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Introduction

Curcumin [1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-hep-
tadiene-3,5-dione] is a naturally occurring polyphenolic 
compound extracted from the Asian plant Curcuma longa 
(turmeric) [1] with several biological properties [2, 3] such 
as anti-inflammatory [4, 5], anti-oxidant [6], antidiabetic 
[7], anti-microbial [8, 9] and anti-cancer [10, 11]. Although 
Curcumin exhibited intriguing biological features, its low 
solubility, poor bioavailability, fast biotransformation, and 
degradability limit its widespread biological applications 
[12]. Diverse techniques, including structural chemical 
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Abstract
Numerous malignancies have been shown to be successfully treated with Curcumin. Despite its promising effects, Cur-
cumin has limitations in clinical studies because of its stability, low water solubility, and adsorption. Carbon quantum 
dots with high biocompatibility can be employed as nanostructured material carriers to enhance Curcumin availability. 
In this study, folic acid was used as the raw material for the hydrothermal preparation of carbon dots, followed by the 
loading of Curcumin onto the carbon dots to form a folic acid carbon dot/Curcumin nanocomposite. The morphology and 
the chemical structure of the synthesized carbon dots were investigated. Folic acid carbon dots displayed robust emission 
peaks with a quantum yield of 41.8%. Moreover, the adsorption effectiveness of Curcumin on carbon dots was deter-
mined to be 83.11%. The liberating pattern of Curcumin was pH-dependent and reached 36 and 27% after a few hours 
at pH 5 and 7.4, respectively. The release occurs via the Fickiann diffusion mechanism with ah n value less than 0.45.
The nanocomposite was tested for antibacterial activity against gram-negative Pseudomonas aeruginosa ATCC 27,853 
and gram-positive Staphylococcus aureus ATCC 25,923. The nanocomposite displayed antibacterial behavior with MIC 
12.5 µg/mL. The anticancer activities of the nanocomposite were further tested against high-folate receptor-expressing 
Hela cells (cervical malignancy) and low-folate receptor-expressing HepG2 cells (hepatocellular carcinoma). Folic acid 
carbon dot/Curcumin nanocomposite reduced Hela cell viability at an IC50 of 88.723 ± 0.534 g/mL. On the other hand, 
HepG2 cells showed no toxicity response.

Highlights
 ● Hydrothermal preparation of carbon dots (CDs) using folic acid as a Curcumin loading.
 ● The synthesis of amorphous carbon dots had an average particle size of 6.8 ± 2.1 nm.
 ● CDs loaded with Curcumin are active against gram-positive and gram-negative bacteria.
 ● Anticancer properties of CDs against a high folate receptor-expressing Hela cells.
 ● The anticancer properties of CDs against a low folate receptor-expressing HepG2.
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modification, dispersion on a variety of polymeric matrices, 
and lipid addition increased the biological threshold of Cur-
cumin [13]. However, a significant proportion of generated 
derivatives exhibited minimal biological activity [14, 15].

Innovative Nanotechnology for Drug Delivery can 
increase Curcumin’s bioavailability and tumor cell-target-
ing. Upon surface adsorption, nanoparticles’ chemical and 
physical characteristics can improve the Curcumin hydro-
philicity [16]. Among different nanoparticle categories, 
CDs are a promising class of photoluminescent carbon 
nanomaterials with a spherical shape and a size < 10 nm 
[17]. They are highly hydrophilic, have low toxicity, and 
are biocompatible. In comparison to other classic fluores-
cent materials, such as quantum dots (QDs), their photolu-
minescent capabilities are the most attractive. This has led 
to their widespread usage in biological and environmental 
analyses, and they also play a significant role in bioimaging 
and medication targeting [18–20]. Yang and coworkers cre-
ated a pH-sensitive nano-drug carrier based on cyclodextrin 
coated with carbon dots to transport doxorubicin into Hela 
and HEK293T cells. In vivo, loading cinobufagin onto lipo-
somes conjugated with near-infrared CDs enhances the anti-
cancer efficacy and minimizes dose-related adverse effects.

