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Abstract A self-assembled monolayer (SAM) of thiol modified chitosan (SH-CHIT), with
thioglycolic acid (TGA) as a modifier to bestow thiol groups, has been prepared onto gold
(Au)-coated glass plates for fabrication of the nucleic acid biosensor. The chemical modifica-
tion of CHIT via TGA has been evidenced by Fourier transform infrared spectroscopy (FT-IR)
studies, and the biocompatibility studies reveal that CHIT retains its biocompatible nature after
chemical modification. The electrochemical studies conducted onto SH-CHIT/Au electrode
reveal that thiol modification in CHIT amino end enhances the electrochemical behavior
indicating that it may be attributed to delocalization of electrons in CHIT skeleton that
participates in the resonance process. The carboxyl group modified end of DNA probe has been
immobilized onto SH-CHIT/Au electrode using N-ethyl-N′-(3-dimethylaminopropyl)
carbodimide (EDC) and N-hydroxysuccinimide (NHS) chemistry for detection of complemen-
tary, one-base mismatch and non-complementary sequence using electrochemical and optical
studies for Mycobacterium tuberculosis detection. It has been found that DNA-SH-CHIT/Au
bioelectrode can specifically detect 0.01 μM of target DNA concentration with sensitivity of
1.69×10−6 A μM−1.
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Introduction

In recent years, there is an increased interest towards the development of nucleic acid
biosensors for clinical monitoring of the infectious diseases, especially those resulting from
life-threatening pathogens. In addition to the clinical monitoring, the change in the DNA redox
properties (oxidation of guanine), redox indicator-based indirect electrochemistry, considered
to be an important alternative for development of nucleic acid hybridization biosensors which
offer advantages in terms of reusability and sensitivity. Besides this, electrochemical biosen-
sors do not require additional labeling step and can be easily integrated with electronics for
fabrication of miniaturized devices for diagnosis of infectious diseases and the detection of
pathogenic biological species of environmental and clinical interests [1, 2].

Tuberculosis is presently the chronic pulmonary bacterial infectious disease, caused by
Mycobacterium tuberculosis. According to the World Health Organization (WHO), nearly two
billion people in the present world’s population have been exposed to the tuberculosis
pathogen. It is the world’s greatest infectious killer of women of reproductive age and is the
leading cause of death among people with HIV/AIDS [3, 4]. The resurgence of TB and
increased risk for TB in HIV-infected persons has intensified the requirement for a rapid, cost-
effective method for diagnosis. Conventional diagnostic methods such as polymerase chain
reaction (PCR) and restriction fragment length polymorphism (RFLP) are time consuming and
require trained expertise. There is, thus, an urgent need for sensitive, specific, stable, cost-
effective, and reusable method forM. tuberculosis detection. In this context, affinity biosensors
have emerged as promising alternative for microbial detection using nucleic-acid-based
detection of complementary target sequences [5–8].

Lately, there is an enhanced interest to minimize denaturation of biomolecules and
to achieve rapid electron transfer at desired surfaces. Among the various strategies
used for modification of the electrode surfaces, self-assembled monolayer (SAM)
exhibit unprecedented flexibility to tailor interfacial properties and present biologically
relevant groups. The SAMs are considered to be more suitable for biosensing, since
they are easy to form and have increased stability, reusability, ordered arrangement,
and high reproducibility. SAMs of functionalized silanes, alkanes, or polymers have
been found to be useful for anchoring proteins, enzymes, and DNA for fabrication of
biosensors as these may provide the interface between the transducer and the analyte
for faster signal detection [9–11].

Chitosan (CHIT) and its derivatives have been found to be suitable for immobilization of
desired biomolecules because of the excellent film-forming ability, high permeability, mechan-
ical strength, biocompatibility, and low cost. Moreover, chemical modification of the amino
groups of CHIT provides hydrophilic environment for biomolecules. Recently, CHIT and their
composites deposited using sol-gel technique; spin coating and electrochemical deposition
have successfully been applied for the development of biosensors [12]. However, using these
techniques, the constant thickness, and uniformity is very difficult to achieve resulting in
complexity in getting the reproducibility.

