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A B S T R A C T   

Cancer is the second most fatal disease among women. In recent years, utilizing strategies based 
on carbon quantum dots (CQDs) as targeted drug delivery systems has had a significant impact on 
advancing and improving cancer treatment. This study is focused on the development of a 
nanocarrier, based on CQDs, for improving the therapeutic efficiency of mitoxantrone (MTX). 
Hence, the N-doped CQDs were synthesized by a hydrothermal method. Following its purifica
tion, MTX was loaded to the CQD, resulting in an increase in the size from 36.78 ± 0.9 nm to 
157.8 ± 12.18 nm, with an ideal drug entrapment efficiency of 97 %. Drug release investigation 
showed a pH-dependent improvement, from 8 % at pH 7.4 to 11 % at pH 5.2 after 48 h. Based on 
the Methylthiazolyldiphenyl-tetrazolium bromide (MTT) results after 5 h of treatment on MCF-7 
breast cancer cells, the N-doped CQD showed no significant effect on the cancer cells, whereas a 
half maximal Inhibitory Concentration (IC50) was achieved with the N-doped CQD-MTX complex 
at a concentration between 0.5 to 0.8 μM. Therefore, the newly developed drug delivery complex 
was capable of providing a rather identical influence on MCF-7 cells, as the free MTX, however, 
improving the pharmacokinetic of the drug by its controlled and on-target drug release, due to an 
alteration in distribution and absorption parameters.   

1. Introduction 

Cancer is one of the most fatal health risks in today’s societies, and extensive efforts are being made to combat it. For many years, 
breast cancer has had the highest incidence of all cancers in women worldwide [1]. Although recent advances in treatment techniques 
have significantly increased the survival rate, unfortunately, many side effects for the common treatment strategies. For instance, 
chemotherapy is a type of cancer treatment that uses one or more anti-cancer drugs, which usually leads to the destruction of healthy 
cells and cancer cells. In effect, the clinical use of anticancer drugs is limited. Targeted drug delivery has been proposed as a tool to 
effectively deliver drugs with high specificity to the targeted cells that leads to significantly less toxicity to healthy cells than con
ventional chemotherapy [2]. 

Among various targeted drug delivery techniques, the use of nanoparticles as drug carriers has shown to be an effective method to 
address various pharmacokinetic factors of the drugs in the treatment of cancer, through active and passive targeting. In passive 
targeting, the nanoparticle-based drug delivery system has a sensitivity to the temperature and pH of the tumor environment, which 
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are different from healthy cells or tissues [3,4]. In contrast, in active targeting, the drug delivery system is based on targeting the tumor 
environment by ligands or receptors on the surface of cancer cells, which, have higher expression levels, compared to the healthy cells, 
therefore, leading to higher specificity and therapeutic efficiency. Enhanced permeability and retention (EPR) in cancer treatment is 
another key mechanism that enables higher drug accumulation at the tumor site due to the small size, higher surface-to-volume ratio, 
greater reactivity, and stronger absorption of the nanoparticle-based drug delivery systems to tumor cells [5]. As a result of targeted 
drug delivery, different pharmacokinetic factors of the drugs are influenced, which consequently increases the effectiveness of the drug 
and decreases the side effects of the drugs on healthy cells and tissues. 

Among various nanoparticles, carbon quantum dots (CQDs) are a class of nanoparticles that have high biocompatibility, low 
toxicity, and good dispersion in water [4,6]. CQDs are used for example, as drug delivery systems, transferring genes and pathogenic 
drugs to target cells. The mitoxantrone (MTX) drug is a type of anti-cancer drug that produces a delay in the S phase of the cell cycle. 
This drug mainly acts on DNA, causing a break in DNA strands by stabilizing the cleavable DNA-topoisomerase complex and producing 
free radicals. Moreover it causes DNA accumulation and condensation through electrostatic cross-linking [7]. MTX drug has also been 
used as one of the most effective agents for the treatment of relapsing-remitting, progressive-relapsing, and secondary progressive 
multiple sclerosis by slowing down the worsening of neurological disability [8]. 