Carbon dots can be produced using various biomolecules 
and biopolymers used as “precursors”. Folic acid (FA) is 
a key cellular binding ligand for optimal cell survival and 
tissue homeostasis [21]. FA has a high level of biocompat-
ibility and affinity for various epithelial cells. FA is a low 
molecular weight vitamin that binds to its specific folate 
receptor (FR) in which it is known to be highly upregulated 
in cancerous tumors of epithelial origin [22] such as breast 
[23], liver [24], ovarian [25, 26] and lung [27]. In compari-
son to normal cells, tumor cells express FR at a considerably 
higher level. They also have a significant affinity for fatty 
acids, which are essential for accelerated metabolism and 
growth (DNA synthesis and methylation) [28]. Therefore, 
tumor cells with varying levels of FR expression respond 
well to FA as a binding ligand. FA or folate complexes enter 
the cell via receptor-mediated endocytosis upon attaching 
to the tumor cell surface membrane without producing an 
immunogenic response [29, 30]. Utilizing FA carriers guar-
antees a highly focused delivery of drugs to tumor cells.

In this work, folic acid carbon dots (FACDs) were pro-
duced hydrothermally from the folic acid precursor. Cur-
cumin was loaded onto FACDs to create Curcumin-folic 
acid carbon dots (Cur-FACDs), characterized in structure 
and pH-dependent release kinetics. Cur-FACDs’ antibac-
terial effect was also studied using gram-positive Staphy-
lococcus aureus ATCC 25,923 (S. aureus) bacteria and 
Gram-negative Pseudomonas aeruginosa ATCC 27,853 
(P. aeruginosa) bacteria. Cur-FACDs were examined for 
their anticancer activity against highly tumorigenic and 

metastatic cervical cancer cell lines (Hela cells) and liver 
cancer cells (HepG2).

Materials and Methods

Materials

Alpha Chemika, India, provided the folic acid (98%). Cur-
cumin (94% curcuminoid content) and quinine sulphate 
were provided by Sigma-Aldrich, USA. Ethanol (C2H5OH, 
94–96%) was provided by Merck (Germany). Gram-nega-
tive Pseudomonas aeruginosa ATCC 27,853 (P. aeruginosa) 
and gram-positive Staphylococcus aureus ATCC 25,923 (S. 
aureus) bacteria were obtained from Ain shams university 
subjected to antibacterial tests. Hela cells (for cervical can-
cer) and HepG2 cells (for hepatocellular carcinoma) and 
fibroblast normal cells were purchased from Nawah Scien-
tific Inc. for use in cell line tests (Mokatam, Cairo, Egypt). 
Cells were kept alive at 37 °C in a humidified, 5% v/v CO2 
environment using RPMI medium improved with 100 mg/
mL streptomycin, 100 units/mL penicillin, and 10% heat-
inactivated foetal bovine serum.

Methods

Synthesis of Carbon dots Based on Folic acid (FACDs)

Folic acid-carbon dots (FACDs) were produced using hydro-
thermal synthesis as follows: After dispersing 0.1 g of folic 
acid in 50 mL deionized water with sonication for 30 min, 
the mixture was heated at 200 °C for 5 h in a Teflon-lined 
autoclave cup. To remove macroparticles, the brownish 
solution was centrifuged at 10,000 rpm for 30 min. Finally, 
the obtained FACDs were stored at 4 °C before further anal-
yses and applications [31].

Calculation of FACD Quantum Yield

The quantum yield (Qy) of the synthesized FACD was 
obtained via comparing its fluorescence to that of the stan-
dard sample quinine sulphate (Qy=0.54) [31]. Quinine sul-
phate was dissolved in 0.1 mol/L H2SO4. The FACDs were 
dissolved in deionized water prior to synthesis and Quan-
tum yield (Qy) of FACDs is calculated considering the fol-
lowing Eq. 1:

Qy(FAD) = Qy(standard)

(
FAη2

)
FACD

(FAη2)Standard
 (1)

where Qy(FACD) represents the quantum yield of the syn-
thesized FACD, Qy(standard) represents the quantum yield of 
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quinine sulphate as a standard the integrated emission inten-
sity is represented as F, A is the UV-vis spectrophotometer 
absorbance at the excitation wavelength, and η is the solvent 
refractive index (1.33 for H2SO4, and deionized water).

Characterization of FACDs

Synthesized FACDs were categorized using UV-visible 
absorption spectra, Fourier transform infrared (FTIR), and 
transmission electron microscopy (TEM). The sample was 
diluted in deionized water for UV measurements, which 
were conducted at room temperature using a HITACHI 
U-3900 UV/visible spectrophotometer (Japan) with an 
absorption wavelength range of 200 to 800 nm. Fluores-
cence spectra were obtained using an F-2700 fluorescence 
spectrophotometer (Hitachi High Technologies, Japan) with 
a quartz cuvette measuring 0.5 cm in diameter.

