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Abstract

The use of graphene quantum dots as biomedical device and drug delivery system has been 

increasing. This nanoplatform of pure carbon has showed unique properties and showed to be 

safe for human use. The imatinib is a molecule designed to specifically inhibit the tyrosine 

kinase, used for leukemia treatment. In this study, we successfully decorated the graphene 

quantum dots (GQDs@imatinb) by a carbodiimide crosslinking reaction. The GQDs@imatinb 

were characterized by FTIR and AFM. The nanoparticles’ in vitro behaviors were evaluated 

by cellular trafficking (internalization) assay and cell viability and apoptosis assays in various 

cancer cell lines, including suspension (leukemia) cells and adherent cancer cells. The results 

showed that the incorporation of the imatinib on the surface of the graphene quantum dots did not 

change the nanoparticles’ morphology and properties. The GQDs@imatinb could be efficiently 

internalized and kill cancer cells via the induction of apoptosis. The data indicated that the 

prepared GQDs@imatinb might be a great drug nano-platform for cancer, particularly leukemia 

treatments.
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1. Introduction

Carbon-based nanomaterials are nanomaterials with a high possibility of structures in 

diverse geometries and chemical bonds (sp1, sp2, sp3), which significantly changes their 

properties. The carbon-based nanomaterials include: fullerenes (0D), carbon nanotubes (1D) 

and more recently (<10 –y) graphene (2D) [1,2]. The latter consists of a monolayer of 

sp2 carbon atoms arranged in a hexagonal crystal lattice. Graphene has unique properties 

related to its dimensionality, such as electronic, optical, mechanical and thermal. The 

surface of pure graphene usually interacts with other molecules via physical adsorption 

(π-π interactions). To allow the graphene surface to be more reactive, defects or surface 

functional groups are generally introduced, like carboxyl, carbonyl and amino groups 

can adjust the surface properties and electronic properties of graphene. The electrical 

conductivity (up to 2104 S/cm) can be 100 times higher than silicon [3–8].

A more recent variation of the carbon-based nanomaterials is the graphene quantum dots 

(GQDs). Among all the carbon-based family the GQDs are the most prominent in the use 

for biomedical applications, especially due the distinctive and tunable photoluminescence 

properties, physicochemical properties, high photostability, good biocompatibility, and small 

size. In general, GQDs are composed of a few layers of graphene fragments, with an 

absorption in the UV region (230–300 nm), which may change according to the size, since 

the quantum confinement effect and density of sp2 sites are size-dependent [9–11]. Finally, 

GQDs presents low toxicity for cells and in vivo, corroborating their use for biomedical 

application [12–14].

Leukemia is defined as an aberrant hyper-proliferation of immature blood cells that do 

not form solid tumor masses (i.e., liquid cancer). Usually, leukemia could be either of the 
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myeloid or lymphoid lineages, and is classified as acute or chronic in nature. Leukemia is 

the most common type of cancer in children and adolescents, accounting for between 25% 

and 35% of all pediatric neoplasms. Leukemias arise in cells of the hematopoietic system. 

They originate from immature cells of the bone marrow. In the early stage of lymphoblast 

development, for example, a rapid onset disease called acute lymphoid leukemia results. 

When it originates in cells related to the development of granulocytic and monocytes cells, 

they are called acute myeloid leukemia. In most countries, acute lymphoid leukemia is more 

common among children under 5 years of age, its frequency decreases with increasing age 

and accommodates more boys than girls. For acute myeloid leukemia, these rates are five 

times lower than all leukemia’s combined. Is important to notice that chronic leukemias 

tend to have more mature cells and are rare in pediatric patients, while the acute ones are 

typically less mature and commonly occur in patients of all ages and are potentially rapidly 

fatal if not readily treated [15]. Also, some studies have shown that GQDs are capable to 

interact with a great variety of molecules, drugs, DNA and radioactive materials, with a 

wide range of application including: i) bioimaging and biosensing, ii) drug delivery, and ii) 

photothermal and photodynamic therapy [12,13]. Finally, the GQDs presents low toxicity for 

cells and in vivo, corroborating their use for biomedical application [14–16].

In this study we have developed, characterized and tested in vitro the potential use of 

graphene quantum dots decorated with imatinib as a nanodrug for leukemia therapy.

