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Abstract

In this study, the synthesis of folic acid-conjugated silver nanoparticles (FA&AgNPS) was optimized.
FA&AgNPs were synthesized by reduction of silver nitrate with folic acid, which is widely used to target
folate receptors in cancer cells. Five independent variables (stirring speed, AgNO3z concentration, folic acid
concentration, AgQNOs volume/folic acid volume, and temperature) that were effective on silver nanoparticle
synthesis were determined. Based on the independent variables, an experimental plan consisting of 46
experiments was created using the Box-Behnken design (BBD). Nanoparticle formation, physical color
change, UV-Vis absorption spectroscopy, Dynamic Light Scattering (DLS) analysis, and Fourier Transform
Infrared (FTIR) analysis were evaluated. The mean particle size and zeta potential of FA&AgNPs produced
under optimized conditions were measured as 207+4.3 nm and -51.6 mV+2.5, respectively. Cytotoxicity
tests were performed to evaluate the anticancer activity of FA&AgNPs in breast cancer cell lines. The ICso
values for MDA-MB-231 breast cancer cells at 24 hours and 48 hours were 20.0 pg/mL and 16.9 pg/mL,
respectively, and 26.3 ug/mL and 31.5 pg/mL for MCF-7 cells. The findings indicated that FA&AgNPs have
the potential to be an effective anticancer agent in breast cancer cells.
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Meme Kanseri Hiicrelerini Hedeflemek igcin Box-Behnken Tasarimiyla Folik Asit
Konjuge Giimus Nanopartikiillerin Sentezinin Optimizasyonu

Ozet

Bu calismada, folik asit konjuge gumus nanopartikillerin (FA&AgNP'ler) sentezi optimize edilmistir.
FA&AgNP'ler, kanser hiicrelerinde folat reseptdrlerini hedeflemek igin yaygin olarak kullanilan folik asit ile
glimus nitratin indirgenmesiyle sentezlenmistir. Gumuis nanopartikil sentezi Uzerinde etkili olan beg
bagimsiz degisken (karistirma hizi, AQNOs konsantrasyonu, folik asit konsantrasyonu, AgNOs hacmi/folik
asit hacmi ve sicaklik) belirlenmistir. Bagimsiz degiskenlere dayanarak, Box-Behnken tasarimi (BBD)
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kullanilarak 46 deneyden olusan bir deney plani olusturulmustur. Nanopartikil olusumu, fiziksel renk
degisimi, UV-Vis absorpsiyon spektroskopisi, Dinamik Isik Sagilma (DLS) analizi ve Fourier Déntisumi
Kizilétesi (FTIR) analizi ile degerlendirilmistir. Optimize edilmis kosullarda Uretilen FA&AgNP'lerin ortalama
partikll boyutu ve zeta potansiyeli sirasiyla 207+4.3 nm ve -51.6£2.5 mV olarak élgulmustir. Meme kanseri
hicre hatlarinda FA&AgNP'lerin antikanser etkinligini dederlendirmek igin sitotoksisite testleri yapilmigstir.
24 saat ve 48 saatte MDA-MB-231 meme kanseri hiicreleri igin ICso de@erleri 20.0 ug/mL ve 16.9 uyg/mL,
MCF-7 hicreleri igin ise sirasiyla 26.3 ug/mL ve 31.5 yg/mL olarak bulunmustur. Bulgular, FA&AgNP'lerin
meme kanseri hlicrelerinde etkili bir antikanser ajan olma potansiyeline sahip oldugunu géstermistir.

