3B further supports the above observa-
tions. As can be seen with the optimal system (curve a)
specific peaks correspond to amino group at 1578 cm™
(On.n) and carbonyl group (>C=0) from the amide site
of CHIT at 1641 cm™ (vypc—0). A control FTIR of
CHIT (curve b) yielded similar-fashioned peaks but with
15 (1563 cm™') and 8 cm ™' (1633 cm™") shifts in the corre-
sponding values, which might be due to the coordination
complex interaction. An extended control experiment
with a [Fe,O;+CHIT] chemically modified electrode
(curve ¢) (prepared as in the optimal case) displayed an
identical amino function group value to that of the
[MWCNT-Fe:NH,-CHIT] (1578 cm™). For comparison,
the FTIR response of a heme protein (Hb) is also dis-
played in Figure 3B (curve d), in which the amide I
(1645 cm™') and amide II (1535 cm™') peaks resemble the
amide functional group of [MWCNT-Fe:NH,-CHIT].
Similarly, at a low frequency region (570-660 cm™'; Fig-
ure 3 C), the values due to the Fe—O/Fe—N stretching of
heme (578, 590, 609, 621, 626 and 640 cm™') closely
match the values for the [MWCNT-Fe:NH,-CHIT] (575,
590, 607, 613, 627, and 638 cm™') and [Fe,05-CHIT] (575,
588, 603, 615, and 628 cm™') systems. No such unique be-
havior was observed with individual samples; CHIT,
MWCNT, and Fe,O;. Based on the pH-dependent elec-
trochemical behavior (Figure2C and D), Fe,Os-based
control experiment (Figure S2, the Supporting Informa-
tion), and physicochemical characterization data
(Figure 3 and Scheme 1E-H), a possible structure for
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[MWCNT-Fe:NH,-CHIT] is sketched in Scheme 1D; in
which the Fe of the MWCNT is complexed with CHIT-
NH, and hydroxy/H-OH ligands (FTIR,
~3350cm™') in a six-coordinated Fe™™
similar to the heme peroxidase active site.

Von/H-oH
arrangement

To understand the intriguing mechanistic feature and bio-
mimetic functional activities of the hybrid [MWCNT-
Fe:NH,-CHIT] system, several more control experiments
and hydrogen peroxide electrochemical reduction tests were
also performed. Figure 4 A-E are typical CV responses of
various hybrid [carbon-CHIT] chemically modified GCEs
for H,O, electrochemical activity in pH7 PBS at v=
10mVs™. The GCE/[MWCNT-Fe:H,N-CHIT] showed
a H,0, reduction peak potential (E.) at —0.16 V versus
Ag/AgCl, in which the A1/C1 redox peak exists (Figure 4 A,
curvesa and b); whereas the unmodified GCE/MWCNT
displayed about a 200 mV increased overpotential and
~50% decreased peak current values when compared with
the optimal case (Figure 4 A, curve c). The H,O, reduction
on the optimal electrode is diffusion-controlled electron-
transfer in nature (data not enclosed) and showed a CV cali-
bration plot in the concentration window of 100-2500 um
with a current sensitivity value of 80 nA um™' (inset plot Fig-
ure 5A). Other forms of CNT chemically modified elec-
trodes, that is, GCE/[f-MWCNT +CHIT] (Figure 4B) and
GCE/[p-MWCNT + CHIT], (Figure 4C) yielded overpoten-
tials of about 300 and 400 mV, respectively, when compared
with the optimal case for the H,O, reduction. Extended ex-
periments with bulk carbon materials, GCE/[GNP + CHIT]
(Figure 4D) and GCE/[AC+ CHIT] (Figure 4E) also result-
ed in poor H,0O, reduction current signals. Hence, it is clear
that the [MWCNT-Fe:NH,-CHIT] hybrid system has superi-
or electrochemical performance and functional similarity
with the heme peroxidase.