In this manuscript, we report the thiolation of chitosan (SH-CHIT) at amino (−NH2) ends,
with thioglycolic acid (TGA) via amide bond formation, and its self-assembled monolayer has
been fabricated on gold (Au) surface using Au-SH affinity interaction. The SH-CHIT/Au
electrode has been utilized for the fabrication of DNA biosensor for M. tuberculosis using
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surface plasmon resonance (SPR) technique utilizing the advantage of CHIT-SAM onto Au
surface. Besides this, electrochemical transducer has been used to detect the hybridization event
as SH-CHIT/Au electrode shows improved electrochemical properties compared to CHIT/Au,
which may be attributed to the conjugation of electrons in SH-CHIT skeleton [13–15].

Materials and Method

Low molecular weight chitosan (Mw 2.4×106), N-ethyl-N′-(3-dimethylaminopropyl)
carbodimide (EDC), N-hydroxysuccinimide (NHS), thioglycolic acid (TGA), oligonucleotide
probe sequence specific to M. tuberculosis, complementary target, one-base mismatch, and
non-complementary DNA sequences have been purchased from Sigma-Aldrich, USA. All the
solutions and glassware are autoclaved prior to being used, and desired reagents (molecular
biology grade) have been prepared in de-ionized water (Milli Q 10 TS). The 50-nm-thick
Au-coated BK-7 glass plates (24 mm diameter) are procured from Autolab, The Netherlands.
Pre-cleaned (with piranha solution, H2SO4: H2O2=7:3, for about 5 min followed by rinsing in
de-ionized water) Au-coated glass plates have been used as substrates for deposition of
thiolated chitosan SAM. The sequence of DNA probes used for the DNA hybridization
detection is as follows:

Probe : Carboxyl-GAA-CAA-CCC-GCT-GTC-GGG-GT

Complementary : AC-CCC-GAC-AGC-GGG-TTG-TTC

One-base mismatch : AC-CCC-GTC-AGC-GGG-TTG-TTC

Non-complementary : CG-GCG-CAG-TGG-ATA-GCT-GCA

Fabrication of the Thiol Modified Chitosan Film onto Au Electrode

For the fabrication of SH-CHIT SAM, Au-coated BK-7 glass plates have been immersed in
0.1 M TGA in water, along with 50 mM EDC, 1.0 g of CHIT, and 4 mL of acetic acid, and
kept overnight at room temperature [16, 17]. TGA is reacted with CHIT in dilute solution for
covalent binding of the acids with amine groups of CHIT, resulting in amide bond formation.
CHIT is reacted in the presence of a carbodiimide to facilitate amide-forming condensation
reaction. For each synthetic reaction, pH is adjusted to 4.5–5.0. After the coupling reaction,
electrodes are rinsed with water to remove physically adsorbed SH-CHIT from the Au surface
and then dried under a stream of nitrogen.

Immobilization of ssDNA Probe on SH-CHIT/Au Electrode and Hybridization
with Complementary Target Analyte

Carboxyl (−COOH) functionalized 20-mer probe DNA (ssDNA) is immobilized onto SH-
CHIT/Au surface using EDC-NHS carbodiimide chemistry (DNA-SH-CHIT/Au). One milli-
liter of 100 μM of −COOH-ssDNA is activated with EDC (100 mM) in presence of 200 mM
NHS for about 24 h at room temperature (25 °C). This activated DNA is covalently
immobilized onto SH-CHIT/Au surface using −OH functionality of CHIT via ester bond
formation between −COOH of DNA and −OH of CHIT (Scheme 1). The electrode is rinsed
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three times with phosphate buffer (pH 7.0) to remove any unimmobilized ssDNA. The
hybridization is performed at 25 °C by incubating DNA-SH-CHIT/Au bioelectrode with
complementary target and non-complementary and one-base mismatch DNA sequences of
different concentration for about 60 s. The electrode is washed with phosphate buffer (pH 7.0)
to remove any unhybridized DNA.

