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Hydrothermal synthesis of carbon nanodots from
bovine gelatin and PHM3 microalgae strain for

anticancer and bioimaging applications
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Irshad Hussain, © 9 Syed Zajif Hussain, @9 Hamed A. Ghramh," Khalid Ali Khan @ ©f
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Semi-conductor quantum dots (QDs) are favorite candidates for many applications especially for potential
use as optical bioimaging agents. But the major issue of QDs is toxicity. In the present study, carbon
nanodots were synthesized using a green hydrothermal approach from gelatin protein using a previously

established protocol. However, the PL properties and applications of the as-synthesized CG (bovine

gelatin) nanodots were remarkably different from those of previously reported gelatin carbon dots. CG
(bovine gelatin) nanodots had sizes greater than the Bohr exciton radius but still had QD like
fluorescence characteristics. Furthermore, the results from fluorescence spectroscopy demonstrated
a tunable PL emission profile at various excitation wavelengths. Second, carbon nanodots were also

synthesized from algal biomass of Pectinodesmus sp. via a green hydrothermal approach, denoted as CA

(PHM3 algae) nanodots. A study of the PL properties and surface chemical composition of CG (bovine
gelatin) and CA (PHM3 algae) nanodots suggested that the surface chemical composition significantly
alters the surface states which directly influence their PL properties. CG (bovine gelatin) nanodots were
used for imaging of plant and bacterial cells with good imaging sensitivity comparable to toxic

semiconductor quantum dots. Moreover, the results from in vitro studies suggested good anticancer
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properties of CA (PHM3 algae) and CG (bovine gelatin) nanodots with minimum GI50 values of 0.316 +

0.447 ng ml™t (n = 2) and 8.156 + 6.596 ng ml™* (n = 2) for HCC 1954 (breast cancer) and 0.542 +

DOI: 10.1039/c9na00164f

rsc.li/nanoscale-advances respectively.

1 Introduction

Fluorescent nanoparticles with a small size especially gold and
silver nanoclusters®® have been used extensively in bioimaging
applications but they have very poor photostability. Similarly,
various organic dyes such as cyanine, fluorescein, rhodamine
and green fluorescent proteins have also been used in cell
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0.715 ng ml™* (n = 2) and 23.860 =+ 14.524 ng ml™* (n = 2) for HCT 116 (colorectal cancer) cell lines,

imaging applications;** however, organic dyes significantly
suffer from photochemical degradation and photobleaching,
which limit long-term cellular tracking® and green fluorescent
proteins are notorious for showing false-positive expression due
to background auto-fluorescence.” Semiconductor quantum
dots, for example cadmium selenide (CdSe), are superior to
fluorescent proteins and other organic dyes in terms of their
optical performance, imaging sensitivity and resistance to
metabolic degradation® but they have their own slew of prob-
lems which must be addressed. In addition to their notorious
cell cytotoxicity issue® these quantum dots have surface defects
which can affect the recombination of electrons and holes by
acting as surface traps, thus causing fluorescence blinking.*
Semiconductor quantum dots have a quite extended lifetime
which interferes in biodegradation.'* Moreover, the synthesis of
blue emitting semiconductor quantum dots is a tough process
because they require smaller sizes than other colour emitting
dots."*

Carbon is generally considered as a nontoxic element, barely
in the same group as heavy metal containing semiconductor
quantum dots and is a promising alternative because of its

This journal is © The Royal Society of Chemistry 2019
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chemical stability, good dispersibility in water and low photo-
bleaching. Carbon dots have shown potential for bioimaging,
drug delivery, photocatalysis, energy conversion, fluorescent
inks and sensing applications.”* From a bioimaging applica-
tion prospective, bacterial identification, classification, char-
acterization and microscopic visualization are essential
benchmarks for different applications in microbiology and
medicine. Current methods in microbiology address bacteria
on the population level and detection is performed by visuali-
zation of bacterial colonies or by indirect detection of bacterial
secreted metabolites.’® Accurate bacterial detection requires
identification of individual bacterial cells, and for this purpose
different staining techniques, either fluorescent dyes or in some
cases QDs, have been used; however, fluorescent dyes are
expensive, prone to photobleaching, toxic and difficult to
dissolve in water. Therefore, a simple and inexpensive imaging
agent to visualize the morphological details of bacterial cells is
highly needed.

