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In this  work  we  report  novel  chitosan–carbon  dots  nanocomposite  hydrogel  films.  A new  green  source
“tea”  was  used  as  precursor  for carbon  dots  (CDs).  The  electrostatic  interaction  of positive  charge  on
chitosan  and  negative  charge  on CDs prepared  from  tea  was  used  for the successful  preparation  of  a
stable  and robust  chitosan–carbon  dots  nanocomposite  hydrogel  film.  The  hydrogel  films  were  charac-
terized  by  UV–visible  spectroscopy,  X-ray  diffraction  (XRD),  Fourier  transformed  infra-red  spectroscopy
(FTIR),  scanning  electron  microscope  (SEM),  fluorescent  microscopy,  thermogravimetric  analysis  (TGA)
and contact  angle  analysis.  It  was  observed  that  chitosan–carbon  dots  hydrogel  films  are  soft  but  tough
arbon dots
anocomposite
ydrogel
echanical properties

hermal properties

with  superior  UV–visible  blocking,  swelling,  thermal  and  mechanical  properties  in  comparison  to chi-
tosan  hydrogel  film.  Moreover  chitosan–carbon  dots  films  are  more  water  repellent  (hydrophobic)  as
indicated by  their  high  contact  angle  values.  Thus,  fabrication  of  such  green  soft  but  tough  biocompat-
ible  chitosan–carbon  dots  nanocomposite  hydrogel  films  offers tremendous  bio-medical  and  industrial
applications.

© 2014  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Chitosan, the cationic (1-4)-2-amino-2-deoxy-<beta>-D-glucan
artly acetylated to the typical extent close to 0.25, is industri-
lly produced from marine chitin (Muzzarelli, 2010; Muzzarelli,
012; Muzzarelli et al., 2012). It has attracted attention owing to its
uperior features such as biocompatibility, atoxicity and biodegrad-
bility (Bottegoni, Muzzarelli, Busilacchi, Giovannini, & Gigante,
014; Busilacchi, Gigante, Mattioli-Belmonte, & Muzzarelli, 2013;
uzzarelli, 2009). Solubilisation of chitosan occurs in acidic aque-

us medium by protonation of the NH2 functional group present
n the C-2 position of the D-glucosamine repeating unit. This makes
hitosan the only pseudo-natural polymer which can be applied as
olution, film, fibers as well as in hydrogel form (Rinaudo, 2006;
llum, 1998). Chitosan hydrogel, the most commonly used form
f chitosan can be prepared by crosslinking with glycerol in an
cidic medium (Chowdhury, Gogoi, & Majumdar, 2012). Hydro-

el is a three dimensional network structure of polymer which
an entrap water without losing their network structure (Kiuchi,
ai, & Inoue, 2008). Kiuchi et al. reported preparation of chitosan

∗ Corresponding author. Tel.: +91 361 2912073; fax: +91 361 2279909.
E-mail address: devasish@iasst.gov.in (D. Chowdhury).

ttp://dx.doi.org/10.1016/j.carbpol.2014.08.021
144-8617/© 2014 Elsevier Ltd. All rights reserved.
hydrogel film cross-linked with DiepoxyPoly(ethylene glycol) with
improved mechanical and swelling behavior compared to the chi-
tosan hydrogel film cross-linked with poly(ethylene glycol) (Kiuchi
et al., 2008). Khan et al. demonstrated the fabrication of improved
nanocrystalline cellulose reinforced chitosan based nanocompos-
ite films (Khan et al., 2012). So, this polymer has been used in past
tuning its properties via fabrication of nanocomposites.