MTX has been used with various nanoparticles to improve different pharmacokinetic factors. In studies conducted by Hashemi 
et al., a system containing MTX which is loaded into poly lactic-co-glycolic acid (PLGA) nanoparticles was created. The percentage of 
drug entrapment efficiency (DEE) was 68 %. Also, at pH 7.4 after 48 h, the percentage of cumulative release of MTX from PLGA was 
about 30 %, while, at pH 5.5 after 48 h, it was about 60 % [9]. Based on the study conducted by Wang et al., MTX-preloaded phos
pholipid-amorphous calcium carbonate hybrid nanoparticles (PL-ACC-MTX) that surface modified with PL shell (containing shielding 
polymer polyethylene glycol (PEG) and targeting moiety folic acid) were prepared. The percentage of DEE of PL-ACC-MTX was 91.36 
%. Also, the percentage of cumulative release of PL-ACC-MTX in phosphate buffer of pH 7.4 was 21 % after about 48 h, while at pH 5.5, 
30.3 % of the MTX was released after about 48 h [3]. 

In studies performed by Darwish et al., two kinds of nanoparticles (chitosan and chitosan-hexagonal gold) loaded with MTX were 
prepared. The percentages of DEE of chitosan-MTX and chitosan-hexagonal gold-MTX were 23.6 ± 1.8 % and 18.5 ± 1.7 %, 
respectively. The percentages of released MTX from chitosan-MTX after 48 h were about 45 % and 67 % at pH 7.4 and 5.2, respectively, 
while, the release rates from chitosan-hexagonal gold-MTX after 48 h were 34 % and 55 % at pH 7.4 and 5.2, respectively [10]. 

Considering previously published literature, the influence of the nanoparticles on the pharmacokinetic properties of the MTX is 
confirmed, however, improved drug loading and release using novel particles that have high biocompatibility, low toxicity and good 
dispersion in water is required for safe cancer therapy. The CQDs, along with the mentioned properties, have the potential of pre
venting the growth of cancer cells by stabilizing the cleavable DNA-topoisomerase complex and producing free radicals. Furthermore, 
the free radicals generate in healthy cells, also, they damage healthy and cancerous cells through reaction with other cellular com
ponents [11,12]. In summary, the aim of this study is to design a nanocarrier system based on CQDs for efficient MTX cancer drug 
delivery. 

2. Materials and methods 

2.1. Materials 

The citric acid was supplied by Chem-lab (Belgium). Urea, ethylenediaminetetraacetic, bicarbonate sodium, L-glutamine, Peni
cillin/Streptomycin and Insulin were purchased from Merck (Germany). Hydrochloric acid was supplied by Neutron Pharmachemical 
Co manufacturer (Iran), Sodium hydroxide was obtained from Biochem Chemopharma Company (France) the Roswell Park Memorial 
Institute (RPMI). 1640 and fetal bovine serum (FBS) were supplied by Gibco Invitrogen (USA), MCF-7 cell line was provided by Pasteur 
Institute cell bank (Iran). 

2.2. Synthesis of CQD 

To prepare N-doped CQD, at first, 1.0 g of citric acid and 1.0 g urea were dissolved in 50 mL distilled water (40 mg/mL) under 
continuous stirring to obtain a clear solution. The solution was then transferred into a hydrothermal reactor (150 mL) and was heated 
for 8 h in the oven at 180 ◦C [13]. The resulting solution was then allowed to cool down to room temperature, followed by pH 
neutralization from the initial pH of about 8.7, through careful dropwise adding of 10 M NaOH to the solution under rigorous stirring. 
After centrifuging the solution to separate larger particles (20,000 rpm, 30 min), the synthesized CQDs were purified by dialysis bag 
(molecular-weight cutoff: 10 kDa) against deionized water under constant stirring for 24 h. 

2.3. Drug loading 

10 mg CQD was sonicated for 12 min, at room temperature, in 8 mL of deionized water, followed by the addition of 2 mL of MTX 
solution (0.35 mg/mL). The suspension was mixed at room temperature for 30 min, then centrifuged (20,000 rpm, 30 min). The 
supernatant was collected for analysis. The amount of unbound MTX in the supernatant was evaluated for the measurement of drug 
loading [14]. 