The agronomic application of nanotechnology requires an
improved understanding of the interaction between nano-
particles and plant response. Metallic oxides, such as nano-TiO,
can increase plant growth'® but there is no fluorescent probe for
tracking the transport system to explain the mechanisms that
affect plant growth. CdSe/ZnS quantum dots can be used as
optical imaging agents in vivo. However, they are toxic to the
organisms and negatively impact the environment. Therefore
a nontoxic fluorescent imaging agent which can be used to track
the progress of nutrient/nanoparticle uptake, their trans-
portation and mark the nutrient content in the nutrient solu-
tion via a visual measurement technique is required. In
addition, the imaging agent could help to quantify the plant
structure, physiological status and performance in different
environment, the knowledge of which can meet the require-
ment of high throughput genotyping. Carbon dots can thus be
proposed as an advanced platform for bioimaging applications
because of their fluorescence features. Since their discovery,
several top-down methods have been proposed to synthesize
fluorescent carbon dots. In these approaches carbon dots are
synthesized through electro-oxidation, laser ablation using
graphite, and acid-assisted chemical oxidation.'”'> However,
these approaches require very harsh multistep chemical reac-
tions, toxic reagents and special equipment. Numerous
bottom—-up methods have been reported to synthesize carbon
dots which are relatively simple, cost effective, and environment
friendly. Several such approaches use glucose, glycol, sucrose,
glycerol, citric acid etc. for the synthesis of carbon dots through
hydrothermal treatment® microwave assisted approaches™ and
thermal decomposition.”® Recently, major attention has been
diverted to the use of natural resources for the synthesis of
carbon nanodots through a hydrothermal carbonization route
because this route requires a minimal experimental setup;
moreover, synthesized carbon dots often have excellent PL
properties with high quantum yield. For example, carbonization
of orange peels,* soy milk,* milk, pomegranate,* and gram*
is carried out. Despite enormous research, the fluorescent
emission of carbon dots is still not clear and there is a constant
debate on the source of fluorescence in carbon dots. In fact,
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carbon dots produced through diverse synthetic routes and
precursors often show different optical behaviour as the wave-
length of the maximum intensity varies depending on the
carbon source, synthesis route and surface passivating agents;>*
thus the different nature of carbon dots can be studied to
understand the complex photoluminescent emission.

In the present study, carbon nanodots are prepared from
gelatin (type B extracted from bovine) and freshwater micro-
algae (Pectinodesmus sp.). Gelatin is basically an inexpensive
polymer derived from skin, bones and connective tissue of
animals such as cattle, pigs, chicken and fish* with good
medicinal and antioxidant properties®® and microalgae synthe-
size a range of nutraceuticals such as lipids, minerals, vitamins,
proteins and polysaccharides and these algal bioactive
compounds have remarkable activities with the potential to
cure cancer inflammation, oxidative stress and other degener-
ative diseases.”® Considering the aforementioned fascinating
medicinal properties, CG (bovine gelatin) nanodots and CA
(PHM3 algae) nanodots were synthesized through a hydro-
thermal carbonization method and were further characterized
and tested for their anticancer and bioimaging properties.

2 Experimental section
2.1 Synthesis of fluorescent CG (bovine gelatin) nanodots

For the synthesis of carbon nanodots, 1 g of analytical grade
bovine gelatin protein (CAS 9000-70-8 Santa Cruz biotech-
nology) was dissolved in 50 ml of deionized water at 50-60 °C
under constant stirring for 10-15 minutes. The light yellowish
mixture was poured into a Teflon autoclave and heated at three
different temperatures i.e. 120 °C, 160 °C, and 200 °C for 3
hours. After the reaction, the autoclave was cooled to room
temperature. The resultant yellow-brown solution was centri-
fuged at 16 000 rpm for 30 min followed by filtration using
a 0.45 pm syringe to remove large size particles and the
resulting dark yellow solution of CG (bovine gelatin) nanodots
was used for further characterization.

2.2 Synthesis of fluorescent CA (PHM3 algae) nanodots

The algal strain Pectinodesmus sp. Strain PHM3 (LC159307)%*
was sub-cultured in liquid BBM (Bold’s basal media). Flasks
containing the microalgal inoculum were illuminated with
a white fluorescent lamp at 100 pmol photons per m* per s with
a 25 hour light cycle. Continuous aeration was ensured using
aquarium air pumps and the culture temperature was main-
tained at 26-28 °C. After 14 days of growth, the microalgae were
harvested and dried for further experiments.

A dry smashed powder of microalgae (1 g) was dissolved in 50
ml of deionized water at 50-60 °C under constant stirring for
10-15 minutes. The light green mixture was poured into the
Teflon autoclave and heated at 200 °C for 3 hours. After the
reaction, the autoclave was cooled to room temperature. The
resultant dark green solution was centrifuged at 16 000 rpm for
30 min followed by filtration using a 0.45 um syringe to remove
large size particles and the resulting dark green solution of CA
(PHM3 algae) nanodots was used for further characterization.

