
1

Vol.:(0123456789)

Scientific Reports |         (2022) 12:1959  | https://doi.org/10.1038/s41598-022-05793-9

www.nature.com/scientificreports

A functionalized graphene oxide 
with improved cytocompatibility 
for stimuli‑responsive co‑delivery 
of curcumin and doxorubicin 
in cancer treatment
Fatemeh Yaghoubi 1,2, Najmeh Sadat Hosseini Motlagh3, Seyed Morteza Naghib4, 
Fateme Haghiralsadat5,6, Hossein Zarei Jaliani7 & Ali Moradi 1*

Nowadays, the usage of nanoparticles in various fields such as drug delivery, attracts the attention 
of many researchers in the treatment of cancers. Graphene oxide (GO) is one of the novel drug 
delivery systems which is used broadly owing to its unique features. In this survey, doxorubicin (DOX) 
was accompanied by natural medicine, curcumin (CUR), to diminish its side effects and enhance its 
efficiency. Cytotoxicity assay in human gastric cancer (AGS), prostate cancer (PC3), and ovarian cancer 
(A2780), was evaluated. Also, the uptake of DOX and CUR into cells, was assessed using a fluorescence 
microscope. Moreover, real‑time PCR was applied for the evaluation of the expression of RB1 and 
CDK2 genes, which were involved in the cell cycle. In both separate and simultaneous forms, DOX and 
CUR were loaded with high efficiency and the release behavior of both drugs was pH‑sensitive. The 
higher release rate was attained at pH 5.5 and 42 °C for DOX (80.23%) and CUR (13.06), respectively. 
The intensity of fluorescence in the free form of the drugs, was higher than the loaded form. In the 
same concentration, the free form of CUR and DOX were more toxic than the loaded form in all cell 
lines. Also, free drugs showed more impact on the expression of RB1 and CDK2 genes. Co‑delivery of 
CUR and DOX into the mentioned cell lines, was more effective than the free form of CUR and DOX 
due to its lower toxicity to normal cells.

Cancer is one of the main causes of death in the  world1–3. The most common strategies for the treatment of cancer 
are surgery, radiotherapy, and  chemotherapy4–6. Although the effectiveness of chemotherapy has been confirmed 
in the past three decades, the major obstacle is its toxicity and side effects on normal  cells7. Other obstacles in 
the treatment of cancer, are extensive heterogeneity of cancer cells and drug resistance that lead to the efflux of 
anticancer drugs from tumor cells, as well as in chemo-resistance, the expression of the anti-apoptotic proteins 
is  increased8. Heterogeneity is originated from epigenetic differences and the DNA instability of tumor cells, 
which in turn, can lead to different responses to therapy. As a result, the combination treatment can be used as 
a more effective strategy than single-agent therapy, owing to targeting multiple pathways of cancer  cells9. Many 
researchers have eagerly tried to use the nano-carriers, due to their great advantages, such as the reduction in 
systemic toxicity of the loaded drugs, and the capability of carrying multiple drugs  simultaneously10. DOX is a 
chemotherapeutic agent which inhibits tumor growth by blocking the function of topoisomerase, resulting in 
DNA double helical breaks leading to activation of cell cycle arrest or  apoptosis11. CUR is a herbal medicine that 
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possesses anti-oxidant, anti-inflammatory, and anticancerous  properties12. In fact, CUR impacts on the multiple 
cell signaling pathways, including proliferation (EGFR, HER-2, and AP-1), apoptosis (activation of caspases and 
downregulation of antiapoptotic gene products), angiogenesis (VEGF) and inflammation (NF-kB, IL-6, IL-1, 
TNF, COX-2, and 5-LOX)13. RB1 gene regulates the transition from G1/G0- to S-phase in the cell cycle, and 
activates cell cycle arrest in response to DNA  damage14.

Nanoscaled materials and nanostructures are increasing considerable attentions for biomedical applications 
such as tumor  theranosis15 and combination  therapy16,17. Nano-designed materials assist combining the diagnosis 
with therapy, which are the critical components of a modified approach to deal with the  malignancy18. Nanopar-
ticles as drug carriers, not only transport therapeutic molecules but also transfer the hydrophobic  agents19–21. 
There are some limitations in the administration of CUR into cells, including low absorption and solubility, rapid 
metabolism and rapid systemic elimination of CUR in the  body19,22. Therefore, various nano-carriers have been 
studied in last decades. Among nanoscaled materials, graphene and its derivatives are the promising nanocarriers 
that have several benefits over  others23, because of their exceptional characteristics including high surface area, 
mechanical and chemical stability, 2D planar structure, good cytocompatibility and excellent  conductivity24. 
The planar structure of graphene makes it a suitable factor for the high loading of different substances, such 
as biomolecules and metals. On the other hand, GO can deliver small drug molecules (such as anticancer and 
antibacterial agents) and macromolecules as well as its bipolar groups (hydrophilic and hydrophobic) allow it to 
carry both hydrophilic and hydrophobic substances. Altogether these excellent properties along with their small 
size and high biocompatibility, make GO a promising candidate for medical and biological  applications25. The 
functionalization of GO with oxygenated groups such as carboxyl, increases its biocompatibility and  solubility26. 
Some studies have shown the higher biocompatibility, safety and efficacy of drug loaded in GO-COOH rather 
than  GO27,28.

Several studies have been conducted in this field. One study assayed the cytotoxicity of graphene oxide and 
graphene oxide loaded with doxorubicin on human multiple myeloma cells, and found that the cell proliferation 
was inhibited significantly by GO/DOX compared to pure  DOX29. Another study represented that the release 
of CUR from PEGylated GO, was depended on pH which was increased in the basic  environment30. Also, co-
loading of CUR and paclitaxel on polymer-functionalized reduced GO, was performed in another study, which 
the results showed a synergistic treatment and a highly potent nano-carrier towards the breast, MDA-MB-231, 
lung and A549 cancer  cells31.