In this regard, considering the half maximal Inhibitory Concentration (IC50) of the free MTX, some known concentrations of 0.002, 
0.004, 0.008, 0.0175, 0.035 mg/mL of MTX drug were prepared. The absorption of these MTX concentrations at 608 nm wavelength 
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were recorded by enzyme-linked immunosorbent assay (ELISA) reader (Infinite, M200 PRO, Tecan, USA). The absorption wavelength 
of 608 nm is specific to the drug and none of the other components of the complex absorb at this specific wavelength. Using the data, a 
standard MTX curve was generated whereby a graph of drug concentration versus absorbance was plotted. The line equation was 
achieved, as shown below (Eq. 2.1). Moreover, the percentage of DEE was calculated according to Eq. 2.2. 

Absorbance (a.u.)=21.923 × (Drug concentration in mg /mL) + 0.0375 (2.1)  

DEE (%)=Drug concentration in the complex / Initial drug concentration × 100 (2.2)  

2.4. Characterization of particles 

2.4.1. Photoluminescence 
Photoluminescence investigation of CQD was performed by UV–Vis Spectroscopy (the PerkinElmer LS45, Massachusetts, USA). In 

order to investigate the photoluminescence of the CQD in acidic, neutral and basic pH, the pH of the CQD was adjusted from 4 to 9. The 
emission intensity of the CQDs at different pH values was recorded by dropping CQDs with each prepared pH on filter paper, therefore, 
making fluorescent spots. In order to capture images from the samples, the INTAS Gel documentation hood imager (Göttingen, 
Germany) was used to photograph the CQD emissions. Images were analyzed using the Image J software (1997). 

2.4.2. Dynamic light scattering measurement 
The size distribution of CQD and CQD-MTX complex were determined by dynamic light scattering (DLS) method using Malvern 

Nano ZS (England). The surface charges of particles (zeta-potential) were measured under an electric field using this instrument. 

2.4.3. Transmission electron microscopy 
The bright-field high resolution transmission electron microscopy (HR-TEM) was conducted to analyze the morphology and par

ticle size of CQD. In this regard, CQD specimen was diluted in distilled water and the suspension was then homogenized (ultrasonic 
bath, 5 min). Immediately after the ultrasonic treatment, micro-droplets were put onto 3 mm lacey carbon TEM grids (TED PELLA 
INC.) and left to dry for at least 30 min. Afterwards, the grids containing the CQDs were analyzed in a JEOL 2200FS TEM (Tokyo, 
Japan) at 200 kV [15]. 

2.4.4. Fourier transform infrared spectroscopy 
Fourier transform infrared (FTIR) spectroscopy (Thermo Nicolet model NEXUS 470, Illinois, USA), a powerful tool to reveal 

structural information such as functional groups, was performed to evaluate the structural properties of synthesized products. Spec
imens were dried to a powder before each analysis. 

2.5. In vitro drug release study 

Drug release investigation was performed in 50 mL phosphate-buffered saline (PBS) at pH 7.4 and 5.2 during 48 h. Also, diffusion 
investigation was performed for the free drug and the CQD-MTX complex at pH 7.4 within 6 h. At first, the CQD-MTX complex was 
poured in a dialysis bag (molecular-weight cutoff: 10 kDa) and placed inside a beaker containing PBS. Then, at specific time intervals, 
aliquots of the buffer solution were collected to record drug release using ELISA reader at a wavelength of 608 nm. The percentage of 
MTX cumulative release was calculated using the following equation, Eq. 2.3. 

Cumulative release (%)=Amount of drug released from complex/ Amount of drug in the PBS × 100 (2.3) 

In addition, the free MTX diffusion investigation was performed with a concentration equal to 0.34 mg/mL, using the same 
technique to compare the cumulative release rate of free MTX and CQD-MTX complex. Finally, similar to the previous technique, the 
percentage of cumulative release of free MTX was calculated using the formula Eq. 2.3. 

2.6. In vitro cell viability evaluation 

Briefly, the MCF-7 cells were cultured in RPMI1640 medium, which is supplemented with 15 % FBS, 10 g/mL of insulin, 100 g/mL 
of streptomycin, 100 U/mL of penicillin and 2 % L-glutamine under 5 % CO2 atmosphere at 37 ◦C. As a control, the cell line of MCF-7 
was also cultured in RPMI1640 medium. 