The morphological features and particle size of sample 
were investigated with The TEM images. FACDs were 
analyzed on a JEOL 2100 PLUS (Japan) with an acceler-
ating voltage of 100 kV. The sample was diluted in water 
and sonicated for 15 min. After that, 20 µL of sample was 
deposited onto formvar carbon film on 300 mesh copper 
grid and air-dried at room temperature. The FTIR analysis 
was accomplished in the spectral range of 400–4000 cm–1 
and at a spectral resolution of 4 cm–1 at room temperature 
on a Bruker Vertex 70 FTIR spectrometer linked to a Plati-
num ATR model V-100, Germany. The FACDs’ sample was 
diluted by deionized water for examination of zeta potential 
by a Zetasizer Nano ZS90 (Malvern Instruments, Manches-
ter, UK).

Curcumin Loading on FACDs

The folic acid carbon dots (FACDs) surface was loaded with 
Curcumin (Cur) as follows: FACDs were mixed with Cur-
cumin in ethanol in a 2:1 ratio. The reaction mixture was 
shaken at 200 rpm in a dark for 24 h at room temperature. 
FACD loaded with Cur was obtained by removing unreacted 
Curcumin from the supernatant after 15 min of centrifuga-
tion at 10,000 rpm. Then dried under vacuum overnight. 
The adsorption efficiency of Curcumin on FACDs concern-
ing the total amount of cur loaded was obtained by a UV/vis 
spectrophotometer at 425 nm, and calculated using Eq. (2).

Adsorptionefficiency% =
TotalamountofCur− freeamountofCur

TotalamountofCur
× 100 (2)

2.2.5 Curcumin Release Kinetics

FACDS-Cur (5 mL) was placed in a dialysis bag with 
100 mL phosphate buffer (PBS) and shaken at 200 rpm to 

evaluate the Curcumin release efficiency from FACDs-Cur 
at different pH media (5 and 7.4). Samples were taken out 
of the dialysis bag at regular times and replaced with the 
same amount of PBS. The Curcumin amount released was 
calculated by a UV-spectrophotometer and plotted against 
the calibration curve [32]. The Eq. (3) was used to calculate 
the release %:

CumulativeRelease% =
Curcuminreleased

CurcumininFACDs
× 100 (3)

To explain the drug release mechanism, the zero order, first 
order, and krosmeyer-peppa models were utilized to calcu-
late the releasing profile of Curcumin [33, 34]. Zero-order 
Eq. (4):

Qt=Q0 +K0t  (4)

where Qt is the dose dissolved in time t, Q0 is the dose at 
the start of the experiment, and K0 is the zero-order release 
constant (expressed as a concentration per unit time).

First-order Eq. (5):

LogQt = LogQ0−Kt/2.303 (5)

where Q0 is the drug concentration at the beginning and K is 
a constant of first order.

Korsmeyer and Peppas Eq. (6):

Log
(
MT

/

M∞

)
= logk + nLogt  (6)

where MT and M∞ are the fractions of the drug released at 
time t and infinite time, respectively, k is a kinetic constant, 
and n is the release exponent, which indicates how the drug 
is transported.

Anti-bacterial Activity of FACDs and Cur-FACDs

FACDs and Cur-FACDs antimicrobial activity was deter-
mined by agar well diffusion assay [35]. Gram-nega-
tive bacteria, Pseudomonas aeruginosa (ATCC 27,853) 
and Gram-positive bacteria, Staphylococcus aureus 
(ATCC25923) were used for this assay. At 37 °C, nutrient 
broth medium was used to cultivate bacterial strains. Then, 
50 g/mL of each material (FACD and FACD - Cur) was 
evaluated against Pseudomonas aeruginosa (ATCC 27,853) 
and Staphylococcus aureus (ATCC25923). The zone of 
inhibition was then calculated based on the inhibition zone 
diameter (well diameter) of each compound surrounding 
each well (in millimetres). In all treatments, the experiment 
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which were then plated in 96-well dishes and cultured for 
24 h in a CO2 incubator with full medium. For 72 h, cells 
were exposed to media aliquots (100 µL) containing drugs 
at various concentrations (10, 20, 40, 60, 80, and 100 µg/
mL). The cells were then fixed in 150 µL of 10% trichloro-
acetic acid (TCA) and left to rest at 4 °C for an hour after 
the medium supernatant was removed. After discarding the 
TCA solution, the cells were washed with distilled water five 
times. It was then incubated for 10 min at room temperature 
in the dark after the addition of the SRB solution (0.4% w/v). 
It was then washed three times with 1% CH3CO2H and air 
dried for an entire night. Finally, TRIS (10 mM) was added 
to dissolve the protein-bound SRB stain, and absorbance at 
λmax 540 nm was measured using a microplate reader from 
Ortenberg, Germany, equipped with a BMGLABTECH®-
FLUO star Omega. At least three times, each experimental 
group received at least four sets of data.