Anahtar Kelimeler: Folik asit, GimUs nanopartikuller, Meme kanseri, Hicre hedefleme, Optimizasyon

1. INTRODUCTION

Cancer is an important public health issue that ranks second among worldwide causes of mortality [1].
Developing novel nanoscale chemotherapy agents is increasingly significant in addressing the adverse
effects of conventional chemotherapy approaches [2]. Nanoparticles have become highly attractive due to
their numerous advantages, such as drug delivery and targeting capabilities [3]. Metallic nanoparticles,
nanostructured materials composed of pure metals or their compounds, offer a novel platform for targeted
drug delivery, enabling the treatment of diverse diseases within a specific and controlled environment [4].
As one of the metallic nanoparticles with chemical stability, silver nanoparticles (AgNPs) have distinctive
features such as strong electrical conductivity, catalytic activity, and antibacterial activities [5,6]. There has
been a surge of research investigating the utilization of AgNPs in anticancer therapy in recent years [7-9].
AgNPs can interact with cells and cause cell membrane disruption, affect electron transport chains, generate
radicals, interfere with protein synthesis by interacting with ribosomes, affect enzyme function by
interacting with enzymes, and cause DNA damage by interacting with DNA [10].

Folic acid (FA), a recognized ligand for folate receptors, has been used to develop nanoformulations with
surface functionalization for specific targeting of breast cancer cells [11]. FA plays an important role in the
biosynthesis of pyrimidines and purines, which are necessary for DNA synthesis, methylation, and repair.
FA is a cofactor in synthesizing purines and pyrimidines in amino acids and DNA/RNA structures [12].
Most cancer tissues overexpress folate receptors, including lung, ovarian, colorectal, brain, breast,
epithelial, renal, and cervical malignancies. This expression can target chemicals and medicinal substances
directly to malignant cells [13]. Targeting folate receptors is appealing due to their restricted overexpression
in healthy tissues and organs. The harmful effects of chemotherapeutic medicines can be decreased by
employing folate as a targeting ligand for chemotherapy because folate will preferentially bind to cancer
cells overexpressing folate receptors while binding to normal cells at a lower amount [14]. The use of folic
acid-conjugated nanocarriers is a preferred method to achieve selective delivery of chemotherapeutic drugs
in malignancies that overexpress folate receptors. In this way, many folic acid-conjugated nanoparticles
based on polymeric [15], lipid [16], dendrimer [17] and metallic [18] carriers have been designed.

This study focused on optimizing FA&AgNPs synthesis using the Box-Behnken design (BBD). Response
surface analysis was used to evaluate the independent variable-response relationship based on particle size
and size distribution analysis, and optimal synthesis conditions were determined. UV-Vis
spectrophotometry, Dynamic Light Scattering (DLS), and Fourier Transform Infrared (FTIR) analyses were
used to characterize the FA&AQNPs. In addition, the effect of FA&AgNPs synthesized under optimal
conditions on cell viability in breast cancer cell lines (MDA-MB-231 and MCF-7) was analyzed using the
MTT assay. MCF-7 and MDA-MB-231 cell lines are well-known and widely used models representing
breast cancer [19]. The expression levels of folate receptors in these two cell lines are different. MDA-MB-
231 cells express higher levels of folate receptors than MCF-7 cells [20]. In this respect, these two cell lines
were chosen to examine the comparative cytotoxic effects of the FA&AgNPs.
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2. MATERIAL AND METHOD

2.1 Material

Silver nitrate  (AgNOs) was obtained from Carlo Erba, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) and Folic acid (C9H1sN7Og) were purchased from Serva. Dulbecco's
Modified Eagle Medium (DMEM) High Glucose, fetal bovine serum (FBS, heat-inactivated), penicillin-
streptomycin solution, L-glutamine, phosphate-buffered saline (PBS), and trypsin-EDTA were obtained
from Biological Industries. The American Type Culture Collection (ATCC) provided the MDA-MB-231
and MCF-7 cell lines.

2.2 Method
2.2.1 Optimization of synthesis of FA&AgNPs using Box-Behnken design

The synthesis of FA&AgNP was accomplished through a green synthesis approach, eliminating the need
for harsh chemicals. It involved mixing a solution of AgNO; with a solution of FA in specific proportions
and at a certain temperature, resulting in the reduction of Ag* ions by FA molecules. A graphical summary
of the study, including the physical and chemical characterization of FA&AgNP, is depicted in Figure 1.
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Figure 1. Synthesis and characterization of FA&AgNPs

Five independent variables that could affect the green synthesis of FA&AgGNPs were determined. These
independent variables are as follows: stirring speed, AgNOs3 concentration, FA concentration, V(AgNQO3)
/V(FA) volumetric ratio, and temperature. The ranges in which the independent variables were determined
(Table 1). FA&AgNPs were optimized by Box-Behnken design using Design Expert® 11.0 software.

