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Introduction

Cancer is considered a major cause of mortality and 
morbidity all over the world as it is the world’s 2nd 
leading cause of death [1]. It is a critical public health 
problem and a significant obstacle to extending life 
expectancy as by 2020 cancer-related deaths reached 
10 million according to a WHO report and are expected 
to be raised to 16.4 million per year by 2040.  Despite 
considerable advancements in treatment modalities 
such as chemotherapy, radiotherapy, hormonal therapy, 
immunotherapy, and surgeries, conventional therapies 
[2, 3]. are not only specific to cancer cells but also, affect 
normal cells [3]. So, targeted drug therapy that delivers 
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the drug to tumors while leaving normal cells unaffected 
has gained a great concern in cancer treatment [4]. In this 
context, nanotechnology is gaining attraction as a medical 
discipline with the potential to provide considerable 
therapeutic benefits [2]. There have been several notable 
applications of nanomedicine (chemotherapeutic agents, 
biological agents, immunotherapeutic agents, etc.) in the 
treatment of various diseases in recent years [5]. Among 
these nanostructures, metal oxide nanoparticles have 
shown promise as drug delivery, targeted gene delivery, 
and tumor imaging vehicles [6, 7]. 

ZnO nanoparticles are being used successfully in 
drug delivery, targeted gene delivery, and tumor imaging 
[8]. ZnO NPs possess several attributes that render them 
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highly suitable for anticancer therapy [9]. ZnO NPs 
have a reasonably high biocompatibility, confirmed by 
the FDA recognition as generally recognized as safe 
(GRAS), which makes them favorable for biomedical 
uses. The administered ZnO is easily biodegradable or 
can participate in the body’s active nutritional cycle [10, 
9]. Moreover, when compared to other nanoparticles, ZnO 
NPs have an inherent property of selective cytotoxicity 
against cancerous cells in vitro, which is crucial for 
targeted therapy [9, 11]. The synthesis of ZnO NPs is 
relatively simple with a number of different methods 
available [9]. ZnO NPs can be produced using either 
conventional (Physical, Chemical, and Biological (green) 
synthesis techniques) or non-conventional methods 
(microfluidic reactor-based synthesis), which helps in 
controlling their size and distribution in order to enhance 
their therapeutic efficacy [12, 13]. Furthermore, the 
semiconductor property of ZnO NPs enables the induction 
of oxidative stress in cancer cells through ROS generation, 
contributing to their cytotoxicity effects [14, 9]. 

Drug repurposing, which is also known as drug 
repositioning, reprofiling, or re-tasking, is an additional 
approach to cancer therapy that figures out novel 
applications for currently approved or investigational 
drugs outside of their intended therapeutic indications 
[15, 16]. This approach has several advantages including 
fewer development risks and shorter timeframes, as safety 
profiles and formulation groundwork are often established 
[17, 18]. Metformin (MET) (1, 1-dimethylbiguanide 
hydrochloride), a widely used medication for type II 
diabetes patients, has emerged as a promising candidate 
for cancer therapy [19]. Beyond its antidiabetic effects, 
metformin demonstrates potent antineoplastic properties, 
mediated through mechanisms including cell cycle 
regulation, epigenetic alterations, and immunomodulation 
[20, 21]. Metformin (MET) (1, 1-dimethylbiguanide 
hydrochloride), a widely used medication for type II 
diabetes patients, has emerged as a promising candidate 
for cancer therapy [19]. Patients with type II diabetes who 
took the medication revealed a significant reduction in 
cancer-related mortality and significant inhibition of the 
growth malignancies [20, 21].

In addition to the role of metformin as an anti-
diabetic drug, it also has anti-neoplastic activities, 
mediated through various mechanisms including cell 
growth suppression, cell cycle regulation, epigenetic 
alterations, and activation of immunomodulation. There 
are numerous ways that metformin works including 
reducing the activity of the mitochondrial respiratory 
chain, triggering AMP-activated protein kinase (AMPK) 
and the phosphatidylinositol 3-kinase (PI3K) signaling, 
adjusting insulin pathways, and promoting autophagy 
[22-24].  Metformin also enhances reactive oxygen species 
(ROS) accumulation and stimulates redox signaling 
mechanisms [22, 25].  Additionally, metformin influences 
epigenetic processes, impacting DNA methylation, histone 
acetylation, and microRNA expression, all of which play 
pivotal roles in cancer development and progression 
[22, 25-28]. Metformin has been reported to affect 
DNA methylation via the methionine cycle intermediate 
S-adenosylmethionine (SAM). Moreover, metformin-

