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Background: Today, increasing attention is being paid to the application of 
biocompatible polymers as drug carriers with low cytotoxicity in drug delivery 
systems to enhance the therapeutic effects of anticancer agents. 
Materials and Methods: In this study, a biocompatible synthetic polymer 
(grafted on graphene oxide), composed of N-isopropylacrylamide and 1-vinyl-
2-pyrrolidone with L-lysine segments (Lys/PNIPAM-PVP/GO), was 
developed as a nano-vehicle for the drug. This platform was used for the 
delivery of fluorouracil (FU) to A549 human lung cancer cells. The superior 
characteristics of the platform included low-cost precursors, easy synthesis, and 
the presence of many functional groups for loading drugs. To determine and 
compare the cytotoxic effects of free FU and its formulated form on the A549 
cells, MTT assay was performed; the results showed no significant toxicity 
difference between the two treated groups (free and formulated FU). 
For further evaluations, cellular uptake assays were performed via fluorescence 
microscopy and flow cytometry.  
Results: Both analyses revealed the low internalization of nano-vehicle into the 
A549 cells, with 4.31% and 8.75% cellular uptakes in the first two and four 
hours of treatment. Therefore, the low penetration rate reduced the toxicity of 
drug-loaded nano-vehicle. 
Conclusion: Finally, DAPI staining and Annexin V-FITC staining were 
performed as complementary techniques to determine cell apoptosis. 
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INTRODUCTION 

Cancer refers to an abnormal and uncontrollable 

division of cells (1). Many types of cancer have been 

identified so far, including breast cancer, colorectal cancer, 

prostate cancer, skin cancer, stomach cancer, and lung 

cancer (2-4). Among these cancers, lung cancer is the most 

common cause of cancer-related death. According to the 

World Health Organization (WHO) statistics, cancer is a 

leading cause of mortality worldwide, accounting for 9.6 

million deaths in 2018. Meanwhile, lung cancer is 

responsible for 2.1 million deaths (5, 6).  

A surgery can be the most successful when a tumor has 

not spread to other organs. However, surgery is not the 

most straightforward approach for the treatment of many 

cancers. Therefore, chemotherapy is used as an essential 

tool with combination therapy in various types of cancer 

treatment (7, 8). Nevertheless, chemotherapeutic agents 

have many toxic side effects, such as anemia, nausea, 
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infection, and neutropenia (9, 10). Accordingly, researchers 

in both nanotechnology and nanomaterial sciences have 

attempted to reduce these side effects by designing and 

fabricating nano-sized drug carriers (11-15).  

Researchers are particularly interested in using drug 

carriers as vehicles in drug delivery systems and other 

biomedical applications (16, 17). Many platforms have 

been developed and investigated as carriers, such as 

liposomes, micelles, nanocomposites, magnetic 

nanoparticles, silica nanoparticles, and carbon-based 

nanostructures (18-24). All of these platforms have 

advantages and disadvantages. However, carbon-based 

materials, such as graphene and carbon nanotubes, have 

many benefits in drug delivery systems due to high-

density active sites and ultrahigh surface areas for loading 

drugs. However, they are highly hydrophobic due to the 

absence of oxygen-containing hydrophilic groups.  

Graphene oxide (GO) is composed of oxygen-

containing hydrophilic groups on its surface. The GO 

platform aggregates under physiological conditions (23, 

25). Aggregation is a negative feature for materials in 

biomedical applications; therefore, modification of 

graphene and GO is necessary. Generally, GO is a carbon-

based platform. Both sides of its single-atom layer sheet 

have the capacity for surface modifications (25-27). To 

improve GO deficiencies, surface modifications have been 

made using natural and synthetic polymers (28, 29). 

Polymers with thermal and pH-responsive properties, 

without toxic effects, are proper candidates in drug 

delivery system applications due to their role in the 

microenvironment conditions and biocompatibility (30, 

31).  