For the hybridization studies, a stock solution of 100 μM of target DNA has been prepared
and dilution is made in buffer solution up to the desired concentration i.e. 0.01 μM. Five
microliters of the target DNA solution was added to DNA-SH-CHIT/Au electrode, and their
electrochemical response was studied by differential pulse voltammetry (DPV) technique in
PBS (50 mM, pH 7.0, 0.9 % NaCl) using methylene blue (MB) as redox indicator.

Characterization

CHIT/Au, SH-CHIT/Au, and DNA-SH-CHIT/Au electrodes have been characterized by
Fourier transform infrared spectroscopy (FT-IR, PerkinElmer, Spectrum BX II), contact angle
measurements (CA-Dataphysics, Germany, model: OCA 15EL), and high-resolution trans-
mission electron microscopy (HR-TEM, Tecnai-G2 F30 STWIN with field emission gun
electron source) studies. Electrochemical analysis has been conducted using Autolab
Potentiostat/Galvanostat (Eco Chemie, AD Utrecht, The Netherlands) using a three-electrode
system with Au as working electrode, platinum wire as auxiliary electrode, and Ag/AgCl as
reference electrode in PBS (50 mM, pH 7.0) containing 5 mM [Fe(CN)6]

3-/4- as redox probe.
The hybridization experiments using SPR have been carried out using an Autolab SPR, Eco
Chemie (Netherlands), based on the traditional Kretschmann configuration. In SPR experi-
ments, linearly p-polarized light from a laser (670 nm) is directed to a prism onto the gold
electrode, and the intensity of reflected light is measured over a range of 4,000
millidegrees (m°) at 25 °C as a function of time. An index matching fluid (SPR oil) has been
used for coupling the gold-coated glass electrode with the plane. In this experiment, a gold-
coated glass electrode is coupled with the plane face of the prism.

Scheme 1 Chemical modification of CHITwith TGA, fabrication of SH-CHIT SAM onto Au surface using SH-
Au affinity interaction and immobilization of carboxyl functionalized DNA onto SH-CHIT/Au surface
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Results and Discussion

Fourier Transformed Infrared Studies

The chemical modification of CHIT with TGA has been confirmed by FT-IR studies (film
thickness 100 nm) and is depicted in Fig. 1a. Evidence of conversion of the amine group of
CHIT is seen from the observed decrease of the amine N-H bend signal at 1,596 cm−1 in SH-
CHIT. Coupled with the loss of amine signal indicates the formation of amide in SH-CHIT, with
the appearance of amide I and amide II band signals at 1,657 and 1,562 cm−1, respectively. It
can be seen that the C-O-C stretch near 1,100 cm−1 remains essentially unchanged in SH-CHIT/
Au and CHIT/Au electrodes [18].

Scanning Electron and Transmission Electron Microscopic Studies

The scanning electron microscopic (SEM) analysis of SH-CHIT/Au electrode shows uniform
and rough surface morphology (Fig. 1b) indicating the homogeneous SAM formation onto Au
surface. The transmission electron microscopic (TEM) images of SH-CHIT/Au electrode
(Fig. 1b) show featureless grains with individual grain size of 1–2 μm. The corresponding
EDX clearly reveals the presence of elements like carbon, nitrogen, oxygen, phosphorous, and
sulfur. The existence of sulfur is attributed to the thiolation of the CHIT polymeric chain as
also confirmed by FT-IR data.

