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a  b  s  t  r  a  c  t

Here  in,  a carbon  dots  (CDs)-modified  chitosan  (CH)  based  biosensing  platform  was  fabricated  for  vitamin
D2 detection.  Carbon  dots were  synthesized  through  microwave  pyrolysis  method,  and  characterized  with
transmission  electron  microscopy,  Raman  spectroscopy,  Fourier  transform  infrared  spectroscopy,  and
UV/VIS  spectroscopy.  Chitosan  (1%)  solution  was  prepared  in  acetic  acid  (1%)  solution  and  followed  by the
addition  of  CDs  to  prepare  the carbon  dots-chitosan  (CD-CH)  composite.  A  thin  film  of  CD-CH  composite
was  prepared  onto  ITO  glass substrate  (CD-CH/ITO)  by  drop  casting  method.  Surface  of  the  composite  film
was characterized  by atomic  force  microscopy,  static  contact  angle  measurement  and  cyclic  voltammetry.
CD-CH/ITO  surface  was  further  modified  with  immobilization  of  vitamin  D2 antibody  (Ab-VD2)  and  bovine
arbon dots
itric acid
itamin D2

lectrochemical
mmunosenor

serum  albumin  (BSA)  to  prepare  BSA/Ab-VD2/CD-CH/ITO  bioelectrode.  Electrochemical  response  of the
bioelectrode  towards  vitamin  D2 antigen  (Ag-VD2)  was  carried  out  by  differential  pulse  voltammetry.
The  biosensing  electrode  showed  linearity  within  the  range  10–50  ng  mL−1 of  Ag-VD2 concentration.  The
sensitivity  was  found  to be  0.2 �A ng−1 mL  cm−2, LOD  was  1.35 ng mL−1, and  the  biosensor  had  a shelf-life
of  about  25  days.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Carbon dots (CDs) are the new addition to the carbon nano-
aterial family. CDs were accidentally discovered in 2004 while

urifying and separating single-walled carbon nanotubes (SWCNT).
ince its discovery CDs have attracted tremendous attention due
o their electronic, biochemical, and optical properties [1] i.e.,
igh solubility [2,3], green synthetic roots [2,4–6], stable fluores-
ence, easy functionalization, low toxicity [5], high electrochemical
esponse, [7,8] and high biocompatibility [4]. Over the years, CDs
ave great potential for application in bioimaging [4,9], sensing
10–13], drug delivery [14], photoelectrochemistry [15] electro-
hemiluminescence [16,17], and optoelectronics [18–20]. There are
arious routes to synthesize CDs such as laser ablation [21], dis-
harge method [22], combustion/thermal supported root [2,23,24],
lectrochemical oxidation root [25,26], and microwave pyrolysis
ethod [14,16,27,28]. Among them, microwave pyrolysis method
s more suitable, quick, cost-effective, and does not involve strong
hemicals and produces high mass yield [3]. Zhaiet al., synthesized
he CDs from citric acid (CA) and ethylenediamine (EDA) through

∗ Corresponding author.
E-mail address: partima@mail.jnu.ac.in (P.R. Solanki).

ttps://doi.org/10.1016/j.ijbiomac.2017.12.122
141-8130/© 2017 Elsevier B.V. All rights reserved.
microwave assisted pyrolysis. These CDs provided immense pri-
mary amine groups ( NH2) along with carboxyl group ( COOH) on
the surface of the CDs making them highly water soluble and suit-
able for biological application and other analysis [3,29]. The CDs are
highly water soluble and are produced in very low yield for which
it is very hard to form thin film/electrode for their application like
electrode fabrication for electrochemical biosensing. There is a pos-
sibility that the incorporation of these CDs into a suitable matrix
which can protect their properties for electrochemical application.

Chitosan is well known and suitable matrix for the dispersion of
nanomaterials including CDs [30] for biosensor applications. Chi-
tosan shows unique biological and chemical properties [31,32].
It has reactive hydroxyl and amino group, flexible for chemical
modification, in its linear polyglucosamine chain [31,33,34]. Chi-
tosan exhibits non-toxic, biocompatibility, biodegradability, and
because of high mechanical strength biopolymer, it shows excel-
lent film forming ability [35,36].The conductivity of chitosan can be
improved by adding the conductive materials such as, carbon nano-
materials, metal nanoparticles, redox mediator and ionic liquid to
form a relatively conductive film [37,38]. Huang et al., developed