Common synthetic polymers for modification of GO 

include polyethylene glycol (PEG), poly(N-

isopropylacrylamide) (PNIPAM), polycaprolactone (PCL), 

polylactic acid (PLA), poly-D,L-lactide-co-glycolide 

(PLGA), and polyvinylpyrrolidone (PVP). PVP is a 

synthetic, non-ionic, non-toxic, and biocompatible 

polymer. The biocompatible nature of PVP makes it 

suitable for tissue engineering and drug delivery systems. 

The hydrophilic nature of PVP can be successfully used to 

deliver hydrophobic drugs (32). Also, thermo-responsive 

polymers with a lower critical solution temperature (LCST) 

have been investigated for various biomedical and 

pharmaceutical formulations. PNIPAM is a 

thermosensitive polymer, used in many drug delivery 

systems, including cancer therapeutics (33). Various 

graphene-based platforms have been developed so far for 

biomedical applications (34). Researchers, including the 

authors of this study, have utilized functionalized 

nanoscale GO as nanocarriers for drug and gene delivery 

systems (35-37).  

In this study, a biocompatible poly(N-

isopropylacrylamide-co-vinylpyrrolidone) (PNIPAM-PVP) 

platform was synthesized and grafted on the surface of GO 

nanosheets, according to our previous research (38). 

Lysine, as an amino acid with both amine and carboxylic 

acid functional groups, attaches to the surface of GO to 

increase the grafting functional groups and bioavailability. 

The antitumor efficacy of fluorouracil (FU)-loaded nano-

platform and FU-free nano-platform was assesed in the 

A549 human lung cancer cells by MTT cytotoxicity assay, 

cellular uptake assays, DAPI staining, and apoptosis assays 

(FITC-Annexin V staining)..   

 

MATERIALS AND METHODS 
Materials 

Some reagents were used for the preparation of GO, 

including graphite, sodium nitrate (NaNO3), concentrated 

sulfuric acid (H2SO4, 95-98%), hydrochloric acid (HCl, 

37%), potassium permanganate (KMNO4), and hydrogen 

peroxide (H2O2, 30%), purchased from Merck Co. (USA). 

For the polymerization reaction, two monomers, including 

N-isopropylacrylamide (NIPAM; 97%) and 1-vinyl-2-

pyrrolidinone (VP; 95%) were obtained from Sigma-

Aldrich Co. (USA). Two other regents, that is, 2,2′-azobis(2-

methylpropionitrile) (AIBN) and lysine hydrochloride 

(Lys; 98%), were also provided by Merck Co. (USA). 

All solvents were purified according to standard 

purification methods. FU, as an anticancer drug, was 
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purchased from Sigma Aldrich Co. (USA). All materials 

used in the biological processes and assays, including 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphe-nyltetrazolium 

bromide (MTT), trypsin, fetal bovine serum (FBS), and 

RPMI medium, were purchased from Gibco BRL Life 

Technologies (USA). The eBioscience™ Annexin V-FITC 

Apoptosis Detection Kit was also purchased from 

Invitrogen Co. (USA). Finally, the A549 cells, as human 

lung cancer cells, were provided by the Cell Bank of 

Pasteur Institute of Iran (Tehran, Iran). 

 

Preparation of graphene-based nano-vehicles 
PNIPAM-PVP-grafted GO (PNIPAM-PVP/GO) was 

synthesized as a nano-vehicle, according to our previous 

study (13). For the synthesis of GO as a platform, a 

graphite-based nano-vehicle was fabricated, based on the 

modified Hummer's method with slight modifications (39). 

The GO-based nano-vehicle was synthesized in a reactor, 

equipped with a mechanical stirrer. NIPAM (3.0 g) and VP 

(1.0 mL) were dissolved in dimethylformamide (DMF, 40 

mL) and stirred for 20 minutes. Subsequently, GO (0.7 g) 

was added and sonicated for an additional 20 minutes. 

Next, AIBN (12 mg/1 mL DMF) as a polymerization 

catalyst was added to the reaction and stirred vigorously.  