Nanoscale Adv., 2019, 1, 2924-2936 | 2925
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2.3 Characterization

2.3.1 Optical characterization. Synthesis of carbon nano-
dots was initially confirmed by UV-vis spectrophotometry (UVD-
2950, LA, USA) between 200-800 nm. De-ionized water was run
as a reference before recording the absorption spectra. The
concentration of carbon nanodots was measured using the
Beer-Lambert law; the molar extinction coefficient of carbon
nanoparticles was 1.0 x 105 M ' cm™'. The fluorescence
spectra were recorded with a Configuration-Fluoromax-4C-
1426D-4115-FM spectrophotometer. The photostability was
investigated under continuous illumination of a 365 nm UV
lamp (UVP). An OPTIKA B-350 fluorescent microscope equipped
with a DCM 130, a blue excitation filter (A = 450-480 nm) and
a green excitation filter (A = 510-550 nm) was used for imaging
experiments.

2.3.2 Morphology. The morphology of the carbon nanodots
was characterized using SEM (Joel JSM-6490LA, Tokyo, Japan);
the scanning was done at 20 eV at a magnification of 50 000x.
For SEM analysis, a drop of CG (bovine gelatin) and CA (PHM3)
nanodots was added to 10 ml of deionized water and dried
under a lamp. The procedure was followed by gold coating of
the sample for surface conduciveness using a sputter coater.
The specimen after coating was placed on stubs using
conductive tape for analysis. EDS of samples was performed at
20 eV and probe current 1 mA, to detect carbon nanodots. XRD
analysis was performed on a STOE theta/theta diffractometer
(XRD) using Cu Ka radiation (A = 1.5406 A). Zeta potential
measurements of the carbon nanodots were performed using
a Zetasizer Ver. 7.10 at 25 °C at pH 7 in an aqueous medium.

2.3.3 Chemical composition. FTIR analysis was performed
using a PerkinElmer Spectrum-100 spectrometer with a scan-
ning wavelength range of 450-4000 cm™"'. CG (bovine gelatin)
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nanodots, CA (PHM3 algae) nanodots, bovine gelatin and PHM3
algal extract were analysed for the presence of functional groups
on the surface.

2.4 Anti-cancer activity

Cancer cell lines HCC 1954 (human breast cancer cells) and
HCT 116 (human colorectal cancer cells) were sourced from
ATCC. For anticancer activity, sulforhodamine B (SRB) prolif-
eration assay was used. Cells from each cell line (HCC 1954
human breast cancer cells and HCT 116 human colorectal
cancer cells) were seeded at optimized seeding density in 96-
well plates and incubated overnight at 37 °C in a humidified
incubator with 5% CO,. Nine three-fold dilutions (starting
from 5000 ng ml~") of CG (bovine gelatin) and CA (PHMS3 algae)
nanodots were added to the cells. Cells treated with CG (bovine
gelatin) and CA (PHMS3 algae) nanodots in 96-well plates were
further incubated at 37 °C in the humidified incubator with 5%
CO, for 72 hours, before proceeding with the sulforhodamine B
(SRB) assay. Following incubation with the CA (PHM3 algae)
and CG (bovine gelatin) nanodots for 72 hours, the cells were
fixed with ice-cold trichloroacetic acid TCA (3% final concen-
tration) at 4 °C for at least 2 hours. The plates were then washed
4 times with water and dried in a 37 °C oven for 20 minutes.
Fixed cells were then stained by adding 100 pl of 0.05% SRB
solution per well followed by incubation for at least 30 minutes
at room temperature. The SRB solution was removed from the
plates by washing four times with 1% acetic acid (in water) and
plates were dried in a 37 °C oven for 20 minutes. To each of
these dried plates, 100 pl of 10 mM Tris (pH 10.5) was added
per well using a multidrop dispenser and placed on a plate-
shaker for 5 min to solubilize SRB. A plate reader was then used
to measure the optical density in triplicate at a wavelength of
490 nm. GI;, values were then determined from the plot of the
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(a) lllustration of the preparation process of the CG (bovine gelatin) nanodots by hydrothermal carbonization. (b) UV-visible absorption

spectrum and (c) fluorescence spectra of the as-prepared CG (bovine gelatin) nanodot mixtures excited with different wavelengths of light.
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dose response curve between log of CA (PHM3 algae) and CG
(bovine gelatin) nanodot concentration and percentage cell
growth inhibition using GraphPad PRISM software.