2. Materials and methods

The both synthesis and characterization of graphene are comprehensively described in 

Menezes et al. [18]. Briefly, electrochemically green route was used to produce the 

graphene. Initially, graphite rod and a platinum, respectively anode and cathode were used 

in a buffer solution of citric acid: sodium citrate. The decomposition was performed using a 

constant current of 190 mA for 24 h (ICEL PS-1500). After electrolysis the dispersion was 

filtered and dried at 60 °C. Then, 50 mL of pure ethanol was added and the upper phase 

(purified graphene) was collected and dried again at 60 °C. All the characterization methods 

included atomic force microscopy (AFM) (Bruker, Santa Barbara) (scan resolution of 256 

× 256 lines and a frequency of 0.5 Hz), UV–Visible (Cary 60 UV–Vis, Agilent) (emission 

at wavelength of 395 nm), fluorescence spectrophotometer (Ocean Optics HR2000), powder 

X-ray diffraction (PXRD) (Bruker AXS D8) using a CuKα radiation source and Raman 

analysis were performed by Horiba-Jobin-Yvon triple spectrometer (model T64000) [18].

2.1. Graphene quantum dots decoration process with imatinib

Imatinib decorated graphene quantum dots (GQDs@imatinib) was obtained via a 

carbodiimide functionalization reaction. For the reaction, GQDs (Graphene Quantum Dot) 

(13,5 mg) previously produced and described [16] was dispersed in 10 mL of water by 

ultrasonication (5 min, 155w of potency, 50/60 Hz of frequency) at room temperature. A 

solution by 12,5 mg of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) (Oakwood 

chemical) and 38,2 mg of N-hidroxisuccimida (NHS) (Alfa Aesar) was prepared in 2,5 ml of 

distilled water and then added of 13 mg of GQDs dispersion. Subsequently, the mixture was 

stirred for 4 h at room temperature. Then, 12,9 mg of imatinib (Sigma-Aldrich) was diluted 
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in 1 ml of distilled water and add to the mixture and stirred for 18 h. The resulted material 

was centrifuged (13 300 rpm, 5 min) and washed three times with distilled water to remove 

unbound reagents. The quality of the reaction has been confirmed by Fourier-transformed 

infrared spectroscopy (FTIR) (IR-tracer-100 Simadzu).

2.2. FTIR spectroscopy analysis

Infrared absorption spectra were captured using the method FTIR with UATR accessory 

(universal sampling arm accessory with pressure) were reached at room temperature on a 

spectrophotometer with transformed by Fourier from PerkinElmer (model: Spectrum 400, 

Serial No: 82 287) in the region between 4000 and 400 cm-1. The spectral resolution was 2 

cm-1 and 32 accumulations.

2.3. Atomic force microscopy

Samples of Imatinib decorated graphene quantum dots (GQDs@imatinib) were solubilized 

in distilled water and 10 μm was dropped in fresh cleaved mica and rest until complete 

drying. The AFM measurements of graphene QDs film was performed using a Multimode 

8 microscope (Bruker, Santa Barbara, CA) in QNM (Quantitative Nanomechanics) mode 

using probes model Scanasyst Air, with nominal spring constant of 0.4 N/m and nominal 

tip radio of 2 nm approximately. The particle and section analysis was performed with 

NanoScope Analysis 1.50 software and the images resolution was 256 samples per lines.

2.4. Cell viability assay

To study the anticancer activity of imatinib, GQD, and GQDs@imatinib, the human 

myeloma cells (RPMI 8226) and ovarian cancer cells (NCI-ADR/RES) were grown at 3 

× 103 cells/well in 96-well plates. The imatinib, GQD, or GQDs@imatinib was incubated 

with the cells at various concentrations (0.1–1000 μg/mL) for 72 h. The cytotoxicity was 

evaluated by the CellTiter-Blue® Cell Viability Assay [17]. Briefly, 10 μL of the reagent 

was diluted with 90 μL of the complete growth medium per well and incubated with the 

cells at 37 °C for 2 h. Then, the fluorescence intensity was determined at λex = 560 nm 

and λem = 590 nm on a microplate reader. The four-parameter dose-response curves were 

made and the corresponding half maximal inhibitory concentrations (IC50) were calculated 

by GraphPad Prism software v8.3 (GraphPad Software).