a biosensor to detect dopamine based on CDs-chitosan modi-
fied glassy carbon electrode (GCE) and detection limit obtained
as 11.2 nM [39]. Further, they have achieved the lower detection
limit up to 0.001 �M (1.0 nM)  using nanocomposite comprising

https://doi.org/10.1016/j.ijbiomac.2017.12.122
http://www.sciencedirect.com/science/journal/01418130
http://www.elsevier.com/locate/ijbiomac
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijbiomac.2017.12.122&domain=pdf
mailto:partima@mail.jnu.ac.in
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Scheme 1. Ab-VD2 bonding with CD-CH/ITO electrode via EDC-NHS coupling; (i) E

f gold-CDs-chitosan modified GCE [40]. Sheng et al., prepared a
lm based on carbon nanodots and chitosan to entrap protein for
irect electrochemistry [8]. However, carbon dots-chitosan (CD-
H) composite have a wide scope to explore for fabrication of

mmunosensor for vitamin D detection.
Vitamin D is essential for humans because it reduces the risk

f common illness, infectious diseases, autoimmune diseases, and
ardiovascular diseases [41]. Natural source of vitamin D is sun-
ight exposure, diet and dietary alternatives [42–44]. Vitamin D (D2
nd D3), when taken through sunlight and diet, is metabolized in
iver to 25 hydroxy vitamin D (25OHD) and in kidneys to 1,25 dihy-
roxy vitamin D [41,42,45]. Few foods sometimes are strengthened
ith vitamin D. Deficiency in vitamin D causes rickets as well as

ffects children and adults. During pregnancy in uterus and dur-
ng childhood vitamin D deficiency can create skeletal deformation
nd growth retardation and may  be a factor causing hip fracture in
uture life [41]. Also for adults, vitamin D deficiency can cause mus-
le weakness and osteoporosis may  amplify the chance of fracture.
reviously, few studies led to the understanding that vitamin D2

s 30–50% less effective than vitamin D3 for sustaining the serum
5-hydroxyvitamin D level [46,47]. Recently, Holick et al., proved
hat vitamin D2 is equally significant as D3 in maintaining the
ivated the carboxyl group of Ab-VD2; (ii) EDC activated the carboxyl group of CDs.

serum 25-hydroxyvitamin D in human [48]. Vitamin D2 is obtained
by ultra-violet irradiation of ergosterol of yeast. The conventional
methods mainly to detect vitamin D are radioimmunoassay (RIA),
HPLC–MS, and chemiluminescence [49,50]. These methods, having
lengthy processes, require skill and high cost, making it hard for
periodic use [51,52]. Chemiluminescence, although very suitable,
built was  not applied to detect vitamin D2. Carlucci et al., designed
a first biosensing platform based on gold nanoparticles (Au NPs)
with 25OHD for vitamin D detection using electrochemical and
surface plasmon resonance (SPR). They have reported that the elec-
trochemical transducer exhibited the higher sensitivity with lower
LOD value (10 ng/mL) [53]. As vitamin D2 and D3 both are equally
significant to maintain the level of vitamin D, both vitamin D2 and
D3 are equally important to be detected to know any kind deficiency
of vitamin D. Thus, in this study bio-electrode was  fabricated for the
detection of vitamin D2.

Here, a thin film of CD-CH was  prepared by drop casting onto
indium tin oxide (ITO) coated glass substrate for Vitamin D2
detection using differential pulse voltammetry (DPV) technique.

A specific antibody against the Vitamin D2 (Ab-VD2) and bovine
serum albumin (BSA) were immobilized onto CD-CH/ITO film using
EDC-NHS chemistry. This BSA/Ab-VD2/CD-CH/ITO immunoelec-
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rode exhibited the linear detection range of 1–50 ng mL−1 of Ag
D2.

. Materials and methods

.1. Reagents and solutions

Citric acid (CA) was purchased from SD Fine Chemical Ltd., India
nd ethylenediamine (EDA) from Alfa Aesar, Great Britain. Chi-
osan (CH) and 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
EDC) was obtained from SRL, India. Polyclonal antibody against
o Vitamin D2 (Ab-VD2) was procured from Cloud-Clone Corpora-
ion, USA and antigen as vitamin D2 (Ag-VD2) was ordered from
ayman Chemical, USA. Indium tin oxide (ITO) coated glass surface
Baltracom 247) was purchased from Balzers, UK. Bovine serum
lbumin (BSA), N-hydroxysuccinimide (NHS) was  purchased from
igma Aldrich, Germany. Potassium ferrocyanide (K4[Fe(CN)6])
nd potassium ferricyanide (K3[Fe(CN)6]) were purchased from
isher scientific chemical. Sodium chloride salt was  purchased from
DFCL, India. Ethanol was procured from Merck, Germany.