2.5 E. coli imaging experiment

E. coli was cultured in a clean sterile environment. The
consumables used for culturing of E. coli were sterilized in an
autoclave for 2 hours at 15 psi pressure. E. coli was cultured in
sterile LB media containing 1 g of yeast extract, 2 g of tryptone
and 1.0 g of NaCl in 100 ml distilled water. With the help of
a streaking loop, a colony was picked from the E. coli LB agar
plate and incubated in LB media. Bacterial cultures were grown
overnight at 37 °C in a shaking incubator. Following overnight
shaking, approximately 1.5 ml of culture media was centrifuged
at 10 000 rpm for 10 min to discard the supernatant, and the
bacterial pellet was washed and resuspended in 1 ml of 0.01 M
PBS bulffer.

CG (bovine gelatin) nanodot (200 pl) solutions at
a concentration of 2 mg ml~" and 4 mg ml~ " were prepared for
the reaction with 400 pl of E. coli (10~ cfu ml™") for 3 hours at
37 °C with gentle shaking. For the control experiment,
bacterial cells were incubated in PBS buffer. After 3 hours
these solution mixtures were centrifuged at 10 000 rpm for 10
min to remove unbound CG (bovine gelatin) nanodots, the
supernatant was discarded, and the pellet obtained was
washed thrice with 0.01 M PBS and resuspended in 0.01 M
PBS solution. For imaging experiment 20 pl of bacterial cell
suspension was immobilized on a microscopic slide by using
1 x 1 cm agarose pads.*

2.6 Imaging of Allium cepa (onion) epidermal cells

The epidermal layer of cells was peeled off from an onion with
the help of a knife. The cells were washed with PBS buffer and
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the epidermal layer of cells was incubated in 2 mg ml~* of CG
(bovine gelatin) nanodot solution for 16 hours at room
temperature. After 16 hours, the epidermal cells were washed
twice with PBS buffer to remove unbound CG (bovine gelatin)
nanodots. Control epidermal cells were incubated in PBS buffer
without CG (bovine gelatin) nanodots. For the imaging experi-
ment the epidermal layer of cells was transferred to the
microscopic slide.

3 Results and discussion

3.1 Optical characteristics of CG (bovine gelatin) and CA
(PHMS3 algae) nanodots

As shown in Fig. 1a and Fig. 2a, hydrothermal treatment of
gelatin and microalgae at 200 °C for 3 hours yielded a dark
yellow and dark green color, respectively, indicating the gener-
ation of carbon nanodots.*

The synthesis of carbon nanodots was initially confirmed
from the UV-visible absorption spectrum. The UV-vis absorp-
tion spectrum of CG (bovine gelatin) nanodots shown in Fig. 1b
displays an absorption peak at A,ax = 268 nm which is due to -
7* transitions of C=C (aromatic carbon) bonds and a broad
shoulder starting from 300 nm which is due to n-7t* of C=0
(carbonyl) bonds and other oxygen-containing functional
groups. In case of CA (PHM3 algae) nanodots (Fig. 2b), an
absorption peak at 236 nm and another small peak at 254 nm
both are in the range of m-m* transitions of C=C bonds and
a shoulder bend at 300 nm corresponding to n-n* of C=0
bonds and other oxygenated functional groups.*** Note that
the absorption band corresponding to n-m* is broader for CG
(bovine gelatin) nanodots than that of CA (PHM3 algae) nano-
dots. The difference can be due to variations in the surface
chemistry of two types of nanoparticles. The PL spectra of CG
(bovine gelatin) nanodots wunder different excitation
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(a) lllustration of the preparation process of CA (PHM3 algae) nanodots through hydrothermal carbonization. (b) UV-visible absorption

spectrum and (c) fluorescence spectrum of the as-prepared CA (PHM3 algae) nanodots at different excitation wavelengths.
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wavelengths shown in Fig. 1c display that the PL intensity
increases with an increase in the excitation wavelength, and the
PL intensity increases from 360 nm (excitation wavelength) to
400 nm (excitation wavelength) at which the strongest intensity
is observed corresponding to the emission maxima at 472 nm.
The fluorescence intensity depends on the number of particles
being excited at a specific wavelength since maximum CG
(bovine gelatin) nanodots were excited at 400 nm (excitation
wavelength), resulting in an enhanced PL intensity. The emis-
sion peaks are shifted to high wavelengths with decreasing
intensities with further increase in the excitation wavelength.
Under the irradiation of a 365 nm UV lamp, the aqueous solu-
tion of CG (bovine gelatin) nanodots turns blue (Fig. 1a). In the
case of CA (PHM3 algae) nanodots, the spectral lines are
strongly red shifted (Fig. 2c). The spectral lines of CA (PHM3
algae) nanodots do not show a significant change in the emis-
sion wavelength when the excitation wavelength was increased
from 300 nm to 440 nm; however, further increase in the exci-
tation wavelength causes a sharp red shift with the maximum
intensity at 480 nm excitation wavelength corresponding to an
emission wavelength of 548 nm; the emission intensity
decreases with red shift when the excitation wavelength is
increased to 500 nm. This excitation-dependent emission