2.5. Apoptosis analysis

The cell apoptosis was analyzed by the Annexin V-FITC and propidium iodide (PI) double 

staining [18]. Briefly, the RPMI 8226 cells (6 × 103 cells/well) were incubated with 

imatinib, GQD, or GQDs@imatinib at 100 μg/mL in the complete growth medium for 48 h. 

The treated cells were collected by centrifugation and resuspended in 100 μL of the binding 

buffer. The cells were stained with 10 μL annexin V-FITC and 10 μL PI for 15 min at room 

temperature and analyzed by the flow cytometry.

2.6. Trafficking assay

MDA-MB-231 (ATCC® HTB-26™) were seeded at 2500 cells/cm2 and reaching 60% 

confluence, exposed to 20 μg/ml graphene quantum dots for, alternatively, 30 min or 2 h. 
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Following, cells were fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2), 

post-fixed in 1% osmium tetroxide (OsO4) and 0.8% potassium ferrocyanide in 0.1 M 

cacodylate buffer during 40 min, dehydrated in a series of acetone gradation (70–90-100%), 

and embedded in epoxy resin. Ultrathin sections (60–70-nm thick) were collected, stained 

with uranyl acetate and lead citrate. At the end, the samples were analyzed using a Tecnai 

Spirit TEM (FEI Co. The Netherlands).

3. Results

3.1. Graphene quantum dots decoration process with imatinib

The synthesis of graphene quantum dots@imatinib (GQDs@imatinib) was performed 

by GQDs functionalization with EDC (ethyl-3-(3-dimethylaminopropyl)carbodiimide) and 

NHS (N-hydroxysuccinimide) to activate carboxyl groups of GQDs (Fig. 1). FTIR 

spectroscopy analysis GQDs (Fig. 2) shows adsorption bands at 3480–3520 cm-1, 1762 

cm-1 and 1041 cm-1, corresponding to OH, C=O and >O, respectively. The chemical 

changes of graphene quantum dots@imatinib (GQDs@imatinib) were analyzed comparing 

the FITR spectra of the decorated GQDs with the FITR spectra of the pure GQDs.

The data showed the formation of a new band at 1664 cm-1 in the GQDs@imatinib spectra, 

corresponding to amide vibration, which suggest the covalent ligation formed between 

amine from imatinib group with the active carboxyl groups from GQDs. Also there are 

peaks at 1530 cm-1 e 1576 cm-1 which corresponds to C-N and N-H vibration.

3.2. Atomic force microscopy

The atomic force microscopy (Fig. 3) showed quantum dot property of the GQDs and 

corroborated the topographical 2D. The QNM analysis with energy dispersion evidenced the 

complexation of imatinib with the graphene quantum dot corroborating the FTIR analysis.

3.3. Cellular trafficking assay

In order to establish the permeation of the GQDs@imatinib into cells and predicts 

it behavior we performed cellular trafficking assay. Nonetheless, is important to fully 

understand if GQDs@imatinib is capable to enter cells cytoplasm and block effectively 

the Bcr-Abl tyrosine kinase, since imatinib inhibits Bcr–Abl kinase, mainly presented in 

cytoplasm, causing apoptosis [19–21].

First, was evaluated the behavior of GQDs@imatinib into the cells medium. In this 

direction, 1 mg/ml of GQDs@imatinib was resuspended in culture medium Dulbecco’s 

Modified Eagle’s medium (DMEM) high glucose supplemented with 10% serum fetal 

bovine. The influence on the particle was a partial agglomeration with size ranging from 40 

to 200 nm (Fig. 4).

In order to verify cellular internalization of GQDs@imatinib MDA-MB-231 (ATCC® 

HTB-26™), mammary cell line derived from metastatic site were exposed to 20 μg/ml 

GQDs@imatinib during 1 and 24 h (Fig. 5). Recently, a study performed by Chevalier 

et al. [22] correlated the presence of ABL tyrosine kinase in MBA-MB-231 cells, which 

influenced our choice for this cell line to perform this assay.
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3.4. Cell viability assay

The cytotoxicity of imatinib, GQD, and GQDs@imatinib was evaluated by the CellTiter­

Blue® Cell Viability Assay in both adherent cells (NCI-ADR/RES) and suspension cells 

(RPMI 8226) (Fig. 6). The imatinib showed the highest cytotoxicity among the treatments 

in both cell lines. The GQDs@imatinib showed a slightly decreased cytotoxicity, which was 

probably due to the delayed drug release/dissociation. In contrast, the GQDs were very safe, 

indicating its safety as a delivery nanocarrier. The calculated IC50s showed the same results 

(Table 1).

