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INTRODUCTION

Breast cancer accounts for approximately one-tenth of
all new cancer diagnoses worldwide. It is the most common
type of cancer and one of the leading causes of death in women
[1]. The breast cancer cell line MCF-7 and the immortalized
cell MCFI12A are widely used around the world to carry out
research for cancer treatment [2-4]. Although the treatment
of breast cancer varies according to the stage of the tumor,
it is generally performed in two different ways; local and
systemic. While radiotherapy and surgery constitute the local
treatment, chemotherapy using anti-cancer drugs is the most
commonly used method among the other treatment methods
although it affects the whole body and varies from person to
person [5]. Anticancer drugs used in chemotherapy have two
negative side effects; i) they are used in high doses to achieve
chemotherapeutic effect by causing cell toxicity, and ii) tumor

*Corresponding Author
Emre Burak Ertus, Department of Mechanical Engineering, KTO Karatay
University, Konya, Turkiye. E-mail: burak.ertus @ karatay.edu.tr

cells gain resistance to chemotherapy [6]. Thus, the anticancer
drug does not show the expected effect on tumor cells and
causes the progression of the disease. As a result, success in
cancer treatment will be hindered.

5-Fluorouracil (5FU) is a pyrimidine analog widely
used in cancer chemotherapy. The clinical use of 5SFU began in
1957. 1t has been accepted as a highly effective agent against
tumor development since then. It prevents deoxyribonucleic
acid (DNA) synthesis by inhibiting the thymine nucleotide in
the DNA structure and ribonucleic acid synthesis by inhibiting
the phosphate enzyme. Nowadays, it is commonly used in the
treatment of many cancer types such as breast, colon, rectum,
ovarian, stomach, brain, pancreatic, and skin cancer [7,8].

The toxic character of the cancer drugs causes
undesirable effects on the digestive system, nervous system,
skin, and heart. In recent years, controlled drug release studies
based on porous materials have gained importance due to the
advantages such as maintaining the drug level at a therapeutic
rate and minimizing the side effects [9]. In controlled drug
release studies, loading drugs into porous materials is one of
the most frequently used ways for drug delivery. It is known
that the drug release rate can be controlled depending on the
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porosity and permeability of the drug carrier material [10].
Extensive studies were performed on controlled drug release
by loading 5FU into different nanoparticles [11-13] and the
cytotoxic effect on the MCF-7 cell line [14-16]. However, a
systematic study on the utilization of a nanoporous glass (NPG)
as a SFU anticancer drug carrier is nonexistent.

NPG is an amorphous material containing nanometer
or micrometer size of pores, high surface area, and high (~35%)
pore volume. It shows high chemical stability against organic
solvents and strong acids (except HF). Its surface structure,
suitable for easy functionalization, allows NPG to be grafted
with bioadhesive or biotargetable molecules [17,18]. NPG
differs from other porous materials in drug delivery due to
its advantages including low production cost and suitability
for mass production [18,19]. The physical properties of NPG
including pore size, pore volume, and surface area can be easily
tailored by selecting different production process parameters.
Due to its unique characteristics, NPG attracts attention as a
promising new-generation material in biological applications.
Mazilu et al. [20] reported that osteoblast cells showed viability
and proliferation on and in NPG and, the glucose oxidase
enzyme loaded into the glass showed enzymatic activity. Li et
al. [21] produced NPG microspheres loaded with biological
molecules such as dextran-70. The results revealed that
biological molecules can fill the nanochannels in NPG and
allow controlled release within the tumor.