Statistical Analysis The findings of all tests were combined 
to compute the average and standard error of the mean. The 
data were analysed using Minitab 16 software with a signifi-
cance level of p < 0.05 using one-way analysis of variance 
(ANOVA).

Results and Discussion

Characterization of the Synthesized FACDs

Carbon dots can be synthesized using a variety of techniques, 
including microwave heating, pyrolysis, sonication, heat-
ing, chemical reactions, and laser ablation [38]. Here, we 
used the hydrothermal fabrication method because it is sim-
ple, low-cost, non-toxic, and environmentally friendly. Car-
bon precursors (FA) are placed in a sealed Teflon-equipped 
stainless steel autoclave with water to synthesize carbon 
dots under high temperature and pressure [39]. To further 
investigate the nanostructures of the produced FACDs, their 
morphology and particle size distribution were examined 
using high-resolution TEM. The surface morphology and 
average diameter distribution of the produced FACDs were 
analyzed using TEM (Fig. 1a, b). Carbon dots formed from 
folic acid were amorphous and had an average particle size 
of 6.8 ± 2.1 nm.

To further understand the optical characteristics of the 
created FACDs, the UV-vis absorption and fluorescence 
spectra were acquired. FACD contains two peaks at λ 250 
and 288 nm, with a shoulder at λ 326 nm, as shown in Fig. 2a. 
These peaks, which correspond to the π → π* electron 
transition and n→ π* electron transition, respectively, are 

was conducted using three repetitions, and the resulting 
mean values were reported.

Minimum Inhibitory Concentration (MIC) Evaluation

The minimum FACD and FACD-Cur concentrations 
required to inhibit Pseudomonas aeruginosa and Staphy-
lococcus aureus development were established. The 
antimicrobial test was initiated with 50 µg/mL initial con-
centrations of FACD and FACD-Cur. Following the process 
of serial dilutions in saline solution and subsequent plating 
on nutrient agar, an inoculum volume of 100 µL containing 
1108 colony-forming units per millilitre (cfu/mL) was intro-
duced onto an agar medium and poured onto a Petri plate. 
The Petri plate was then incubated for a period of one night. 
To serve as a positive control, ampicillin, a pharmaceutical 
agent employed in the treatment of infections, was assessed 
in conjunction with FACD and FACD-Cur samples. The 
MIC values were determined in triplicate using the micro-
plate serial dilution technique, and the mean values were 
reported.

Anti-cancer Activity of FACDs and Curcumin Loaded FACDs

MTT Assay for Normal Cells Availability To assess cell viabil-
ity, the formula shown below was utilized. Using the MTT 
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) test, cell viability following treatment with FACD 
and FACD-Cur was assessed. Recapitulating the procedure, 
a 96-well plate was seeded with a fibroblast cell suspension 
(50 µL) at a density of 3 × 103 cells/well and then incubated 
for 24 h at 37 °C with 5% CO2. The cells were subsequently 
exposed to 100 µL of either FACD-Cur or FACD at doses of 
10, 20, 40, 60, 80, and 100 µg/mL. As a reference point for 
comparison, the untreated cells in the culture media were 
used. The MTT solution (100 µL, 0.5 mg/mL) was added to 
each well after 72 h of incubation at 37 °C in the dark. The 
crystals of formed formazan were dissolved in 100 µL of 
DMSO. A microplate reader was used to measure the absor-
bance at λmax 570 nm three times during the experiment. To 
assess cell viability, the Eq. (6) shown below was utilized 
[36].

