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Abstract
Amine and carboxyl functionalized carbon dots (CDs), i.e., citric acid polyethylenimine (CPI) and citric acid glycine (CCG) 
at different contents (0.05 to 0.5% w/w with respect to soy protein isolate (SPI)) were incorporated in glycerol plasticized 
SPI to produce CDs reinforced SPI films. Functionalized CDs were characterized by fluorescence spectroscopy and X-ray 
diffraction (XRD). The CDs reinforced SPI films were structurally, morphologically, and mechanically characterized by Fou-
rier transform infrared (FTIR) spectroscopy, scanning electron microscope (SEM) and mechanical properties, respectively. 
Water uptake studies were also carried out for CDs reinforced SPI films. The results from FTIR study indicated shifting of 
amide II band from 1544 to 1530 cm−1 for CPI incorporated SPI and generation of a band at 1741 cm−1 for CCG incorpo-
rated SPI indicating unbounded –COOH groups of CCG with SPI. The tensile stress and tensile modulus of CPI, as well 
as CCG reinforced SPI films increased, indicating reinforcement effect of CDs on SPI film. The maximum tensile stress of 
0.5% CPI and 0.15% CCG loaded SPI was nearly 38.03% and 42.85% higher than the maximum tensile stress of neat SPI 
film. Antibacterial activity of CPI and CCG reinforced SPI films against E. coli and L. monocytogenes were also studied 
but CCG and CPI incorporated SPI films did not show any inhibitory effect on above mentioned bacteria. This work will 
be helpful in fabricating functionalized CDs reinforced SPI film from the renewable resources with low water uptake and 
good mechanical properties.
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Introduction

Synthetic plastics are major threat for environment in this 
era because of their immortal nature [1]. Increasing demand 
for plastic materials is only adding more and more load of 
synthetic plastic-based pollutants to environment. Research-
ers are trying to find out the appropriate alternative materials 
from starch, cellulose, chitin/chitosan, protein, etc. so that 
one time usages of synthetic plastics can be reduced [2–6]. 
Materials prepared from soy protein isolate (SPI) can be one 
of the replacements of synthetic based plastics. SPI being 

a protein macromolecule is naturally degradable, biocom-
patible, easily available, and possesses a very good film-
forming capacity. Due to these properties, SPI is a very suit-
able candidate for packaging applications, edible films, food 
material, biodegradable implants [7, 8], composite films [9, 
10], composite beads [11], nanofabric for removing airborne 
pollutants [12, 13], etc. The addition of nanofillers into a 
polymer matrix results in an improvement in the properties 
of natural polymers including enhanced mechanical [14], 
thermal, barrier [15] and physicochemical properties [16].

However, apart from the good film-forming capacity, 
excessive water sensitivity is a major hindrance, which limits 
the acceptance of SPI based plastics on a commodity basis. 
To minimize the water uptake and to increase the mechanical 
properties of SPI based materials, different approaches such 
as addition of other biopolymers, flavonoids, polyphenols, 
and nanoparticles are adopted [17–20]. The incorporation 
of these additives might trigger antimicrobial properties 
or antioxidant properties as well as increase in mechanical 
properties of the as-prepared SPI films.
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Nano reinforcement is quite demanding and attractive 
strategies for the fabrication of modified SPI based films 
with improved properties. Xiang et al. used acid-treated car-
bon nanotubes (CNTs) as reinforcing fillers for SPI matri-
ces, and the reinforced biopolymeric film showed excellent 
properties [21]. Some nanofillers such as industrial lignin 
[22], layered silicate [23, 24], carbon nanoparticles (CNP) 
[18], ZnS nanoparticles [25],  Cu3(PO4)2·3H2O [26], and cit-
ric acid-modified starch nanoparticles (CSN) [27] showed 
promising effect upon reinforcement in SPI films as com-
pared to neat SPI films. Besides several nanoparticles, func-
tionalized CNP secures a specific space in the fabrication 
of SPI film due to their water soluble nature and presence 
of functional groups on the surface. In charged nanoparti-
cles such as functionalized CNP, a large number of –OH 
and –COOH groups are exposed on the surface which may 
interact well with -NH2, -OH and -COOH of protein. Indeed, 
these interactions may strengthen the overall performance 
of functionalized CNP incorporated SPI film [18]. The 
mechanical properties, water resistance, thermal stability, 
etc. of the resulting protein-based composite films got dra-
matically enhanced by the incorporation of CNP in SPI [18].