The polymerization reaction was initiated at 70°C in a 

nitrogen atmosphere for 48 hours. After the reaction was 

completed, the reaction mixture was centrifuged and 

washed several times with methanol to remove unreacted 

reagents (NIPAM and VP monomers), and PNIPAM-PVP-

grafted GO was prepared (PNIPAM-PVP/GO). For 

grafting lysine on the prepared platform, lysine (1.5 g) was 

dispersed in deionized water (20 mL) and stirred at room 

temperature for 24 hours to obtain lysine-functionalized 

graphene (Lys/PNIPAM-PVP/GO) as a nano-vehicle. At 

the end of the reaction process, the resulting product was 

freeze-dried and used in the drug loading step and other in 

vitro evaluations. 

 

 In vitro FU loading  
Drug loading studies were carried out according to a 

previous report (21). FU was loaded on the developed 

nano-vehicle by incubating FU in an aqueous suspension 

of Lys/PNIPAM-PVP/GO (nano-vehicle). First, a nano-

vehicle suspension in PBS (100 mg/5 mL; pH=7.4) was 

prepared at 37°C, and then, 10 mg of FU was added as an 

anticancer agent to the suspension and mixed by 

vortexing. The resulting drug/nano-vehicle suspension 

was incubated at 37°C in the dark for 24 hours. After 

incubation, the free drug was removed by centrifugation, 

and the produced FU/nano-vehicle was vacuum-dried and 

used in the release study; to increase stability, the 

FU/nano-vehicle powder was stored at 4°C for further 

analysis. The drug encapsulation efficiency (DEE) and 

drug loading efficiency (DLE) were calculated by a UV-Vis 

spectrophotometer at 264 nm, according to the following 

equations: 

𝐷𝐸𝐸 (%) =
𝑀𝑎𝑠𝑠 𝑜𝑓 𝐹𝑈 𝑖𝑛 𝑛𝑎𝑛𝑜 − 𝑉𝑒ℎ𝑖𝑐𝑙𝑒 (𝑚𝑔)

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑓𝑟𝑒𝑒 𝐹𝑈 (𝑚𝑔)

× 100             (1) 

𝐷𝐿𝐸(%) =
𝑀𝑎𝑠𝑠 𝑜𝑓 𝐹𝑈 𝑖𝑛 𝑛𝑎𝑛𝑜 − 𝑉𝑒ℎ𝑖𝑐𝑙𝑒 (𝑚𝑔)

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑛𝑎𝑛𝑜 − 𝑉𝑒ℎ𝑖𝑐𝑙𝑒 (𝑚𝑔)

× 100                      (2) 

A549 cell culture 
The A549 human lung cancer cells were seeded in 

RPMI culture media, containing 10% FBS, 100 units/mL of 

penicillin, and 100 μg/mL of streptomycin, and incubated 

under humidified conditions in a 5% CO2 atmosphere for 

24 hours to attach to the bottom of T-flask. The cell 

population was monitored every day under microscope. 

After observing 90% of cell confluence, the cells were 

trypsinized and collected (40). 

 

Cytotoxicity assay  
Cytotoxicity was assessed in the A549 cells after 

treatment with a blank nano-vehicle, FU-free nano-vehicle, 

and FU-loaded nano-vehicle, as described in previous 

reports (7, 41). In brief, the A549 cells were seeded in 96-

well plates at a density of 104 cells per well and incubated 

at 37ºC in 5% CO2 for 24 hours. The cells were attached to 

the bottom of the wells to grow. Meanwhile, all culture 
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media were replaced with fresh media, containing 

different concentrations of FU-free, FU-loaded, and blank 

nano-vehicles; the cells with no treatment were considered 

as the control. All procedures were performed in triplicate.  