Cellavalibility% =
ODTreated

ODControl
 (7)

Sulforhodamine B (SRB) Assay for Anticancer Activity Detec-
tion Cell viability against examined substances was evalu-
ated using the Sulforhodamine B (SRB) assay [37]. 5 × 103 
cells were seeded in 100 µL aliquots of cell suspension, 
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visible on the spectrum [40]. Excitation-dependent behav-
ior at various excitation wavelengths reveals the presence 
of the emission peaks (Fig. 2b). FACDs displayed signifi-
cant emission peaks, which were caused by the formation 
of conjugate-domains (carbon core) in the CDs structure 
[41, 42]. The Qy of the synthesized FACDs reached 41.8%, 
using quinine sulphate (0.1 mol L–1 H2SO4 solution) as a 
reference with a quantum yield of 54%, contributed. This 
result is comparable to that of previous studies [31, 43]. The 
FACDs are brown in the daytime and generate a brilliant 
blue fluorescence when λmax 365 nm UV light excites them 
(inset of Fig. 2a).

FTIR spectra for folic acid (FA) and the synthesized 
FACDs are displayed in Fig. 3. In the folic acid spectra, 
the adsorption bands at 3358 and 3076 cm–1 are related 
to stretching vibrations of O–H and C–H, respectively. 
While the adsorption band at 1693 cm1 represents the car-
bonyl group (C = O) of carboxylic acid [44]. FACD’s FTIR 

Fig. 3 FTIR spectrum of FA, and FACDs.

 

Fig. 2 (a) UV − vis absorption spectra of FACDs, and the inset represents the photographic image of FACD under visible light on the right and at 
λmax 365 nm UV light on the left (b) Excitation dependent fluorescence spectra of FACDs

 

Fig. 1 (a) Morphology of FACDs, 
(b) Particle size distribution 
obtained from the TEM image
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interactions result in a change in the zeta potential and an 
increase in the particle size of FACD from 6.2 ± 1.3 nm to 
73.2 ± 2.4 nm upon loading Curcumin. This change in par-
ticle size serves as evidence for the successful loading of 
Curcumin [3, 49, 50]. Furthermore, FACDs-cur spectra in 
Fig. 3. Supports the conjugation of Curcumin with FACDs 
via H-bonds and electrostatic attraction. Curcumin’s OH-
related stretching at 3500 cm–1, its C = O vibration exhibit at 
1624 cm–1, and its C-O enol group stretching at 1275 cm–1 
were all observed [51, 52].

The adsorption efficiency of Curcumin on FACDs sur-
face was measured to be 83 ± 1.5%, demonstrating a sig-
nificant electrostatic interaction between Curcumin and 
FACDs. The basis for Curcumin entrapment is the interac-
tion of Curcumin’s keto-form with FACDs through weak 
supramolecular type bonds and electrostatic interactions. 
The low aggregation and amorphous structure of FACDs 
enhanced drug endocytosis in the overexpressed folate 
receptor cancer cells [3, 53]. Due to their excellent encap-
sulation, release efficiencies, and great biocompatibility, 
these FACDs loaded with Curcumin were determined to be 
the ideal framework technique for hydrophobic drug deliv-
ery [54]. The pattern of Curcumin release over 80 h was 
depicted in Fig. 5 at mildly acidic pH 5 and neutral pH 7.4. 
However, the loading of Curcumin is found to be pH depen-
dent because of the functional groups surface manipulation. 
The percentage of Curcumin released was higher at pH 5 
than at pH 7.4, which is likely due to the effect of acidic 
medium on carboxylic functional group protonation, result-
ing in a weak electrostatic interaction between Curcumin 
and FACDs [55]. Results from an FTIR study of FACD and 
FACD-Cur indicate that this is a significant constituent. 
However, Curcumin was gradually released at both pH lev-
els, with the initial Curcumin percentages reaching 36 and 
27% after a few hours, respectively. The sustained release 
has a significant advantage in that it keeps the desired con-
centration of drug in the plasma while avoiding undesirable 
side effects, reducing dose frequency, and enhancing patient 
comfort [56].

The behavior of curcumin release was studied using the 
zero order, first order, and Kosmeyer and Peppas models. 
As presented in Fig. 6 and according to Table 1, the release 
of curcumin was best fitted to Kosmeyer and Peppas mod-
els, which exhibit R2 values of 0.94 and 0.948 at pH 5 and 
pH 7.4, respectively. This is because carbon dots have a 
polymeric-like structure [57]. In addition, the exponent of 
diffusion (n) values at pH 5 and 7.4 were 0.255, 0.336 and 
less than 0.45, indicating that Curcumin is released by the 
Fickian diffusion mechanism [58]. Chen and colleagues also 
investigated the Curcumin release behavior on PLGA/chi-
tosan fibers in vitro and found that the release mechanism 
follows the Fickian diffusion mechanism [58]. Furthermore, 

spectrum includes the same functional groups as FA: the 
stretching vibrations of O-H, C-H, C = O, and C-N at 3322, 
2941, 1693, and 1020 cm–1, respectively [45, 46].