Table 1. Independent variables

Factor Name Unit Min  Max  Mid.
A Stirring Speed rpm 250 1000 625
B AgNO;3 concentration mM 1 5 3

C Folic acid concentration mM 1 5 3

D AgNOs3 volume/folic acid volume - 0,1 0,5 0,3
E Heat °C 25 60 42,5
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2.2.2 Synthesis of FA&AgNPs

To perform the synthesis of FA&AgNPs, 1 and 10 mM AgNO; stock solution and 20 mM FA stock solution
were prepared. AgNO; and FA concentrations required for each experiment were diluted from stock
solutions. AgNO; with the concentrations given in Table 2 was taken into beakers with a volume of 10 mL.
AgNO:s solution was taken on a magnetic stirrer, and the temperature and stirring speeds were adjusted
according to the values given in Table 2. Then, FA solutions were added dropwise into AgNQO3; solutions
and waited for one hour to complete the reaction. DLS analysis was performed for each of the synthesized
FA&AQNPs, and the most suitable one was determined according to size, size distribution, and zeta
potential FA&AQGNPs were centrifuged for 15 minutes at 13000 rpm. Free silver and FA molecules in the
supernatant were eliminated, and FA&AQNPs in the pellet were washed twice with distilled water before
being used in the next steps.

2.2.3 Characterization of FA&AgNPs
2.2.3.1 UV-Vis analysis

For proving the synthesis of FA&AgNPs, a UV-Vis spectrophotometer (DeNoVI1X) was used to measure
the wavelength range of 200-800 nm. Ultra-purified de-ionized water was used as a blank.

2.2.3.2 FTIR analysis

FTIR shows the presence of various functional groups (such as proteins, amino acids, and aldehydes)
around the synthesized FA&AgNPs. FA&AgNPs were scanned in the range of 400-4000 cm™ using the
Jasco FT/IR 4700 instrument to obtain a good signal-to-noise ratio.

2.2.3.3 DLS analysis

DLS (HORIBA-SZ-100) was used to assess the size, polydispersity, and zeta potential of FA&AgNPs. The
measurements were carried out by loading FA&AgNP samples into the electrode cells and under computer
control. The cell was washed with deionized water before each measurement.

2.2.4 Biological activity determination of FA&AgNPs
2.2.4.1 Cell culture

The cytotoxic effects of FA&AgNPs on MDA-MB-231 and MCF-7 breast cancer cell lines were
investigated. First, MCF-7 and MDA-MB-231 cell lines were cultured in T75 flasks in DMEM High
Glucose medium containing 10% FBS, 1% L-glutamine, and 0.1% gentamicin. Cells seeded in T75 flasks
were incubated in a 37 °C incubator with 5% CO; until they reached 90% confluency.

2.2.4.2 Cell viability analysis

For cell viability analysis, cells were first seeded into 96-well plates at a concentration of 5 x 10* cells/mL
in each well. Then, these plates were incubated for 24 hours in an incubator at 37 °C containing 5% COa.
Following the incubation, these cells were treated with FA&AQNPs in the concentration range of 100
pug/mL-1.56 ug/mL and left to incubation (at 37 °C containing 5% CO5) for 24 and 48 hours. Since viable
cells form formazan salts using MTT, the number of viable cells in each well was determined by adding
MTT dye to each well. The absorbance value of each well in the plates at a wavelength of 570 nm was
measured using a Microplate Reader Spectrophotometer. Cell viability was calculated with the GraphPad
8.1 program. Statistical analysis and comparable data sets were analyzed using GraphPad Prism 8.0
software and a two-way ANOVA with the Sidak test. Statistical significance was determined as a
probability value of 0.05.
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3. RESULTS AND DISCUSSION

3.1 Optimization of FA&AgNP Synthesis with Box-Behnken Design

The experimental results yielded the size and distribution outputs presented in Table 2.