The present study aimed to improve the cytotoxicity effect of CUR by co-delivery of DOX loaded on GO-
COOH. In fact, the cytotoxicity effect of free CUR, free DOX, GO, GO-CUR, GO-DOX and GO-CUR-DOX as 
well as the uptake of the mentioned drugs and the expression rate of RB1 and CDK2 genes in AGS, A2780, PC3 
and HFF cell lines, were studied.

Materials
DOX was obtained from Ebewe Pharma (Austria). CUR (purity > 65%), DMSO (dimethyl sulfoxide), MTT (3–(4, 
5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide), dialysis bag (MW¼ 12 kDa) and PBS tablets were 
supplied from Sigma-Aldrich (St Louis, MO). DIL Stain (1, 10-Dioctadecyl-3,3,30,30-Tetramethylindocarbo-
cyanine Perchlorate) and DAPI (40, 6-diamidino2-phenylindole) were produced from Thermo Fisher Scientific 
(Waltham, MA). GO was purchased from GrapheneX. HCL 37% and Ethanol were provided by Merck (New 
Jersey).

Methods
Morphological assessment and zeta potential. Zeta potential was assessed using Brookhaven Corp 
Instruments (Holtsville, NY). Also, the structure of GO-COOH was evaluated by scanning electron microscope 
(SEM). For this purpose, a thin layer of film was created after pouring 5 µl of suspension on the glass plate. Then, 
after coating the sample with a gold layer, the images were recorded by scanning electron microscopy (model 
EM3200, KYKY, China).

Preparation of GO‑COOH. For the GO carboxylation, GO (2 mg/ml) was sonicated for 1 h. Then, 72 mg 
of NaOH was added and stirred at room temperature for 4 h. Then, 0.4 ml of HCl (37% v/v) was added to the 
solution and washed several times with deionized water for removing the salts. As a result, the GO-COOH 
compound was  prepared32–34.

Drug loading on GO‑COOH. For preparing GO-COOH-DOX and GO-COOH-CUR, DOX (0.5 mg/ml 
solution in PBS) and CUR (0.5 mg/ml dissolved in ethanol) were mixed with GO-COOH (0.5 mg/ml), respec-
tively and stirred overnight at room temperature. In the combination form, DOX (0.5 mg/ml) and CUR (0.5 mg/
ml) were mixed with GO-COOH (0.5 mg/ml) at the same ratio (1:1). Centrifuging at 15,000 g for 10 min, is 
employed for removing unbounded drug which its concentration is calculated via measuring the absorption of 
DOX and CUR at 480 nm and 430 nm, respectively by a UV–Vis spectrophotometer (Epoch Box 998 America). 
Afterward, the following equation was used for calculating entrapment efficiency (EE%):

Release assay. A 12 kDa cut-off dialysis tube was applied for the release assay of DOX and CUR from GO-
COOH, which was immersed in PBS, while stirred for 72 h at pH 7.4 and 5.5 at 37 °C and 42 °C. The dialysis 
solution over the dialysis tube was gathered (0.5 ml) at different time intervals and substituted with fresh PBS 

EE% =

(

Loaded drug on GO - COOH
(

mg ml−1
)

/Total drug
(

mg ml−1
))

× 100
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(0.5 ml). Then its absorbance was measured by the UV–Vis spectrophotometer. The percentage of release in dif-
ferent times, was calculated based on the total loaded drug concentration.

Cell culture assay. The cell lines of human gastric cancer (AGS), prostate cancer (PC3) and ovarian cancer 
(A2780) were purchased from Pasteur Institute (Tehran, Iran) and human foreskin fibroblast (HFF) cell line, a 
normal cell line, was supplied from Stem Cell Biology Research Center (Yazd, Iran). All cell lines were cultured 
under standard conditions (37 °C and 5%  CO2) in DMEM medium (Gibco, Grand Island), encompassing 10% 
FBS (fetal bovine serum) (Gibco Grand Island) and penicillin–streptomycin (Gibco, Grand Island).

In vitro cellular uptake. The distribution of the free form of DOX and CUR in combination with GO-
COOH into the cells, was detected via fluorescence intensity. First, all cell lines (1.5 ×  105 per well) were cultured 
in a 6-well plate, and were treated with free DOX, free CUR, free CUR-DOX, GO-COOH-CUR, GO-COOH-
DOX, and GO-COOH-CUR-DOX. After incubation for 3 h, all cells were washed with PBS (pH 7.4), and 95% 
ethanol solution was used as a fixative. At the last stage, after staining cells with DAPI (1 mg/ml), images were 
captured by fluorescence microscopy (Olympus, Japan).

Cytotoxicity study. IC50 doses of blank GO-COOH (62.5, 125, 250, 500 and 1000 µM), free DOX and GO-
DOX (0.31, 0.625, 1.25, 2.5, 5 and 10 µg/ml), free CUR and GO-CUR (3.9, 7.8, 15.6, 31.25, 62.5 and 125 µg/ml) 
were calculated by MTT assay after 48 h, Also, co-administration of these drugs on GO-COOH, was performed 
at different concentrations (4.1, 8.125, 16.25, 32.5, 65, and 130 µg/ml). After removing the content of wells, incu-
bation with 10 µl of MTT (5 mg/ml) and 90 µl of medium was executed for 3 h. In the next step, DMSO was used 
for dissolving the formazan crystals. Finally, the absorbance of the samples was evaluated through an EPOCH 
spectrophotometer at 570 nm (Bio-Tek, Winooski).

Real time PCR. Real time PCR was used for assessment of the expression of RB1 and CDK2 genes in the 
cell cycle. For this purpose, 150,000 cells (AGS, A2780, PC3 and HFF) from each cell line per well, were seeded 
in six-well plates. After 24 h, the cells were treated with free CUR, free DOX, GO, GO-CUR, GO-DOX and 
GO-CUR-DOX. Then, after 48 h and removing the medium, cells were washed with 1 ml PBS. Total RNA was 
extracted using RNX-Plus extraction kit which was followed by Parstous cDNA synthesis Kit. Then, using spe-
cific primers for RB1 and CDK2 genes and Yektatajhiz master mix, quantitative real-time PCR was conducted. 
Beta-actin was applied as a housekeeping gene. Ultimately, the rate expressions of RB1 and CDK2 were evaluated 
through  2-ΔΔCT method. Beta-actin was used as s house holding gene.