Contact Angle Measurement

Contact angle (CA) technique based on sessile drop method has been used to explain the
hydrophilic/hydrophobic nature of the surface as the quality of the monolayer can be estimated
from the wetting measurement; the shape of the liquid drop is affected by the free energy of the
surface. Figure 2a shows CA studies of blank Au (i), SH-CHIT/Au (ii), and DNA-SH-CHIT/
Au (iii) electrodes, respectively. The change in CA value indicates the modification of CHIT
film onto bare Au surface and immobilization of ssDNA onto SH-CHIT/Au film [19]. The CA
value obtained as 64° for blank Au surface reveals both clean as well as hydrophobic nature of
the surface. The value decreases to 50° after SH-CHIT SAM formation which may be
attributed to the hydrophilic nature of CHIT due to presence of the OH groups. Further, the
CA value decreases to 32° after DNA immobilization revealing the presence of hydrophilic
phosphate backbone of DNA bound onto the SH-CHIT/Au electrode.

Biocompatibility Studies Using Bacterial and Plant Systems

The biocompatibility of SH-CHIT solution of 0.1 mg mL−1 concentration has been investi-
gated with both the bacterial and plant systems. For the bacterial system (Fig. 2b), a culture is
grown overnight in a nutrient broth medium at 30 °C in a rotary shaker at 150 rpm. One
hundred microliters of the culture is spread on a nutrient agar plate, and wells (2 mm diameter)
are made with the sterile core borer. Ten microliters of the SH-CHIT solution is added to the
wells and kept for incubation at 30 °C. After ∼48 h of incubation, no zone of inhibition is seen
in the plate, indicating biosafety of the compound. For plant germination (Fig. 2c), wheat (i)
and mustard (ii) seeds are immersed in solution of SH-CHIT solution and placed on soft agar
for germination. After incubation at 30 °C in the dark for 4 days (for wheat seeds) and 7 days
(for mustard seeds), germination is checked and compared with that of the controlled seeds.
The observations pertaining to the effect of SH-CHIT solution on seed germination reveal
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Fig. 1 a FT-IR spectra of a CHIT onto gold surface and b thiol modified CHIT onto gold surface. b SEM image
of SH-CHIT/Au surface. c TEM and corresponding EDX of SH-CHIT solution
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appropriate seed germination in wheat and mustard seeds, indicating once again the biocom-
patible nature of this nanocomposite.

Electrochemical Studies

Figure 3a shows results of cyclic voltammetric (CV) studies of (i) SH-CHIT/Au, (ii) CHIT/Au,
and (iii) DNA-SH-CHIT/Au electrodes in PBS (50 mM, pH 7.0, 0.9 % NaCl) containing

(C)
(i)

(ii)
0.1 mgmL-1 SH-
CHIT solution

Control

SH-CHIT 
(0.1 mg/mL)

SH-CHIT 
(0.1 mg/mL)

Control

(B)

(i) (ii) (iii)
(A)

Fig. 2 a Contact angle of i blank Au, ii S-CH/Au, and iii DNA-S-CH/Au bioelectrodes; Snapshot of the agar
plates containing b Pseudomonas sp. after 48 h of incubation, revealing no inhibition zone formation in the plate
using SH-CHIT solution and c wheat (i) and mustard (ii) seeds after 4 and 7 days of incubation, respectively,
revealing proper seed germination, showing the biocompatibility of SH-CHIT solution even after thiolation
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5 mM [Fe(CN)6]
3-/4- in the potential range of −0.6 to 0.7 V at a scan rate of 50 mV/s. CV of