Carbon dots (CDs), a carbonaceous nanomaterial with a 
size less than 10 nm, have attracted tremendous attention in 
recent times because of its many fascinating prospects like 
negligible photo-bleaching, excellent water solubility, good 
biocompatibility, and excellent chemical stability, etc.[28, 
29]. The overabundance of surface functional groups on the 
surface of CDs exhibited so much flexibility that it eventu-
ally dynamize the emergence of CDs as a nanofiller in the 
polymer matrix. From advancing the physico-mechanical 
properties to a zing like fluorescent, antimicrobial, or photo-
catalytic activity of CDs-reinforced polymers, all originated 
from the boon of the extrinsic and intrinsic nature of the 
CDs [30–32].

In our study, we have synthesized amine and carboxyl 
functionalized CDs, i.e., citric acid polyethylenimine (CPI) 
and citric acid glycine (CCG) with the precursor citric acid, 
polyethylenimine, and glycine. The CDs were character-
ized by fluorescence spectroscopy and XRD. CDs were then 
incorporated in SPI to fabricate reinforced biofilms. The as-
prepared biofilms were structurally and morphologically 
characterized by Fourier transform infrared (FTIR) spectros-
copy and scanning electron microscope (SEM), respectively. 
Mechanical, water uptake, antibacterial, and transmittance 
studies of CCG and CPI reinforced SPI biofilms were also 
carried out. Two different nitrogen precursors were used to 
assess the variative roles of surface functional groups of 
CDs towards SPI.

Materials and methods

Materials

Soy protein isolate with a purity of 90.27% (on dry basis) 
was purchased from Zhenghou Ruikang Enterprise Co., 
Ltd. (Zhengzhou, China). Citric acid monohydrate, glycine, 
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochlo-
ride (EDC.HCl) and N-hydroxysuccinimide (NHS) were 
obtained from Alfa Aesar, Hyderabad, India. All chemicals 
were used as received. Nanopure water from millipore was 
used in the synthesis of CDs. Glycerol from Fisher Scien-
tific, sodium hydroxide pellets from Titan Biotech Ltd. and 
Luria Bertani (LB) powder from HiMedia, were used in the 
experiments. E. Coli /BL21strain was obtained from Gbio-
sciences. L. monocytogenes MTCC 839 was supplied by 
IMTECH Chandigarh, India.

Synthesis of CCG and CPI

CCG and CPI were synthesized following previously 
reported methods with slight modifications [33, 34]. In a 
facile approach, citric acid (10 mmol) and glycine (10 mmol) 
were dissolved in 20 ml of water and heating was done at 
120 oC for 16 h to obtain a brownish mass. After cooling 
to room temperature, water was added to it to disperse the 
mass and pH was adjusted to 7.4 with NaOH solution. The 
resulting solution was then passed through a 0.22 µm nylon 
syringe filter to remove the undissolved or large agglom-
erated particles. The brownish-yellow CCG solution was 
stored at 4 ◦C for further use. Similarly, CPI was synthe-
sized by pyrolysis of 1 g of citric acid and 0.5 g of poly-
ethylenimine. CPI and CCG nanoparticles in liquid form 
have the solid content of 0.06% and 0.04%. The morphology 
and average size of pristine CPI and CCG was reported as 
spherical and 2–4 nm, respectively [33, 34].