X100 100pm 2018 1160 SEI

20kV

Fig. 3 (a—f) SEM images of CA (PHM3 algae) nanodots.
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observed in CA (PHM3 algae) and CG (bovine gelatin) nanodots
is comparable to that in the other documented carbon
dots‘21,24,36

The reason for this excitation-dependent emission behavior
can be the existence of different particle sizes or the distribution
of various surface energy states on the surface of CG (bovine
gelatin) and CA (PHM3 algae) nanodots. Under the irradiation
of a 365 nm UV lamp, the aqueous solution of CA (PHM3 algae)
nanodots turns green (Fig. 2a). Furthermore, the intensity of PL
spectra of CA (PHM3 algae) nanodots is low as compared to CG
(bovine gelatin) nanodots; the decreased intensity may be
attributed to the number of particles being excited at a specific
wavelength. In CA (PHM3 algae) nanodots, a smaller number of
particles were excited at the excitation wavelength as compared
to CG (bovine gelatin) nanodots or alternatively the distribution
of surface states allowing a radiative recombination can be less
in CA (PHM3 algae).

3.2 Morphology and structural properties of CG (bovine
gelatin) and CA (PHM3 algae) nanodots

The scanning electron microscopy image of CG (bovine gelatin)
and CA (PHM3 algae) nanodots at different magnifications

20kV  X5,000  5um

2018 11 30 SEI
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Fig. 4 Particle size distribution of CA (PHM3 algae) nanodots.

respectively is shown in Fig. 3a-f and 5a-f. SEM analysis of CA
(PHM3 algae) nanodots showed some agglomeration with the
spherical morphology of particles. Similarly, SEM analysis of CG
(bovine gelatin) nanodots showed a spherical morphology;
however, particles are well separated from each other. In SEM
analysis all the particles are in the nano-range with an average

5um 2017 10 50 SEI

2017 10 30 SEI

2017 10 30 SEI

20kV  X55,000 0.2pm

Fig. 5 (a—f) SEM image of CG (bovine gelatin) nanodots.

This journal is © The Royal Society of Chemistry 2019

diameter of 67 nm for CA (PHM3 algae) nanodots and 59 nm in
the case of CG (bovine gelatin) nanodots as shown in Fig. 4 and
6 (Tables 1 and 2) respectively. The size of the synthesized
carbon nanodots (CG (bovine gelatin) and CA (PHM3 algae)) is
in accordance with previously reported sizes;*” however, the size
range of both carbon nanodots is greater than the Bohr exciton

it
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Fig. 6 Particle size distribution of CG (bovine gelatin) nanodots.

Table 1 Particle size analysis data of CA (PHM3 algae) nanodots

Size (d.nm) % intensity  St. dev. (d.n.)
Z-Average Peak 1  100.1 93.0 45.56
(d.nm): 67 nm  Peak 2 13.13 6.4 3.940
Peak 3 4.452 0.6 0.7293

radius which suggests that the quantum confinement effect
cannot be observed in CG (bovine gelatin) and CA (PHM3 algae)
nanodots as the quantum confinement mechanism requires the
size of nanodots to be smaller than the Bohr exciton radius.*® So
it is reasonable to conclude that the photoluminescence of CG
(bovine gelatin) and CA (PHM3 algae) nanodots can be related
to surface defect states owing to the occurrence of different
functional groups. The X-ray diffraction pattern (XRD) of CG
(bovine gelatin) and CA (PHM3 algae) nanodots reveals that CG
(bovine gelatin) nanodots (Fig. 7A(a)) show a very broad peak at
20 = 24.0° which is allocated to the 002 diffraction patterns of
graphitic carbon. Interlayer spacing determined from the 002
peak corresponds to dgo, = 0.34 nm which is comparable to
those of previously documented carbon nanodots.**** Similarly,
the XRD pattern of CA (PHM3 algae) nanodots in Fig. 7A(b)
depicts a broad peak positioned at 20 = 22° assigned to the 002
diffraction patterns of graphitic carbon having an interlaying
spacing distance of dyo, = 0.36 nm, which is slightly higher than
that of graphite (0.34 nm); the higher interlayer spacing indi-
cates poor crystallization. Another sharp peak centered at 44°
corresponds to the 101 planes originating due to the in-plane
diffraction of graphene-like structures of CA (PHM3 algae)
nanodots* and a feeble peak observed at 64° can be due to the
diffraction from sp® like carbon. The X-ray diffraction (XRD)

Table 2 Particle size analysis data of CG (bovine gelatin) nanodots

Size St. dev.
(d.nm) % intensity (d.n.)