Curcumin Loading on FACDs and Kinetic Release

Curcumin’s poor solubility as a chemotherapeutic agent 
is a key concern for its use in biomedical applications. 
Curcumin is mostly soluble in organic solvents including 
ethanol, DMF, and DMSO and is only weakly soluble in 
water [47]. Therefore, the challenge of obtaining Curcumin 
solution stability can be avoided by placing Curcumin onto 
nanomaterial carriers.

To determine the stability of Curcumin loading on 
FACDs, a zeta potential analysis was performed. As depicted 
in Fig. 4a,b, FACDs zeta potential at pH 7 was − 17.4 mV, 
which was in good agreement with previous results that 
interpreted the negative zeta potential as the presence of 
ionized carboxylic groups of FA [48]. Cur-FACDs experi-
enced a positive shift in their zeta potential to -11.5 mV. 
The observed phenomenon can be explained by the elec-
trostatic attraction forces between folic acid conjugated 
dendrimers (FACDs) and Curcumin, as well as the hydro-
gen bonds formed between the amine groups of folic acid 
and the ketones and hydroxyl groups of Curcumin. These 

Fig. 4 Zeta potential of (a) the synthesized folic acid carbon dots 
(FACDs), (b) Curcumin loading on folic acid carbon dots (FACDs-Cur).
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[65]. Folate receptor (FR) comprise two forms α and β that 
are anchored on cell surface via glycosyl-phosphatidyleino-
sitol (GPI) anchor [66]. Most normal cells lack both recep-
tor expression except specific epithelial cells that express 
FR-α without blood circulation accessibility [67]. On the 
other hand, FR-α is overexpressed in various tumors such 
as ovarian [68], cervical [69] and non-small cell lung carci-
noma [70]. FR-β is predominantly linked to hematopoietic 
cancers [71].

MTT assay was used to test FACD and FACD-Cur for 
non-cytotoxicity and safety against normal fibroblast nor-
mal cell lines. As presented in Fig. 7a, the vitality of the 
cell lines remains greater than 95% at high concentrations 
of both FACD and FACD-Cur (100 µg/mL), indicating that 
no cytotoxicity is observed for FACD as a drug delivery 
approach.

The findings of this study are comparable to those reported 
in reference [72], where the effects of quercetin/curcumi-
noid mixtures at concentrations ranging from 5 to 25 µg/mL 
were examined on a human dermal fibroblast cell line. The 
results showed that the cell viability exceeded 80% after 
24, 48, and 72 h of exposure. Furthermore, a study by [36] 
examined the MTT assay of graphene quantum dots (GQDs) 
conjugated with glucosamine (GlcN). The findings of this 
study indicated that the unmodified nanocarrier exhibited no 

Curcumin loading on silk Fibroin nanoparticles followed 
the Korsmeyer Peppas model with n values less than 0.45 
[59]. Additionally, Curcumin loaded on carbon nanodots 
(E-CNDs and U-CNDs) followed a controlled sustained 
pattern, releasing 60 and 74% of the Curcumin at 72 h, 
respectively, at pH 5 [3].

The in vitro Cytotoxicity Effect of FACD and FACD-
Cur

MTT Assay

Systemic toxicity, multidrug resistance, and nonspecific 
interaction are major problems with current chemotherapeu-
tic regimens [60]. The use of a soluble, biodegradable, and 
selectively targeted cancer cell drug delivery system (DDS) 
is preferable because it can reduce these unfavorable side 
effects [61].

An intensive research input has been put to utilize Folic 
acid carbon dots, a specific delivery system for cancers with 
high folate receptors [62, 63]. FA is small in size (441-Da) 
with stability over different temperature and pH ranges. 
Also it is non-immunogenic with high binding affinity to 
its respective receptor [64]. FA is a strong binding ligand 
for its respective α and β receptors. Preparing of folic acid 
carbon dot nanoparticles introduce FA as a promising drug 
delivery system for highly expression folate receptor tumors 

Fig. 5 The pattern of Curcumin 
release at pH 5, and pH 7.4 (data 
are expressed as standard error 
of mean)
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toxicity, as evidenced by a cell viability rate exceeding 94% 
even at concentrations as high as 50 µg·ml− 1.