induced metabolic changes from TCA cycle intermediates 
such as acetyl-CoA contribute to histone and non-histone 
acetylation [22, 28]. Metformin inhibited tumor growth 
via modulating the Dicer processing enzyme, which was 
followed by alterations in a subset of miRNAs. 

Furthermore, the utilization of targeting molecules 
such as folate in drug delivery systems holds promise for 
enhancing specificity and efficacy in cancer treatment [29, 
30]. Folate-modified nanoparticles have demonstrated 
the ability to selectively target cancer cells, representing 
a significant advancement in tumor-targeted therapy [31-
35]. In summary, the combination of nanotechnology, 
medication repurposing, and targeted drug delivery 
techniques offers a multimodal approach to cancer 
treatment, reducing side effects and providing new 
opportunities for enhanced therapeutic outcomes. This 
study explores the potential of metformin-loaded zinc 
oxide nanoparticles combined with folate-targeted drug 
delivery strategies to advance cancer treatment paradigms, 
offering innovative insights into enhancing therapeutic 
efficacy and specificity.

Materials and Methods

Chemicals and Reagents
The chemicals used in this study included ZnSO4 (cat. 

no. 7733-02-0), NaOH (cat. no. 1310-73-2, and Folic acid 
(cat. no. 59-30-3) (Sigma-Aldrich, Germany), Metformin 
(Merck Santé, cat. no. 1115-70-4, France). T24 (bladder 
carcinoma) and A375 (melanoma) cell lines, and human 
normal fibroblasts (HBF4) were obtained from Nawah 
Scientific, Egypt. Culture media and reagents including 
DMEM (cat. no. LM-D1111), PBS (cat. no. LM-S2043), 
Trypsin-EDTA 1X (cat. no. LM-T1705) were sourced 
from Biosera, Germany, while SDS (cat. no. 151-21-3) 
and MTT (cat. no. 298-93-1) were provided from Sigma-
Aldrich, Germany. The successful synthesis of ZnO NPs 
was confirmed through various analytical techniques. 
FTIR was conducted to characterize ZnO NPs using a 
Testcan Shimadzu Infra-Red spectrophotometer (model 
8000) employing the KBr pressed disk method, with 
a scanning range of 4000–600 cm−1. XRD was used to 
determine ZnO patterns using a PANalytical X’Pert Pro 
instrument, operating at tube voltages and currents of 45 
kV and 40 mA, respectively.  Additionally, dynamic light 
scattering (DLS) and zeta potential analyses were carried 
out to further characterize the synthesized nanoparticles.

Synthesis and Characterization of ZnO NPs 
ZnO NPs were synthesized from aqueous solutions 

of ZnSO4 and NaOH. Initially, each solution was 
dissolved separately on the magnetic stirrer until clarity. 
Subsequently, NaOH was added drop by drop to ZnSO4 
solution, the mixture was left on the magnetic stirrer 
overnight. Following the reaction, the solution was 
washed until reaching a neutral pH to remove any residual 
impurities. The resulting solution was then subjected 
to heat in an oven at 100˚C for 2 hours to obtain dried 
nanoparticles, which were then processed through 
grinding to achieve uniform particle size distribution. 
Characterization of the synthesized ZnO NPs was 
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prepared for each cell line. The plates were then incubated 
overnight at 37°C with 5% CO2. Routine mycoplasma 
testing was performed using PCR to confirm the absence 
of contamination, ensuring the integrity and reliability of 
cell cultures.