In order to evaluate the toxicity on MCF-7 cell of free MTX, CQD-MTX complex and CQD in different concentrations, the cyto
toxicity test was performed using the Methylthiazolyldiphenyl-tetrazolium bromide (MTT) assay. Initially, the cultured cells were 
transferred to a 96-well plate, where 100,000 cells were cultured in each well and incubated at 37 ◦C in an atmosphere containing 5 % 
CO2 gas for two days. Cells were allowed to stick to the bottom of the wells and the supernatant was removed. Subsequently, the cells 
were incubated with varying concentrations of 0.15, 0.3, 0.5, 0.8, 1.2, 2.5 μM free MTX, CQD-MTX complex and CQD for 2 and 5 h. 
100 μl of MTT was then added at a concentration of 5 mg/mL to each well and the cells were incubated for another 4 h. In fact, when 
MTT enters the cells, it leads to the formation of insoluble formazan crystals. The formazan crystals were completely dissolved by 100 
μL/well of DMSO and the absorbance value of each well was evaluated by the ELISA microplate reader at a wavelength of 540 nm. 
Utilizing Eq. 2.4, the cell viability of MCF-7 cells was calculated. 
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Cell viability (%)=Absorption of the treated cells/Absorption of untreated cells (Control absorption) × 100 (2.4)  

2.7. Antioxidant test 

In order to determine the antioxidant activities of the CQD and CQD-MTX complex, the antioxidant test was performed by ferric- 
reducing antioxidant power assay using a commercial standard kit (Naxifer™, Navand Salamat). At first, concentrations of 0, 0.1, 0.2, 
0.3, 0.4, 0.5 mM of Trolox, a water-soluble vitamin E analog, were used as antioxidant standards to prepare the standard curve 
(Fig. S3). The antioxidant activity of CQD and CQD-MTX complex depended on the reduction of colorless ferric-tripyridyltriazine 
(Fe3+-TPTZ) to an intense blue-colored ferrous-tripyridyltriazine complex (Fe2+-TPTZ) which is measured at 593 nm. The antioxi
dant activity of CQD and CQD-MTX complex was expressed as mmol Fe2+ per mg. 

2.8. Statistical analysis 

All measurements were performed in triplicate and results are presented as mean ± standard deviation. Also, differences with p- 
value <0.05 were considered significant by statistical analysis. 

3. Results 

3.1. Characterization of CQD 

In the study of the size and size distribution of the CQD, HR-TEM and DLS techniques were employed. The HR-TEM image of N- 
doped CQDs showed a rather uniform distribution of CQDs with an average diameter 36.78 ± 0.9 nm, as also confirmed by DLS results 
(Fig. 1a and b). The zeta-potential results indicated a surface charge potential of − 0.722 ± 0.4 mV. 

The photoluminescence characteristics for the N-doped CQD, revealed a maximum absorption peak at 360 nm and, the emission 
spectra show maximum intensity at 420 nm (Fig. 2a). In addition, after investigating the effect of pH on photoluminescence of CQD, 
the maximum fluorescence intensity was obtained at pH 6 and 7 (Fig. 2b), showing that the CQD-MTX complex can be considered as a 
trackable drug delivery agent with sustained photoluminescence in tumor and healthy cell environments, respectively. 

Chemical bond absorption pattern of the CQD and MTX drug were obtained using the FTIR spectrum. The FTIR spectrum of the N- 
doped CQD demonstrated a broad stretching bond at 1060 cm− 1 that was related to the carboxylic bonds and aromatic bonds (C––C) 
identified at approximately 1450 cm− 1. Amide bonds were observed between 1600 to 1700 cm− 1. Amine functional groups revealed 
vibrations ranging from 3485 to 3560 cm− 1 wavenumbers (Fig. 3a) [13]. The MTX drug had a C–O stretching at 1215 cm− 1, the 
aromatic bond C––C were identified between 1500 to 1607 cm− 1. The hydroxyl (O–H) and amine functional groups were also observed 
at 3148 cm− 1 (Fig. 3b) [3]. 