The electrocatalytic function of the biomimetic system
was further analyzed by using the RDE technique, in which
a RDE-glassy carbon electrode was modified with
[MWCNT-Fe:NH,-CHIT] and subjected to CV at slow scan
rate (10mVs™) under various hydrodynamic rotation
speeds (50-1000 rpm) as in Figure 6 A. Systematic increases
in the current response against increase in the rpm values
were noticed. The system follows the Levich Equation:
i ;= [0.62nFAD**""*C *]w"?, in which a linear response of
hydrodynamic current, measured at different potentials (E);
-04 (E,), —045, —-0.5, —0.55, —0.6, —0.65, —0.7, and
—0.75 V versus Ag/AgCl (Eg) against the square route of an-
gular velocities, was noticed (Figure 6B). The following
Koutecky-Levich Equations (1)and (2) were applied for the
kinetic parameter calculation:®*"

1/ipp = 1/iy +1/0.62nFAD*3v o 12 C * (1)
ik = nFAthO*F (2)

in which kj, is the heterogeneous rate constant of the H,0O,
reduction reaction on the biomimetic system-modified elec-
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Figure 4. CV responses of A) GCE/{MWCNT-Fe:NH,-CHIT} (curve b), GCE/MWCNT (curve c), and GCE/CHIT with 500 um of H,0, (curve d), and
curve a is the GCE/[MWCNT-Fe:NH,-CHIT] response without the analyte; B) GCE/[f-MWCNT + CHIT], C) GCE/[p-MWCNT +CHIT], D) GCE/
[GNP + CHIT], and E) GCE/[AC+CHIT] without (curve a) and with 500 um of H,O, (curve b) in pH 7 PBS at v=10 mVs'. E, = Electrocatalytic po-

tential.
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Figure 5. A) Effect of H,0, concentration on the CV response of GCE/[MWCNT-Fe:NH,-CHIT] in pH 7 PBS at v=10mVs™". Inset plot is [H,0,]
versus i,.; B) Amperometric it response of GCE/[MWCNT-Fe:NH,-CHIT] (curves a and d), GCE/MWCNT (curve b), GCE/CHIT (curve c) with 5
(curve d), or 50 um H,O, spikes at an applied potential of —0.2 V versus Ag/AgCl in pH 7 PBS and C) calibration plot of [H,0,] versus current.

trode surface, iy is the kinetic current, i;  is the current mea-
sured at limiting current (L) or different potentials (E), w is
the angular velocity, C,* is the H,0, analyte concentration,
F is the Faraday constant, A is the electrode area (cm?), and
D is the diffusion coefficient. A plot of i ;' versus o '?
yielded linear lines and the respective i, values were calcu-
lated from the intercepts (Figure 6 C). Finally, the value of
k,=1.11x10° mol 'cm’s™! can be obtained by applying the
i, values into Equation (2). Note that this value is compara-

17108 ——

www.chemeurj.org

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ble to the metal-porphyrin-based biomimetic system for the
H,0, electrocatalysis (1.2 x 10° mol ' cm®s™").1

To provide evidence to further support the biomimic func-
tion of the new system, we also subjected the electrode to
the dissolved oxygen (DO) reduction reaction, as in the
heme function,'” shown in Figure 2E. It is interesting to
notice that the [MWCNT-Fe:NH,-CHIT] system showed ex-
cellent electrocatalytic DO reduction, which enhanced the
current signal by about two-fold and resulted in about
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Figure 6. (A) RDE responses for the reduction of 500 um H,0, on GCE/[MWCNT-Fe:NH,-CHIT] at different rotation speeds (50-1000 rotations per
minute (rpm)) at v=10mVs™; (B) Levich and (C) Koutecky-Levich plots at different potentials (E;~Eg: —0.4, —0.45, —0.5, —0.55, —0.6, —0.65, —0.7,

and —0.75 V versus Ag/AgCl) for the RDE response.

a 200 mV reduction in the overpotential compared with the
unmodified electrode (GCE/MWCNT). Table 1 summarizes
some of the structural and functional similarities of
MWCNT-CHIT relative to the heme protein (hemoglobin).
Overall, it is obvious that the new system introduced in this
work is unique for biomimetic function. The electroanalyti-
cal application of the biomimetic system is further demon-
strated in next section.

Table 1. Comparison of some of physical and functional parameters of
GCE/[MWCNT-Fe:NH,-CHIT] with the heme protein.