In Vitro Cytotoxicity assay
Cell treatment involved the application of ZnO NPs, 

free MET, ZnO-MET (3% and 5%), and ZnO-MET 
folic acid (3% and 5%) across two cell lines. Various 
concentrations (100, 50, 25, 12.5, 6.25 µg/ml) of each 
treatment were applied to cells in four replicates and 
incubated for 48 hours to assess their cytotoxic effects 
using the MTT (3-[4,5-dimethylthiazol-2yl]-2,5-diphenyl 
tetrazolium bromide) assay. Following the incubation 
period, the media were aspirated, and 100 μl of MTT 
solution was added to each well, followed by further 
incubation at 37°C for 4 hours. Subsequently, 20% 
sodium dodecyl sulfate (SDS) was added to dissolve the 
insoluble purple formazan product, forming a colored 
solution, which was then incubated for an additional 30 
minutes. Finally, the absorbance of the colored solution 
was measured at 492 nm using an ELISA reader. The 
relative viability of the cells was calculated by comparing 
the optical density (OD) of the treated cells to that of the 
control cells, using the formula: (OD test / OD control) 
× 100. The half-maximal inhibitory concentration (IC50) 
was determined using graph pad prism software.

Releasing kinetics
The drug release kinetics were assessed using the 

dialysis bag method, a well-established technique wherein 
drug-loaded carriers are physically separated from the bulk 
media by a semipermeable dialysis membrane, allowing the 
release to be monitored over time. A suspension containing 
20 mg of the drug in 10 ml of phosphate-buffered saline 
(PBS) at pH 7.4 was prepared. Subsequently, 1 ml of 
the suspension was carefully transferred into a dialysis 
bag with a molecular weight cutoff of 12-14 kDa. The 
dialysis bag was securely sealed at both ends to prevent 
any leakage of the drug suspension. The dialysis bag was 
then immersed in 20 ml of PBS solution and incubated 
for 72 hours. The whole system was placed in a shaking 
incubator at 100 rpm at 37°C. Lastly, 1 ml samples of 
the medium surrounding the dialysis bag were collected 
and immediately replaced with an equal volume of fresh 
PBS to maintain sink conditions. The collected samples 
were then analyzed using a UV spectrophotometer at a 
wavelength of 234 nm. 

Results

Release test
The outcomes of the release test were conducted for 

the ZnO-MET folic acid nanoparticles at a concentration 
of 5%. The experiment was performed in triplicate, 
and the average of these replicates was calculated for 
clarity and accuracy of representation. Analysis of the 
release profile reveals that the highest amount of drug 
release, approximately 0.6 mg, was observed at the 24 
hours following the start of the release test (Figure 1A). 

performed to confirm their formation. XRD was conducted 
to determine the crystalline structure of the nanoparticles. 
FTIR was employed to investigate the chemical bonds 
present in nanoparticles. Particle size analysis and zeta 
potential were carried out to assess the size distribution 
and surface charge of the nanoparticles, respectively., 
Additionally, Transmission electron microscopy (TEM) 
was utilized to visualize the morphology and size of the 
nanoparticles at the nanoscale level. [36, 37]. 

Drug Loading
To load the metformin drug into ZnO NPs (total = 0.4 

gm), two separate solutions were prepared by dissolving 
0.006 and 0.01 g of metformin in 60 ml of distilled 
water, resulting in concentrations of 3% and 5% relative 
to ZnO NPs, respectively), Each solution was mixed 
with 0.2 g of ZnO NPs and stirred on a magnetic stirrer 
for 30 minutes at room temperature; then, the solution 
was incubated overnight. The resulting solution was 
centrifuged at 8000 rpm for 10 minutes for separation. 
After centrifugation, the supernatant containing unbound 
metformin was discarded, and the pellet containing the 
metformin-loaded ZnO NPs was dried in an oven at 40˚C 
for 2 hours. Confirmation of successful drug loading 
onto the NPs was achieved through FTIR. Encapsulation 
efficiency was calculated after measuring the absorbance 
of the metformin solution before and after loading onto 
the ZnO NPs, ZnO metformin folic acid nanocomposite 
was prepared by adding 0.1 gm of folic acid to a solution 
containing ZnO-MET (0.02 gm dissolved in 100 ml 
distilled water) for two different concentrations. The 
mixture was stirred on a magnetic stirrer for 6 hours at 
60˚C. Following stirring, it was centrifuged for 10 minutes 
at 6000 rpm, and the pellet was washed with distilled water 
before dried in the oven.