SRB Assay

As shown in Fig. 7b, high doses of Cur-FACDs (100 µg/
mL) caused toxicity in cells with a lot of folate receptors, 
like Hela cells. This effect couldn’t be seen in HepG2 cells 

Table 1 The kinetic parameters of curcumin release mathematical 
models
Mathematical models Zero 

order R2
First 
order R2

Korsmeyer 
Peppas R2

pH 5 92.2 73.3 94.2, n = 0.255
pH 7 87.9 70.1 92.2, n = 0.336

Fig. 6 Drug release profile of FACD-Cur at pH 5, and pH 7.4 with zero, first order, and Korsmeyer-Peppas models
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cytotoxic drug Etoposide loaded on FACDs led to signifi-
cant growth inhibition of Hela cells [76].

A possible explanation of Curcumin anticancer activity is 
derived from that Curcumin induced DNA damage in Hela 
cells through nuclei fragmentation and chromatin condensa-
tion [77]. Low dose Curcumin decreases cell proliferation 
and viability through DNA hypermethylation and decreas-
ing nuclear organizer region-associated proteins AgNOR 
levels [78] or inhibit their proliferation via the NF-kB and 
Wnt/β pathways inhibition leading to G2/M cell cycle arrest 
[79]. In addition, Hela cells treated with Curcumin exhibit 

or other cells with low levels of folate receptors (Fig. 7c). 
Folic acid carbon dots loaded with Curcumin (FACDs-Cur) 
reduced Hela cell viability at IC50 of 88.723 ± 0.534 µg/
mL. On the other hand, HepG2 cells did not show any tox-
icity response. This can be clarified by the fact that Hela 
cells have more folic acid receptors than fibroblast cells, and 
HepG2, as a targeting ligand, increases cellular uptake of its 
attached drug via receptor-mediated endocytosis [73, 74].

In previous studies, Folate nano dots have been used as a 
delivery system to efficiency deliver unsymmetrical Bisacri-
dines to treat lung and prostate cancer cells [75]. Otherwise, 

Fig. 7 (a) MTT assay for FACD and FACD-Cur on fibroblast nor-
mal cells. (b and c) Anticancer activity of FACD and FACD-Cur on 
Hela and HepG2 cells as determined by the SRB assay. For 72 h, the 

cells were exposed to various concentrations (10, 20, 40, 60, 80, and 
100 µg/mL). The data were presented as means ± SD (n = 3)

 

1 3

527



E. Serag et al.

FACDs Anti-bacterial Activity

Recent work reported that the Curcumin antibacterial activ-
ity against several bacterial species, including MSSA and 
MRSA [87]. Here in our study, we have shown that Cur-
cumin loaded on folic acid carbon dots exhibit potent anti-
bacterial activity against S. aureus and P. aeruginosa at 
a concentration as low as 12.5 µg/mL with MIC of 25% 
(Fig. 8, and Table 2). Curcumin’s antibacterial effect may 
be mediated via the generation of reactive oxygen species, 
which leads to the destruction of bacterial cell membranes 
and cell death. Furthermore, FACD-mediated Curcumin 
administration improves its solubility, promotes Curcumin 
targeting, and increases bioavailability [88].

Our results demonstrated that FACD, when used as a 
nano-carrier system for Curcumin, significantly improved 
the antibacterial activity of Curcumin, resulting in a mini-
mum inhibitory concentration (MIC), which was much 
lower than that reported for the other systems. Previous 
research has tested Curcumin’s efficacy against ten differ-
ent S. aureus strains (including MSSA and MRSA reference 
strains) at concentrations ranging from 125 to 250 µg/mL 
[89].

dysregulated thioredoxin system and elevated levels of ROS 
[80]. Furthermore, Curcumin and its phytochemical deriva-
tives were found to induce Hela cell metabolic reprogram-
ing by modulating lactate-pyruvate metabolism and inhibit 
their metastasis [81].

Curcumin has been shown to have a significant inhibi-
tory effect on the NF-kB factor, which is responsible for 
the expression of numerous proteins such as cytokines and 
interferons, which induce inflammation and cancer disease 
progression [82]. Furthermore, Curcumin inhibited the pro-
duction of the transcription factor AP-1, which has an anti-
apoptotic effect in most cancer types [83]. Another study 
found that Curcumin had anti-cancer activities in malignant 
mesothelioma through regulating IL-1 and NFkB factors 
[84]. Curcumin, on the other hand, inhibited the expression 
of IL-6, TLR, IL-3, and STAT-1 in human chronic myelog-
enous leukemia cells (K562) [85].