After treatment for 48 hours, the culture media were 

withdrawn, and 180 μL of fresh medium and 20 μL of MTT 

solution in PBS (5 mg/mL) were added to each well and 

incubated for four hours. Then, the media were removed, 

and 100 µL of DMSO was added to dissolve the formed 

formazan crystals in the cells. The absorbance of 

solubilized formazan was detected at 570 nm, with a 

reference wavelength of 630 nm, using an ELISA plate 

reader (State Fax, 2100, Awareness Technology Inc., Palm 

City, FL, USA). The half maximal inhibitory concentration 

(IC50) of each treatment was also calculated. 

 

Cellular uptake assay 
Flow cytometry and fluorescence microscopy  were 

used to evaluate the  qualitative and  quantitative cellular 

uptakes of nano-vehicles by the A549 cells, respectively. 

First, the nano-vehicle was labeled with rhodamine as a 

fluorescent agent. For this purpose, 200 μL of rhodamine 

solution in DMSO (2 mg/mL) was added to 1 mL of nano-

vehicle suspension (10 mg/mL of PBS, pH=7.4) via 

vigorous stirring in the dark overnight. Next, the 

rhodamine-labeled nano-vehicle was separated by 

centrifugation at 5000 rpm for ten minutes and washed 

several times with PBS solution to remove the unbound 

rhodamine. 

For flow cytometry, the cells were seeded in six-well 

plates at a density of 5×105 per well and incubated for 24 

hours to attach to the bottom of the wells. The cells treated 

with rhodamine-labeled nano-vehicle or without treatment 

were considered as the negative controls. After treatment 

for two and four hours, the cells were trypsinized, 

collected,  washed with PBS (pH=7.4), and finally analyzed 

by flow cytometry using a FACSCalibur flow cytometer 

(Becton Dickinson Immunocytometry Systems, San Jose, 

CA, USA).  

To confirm the cellular uptake of rhodamine-labeled 

nano-vehicle, fluorescence microscopy was used to observe 

the quantitative uptake.  Briefly, the cells were seeded in  a 

slide chamber at a density of 2×104 per chamber and 

incubated for 24 hours. After treatment and incubation for 

two and four hours, respectively, the cells were washed 

and fixed with formaldehyde (4% w/v). A coverslip was 

placed onto the glass microscope slide, and the nano-

vehicle uptake was observed under a fluorescence 

microscope (BH2-RFCA, Olympus, Japan) (42).  

 

DAPI staining 
DAPI staining was performed to evaluate the 

condensed and fragmented nuclei of cancer and normal 

cells inducing apoptosis. Briefly, the cells were seeded in  a 

slide chamber  (2×104 per chamber) and incubated 

at  37°C  to  attach and grow at the bottom of each chamber. 

Next, a fresh culture growth medium,  containing FU-free, 

FU-loaded, and blank nano-vehicles at IC50, was added. 

After 48 hours of treatment, the cells were washed with 

PBS (pH=7.4) to eliminate the treated samples. 

Consequently, fixation of the cells was performed with 4% 

wt paraformaldehyde for ten minutes at room 

temperature. Next, the cells were washed three times with 

PBS and permeabilized by Triton X-100 (0.1% w/v) for five 

minutes. The cells were then washed with PBS and stained 

with 500 ng/mL  of DAPI solution for 15 minutes. DNA 

condensation and fragmentation of apoptotic cells were 

estimated with a fluorescence microscope (BH2-RFCA, 

Olympus, Japan). All tests were performed in triplicate 

(43).  

 

Apoptosis assay 
To evaluate cell apoptosis, first, the cells were seeded in 

six-well plates at a concentration of 5.0×105 cells per well in 

the culture medium. After 24 hours, the cell culture media 

were replaced with a fresh culture growth 

medium,  containing FU-free, FU-loaded, and blank nano-

vehicles at IC50 for 48 hours. Next, the cells were 

trypsinized, collected, and washed several times with cold 

PBS to eliminate all trypsin. The detached cells (1×106) 

were suspended in 1 mL of Annexin binding buffer. An 

eBioscience Annexin V-FITC Apoptosis Detection Kit was 
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used to stain apoptotic cells, according to the 

manufacturer’s protocol. For this purpose, 100 µL of cell 

suspension, 5 µL of FITC-Annexin V, and 5 μL of 

propidium iodide (PI) were mixed. The cells were 

incubated for 15 minutes, and then, 200 µL of binding 

buffer was added to each suspension. Finally, the 

FACSCalibur flow cytometer was used for evaluating 

apoptotic cells (44).  