Statistical analysis. Data were analyzed using GraphPad Prism version 6 (GraphPad, San Diego, CA) that 
was expressed as the mean ± standard deviation (SD). One-way analysis of variance (ANOVA) and Tukey’s mul-
tiple comparison test were applied for the measurement of statistical difference (P-value < 0.05).

Results and discussion
Characterization of nano‑formulation. Uv–visible analysis and morphological characterization. The 
SEM photographs of GO-COOH are depicted in Fig. 1a which show the broad surface and thin layer of GO-
COOH. Cellular interactions in the physiological system, depend on the surface charge, which dynamic light 
scattering (DLS) was used to determine the zeta potential of GO-COOH. In fact, zeta potential measures the 
attraction or repulsion between the  particles35. Stabilization of the particles can be determined by the amount of 
zeta potential. The higher value of zeta potential (positive or negative) is related to greater stability. However, in 
the lower value of zeta potential, aggregation defeats the  dispersion36,37. Figure 1b displays the zeta potential of 
GO-COOH which its negative charge (− 70.0 mV) indicates the presence of COOH in the surface. Figure 1c–e 
displays the FTIR spectra of the nanomaterials. OH vibration of GO-COOH is depicted as a broadband at ∼ 
3301  cm−1 while a functional group of GO-COOH (C=O) is shown at ∼ 1631  cm−133. Figure 1d shows the re-
lated picks of DOX at 1115  cm−1 and 813  cm−1, corresponding to stretching bands of C-O-CH3. Also, GO-DOX 
displays two principal picks of GO functional groups, 3301 and 1631  cm−1, and correspondence picks of DOX, 
1110 and 814  cm−1, which presented successful loading of DOX onto GO. Cur exhibits the peaks at 3300  cm−1, 
1450–1640  cm−1 and 1000–1300  cm−1 that belong to O–H, C=C and C–O–C,  respectively38–41. GO-CUR displays 
the peaks at 3300  cm−1, 1640  cm−1 and 1000–1300  cm−1, confirming the loading of Cur.

The UV–Vis spectra of free CUR, free DOX, free CUR-DOX, GO-COOH, GO-CUR, GO-DOX and GO-
CUR-DOX are depicted in Fig. 1f–h. The spectrum of GO-COOH is identified by a single peak at 230 nm, that 
is attributed to the molecular transition of π → π* for C–C aromatic  rings42. Moreover, the maximum absorbance 
of free CUR and free DOX are shown at 430 and 480 nm, respectively while in the loaded form, the red shift of 
GO-COOH (260 nm) is added to the specific peak of every  drug30,43.

Loading assay. Achieving high concentrations of loaded CUR and DOX on GO-COOH, was our main 
goal. For this purpose, the maximum loading concentrations of each drug was measured. Then, simultaneous 
loading of CUR and DOX was conducted at the same concentration of maximum drug loading. pH plays an 
important role in the loading of drugs on GO-COOH. In order to achieve maximum loading, it is necessary that 
the pH of drugs must be close to the pH of GO-COOH (5.5–6), otherwise, GO-COOH going to accumulate. 
Therefore, drug loading efficiency (% EE) will be reduced. % EE of CUR and DOX when loaded separately on 
GO-COOH, is 79.8% and 90.4% while in the same condition, is 81.2% and 91.8% respectively.
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Release assay. The choice of drug concentration in the MTT test was actually based on the IC 50 level 
announced in previous  researches44,45. The IC50 dose of DOX was approximately 3 μM, so to receive the IC50 

Figure 1.  (a) SEM image of GO-COOH. (b) Zeta potential of GO-COOH. (c–e) FTIR of free drugs and 
GO-COOH-loaded drugs. UV–Vis spectra of (f) CUR, GO-COOH, GO-CUR (g) DOX, GO-COOH, GO-DOX 
(h) CUR-DOX, GO-COOH, GO-CUR-DOX.
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of DOX, we tested a few higher and a few lower concentrations than 3. The IC50 of CUR is about 12 times 
more than of DOX, so because the maximum concentration of DOX is 10, it should be mixed with 120 μM 
CUR. Therefore, the total concentration of DOX and CUR is 130 μM. Our system was optimized based on both 
loading and release. Generally, cancer cells have lower pH and higher temperature than normal  cells46. In the 
in-vitro conditions, some factors impact on the rate of drug release, including pH and temperature of buffer of 
surrounding the nanoparticles and the structure of the GO-COOH membrane. In the current study, pH 7.5 and 
temperature 37 °C were considered as a physiological condition, and pH 5.5 and temperature 42 °C for cancer-
ous cells. The result shows that the designed GO-COOH has thermo-and pH-sensitive effects leading to better 
delivery of anticancer drugs into tumor cells, which in turn, diminishes the side effects on normal cells. Figure 2 
illustrates that CUR and DOX have the highest release rates (13.06%, and 80.23%) at pH 5.5 and temperature 
42 °C, respectively. However, the lowest release rates belong to physiological conditions (7.69% for CUR and 
44.5% for DOX). As Fig. 2c,d shows the release of CUR and DOX, decrease in the combination form, rather than 
the single form occurs. The obtained result is similar to the results of studies conducted by Malekmohammadi 
et al., Omidi et al. and Pourjavadi et al.37,47,48. In fact, high temperatures weaken the π → π* bonds and in low 
pH, protonation of the amine groups (-NH2) of DOX results in the partial dissociation of hydrogen-bonding 
 interaction33. Also, decreasing the pH from 7.4 to 5.4, reduces the strength of imine bonds while increases the 
interactions between the protonated amino groups. The low release rate of CUR (13.06%) is related to its special 
structure, as well as its hydrophobicity tending to remain on GO-COOH48.