Cell Culture 
Cell lines were cultivated and subjected to MTT assay 

to evaluate cell viability after the treatment to assess the 
anticancer activity of ZnO NPs, and metformin loaded 
on ZnO NPs compared to free metformin. The T24 and 
A375 cell lines were cultured using DMEM media. 
Before splitting, the old medium was removed, and 
cells were washed with PBS. Subsequently, trypsin was 
added for cell detachment, followed by a short incubation 
period of 5 minutes at 37°C. After incubation, a small 
volume of media that contains FBS was added to inhibit 
trypsin and antibiotic activities. The detached cells were 
then transferred into larger flasks and the volume was 
adjusted to 10 ml with fresh medium. The cells were then 
incubated until reaching approximately 80% confluence. 
Cell counting was performed using a hemocytometer. 
After trypsinization, cells were collected into a falcon 
tube and centrifuged to obtain a cell pellet. The pellet 
was suspended in 1 ml of medium and diluted with 
PBS at a 1:10 ratio. Subsequently, 10 µl of the diluted 
suspension was mixed with 10 µl of trypan blue stain, 
and the mixture was loaded into each chamber of the 
hemocytometer for counting. Following cell counting, 
ELISA plates containing 96 wells were utilized for cell 
seeding, with 10,000 cells in each well. Two plates were 
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Figure 1. Characterization of Nanoparticles. (A) Illustration of cumulative metformin release %, (B) XRD pattern of 
prepared ZnO nanoparticles, (C) Particle size of ZnO nanoparticle, (D) FTIR of ZnO NPs, (E) FTIR of ZnO loaded 
with metformin 3% (blue line) and ZnO loaded with metformin 3% conjugated with folic acid (red line) and (F) FTIR 
of ZnO loaded with metformin 5% (blue line) and FTIR of ZnO loaded with metformin 5% conjugated with folic acid 
(red line), and (G) TEM image shows ZnO NPs loaded with metformin 5% conjugated with folic acid size (~11.08 
nm), shape (spherical), and homogeneity in terms of size and shape. 

Subsequently, a gradual decline in drug release was 
observed, persisting until the conclusion of the 72-hour 
test duration. These results highlight the dynamics of the 
drug release from the ZnO-MET folic acid nanoparticles, 
showing sustained release kinetics during the test after an 
initial release. This would be essential to understanding 
the regulated release behavior of NPs and maximizing 
their therapeutic efficacy.

Characterization of nanoparticles 
By carefully analyzing the XRD patterns, we were able 

to identify important variables including peak intensity, 
position, and width in addition to figuring out the full 
width at half maximum (FWHM) data (Figure 1B). The 
distinct peaks observed in the XRD pattern, located at 
32.071°, 34.467°, 36.534°, 47.790°, 57.168°, 63.103°, 
67.072°, and 68.493°, have been identified as hexagonal 
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Figure 2. Anticancer Effect of Free MET, ZnO, ZnO-MET (3% and 5%), and ZnO-MET Folic Acid (3% and 5%) 
against the Human A375 Melanoma Cell Line. (A) IC50 of ZnO, (B) MET, (C) ZnO-MET (ZM) 3%, (D) ZnO-MET 
(ZM) 5%, (E) ZnO-MET folic acid (ZMF) 3%, and (F) ZnO-MET folic acid (ZMF) 5%. 

wurtzite phase of ZnO with lattice constants. It also 
shows the produced NP was devoid of impurities since 
it lacks any XRD peaks other than ZnO peaks [44]. This 
observation confirms the successful synthesis of high-
quality pure ZnO nanoparticles thereby confirming their 
suitability for various applications in nanotechnology and 
biomedicine [38].

Before assessing the zeta potential of ZnO NPs in 
aqueous systems, it is important to evaluate the particle 
size distribution of ZnO NPs dispersed in deionized (DI) 
water. As shown in Figure 1C, the ZnO NPs exhibited 
a particle size of approximately 20 nm. Furthermore, 
microscopic examination revealed the morphologies of 
the ZnO NPs to be round-like [39]. These observations 
provide essential insights into the physical characteristics 
of the ZnO NPs, laying the groundwork for subsequent 
analyses. 

