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ABSTRACT

In recent years, fluorescent carbon dots (CDs) have attracted a great deal of attention in imaging and related
biomedical applications due to their excellent photoluminescence properties, low cost, high quantum yield
and low cytotoxicity in comparison with semiconductor quantum dots based on metallic elements. In this
paper, a new design for development of CDs/gelatin nanoparticles (CDs/GNPs) is described. The obtained
fluorescent nanocarriers were characterized using FT-IR, SEM, XRD, DLS, PL analysis. Afterwards, the
performance of developed NPs was investigated through different in-vitro tests such as MTT assay,
fluorescence microscopy analyses. Methotrexate (MTX) was successfully loaded into the fluorescent NPs at
physiological pH (7.4) by ionic interactions between anionic carboxylate groups of MTX and cationic amino
groups on the surface of NPs. The MTT assay revealed that the MTX-loaded nanocarriers have higher
cytotoxicity in MCF-7 breast cancer cells than nanocarriers without MTX. Upon the obtained results, our
fluorescent nanocarriers hold great potential as drug carriers for the targeted MTX delivery to the cancer cells
and biological fluorescent labelling.
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1.

INTRODUCTION

Recent years, fluorescent nanomaterials have gained greater attention owing to their unique optical properties
and a wide range of potential in medical applications [1-3]. Up to now, different types of fluorescent nanomaterials
such as semiconductor quantum dots, polymer dots, carbon nanodots and liposome fluorescent nanomaterials
have been synthesized and studied in various applications [4-6]. By comparing semiconductor quantum dots (QDs)
based on metallic elements, such as PbSe, CdSe, CdS, and Ag2S with fluorescent carbon-based nanodots (CDs), CDs
are the excellent fluorescent nanomaterials due to their good biocompatibility, easy to modify, and low toxicity
biocompatibility [7]. So, CDs were used as promising materials for various applications such as gene transmission,
bioimaging, biosensing, disease detection and drug delivery [8-10]. Moreover, to develop these fluorescent
nanoparticles (NPs) with effective drug delivery systems, the use of natural biopolymeric nanocarriers can be
proposed to load of these fluorescent materials [11, 12]. Among the natural biopolymers, gelatin is one of the
desirable materials used in foodstuff, pharmaceutical, cosmetic and medical applications due to its excellent
biodegradability and biocompatibility. Furthermore, gelatin is a non-toxic and natural polyampholyte biopolymer
gained either by partial acid (type-A) or alkaline (type-B) hydrolysis of collagen [13-15]. In general, gelatin-based
NPs (GNPs) are considered as a useful biomaterial nanocarrier for drugs and bioactive molecules because of its
excellent surface chemical modification potential and cross-linking possibility. The complex of fluorescent
nanodots/GNPs showed potential applications in drug delivery and bioimaging, simultaneously. In this regard,
several works have been studied and reported for fluorescent GNPs [16-18]. However, the toxicity of QDs may hold
back their in-vivo applications due to the direct release of cytotoxic metals of QDs into the biological system which
could damage normal cells because of severe toxicity [19-21]. Thus, to overcome this problem, CDs can be used as
a fluorescent dye with excellent biocompatibility and easy combination with natural biopolymer nanocarrier. As
we know, no previous investigations have been reported about the synthesis of CDs embedded GNPs. Methotrexate

(MTX) is one of the most widely used therapeutic agents to treat various cancers such as breast cancer,
choriocarcinoma, lung cancer and bladder carcinoma [22-24]. Moreover, MTX has structural similarity with folic
acid (FA) which would be able to enter cells through a similar transport system of FA as a targeting ligand on the
surface of cancer cells [25-27]. Thus, in this paper, we report the preparation of fluorescent GNPs with the loading
of MTX on the surface of NPs as a targeting and therapeutic agent. In the first step, CDs with an excellent
fluorescence quantum yield of 75% were prepared by the one-step hydrothermal method process [28]. Then,
CDs/GNPs were synthesized via two-step dissolution method. Then, MTX as a model drug was loaded on the
surface of nanocarriers via ionic interaction between nanocarrier and drug. Finally, MTT assay and cellular uptake
were performed on the breast cancer cell line (MCF-7) for investigation of MTX-loaded nanocarrier cytotoxicity
effects.