Cellular uptake assay. Images of cellular uptake of free drugs (DOX and CUR) and loaded drugs on GO-
COOH in AGS, PC3, MCF7 and HFF cell lines, which have been captured by fluorescence microscopy, were 
shown in Figs. 3, 4, 5, 6, 7, 8, 9. DAPI (4′,6-diamidino-2-phenylindole) dye and DIL known as DiIC18, were 
used for staining the nuclei of the cancer cells and GO-COOH, respectively. These figures monitor the success-
ful transfer of DIL-labeled GO-COOH and drug-loaded GO-COOH into cells. CUR and DOX were depicted 
as green and red fluorescence, respectively. The intensity of fluorescence in the free form of the drug was higher 
than the loaded form. Some extent of free form penetrates into the cells by a diffusion mechanism through the 
cell membrane, the majority of them passes by endocytosis, which is the key mechanism for passing the loaded 
drugs. Until drugs are attached to GO-COOH, weak fluorescence will be emitted due to GO-COOH quenching 
 property49. Not only the solubility of CUR as a hydrophobic drug, increases through GO-COOH, but also by 
the effect of Cur in the cellular internalization, it enhances the intensity of co-loaded drugs on GO-COOH com-
pared to one drug loaded on the carrier. Also, the solubility of CUR as a hydrophobic drug, increases through 

Figure 2.  The drug release profile of (a) CUR, (b) DOX and (c) CUR from GO-CUR and GO-CUR-DOX 
nanocarriers at 37 °C and pH 7.5 (d) DOX from GO-DOX and GO-CUR-DOX nanocarriers at 37 °C and pH 
7.5.
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GO-COOH. Captured images of HFF as a normal human cell line, show lower fluorescence than the cancerous 
cells which verifies the lower entry of DIL-labeled GO-COOH and drug-loaded GO-COOH into HFF cells. 
These results were consistent with the results of cell viability.

Cytotoxicity assay. Although the use of chemotherapeutic agents is one of the main approaches for the 
treatment of cancer, drug resistance and its broadside effects on normal cells, have limited its efficacy. To over-
come chemotherapy, cancer cells target several pathways. Therefore, combination therapy could conquer drug 
resistance by targeting multiple pathways in tumorigenesis. In order to achieve this goal, we loaded CUR and 
DOX simultaneously on GO-COOH. MTT assay was performed for evaluation of the inhibitory effects of dif-
ferent forms of drugs on AGS, PC3, MCF7 and HFF cell lines (Figs. 10 and 11). As can be seen in Fig. 11g, 
GO-COOH has little cytotoxicity. The treatment with either free form of CUR and DOX or the loaded form, has 
shown a dose-dependent manner in the mentioned cell lines. IC50 values of drugs are shown in Table 1. In all 
treatment, HFF cell as a normal cell line, had higher IC50 value than the cancer cells, resulting in less toxicity on 
normal cells. In the same concentration, the free forms of CUR and DOX were more toxic than the loaded form 
in all cell lines. Also, in all treatments, the combined form of CUR and DOX had a lower IC50 value compared to 
the free form of CUR-DOX. Interestingly, the current cytotoxicity assay result is inconsistent with the obtained 
release, in which the free form of the drug was more toxic than the form of the drug loaded on GO-COOH. 
Because the main goal of drug delivery with the nano-carriers, is the localized and controlled release due to 
lower side effects on normal  cells50.

Real time PCR. Expression of RB1 and CDK2 genes involved in cell cycle regulation has been studied. As 
shown in Figs. 12 and 13, both CUR and DOX diminished the expression of CDK2 while heightened the expres-
sion of RB1 in all treated cells. However, the amount of this effect was different between various cell lines. The 
expression of RB1 and CDK2 was most impacted on cancerous cell lines (AGS, PC3 and A2780) while CUR and 

Figure 3.  Cellular uptake images of AGS, PC3, A2780 and HFF cells incubated with free CUR for 180 min. 
DAPI (blue) was used for nucleus staining.
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DOX had the lowest effect on the expression of RB1 in HFF normal cell line. The earlier study was inconsist-
ent with our result that normal cells, telomerase negative human lung fibroblast cells, displayed higher IC50 
alongside more tolerance to the cytotoxic effects of CUR 51. Free CUR and free DOX have shown more effect 
rather than GO-loaded drug. Also, concomitant of DOX with CUR, increased its efficacy. Increased level of 
RB1 beside reduced level of CDK2, suggested the arrest of cells at G1 phase of the cell cycle. Also, conducted 
studies exhibited increased apoptotic cell death via CUR, resulted in up-regulation of Bax and down-regulation 
of  Bcl252,53. Additionally, CUR acts via multiple mechanism including induction of cell death via suppressing 
 NFKB54, activation of death  receptors55 and induction of  ROS56. Also, CUR increased expression of PTEN and 
decreased expression of E2F1, CCNE1 and CDK2 suggesting cell cycle arrest in CUR-treated cells. In fact, cor-
relation between the induction of cell cycle arrest and apoptosis with upregulation of CDK inhibitors (p16, p21 
and p27), has been demonstrated in earlier  studies57,58. Another study showed anti-proliferation effect of CUR 
on Y79 RB cells through up-regulation of Rb1 and modulation of miR-26a59. DOX can induce two modes of cell 
death by the regulation of Cdc2 and Cdk2 kinase. High dose of DOX induces apoptosis via reduction of Cdc2 
and Cdk2 alongside reductions in cyclin A and cyclin B levels. On the other hand, low dose of DOX causes cell 
death through activation of Cdc2 and Cdk2 kinases, cyclin A, cyclin B and Cdc2 after the treatment for 1  day60.

Figure 4.  Cellular uptake images of AGS, PC3, A2780 and HFF cells incubated with free DOX for 180 min.
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The biocompatibility of GO is challenging and that of GO-COOH is more challenging in literature. Some 
researchers have confirmed that GO was cytotoxic in high concentration, but it was biocompatible in low 
 concentration61–64. Here, we used GO in low concentration (0.5) that is  biocompatible61,62 and the results con-
firmed this claim. Although some researchers reported that GO-COOH had toxicity, some researchers reported 
that the amount of -COOH could affect and enhance  biocompatibility32. We used the best protocol to functional-
ize the GO for biomedical applications. Therefore, the functionalized GO was safe and biocompatible that the 
results confirmed the claim.