Z-Average Peak 1 64.36 84.8 28.68
(d.nm): 59.45 nm Peak 2 1205 13.6 789.7
Peak 3 4513 1.6 735.1

2930 | Nanoscale Adv., 2019, 1, 2924-2936

pattern reveals the presence of an amorphous carbon frame in
CG (bovine gelatin) and CA (PHM3 algae). The amorphous
structure can be due to the existence of abundant functional
groups.

3.3 Chemical composition of CG (bovine gelatin) and CA
(PHM3 algae) nanodots

Surface chemistry and surface functional groups of CA (PHM3
algae) nanodots and CG (bovine gelatin) nanodots were ana-
lysed through FTIR analysis. In the case of CA (PHM3 algae)
nanodots (Fig. 7B) the intensity of the peak at 3286 cm ™' is
relatively low indicating that most of the O-H and N-H groups
are consumed in the hydrothermal process; similar is the case
with peaks at 2920 cm ™" and 2852 cm ™, the lower intensity of
these peaks may be due to the decomposition of C-H bonds and
the lower intensity of the peak corresponding to carbonyl
groups »(C=0) confirms the decomposition of ~-COOH bonds
during the hydrothermal process. The peak at 1636 cm ™' is
associated with the stretching frequency of C=0 of aromatic
carbonyl groups, the peak at 1440 cm ™' is associated with
aromatic C=C bonds,* the peak at 1524 cm ' is associated
with the vibration and deformation band of N-H indicating the
existence of amino-containing functional groups* and the peak
at 1370 cm™ ' is associated with C-N and N-H groups which
confirms the formation of amide bonds resulting from the
dehydration reaction between carboxyl and amino groups.** In
CA (PHM3 algae) nanodots the bands corresponding to C-O are
present and they are usually found in oxidized carbon,** hence
indicating good oxidation of CA (PHMS3 algae) nanodots.

In the case of CG (bovine gelatin) nanodots, Fig. 7C, the
absorption peak at 3446 cm ™" corresponds to »(O-H) and »(N-
H) stretching vibrations; these functional groups improve the
stability of carbon nanodots in aqueous media. An absorption
stretch at a slightly low frequency is observed at 2076 cm™ " and
is associated with C-H bonds. The peak at 1639 cm™" is asso-
ciated with aromatic carbonyl groups.*” Similarly, two prom-
inent peaks observed in CG (bovine gelatin) nanodots at 1464
em™ " and 1403 em™" are associated with amide III C-N bonds
and C=C bonds respectively. Overall FTIR results indicate that
the CG (bovine gelatin) and CA (PHM3 algae) nanodots have
amino, hydroxyl and carboxylic groups on the surface and these

This journal is © The Royal Society of Chemistry 2019
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functional groups can be the main source of surface states of
these carbon nanodots. Compared to CG (bovine gelatin)
nanodots, an absorption peak at 3282 cm™ ' with weakened
intensity and an additional absorption peak at 1746 cm™ " cor-
responding to C=0 groups are present in CA (PHM3 algae)
nanodots. These results indicate the enhanced surface oxida-
tion of CA (PHM3 algae) nanodots since during the hydro-
thermal process lots of peroxyl radicals (HCOO") are formed
which are very good oxidizing agents.*> Algal biomass contains
a complex mixture of proteins, carbohydrates and lipids leading
to the formation of a large amount of peroxyl radicals during the
hydrothermal process hence causing an increase in surface
oxidation. Moreover, the peaks in CA (PHM3 algae) nanodots
for the absorption intensity of N-H and the C-N groups are
stronger indicating that more amino groups are present in CA
(PHM3 algae) nanodots as compared to CG (bovine gelatin)
nanodots. Amino groups create a strong energy level due to
their enhanced electron donating properties, but the lone pair
of electrons in the nitrogen of amino functional groups reduces
the energy gap between the HOMO and LUMO for surface
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domains of carbon nanodots;* thus surface functionalization
with these groups can cause a red shift in the PL spectrum of CA
(PHM3 algae) nanodots. Hydroxyl groups are not reported to
cause a decrease in the HOMO-LUMO gap; the possible reason
might lie in the more electronegative character of oxygen atoms
than nitrogen atoms and as a result, the electronic cloud activity
of OH groups does not cause reduction in the HOMO-LUMO
gap. Carboxylic groups have the least electron donating ability
and consequently these groups create a small energy level.