In this research, the FACD synthesized from precursor 
folic acid via hydrothermal process is a promising drug 
carrier system to target tumors with high folate recep-
tor expression. FACD-Cur was highly toxic to Hela cells 
at concentrations significantly lower than those previously 
reported in the literature [86]. That has the potential to boost 
FACD’s use as a targeted cancer drug delivery system.

Fig. 8 Antibacterial activity of FACDs, and FACDs-Cur against Pseudomonas aeruginosa ATCC 27,853 (P. aeruginosa) and Staphylococcus 
aureus ATCC 25,923 (S. aureus). Data are presented as means ± SD (n = 3, *p < 0.05)
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concentration (MIC) of nanocomposite against S. aureus 
and P. aeruginosa, respectively, was 15.62 and 62.5 µg/mL, 
while the MIC of nanocomposite without Curcumin was 
875 µg/mL [96].

Conclusion

CDs were successfully generated from folic acid by a low-
cost hydrothermal synthesis. The synthesized FACDs were 
successfully and efficiently loaded with Curcumin. Since 
curcumin’s release was pH-dependent, tumor cells, which 
have low pH levels, received more of the substance when 
it was released at pH 5 as opposed to normal cells. FACDs-
Cur has demonstrated antibacterial activity against gram-
negative bacteria (Pseudomonas aeruginosa ATCC 27,853 
and gram-positive bacteria (Staphylococcus aureus ATCC 
25,923). Curcumin and FACDs were further conjugated to 
increase the desired anticancer properties for Hela cells. In 
summary, FACD is an efficient and precise nano-delivery 
system, and when loaded with Curcumin, the combined 
system showed promising anti-cancer and anti-bacterial 
properties.
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In another study, Curcumin that had been changed 
chemically and was called Curcumin-1 (CUR-1) was tested 
against S. aureus. The MIC concentration was found to 
be 18.42 µg/mL [90]. The same compound was effective 
against S. aureus at MIC 250 µg/mL, according to a study 
by Sasidharan et al. [91]. Also, the growth of S. aureus was 
stopped by the Curcumin analogue indium Curcumin at a 
MIC of 187.5 µg/mL [91]. Antibacterial activity of Cur-
cumin nanoparticles (2–40 nm in size) was demonstrated 
against S. aureus (MIC of 150 and 100 µg/mL for DMSO 
and water dissolved particles, respectively) and P. aerugi-
nosa (MIC of 250 and 200 µg/mL for DMSO and water 
dissolved particles, respectively) [92]. Copper-oxide Cur-
cumin nanocomposite showed antibacterial activity against 
S. aureus and other bacterial species [93]. The minimum 
inhibitory concentration (MIC) for Curcumin against 
S. aureus and P. aeruginosa was found to be between 25 
and 512 µg/mL [94]. Curcumin and its gallium-Curcumin 
nanoparticles had MIC values of 41.37 and 82.75 µg/ml 
against bacteria, respectively [95]. Curcumin’s median 
inhibitory concentration (MIC) against S. aureus reference 
and clinically isolated strains was found to be 250 µg/mL 
and 5000 µg/mL, respectively, in another study [8]. Cur-
cumin and iron oxide nanocomposites coated with sodium 
alginate were also synthesized in another study. They found 
that the minimum inhibitory concentration (MIC) of Cur-
cumin alone against S. aureus and P. aeruginosa is 31.25 
and 125 µg/mL, respectively. The minimum inhibitory 

Table 2 Minimum inhibition concentration of FACDs, and FACDs-
Cur against Pseudomonas aeruginosa ATCC 27,853 (P. aeruginosa) 
and Staphylococcus aureus ATCC 25,923 (S. aureus)
Pathogenic 
strain

Inhibition zone diameter (mm)** MIC

Sample 
Concentration

100% 50% 25%

Gram negative bacteria
Pseudomonas 
aeruginosa 
ATCC 27,853
FACDs 20 ± 0.445 19 ± 0.345 14 ± 0.471 12.5 µg/mL
FACDs-Cur 23 ± 0.435 15 ± 0.475 13 ± 0.521 12.5 µg/mL
Antibiotic 
(0.1%)

38 ± 0.231

Gram positive bacteria
Staphylococ-
cus aureus 
ATCC25923
FACDs 15 ± 0.521 10 ± 0.486 ND 25 µg/mL
FACDs-Cur 17 ± 0.547 15 ± 0.643 13 ± 0.442 12.5 µg/mL
Antibiotic 
(0.1%)

30 ± 0.447
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