The use of GO loaded antitumor drugs can effectively reduce the toxic and side effects of drugs on normal 
cells, due to controlled and prolonged release of drugs in a period of time. Therefore, burst release is reduced that 
can reduce anti-tumor effects but can enhance biocompatibility and avoid side effects and toxicity on normal 
cells. When a drug is loaded on a nanocarrier, some drug remains free in the solution and is not attached to the 
carrier (encapsulation efficiency). Moreover, some drugs are not released in a short period of time that can affect 
anti-tumor efficiency. Here, we used functionalized GO-loaded herbal drug and DOX with high encapsulation 
efficiency (about 80%) and the cumulative release of drug was 80% (best formula) after 48 h. In the best condi-
tion, about 60% of the drug was released in this period of time. Therefore, it seems these results were acceptable 
for this situation. Other researches confirmed our results in the same  condition33,65.

Conclusion
In this research, co-delivery of CUR and DOX in four cell lines, including AGS, PC3, MCF7 and HFF, were 
studied via a suitable nanoparticle, whose special characters such as broad surface and bipolar properties allowed 
us to load more than one drug. Although CUR and DOX were loaded on GO-COOH with high EE%, release 
profile of CUR was less than 15% due to its hydrophobic structure, leading to be tightly attached. Also, release 
rate of the free agents is depended on pH and temperature, which differentiates normal and cancerous cells. 
Cytotoxicity assay in all mentioned cells, displayed that the IC50 values of the loaded drugs were higher than 

Figure 5.  Cellular uptake images of AGS, PC3, A2780 and HFF cells incubated with FREE CUR-DOX for 
180 min.
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the free form. Consequently, high drug loading, localized delivery and controlled release were achieved which 
led to the fewer side effects on normal cells. Moreover, PC3 showed more sensitivity to all drugs while AGS was 
more resistant (between the mentioned cancerous cell lines). Likewise, the result of real time PCR was inconsist-
ent with the other results, displaying up-regulation of RB1 and down-regulation of CDK2 implied in cell cycle 
arrest at G1 phase. Photothermal and photodynamic therapy can be used in future studies for increasing the 
release rate of CUR and DOX.

Figure 6.  Cellular uptake images of AGS, PC3, A2780 and HFF cells incubated with GO-DIL for 180 min.
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Figure 7.  Cellular uptake images of AGS, PC3, A2780 and HFF cells incubated with GO-CUR for 180 min.
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Figure 8.  Cellular uptake images of AGS, PC3, A2780 and HFF cells incubated with GO-DOX for 180 min.
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Figure 9.  Cellular uptake images of AGS, PC3, A2780 and HFF cells incubated with GO CUR-DOX for 
180 min.
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Figure 10.  Cytotoxicity analysis of (a) different concentration of free CUR and GO-CUR in AGS after 48 h, (b) 
different concentration of free DOX and GO-DOX in AGS after 48 h, (c) different concentration of free CUR-
DOX and GO-CUR-DOX in AGS after 48 h, (d) different concentration of free CUR and GO-CUR in A2780 
after 48 h; (e) different concentration of free DOX and GO-DOX in A2780 after 48 h; (f) different concentration 
of free CUR-DOX and GO-CUR-DOX in A2780 after 48 h.
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Figure 11.  Cytotoxicity analysis of (a) different concentration of free CUR and GO-CUR in PC3 after 48 h; (b) 
different concentration of free DOX and GO-DOX in PC3 after 48 h; (c) different concentration of free CUR-
DOX and GO-CUR-DOX in PC3 after 48 h; (d) different concentration of free CUR and GO-CUR in PC3 after 
48 h; (e) different concentration of free DOX and GO-DOX in PC3 after 48 h; (f) different concentration of free 
CUR-DOX and GO-CUR-DOX in PC3 after 48 h; (g) free GO-COOH in AGS, PC3, A2780 and HFF after 48 h.
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Table 1.  The IC50 values of DOX and CUR on AGS, PC3, A2780 and HFF cells after 48 h.

IC50 (µM) CUR DOX CUR-DOX GO-CUR GO-DOX GO-CUR-DOX

AGS 45.17 ± 3.99 0.63 ± 0.99 16.52 ± 2.80 88.50 ± 5.79 1.92 ± 0.80 43.02 ± 3.19

A2780 31.96 ± 3.60 0.71 ± 0.43 9.18 ± 2.14 83.48 ± 6.10 1.55 ± 0.45 34.14 ± 2.78

PC3 20.8 ± 1.84 0.51 ± 0.41 7.17 ± 1.92 63.50 ± 4.88 0.84 ± 0.37 28.49 ± 3.26

HFF 97.40 ± 6.20 1.95 ± 1.17 44.62 ± 3.90 106.63 ± 8.42 2.93 ± 1.58 60.19 ± 6.83

Figure 12.  Effect of free CUR, GO-CUR, free DOX, GO-DOX, free CUR-DOX and GO-CUR-DOX on the 
expression of RB1 in AGS, PC3, A2780 and HFF after 48 h. Results are expressed as the mean ± standard 
deviation (*p < 0.05) (**p < 0.001) (****p < 0.0001).



16

Vol:.(1234567890)

Scientific Reports |         (2022) 12:1959  | https://doi.org/10.1038/s41598-022-05793-9

www.nature.com/scientificreports/

Data availability
The data are not publicly available due to governmental policy and privacy.

Received: 10 August 2021; Accepted: 11 January 2022

References
 1. Koo, H. Y. et al. Population-wide impacts of aspirin, statins, and metformin use on prostate cancer incidence and mortality. Sci. 