No. GCE/[MWCNT-Fe: Heme
NH,-CHIT] protein

S1  Fe""M redox system

S2  Characteristic IR peaks:
1641 cm™!
(amide I band), 1578 cm ™"
(amide II band) and 590 cm ™' (amide I band) and 590 cm ™'
(Fe—O vibration) (Fe—O vibration)

S3  E°=—(220+10) mV vs. Ag/AgCl E°=—(380+10) mV vs. Ag/AgCl

S4 O, catalysis O, catalysis

S5 H,0, electrocatalysis at —0.16 V. H,0, electrocatalysis at —0.12 V
vs. Ag/AgCl (starting potential)  vs. Ag/AgCl (starting potential)

S6  Other chemicals: Other chemicals:
No interference No interference

Fe"™ redox system
Characteristic IR peak:
1645 cm™

(amide I band), 1535 cm™"

Analytical application: The GCE/[MWCNT-Fe:NH,-CHIT]
showed excellent amperometric i~ sensing response to
H,0, in physiological solution. As can be seen in Figure 5B,
spikes of 50 um of H,O, at the applied potential of —0.2 V
versus Ag/AgCl showed systematic increase in the current
signals (curve a); whereas the unmodified electrodes such as
GCE/MWCNT (curve b) and GCE/CHIT (curve c) failed to
show any such current responses. A plot of the amperomet-
ric current against the concentration of H,0, (Figure 5C)
shows that [H,0,] is linear up to 400 um, with current sensi-
tivity and regression coefficient values of 50 nA pm™
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(0.7072 AM'cm™2) and 0.9985, respectively. Ten successive
spikes of 5 um of H,O, resulted in a relative standard devia-
tion (RSD) value of 2.6% (Figure 5B, curve d). The calcu-
lated detection limit (signal-to-noise ratio=3) is 2.3 um. The
sensitivity and detection limit values obtained were relative-
ly better than that of other biomimicking and enzyme
systems such as hemin—carbon nanofiber (0.002 Am'cm™
and 2 pm) and hemin-carbon nanotube (0.024 Am ‘cm™
and 30 pm),l FeS nanoparticles/glutaraldehyde
(0.026 AM'cm™ and 4.03 um)® and HRP immobilized
sol-gel ceramic CNT (0.0057 AM'cm™ and 12.89 pm)!'”!
chemically modified electrodes. Most importantly, in con-
trast to the previous cases with serious interference, the
[MWCNT-Fe:NH,-CHIT] showed a tolerable current signal
to other biochemicals such as NO,” (hemin- and Fe;O,-
modified electrodes),’*®! ascorbic acid (hemin- and iron-
(IIT) porphyrin-modified electrodes),’®! cysteine (Fe;O,-
graphene oxide™ and Prussian blue!™® systems) and uric
acid (Figure S3, the Supporting Information).’*"!

The amperometric i~ response was further extended to
allow the calculation of some kinetic parameters by the Mi-
chaelis-Menten (MM) mechanism. A possible reaction path-
way for the reduction of H,O, by the biomimetic system is
given in the Scheme 2, in which the analyte H,O, first binds
on the reduced form of the biomimetic site reversibly
(step 1), followed by the reduction of the H,O, with the
simultaneous formation of oxidized form of the biomimic,

2

H,0, H,0, OH"
+ Ky H ke, +
[MWCNT-Fe!:NH,-CHIT] mg="= [MWCNT-Fe':NH,-CHIT| — g [MWCNT-Fe'":NH,-CHIT]
Step 1 Step 2, rds
k'Me

at-0.2V vs. Ag/AgCl
Step 3

Scheme 2. Michaelis—-Menten reaction pathway for the electrocatalytic re-
duction of H,0, on GCE/[MWCNT-Fe:NH,-CHIT]; rds =rate-determin-
ing step.
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that is, [MWCNT-Fe"":NH,-CHIT] through an inner-sphere
electron-transfer mechanism (step 2). Finally, the active site,
[MWCNT-Fe":NH,-CHIT] is regenerated at the A1/C1 op-
erating potential as in step 3. Ky, the apparent MM constant
(mm), k., the first order chemical rate constant (s™') and
k'mie, the heterogeneous modified-electrode rate constant
(cms™') were deduced from the following MM Equation by
using the Lineweaver-Burk approach as per our previous
reported procedure!’®* for the catalytic current; the values
are k,=028s"', Ky=023mmM and k'y;=16x10"cms™".
Note that the K, value obtained in this work is less than the
reported literature Ky, values of 1.27 mm (FeS nanoparticles
biomimicking peroxidase system),”! 0.66 mm (Nf-HRP/PS-
MWCNT/Au)"! and 1.35 mm (HRP/CNT-Sol-gel).""™! This
observation represents the higher catalytic activity of the
present system.[