There are reports of using different nanomaterials like gold, sil-
ver, carbon nanotube etc. for the preparation of chitosan hydrogel
nanocomposite. Recently carbon quantum dots also known as car-
bon dots (CDs) having sizes below 10 nm have emerged as the most
alternative fluorescent nanoprobe (Qian et al., 2014) due to their
easy availability, cost-effectiveness, thermal stability and relatively
non-cytotoxic nature (De, Voit & Karak, 2013). Many new carbon
sources for preparation of carbon dots are continuously reported
since its first report by Sun et al. (2006). Sahu et al. showed carbon
dots prepared from hydrothermal treatment of orange juice (Sahu,
Bhhera, Maiti & Mahapatra, 2012). Zhang et al. demonstrated the
preparation of fluorescent CDs directly via simple hydrothermal
method using bovine serum albumin (BSA) as a carbon source in the

presence of surface passivating agent (Zhang, Hao, Zhang, Zhang
& Tang, 2012). Recently Hsu, Shih, Lee & Chang, (2012) showed
a simple method for the preparation of carbon dots from coffee
grounds. Other methods of preparing of carbon dots from egg yolk

dx.doi.org/10.1016/j.carbpol.2014.08.021
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2014.08.021&domain=pdf
mailto:devasish@iasst.gov.in
dx.doi.org/10.1016/j.carbpol.2014.08.021
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r egg white (Wang, Wang & Chen, 2012) and ascorbic acid (Jia,
i, & Wang, 2012) has also been reported recently. We  have also
emonstrated a simple and convenient strategy to prepare fluo-
escent carbon dots from chitosan gel and also various methods
eveloped over the years for the preparation of carbon dots finds
ention in our earlier paper (Chowdhury et al., 2012).
In this report we present a new green source “tea” as a suit-

ble precursor for synthesis of fluorescent carbon dots. These tea
arbon dots are successfully utilized in preparing a chitosan–tea
arbon dots nanocomposite hydrogel film with improved physico-
echanical properties compared to that of chitosan hydrogel film

ross-linked only with glycerol. Tea is one of the major agro-
ommercial products of India. There are three main kinds of tea
roduced in India: Assam tea from north-eastern part of India (state
f Assam), Darjeeling tea from the foothills of the Himalayas and
ilgiri tea from southern India. In this work we  have successfully
repared carbon dots from Assam tea. As per our knowledge, there

s only one report of preparation of chitosan nanocomposite using
arbon dots. Huang et al. reported preparation of CDs nanocom-
osite film for dopamine biosensing (Huang et al., 2013). Here we
ave focused on the preparation of a green soft but tough biocom-
atible hydrogel film from chitosan and tea carbon dots and its
aried applicability due to possession of many important proper-
ies like UV–visible blocking, excessive swelling, thermal stability
nd mechanical strength.

. Experimental

.1. Materials

Chitosan (M.W ∼ 193400, degree of deacetylation = 77.7%)
btained from Sigma Aldrich, Germany was vacuum dried before
very use. Glycerol (density = 1.255 at 20 ◦C), glacial acetic acid and
odium hydroxide (pellets) obtained from Merck, India were used
ithout any further purification. CTC (Crush, tear, curl) tea was
urchased from Jalan Golaghat Tea Co. (P) Ltd., Assam, India.

.2. Preparation of chitosan hydrogel film

Chitosan hydrogel was prepared by following a simple protocol.
 solution of glycerol and 0.1 M acetic acid solution was prepared
y mixing two parts of glycerol and three parts of acetic acid. 0.1 g
f chitosan was dissolved in a 10 ml  of this above mentioned solu-
ion and mechanically stirred at room temperature for 2 h to allow
omplete dissolution of chitosan. The whole system was  then neu-
ralized by addition of 5 N sodium hydroxide solution drop wise
ith continuous stirring. At the neutralization point, a white sticky

el was formed due to gelation. The prepared chitosan hydrogel
as then thoroughly washed with millipore water several times

o remove any unreacted monomer from the chitosan hydrogel, if
resent. For film casting, the chitosan hydrogel was  spread onto a
lass plate (75 mm × 25 mm × 1.3 mm)  and dried at 65 ◦C in a hot air
ven. Dried film was peeled off from the plate after slightly wetting
t with water and finally stored in vacuum dry condition at room
emperature.

.3. Synthesis of carbon dots from tea

The commercially available Assam tea was first heated at 200◦ C
or about 2 h, followed by grinding to powdered form and again
eated at 200◦ C for about 8 h. The so formed black carbonized pow-
er of tea was cooled to room temperature and stored in a glass vial.

wo different dispersion mediums, viz., ethanol and 0.1 M acetic
cid were used in preparation of carbon dots from tea. A quantity of
00 mg  of the carbonized tea was dispersed in 10 mL  of the disper-
ion medium and kept for 40 h. The dispersed medium was then
lymers 115 (2015) 238–245 239

centrifuged (at 10,000 rpm for 0.5 h) and the supernatant liquid
containing tea carbon dots was collected and preserved.