.2. Synthesis of carbon dots and CD-CH composite

For the synthesis of CDs, bottom up route was approached
hrough microwave irradiation followed the procedure reported
y Zhai et al. [3]. During the synthesis of CDs, 1gm CA was  dis-
olved into 10 mL  of distilled water. Then 50 �L EDA was added for
nhanced carbonization. This clear colorless solution was  baked
nto microwave (700 W)  for 3 min. A red-brown thick solid foamy

aterial was formed that allowed to cool down at room tempera-
ure and final volume made 5 mL  with de-ionized water to dissolve.
he resulting brown solution containing CDs and CA residue was
ialyzed against water through dialysis membrane (MWCO  1000)
or two days. A chitosan solution (1%) was prepared in acetic acid
1%) (10 mL). A CD-CH composite was prepared by mixing of 20 �L
f prepared CDs into 10 mL  chitosan solution (1%) under the vigor-
usly stirred for 1 h.

.3. Preparation of CD-CH/ITO electrode and functionalization
ith Ab-VD2 and BSA

All the ITO coated glass substrates having same size
1.5 × 0.5 cm)  were taken and then hydrolyzed. 30 �L of freshly
repared CD-CH solution was drop-casted onto hydrolyzed ITO
lass substrate within an area of 0.25 cm2 and dried in an oven
t 60 ◦C, presented as CD-CH/ITO electrode. Similarly, CH solution
without CDs) was drop-casted onto ITO surface. A fresh solution
f Ab-VD2 (25 �g/L) was prepared into phosphate buffer saline
PBS, pH-7.4) containing 0.02% sodium azide. EDC (0.4 M)  and NHS
0.1 M)  solution was prepared in PB (pH-7). Ab-VD2 was  mixed with
DC (activator) and NHS (coupling agent) in the ratio of 2:1:1. Dur-
ng reaction time, EDC activated the carboxyl group of Ab-VD2 and
roduced unstable O-acylisourea ester. This unstable ester reacted
ith NHS to form semi-stable amine reactive NHS ester. This NHS-

ctivated Ab-VD2 helped in crosslinking with amine groups of EDA
resent on the surface of CDs forming an amide bond [54]. Unre-
cted EDC could also activate carboxyl group present on the surface
f CDs and form amide bond with one Fab region of Ab-VD2 by
iimide activated amidation process [55]. The two  possibilities of
D-VD2 binding were presented in graphical manner (Scheme 1).

20 �L of Ab-VD2 solution (Scheme 1) was casted onto the CD-

H/ITO electrode and kept inside a humid chamber for 4 h at room
emperature (25 ◦C). Ab-VD2/CD-CH/ITO bioelectrode was rinsed
ith PBS to remove any unbounded antibody. Finally to block any
on-specific active sites, BSA (10 �L of concentration 1 mg/mL)
cal Macromolecules 109 (2018) 687–697 689

was dropped onto the bioelectrode and kept for 1 h. The BSA/Ab-
VD2/CD-CH/ITO bioelectrode was  kept at 4 ◦C when not in use.
Ag-VD2solutions were prepared in the range of 1–50 ng mL−1 in
ethanol by serial dilution method (Scheme 2).

2.4. Characterizations

The morphology and size of the CDs were characterized by high
resolution transmission electron microscopy (HR-TEM, JEOL JEM-
2200 FS, Japan). For TEM sample preparation, one drop of CDs
suspension was  casted on carbon coated copper grid. A Raman
spectrum was  recorded for CDs on EnSpectr R532. Absorbance
was measured on T90+ UV/VIS spectrometer. A fluorescence char-
acteristic of CDs was observed on Cary Eclipse Fluorescence
spectrometer. The roughness of CD-CH/ITO and CH/ITO films
were studied by atomic force microscopy (Park XE-70, Korea).
The wettability of these electrodes was viewed using contact
angle measurement SURFTENS universal (OEG GmbH Germany).
Presence of antibody and BSA was also confirmed by infrared spec-
troscopy (Varian 7000 FT-IR instrument). The zeta potential was
measured on an electrophoresis instrument (ZC-2000, Microtec,
Japan). All electrochemical studies (cyclic voltammetry, differen-
tial pulse voltammetry and frequency response analysis) were done
in Autolab Potentiostat/Galvanostat (Eco Chemie, Netherlands) in
phosphate buffer saline (PBS, 0.2 M,  pH −7.4) containing 5 mM
[Fe(CN)6]3−/4−.