In addition, the FIA of H,0O, was also studied by using
a FIA-GCE/[MWCNT-Fe:NH,-CHIT] as a electrochemical
detector. Interrelated hydrodynamic parameters were opti-
mized individually at a flow rate of 0.75 mLmin™' and ap-
plied potential (E,,,) of —0.2 V versus Ag/AgCl. A reprodu-
cible current-time response was obtained upon successive
injections of different H,O, concentrations range from 100
to 500 um (Figure 7 A, curve a). Meanwhile, as a control ex-
periment, a sol-gel polymeric system that does not have

b. GCE/[MWCNT-sol-gel]

H,0, CySH AA UA NO3" NO'

v

“;F,i»iw—i—fw

| | 1 | |

a. GCE/[MWCNT-Fe:NH»-CHIT]

Current

500 uM

0.56 nAum~" with the MWCNTs-HRP enzyme-based flow
injection analysis with electrochemical detection (FIA-
ECD) system.” Ten continuous spikes of 50 um of H,0,
yielded an RSD of 5%. The calculated detection limit
(signal-to-noise ratio=3) value by the FIA method is
9.7 um. The FIA-ECD was also subjected to detection of
various biochemicals; cysteine (CysH), ascorbic acid (AA),
uric acid (UA), nitrate (NO5"), and nitrite (NO,”). As in the
amperometric i--f response in Figure S3 (the Supporting In-
formation), no interference was noticed in the FIA (Fig-
ure 7B). This observation implies a highly selective detec-
tion of H,0O, in this work, similar to enzyme-based detection
methodologies. Finally, to validate the biomimetic-based de-
tection approach, three real H,O,-containing samples: a clin-
ical (sample 1) (Figure 7C), a cosmetic (sample 2), and
a milk sample (sample 3; see the Experimental Section (pro-
cedures) for further details), were subjected FIA-ECD by
using a standard addition approach method.”"! Table S1 (the
Supporting Information), shows the detailed information of
H,O0, detection. The original detected values of clinical and
cosmetic samples are 88.75 and 1.25 um, respectively. The
calculated recovery values were ~100%, which indicates
the appreciable analytical performance of the system.

Conclusion

An impure multiwalled carbon

nanotube—chitosan polymer

hybrid composite chemically

modified glassy carbon elec-

trode, GCE/[MWCNT-Fe:NH,-
R+852 CHIT] was prepared and
a unique electrochemical redox
behavior at E“=-022V
versus Ag/AgCl in pH7 PBS
Eoom was observed. The redox
I

"
0 200
[H202)/pM

system mediates hydrogen per-

500 1000 1500 1000 1500 2000
t/s t/s

Figure 7. A) FIA responses of a) GCE/[MWCNT-Fe :NH,-CHIT] and b) GCE/[MWCNT-sol-gel] with different
[H,O,]; B) Effect of interference of various biochemicals at H,O, sensing conditions; C) Real sample analysis
app=—0.2V versus Ag/AgCl and flow rate,

for the detection of H,0O, in clinical sample at a fixed potential, E,
H;=0.75 mLmin"" in pH 7 PBS.