Preparation of neat and carbon dot nanoparticles 
incorporated SPI film

SPI (6%) with glycerol as plasticizer has been used to pre-
pare SPI films by solution casting method. Firstly 0.9 g of 
glycerol (30% w/w of SPI) was added in 50 ml distilled 
water followed by addition of 3 g of SPI to distilled water 
bit by bit in stirring condition to get SPI suspension. The 
temperature of SPI suspension was maintained at 60 oC, and 
dilute NaOH solution (1 ml of 1 M NaOH solution) was 
added to the SPI suspension to adjust the pH value of 9–9.5. 
Subsequently, the SPI suspension was kept at 60 °C for 1 h 
at stirring condition followed by 3–4 h in vacuum desicca-
tors to remove air bubbles. The SPI suspension (free from 
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air bubbles) was poured on glass plates having a dimension 
of 15 cm × 10 cm and was allowed to dry at 55–60 °C for 
24 h. To peel-off the SPI film from glass plate, plates were 
first transferred in desiccators with RH of 75%, which even-
tually makes SPI film elastic enough to be peeled-off from 
the glass plate.

CCG and CPI incorporated SPI film were prepared by 
the same method as discussed above with slight modifica-
tions. For the fabrication of CCG and CPI incorporated SPI 
films, SPI suspension was first heated and stirred for 30 min, 
and after that, the required contents of CCG (0.05%, 0.1%, 
0.15% and 0.2% CCG w/w of SPI) and CPI (0.1%, 0.3% 
and 0.5% of CPI w/w of SPI) were added in the SPI suspen-
sion maintaining the temperature of 60 °C and stirred for 
another 30 min. The SPI films prepared at different con-
tents of CCG were designated as S-0CCG, S-0.05CCG, 
S-0.1CCG, S-0.15CCG, S-0.2CCG, and the CPI containing 
SPI films were designated as S-0CPI, S-0.1CPI, S-0.3CPI, 
S-0.5CPI. The numeric value in the designation of sample 
films denotes the percentage contents of additives.

Antibacterial studies

E. coli (Gram-negative bacteria) and L. monocytogenes 
(Gram-positive bacteria) were used to check the antibacte-
rial properties of CCG and CPI reinforced SPI films. Both 
the bacteria were revived using 10 ml of LB broth by incu-
bation of bacteria containing broth on a shaker incubator. 
When the optical density (OD) of broth reached 0.4, 10 μl 
(3.2 × 104 bacteria) of E. coli and L. monocytogenes cul-
ture was taken and spread on respective plates separately 
for each concentration of CCG and CPI containing SPI film. 
The experiments were performed in triplicates. Neat, CCG, 
and CPI incorporated SPI films (1 cm × 1 cm) were then 
positioned on each of the respective plates. After that, plates 
were transferred on a static incubator for overnight incuba-
tion at 37 °C. Plates were observed after incubation for the 
growth of bacteria.

Characterizations

Powder X-ray diffraction analysis for CCG and CPI was car-
ried out in a Rigaku TTRX-III diffractometer with Cu-Kα 
(λ = 1.54 Å) as an X-ray source. Steady-state fluorescence 
measurement for CCG and CPI was performed with a Fluo-
romax-4P spectrofluorometer (Horiba Jobin Yvon) at room 
temperature. Transmission electron microscopy (TEM) 
was performed for CCG and CPI and captured on a Hitachi 
(H-7500) electron microscope at an accelerating voltage of 
100 kV. For TEM, the samples were prepared by dispersing 
10 ml solution of CCG and CPI (0.5 mg/l) on a carbon grid 
and air-dried for 20 min for imaging by TEM unit.

CCG and CPI incorporated SPI films were scanned at 
room temperature from 4000 to 400 cm−1 (wavenumber) 
with a resolution of 4 cm−1 on FTIR spectrophotometer from 
Perkin-Elmer, USA. An average of 32 scans was used to 
report the spectra.