2.
Materials and methods
2.1
Materials
Type A gelatin (300 Bloom) was supplied from Sigma-Aldrich Co. (Missouri, USA). Citric acid and polyethylene
glycol (PEG-2000), ethylenediamine, glutaraldehyde (25% v/v aqueous solution), acetone and dimethyl sulfoxide
(DMSO) were procured from Merck Chemicals Co. Methotrexate salt (MTX) was obtained from Zahravi
Pharmaceutical Co. (Tabriz, Iran). Breast carcinoma cell line (MCF-7) was bought from the Iranian Blood
Transfusion Institute. All reactants possessed analytical grade and deionized (DI) water was used throughout the
work.

2.2
Characterization
Structural and Morphological analyses of the CDs/GNPs complexes were imaged with a field emission scanning
electron microscope (FE-SEM) system (MIRA3 FEG-SEM, Tescan, Czech), for this purpose, samples were dispersed
and sonicated in DI water. Functional groups of the samples were detected with a Tensor 27 FTIR
spectrophotometer (Bruker, Germany) using KBr pellets. X-ray diffraction (XRD, Bruker D-8, Germany) was
recorded using Cu Kα radiation in the 2θ ranges of 10- 60° to determine the crystal structure. The Ultravioletvisible (UV-Vis) (UV-2550 UV– vis spectrophotometer, Shimadzu, Japan) absorption spectra were recorded at
ambient temperature using DI water as the blank. The characteristics photoluminescence (PL) emission spectra of
fluorescent GNPs were recorded by a fluorescence spectrophotometer (LS45, PerkinElmer).

2.3
Synthesis of Carbon dots (CDs)
CDs were formulated using a one-step hydrothermal reaction following a previously reported [28]. In brief, a
mixture of 4 g citric acid and 0.8 g PEG-2000 were added to 30 ml DI water followed by addition of 8 ml
ethylenediamine. The mixture slightly stirred until a clear homogeneous solution acquired. After that, the mixture
was poured into a 100 mL Teflon tank. Next, the Teflon tank was sealed in a stainless steel autoclave and heated at
160 °C for 8 hrs. Finally, the reactor was naturally cooled down to ambient temperature. In order to remove the
large particles, the resulting red-brown solution was centrifuged at 12000 rpm for 15 min. Then, the supernatant
liquor was further purified in a dialysis bag (MWCO = 12000 Da, Sigma-Aldrich, USA) against of DI water for 24 hrs
to remove small molecule substances. The quantum yield of synthesized CDs was calculated to be approximately
75% according to the reported method.

2.4
Synthesis of CDs/gelatin nanoparticles (CDs/GNPs)
The fluorescent GNPs were synthesized by the two-step desolvation method [29]. Briefly, 25 ml of 5% gelatin
solution was prepared at 50 °C. After the solution cooled down to ambient temperature, an equal volume of acetone
was added to precipitate the high molecular weight (HMW) gelatin. Then, the HMW gelatin was dissolved in 25 ml
DI water and stirring under constant heating. The as-prepared CDs solution (10.0 mL) was added to the gelatin
mixture at this point. Acetone was added (dropwise) to the solution to form fluorescent GNPs. Then, the mixture
was cross -linked with 200 µL glutaraldehyde solution overnight at room temperature to stabilize the NPs. The
fluorescent GNPs were then purified by a three-fold centrifugation at 10000 rpm for 15 min to remove the acetone
and excess free cross-linker and CDs. The resultant NPs were stored at 4 °C. The powder of fluorescent GNPs was
obtained by lyophilization. Fig. 1 presents schematically the preparation of fluorescent GNPs.

2.5
In Vitro cell cytotoxicity
The cytotoxicity and the biocompatibility tests of the NPs were evaluated by comparing the free MTX,
MTXCDs/GNPs and CDs/GNPs (Without MTX) with MTT Assay. MCF-7 cells at a density of 2 × 104 cells per well in
RPMI 1640 medium were seeded into a 96-well plate and incubated overnight at 37 °C in 5% CO2 atmosphere.
After that, the cells were treated with various concentrations of free MTX, MTX-CDs/GNPs, and CDs/GNPs and
incubated for 48 hrs. Then, the MTT solution (5 mg/mL) was added to the wells and stored for further 4 hrs. After
aspiration of the medium, MTT-formation was dissolved in 200 μl of DMSO, and the optical density (OD) was
recorded by a microplate reader (Elx808, Biotek, USA) at 570 nm.