2.4. Preparation of chitosan–carbon dots nanocomposite
hydrogel films

Chitosan–carbon dots nanocomposite hydrogel films were pre-
pared by the similar solution technique followed for chitosan
hydrogel films. A 0.5, 1, 1.5 and 2 wt% tea CDs (with respect to the
total weight of glycerol and chitosan) prepared in 0.1 M acetic acid
was added to a mixture of 0.1 g chitosan and 4 ml (5.04 g) glycerol.
We have preferably chosen carbon dots prepared by dispersing in
0.1 M acetic acid for synthesizing chitosan–carbon dots hydrogel
films keeping in mind the fact that chitosan is soluble in acetic acid.
The resulting solutions were then mechanically stirred at room
temperature for 2 h followed by neutralization of the system by
adding 5 N NaOH. The hydrogels were then washed with millipore
water for several times to remove unreacted monomers and casted
on glass plates followed by drying at 65◦C. The dried films were
peeled off by wetting them with water and stored in vacuum at
room temperature. The four chitosan-CDs nanocomposite hydro-
gel films thus prepared from 0, 0.5, 1, 1.5 and 2 wt% tea CDs were
named as CH, CH-CD1, CH-CD2, CH-CD3, CH-CD4, respectively.

2.5. UV–Visible spectroscopy study of chitosan and
chitosan–carbon dots nanocomposite hydrogel films

To analyse the UV–visible blocking ability, the hydrogel films
were studied through UV–visible spectroscopy. The chitosan films
and different nanocomposite hydrogel films (i.e., CH-CD1, CH-CD2,
CH-CD3 and CH-CD4) were cut off into equal sizes (∼1 × 2 cm2) and
scanned through a range of 190–800 nm wavelength in reflectance
mode.

2.6. Thermal analysis

Any change in the thermal behavior of the hydrogel film on
incorporation of tea carbon dots were systematically studied from
thermogravimetric analysis (TGA). 5–10 mg  of each hydrogel film
was used for TGA under nitrogen flow.

2.7. Tensile strength (TS) and Elongation at break (E) of chitosan
and chitosan- carbon dots nanocomposite hydrogel films

Mechanical properties of the hydrogel films were studied deter-
mining their tensile strength (TS) and elongation at break (E)
following standard ASTM D882-91 procedure. The testing was  done
on Universal Testing Machine using a 100 Kg load cell at a speed of
10 mm/min. TS was measured in MPa  unit which denotes the max-
imum force (N) per unit cross sectional area (mm2) required to
break the sample. E given here is the percent ratio of the length of
the sample film at the maximum force to the original length.

2.8. Swelling study

To study the swelling behavior gravimetrically, the hydrogel
films (thickness ∼ 0.1 mm)  were cut into equal sizes (10 × 10 mm2)
and dried in a vacuum oven overnight. Each hydrogel film of CH,
CH-CD1, CH-CD2, CH-CD3 and CH-CD4 were then weighed and kept
immersed in 10 mL  of millipore water at room temperature for 24 h.
The hydrogel films were then taken out and dried on filter paper to
ensure complete removal of surface water from the hydrogel films

and weighed again. Swelling ratio was determined according to the
following formula:

Swelling ratio (%) = [(Ws − Wd)/Wd] × 100%
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Fig. 1. (A) Schematic representation of the process involved in preparing CDs from
40 A. Konwar et al. / Carbohydr

here, Ws and Wd are weight of the swollen and dried samples
espectively.

.9. Wettability of hydrogel films

The static contact angles of the hydrogel films were measured
sing Contact Angle Analyzer to study the wettability of the hydro-
el films. Millipore water of approximately 10 �L was dropped onto
he surface of each hydrogel films and contact angle was  measured.
ive concurrent readings were taken for each hydrogel film and
heir mean is then plotted.