Following three independent measurements of ZnO 
NPs, the average zeta potential value was determined to 

be +3.04 mV [39]. This characterization provides valuable 
insights into the electrostatic properties of the ZnO NPs, 
indicating a slight positive surface charge under the 
experimental conditions. Such information is crucial in 
understanding the stability, dispersion, and interactions 
of the nanoparticles in aqueous environments. 

In our investigation, FTIR measurements were 
conducted to corroborate the formation of various 
nanoparticle formulations, including pure ZnO, ZnO 
loaded with 3% and 5% metformin (ZnO-MET), and 
ZnO loaded with 3% and 5% metformin, and conjugated 
with 0.1 gm of folic acid (ZnO-MET folic acid), as 
illustrated in Figure 1D [40]. Characteristic absorption 
bands corresponding to ZnO were discerned within 
the spectral range of 1000 to 4000 cm–1, indicative of 
carboxylate and hydroxyl impurities present in the 
materials. A broad band observed at 3608.77 cm–1 was 
attributed to the O-H stretching mode of hydroxyl 
groups, while the peak at 2777.76 cm–1 arose from C-H 
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Figure 3. Anticancer Efficacy of Free MET, ZnO, ZnO-MET (3% and 5%), and ZnO-MET Folic Acid (3% and 5%) 
against the Human T24 Bladder Cell Line. (A) IC50 of ZnO, (B) MET, (C) ZnO-MET (ZM) 3%, (D) ZnO-MET (ZM) 
5%, (E) ZnO-MET folic acid (ZMF) 3%, and (F) ZnO-MET folic acid (ZMF) 5%. 

stretching vibrations of alkane groups. Peaks at 1655.20 
cm–1 and 1495.85 cm–1 were associated with the oxide in 
ZnO and the asymmetrical and symmetrical stretching 
of zinc carboxylate, respectively. Interestingly, a trend 
was observed where the content of carboxylate (COO-) 
and hydroxyl (-OH) groups decreased with increasing 
nanoparticle size. This suggests a diminishing presence 
of these FTIR-identified impurities near the surfaces of 
ZnO nanoparticles [41].

After the loading of particles with metformin, 
recharacterization was performed using FTIR (Figure 1E). 
Significantly, the intensity of the ZnO band exhibited a 
decrease following doping with metformin (ZnO-MET), 
attributed to the incorporation of metformin into the ZnO 
crystal structure [40]. In the FTIR spectrum of metformin 
HCl, principal absorption peaks emerged between 3500 to 
3000 cm-1, attributed to the amine (N-H) groups present 
in metformin. Additionally, peaks around 2900 and 1470 
cm-1 were observed, corresponding to the methyl (CH3) 

groups [42]. Subsequent conjugation with folic acid led 
to recharacterization (Figure 1F). It was noted that when 
folic acid conjugates with ZnO and metformin, small 
shifts in peak positions were observed with respect to pure 
ZnO nanoparticles. Specifically, shifts occurred between 
3320 and 3200 cm-1 for amine (N-H) groups, while a 
peak around 3100 cm-1 was attributed to C-H aromatic 
stretching. Additionally, a peak at 762 cm-1 was observed, 
indicative of C-H bending / N-H rocking. Moreover, a new 
mid-strong absorption band significantly emerged around 
2300 cm-1, attributed to the N+–H stretching vibration 
band of C=N+H– on the PT ring [43]. These FTIR 
recharacterizations provide information into the structural 
modifications undergone by the nanoparticles following 
metformin loading and subsequent conjugation with 
folic acid, offering further elucidation of their chemical 
compositions and functional groups.

Figure 1G represents the TEM analysis images 
of the ZnO nanoparticles loaded with 5% metformin 
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Figure 4. Anticancer Efficacy of ZnO-MET Folic Acid (5%) against the Human Normal Fibroblasts (HBF4). 

Encapsulation 
efficiency

Abs. of metformin 
after addition of NPs

Abs. of metformin before 
addition of NPs

Maximum Wavelength 
(nm) of MET

Wt% of MET loaded onto 
ZnO nanoparticles

95% 0.087 2.17 220 3%
98% 0.023 2.18 220 5%

Table 1. Encapsulation Efficiency. This table shows that metformin 3% was encapsulated in ZnO NPs by 95% and 
metformin 5% was encapsulated in ZnO NPs by 98%

and conjugated with folic acid nanocomposite. These 
images offer a detailed glimpse into the morphological 
characteristics and structural features of the synthesized 
nanocomposite, providing valuable insights into its size, 
shape, and distribution. 