Table 2. Size and size distributions of FA&AgNPs

Stirrin AgNOs FA .
Std speed(r?:) c%ns. cons. V;C(gli\l A(j ) ';,?)t s?ziracrlr?) PDI
m) (mM) (mM)

1 250 1 3 0.3 425 778 0.664
2 1000 1 3 0.3 42.5 1151.2 0.592
3 250 5 3 0.3 425 443.7 1.198
4 1000 5 3 0.3 42.5 234.4 0

5 625 3 1 0.1 425 417.5 1.834
6 625 3 5 0.1 425 294.8 0

7 625 3 1 0.5 42.5 371.2 2.359
8 625 3 5 0.5 425 295.2 1.688
9 625 1 3 0.3 25 784.5 0.662
10 625 5 3 0.3 25 175.3 0
11 625 1 3 0.3 60 940.3 0.655
12 625 5 3 0.3 60 0 0
13 250 3 1 0.3 42.5 406.1 1.987
14 1000 3 1 0.3 425 190.9 4.28
15 250 3 5 0.3 42.5 1894.7 1.421
16 1000 3 5 0.3 425 250.5 2.863
17 625 3 3 0.1 25 3725 2.326
18 625 3 3 0.5 25 316.8 0
19 625 3 3 0.1 60 378.5 1.82
20 625 3 3 0.5 60 128.8 0
21 625 1 1 0.3 42.5 590.1 1.371
22 625 5 1 0.3 42.5 9366.4 5.844
23 625 1 5 0.3 425 615 0.655
24 625 5 5 0.3 42.5 9154.6 0.444
25 250 3 3 0.1 42.5 297.4 2.657
26 1000 3 3 0.1 42.5 238.5 3.181
27 250 3 3 0.5 42.5 1345.2 0
28 1000 3 3 0.5 42.5 333.2 1.659
29 625 3 1 0.3 25 345.5 2.626
30 625 3 5 0.3 25 349.9 2.102
31 625 3 1 0.3 60 1199.1 0
32 625 3 5 0.3 60 4320.6 1.595
33 250 3 3 0.3 25 961.1 0.722
34 1000 3 3 0.3 25 208.5 2.578
35 250 3 3 0.3 60 1213.2 0.681
36 1000 3 3 0.3 60 372.2 3.041
37 625 1 3 0.1 425 539.8 0.96
38 625 5 3 0.1 42.5 0 0
39 625 1 3 0.5 425 668.2 0.638
40 625 5 3 0.5 42.5 2559 1.139
41 625 3 3 0.3 42.5 181.8 2.8
42 625 3 3 0.3 42.5 230.5 3.222
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43 625 3 3 0.3 425 400.7 1.861
44 625 3 3 0.3 425 428.2 0
45 625 3 3 0.3 425 363.5 1.326
46 625 3 3 0.3 42.5 89.1 0

3.1.1 Optimization results based on particle size output

Size and size distribution data were entered as output for BBD analysis. Outputs depending on particle size
were obtained. The polynomial equation for the response factor was created. The correlation coefficient
(R?) was calculated as 0.9943 based on the obtained data.

Particle Size = 294.125 + 997.54293379686*A + 2893.2610338573*B + 1584.5853083434*C-
1923.1442563482*D + 1776.186766928*E + 4865.6142911125*AB + 970.80808645707*AC +
1970.4942563482*AD - 2655.2392004232*AE - 1541.1424652358*BC - 1994.1145329504*BD +
3197.8610338573*BE - 1786.3225665054*CD + 121.08188482467*CE + 1773.1867669287*DE -
590.56795646916%A? + 3710.0391475212*B* + 2306.2389737001*C* - 407.62583887545*D? -
1647.9462439541*E>

Graphics showing how the size changes according to the independent variables are given in Figure 2.