3.2. Characterization of the CQD-MTX complex 

The CQD-MTX complex represented a size distribution of 157.8 ± 12.18 nm, according to HR-TEM and DLS results (Fig. 4a and b). 
The zeta-potential results indicated that the CQD-MTX complex had a positive surface charge of 0.718 ± 0.1 mV. 

In order to compare the characteristic absorptions of the chemical bonds in the CQD, MTX and CQD-MTX complex, FTIR spectrum 
of the complex was obtained. The FTIR of CQD-MTX complex showed both the characteristic peaks of CQD and MTX. Based on the FTIR 

Fig. 1. The results of HR-TEM and DLS of CQDs.  
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Fig. 2. The results of photoluminescence: (a) absorption and emission spectroscopy diagram and, (b) the effect of pH on the emission of CQD.  

Fig. 3. From top to bottom FTIR images of: (a) CQD and, (b) MTX.  
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results, due to the loading of MTX, the C–O stretching peak of MTX (Fig. 3b) shifted from 1215 to 1292 cm− 1 and the aromatic bond 
(C––C) also changed in wavenumber from 1560 to 1662 cm− 1 (Fig. 5). These shifts highlight the successful loading of MTX onto CQD. 

3.3. Determination of DEE 

A standard curve of MTX and its related line equation (Eq. 2.1) were obtained (Fig. S2). Utilizing them, the drug concentration was 
determined in the complex, and the percentage of DEE was calculated to be 97 % using Eq. 2.2, revealing a high amount of DEE. 

3.4. In vitro drug release profile 

The 48-h drug release profile of MTX at pH 7.4 and 5.2 from CQD-MTX complex, and the 6-h drug diffusion for free MTX were 
analyzed in 50 mL PBS (Fig. 6a and b). Based on the measurements, the comparison of the results of drug release and diffusion rates 
shows a significant controlled drug release for the system in 6 h, creating a sustained and reduced drug-diffusion profile at initial hours 
(Fig. 6a). In addition, the cumulative release of MTX from CQD-MTX complex (Fig. 6b) was 8 % at pH 7.4 and 11 % at pH 5.2, after 48 
h, whereas in case of free drug, approximately 77 % of free MTX was released after 6 h. In order to obtain the error bars for each curve 
(Fig. 6a and b), the cumulative release was calculated utilizing Eq. 2.3 in triplicate. 

3.5. In vitro cell cytotoxicity 

MTT evaluation was performed to investigate the cytotoxicity at different concentrations of free MTX, CQD-MTX complex and CQD 
on MCF-7 cells after 2 h (Fig. 7a) and 5 h (Fig. 7b). According to Fig. 7a and b, in the case of free MTX, a strong cytotoxic effect was 
achieved in a short time, and this effect was further enhanced along with decreased cell viability, which is a positive correlation with 
respect to incubation time and concentration. The cell viability of MCF-7 cells incubated with CQD-MTX complex decreased with 
increasing MTX concentration. It should be noted that the cytotoxic effect of CQD-MTX complex for MCF-7 cells was reduced relative to 
the free MTX at different concentrations of MTX after 2 h and 5 h of treating, which can be concluded that the increase in cell viability 
was mainly caused by the gradual release of MTX from CQD. According to Fig. 7c, after 5 h of treating, due to the better fit of the data 
with line at the concentration of 0.5 ± 0.17 μM, the optimal gradual release of MTX from the CQD-MTX complex was obtained at this 
concentration. In addition, it was found that CQD had no significant effect on inhibition of cell growth. Also, the percentages of cell 
viability were obtained using Eq. 2.4, followed by IC50 values, and based on the results, the IC50 for free MTX was obtained at a 
concentration between 0.3 to 0.5 μM after 5 h of treating while for CQD-MTX complex, it was achieved between 0.5 to 0.8 μM after 5 h 

Fig. 4. The results of HR-TEM and DLS of CQD-MTX complex.  

Fig. 5. FTIR image of CQD-MTX complex.  

S. Raeispour et al.                                                                                                                                                                                                     



Heliyon 10 (2024) e31674

7

(Fig. 7b). Differences with p-value <0.05 were determined significant by statistical analysis. 