.10. Characterization

The chitosan and chitosan–carbon dots hydrogel films were
haracterized by Fourier transform infrared spectrometer (Nicolet
700 FT-IR) to investigate the chemical changes in film struc-
ure before and after treatment with tea carbon dots. Spectra were
btained in transmission mode from samples in KBr pellets in the
ange of 400–4000 cm−1 over 32 scans. UV-visible studies were
arried out on chitosan and chitosan–carbon dots nanocomposite
lms in Shimadzu UV Spectrophotometer-UV 2600 with integrated
phere set-up. The TGA thermograms were recorded in Perkin
lmer 4000 and were done in the range of 35–800 ◦C at a heat-
ng rate of 10◦ C/min and with nitrogen flow rate of 20 ml/min. The

echanical properties of the hydrogel films were tested on Uni-
ersal Testing Machine (Kalpak Instruments and Controls, Pune,

 kN capacity). The static contact angles of the hydrogel films were
easured using Contact Angle Analyzer of model DSA30, KRŰSS,
ermany. The photoluminescence (PL) intensity measurements
ere done in Varian Cary Eclipes, Agilent spectrofluorometer. Size
istribution and zeta potential studies were done using Malvern
etasizer NanoZS 90. Surface morphology of the prepared hydro-
el films were studied by scanning electron microscope (Carl Zeiss
upra 55). We  also studied the distribution of carbon dots in the
olymer hydrogel matrix with the help of a florescent microscope
LEICA DMI  3000 B).

. Results and discussions

Chitosan and chitosan–carbon dots nanocomposite hydrogel
lms were successfully prepared by film casting method as
escribed in the experimental section. We  have used commercially
vailable “Assam tea” as carbon source for the first time for prepar-
ng fluorescent carbon dots in two dispersion medium, viz., ethanol
nd 0.1 M acetic acid. Tea which is abundant in eastern part of India
as used as a green and cost-effective material in preparing carbon
ots.

Fig. 1A shows the schematic representation of the protocol used
n preparing carbon dots from tea and Fig. 1B shows the represen-
ative Scanning Electron Microscope (SEM) image of carbon dots
btained from tea. The SEM image clearly depicted that it is pos-
ible to get nano-sized particle from tea. Dynamic Light Scattering
DLS) study was also done for the carbon dots prepared from Tea.
ig. 1C shows a typical DLS histogram of the sizes of the carbon
ots obtained from tea. The average size was determined to be
.7 nm.  The zeta potential of prepared carbon dots was found to
e −229 mV  indicating the negative charge on the carbon dots. Tea
onsists of a host of chemicals like polyphenols, flavones, polyphe-
olic acids, carotenoids etc. So, it seems that any carbon containing
aterial present in tea can be source of carbon dots.

Fig. 2A shows the photoluminescence (PL) emission spectra of

arbon dots prepared by dispersing tea in 0.1 M acetic acid excited
t different wavelength. It was observed that with increase in the
xcitation wavelength from 380 nm to 500 nm,  the emission of
tea  (B) SEM image, and (C) DLS particle size distribution of carbon dots obtained
from tea.

carbon dots gradually shifted to higher wavelengths accompanied
with decreased fluorescence intensity. This red shift in the emission
of carbon dots has also been reported previously (Jaiswal, Ghosh,
& Chattopadhyay, 2012). It was  observed that when carbon dots
excited at 380, 400, 420, 440, 460, 480 and 500 nm resulted in emis-
sion at 468, 481, 506, 516, 530, 537 and 554 nm,  respectively. It is
believed that PL emission is consequence of both the quantum size
effect and surface defects (Chowdhury et al., 2012).

Fig. 2B shows a comparative PL spectral plot of carbon dots pre-
pared by dispersing in 0.1 M acetic acid and ethanol when excited
at 380 nm.  It is clear from the spectrum that when carbon dots
was prepared by dispersing in 0.1 M acetic acid high intensity PL
peak was obtained in comparison to when prepared by dispersing
in ethanol. Also, a blue shift in emission (to 459 nm) was observed
in carbon dots dispersed in ethanol compared to 468 nm emission
of carbon dots dispersed in 0.1 M acetic acid. So, we prepared the
chitosan–carbon dots nanocomposite in acetic acid medium.