3. Results and discussions

3.1. Physical characterizations

Fig. 1A shows the TEM and HRTEM images of CDs. The CDs
had spherical shaped structure with uniform distribution with-
out apparent aggregation [Image (a)]. The size distribution of CDs
was spread between the narrow range of 1.4-2.2 nm and aver-
age size found as 1.7 nm [inset Image 1(a)]. Image (b) shows the
HRTEM image of the synthesized CDs, individual CD marked by
white dotted line. HRTEM image revealed that the some CDs hav-
ing crystalline in nature as shown in image (c), which justified the
appearance of D and G bands in RAMAN spectra (Fig. 1B). It was
revealed that the inter-planer spacing was  0.21 nm which corre-
sponds to graphite [Image 1A(c)]. SAED pattern of CDs showed the
ring formation of the planes of CDs [Image 1 (d)].

Raman spectrum of CDs shows D-band at 1352 cm−1 and G-
band at 1607 cm−1 (Fig. 1B). The ID and IG are the area intensity
corresponding to D-band and G-band, respectively. The ratio ID/IG
was found to be 1.38 which corresponds to sp3/sp2 carbon and the
extent of disorder, implied that there were introduction of struc-
tural defects into the CDs after oxidation [56].

UV–vis absorption and PL luminescence were studied to evalu-
ate the optical properties of CDs. The UV–vis spectrum [Fig. 1C(a)]
showed a peak in UV region around 345 nm and tail stretching
into visible region. This absorbance peak might correspond to �-�*
transition of C C bond [57]. The fascinating property of CDs was
their excitation and size dependence PL luminescence behavior.
The synthesized CDs showed blue luminescence under UV excita-
tion [Fig. 1C(b)]. The intensity and the wavelength of emission are
clearly dependent on excitation wavelength. CDs had a maximum
emission at 360 nm. Excitation wavelength was varied from 320 to
420 nm.  This excitation behavior of CDs could be explained by the
presence of difference particle size and different emissive sites on

the surface of CDs [58].

For the evidence of functional groups present, FTIR spectrum
(Fig. 1D) were characterized. The broad absorption band near
3400 cm−1and peaks within the range of 1000–1300 cm−1 corre-



690 T. Sarkar et al. / International Journal of Biological Macromolecules 109 (2018) 687–697

Fig 1. A: TEM study of CDs (a) uniformly distributed CDs of nearly spherical shape; (b) & (c) HRTEM image and inter-planer distance; (d) SAED pattern of CDs. B: Raman
spectrum of CDs. C: OCptical properties (a) UV–vis absorption of CDs; (b) Photoluminescence spectra at different excitation wavelength (320–420 nm). D: FDTIR spectrum
of  CDs. E: AEFM study of (A) ITO, (B) CH/ITO, and (C) CD-CH/ITO electrodes; Roughness was seen in (a) topographic, (b) three dimensional and (c) cross sectional mode. F:
Static  contact angle of water drop making with (a) CH/ITO and (b) CD-CH/ITO electrodes.
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Fig 1. 

ponds to O H bending vibration and C OH stretching [3]. This
onfirmed the abundance of −COOH group. The availability of
COOH group supported by negative zeta potential (–20 mV) of
Ds. Absorption band around 3000 cm−1 could be due to C H
tretching and out of plane bending modes [59]. The IR peak around
625 cm−1 represents the characteristic peak for C C stretching
f CDs [60]. The very sharp peak appeared at 1760 cm−1 could be
ssigned for C O stretching. All these functional groups present in
Ds confirmed the excellent hydrophillicity that provide a suitable
upport for immobilization of biomolecules.

The surface morphology of CH/ITO electrode and CD-CH/ITO

lectrode were characterized by AFM study. Fig. 1E shows topo-
raphic (a), three dimensional (b), and cross-sectional roughness
f ITO (A), CH/ITO (B) and CD-CH/ITO (C) electrodes within an area
nued)