Rep. 11, 16171. https:// doi. org/ 10. 1038/ s41598- 021- 95764-3 (2021).
 2. Zhao, G., Sun, Y. & Dong, X. Zwitterionic polymer micelles with dual conjugation of doxorubicin and curcumin: Synergistically 

enhanced efficacy against multidrug-resistant tumor cells. Langmuir 36, 2383 (2020).
 3. Moghadas Jafari, A. et al. The most important causes of death in Iranian population; a retrospective cohort study. Emergency 3, 

16–21 (2015).
 4. Desiderio, J. et al. Gastrectomy for stage IV gastric cancer: A comparison of different treatment strategies from the SEER database. 

Sci. Rep. 11, 7150. https:// doi. org/ 10. 1038/ s41598- 021- 86352-6 (2021).
 5. Normanno, N. et al. Target-based therapies in breast cancer: Current status and future perspectives. Endocr. Relat. Cancer 16, 

675–702 (2009).
 6. Doval, D. C. et al. A multi-institutional real world data study from India of 3453 non-metastatic breast cancer patients undergoing 

upfront surgery. Sci. Rep. 10, 5886. https:// doi. org/ 10. 1038/ s41598- 020- 62618-3 (2020).
 7. Group, E. B. C. T. C. Effects of chemotherapy and hormonal therapy for early breast cancer on recurrence and 15-year survival: 

An overview of the randomised trials. The Lancet 365, 1687–1717 (2005).
 8. Dry, J. R., Yang, M. & Saez-Rodriguez, J. Looking beyond the cancer cell for effective drug combinations. Genome Med. 8, 125 

(2016).
 9. Hemati, M. et al. Development and characterization of a novel cationic PEGylated niosome-encapsulated forms of doxorubicin, 

quercetin and siRNA for the treatment of cancer by using combination therapy. Artif. Cells Nanomed. Biotechnol. 47, 1295–1311 
(2019).

Figure 13.  Effect of free CUR, GO-CUR, free DOX, GO-DOX, free CUR-DOX and GO-CUR-DOX on the 
expression of CDK2 in AGS, PC3, A2780 and HFF after 48 h. Results are expressed as the mean ± standard 
deviation (*p < 0.05) (**p < 0.001) (****p < 0.0001).

https://doi.org/10.1038/s41598-021-95764-3
https://doi.org/10.1038/s41598-021-86352-6
https://doi.org/10.1038/s41598-020-62618-3


17

Vol.:(0123456789)

Scientific Reports |         (2022) 12:1959  | https://doi.org/10.1038/s41598-022-05793-9

www.nature.com/scientificreports/

 10. Shah, N., Chaudhari, K., Dantuluri, P., Murthy, R. & Das, S. Paclitaxel-loaded PLGA nanoparticles surface modified with transfer-
rin and Pluronic® P85, an in vitro cell line and in vivo biodistribution studies on rat model. J. Drug Target. 17, 533–542 (2009).

 11. Foglesong, P. D., Reckord, C. & Swink, S. Doxorubicin inhibits human DNA topoisomerase I. Cancer Chemother. Pharmacol. 30, 
123–125 (1992).

 12. Vallianou, N. G., Evangelopoulos, A., Schizas, N. & Kazazis, C. Potential anticancer properties and mechanisms of action of cur-
cumin. Anticancer Res. 35, 645–651 (2015).

 13. Agrawal, D. & Mishra, P. Curcumin and its analogues: Potential anticancer agents. Med. Res. Rev. 30, 818 (2010).
 14. Huun, J., Lønning, P. E. & Knappskog, S. Effects of concomitant inactivation of p53 and pRb on response to doxorubicin treatment 

in breast cancer cell lines. Cell Death Discov. 3, 1–6 (2017).
 15. Lu, T. et al. A potentially valuable nano graphene oxide/USPIO tumor diagnosis and treatment system. Mater. Sci. Eng., C 128, 

112293. https:// doi. org/ 10. 1016/j. msec. 2021. 112293 (2021).
 16. Li, G. et al. Functionalised molybdenum disulfide nanosheets for co-delivery of doxorubicin and siRNA for combined chemo/

gene/photothermal therapy on multidrug-resistant cancer. J. Pharm. Pharmacol. 73, 1128–1135. https:// doi. org/ 10. 1093/ jpp/ rgab0 
59 (2021).

 17. Abtahi, N. A. et al. Multifunctional stimuli-responsive niosomal nanoparticles for co-delivery and co-administration of gene and 
bioactive compound: In vitro and in vivo studies. Chem. Eng. J. 429, 132090 (2021).

 18. Chaturvedi, V. K., Singh, A., Singh, V. K. & Singh, M. P. Cancer nanotechnology: A new revolution for cancer diagnosis and therapy. 
Curr. Drug Metab. 20, 416–429 (2019).

 19. Pourjavadi, A., Asgari, S., Hosseini, S. H. & Akhlaghi, M. Codelivery of hydrophobic and hydrophilic drugs by graphene-decorated 
magnetic dendrimers. Langmuir 34, 15304–15318. https:// doi. org/ 10. 1021/ acs. langm uir. 8b027 10 (2018).

 20. Khatibi, S. A. et al. Encapsulation of Zataria multiflora Bioss essential oil into nanoliposomes and in vitro antibacterial activity 
against Escherichia coli O157: H7. J. Food Process. Preserv. 41, e12955 (2017).

 21. Mirhosseini, M. et al. Core-shell Au@ Co-Fe hybrid nanoparticles as peroxidase mimetic nanozyme for antibacterial application. 
Process Biochem. 95, 131–138 (2020).

 22. Mohanty, C., Das, M. & Sahoo, S. K. Emerging role of nanocarriers to increase the solubility and bioavailability of curcumin. Expert 
Opin. Drug Deliv. 9, 1347–1364. https:// doi. org/ 10. 1517/ 17425 247. 2012. 724676 (2012).

 23. Wei, L. et al. Functionalized graphene oxide as drug delivery systems for platinum anticancer drugs. J. Pharm. Sci. https:// doi. org/ 
10. 1016/j. xphs. 2021. 07. 009 (2021).

 24. Malekimusavi, H. et al. Graphene oxide-l-arginine nanogel: A pH-sensitive fluorouracil nanocarrier. Biotechnol. Appl. Biochem. 
66, 772–780 (2019).