3.5. Apoptosis analysis

The apoptotic and dead cells were stained by the annexin V-FITC and PI and analyzed by 

flow cytometry. In the RPMI 8226 cells, at 48 h, the number of the apoptotic cells (annexin 

V positive) upon imatinib and GQDs@Imatinib treatments significantly increased compared 

to those of the untreated cells (Fig. 7A). The number of the late apoptotic and dead cells (PI 

positive) upon the imatinib treatment significantly increased compared to the untreated cells, 

while the GQDs@imatinib only caused the mild cell death (Fig. 7B), in consistent with the 

cytotoxicity data. In contrast, the GQDs didn’t cause significant cell apoptosis/death.

4. Discussion

According to Dreyer et al. [23] graphene and the reduced form (graphene oxide) can 

easily perform reduction reactions due the disrupted sp2 bonding networks. Aside this, 

graphene shows reactive oxygen: carboxylic acids (in the edges) and epoxy and hydroxyl 

groups (in the basal planes) [24,25] (Fig. 8). The presence of the carboxylic acids 

and hydroxyl groups allows the carbodiimide crosslink reaction using EDC (ethyl-3-(3­

dimethylaminopropyl)carbodiimide) and NHS (N-hydroxysuccinimide).

The activation of acid group by the 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide 

(EDC) and subsequent addition of esters (nucleophilic specie) by the use of NHS (N­

hydroxysuccinimide) is a common methodology to covalent functionalization, and the final 

product may be used as a drug delivery device [27–29].

The EDC carbodiimide/NHS crosslink reaction used in this study efficiently produced 

graphene quantum dots functionalized with imatinib. This reaction active the carboxyl 

groups from GQDs assisting the formation of amide bond, which increase the applicability 

for insertion of proteins, peptides and chemotherapeutics that are rich substrates with a 

great variety of functional groups in their chemical structure [30–32]. The FITR analysis 

compared pure GQDs, GQDs decorated with imatinib and the pure imatinib. The results 

showed peaks that evidenced the presence of groups OH and C=O and a new band at 1664 

cm-1 corresponding to amide bond formed in the conjugated GQDs@imatinib.

The atomic force microscopy (AFM) analysis, especially the QNM analysis corroborated the 

functionalization of the GQDs with imatinib. Also showed that functionalization of GQDs 

with imatinib did not interfere in the size of the GQDs. The AFM analysis showed a GQD 

with a size range from 162 to 287 nm with a height of 5 nm, practically the same result 

described by Menezes et al. [33].
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The trafficking assay showed cells internalization of GQDs@imatinib nanoparticles with 

morphology compatible with graphene quantum dots. These particles appeared after 1 h in 

cell cytoplasm and after 24 h images shows nuclear translocation (Fig. 5). The presence 

of GQDs@imatinib nanoparticles into the nucleus is an advantage. According to Huang 

et al. [34], Bcr-Abl has three nuclear localization signals and one nuclear export signal. 

Nonetheless, although Bcr-Abl is mainly located in the cytoplasm, the c-Abl shuttles 

between the nucleus and cytoplasm [35–37]. Thus the presence of GQDs@imatinib, a 

potent inhibitor of Bcr-Abl and c-ABL in the nucleus may predicts a stronger effect of the 

nanosystem when compared to the solely effect of pure imatinib.