2.6
In vitro cell imaging studies
MCF-7 cells were performed to investigate the potential capability of CDs/GNPs for cell imaging. The fluorescence
imaging of cells treated with CDs/GNPs and MTX-CDs/GNPs was shown in Figure. 5. The cells were seeded onto
glass coverslips placed in six-well plates and cultured in RPMI 1640 medium containing 10% fetal bovine serum
in a 5% CO2 environment. After 24 hrs, the medium was removed from each well and the seeded cells were washed
with PBS buffer (pH 7.4). Then, 2 mL aliquots of CDs/GNPs and MTX-CDs/GNPs (10 µg mL-1) in PBS were added to
the cell culture medium followed by 3h culture at 37 °C in a 5% CO2 environment. The coverslips were put onto
the glass microscope slides and the typical photographs were captured from stained cells using an inverted
fluorescence microscopy (Olympus, Bh2-RFCA, Japan).
3.

Results and Discussion

3.1
Synthesis of fluorescent nanocarrier
In this study, we have designed the fluorescent nanocarriers for anticancer drug delivery from the perspective of
in vitro cellular imaging by incorporating CDs as presented in Figure.1. To prepare the fluorescent nanocarriers,
first biocompatible CDs were synthesized by a one-step hydrothermal treatment. Then these prepared CDs were
inserted into the GNPs by the two-step desolvation method. The developed NPs can be coupled interacted via
electrostatic interaction between amino groups of gelatin NPs and carboxylic groups on the surface of CDs.

Fig. 1. Schematic illustration of the fluorescent GNP synthesis via two-step desolvation method.
3.2
Spectral characterization of the Fluorescent nanocarrier
The UV–Vis absorption and PL spectra of the CDs/GNPs were recorded and compared to CDs. PL studies show the
aqueous solution of CDs/GNPs emits strong blue light under excitation with a UV lamp at 365 nm and the PL
intensity of NPs was stable after storage for 30 days in the dark. The UV-vis absorption wavelength of the
CDs/GNPs was found to have no significant change compared with free CDs as shown in Figure. 2a. Similar to the
one previously reported in the literature UV-Vis spectrum of the fluorescent GNPs have two peaks, one at 250 nm
and a broad absorption band at around 350 nm corresponding to the π-π* transition of sp2 domains and n-π*

transition of multiconjugate C=O of the CDs, respectively [28]. The maximum PL emission peak is found at 450 nm
for CDs when excited at 360 nm. However, the PL emission peaks of the CDs/GNPs moved to longer wavelengths
(red-shifted from 450 to 460 nm) (Figure. 2b). This may be probably due to the entrapment of CDs into the gelatin
matrix and the distance between two CDs reduces due to the electrostatic attraction between the negatively
charged CDs and positively charged protein that increases the dipole-dipole interaction between CDs resulting in
a red shift in the fluorescence spectrum [31, 32].

Fig. 2. UV-vis absorption (a), PL spectra and normalized PL emission (b) of CDs and CDs/GNPs.
3.3
FT-IR analysis
Figure. 3 shows FTIR spectra of synthesized GNPs (a), CDs (b) and CDs/GNPs (c). C=O stretching can be observed
in both GNP and CDs occurring around ~1650 cm-1. In the FTIR spectra of GNPs, the characterization absorption
band at 3354 cm−1 is related to the stretching vibration of N-H and O-H bonds. Also, the stretching vibration of CH bonds appeared at 2940 cm-1. A stronger peak at 1450 cm-1 is related to the aldimine linkage (CH=N) is formed
by the reaction of the aldehyde group of glutaraldehyde as the crosslinking agent with the amino group of gelatin
protein backbone [33]. The FTIR spectrum of CDs shows broad peaks from 3000 to 3400 cm-1 due to the stretching
vibrations of -OH groups. The stretching and bending the vibrations of -CH2- is observed according to the
distinctive peaks at 2943 and 1450 cm-1 separately. The characteristic absorption bands at 1702 and 1242 cm-1
related to the stretching vibrations of C=O and C-O groups, demonstrating the existence of the ester bond. The
amide bond is confirmed by the typical peaks centered at 1647 and 1350 cm-1 contributed to the frequency of the
vibrations of C=O and C-N, respectively. The two peaks at 840 and 1110 cm-1 corresponded to the symmetrical and
asymmetrical stretching vibrations of C-O-C groups [28]. Also, most of the characteristic peaks of CDs and GNPs
(stretches of -C=O, -CH2 and -OH groups) are observable in CDs/GNPs. A blue shift and decrease intensity of
vibration frequencies of carbonyl groups were observed in CDs/GNPs, which might be due to electron cloud
between carbon, and oxygen atoms moved to the direction of oxygen [34, 35].