Tensile properties including tensile stress, Young’s modu-
lus, and elongation at break of neat SPI film as well as CCG 
and CPI nanoparticles incorporated SPI films were reported 
as per ASTM D 882. The tensile tests were performed on a 
Universal Tensile Testing machine from Zwick, Germany. 
Five tests were performed for each specimen having dimen-
sion of 8 cm × 1 cm with a thickness of ~ 0.2 mm and cross 
head speed of 10 mm/min. 10 kN load cell was used for the 
measurement.

Cross-section morphology of neat SPI film as well as 
CCG and CPI incorporated SPI films were carried out by 
SEM (EVO-SEM 15/18 (Carl Zeiss Microscopy, Ltd)) at 
an accelerating voltage of 20 kV. The samples were coated 
with gold prior to subjecting it to morphology experi-
ment. Water uptake experiment in triplets was carried as 
per ASTM D570-81. For this experiment, SPI film strips 
at all the different contents of CCG and CPI were cut in a 
dimension of 1 cm x 1 cm and dried at 60 °C for 24 h in an 
incubator. After drying, the samples were cooled in desicca-
tors maintained at 0% RH with silica beads for 1 h, and ini-
tial weight  (W0) of the cooled samples was taken. Separate 
plastic container for each strip was labeled, and filled with 
distilled water. The sample strips were dipped in it and left 
undisturbed for 24 h. Afterward, the strips were taken out 
carefully from the bottle wiped with tissue paper for removal 
of excess water and weighed again to get final weight  (W1). 
The difference in the final and initial weight is the value of 
water uptake, and the percentage water uptake is calculated 
by the formula given below.

Results and discussions

Characterization of CCG and CPI

Pyrolysis of citric acid, along with nitrogen precursor, 
often produces CDs with strong fluorescence. Herein, 
we have used two different nitrogen precursors, glycine 
and polyethylenimine for the synthesis of CCG and CPI, 
respectively, to vary the number of functional groups on 
the surface of CDs. X-ray diffraction analysis reveals typi-
cal diffraction peak at 26° for CCG and at 28° for CPI 
(Fig. 1a, 1b) that correspond to (002) plane of a graphitic 
framework, which confirmed the successful carbonization 

WaterUptake(%) =
W1 −W0

W0

× 100
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of the precursors. The weak and broad diffraction peak 
discloses the partial graphitization and a highly disordered 
carbon framework [35]. Both CCG and CPI exhibit blue 
fluorescence and steady-state fluorescence analysis was 
performed to decipher that. It reveals excitation dependent 
fluorescence emission for CCG and excitation independ-
ent fluorescence emission for CPI (Fig. 2a, 2b). Figure 3 
shows the TEM images of CCG and CPI with the size dis-
tribution ranging from 2 to 6 nm in diameter. The general-
ized structure of CPI and CCG is given in Fig. 4 [33–35].

FTIR

Figure 5 and Fig. 6 show the FTIR spectra of CPI and 
CCG incorporated SPI films, respectively. In this spectra, a 
broad band between 3200 and 3300 cm−1 is generated due 
to N–H stretching and is assigned as amide A of neat soy 
protein films. The peak at 1639 cm−1 is attributed to amide 
I band of protein vibration, and that is attributed to C = O 
stretching. The peak at 1544 cm−1 is attributed to amide II 
bands of protein due to interaction between -CN stretching 
and -NH bending of SPI [25]. The peak at 1261 cm−1 also 

Fig. 1  Fluorescence spectra of 
(a) CCG and (b) CPI

Fig. 2  X-ray diffraction patterns 
of (a) CCG and (b) CPI

Fig. 3  TEM of (a) CCG and 
(b) CPI
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represents the interaction between -CN stretching and -NH 
bending and is attributed to amide III band. After incorpo-
ration of CPI, the band shifts to 1530 cm−1, which may be 
due to interaction between -CN stretching and -NH bend-
ing of CPI, as shown structurally in Fig. 5. The intensity 
of band at 1261 cm−1 increase after incorporation of CCG 
in SPI films (Fig. 6). In addition, a band at 1741 cm−1 
is also observed for S-0.15CCG and S-0.2CCG, which is 
attributed to C = O stretching of carboxylic group [33]. 
The generation of band at 1741 cm−1 indicates abundance 
of unbounded –COOH groups at higher contents of CCG. 
On the other hand, -COOH groups interact with amine 

group of SPI at lower content of CCG, i.e., for S-0.05CCG 
and S-0.1CCG in CCG incorporated SPI film.