Fig. 3 shows a schematic representation of the protocol followed
for the preparation of chitosan–carbon dots nanocomposite films.
A photograph of the prepared chitosan–carbon dots hydrogel film
is also shown in the scheme. As demonstrated in the scheme, the
positively charged NH3

+ groups of chitosan contribute to hydro-
gen bonding when electrostatically interact with predominant OH
groups of tea carbon dots. Further evidence comes from zeta poten-
tial values, which showed that while chitosan with NH3

+ groups
are positively charged (+35 mV), CDs prepared from tea is nega-
tively charged (−229 mV). Also, there might be extensive hydrogen
bonding between –OH group on carbon dots and CH2OH group of
chitosan and OH of glycerol. We want to add here that we have
prepared carbon dots from citric acid (Baruah, Deka & Chowdhury,
2014) another carbon source other than tea to check the exclusive
role of tea in the hydrogel film, if any (Fig. S1, electronic sup-
plementary material). Interestingly, it was  observed that carbon
dots from citric acid showed a high positive zeta potential value
(112 mV). Also, the hydrogel film prepared from chitosan–citric
acid carbon dots nanocomposite following the same protocol used
for preparation of chitosan–tea carbon dots nanocomposite film
was found to be very fragile (Fig. S2, electronic supplementary
material). Thus, we  can conclude that negative zeta potential value

of tea CDs might be one of the key factor of strong electrostatic
interaction in the prepared chitosan–carbon dot nanocomposite
films.
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ig. 2. (A) Photoluminescence emission obtained with progressively longer excitati
nset:  photograph of cuvette containing the carbon dots viewed under illumination

avelength at 380 nm of carbon dots dispersed in ethanol and 0.1 M acetic acid.

A FTIR study of CH, CH-CD1 hydrogel films and tea carbon dots
ere done to validate all these electrostatic interactions between

arbon dots and chitosan (Fig. 4). The broadening of peak around
400 cm−1 in FTIR spectra of chitosan–carbon dots in compari-
on to that of chitosan hydrogel film indicates hydrogen bonding
etween OH groups of chitosan, glycerol and carbon dots. The
eak at 1644 cm−1 of CH is shifted to 1648 cm−1 in CH-CD1 due
o increased C = C stretching. The C N stretching frequency con-
ributes to peak 1350–1080 cm−1. The aromatic out of plane C H
ending is contributing to peak around 900–669 cm−1.
UV–visible studies were carried out on chitosan and
hitosan–carbon dots nanocomposite film and shown in Fig. 5A. It
s evident from the spectra that as the content of carbon dots were
ncreased in the nanocomposite film the transmittance decreased

Fig. 3. The schematic representation of the protocol followed in 
velengths from 380–500 nm of CDs obtained from tea dispersed in 0.1 M acetic acid.
UV lamp. (B) Comparison of photoluminescence emission obtained with excitation

and is almost same in the wavelength range of 300–600 nm.  The
% transmittance reduced to 20% for CH-CD4 nanocomposite film
in the wavelength range of 300–600 nm.  The absorption in the
UV–visible region is usual, easy to interpret and is due to the n→�*
transition of the C = O bond. In chitosan- carbon dots nanocompos-
ite hydrogel films, a large number of highly conjugated aromatic
structures from tea CDs is also present which contributes to �
→�* transition. Thus, there is decrease in HOMO–LUMO energy
gap, which causes a bathochromic shift resulting in higher absorp-
tion intensity towards visible region (De et al., 2013; Matsumi,

Naka, Chujo, 1998). As a consequence chitosan–carbon dots
nanocomposite films were less transparent in the wavelength
region of 300–600 nm when compared with chitosan hydrogel
films.

preparation of Chitosan–Carbon dots nanocomposite film.
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elongation at break was  also investigated for chitosan and
ig. 4. FTIR spectrum of carbon dots prepared from tea, CH and CH-CD1 nanocom-
osite films.

X-ray diffraction (XRD) study of CH and CH-CD1, CH-CD2, CH-
D3 and CH-CD4 nanocomposite films are shown in Fig. 5B. Peak at
0.3◦ in the diffractogram of chitosan hydrogel film indicated the
igh degree of crystallinity of chitosan film. However, the peaks
ere also present in all the chitosan–carbon dots nanocomposite
lms confirming the retention of crystallinity after incorporation
f carbon dots.