3.6. Antioxidant test 

Commonly, antioxidant activity is a parameter used to evaluate the ability of a compound to scavenge and neutralize free radicals. 
In reference to the fitted curve shown in Fig. 8, the antioxidant activity of CQD was investigated at different concentrations. It was 
found that the CQDs had an antioxidant activity, that reduces linearly with the dilution of the CQDs (R2 = 0.94). In effect, the 
antioxidant activity of CQD-MTX complex was observed. The total antioxidant capacity of CQD-MTX complex was calculated 0.06 ±
0.01 mmol Fe2+/mg by utilizing the obtained equation from the standard curve (Fig. S3), showing that the incorporation of CQD as a 
carrier would lead to improved effectiveness of the treatment. 

4. Discussion 

Chemotherapy has been the main modality of treatment for cancer patients; however, its success rate remains low. The poor 
accessibility of anticancer agents that target the tumor, the requirement of higher doses, and the nonselective nature of these agents, 
leads to severe toxicity in healthy cells. Thus, targeted drug delivery holds immense potential to improve the treatment of cancer by 
selectively providing therapeutically effective drug concentrations at the tumor site [16]. Nanotechnology-based cancer therapeutics 
and drug delivery systems are highly used for enhancing drug solubility, stability, safety, as well as decreasing multidrug resistance 
[17]. Amongst compound carriers, the CQD, a quantum-sized carbon material, has gained great attention as a novel material primarily 
due to its excellent hydrophilicity, low toxicity and good biocompatibility properties [18,19]. Furthermore, the small size of N-doped 
CQDs is a desirable feature due to factors such as high surface area, greater contact with surrounding materials and accessibility to 
target areas such as drug delivery agents, N-doped CQDs were successfully used to target MCF-7 and HeLa cancer cells along with 
doxorubicin drug, exhibiting pH-dependent release, which can reduce the side effects of the chemotherapeutic drug on normal cells 
[20–22]. 

Based on studies, MTX is a type of anti-cancer drug that inhibits DNA replication and RNA transcription and it also affects the cell 
cycle at different stages [23]. In this research, N-doped CQD was synthesized via a hydrothermal method, followed by purification 
using dialysis that also resulted in uniform distribution of CQDs. The synthesis conditions, such as temperature, solvent, and pre
cursors, are known to significantly affect the properties of fabricated CQDs, including their optical features, toxicity, and catalytic 
behavior. Since the CQDs synthesized in this study were expected to be used for biomedical applications, hydrothermal method was 
used, which involves the reaction of small-sized organic compounds in a solvent at high temperatures to fabricate biocompatible 
sub-10-nm CQDs [24]. 

In this study, the percentage of DEE of CQD-MTX complex was calculated, and the cumulative release of MTX from CQD-MTX 
complex was investigated at pH 7.4 and 5.2 after 48 h. Based on the results, the percentage of DEE of CQD-MTX complex was ob
tained 97 %, while, in studies conducted by Hashemi et al. and Wang et al., the percentages of DEE of prepared complexes were 68 %, 
91.36 %, respectively [3,9]. In addition, in this research, the cumulative release of MTX from CQD-MTX complex was 8 % and 11 % at 

Fig. 6. (a) Drug release from CQD-MTX complex compared to the diffusion of free MTX at pH 7.4 within 6 h and, (b) drug release from CQD-MTX 
complex at pH 7.4 and pH 5.2 after 48 h. The error bars for each curve represent standard deviations achieved from three replications. 
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pH 7.4 and 5.2 after 48 h, respectively, while, in study conducted by Darvish et al., the percentages of released MTX from chitosan-MTX 
after 48 h were about 45 % and 67 % at pH 7.4 and 5.2, respectively. Moreover, the release rates from chitosan-hexagonal gold-MTX 
after 48 h were 34 % and 55 % at pH 7.4 and 5.2, respectively [10]. 

The zeta-potential measurement determined the surface charges of CQD was negative and because of the positive surface charge of 
MTX drug, after the loading of MTX drug to CQD, the CQD-MTX complex had a positive surface charge, which implies an electrostatic 
interaction between the MTX drug and CQD, which had the greatest effect on the pH-dependent drug release behavior. In fact, the 

Fig. 7. The graph obtained from the MTT evaluation after (a) 2 h and, (b) 5 h; and (c) the optimal gradual release of MTX from the CQD-MTX 
complex at concentration of 0.5 μM after 5 h. The error bars for each curve represent standard deviations achieved from three replications of 
measurement. 