CHIT/Au shows a well-defined redox behavior (curve ii) at 0.197 V (Epc), and the anodic peak
potential (Epa) at 0.082 V with cathodic peak current of 4.99×10−4 A. This may be due to
cationic CHIT that accepts electrons from ferricyanide species resulting in enhanced redox
current. The magnitude of current response for SH-CHIT/Au electrode (curve i) increases
(7.54×10−4 A) in comparison to that of CHIT/Au electrode. This may be due to the fact that
after thiolation, two pairs of electrons are in conjugation with CHIT skeleton and participate in
resonance which is absent in pristine CHIT with one lone pair fixed onto −NH2 group.
Moreover, peak-to-peak separation of 0.13 V for SH-CHIT/Au electrode suggests that the
redox behavior approaches towards perfectly reversible system. After immobilization of
ssDNA onto SH-CHIT/Au surface, the peak current value decreases to 4.59×10−4 A, which
may be attributed to repulsion between negatively charged DNA and [Fe(CN)6]

3-/4- moieties
present in PBS, resulting in inhibited electron transfer kinetics. CVs of both CHIT/Au and SH-
CHIT/Au electrodes as a function of scan rate (50–300 mV/s) in PBS (50 mM, pH 7.0, 0.9 %
NaCl) containing 5 mM [Fe(CN)6]

3-/4- have been studied to estimate number of ionic species
per unit area (Г) and found that 0.27×10−8 and 0.765×10−8 mol.cm−2, respectively (Fig. 3b).
The higher Г for SH-CHIT/Au electrode indicates that large number of redox moieties are
available for oxidation leading to higher faradic current wherein, the presence of delocalized
electrons due to thiolation, results in increased electron transport between redox species and
electrode [20–24].

Fig. 3 Cyclic voltammetric studies of a SH-CHIT/Au (i), CHIT/Au (ii), and DNA-SH-CHIT/Au (iii) electrodes.
b CHIT/Au (i) and SH-CHIT/Au (ii) electrodes as a function of scan rate (50–300 mV/s) in PBS (50 mM, pH 7.0,
0.9 % NaCl) containing 5 mM [Fe(CN)6]

3-/4- (inset plot of peak current vs. ν1/2 (V/s) and peak potential vs. scan
rate ν (V)) in PBS (50 mM, pH 7.0, 0.9 % NaCl) containing 5 mM [Fe(CN)6]

3-/4-
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Fig. 4 a DPV response of ssDNA-SH-CHIT/Au bioelectrode after hybridization with complementary target
DNA in PBS containing MB as indicator. b Bar diagram of selectivity studies of ssDNA-SH-CHIT/Au, with
complementary, one-base mismatch and non-complementary target DNA of 100 μM concentration
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Electrochemical Response Studies

The electrochemical response of ssDNA-SH-CHIT/Au bioelectrode after hybridization with
0.01–100 μM of complementary target DNA (dsDNA) has been studied by differential pulse
voltammetry (DPV) technique in PBS (50 mM, pH 7.0, 0.9 % NaCl) using methylene blue
(MB) as redox indicator. The magnitude of current with respect to MB changes after
hybridization of probe with target (Fig. 4a). It has been observed that magnitude of current
response decreases with increased complementary DNA concentration (inset, Fig. 3b). This
may be due to enhanced number of target DNA molecules onto ssDNA-SH-CHIT/Au

Fig. 5 a SPR sensorgrams for covalent immobilization of ssDNA onto SH-CHIT/Au. b Linearity curve of target
DNA concentration in micromolar against angle in SPR angle in millidegrees
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bioelectrode resulting in steric inhibition of MB packing between double helix of the hybrid. It
has been observed that decrease in the MB peak with respect to target concentration follows
Eq. 1.

I Að Þ dsDNA ¼ −1:69� 10−6 � log DNA concentration in μM½ � þ 5:3� 10−6 ð1Þ

The detection limit of ssDNA-SH-CHIT/Au bioelectrode is 0.01 μM with sensitivity of
1.69×10−6 A μM−1.