amino terminal to complex with iron system was also com-
bined with MWCNT. It was prepared as in the case of the
biomimetic electrode, designated as the GCE/[MWCNT-
sol-gel], and also subjected to FIA of H,0,. As expected,
the above sol-gel-modified system failed to show any H,O,
signal (Figure 7A, curve b), which may be due to the ab-
sence of the unique complex formation. The biomimetic de-
tector showed a calibration plot in the H,O, concentration
window of 50 to 2500 um with a sensitivity value of
0.59 nA v~ (0.8345 Am~'cm™; Figure S4, the Supporting
Information). This value is comparable to the value of
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500 1000 oxide and dissolved oxygen re-

tls duction reactions in neutral pH
solution. Control experiments
with purified- and functional-
ized-MWCNT combined chito-
san polymer systems failed to
show any such unique electro-
chemical/electrocatalytic ~ fea-
tures. The new composite system was characterized by using
FESEM, TEM, Raman spectroscopy, FTIR, and electro-
chemical techniques. Several control experiments using iron
oxide, cobalt oxide, nickel oxide, graphite, and activated
carbon combined with chitosan were tested for the electro-
chemical activity. It has been revealed that combining the
iron impurity in the MWCNT complexes with the amino
functional group of chitosan can yield the unique electro-
chemical and electrocatalytic features in neutral pH, similar
to the heme peroxidase function. A mechanism for the elec-
trocatalytic function of H,O, was explained in terms of Mi-
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chaelis-Menten-type enzymatic kinetics, in which the re-
duced form of the iron(II)-chitosan complex mediated the
reduction reaction. The calculated heterogeneous rate con-
stant value, k;,, obtained by the rotating disc electrode tech-
nique, was matched with the porphyrin-based biomimetic
system data. Analytical application of the new peroxidase
biomimic for H,O, sensing was demonstrated by using am-
perometric i—t and flow injection analysis methods. In con-
trast to previous literature reports, which showed serious in-
terference with co-existing biochemicals or instability in
neutral pH solution, the system showed negligible interfer-
ence of other co-existing biochemicals, such as cysteine, ni-
trite, nitrate, uric acid, and ascorbic acid, as in the perox-
idase enzyme function. Finally, applications of the present
biomimetic system to test the H,O, in various real samples
were successfully demonstrated with ~100% recovery
values. Overall, the present work is unique in following re-
spects: 1) a specific report for the derivatization of iron im-
purity in MWCNT with chitosan to a new coordination com-
plex system, 2) the first report for the biomimetic function
of the iron impurity in MWCNT, 3) the present hybrid elec-
trode fulfills all the necessary criteria of a biomimetic
system and 4) it is extendable to the analysis of several real
samples.

Experimental Section

Chemicals and reagents: MWCNT, (>90% carbon basis, outer diameter:
10-15 nm; inner diameter: 2-6 nm; length 0.1-10 um), nickel(II) oxide
nanopowder of size 50 nm (99.8% trace metal basis) and iron(ILIII)
oxide nanopowder of size 50 nm (~98% trace metal basis) were ob-
tained from Sigma-Aldrich. Cobalt oxide (99% purity) was obtained
from SRL, India. Graphite nanopowder (GNP; 400 nm, ~98% purity)
was purchased from SRL, India. Hydrogen peroxide was obtained from
Rankem, India and stored in a refrigerator. Other chemicals used were
all of analytical grade and used without further purification. Screen-print-
ed gold (SPE-Au) and -carbon electrodes (SPCE) (0.0707 cm?) were
gifted by Prof. Jyh-Myng Zen. Aqueous solutions were prepared using
deionized and alkaline potassium permanganate distilled water (designat-
ed as DD water). The supporting electrolyte, pH 7 phosphate buffer solu-
tion (PBS) of ionic strength 1=0.1 molL™' was used throughout this
work.

Instrumentation: Voltammetric measurements were carried out with CHI
models 440B (for CV) and 760D (for RDE) electrochemical workstation
(USA). The three-electrode system consisted of a glassy carbon (Tokai,
Japan, 3 mm diameter, 0.0707 cm’® area), or of a chemically modified
form, as the working electrode, Ag/AgCl as the reference electrode, and
a platinum wire as the auxiliary electrode. Glassy carbon Rotating disk
electrode (0.0707 cm*) was purchased from Bioanalytical systems Inc
(BAS), USA (Model- RRDE-3A). The FIA system consisted of Hitachi
L-2130 pump delivery (Japan), a Rehodyne model 7125 sample injection
valve (20 uL loop) with interconnecting Teflon tube and a conventional
electrochemical detector system (BAS, USA). High-resolution TEM with
Energy dispersive X-ray analysis (EDAX) measurements were performed
by using a JEOL JEM 2100 instrument (Japan). A Zeiss SMT, Ultra plus
(Germany) instrument along with Oxford X-ray probe was used for field
emission scanning electron microscope (FESEM) studies. For the FTIR
analysis, a JASCO 4100 Spectrophotometer (Japan) was used with the
KBr method. Raman spectroscopy analysis was carried out using AZIL-
TRON, PRO 532 (USA) with a 532 nm laser excitation source. X-ray
photoelectron spectroscopy was performed using Ulvac-PHI, PHIS500,
Versaprobe instrument (USA). Trace metal impurity measurements were
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performed by using a continuum source electrothermal atomic absorption
spectrometry instrument (ZEEnit 65 model, Analytika Jena AG, Jena,
Germany).