Thermal stability study was carried out on chitosan and
hitosan–carbon dots nanocomposite films in order to decipher
he role of carbon dots prepared from tea in thermal stability of
he chitosan–carbon dots nanocomposite films. Fig. 6A shows the
hermograms of chitosan and chitosan–carbon dots nanocompos-
te films. It is interesting to note that at 250 ◦C, there was about
2% weight loss observed in CH, but only 21% was observed in
H-CD1, which gradually decreased further to 19%, 16% and 13%

n CH-CD2, CH-CD3 and CH-CD4, respectively. It was  also evident
rom the thermograms that the chitosan and chitosan–carbon dots
anocomposite films showed two stages degradation. In CH hydro-

el film, the first stage degradation occurred from 180 ◦C to 330◦C,
hich was attributed due to degradation of side chain fragments of

hitosan and glycerol structure. On the other hand, the first stage
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Fig. 5. (A) UV–visible spectra and (B) XRD graphs of CH, CH-C
lymers 115 (2015) 238–245

degradation of CH-CD1 was shifted to about 85 ◦C towards high
temperature, which in turn interestingly shifted up to as high as
100 ◦C towards higher temperature in CH-CD4. This extraordinary
thermal stability of chitosan–carbon dots nanocomposite films was
also due to the presence a large number of aromatic structures
present in carbon dots prepared from tea acting as a thermal barrier
and hence preventing degradation. The second stage degradation of
all the hydrogel films started from about 500 ◦C, which was mainly
due to breakdown of the aromatic moieties in the nanocomposite
films.

The wettability of a solid surface generally depends on its chem-
ical composition and topology. Fig. 6B shows the advancing contact
angle of chitosan and chitosan–carbon dots nanocompsite hydro-
gel films. In chitosan–carbon dots nanocomposite films, as carbon
dots were obtained from tea, which contains mainly polyphenols,
i.e., OH group containing aromatic compounds, on incorporation
of carbon dots to chitosan the density of hydrophobic aromatic
groups increased on the surface of the films. Hence, the advancing
contact angle increased from 64.95–88.75◦ as obtained for CH-CD3.
However CH-CD4 showed lower advancing contact angle of 78.02◦.
Increasing surface smoothness of the nanocomposite hydrogel
films evident from the SEM images (Fig. 7B also contributed to
hydophobicity (Voronov, Papavassiliou, Lee, 2008). Fig. 7B shows
the representative scanning electron microscope (SEM) images of
the chitosan film and chitosan–carbon dots nanocomposite hydro-
gel film. The SEM images clearly showed the change in surface
morphology before and after incorporation of carbon dots into the
chitosan hydrogel matrix. The smoothness of the chitosan–carbon
dots films with increasing carbon dots was  due to property of car-
bon dots to act as filler thus contributing to the smooth film surface
(Njuguna, Pielichowski, & Desai, 2008).

A systematic swelling study was also undertaken in chitosan
and chitosan–carbon dots nanocomposite films. It was observed
that when kept in water for 24 h, chitosan hydrogel film showed a
swelling ratio (SR) of 52.2%, which increased up to 82.2% in CH-CD1.
The SR was  then again found to decrease to a value of 57%, 54.0% and
13.1% in CH-CD2, CH-CD3 and CH-CD4, respectively. The reason for
higher SR value for CH-CD1 may  be due to optimum localization of
the crosslink density thereby increasing the porosity in comparison
to CH hydrogel film. However CH-CD2, CH-CD3 and CH-CD4 due to
presence of high concentration of carbon dots than the optimum
value the localization of the crosslink density no longer existed.
Instead high amount of crosslink density led to a minimal water
absorption in CH-CD2, CH-CD3 and CH-CD4 hydrogel films (Chen
et al., 2008; Kasgöz, Durmus, Kasgöz, 2008).