Mechanical properties

Figure 7 shows the mechanical properties of CPI incorpo-
rated SPI film. The tensile strength and tensile modulus 
of CPI incorporated SPI films increase from 5.18 MPa to 
7.15 MPa and 28.85 MPa to 68.7 MPa, respectively in case 
of 0.5% CPI incorporated SPI films. Tensile modulus of 
SPI films increases from 28.85 MPa to 84.7 MPa for 0.1% 
CPI incorporated SPI film. After that, modulus decreases to 

Fig. 4  Generalized structure of 
CCG and CPI

Fig. 5  FTIR spectra of CPI 
incorporated SPI films
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68.7 MPa in case of 0.5% CPI incorporated SPI films. Elon-
gation at break decreases from 102.07% to 68.6% in case 
of 0.5% CPI incorporated SPI film. These findings indicate 

that higher mechanical properties are observed for CPI 
reinforced SPI film. As from the structure of CPI (Fig. 4), 
there are various functional groups exposed on the surface 

Fig. 6  FTIR spectra of CCG 
incorporated SPI films

Fig. 7  Mechanical properties of 
CPI incorporated SPI films
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of nanomaterial, which leads to better interaction with SPI 
matrix at 0.5% concentration of CPI. And tensile strength 
results also indicate that the optimum concentration of CPI 
in SPI could be 0.5%.

Figure 8 shows the mechanical properties of CCG incor-
porated SPI film. The tensile strength and tensile modu-
lus increase from 5.18 MPa to 7.4 MPa and 28.85 MPa to 
115 MPa, respectively for 0.15% CCG incorporated SPI 
films. At higher content of CCG, i.e., 0.2% in SPI, tensile 
strength and tensile modulus decrease. Interestingly, the 
elongation at break decreases from 102.07% to 7.87% for 
0.15% CCG incorporated films. Li et al. have also reported 
the increase in the mechanical properties of SPI biofilms 
after incorporating CNP [18]. This result indicated that at 
0.15% concentration of CCG, there is presence of sufficient 
exposed surface functional groups (Fig. 4) which interacted 
well with exposed functional groups of SPI matrix. How-
ever, at 0.2% concentration of CCG, there may be self-aggre-
gation of nanomaterial that leads to decrease in mechanical 
strength [18].

These results indicate that reinforcement of CCG and CPI 
in SPI matrix enhances the mechanical properties of rein-
forced film. Li et al. have also reported the increase in the 
mechanical properties of SPI biofilms after incorporating 
CNP [18]. According to Lu et al. CNP interacts strongly 
with SPI matrix, due to which the motion of the matrix 
get restricted [36]. Also with decreasing size of nanomate-
rial, the surface atom gets unsaturated for the lack of the 
neighboring atoms. Huge number of dangling bond could 
be produced due to intrinsic defaults contained by the CNP. 

Those dangling bonds are highly reactive and contain strong 
affinity for functional groups in SPI  (NH2, OH and COOH) 
and could form hydrogen bond with them. This explanation 
defines the increased mechanical strength of prepared CCG 
and CPI incorporated SPI films [18].

Water uptake

Figure 9 shows the water uptake properties of CCG and CPI 
incorporated SPI films. The water uptake data of CCG and 
CPI incorporated SPI film shows that water resistance of the 
as-prepared SPI films increases after incorporation of CCG 
and CPI. Neat SPI film shows water uptake of 159.95% while 
the CCG and CPI incorporated biofilms show a decrease in 
water uptake (~ 58 ± 3%) except for S-0.2CCG. The decrease 
in water uptake values may be attributed to the hydrogen 
bonding of functional groups of SPI with exposed carboxyl, 
amine, and polyethylenimine functional groups of CCG and 
CPI. It has been shown in FTIR section that S-0.15CCG and 
S-0.2CCG contain a large number of unbounded –COOH 
groups, and due to presence of these unbounded –COOH 
groups, the water uptake is higher than that of S-0.05CCG 
and S-0.1CCG.