 

Statistical analysis 
All data were reported as mean±SD of three replicates. 

ANOVA or student’s t-test was used for statistical analysis. 

P-values less than 0.05 were considered significant. 

 

RESULTS 
Preparation of Lys/PNIPAM-PVP/GO as a drug nano-vehicle 

GO was functionalized with lysine and PNIPAM-

PVP/GO via simple radical polymerization to enhance the 

functional groups on the GO nano-sheets (Figure 1). Due to 

the presence of several functional groups with a large 

surface area on the GO sheets, adequate space was 

provided for drug loading. This modified platform 

contained many functional groups, including hydroxyl (-

OH), carboxylic acid (-COOH), amide (CO-NH-), and 

amine functional (-NH2) groups, which could improve the 

loading efficacy of drugs. The resulting hybrid, called 

Lys/PNIPAM-PVP/GO, was used as a nano-vehicle for 

the delivery of FU to the A549 cancer cells. 

Drug release profile under physiological conditions in the 
cancer tissue 

One of the critical parameters in the design of a drug 

carrier is the presence of several functional groups on the 

surface to interact with the loaded drug. Since a high rate 

of drug loading increases the efficacy of therapeutics on 

cancer cells, the developed nano-vehicle in this study had 

several active sites for loading FU as an anticancer agent. 

FU could be loaded directly on the nano-vehicle via 

hydrogen bonding, electrostatic interactions, and physical 

interactions. Some of the drug was loaded on 

Lys/PNIPAM-PVP/GO via hydrogen bonding or 

electrostatic physical interactions with polar groups in both 

structures. Besides, some of the drug was loaded via π-π 

interactions between C-C conjugated double bonds on the 

GO platform and C=C bonds in the drug structure.  

 

 

 

 

 

 

 

 
Figure 1. Preparation Lys/PNIPAM-PVP/GO (nano-vehicle) by the 
polymerization reaction of NIPAAM and VP in the presence of AIBN as a catalyst 
and functionalization with lysine 
 

Cytotoxicity evaluation by MTT assay 
The cytotoxic effects of FU-free, FU-loaded, and blank 

nano-vehicles on the A549 cells were assessed by the 

colorimetric MTT assay. To show the biocompatibility of 

the developed nano-vehicle, various concentrations of 

samples were prepared and exposed to A549 cancer cells. 

In our previous study, the MCF7 cells treated under the 

same conditions had a lower IC50 (about 1 µg/mL) (35). 

The results showed that the viability of cells in both groups 

decreased in a dose-dependent manner (below IC50 in both 

groups). In the current study, no cytotoxicity was observed 

for the blank nano-vehicle at all treated concentrations, 

which is comparable to the control group (P<0.219 for the 

highest dose; data not shown), suggesting that our nano-

vehicle is useful for biomedical applications.  

In the next step, both drugs in free and formulated 

forms were exposed to the A549 cells to compare the 

cytotoxic effects. As shown in Figure 2, there was no 

significant difference between FU and FU-nano vehicle in 

any of the groups treated with 20 μg/mL (P<0.676), 30 

μg/mL (P<0.413), and 40 μg/mL (P<0.154), except for 10 

μg/mL (P<0.0324) and 50 μg/mL (P<0.015) concentrations. 

Via treatment with a concentration of 10 μg/mL (much 

lower than IC50), the cytotoxicity of FU-loaded nano-

vehicle was higher than the FU-free nano-vehicle; this 

might be due to the delivery of FU into the cells, while at a 
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concentration of 50 μg/mL (above IC50), the FU-free nano-

vehicle was more cytotoxic than the FU-loaded nano-

vehicle.   