3D Surface Size (nm)
a) s

250 400 550 700 850 1000
X: A Stiring speed (rpm)
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b) 3D Surface = Size (nm)

X: C:Folic acid concentration (mM)
Y: B: AgNO:z concentration (mM)
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Figure 2. Projection and 3D response surface plots of the parameters affecting the particle size of
synthesized FA&AQgNPs. (a) AgNO; concentration and Stirring speed. (b) AgNO; and FA concentration.
(c) AgNOs; concentration and V(AgNQO3) /V(FA). (d) AgNO; concentration and temperature.

According to the graphs given in Figure 2, a) It was observed that increasing both the stirring speed and
AgNO; concentration simultaneously increased particle sizes. Similarly, when the stirring speed and
AgNO; concentration were reduced simultaneously, a decrease in particle sizes was observed. b) The size
of the particles was found to increase with higher concentrations of AGNOs and folic acid (FA). Conversely,
when AgNO;zand FA concentrations were kept low, nanoparticles with nano-scale sizes could be achieved.
c) It was found that an increase in the V(AgNO3)/ V(FA) ratio led to larger particle sizes. Particularly,
particle sizes close to the desired target were obtained when the AgNO3 concentration was below 3 mM,
and the V(AgNOs)/ V(FA) ratio approached its upper values. d) Box-Behnken design (BBD) results showed
that the AgNOs concentration should be kept at the lowest levels while increasing the temperature to obtain
nano-sized particles. Theoretical considerations suggested particle sizes would be at the desired levels when
the temperature and AgNOs concentration were low. In summary, these findings demonstrate that the
particle size of FA&AgNPs can be influenced by the Stirring speed, AgNO;3 concentration, V(AgNOs)/
V(FA) ratio, and temperature. By optimizing these variables, it is possible to control the particle sizes,
especially by employing lower AgNOj; concentrations and temperatures.
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3.1.2 Optimization results based on output-to-size distribution (PDI)

A polynomial equation was formulated to represent the response factor. After analyzing the data, the
correlation coefficient (R?) was calculated as 0.9148.

PDI = 256055252263 + 0.29602641919865*A + 2.1877807522279*B -0.44682453862887*C -
0.50984250228054*D + 0.22764286716722*E

Figure 3 presented graphical representations illustrating the size variations corresponding to the
independent variables. Additionally, in Figure 3, the PDI values showed an increasing trend from blue to
red. During the evaluation of the PDI results, it can be concluded that the size distribution within the range
of 0-0.7 is predominantly monodisperse. Hence, PDI values falling within this range were deemed the most
favorable for nanoparticle synthesis. On the other hand, PDI values outside this range were characterized
as polydisperse, indicating a broader size distribution.

a) 3D Surface PDI
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Figure 3. Projection and 3D response surface plots of the parameters affecting the PDI values of
synthesized FA&AgNPs. (a) AgNOs concentration and Stirring speed. (b) AgNOs and FA concentration.
(c) AgNOs; concentration and V(AgNQ3) / V(FA) (d) AgNO; concentration and temperature.

Based on the observations made in Figure 3, a) Simultaneously increasing the stirring speed and AgNO3
concentration resulted in an undesired size distribution in the particles. However, by maintaining a flexible
Stirring speed range of 250-1000 rpm and employing low AgNOs concentrations (1-2 mM), the PDI value
can be maintained at desired levels. b) The PDI value tended to increase with higher FA concentrations and
lower AgNO; concentrations. It was determined that the PDI value might be kept within the required range
by reducing the FA concentration to 1 mM and keeping the AgNOs values between 1-2 mM. c) Increasing
both the V(AgNOs)/V(FA) ratio and the AgNOs concentration raised the PDI value. However, the
appropriate PDI values were obtained by maintaining a low V(AgNO3)/V(FA) ratio and keeping AgNOs
concentrations within the range of 1-2 mM. d) The Box-Behnken design (BBD) findings showed that
raising the temperature while retaining low AgNO3 concentrations can achieve the appropriate PDI values.
In summary, the data revealed that regulating the Stirring speed, AgNO; concentration, V(AgNO3)/V(FA)
ratio and temperature were the best conditions for reaching desirable PDI values. It is feasible to generate
nanoparticles with the required size distribution by carefully modifying these factors.
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Figure 4. Graph showing the optimized region in yellow and the marked point as
selected FA & AgNPs