The cell viability data and apoptosis analysis showed that: i) the graphene quantum dot 

(GQD) alone is harmless for the cells tested and ii) the GQDs@imatinib was less efficient 

than the pure imatinib. The first finding is quite desirable and demonstrated that any effect 

caused by the GQDs@imatinib is due to the presence of the imatinib. Also corroborated the 

low cytotoxic of the pure GQDs [38]. Regarding the second result, the lower cytotoxic effect 

of the conjugated imatinib (GQDs@imatinib) observed comparing with the free imatinib 

can be explained by the delayed release/dissociation of imatinib from the GQDs. According 

to Liu et al. [39], the similar result was observed using paclitaxel (PTX) nanoconjugate 

(PEG2000-peptide-PTX), in which the drug release process (cleavage) delayed the PTX’s 

action. As explained above the functionalization of the GQDs with imatinib occurred by a 

covalent-bond crosslinking reaction. The formed amide bond may be relatively stable and 

requires a longer contact time for the cleavage. However, controversially with the lower 

efficacy when compared with the free imatinib, the GQDs@imatinib was able to produce 

significant cancer cell-killing effects, supporting the use of this platform as a drug delivery 

system. Here, we speculate that in an in vivo biological environment (human or animals) the 

GQDs@imatinib’s anticancer effects would be more significant, considering the myriads of 

endogenous factors as the EPR effects and tumor microenvironment, such as pH variation, 

temperature variation and enzymes [40,41]. Our findings are corroborated by Jian et al. [42], 

which have used metal-organic framework composite associated with graphene quantum 

dots for leukemia treatment with positive results. Also, the studies performed by Russier et 

al. [43] demonstrated that few-layer graphene (FLG) dispersions are capable to specifically 

kill myelomonocytic leukemia. Thus, the use of GQDs@imatinib may represent a safety and 

new approach for leukemia treatment.

5. Conclusion

The study showed that is possible to functionalize the graphene quantum dot with a small 

molecule as imatinib using a rapid carbodiimide crosslinking reaction. Also the data showed 

that conjugation of the imatinib with the GQDs did not change the size as the shape. The 

trafficking assay corroborates the internalization of the GQDs@imatinib. The cytotoxicity 

as the apoptosis assay showed that GQDs@imatinib are capable to produce a remarkable 

cancer cell proliferation.

The results obtained in this study corroborated the potential use of graphene quantum dots 

decorated with imatinib as a nanosystem for leukemia treatment. The use of a pure-carbon 

Mendes Felix et al. Page 7

J Drug Deliv Sci Technol. Author manuscript; available in PMC 2021 August 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



nanosystem, easily decorated, with the ability to penetrates the cancer cell as efficiently kills 

the target cell is innovative approach in the blood cancer treatment.
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Fig. 1. 
Functionalization using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and 38,2 

mg N-hidroxisuccimida (NHS) and decoration with imatinib.
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Fig. 2. 
Fourier-transform infrared spectroscopy analysis comparing the pure GQDs, the GQDs 

decorated with imatinib and the pure imatinib.
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Fig. 3. 
A: Overview analysis. B: Topographical analysis and C: QNM mode with energy dispersion 

analysis. The blue arrow shows the quantum property. The yellow arrow shows the height 

of the graphene quantum dot and the red arrow shows the energy dispersion regarded to the 

imatinib complexation. (For interpretation of the references to colour in this figure legend, 

the reader is referred to the Web version of this article.)
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Fig. 4. 
Physicochemical characterization pure graphene quantum dots in medium culture. 

Representative STEM images of graphene quantum dots agglomerates.
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Fig. 5. 
Electron micrographs of MDA-MB-231 (ATCC® HTB-26™): (A and B) untreated cells (C 

and D) 1 h exposed (E and F) 24 h exposed to graphene quantum dots. Note graphene 

quantum dots presence (black arrow) in cytoplasm after 1 h’s exposition and nuclear 

translocation after 24 h exposition. Nu- Nucleus.
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Fig. 6. 
The cell viability assay after 72 h treatments in the NCI-ADR/RES (A) and RPMI 8226 cells 

(B).
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Fig. 7. 
The apoptosis and death of the RPMI 8226 cells analyzed by the annexin V (A) and PI (B) 

double staining.
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Fig. 8. 
Schematic representation of the presence of carboxylic acid (edge) and hydroxyl groups in 

graphene adapted from Ref. [26].
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Table 1

The IC50s of the treatments (μg/mL).

Cell lines Imatinib GQD GQDs@imatinib
a

RPMI 8226 32.61 991.1 93.59

NCI-ADR/RES 41.35 849.2 88.93

a
Equivalent imatinib dose.
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