The selectivity of ssDNA-SH-CHIT/Au bioelectrode has been investigated by examining
the interaction of ssDNA-SH-CHIT/Au bioelectrode (Fig. 4b) with the complementary, one-
base mismatch and non-complementary DNA sequence. When ssDNA-SH-CHIT/Au
bioelectrode is incubated with non-complementary target DNA, negligible change in the signal
is observed reflecting the expected absence of hybridization. However, after incubation with the
complementary target analyte and one-base mismatched sequence, the magnitude of MB signal
decreases down to ∼sixfold and ∼2.5-fold, respectively. The results demonstrate that only
complementary target DNA hybridizes with the probe DNA (ssDNA) leading to significant
decrease in the DPV signal. The observed negligible change in the signal observed for the non-
complementary sequence shows high selectivity of the hybridization detection [25–27].

Surface Plasmon Resonance Studies

The DNA probe solutions (100 μM) are immobilized onto the SH-CHIT/Au surface and used
for hybridization studies with the complementary DNA sequences using SPR technique.
During SPR measurements, the baseline is corrected for about 300 s using the autoclaved de-
ionized water to remove any unbound DNA molecules. After the baseline correction, comple-
mentary DNA sequences are allowed for the association phase for about 900 s. On completion
of the association phase, the unbound solution is discarded and the electrode is washed with de-
ionized water (dissociation phase; 200 s). The change in the SPR angle before and after the
association phase corresponding to the amount of DNA hybridized has been monitored, while
keeping all other parameters constant. After completion of the dissociation phase, the surface is
fully regenerated by washing with HCl solution (5.0 mM) for 120 s (data not shown).

Figure 5a shows results of SPR studies of ssDNA-SH-CHIT/Au bioelectrode for detection
of hybridization with the complementary target DNA having concentration from 0.01 to
100 μM. It is observed that change in the SPR angle decreases with decrease in the
complementary DNA concentration, resulting in lesser availability of the complementary

Table 1 Various biosensing parameters of SH-CHIT/Au electrode in comparison with those based on other
CHIT-based nanocomposites

Matrix Analyte Transducer used Detection limit Reference

Covalently cross-linked chitosan Catechol Amperometric 10 nM 29

Chitosan/layered double hydroxides
organic-inorganic composite

Catechol Amperometric 0.36 nM 30

Chitosan/tetrakis(2-hydroxyethyl)
orthosilicates composite

H2O2 Amperometric 4×10−7 mol/L 31

Chitosan-coupled carbon nanotubes on
polyaniline-modified gold electrode

GOD Amperometric 0.1 mM 32

Thiol modified chitosan DNA SPR and electrochemical 0.01 μM Present work
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DNA towards probe or presence of less mass loading onto the surface. The change in SPR
signal of ssDNA-SH-CHIT/Au bioelectrode has been measured from 25.64 to 150.00 m° after
hybridization with the complementary target (100 μM) indicating complete saturation of the
electrode. The change in the SPR angle varies linearly with increased concentration (Fig. 5b).
The control experiment using de-ionized water has been conducted, and no significant change
in SPR angle is observed (data not shown). Table 1 shows the various biosensing parameters of
SH-CHIT/Au electrode in comparison with those reported in the literature based on other
CHIT-based nanocomposites

Conclusions

Thiol modified CHIT by TGA has been used to fabricate SAM onto Au surface using SH-Au
affinity interaction which in turn helps to capture the DNA hybridization event using SPR. FT-
IR studies confirm thiol incorporation into the CHIT skeleton, and biocompatibility studies
indicate that the biocompatible nature of CHIT remains intact after thiol modification. Cyclic
voltammetric studies have revealed that these SH-CHIT/Au electrode exhibits enhanced
electrochemical properties due to the delocalized electrons that participate in resonance. The
ssDNA-SH-CHIT/Au bioelectrode exhibits high sensitivity (1.69×10−6A μM−1) towards
hybridization detection (0.01–100 μM complementary DNA) using DPV and SPR technique.
SH-CHIT/Au platform can be used for fabrication of other electrochemical DNA biosensor for
the detection of clinically important analyte such as cholera, Neisseria gonorrhoeae, etc.
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