The optimization of FA&AgNPs using the BBD was carried out as previously reported [21,22]. The
desirability function neared a value of one, indicating that the goal response variable was successfully
achieved. The optimal conditions for FA&AgNP synthesis were determined based on the yellow region
depicted in Figure 4. This region was determined by setting target values for specific independent variables
while considering relevant laboratory conditions. The target values for the optimization were as follows:
AgNOs; concentration of 1 mM, V(AgNOs3)/V(FA) ratio of 0.3, temperature of 40°C, stirring speed of 625
rpm, and FA concentration of 2.4 mM.

3.2 Characterization of FA&AgNPs

UV-Vis spectrophotometry was used to characterize the FA&AQNPs synthesized under optimal conditions,
and the results were presented in Figure 5. The spectrum of FA&AgNPs exhibited a peak at 419 nm.
Additionally, the maximum absorbance wavelength for FA was determined to be 300 nm. Notably, the
presence of a peak in the 300-500 nm range for FA&AgNPs, distinct from the peak of FA, serves as
evidence for the successful synthesis of FA&AgNPs. As stated in previous studies, the absorption peak in
the 300-500 nm region was observed when silver nitrate was reduced to silver nanoparticles. [23,24]. In
this study, FA was employed as a reduction agent for silver ions. The prominent bright yellow coloration
further confirms the formation of AgNPs. Chowdhuri et al. have demonstrated that FA is an effective
reduction agent, providing stability to AgNPs and preventing their aggregation. Consequently, AgNPs
synthesized using this approach have exhibited enhanced stability for a period exceeding one year [25].
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Figure 5. UV-Visible spectra of FA&AgNPs

FTIR analysis was performed to characterize the chemical reduction of silver ions by FA. FTIR analysis
results of FA were compared with FTIR analysis results of FA&AgNPs (Figure 6).
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Figure 6. FTIR analysis of FA&AgNPs
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Peaks expressing specific information regarding folic acid conjugation were analyzed. In the free folic acid
spectra, the distinctive IR absorption peaks at 1633 cm™ and 1487 cm™* were found due to the N-H bending
vibration of the CONH group and the absorption band of the phenyl ring, respectively [25]. A prominent
peak around 3293 cm was characterized as an O-H stretching vibration. The same peaks may be detected
in FA&AQgNPs, proving chemically that FA binds to Ag* ions.
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Figure 7. a) DLS of FA&AgNPs, b) Zeta potential of FA&AgNPs

The size of FA&AgNP was determined using DLS, as shown in Figure 7. The FA&AgNPs had an average
size of 207+4.3 nm. The polydispersity index (PDI) values are indicative of the uniformity of nanoparticle
distribution, and a PDI value exceeding 0.7 suggests a non-uniform distribution of nanoparticles [26]. The
nanoparticles were distributed uniformly (polydispersity index: 0.655). In addition, the zeta potential value
of the FA&AgNPs was found to be -51.6+2.5 mV. A zeta potential value ranging from -30 mV to +30 mV
signifies the excellent dispersion and long-term stability of nanoparticles, reducing the likelihood of
aggregation [26]. The presence of a negative charge on the surface of the nanoparticles implied that they
are highly stable.

3.3 Cytotoxic Effect of FA AgNPs on Breast Cancer Cell Lines

MTT analysis was used to assess the cytotoxic effects of FA&AgNP on MDA-MB-231 and MCF-7 cell
lines. Graphs of concentration-dependent cell viability determined by MTT analysis are shown in Figure 8.

Figure 8 was plotted by calculating the data obtained after 24 and 48 hours for both cell lines with the
GraphPad 8.1 program.
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Figure 8. Cytotoxic effect of FA&AgNPs on MCF-7 (A) and MDA-MB-231 (B).
The results are shown as the mean SEM (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001
and ****p < 0.0001 represent statistical significance
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The concentration value at which cell viability is reduced by 50% corresponds to the concentration value
at which 50% of the cells are inhibited. This value is called 1Cso in this study; it was calculated using
GraphPad 8.1 software and presented in Table 3.