Encapsulation Efficiency
To quantify the extent of metformin encapsulation 

within the ZnO NPs, encapsulation efficiency was 
measured. The percentage of drug loading was calculated 
using the following equation: [(X-Y)/X] *100. Here, X 
represents the absorbance before encapsulation, and Y 
represents the absorbance after encapsulation [44]. In our 
study, encapsulation efficiency measurements revealed 
high values, with 95% and 98% efficiency observed for 
ZnO NPs loaded with 3% and 5% metformin, respectively. 
The absorbance values after the addition of NPs were 
0.087 and 0.023, while the absorbance values before 
the addition of NPs were 2.17 and 2.18 for 3% and 5% 
metformin loading, respectively (Table 1). Furthermore, 
the maximum wavelength (nm) of metformin was 
determined to be 220. These results indicate successful 
encapsulation of metformin into the ZnO nanoparticles, 
with weight percentages of 3% and 5% loaded onto the 
nanoparticles.

Cytotoxic assay 
The cytotoxic efficiency of all nanocomposites 

compared to free MET against human cancerous A375 and 
T24 cells was investigated using the MTT assay. As shown 
in Figure 2, the anticancer effect of free MET, ZnO, ZnO-
MET (3% and 5%), and ZnO-MET folic acid (3% and 5%) 
against the human A375 melanoma cell line was evaluated. 

The IC50 values were determined for each nanocomposite, 
with free MET exhibiting an IC50 of 67.04 µg/ml, ZnO at 
90 µg/ml, ZnO-MET (3%) at 25 µg/ml, ZnO-MET (5%) 
at 25 µg/ml, ZnO-MET folic acid (3%) at 49.5 µg/ml, and 
ZnO-MET folic acid (5%) at 11.6 µg/ml, respectively. 
On the other hand, Figure 3 illustrates the anticancer 
efficacy of free MET, ZnO, ZnO-MET (3% and 5%), and 
ZnO-MET folic acid (3% and 5%) against the human T24 
bladder cell line. The IC50 values were determined for each 
nanocomposite, with free MET displaying an IC50 of 107.2 
µg/ml, ZnO at 108.5 µg/ml, ZnO-MET (3%) at 14.1 µg/ml, 
ZnO-MET (5%) at 29.1 µg/ml, ZnO-MET folic acid (3%) 
at 9.1 µg/ml, and ZnO-MET folic acid (5%) at 2.9 µg/ml, 
respectively. Moreover, depending on the IC50 of ZnO-
MET folic acid (5%) with HBF4 normal cells (Figure 4), 
the selectivity index (SI) for A375 and T24 cell lines are 
10.85 and 43.41, respectively. These findings highlight 
the superior efficacy of ZnO-MET folic acid (5%) among 
the tested nanocomposites in A375 and T24 cell lines, 
as demonstrated by its significantly lower IC50 value of 
11.6 and 2.9 µg/ml, respectively. These results position 
ZnO-MET folic acid (5%) as a promising therapeutic 
candidate for further development and exploration as a 
potent anticancer therapeutic agent.

Discussion

Repurposing drugs has recently gained significant 
attention, with metformin emerging as an outstanding 
candidate [45, 46]. In addition to its major effect in 
treating type II diabetes, it has been known to act as 
an anti-cancer drug through various mechanisms of 
action [47, 48]. The present study aimed to evaluate the 
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effectiveness of a novel drug delivery system utilizing 
ZnO nanoparticles loaded with metformin and conjugated 
with folic acid for in vitro application against different 
cancer cell lines, human melanoma (A375) and bladder 
cancer (T24) cell lines. Physicochemical analyses, 
including XRD, DLS, and FTIR, revealed the unique 
characteristics of ZnO nanoparticles in terms of shape 
and size [39, 38, 41]. Moreover, FTIR analysis and TEM 
supported the encapsulation efficiency of metformin on 
ZnO nanoparticles [42], with loading efficiencies ranging 
from 95% to 98%. Additionally, FTIR graphs provided 
evidence of successful conjugation with folic acid [43]. 
These characterization methods confirm the successful 
fabrication of ZnO NPs loaded with metformin and 
conjugated with folic acid.