of 5 �m×5  �m.  The surface of bare ITO was very flat and smooth
having largest peak height of 0.44 nm [Image (A)-a,b,c]. But CH/ITO
surface exhibited a several adjacent peaks with an average peak
height of 2.47 nm [Image (B)-a,b,c], which confirms the position of
CH onto ITO glass substrate. However, after modification of CH with
CDs the adjacent peak height differences increased with a higher
average peak height of 22.7 nm [Image (C)-a,b,c]. Moreover, the
average roughness (Ra) of ITO and CD/ITO surface were obtained
to be 0.11 nm and 0.57 nm,  respectively. The value of Ra of CD-
CH/ITO electrode was found much higher (7.77 nm) as compared to
CH/ITO electrode (0.57 nm). This increase in roughness confirmed

the modification of CH by CDs. Modification of CH by CDs were not
only improve the surface effect but also laid the ground for higher
possibility of bio-functionalization.
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Fig 2. A: Cyclic voltammogram of (a) ITO, (b) CH/ITO, (c) CD-CH/ITO electrodes, and (d) BSA/Ab-VD2/CD-CH/ITO bioelectrode in PBS containing [Fe(CN)6]3−/4− .  B: (a) Cyclic
voltammogram of BSA/Ab-VD2/CD-CH/ITO bioelectrode in PBS containing [Fe(CN)6]3−/4−; (b) anodic (Ipa) and cathodic (Ipc) peak current with respect to square root of scan
rate;  (c) anodic (Epa) and cathodic (Epc) peak potential with respect to square root of scan rate; (d) anodic (Epa) and cathodic (Epc) peak potential with respect to logarithm of
scan  rate. (A) Frequency response analysis of (a) ITO, (b) CH/ITO, (c) CD-CH/ITO, electrode and (d) BSA/Ab-VD2/CD-CH/ITO bioelectrode; (B) (i) Randles equivalent circuit and
(ii)  modified Randles equivalent circuit.
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Fig 2. (Continued)

Scheme 2. (A) Synthesis of CDs; (B) PL spectra and TEM image of CDs; (C) composite film preparation; (D) AFM study of CD-CH/ITO electrode; (E) CD-CH/ITO electrode
with  Ab-VD2 and BSA; (F) Interaction of VD2 with BSA/Ab-VD2/CD-CH/ITO in PBS containing [Fe(CN)6]3−/4−; (G) DPV response of the BSA/Ab-VD2/CD-CH/ITO bioelectrode in
presence of Ag-VD2.
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PV  response; (c) calibration plot of peak current vs conc. of Ag-VD2; (d) Hanes Wo

Hydrophilicity and spread-ability/surface wettability of an elec-
rode depends greatly on surface chemistry. As the effective charges
tay on the electrode surface, wettablity of the surface is very sig-
ificant. For that static contact angle measurement was performed

or CH/ITO and CD-CH/ITO electrodes (Fig. 1F). A water droplet was
roduced over the respective electrode using a syringe, and static
ontact angle was measured at the interface of water and electrode
urface. The static contact angle value for CH/ITO and CD-CH/ITO
ere obtained to be 86.27◦ (Image a) and 50.58◦ (Image b), respec-

ively. Due to excess availability of carboxyl ( COOH) groups on
he surface of CDs i.e., on CD-CH/ITO increased the hydrophilicity as
ompared to CH/ITO. It was also observed that (within a few second)
he static contact angle decreased very rapidly in case of CD-CH/ITO
lectrode. However, in case of CD/ITO electrode, the surface got
rinkled within few second after treated with water droplet. Thus
odification of electrode with CDs improved the hydrophilicity

n great extent confirming suitable supports for interaction with
ntibodies prepared in PBS.

.2. Electrochemical characterization

The electrochemical behavior of (a)ITO, (b) CH/ITO, (c) CD-
H/ITO and, (d) BSA/Ab-VD2/CD-CH/ITO electrode were studied by

yclic voltammetry (CV) technique at 50 mVs−1 scan rate in PBS
ontaining [Fe(CN)6]3−/4−(Fig. 2A). The magnitude of current of
H/ITO electrode exhibited a distinct oxidation (0.23 V) and reduc-
ion (0.08 V) peak with maximum anodic peak current (Ipa) of
VD2; (a) DPV response with respect to conc. of Ag-VD2(1–50 ng mL−1); (b) amplified
aph plotted between [C]/Ivs [C], [C] be the conc. of Ag-VD2.

128 �A. After modification of CH with CDs, the Ipa increased about
three time (376 �A). This enhanced peak current due to free in car-
boxyl and amine group present enormously on the surface of CDs
speed up the movement of electrons generated in electrolyte. After
immobilization of Ab-VD2 and BSA onto CD-CH/ITO electrode sur-
face the electrochemical current decreased due to interaction of
macromolecules sized Ab-VD2 and BSA with freely available func-
tional groups onto electrode surface. These results confirmed the
modification of CD-CH/ITO electrode surface with Ab-VD2 and BSA.