 25. Tiwari, H. et al. Functionalized graphene oxide as a nanocarrier for dual drug delivery applications: The synergistic effect of 
quercetin and gefitinib against ovarian cancer cells. Colloids Surf. B 178, 452–459. https:// doi. org/ 10. 1016/j. colsu rfb. 2019. 03. 037 
(2019).

 26. Huang, X. et al. Graphene-based materials: Synthesis, characterization, properties, and applications. Small 7, 1876–1902 (2011).
 27. Karki, N. et al. Functionalized graphene oxides for drug loading, release and delivery of poorly water soluble anticancer drug: A 

comparative study. Colloids Surf. B 169, 265–272 (2018).
 28. Gholami, A. et al. Expression of key apoptotic genes in hepatocellular carcinoma cell line treated with etoposide-loaded graphene 

oxide. J. Drug Deliv. Sci. Technol. 57, 101725. https:// doi. org/ 10. 1016/j. jddst. 2020. 101725 (2020).
 29. Wu, S. et al. Cytotoxicity of graphene oxide and graphene oxide loaded with doxorubicin on human multiple myeloma cells. Int. 

J. Nanomed. 9, 1413 (2014).
 30. Charmi, J., Nosrati, H., Amjad, J. M., Mohammadkhani, R. & Danafar, H. Polyethylene glycol (PEG) decorated graphene oxide 

nanosheets for controlled release curcumin delivery. Heliyon 5, e01466 (2019).
 31. Muthoosamy, K., Abubakar, I. B., Bai, R. G., Loh, H.-S. & Manickam, S. Exceedingly higher co-loading of curcumin and paclitaxel 

onto polymer-functionalized reduced graphene oxide for highly potent synergistic anticancer treatment. Sci. Rep. 6, 32808 (2016).
 32. Gholami, A. et al. Expression of key apoptotic genes in hepatocellular carcinoma cell line treated with etoposide-loaded graphene 

oxide. J. Drug Deliv. Sci. Technol. 57, 101725 (2020).
 33. Motlagh, N. S. H. et al. Synergistic performance of triggered drug release and photothermal therapy of MCF7 cells based on laser 

activated PEGylated GO+ DOX. Biomed. Opt. Express 11, 3783–3794 (2020).
 34. Yang, K., Feng, L., Hong, H., Cai, W. & Liu, Z. Preparation and functionalization of graphene nanocomposites for biomedical 

applications. Nat. Protoc. 8, 2392–2403 (2013).
 35. Honary, S. & Zahir, F. Effect of zeta potential on the properties of nano-drug delivery systems-a review (Part 2). Trop. J. Pharm. 

Res. 12, 265–273 (2013).
 36. Mishra, B., Patel, B. B. & Tiwari, S. Colloidal nanocarriers: A review on formulation technology, types and applications toward 

targeted drug delivery. Nanomedicine 6, 9–24 (2010).
 37. Pourjavadi, A., Asgari, S. & Hosseini, S. H. Graphene oxide functionalized with oxygen-rich polymers as a pH-sensitive carrier 

for co-delivery of hydrophobic and hydrophilic drugs. J. Drug Deliv. Sci. Technol. 56, 101542 (2020).
 38. Hatamie, S. et al. Curcumin-reduced graphene oxide sheets and their effects on human breast cancer cells. Mater. Sci. Eng. C 55, 

482–489 (2015).
 39. Mohan, P. K., Sreelakshmi, G., Muraleedharan, C. & Joseph, R. Water soluble complexes of curcumin with cyclodextrins: Char-

acterization by FT-Raman spectroscopy. Vib. Spectrosc. 62, 77–84 (2012).
 40. Thakur, M., Kumawat, M. K. & Srivastava, R. Multifunctional graphene quantum dots for combined photothermal and photody-

namic therapy coupled with cancer cell tracking applications. RSC Adv. 7, 5251–5261 (2017).
 41. De, D. et al. Curcumin complexed with graphene derivative for breast cancer therapy. ACS Appl. Biol. Mater. 3, 6284–6296 (2020).
 42. Lai, Q., Zhu, S., Luo, X., Zou, M. & Huang, S. Ultraviolet-visible spectroscopy of graphene oxides. Aip Adv. 2, 032146 (2012).
 43. da Silva-Buzanello, R. A. et al. Validation of an Ultraviolet–visible (UV–Vis) technique for the quantitative determination of 

curcumin in poly (l-lactic acid) nanoparticles. Food Chem. 172, 99–104 (2015).
 44. Prasad, E., Hameeda, B., Rao, A. B. & Reddy, G. Biotransformation of curcumin for improved biological activity and antiprolifera-

tive activity on acute HT-29 human cell lines. Indian J. Biotechnol. 13, 324–3296 (2014).
 45. Thacker, P. C. & Karunagaran, D. Curcumin and emodin down-regulate TGF-β signaling pathway in human cervical cancer cells. 

PLoS ONE 10, e0120045 (2015).
 46. Swietach, P., Vaughan-Jones, R. D., Harris, A. L. & Hulikova, A. The chemistry, physiology and pathology of pH in cancer. Philos. 

Trans. R. Soc. B 369, 20130099 (2014).
 47. Malekmohammadi, S., Hadadzadeh, H., Farrokhpour, H. & Amirghofran, Z. Immobilization of gold nanoparticles on folate-con-

jugated dendritic mesoporous silica-coated reduced graphene oxide nanosheets: A new nanoplatform for curcumin pH-controlled 
and targeted delivery. Soft Matter 14, 2400–2410 (2018).

 48. Omidi, S., Pirhayati, M. & Kakanejadifard, A. Co-delivery of doxorubicin and curcumin by a pH-sensitive, injectable, and in situ 
hydrogel composed of chitosan, graphene, and cellulose nanowhisker. Carbohydr. Polym. 231, 115745 (2020).

 49. Motlagh, N. S. H., Parvin, P., Refahizadeh, M. & Bavali, A. Fluorescence properties of doxorubicin coupled carbon nanocarriers. 
Appl. Opt. 56, 7498–7503 (2017).