The purpose of this study was to investigate the
possibility of the utilization of NPG as a 5FU anticancer drug

carrier. The 5FU loading capacity and drug release klnetlc §
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NPG was researched. The cytotoxic effect of this dnxC
have been publicized in the open literature w ime.
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MATERIALS AND METHODS

Materials

High-purity SiO, (Eczacibasi, Tirkiye), Na,CO,
(Merck, USA), H,BO, (Eti Maden, Tiirkiye), and AI(OH), (Eti
Aliiminyum, Tiirkiye) powders served as the initial chemical
constituents for glass production. [3-(2-aminoethylamino)
propyl] trimethoxysilane (technical grade, >80% Sigma-
Aldrich), toluene (anhydrous, 99.8%, Sigma-Aldrich), NaOH
(ACS reagent pellets, Merck), SFU, (=99% powder, Sigma),
and HCI (%37 solution, Sigma-Aldrich) were used for NPG
modification and functionalization. The materials used for
cell culture and 2,3-bis [2-methoxy-4-nitro-5-sulfophenyl]-
2H-tetrazolium5-carboxanilide inner salt (XTT) assay are
phosphate buffered saline solution (Ph 7.4, Sigma) MCF7 breast
cancer cell line (ATCC® HTB-22™ American type culture
collection, USA), RPMI-1640 medium (BioChrom, Germany),
fetal bovine serum (FBS, Biological Industries, Sigma-Aldrich,
Italy), MCF-12A cell line (ATCC® CRL-10782™), DMEM-
high glucose medium (ThermoFischer, Waltham, USA),
gentamicin sulfate solution (Sigma-Aldrich, Italy), Trypsin-
EDTA (0.05%, Gibco™ ThermoFischer, USA), XTT assay kit
(Biological Industries Ltd., Israel), epidermal growth factor
(EGF, Roche), hydrocortisone (Sigma-Aldrich), human insulin

solution (Sigma-Aldrich), and MEM non-essential amino acids
solution (Gibco™, ThermoFischer, USA).

NPG preparation

A sodium borosilicate glass was produced using a
conventional melt-quenching method similar to our previous
study, with the specified composition of 58Si0,-31.6B,0,-
9Na20-1.4A10, (by weight percent) [22]. Batches were
formed by mixing the necessary amount of each ingredient
(Si0,, Na,CO,, H,BO,, and Al(OH), powders). The mixture was
melted in a 90Pt-10Rh crucible in an electric furnace at 1300°C
in the air for 30 minutes. Then, the melt was air quenched. The
resulting glass shards were further crushed using a mortar with
a pestle and re-melted in the same crucible at 1400°C for 1
hour to ensure chemical homogeneity. Following the melting
process, the glass melt was cast onto a polished stainless-steel
plate. Glass pieces were heat treated at 550°C for 12 hours.
Then, the soluble alkali-rich borate phase was removed by acid
leaching process carried out at 1M HCI solution at 90°C for
24 hours. The glass was treated with 0.5M NaOH solution at
room temperature for 6 hours to remove the silica colloids that
remained inside the pores formed after acid leaching. After acid
and alkali treatments, the glass was washed with distilled water
for 24 hours.% remaining NPG was dried at 90°C for 24

hours, pulvesizad,ithdn agate mortar with a pestle, and sieved to
th e s'than 37 um (400 mesh).
nctionalize the NPG surface with amine groups,

a 0. NPG was mixed with 1 ml [3-(2-aminoethylamino)
ropyl trimethoxysilane and 5 ml anhydrous toluene. Then,
e mixture was refluxed at 110°C for 24 hours under constant

stirring. After cooling down to room temperature, NPG was

separated from the solution by centrifugation at 4,500 rpm for

1 hour, and washed with toluene and methyl alcohol. Finally, it

was dried in an oven at 80°C for 24 hours.

NPG characterization

The average particle size of NPG was measured by
laser diffraction technique using a Malvern Mastersizer 2,000.
The Zeta potential of NPG was measured in distilled water
with Malvern Nano ZS90 at 25°C. Field emission scanning
electronic microscopy (FESEM, ZEISS GeminiSEM 500)
was employed to examine the surface and pore morphology.
Nitrogen physisorption measurements were carried out
to examine the porosity of NPG using the Quantachrome
Autosorb-6 instrument. The specimen was degassed at 100°C
for 3 hours. The specific surface area of NPG was measured
based on the Brunauer—Emmett-Teller (BET) analysis and
the total pore volume ( Vp) was calculated from the adsorption
data at the maximum relative pressure (P/P)). The pore size
distribution was measured from the desorption branch of the
isotherm using the BJH model.