Overall, FTIR results suggest an increased surface oxidation
in CA (PHMS3 algae) nanodots and an increased quantity of
amino groups in CA (PHM3 algae) nanodots as compared to CG
(bovine gelatin) nanodots; both factors can cause a decrease in
the HOMO-LUMO gap* which is consistent with the observed
red shift in the PL spectra of CA (PHM3 algae) nanodots. Based
on the FTIR results, Fig. 7D shows the surface composition of
CG (bovine gelatin) (left) and CA (PHM3 algae) nanodots (right)
along with the digital image under UV excitation showing how
surface chemistry can have a remarkable impact on the PL
properties.
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(A) XRD analysis of CA (PHM3 algae) and CG (bovine gelatin) carbon nanodots, (B) FTIR spectra of CA (PHM3 algae) nanodots, (C) FTIR

spectra of CG (bovine gelatin) nanodots, and (D) surface chemistry of CG (bovine gelatin) (left) and CA (PHM3 algae) (right) nanodots based on

FTIR analysis.
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(a) Anticancer activity of CA (PHM3 algae) (red) and CG (bovine gelatin) (blue) nanodots against HCC 1954 cell lines and (b) anticancer

activity of CA (PHM3 algae) (red) and CG (bovine gelatin) (blue) nanodots against HCT 116 cell lines.

3.4 Cell cytotoxicity

The synthesized carbon nanodots, CG (bovine gelatin) and CA
(PHMS3 algae) nanodots, were tested for their antiproliferative
activities against HCC1954 (breast cancer) and HCT116 (colo-
rectal cancer) cell lines in a 3 day SRB proliferation assay. Fig. 8a
and b show the dose-dependent effect of CG (bovine gelatin)
and CA (PHM3 algae) nanodots on the viability of breast cancer
(HCC1954) and colorectal cancer (HCT116) cell lines. The GIs,
values of CG (bovine gelatin) nanodots in HCT116 and
HCC1954 cell lines were 23.860 + 14.524 (n = 2) ng ml " and
8.156 + 6.596 (n = 2) ng ml ', respectively (Table 3). The G5,
values of CA (PHM3 algae) nanodots were considerably lower at
0.542 4 0.715 (n = 2) ng ml~ " and 0.316 4 0.447 (n = 2) ng m1™"
for HCT116 and HCC1954 cell lines, respectively (Table 3). The
CA (PHM3 algae) nanodots, therefore, exhibit 44- and 26-fold
potency compared to CG (bovine gelatin) nanoparticles in
HCT116 and HCC1954 cell lines; however, when compared to
the anticancer activity of some reported carbon dots, both CG
(bovine gelatin) and CA (PHM3 algae) nanodots have excellent
growth inhibition efficiencies, for example, the GIs, values of
green tea derived carbon nanodots for MCF-7, MDA-MB-231,
and HeLa cells were 1.75, 0.15, and 0.072 mg ml ™', respec-
tively.*® Similarly, black pepper and ginger derived carbon dots
reduced the viability of LN229 cells by 75% at 2 mg ml~* and
MCF-7 by 64% at 5 pg ml™"', respectively,’*® whereas in the
present study, both CG (bovine gelatin) and CA (PHM3 algae)
nanodots completely inhibited the viability of both HCC 1954
and HCT 116 cell lines at ng ml~ ' concentrations. In the case of
CG (bovine gelatin) nanodots, no reference has been made in
previously reported gelatin carbon dots* regarding their anti-
cancer activity. In fact, the biological properties of proteins are
greatly influenced by their molecular weight, structural confir-
mation, processing conditions and more importantly, amino
acid composition.** The different nature of gelatin proteins and
their source of extraction might be the reason for the observed
anticancer behavior. Although the mechanism underlining the
potent antiproliferative activities of CA (PHM3 algae) and CG
(bovine gelatin) nanodots was not studied, in the case of carbon
nanodots it has been reported that toxicity mainly depends

2932 | Nanoscale Adv., 2019, 1, 2924-2936

upon the synthesis protocol as well as the starting material
employed for synthesis.”* It has been demonstrated that
hydrolysis of gelatin proteins produces certain bioactive
hydrolysates with good anticancer and antioxidant properties;>*
moreover, there is a list of biologically active compounds
present in algae with reported antioxidant properties and the
potential to cure cancer.”* In the present study, hydrothermal
carbonization might have produced certain bioactive
compounds which might be responsible for imparting anti-
cancer activity to CG (bovine gelatin) and CA (PHM3 algae)
nanodots. Furthermore, a link between the toxic effects of
ginger and green tea derived carbon dots and increased ROS
production have been reported.****** Similar mechanisms
might be accountable for the antiproliferative effects of CA
(PHM3 algae) and CG (bovine gelatin) nanodots.