 

 

 

 

 

 

 

 

 
Figure 2. Cytotoxicity evaluation by MTT assay. The A549 cells treated with FU, 
FU/nano-vehicle, and blank nano-vehicle for 48 h. *** p<.001 versus nano-vehicle 
group. # p < 0.5versus FU group 

 

Qualitative intracellular uptake by fluorescence microscopy 
The cellular uptake and internalization of rhodamine-

labeled nano-vehicle were evaluated in a time-dependent 

manner on A549 cancer cells, using fluorescence 

microscopy to evaluate the emission of rhodamine red 

fluorescence. Rhodamine generally helps track the uptake 

of nano-vehicles. The cells have a permeable membrane, 

and nano-sized materials can easily pass through several 

pathways (concentration gradients, active transport 

system, such as protein pumps and ion channels, and 

endocytosis).  

Nanomaterials with a size of <100 nm need to be 

internalized by endocytosis in transport vesicles derived 

from the plasma membrane (45). As shown in Figure 3A-

3B, cells treated with rhodamine-labeled nano-vehicle 

showed proper internalization after two and four hours. 

The cellular uptake of the free form of rhodamine was also 

evaluated as the control, and observations showed that the 

uptake of free rhodamine was higher than rhodamine-

labeled nano-vehicle. 

 

Quantitative intracellular uptake by flow cytometry 
Since the uptake of nano-vehicle is enhanced by 

advancing time, as shown by fluorescence microscopy, 
quantitative flow cytometry was performed to determine 

the percentage of cellular uptake. The results revealed that 
the A549 cells treated  with rhodamine-labeled nano-
vehicle showed 4.03% uptake after two hours (Figure 4). 
The cells showed a higher uptake (8.75% uptake) after four 
hours. The difference in the cellular uptake of rhodamine-
labeled nano-vehicle may be due to the individual labeling 
profile, membrane, cytoskeletal factors, and production of 
a different extracellular matrix (38). 

  

 

 

 

 

 

 

 

 

 

 

 
Figure 3. Cellular uptake evaluation of rhodamine-labeled nano-vehicle into the 
A549 cells after 2 (A) and 4 h (B) treatment by fluorescent microscopy. The cells 
treated with free rhodamine were also done for 2 (C) and 4 h (D) to consider as 
the controls 

 
Apoptosis evaluation by DAPI staining 

DAPI staining was selected as an assay to determine 
intact, apoptotic, and necrotic cells after treatment for 48 
hours. As shown in Figure 5, the untreated cells and 
treated cells with the FU-free nano-vehicle showed no 
morphological changes. After treating the cells with the 
blank nano-vehicle, the population of cells was almost 
identical, while the cells treated with FU-free and FU-
loaded nano-vehicles showed nucleus morphology 
changes with a decrease in cell population. 

 

Apoptosis study by flow cytometry 
After treatment of A549 cells with the blank nano-

vehicle, FU-loaded nano-vehicle, and FU-free nano-vehicle 

for 48 hours, the cells were stained with annexin V and PI 

for evaluating the apoptosis rate. As shown in Figure 6, the 

graphs were divided into four gates, including gate 1, gate 
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2, gate 3, and gate 4, corresponding to healthy, early 

apoptosis, late apoptosis, and necrosis cells. The cells 

treated with the blank nano-vehicle showed good cell 

viability (75.81% healthy cells). This low viability might be 

attributed to the sedimentation of the nano-vehicle on cells, 

causing hypoxia (deficiency of oxygen reaching the 

tissues). Also, the apoptotic effects of the FU-free nano-

vehicle and FU-loaded nano-vehicle were evaluated and 

compared. The results showed a higher rate of apoptosis in 

the A549 cells for the FU-free nano-vehicle due to 

the  possibly low level of nano-vehicle uptake by the cells, 

as shown by the cellular uptake assays. For a better 

comparison, all flow cytometry data are summarized in 

Table 1. 