Our study also demonstrated the enhanced cytotoxicity 
of ZnO NPs loaded with metformin and folic acid 
compared to ZnO NPs and free metformin alone. Notably, 
ZnO nanoparticles and free metformin are cytotoxic to 
different degrees, with the most significant effect observed 
on the A375 cell line. Loading ZnO nanoparticles with 
metformin significantly enhanced cytotoxicity, with the 
3% concentration demonstrating the best effect on the T24 
cell line (IC50 = 14.1 μg/ml) and the 5% concentration 
exhibiting the strongest effect on the A375 cell line 
(IC50 = 25 μg/ml).

Conjugation of folic acid to ZnO metformin 
nanocomposite further increased the sensitivity to both 
cancer cell lines, with the best effect on the T24 cell line, 
where the IC50 was reduced from 29.1 μg/ml to 2.9 μg/
ml. This indicates an increase in the sensitivity by tenfold 
highlighting the efficacy of folic acid in targeting cancer 
cells. However, in human melanoma (A375) cell line IC50 
was reduced from 25 μg/ml to 11.6 μg/ml. 

Our findings suggest that the cytotoxic effects 
of ZnO NPs, the anticancer activity of metformin, 
and the targeting effect of folic acid contribute to the 
efficacy of our drug delivery system. Previous studies 
have highlighted the selective cytotoxicity of ZnO 
nanoparticles to cancer cells and the anticancer properties 
of metformin, showing that ZnO NPs exhibit 28–35 times 
greater selective cytotoxicity for cancer cells than normal 
cell toxicity [49]. This selective property comes from the 
higher production of ROS in tumor cells than in normal 
cells after applying the ZnO NPs. The redox nature of ZnO 
NPs reacts with various signaling molecules and ROS 
present in cancer cells causing increased oxidative stress 
leading to cell death [8]. Moreover, the overexpression 
of folate receptors in many cancer cells underscores the 
importance of folic acid conjugation in targeting cancer 
cells. In addition, metformin has also shown unique 
anti-cancer activity besides its well-known anti-diabetic 
effect. It induces cell death by many mechanisms of 
action, such as cell growth suppression, epigenetic 
modification, and immunoregulation [20, 21]. Many 
cancer cells are reported to highly express folate receptors 
[32]. In this context, the present study showed that folic 
acid conjugation increased the cytotoxic effect of ZnO/
metformin in both melanoma and bladder cancer cell lines, 
with the latter being the most sensitive. The present data 
run in contradiction with a previous study [50], which 

reported that epithelial cancer cells highly express folate 
receptors than bladder cancer cells. This may be due to the 
fact that folic acid is in physical not chemical interaction 
with ZnO NPs, which suggests that it may not conjugate 
with ZnO NPs in the fixed orientation needed to bind to 
the folate receptor accurately. This may also affect the rate 
of release of metformin from the composite. 

Given the present data, one can claim that ZnO NPs 
conjugated with metformin folic acid drug delivery 
system may be a successful targeted therapy for cancer. 
However, further investigations seem necessary to confirm 
the present results. 

In conclusion, our study highlights the potential of 
ZnO nanoparticles loaded with metformin and conjugated 
with folic acid as a promising targeted therapy for various 
types of cancer. Our investigation focused on assessing 
the therapeutic effect of ZnO nanoparticles loaded with 
metformin and conjugated with folic acid against two 
cancer cell lines: T24 (human bladder cancer) and A375 
(human melanoma). Our findings indicate that conjugation 
at a 5% concentration significantly enhanced the targeting 
efficiency of cancer cells in both cell lines. Notably, the 
IC50 value for the T24 cell line was reduced from 29.1 μg/
ml to 2.9 μg/ml, underscoring the potent efficacy of the 
conjugate. However, further in vitro and in vivo studies, 
along with comprehensive analyses, are suggested to 
validate and prove the full therapeutic potential of this 
drug delivery system. Future research efforts should 
explore the mechanism of action, pharmacokinetics, and 
toxicity profiles to open the way for potential clinical 
applications in cancer treatment.
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