Cyclic voltammogram of BSA/Ab-VD2/CD-CH/ITO bioelectrode
was taken at 10–100 mVs−1 scan rate in PBS (pH–7.4) contain-
ing [Fe(CN)6]3−/4−[Fig. 2B(a)] in a potential range −0.2V–0.6 V. The
anodic (Ipa) and cathodic (Ipc) peak current was  increased linearly
with square root of scan rate which was  an clear indication of quasi
reversible or diffusion controlled oxidation and reduction. Also the
anodic (Epa) and cathodic (Epc) peak potentials varied linearly with
square root of scan rate [Fig. 2B(b-c)], indicating a friendly electron
transfer kinetics. By linear fitting the values of slop, intercept and
linear regression coefficient of linear behavior of peak currents and
potentials were calculated (Eqs. (1)–(4)).

Ipa= 25.66 �A + 35.84 �A(mV s−1)−1/2 × [scanrate]1/2(mV  s−1)1/2; R2 = 0.998 (1)

Ipa= −27.06 �A − 71.39 �A (mVs−1)−1/2 × [scanrate]1/2(mV s−1)1/2; R2 = 0.995 (2)
−1 −1/2 1/2 −1 1/2 2
Epa = 0.19 V + 0.007 V (mV  s ) × [scanrate] (mV s ) ; R = 0.997 (3)

Epa = 0.11 V − 0.009 V(mV s−1)−1/2 × [scanrate]1/2(mV  s−1)1/2; R2 = 0.997 (4)

The anodic and cathodic peak potentials (Epa, Epc) were plotted
against natural logarithm of scan rate [Fig. 2B(d)]. It was  observed
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tudy  of BSA/Ab-Vd2/CD-CH/ITO bioelectrode; (d) shelf-life of the BSA/Ab-Vd2/CD-C

hat at higher scan rate (>40 mV  s−1) Epa is linearly proportional to
og(�). Using Laviron theory[61] charge transfer coefficient(�) and
lectron transfer rate constant (ks) were determined by change of
eak potentials with scan rate. Using the following equation [62].

pa = K − 2030
RT

�nF
log(v) (5)

 = 2.3030
RT

nF

1
slope

(6)

here F is the Faraday constant (96485.35C mol−1), R is real gas
onstant (8.314J mol−1 K−1), n = no of electron transferred (2), T is
emperature (300 K). Slope of Epavs log (�) be 0.074, charge trans-
er coefficient (�) was calculated to be 0.402. The electron transfer
ate constant (ks) can be evaluated using equation (7) using the
onstraint(�) = 0, which reduces to equation (8)[63].

og(ks) = � log(1 − �) + (1 − �) log(�) − log(
RT
nF�

) − � (1 − ˛) nF�
2.3RT

(7)

s = (1 − �)
nFx
RT

(8)

here x is the intercept of the anodic potential fitted line. The

s was evaluated for BSA/Ab-VD2/CD-CH/ITO bioelectrode to be
5.94 s−1. The high value of electron transfer rate constant indicates
igh capability of CDs for promoting electron between Ab-VD2 and
lectrode surface.
dy of BSA/Ab-VD2/CD-CH/ITO bioelectrode under similar condition; (c) repeatability
 bioelectrode.

Electrochemical impedance spectroscopy was performed apply-
ing a small amplitude AC signal with varying frequency
(0.1–105 Hz) using Frequency Response Analyzer (FRA) technique.
This study was carried out to measure the impedance at the
electrode-electrolyte interface. Impedance of a system was given
by voltage (V) divided by current (I) passing through it, both of V
and I are function of time (t).

Z = V (t)
I (t)

= 1
Y

= V0sin (2�ft)
I0sin (2�ft + �)

Where Y is the admittance of the system, Vo and Io be the ampli-
tude of voltage and current respectively, f is the frequency of the
voltage, t is time, ϕ is the phase difference between voltage and
current. Generally to model the EIS spectra Randles circuit [Fig. 2 (B-
i)] is used. Randles circuit involves solution resistance (Rs), double
layer capacitance (Cdl), charge transfer resistance (RCT ) and finally
Warburg impedance (W). The charge which is stored at the inter-
face is C1, RCT is the measure of current flow of redox species at
the interface, W represents the impedance generated by diffusion.
Complex impedance of a system is expressed through Nyquist Plot

on which real part of the impedance (Z’) is plotted along X-axis and
imaginary part (Z′′) on the Y-axis. Nyquist plot consists of a semi-
circular region in high frequency region which represents a charge
transfer process, followed by a straight line in low frequency region
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Table 1
Values determined from FRA.