Table 3. ICsq values of FA&AQNPs after 24 h and 48 h on MDA-MB-231 and MCF-7 cell lines
Cell lines MCF-7 MDA-MB-231

Time 24 h 48 h 24 h 48 h

I1Cso
(ng/mL)

26.30 +0.003 31.50 £ 0.002 20.00 = 0.004 16.99 = 0.003

Two distinct cell lines derived from breast cancer were selected to assess the cytotoxic potential of folic
acid-functionalized AgNPs. The MDA-MB-231 and MCF-7 cell lines exhibit contrasting responses to
hormone therapies. MCF-7 cells possess both estrogen receptor (ER) and progesterone receptor (PR) while
lacking human epidermal growth factor receptor 2 (HER2) [27]. Conversely, MDA-MB-231 represents a
triple-negative breast cancer (TNBC) cell line devoid of all three receptors (ER, PR, and HER2), rendering
hormone therapy ineffective. MDA-MB-231 and MCF-7 cells express folate receptors, although MDA-
MB-231 cells express higher levels of FR-o than MCF-7 cells [20]. In this study, FA&AgNPs showed
relatively more cytotoxic activity against MDA-MB-231 cells than MCF-7 cells. This result was attributed
to MDA-MB-231 cells expressing higher levels of folate receptors.

Folate receptor-targeting nanoparticles have been studied to treat different cancer therapies, including breast
cancer. EI-Hammadi et al. developed PLGA nanoparticles with PEG coating and folic acid decoration.
These 5-FU loaded-nanoparticles showed superior cytotoxic effects over non-targeting PLGA-based NPs
in both HT-29 colon cell lines and MCF-7 breast cancer cell lines [28]. In another study, Erdogar et al.
designed folate-conjugated B-cyclodextrins loaded with paclitaxel. Conjugation of paclitaxel with folate-
conjugated cyclodextrin showed that it increased the sensitivity and cellular uptake efficiency of breast
cancer cells towards the developed NPs, thus reducing the side effects of paclitaxel[29].

Karuppaiah et al. synthesized folic acid-conjugated silver nanoparticles and investigated their combined
effect with gemcitabine (GEM) on breast cancer cells. It has been demonstrated that FA serves as a potent
reducing and coating agent for cancer cells with folate receptors. FA-coated GEM-AgNPs exhibited
synergistic effects and increased selectivity against MDA-MB-453 cells. FA-coated GEM-AgNPs
demonstrated increased cytotoxicity (ICsc=35.34 uM) compared to the individual use of GEM and AgNPs,
resulting in reduced dose-dependent toxicity. Furthermore, the induction of apoptotic cell death by FA-
GEM-AgNPs in the MDA-MB-453 cell line was observed [30]. Banu et al. synthesized folic acid
conjugated polymer-gold composite nanoparticles (GNPs) that combined doxorubicin (DOX) with laser
photothermal treatment. The surface of GNPs was changed with folate, and polyethylene glycol (PEG) was
designed to carry DOX to the targeted breast cancer cells. The folic acid-conjugated DOX-loaded polymeric
GNPs and laser photothermal treatment outperformed DOX alone, notably against breast cancer cells with
high folate expression (MDA-MB-231) [31,32]. DOX conjugated with N-acetyl glucosamine or folate-
functionalized mesoporous silica nanoparticles (DOX-NAG-MSNP or DOX-FA-MSNPs) has been
synthesized by Pramod et al. DOX-NAG-MSNPs had stronger cellular absorption and cytotoxicity than
DOX-FA-MSNPs, particularly in MDA-MB-231 and MCF-7 cells. DOX-FA-MSNPs and DOX-NAG-
MSNPs demonstrated better DOX transport to specific breast cells as compared to free DOX [33,34].
Considering the previous studies and the data obtained in our study, using folic acid-conjugated
nanoparticles for targeting the folate receptor is considered a promising approach to treating breast cancer.
It has been reported that folic acid-conjugated nanocarrier systems can bind selectively to the folate receptor
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on the surface of cancer cells and be carried into the cell via clathrin-mediated endocytosis [35,36].
Circulating folic acid-conjugated transporters bind to folate receptors on the surface of cancer cells,
resulting in invagination, internalization, and vesicle formation. When the pH within the vesicle decreases,
the folic acid-conjugated chemotherapeutic drug is released into the cytosol, causing the desired
pharmacological action in cancer cells. This impact either stops cell division or causes apoptosis [37]. As a
result, the FA&AQNPs synthesized in this study may be delivered to the cells via clathrin-mediated
endocytosis by binding to the folate receptor in breast cancer cells. It has been shown in humerous studies
that silver nanoparticles exhibit cytotoxic effects on cancer cells through mechanisms such as disrupting
cell membranes, interfering with electron transport chains, creating radicals, disrupting protein synthesis
through ribosome interaction, affecting enzymes, and triggering DNA damage [7,10]. Therefore,
FA&AQNPs that can specifically bind to the folate receptor may have a cytotoxic effect on cells through
these mechanisms.