 

  

 

 

 

 

 
 
Figure 4. Cellular uptake evaluation of rhodamine-labeled nano-vehicle into the 
A549 cells after 2 (A) and 4 h (B) treatment by flow cytometry. The cells with no 

treatment consider as a negative control. 
 
 

 

 

 

 

 

 

 

 

 

 

 
Figure 5. Apoptosis evaluation of nano-vehicle (B), free FU (C), and FU/nano-

vehicle (D) on A549 cells after treatment for 48 h via fluorescent microscopy. The 
cells with no treatment consider as a control (A). 

Table 1. Apoptosis analysis data for untreated (control) and treated cells after 
48h 
 

Sample Gate 1 Gate 2 Gate 3 Gate 4 
Control 99.92% 0.01% 0.00% 0.07% 
Nano-vehicle 75.81% 14.88% 5.76% 3.55% 
FU/nano-vehicle 35.10% 51.36% 13.32% 0.22% 
Free FU 27.32% 41.16% 30.97% 0.55% 
 
Gate 1 (healthy cells) - Gate 2 (early apoptosis) - Gate 3 (late apoptosis) - Gate 4 
(necrosis)  
 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 6. Apoptosis study of untreated (A) and treated samples including nano-

vehicle (B), FU/nano-vehicle (C), and free FU (D) by flow-cytometry after 

treatment for 48 h 
 

DISCUSSION 
To improve the cytotoxic effects of FU as an anticancer 

agent on A549 cells, a drug nano-formulation was 

designed and prepared. The hybrid of Lys/PNIPAM-

PVP/GO was used as a nano-vehicle for the delivery of FU 

to the A549 cancer cells. Cytotoxicity evaluation by MTT 

assay showed that the slightly low cytotoxicity of FU-

loaded nano-vehicle, as compared to the FU-free nano-

vehicle, was attributed to the sustained release of FU from 

the developed platform. On the other hand, the low rate of 

drug carrier internalization into the A549 cells may play a 

crucial role in the drug carrier efficacy. The qualitative 

cellular uptake by fluorescence microscopy showed that 

the uptake of free rhodamine was higher than rhodamine 

labeled nano-vehicle. The high rate of rhodamine uptake 
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by the cells can be justified by its smaller size compared to 

our designed nano-vehicle.  The quantitative cellular 

uptake by flow cytometry showed that the low 

internalization of nano-vehicle into the A549 cells is the 

primary reason for the low toxicity of FU-loaded nano-

vehicle on the A549 lung cancer cell line in comparison to 

the FU-free nano vehicle. Based on our recent study on the 

delivery of FU to cancer MCF7 cells by the same drug 

carrier, the MCF7 cells showed 100% uptake in the first 

two hours (38), since the FU/nano-vehicle had greater 

cytotoxic effects on the MCF7cells. The results revealed by 

DAPI staining showed that the FU-loaded nano-vehicle 

had higher apoptotic effects on the treated cells, in 

comparison to the chemotherapeutic FU agent.  Apoptosis 

study by flow cytometry showed that the sustained release 

of FU from the nanocarrier also causes significantly low 

cytotoxic effects on the cells. 

In conclusion, the most important properties of an ideal 

carrier include stability, nano-sized shape, high drug 

loading, biocompatibility, and lack of cytotoxic effects. A 

GO drug carrier was developed and used in this study on 

the A549 human lung cancer cells. The biocompatibility of 

the nano-vehicle was confirmed by MTT assay, DAPI 

staining, and apoptosis assay. The results showed that the 

nano-vehicle had no substantial cytotoxic effects on the 

cells. Cellular uptake assays were also performed via both 

fluorescence microscopy and flow cytometry. Both 

analyses revealed the low internalization of the nano-

vehicle into the A549 cancer cells, with 10% cellular uptake 

in the first four hours of treatment. The low penetration 

rate led to the low toxicity of drug-loaded nano-vehicle. To 

confirm the results, both DAPI and FITC-Annexin V 

staining were performed as apoptosis assays to show 

apoptosis and necrosis in the treated cells.  
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