 50. Dong, P. et al. Innovative nano-carriers in anticancer drug delivery-a comprehensive review. Bioorg. Chem. 85, 325–336 (2019).

https://doi.org/10.1016/j.msec.2021.112293
https://doi.org/10.1093/jpp/rgab059
https://doi.org/10.1093/jpp/rgab059
https://doi.org/10.1021/acs.langmuir.8b02710
https://doi.org/10.1517/17425247.2012.724676
https://doi.org/10.1016/j.xphs.2021.07.009
https://doi.org/10.1016/j.xphs.2021.07.009
https://doi.org/10.1016/j.colsurfb.2019.03.037
https://doi.org/10.1016/j.jddst.2020.101725


18

Vol:.(1234567890)

Scientific Reports |         (2022) 12:1959  | https://doi.org/10.1038/s41598-022-05793-9

www.nature.com/scientificreports/

 51. Khaw, A. K., Hande, M. P., Kalthur, G. & Hande, M. P. Curcumin inhibits telomerase and induces telomere shortening and apoptosis 
in brain tumour cells. J. Cell. Biochem. 114, 1257–1270 (2013).

 52. Subramaniam, D. et al. Curcumin induces cell death in esophageal cancer cells through modulating Notch signaling. PLoS ONE 
7, e30590 (2012).

 53. Yang, J., Cao, Y., Sun, J. & Zhang, Y. Curcumin reduces the expression of Bcl-2 by upregulating miR-15a and miR-16 in MCF-7 
cells. Med. Oncol. 27, 1114–1118 (2010).

 54. Zheng, M., Ekmekcioglu, S., Walch, E. T., Tang, C.-H. & Grimm, E. A. Inhibition of nuclear factor-κB and nitric oxide by curcumin 
induces G2/M cell cycle arrest and apoptosis in human melanoma cells. Melanoma Res. 14, 165–171 (2004).

 55. Bush, J. A., Cheung, K.-J.J. Jr. & Li, G. Curcumin induces apoptosis in human melanoma cells through a Fas receptor/caspase-8 
pathway independent of p53. Exp. Cell Res. 271, 305–314 (2001).

 56. Ismail, N. I., Othman, I., Abas, F., Lajis, N. & Naidu, R. Mechanism of apoptosis induced by curcumin in colorectal cancer. Int. J. 
Mol. Sci. 20, 2454 (2019).

 57. Park, M.-J. et al. Curcumin inhibits cell cycle progression of immortalized human umbilical vein endothelial (ECV304) cells by 
up-regulating cyclin-dependent kinase inhibitor, p21WAF1/CIP1, p27KIP1 and p53. Int. J. Oncol. 21, 379–383 (2002).

 58. Srivastava, R. K., Chen, Q., Siddiqui, I., Sarva, K. & Shankar, S. Linkage of curcumin-induced cell cycle arrest and apoptosis by 
cyclin-dependent kinase inhibitor p21/WAF1/CIP1. Cell Cycle 6, 2953–2961 (2007).

 59. Bai, J., Guo, D. & Liu, X. Curcumin Inhibits retinoblastoma cell proliferation by miR-26a targeting the tumor suppressor gene Rb1 
in Y79 cells. J. Anal. Oncol. 9, 63–71 (2020).

 60. Park, S. S., Eom, Y.-W. & Choi, K. S. Cdc2 and Cdk2 play critical roles in low dose doxorubicin-induced cell death through mitotic 
catastrophe but not in high dose doxorubicin-induced apoptosis. Biochem. Biophys. Res. Commun. 334, 1014–1021 (2005).

 61. Seabra, A. B., Paula, A. J., de Lima, R., Alves, O. L. & Durán, N. Nanotoxicity of graphene and graphene oxide. Chem. Res. Toxicol. 
27, 159–168 (2014).

 62. Wang, K. et al. Biocompatibility of graphene oxide. Nanoscale Res. Lett. 6, 1–8 (2011).
 63. Qian, Z. S. et al. A universal fluorescence sensing strategy based on biocompatible graphene quantum dots and graphene oxide 

for the detection of DNA. Nanoscale 6, 5671–5674 (2014).
 64. Liu, Y., Yu, D., Zeng, C., Miao, Z. & Dai, L. Biocompatible graphene oxide-based glucose biosensors. Langmuir 26, 6158–6160 

(2010).
 65. Xie, M. et al. Non-covalent modification of graphene oxide nanocomposites with chitosan/dextran and its application in drug 

delivery. RSC Adv. 6, 9328–9337 (2016).

Acknowledgements
The authors thank the biochemistry department at Shahid Sadoughi University of Medical Sciences, Iran National 
Science Foundation and Herbal Medicine Research Center for financial support.

Author contributions
F.Y. carried out the experiment and wrought the manuscript. N.S.H.M., F.H., H.Z.J., S.M.N., A.M. conceived of 
the presented idea, helped to write the manuscript and edited the paper. S.M.N. revised the paper.

Funding
The result of this study was extracted from a PhD thesis that was supported by Shahid Sadoughi University of 
Medical Sciences (Grant No. 5228), Iran National Science Foundation (Grant No. 97009563) and Herbal Medi-
cine Research Center (Grant No. 9115).

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to A.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A functionalized graphene oxide with improved cytocompatibility for stimuli-responsive co-delivery of curcumin and doxorubicin in cancer treatment
	Materials
	Methods
	Morphological assessment and zeta potential. 
	Preparation of GO-COOH. 
	Drug loading on GO-COOH. 
	Release assay. 
	Cell culture assay. 
	In vitro cellular uptake. 
	Cytotoxicity study. 
	Real time PCR. 
	Statistical analysis. 

	Results and discussion
	Characterization of nano-formulation. 
	Uv–visible analysis and morphological characterization. 

	Loading assay. 
	Release assay. 
	Cellular uptake assay. 
	Cytotoxicity assay. 
	Real time PCR. 

	Conclusion
	References
	Acknowledgements