Fig. 3. FTIR spectra of GNPs (a), CDs (b) and CDs/GNPs (c).

3.4
Morphological and structural characteristic
The morphology, size and zeta potential (ZP) of CDs/GNPs are displayed in Figure. 4. The morphologies of the
prepared NPs using freeze-drying are clearly illustrated by SEM. SEM images were shown the uniformity in the
shape and size of the prepared NPs, as well. The average size of dispersing CDs/GNPs was around 35±5 nm. This
size of the NPs is actually between the favored ranges of effective drug delivery [39]. The average hydrodynamic
size of the aqueous suspension of NPs was determined by DLS measurement is shown in Figure. 4c. The obtained
result revealed that the hydrodynamic size of the NPs is 100-200 nm. Due to the aggregation of NPs and undergo
a swelling process in aqueous medium 40, the size distribution obtained from DLS technique is a larger than the
particle size acquired from SEM. The XRD technique was employed to determine the phase formation and the
crystallization of synthesized NPs
(Figure. 4d). The broad peaks observed in the XRD patterns of GNP and CDs/GNPs around at 2θ = 22.5°
representing poor crystallinity in gelatin and amorphous carbon phase in CDs [35].

Fig. 4. SEM images of CDs/GNPs before freeze-drying (a) and after freeze-drying (b). Size profiles (c) of the
CDs/GNPs. XRD patterns (d) for GNPs, and CDs/GNPs.
3.5
In vitro cytotoxicity study
To explore the biocompatibility of developed nanocarrier and anticancer activity of MTX-loaded nanocarrier, MTT
cell assays were performed against the MCF-7 breast cancer cell line. In comparing the cytotoxicity results of the
free form of MTX with MTX loaded CDs/GNPs, the drug-loaded nanocarriers showed higher cell cytotoxicity than
free MTX for 48 hrs (Figure. 5a). Furthermore, to confirm the cell cytotoxicity of MTX-CDs/GNPs as a potent drug
delivery system, the biocompatibility of nanocarrier (without MTX) was first studied and exhibited no obvious
cytotoxicity for blank nanocarrier in MCF-7 cells after 48 hrs, confirming that the nanocarrier presented good
biocompatibility. Finally, these results would be invaluable in escaping the dose-dependent side effects of MTX
drug.

3.6
In vitro bioimaging study
The bioimaging applications of the CDs/GNPs were examined based on the excellent fluorescence properties of the
CDs coupled to the nanocarriers. As shown in Figure. 5b, after the CDs/GNPs were incubated with MCF-7 cells for
3 hrs, the fluorescence images of the cells were taken using a fluorescence microscope invert, confirming that the
CDs/GNPs have a potential for bioimaging applications. On the other hand, the MCF-7 cells incubated with
MTXCDs/GNPs and showed strong blue color rather than nanocarriers without MTX which is due to the similar
structure of MTX to folic acid and the presence of folic acid receptor on the surface of MCF-7 cells [44, 45].

Therefore, we could prove the presence of MTX on the surface of developed nanocarriers and showed a good
agreement with my hypothesis and design.

Fig. 5. Cell viability of MTX, CDs/GNPs, and MTX loaded CDs/GNPs at various concentrations versus breast cancer
(MCF-7) cell line for 48 hrs (a), and Fluorescence microscopy images of treated human breast epithelial
adenocarcinoma (MCF-7) cells with CDs/GNPs and treatment with MTX-CDs/GNPs after for 3h (All scale bars are
50µm) (b).
4.
Conclusion
In this report, we designed a biocompatible fluorescent gelatin nanoparticle (CDs/GNP) as a newly developed
nanocarrier for in vitro cell imaging and MTX delivery. First, the CDs/GNPs were successfully prepared via the
twostep dissolution method. The nanoparticles display bright blue light under a UV lamp and show good stability.
Second, MTX-loaded nanocarrier was prepared. The ionic interaction between the NPs and MTX are responsible
for loading content of anticancer drug molecules. The MTT assay results indicated that NPs are highly
biocompatible and MTXloaded nanocarrier exposed a high cytotoxicity in MCF-7 breast cancer cell in comparison
to frees drugs. Also, the successful cell internalization of MTX-loaded nanocarrier was quantitatively validated by
the use of cellular uptake studies. These results indicated that the developed fluorescent nanocarrier could be used
as a promising candidate for applications in bio-imaging and effectively used as an efficient targeted delivery of
MTX to cancer tissues and also can be used for further in-vivo applications.
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