In recent years, investigations have been carried out to investigate the green synthesis of silver nanoparticles
using plant extracts and their anticancer effects on breast cancer. Santhoshkumar et al. synthesized silver
nanoparticles from the liquid extract obtained from Gymnema sylvestre leaves by green synthesis and
determined the ICsy value as 44+0.8 pg/mL on MDA-MB-231 cells after 24h. Darvish et al. silver
nanoparticles were synthesized using Ducrosia Anethifolia aqueous extract and investigated the cytotoxic
effect of these nanoparticles on MDA-MB-231 and MCF-7 cells. After 24 h, 1Cso values were calculated as
45.24+2.96 ng/mL and 33.78+3.54 pug/mL, respectively [38]. The metabolite content of the extract used in
the synthesis of FA&AgNPs and the size, zeta potential, and particle size distribution of FA&AgNPs are
the factors affecting the toxicity of the FA&AgNPs produced in this study on breast cancer cells. The ICso
values of the FA&AgNPs obtained in this study on MDA-MB-231 and MCF-7 cells after 24 h were
calculated as 20.0 pg/mL and 26.3 pg/mL, respectively. After 48 hours, 1Cs, values on MDA-MB-231 and
MCEF-7 cells were found to be 16.99 pug/mL and 31.50 pg/mL, respectively. While FA&AgNPs showed a
dose- and time-dependent cytotoxic effect on the MDA-MB-231 cell line, the time-dependent cytotoxic
effect did not increase on MCF-7 cell lines. FA&AgNPs exhibited higher cytotoxicity than MCF-7 in
MDA-MB-231 cell lines, indicating that they may be more effective in this cell line. The possible reason
for this effect is that MDA-MB-231 cells express higher levels of folate receptors than MCF-7 cells.

4. CONCLUSION

In this study, FA&AgNPs were synthesized using AgNOs salt and FA as a reducing agent. The synthesis
of FA&AgNPs was systematically optimized using the Box-Behnken design. The experimental design
consisted of 46 different trials generated theoretically based on five independent variables (Stirring speed,
AgNO; concentration, FA concentration, V(AgNOs)/V(FA) ratio, and temperature). Nanoparticle
formation was physically detected by monitoring the color transformation and absorption band based on
the surface plasmon resonance of the nanoparticles. FTIR analysis revealed the binding of FA to Ag* ions.
The AgNOs; concentration was found to be highly influential in nanoparticle formation efficiency. The
optimal conditions were determined as a stirring speed of 625 rpm, AgNO; concentration of 1 mM,
V(AgNO3)/V(FA) ratio of 0.3, and FA concentration of 2.4 mM. The average size and zeta potential of the
synthesized FA&AQNPs were measured as 207+4.3 nm and -51.6+£2.5 mV, respectively. Cytotoxicity
results on breast cancer cell lines MDA-MB-231 and MCF-7 showed that FA&AgNPs could potentially
serve as agents with anticancer activity. In conclusion, the synthesized and optimized FA&AgNPs in this
study hold promise as a novel agent for potential use in breast cancer treatment in future studies.
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