Morphology

Figure 10 shows the SEM image of neat, CCG, and CPI 
incorporated SPI films. The neat SPI film exhibits a rela-
tively less coarse surface. In S-0.3CPI and S-0.2CCG, the 
obvious change of cross sections can be observed as more 

Fig. 8  Mechanical properties of 
CCG incorporated SPI films
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coarse and crack structure, and this change is not obvious 
for S-0.1CPI and S-0.1CCG because only a small amount 
of CPI and CCG are dispersed in SPI matrix. The original 
structure of SPI is weakly destroyed at high contents of CPI 
and CCG in SPI matrix [18].

Interaction of CPI and CCG with SPI

Based on the results obtained above, mode of interactions 
of CPI and CCG with SPI has been discussed here. Electro-
static attractions and different weak non-covalent bondings 
(H-bond, van der Waals forces of attraction) are involved in 
interaction between SPI and CDs. CPI has larger number of 
amines on the surface of CDs as compared to that of CCG 
where carboxyl groups predominate (Fig. 4). As reported in 
literature, charged nanoparticles such as functionalized CNP, 
a large number of–OH, -NH2 and –COOH groups present in 
CCG and CPI are exposed out on the surface, and that may 
interact with -NH2, -OH and -COOH of SPI. These inter-
actions strengthen the overall performance of CDs incor-
porated SPI biofilm and role of these functional groups is 
clearly visible in terms of high mechanical properties (Fig. 7 
and Fig. 8) and low water uptake (Fig. 9) [18].

Antibacterial properties

Interestingly, few CDs exhibited excellent antibacterial 
properties [37]. Hence, it is worth to study the antibacte-
rial properties of CPI and CCG incorporated SPI biofilms. 
The antibacterial results indicate that CPI and CCG incor-
porated SPI films cannot form the zone of inhibition against 

against E. coli and L. monocytogenes, and the bacteria grow 
on the surface of film after 24 h (Figures not shown). So we 
can say that CPI and CCG incorporated SPI biofilms do not 
have antibacterial properties. These biofilms can be easily 
degraded in the presence of bacteria.

Conclusions

CCG and CPI having dimension 0.34 nm and 0.32 nm (as 
obtained by XRD) were successfully synthesized. Also, 
functionalized CDs (CCG and CPI) incorporated SPI-based 
biofilms with improved properties were successfully fab-
ricated. It has been observed from FTIR study that CCG 
incorporated SPI films showed high amount of –COOH 
groups which is not bounded with SPI. The biofilms rein-
forced by CPI and CCG showed higher water resistance in 
addition to better mechanical properties as compared to neat 
SPI films. The tensile stress and tensile modulus for CCG 
and CPI incorporated SPI biofilms increased from 5.80 MPa 
to ~ 7.5 MPa and 28.85 MPa to ~ 115 MPa, respectively. 
Interestingly, the reinforcement effect by CPI and CCG in 
SPI was observed at low contents of CPI (0.5%) and CCG 
(0.15%). This may be attributed to the presence of -COOH 
and -NH2 functional groups in CDs that may interact with 
the functional groups present on the surface of SPI material, 
and this interaction in turn strengthen the material proper-
ties of the SPI biofilms. E. coli and L. monocytogenes could 
easily grow on CDs incorporated biofilms indicating biode-
gradable nature of CDs reinforced SPI films.

Fig. 9  Water uptake (%) of CPI 
and CCG incorporated SPI films
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Fig. 10  Cross-section morphology of (a) 0% (b) 0.1% (c) 0.3% CPI (d) 0.1% (e) 0.2% CCG incorporated SPI films
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