Electrode Rs(�) C1(�F) RCT(k�) W(�Mho) R2(�) Q(�Mho)

ITO 65.7 3.03 1.31
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CH/ITO 71.6 1.97 2.25 70.3 12700 377
CD-CH/ITO 48.3 2.48 1.38 143 255 378
BSA/Ab/CD-CH/ITO 56.9 2.62 1.51 210 4550 461

hich represents a mass transfer process. At high frequency the Z′′

ecreases to zero because it does not provide any impedance. At
ow frequency region C1 provides high impedance and the current
assed through the RCT and Rs region. The value of charge trans-
er resistance changes whenever a surface of electrode is modified.
n EIS spectra diameter of the semicircle at the high frequency is

 measure of RCT in system. EIS spectra of (a) ITO, (b) CH/ITO, (c)
D-CH/ITO, (d) BSA/Ab-VD2/CD-CH/ITO electrode in PBS containing
Fe(CN)6]3−/4−were recorded [Fig. 2(A)]. Each spectrum was fitted
ith modified Randles circuit [Fig. 2(B-ii)] by adding a resistance

R2) in parallel with constant phase element (Q) [64]. The value of
CT for each electrode was obtained as mentioned in Table 1. The
ery high value of RCT for CH/ITO (2.25 k�) was obtained than bare
TO (1.31 k�) probably due to the insulating nature of CH. For CD-
H/ITO the value of RCT increased to 1.38 k�, showing very smooth
harge transfer at the interface. This enhancement was  probably
ue the presence of free electrons in carboxyl group at the sur-
ace of the CDs. After addition of Ab-VD2 and BSA onto CD-CH/ITO,
he value of RCT slightly increased (1.51 k�) which confirmed the
trong adsorption or immobilization of Ab-VD2 on the carboxyl
nd amine groups present at the electrode surface and provided
teric hindrance to charge transfer. The values of Rs, C1, Warburg
mpedance, additional resistance R2 and Q for every different elec-
rode are presented in Table 1.

.3. Electrochemical response study

Differential pulse voltammetry (DPV) technique was used for
he detection of Ag-VD2 within a potential range −0.2 to 0.5 V,
ith a potential step 5 mV,  pulse amplitude of 25 mV, pulse period

f 50 msResponse of BSA/Ab-VD2/CD-CH/ITO was  recorded in the
ange of 1–50 ng mL−1 of Ag-VD2 in PBS containing [Fe(CN)6]3−/4−.
irst the response of bioelectrode was taken in blank, and then with
arious concentration of Ag-VD2 (1, 10, 20, 30, 40, 50 ng mL−1).
t every increasing concentration of Ag-VD2 the peak current
alue was increased [Fig. 3 (a)]·Ag-VD2 was interacted with Ab-
D2 in such a way that the magnitude of peak current increases.
he peak current value was plotted against the concentration of
g-VD2 [Fig. 3(c)]. The calibration curve became linear in a con-
entration range (10–50 ng mL−1) with a regression coefficient
0.983). This linearity was probably due to the interaction of
g-VD2 with adequate Ab-VD2 present on the BSA/Ab-VD2/CD-
H/ITO bioelectrode. The parameter obtained from the calibration
lot as follows (for the range 10–50 ng mL−1) the sensitivity was
.2 �A ng−1mL  cm−2, limit of detection(LOD) was 1.35 ng mL−1. The
abricated BSA/Ab-VD2/CD-CH/ITO bioelectrode showed response
or lowest concentration (1 ng mL−1) of Ag-VD2 as compared to

b-25OHD modified screen printed electrode for the detection of
5-OH vitamin D (Table 2).