The mechanical properties like mechanical strength and
chitosan–carbon dots hydrogel films. Tensile strength (TS) of CH
film was  determined to be 5.1 MPa  as shown in Fig. 8A. The TS
increased considerably to 18.6 MPa  in case of CH-CD1 (comparable
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o that of low density polyethylene). However the tensile strength
ecreased on further increase in carbon dots as shown by CH-CD2,
H-CD3 and CH-CD4. The average TS values were 14.7, 12.9, 8.3 MPa

n CH-CD2, CH-CD3 and CH-CD4 respectively. The increased

echanical strength of the chitosan–carbon dots nanocomposite

lms compared to that of the chitosan hydrogel film was  attributed
y the strong electrostatic interaction between the polymer hydro-
el matrix and stiff carbon dots. However with increase in the
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cope (SEM) images of chitosan hydrogel (CH) and chitosan hydrogel nanocomposite

concentration of the carbon-dots some aggregation of the same
in the polymer matrix may  occurred which was evident from the
SEM and fluorescent microscopic images (Fig. 7). This probably
led to decrease in tensile strength value in the chitosan- carbon

dots nanocomposite films with increase in carbon dots concentra-
tion (De et al., 2013). Tensile strength (TS) of these hydrogel films
were found to be comparatively less than that of already reported
other chitosan films. This was mainly because the hydrogel film
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Table 1
Listed tensile strength in MPa  and % elongation at break of chitosan and chitosan-
carbon dot nanocomposite hydrogel films.

Sample name Tensile strength (MPa) Elongation at break (%)

CH 5.057 27.65
CH-CD1 18.595 6.55
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CH-CD2 14.74 17.8
CH-CD3 12.95 26.35
CH-CD4 8.32 20.85

as found to have low crosslinking density with network like
orous structure. But this approach on the other hand facilitated to
repare a soft but tough (as indicated by the stress-strain curves;
ig. 8B) biocompatible film which may  potentially be used in vari-
us biomedical applications.

Another property that was studied was elongation at break
Table 1) which was found to decrease on incorporation of car-
on dots prepared from tea into the hydrogel matrix. This may
e attributed due to increasing crosslink density as stronger elec-
rostatic interaction occurring in chitosan–carbon dots hydrogel

atrix which allowed lesser flexibility of the hydrogel matrix (Xu,
en, Hanna 2006). However increase in carbon dots concentration

mproved the toughness of the nanocomposite films which was
easured by the area under the stress strain curve (Fig. 8B). This

an be related to the stiffening effect of the carbon dots, which
as aromatic carbonized core structure. So, the toughness of the
anocomposite films increased up to near about 285% compared
o the chitosan hydrogel film on incorporation of 1.5% carbon dots.
s in case of the previous properties the toughness of the hydro-
el films also showed a decrease for CH-CD4 nanocomposite film
hich may  be due to overloading or agglomeration of carbon dots

t higher concentration (De, Voit & Karak, 2013; Shah, Maiti, Siang,
att, Giannelis, 2005).

. Conclusion

In conclusion, we have reported herein fabrication of a soft
ut tough chitosan–carbon dots nanocomposite hydrogel film pos-
essing interesting properties. The carbon dots used in making
he nanocomposite was prepared from a new green source “tea”.
he basic criteria for the preparation of such hydrogel films were
he successful electrostatic interaction between positive charge
n chitosan and negative charge on carbon dots. These electro-
tatic interactions helped the chitosan–carbon dots films to have
xcellent superior properties like UV–visible blocking, thermal sta-
ility and mechanical strength in comparison to chitosan hydrogel
lms. The % transmittance in the wavelength range of 300–600 nm
howed reduction up to 20% for CH-CD4 in comparison to CH hydro-
el film. The Tensile strength (TS) of CH-CD1 nanocomposite film
ncreased considerably to 18.6 MPa  in comparison to CH hydrogel
lm (5.1 MPa). Also, the contact angle values increased from 64.95◦

or CH films to 88.75◦ for CH-CD3 nanocomposite film suggesting
ncrease in hydrophobicity of the nanocomposite hydrogel films.
hus simply tuning of the concentration of tea carbon dots in the
anocomposite hydrogel films offers avenues to develop hydro-
el films of interesting and desired properties. This also leads to
abrication of such biocompatible and green chitosan–carbon dots
anocomposite films for applications in biomedical and industrial
elds.
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