Fig. 8. A curve prepared from the antioxidant activity of CQD and CQD-MTX complex. The error bars for each curve represent standard deviations 
achieved from three measurements of the same sample. 
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strength of electrostatic interaction between the MTX drug and CQD changes by alteration of the pH, including decreasing OH‾ ion and 
increasing H⁺ ion at acidic environment, as a result, an increase in the drug release is obtained [25]. 

Based on the data obtained from release and diffusion investigation, it can be determined that the incorporation of CQD and MTX 
had a significant effect on maintaining and controlling the release of the drug in the physiologic environment of pH 7.4. An acidic pH, 
such as the environment of the cancer cells, increased drug release. These results show an improvement in the pharmacokinetic 
properties of the drug, mainly due to an alteration in its distribution and absorption parameters. 

Based on the results of the MTT evaluation, the IC50 was obtained for the CQD-MTX complex at a concentration between 1.2 and 
2.5 μM after 2 h (Fig. 7a), while in another study, the IC50 value for breast cancer cells treated with hollow gold nanostructure-PEG- 
MTX was 2.13 μM after 1.5 h [26]. On the other hand, by examining the cytotoxicity effect of CQD on cancer cells, no significant 
toxicity was found, as a result the CQD was used as a powerful tool in targeted drug delivery. However, it is important to note that 
CQDs have shown moderate anti-cancerous properties when exposed for a longer duration, in the presence of anticancer drugs [27]. 
Therefore, further research is needed to fully understand the cytotoxic effects of CQDs on normal and cancerous cells, at different 
exposure duration, in or without the presence of anticancer drugs to gain a better insight on their more advanced potential applications 
in biomedicine, and their role in inhibiting oxidative stresses in cancerous cells by preventing the aggregation of Fe3+ ions through 
their antioxidant properties [28,29]. 

Iron is a transition metal that has a significant role in catalyzing the production of free radicals. Aggregation can promote oxidative 
stresses. Chelating agents can bind and separate free Fe3+ ions, preventing them from contribute to oxidative reactions. Furthermore, 
by chelating Fe3+, compounds can prevent free radical formation [28]. This is an important mechanism behind their antioxidant 
properties. Based on the results obtained from the antioxidant test, the antioxidant activity of CQDs plays a significant role in their 
biomedical applications, such as drug delivery (Fig. 8), where Reactive oxygen species generation can disrupt the process of cell [29]. 
Moreover, in a previous study, it was reported that curcumin acts as a potent antioxidant agent [30], and based on the studies per
formed by Hashemi et al., curcumin loaded in PLGA nanoparticles improved anticancer efficiency of MTX on MCF-7 cells similar to this 
study’s CQD-MTX complex results [31]. 

5. Conclusion 

New targeted drug delivery approaches that are being explored using different nanosystems provide an optimistic outlook in 
developing successful cancer drug therapy. CQDs are emerging carbon-based nanomaterials and they are receiving considerable in
terest in biomedical applications including targeted drug delivery. In this investigation, the CQD was studied to interact with MTX to 
form CQD-MTX complex. After drug loading, the percentage of DEE was 97 % and the characterization of the CQD and CQD-MTX 
complex, showed that the interaction between the CQD and the MTX drug was electrostatic. Moreover, the drug release investiga
tion, showed that the cumulative release of MTX from CQD-MTX complex was slightly higher in an acidic environment after 2 days (8 
% at pH 7.4 and 11 % at pH 5.2 after 48 h), while the cumulative release of the free MTX was high at neutral pH after a short analysis 
time (77 % at pH 7.4 after 6 h). The results of MTT showed that after 5 h of treatment on cancer cells, maximal inhibition of the growth 
of MCF-7 cells was achieved at the CQD-MTX complex concentration of 2.5 μM, while the CQD had no significant effect on inhibition of 
cell growth. Finally, the antioxidant test of the CQD-MTX complex, revealed that the CQD can be considered as a suitable candidate for 
delivery of MTX drug. 
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