3.5 Highly fluorescent CG (bovine gelatin) nanodots for
bioimaging

Since CG (bovine gelatin) nanodots show high PL intensity,
these nanodots were used for imaging experiments of E. coli and
onion epidermal cells. Fig. 9 shows the fluorescence images of
bacteria (E. coli) using CG (bovine gelatin) nanodots at two
different concentrations i.e. 2 mg ml~"' and 4 mg ml™. The cell
internalized carbon nanodots were imaged under bright field,
and blue (A = 450-480 nm) and green filters (A = 510-550 nm).
In bio-imaging experiments bacterial cells were completely
immobilized on agarose pads, although agarose showed an
irregular surface; however, agarose does not interfere with the
fluorescence signal and allows a perfect, consistent, immobi-
lized monolayer of cells with intermediate to high cell density.

Table 3 GI50 values of CG (bovine gelatin) and CA (PHM3 algae)
nanodots against HCT116 and HCC1954 cell lines

Cell line Carbon nanodots Gl (ng ml™ 1)

HCT116 CG (bovine gelatin) 23.860 + 14.52 (n = 2)
CA (PHM3 algae) 0.542 £ 0.715 (n = 2)

HCC1954 CG (bovine gelatin) 8.156 + 6.596 (n = 2)
CA (PHM3 algae) 0.316 + 0.447 (n = 2)

This journal is © The Royal Society of Chemistry 2019
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Bright field

Blue excitation filter

Green excitation filter

Fig.9 (a—c) Fluorescence images at 2 mg ml™ concentration under bright field, and blue and green excitation filters. (d—f) Fluorescence images
at 4 mg ml~ concentration under bright field, and blue and green excitation filters. (g—i) Control images of bacteria under bright field, and blue

and green excitation filters obtained using a fluorescence microscope.

Bacterial cells showed yellow fluorescence under the blue exci-
tation filter (A = 450-480 nm) and red fluorescence under the
green excitation filter (A = 510-550 nm). The fluorescence
images showed that bacterial cells have spherical and rod-sha-
ped morphology. As is clear from the images, at a concentration
of 2 mg ml~" (Fig. 9b and c) a greater fluorescence intensity was
observed compared to the fluorescence intensity at a concen-
tration of 4 mg m1~" (Fig. 9e and f); the reason for this could be

Bright field

Fig. 10

Blue excitation filter

the agglomeration of CG (gelatin) nanodots at an increased
concentration due to which the cells were unable to efficiently
uptake CG (bovine gelatin) nanodots. Fig. 9g-i show the control
images, and no fluorescence signal is detected under the blue
and green excitation filters which confirms that the fluores-
cence is due to CG (bovine gelatin) nanodots rather than the
autofluorescence of bacterial cells. Fig. 10 shows the fluores-
cence images of onion epidermis. Fluorescence images were

500 pm

Green excitation filter

(a—c) Fluorescence images of onion epidermis under bright field, and blue and green excitation filters obtained using a fluorescence

microscope and (d—f) control images under bright field, and blue and green excitation filters.
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taken under bright field, blue filter (A = 450-480 nm) and green
filter (A = 510-550 nm). The fluorescence is observed only in
Fig. 10b and c which confirms that the fluorescence is due to CG
(bovine gelatin) nanodots; moreover, fluorescence is mainly
observed in the cell wall and in some regions of the cytoplasm of
onion cells which indicates that CG (bovine gelatin) nanodots
were mostly distributed in the cell wall region with some
penetrating into the cytoplasm.

4 Conclusion

In the present study, carbon nanodots were synthesized by
hydrothermal carbonization of algal biomass of Pectinodesmus
sp. and type B gelatin protein with bovine as a native source. CG
(bovine gelatin) nanodots were further used for bioimaging
applications in bacteria and onion cells owing to their high PL
intensities and high photostability; moreover, both CA (PHM3
algae) and CG (bovine gelatin) nanodots demonstrated excellent
anticancer activity with a very low GI5, value for both HCC 1954
and HCT 116 cancer cell lines. The anticancer activity of CA
(PHMS3 algae) nanodots was higher than that of CG (bovine
gelatin) nanodots. Furthermore, chemical characterization and
PL properties of CA (PHM3 algae) and CG (bovine gelatin)
nanodots suggested that the PL emission can be from the
surface defect states of functional groups. These surface states
contain carboxyl groups, carbonyl groups, amide, hydroxyl
group and other oxygenated defect states and the observed red
shift in the PL spectrum of CA (PHM3 algae) nanodots can be
related to amino groups and a high degree of surface oxidation,
as both factors can decrease the HOMO-LUMO gap. Both CA
(PHMS3 algae) and CG (bovine gelatin) nanodots hold promise
for bio-imaging, biomedical and optoelectronic applications.
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