To determine the affinity of binding between antigen and anti-
ody, i.e. between Ag-VD2 and BSA/Ab-VD2/CD-CH/ITO, Hanes

able 2
iosensing parameters of BSA/Ab-VD2/CD-CH/ITO bioelectrode as compared to previousl

Bio-electrode Detecting Antigen Transduction Rang

Ab-25OHD-SPE Ag-25OHVD DPV 20–2
BSA/Ab/CD-CH/ITO. Ag-VD2 DPV 1–50
cal Macromolecules 109 (2018) 687–697

Woolf Graph was plotted between [C]/Ivs[C] (Fig. 3(d)), where [C]
be the concentration of Ag-VD2 and I be the peak current recorded
in DPV response. Linearity of the Hanes Woolf plot was  represented
by the following equation

[C]
I

= 1
Imax

[C] + Kd

Imax
(9)

where, 1⁄Imaxwas  the inverse of the steady state current determine
from slope, Kd be the dissociation constant determined from the
intercept of the straight line. The value of dissociation constant
was calculated to be 0.15 ng mL−1. This lower value of Kd was  an
indication of stronger affinity between Ag-VD2 towards BSA/Ab-
VD2/CD-CH/ITO bioelectrode.

3.4. Interference

To see the interference behavior responses of BSA/Ab-VD2/CD-
CH/ITO bioelectrode towards Ag-VD2 in presence of other analytes
were recorded [Fig. 4(a)]. Ascorbic acid (0.1 mM), oxalic acid
(1.0 mM),  glucose (4.0 mM),  cholesterol (4 mM),  antigen vitamin
D3 (30 ng mL−1) solutions were prepared of respective concentra-
tion according to their presence in human blood. At first response
of BSA/Ab-VD2/CD-CH/ITO biooelectrode in presence of a fixed
concentration of Ag-VD2 (30 ng mL−1) was recorded (maximum
current I0) through DPV in PBS containing [Fe(CN)6]3−/4−. Then each
time different analyte (10 �L) premixed with Ag-VD2 (30 ng mL−1)
were added to electrolyte and responses were recorded (maximum
currents I1, I2, I3, I4, I5, respectively) after 10 min  of incubation
time. It was seen that I1, I2, I3, I4, I5were almost equal to I0. Thus
BSA/Ab-VD2/CD-CH/ITO bioelectrode was  very selective towards
Ag-VD2.

3.5. Reproducibility and repeatability

BSA/Ab-VD2/CD-CH/ITO bioelectrode showed good repro-
ducibility for Ag-VD2 concentration. Responses were recorded for
five individual bioelectrodes towards a fixed concentration of Ag-
VD2 (30 ng mL−1). No significant change in the maximum current
value was  observed. The standard deviation value was obtained to
be 0·3·TheBSA/Ab-VD2/CD-CH/ITO also showed good repeatability
characteristics as proved by the low RSD value (0.19%) till n = 5.
Slight decreased observed after 5 time uses.

3.6. Shelf-life

The shelf-life of BSA/Ab-Vd2/CD-CH/ITO bioelectrode was
observed by recoding the DPV response at regular gap of 5 day for
1 month. The biooelectrode showed 0.39% response after 25days.
Thus, this bioelectrode was stable for almost 25 days. The bio-
electrode was kept at 4 ◦C while not using.

4. Conclusions

Vitamin D2 biosensor was  successfully prepared with BSA/Ab-
Vd2/CD-CH/ITO bioelectrode. CDs were synthesized via microwave

pyrolysis method and dialyzed. Formations of CDs were confirmed
using TEM, FTIR and UV/VIS spectroscopy. 20 �L of CDs solution
was mixed with 1% chitosan (CH) solution for CD-CH compos-
ite preparation. A thin film of 30 �L of CD-CH composite was

y reported.

e LOD Sensitivity Ref-

00 10 ng/mL 0.2 �A ng−1 mL  cm−2 [53]
 1.35 ng/mL 0.02 �A ng−1 mL  Present Study
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rop casted onto ITO surface. The surface wettability and rough-
ess of CD-CH/ITO electrode was characterized by static contact
ngle measurements and AFM study, respectively. Ab-VD2 was
mmobilized via EDC-NHS coupling and further BSA was used

 blocking agent immobilized. The oxidation and reduction of
his prepared BSA/Ab-VD2/CD-CH/ITO bioelectrode was observed
y cyclic voltammogram. The impedance at the bioelectrode-
lectrolyte interface was measured by FRA technique. The response
f BSA/Ab-Vd2/CD-CH/ITO bioelectrode with respect to different
oncentrations of Ag-VD2 (1–50 ng mL−1) was recorded using DPV
echnique. Linearity was  observed between 10 and 50 ng mL−1 of
g-VD2 concentration with sensitivity 0.2 �A ng−1 mL  cm−2 and
OD was found out to be 1.35 ng mL−1. This biosensor was  very
pecific to vitamin D2 and has a shelf-life of over 25 days. Efforts to
e made to improve the LOD value of D2 biosensing platform for
etection of D2 concentration in milk shakes or other samples.
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