Procedures: Purified- and functionalized-MWCNT (i.e., p-MWCNT and
f-MWCNT, respectively) were prepared by heating pristine MWCNTs
(200 mg) in 35 mL of 6 M (for p-MWCNT) or 15mM HNO;(for f-MWCNT)
in a silicone oil bath at reflux for 12 h (T=413(£2) K/140°C). The prod-
uct was filtered and washed with copious amount of DD H,O until the
pH of the filtrate solution become neutral and the samples were dried at
T=(350+5) K (80°C) in a vacuum oven."*!! Physicochemical characteri-
zation of pristine MWCNT by using TGA and XRD showed presence of
impurities (6.88%), which is due to metal oxides such as iron oxide,
nickel oxide, cobalt oxide, and other carbon materials (graphitic carbon
and amorphous carbon). CS-ETAAS analysis showed the following con-
tents of trace impurities with the CNTs: MWCNT (Fe 21000 ppm; Ni
14 ppm; Co 1.6 ppm), -MWCNT (Fe 6000 ppm; Ni 11 ppm; Co 1.6 ppm)
and p-MWCNT (Fe 6000 ppm; Ni 29 ppm; Co 7 ppm).

A stock solution of CHIT (0.5 wt%) was prepared by mixing CHIT
flakes (50 mg) with 1% glacial acetic acid (10 mL), stirred for 3 h at RT
until complete dissolution, and the pH was adjusted to 4-5 using a con-
centrated NaOH solution. Similarly, a stock dispersion of [CHIT+
MWCNT] was prepared by sonicating a mixture of MWCNT (1 mg) and
the 0.5 wt% CHIT (500 pL) for (15+1) min. Then, the chemically modi-
fied biomimicking electrode, GCE/[MWCNT-Fe:NH,-CHIT] was fabri-
cated by using a two-step procedure. In the first step, an aliquot of the
[CHIT+ MWCNT] stock solution (10 uL) was drop-casted on a cleaned
GCE (designated as GCE/[MWCNT + CHIT]) and dried in air for (15+
3) min at RT (step 1, Scheme 1) and then electrochemically conditioned
at a potential window of —0.7 to 0.7 V versus Ag/AgCl at a scan rate of
50 mVs™' in pH 7 PBS for 20 continuous CV cycles (step 2, Scheme 1).
All other control chemically modified electrodes (CMEs) were prepared
in a way similar to the above case with 1 mg/500 uL CHIT solution of
various carbons and metal oxide materials. For the FTIR and TEM anal-
yses, the as-prepared SPE-Auw/[MWCNT-Fe:NH,-CHIT] film (dried in
a desiccator for overnight) was carefully peeled off from the surface
using a doctor’s needle (0.5 mmx 3.5 cm) and subjected to further exami-
nations. SEM and Raman spectra characterizations were performed using
SPE-Aw/[MWCNT-Fe:NH,-CHIT]-modified electrodes. The H,O,-con-
taining samples (sample 1: a clinical hydrogen peroxide solution (no
detail for the H,O, concentration) obtained from the VIT university
healthcare center; sample 2: a cosmetic fairness bleach cream (Fem,
India), purchased from a local departmental store, and sample 3: a pas-
teurized milk sample (aavin milk) obtained from local milk shop) were
subjected to real sample analyses. There were no displays about the H,0O,
content in the labels of the real samples.
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