5 FU load and release

A 5FU/Phosphate Buffer Solution (PBS, pH:7.4)
at a concentration of 3 mg/ml was used for the SFU loading
medium. 30 mg of NPG was incubated in 5 ml of solution with
a stirring speed of 500 rpm for 24 hours. Then, SFU loaded NPG
(NPG@5FU) was separated from the solution by centrifugation
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twice at 4,500 rpm and dried at 60°C for 2 hours. The absorbance
of the supernatant was measured at a wavelength of 266 nm
using a UV-Vis spectrophotometer (Agilent, Cary60). The
SFU loading capacity of NPG was calculated by the following
equation:

(C-C)yxV

C,- (1)

m
where C, (mg/ml) is the initial solution concentration,
Cf (mg/ml) is the solution concentration after loading, V' (ml)
is the solution volume, and m (g) is the amount of NPG in the
solution.
The SFU release profile was determined by adding
10 mg of NPG@SFU into 20 ml of PBS solution. Release
experiments were carried out under a constant stirring speed
of 500 rpm at 37°C. 2 ml aliquots were taken from the
solution at regular intervals and centrifuged at 4,500 rpm. The
absorbance of 1 ml supernatant was measured using a UV-Vis
spectrophotometer at 266 nm wavelength. 1 ml precipitate with
NPG@S5FU particles was redispersed and added back to stock
solutions. The amount of SFU released (C,) was calculated by
the following equation:
crv+cC
C,= #,, )
where C, (mg/ml) is the concentration of the sample
taken at the specified release time, V, (ml) is the volume of
solution at time ¢, and m (g) indicates the amount of NPG@5FU

release. SFU release behavior was investigat C

kinetic models specified below:
First order: C= C__ (1-exp(-k,.t)) 3)
Korsmeyer-Peppas: C, = k,_.t" 4)

where C, indicates the amount of drug release at the
time of z, C__indicates the maximum amount of drug release,
k, k_, and n are the constants obtained after fitting [23,24].
Well-fitted (R > 0.99) calibration curve of 5FU standard
solutions was used for load and release calculations.

Cell culture

The study protocol was approved by the Ethics
Committee of KTO Karatay University Non-Pharmaceutical
and Medical Device Research Ethics Committee (Decision No.
2020-016, dated 22.05.2020). The MCF7, breast cancer cells,
and MCF12A, immortalized human cells, were used in this
study.

The MCF7 breast cancer cell line (estrogen-dependent
epithelial cell line) was maintained in RPMI-1640 medium
supplemented with 10% FBS and 0.1% gentamicin sulfate
solution. This formulation provided the necessary nutrients and
antibiotics for optimal growth and culture stability. Concomitantly,
the MCF12A cell line, which exhibits characteristics of normal
human mammary epithelial cells, was cultured in a DMEM-
high glucose medium. This nutrient-rich medium was enhanced
with 10% FBS (fetal bovine serum), 0.1% pen-strep (penicillin-
streptomycin), 1% NEAA (non-essential amino acids), and

specific growth factors: 20 ng/ml of EGF (epidermal growth
factor], 500 ng/ml of hydrocortisone, and 0.01 mg/ml human
insulin. This combination facilitated proliferation and maintained
the phenotype of MCF12A cells [25].

Frozen MCF7 and MCFI12A cells were rapidly
thawed in a water bath at 37°C for 1-2 minutes. The cells were
immediately transferred to a 15 ml tube containing medium in
the laminar flow cabinet after that centrifuged at 1,000 rpm for
5 minutes. After the centrifuge, the supernatant was removed.
Then, they were transferred to the T25 flask. The flasks were
placed in a 5% CO, and 37°C incubator. For the next passage,
the confluence of cells was observed every 2 days, and the
medium was changed every 2-3 days. Both cell lines were also
subcultured weekly using 0.02% EDTA and 0.05% trypsin.

MCF7 and MCF12A cells were seeded at a density of
2 % 104 cells/well in 96 well plates and were incubated at 37°C
in 5% CO, for 24 hours. Cells were then treated with SFU, NPG,
and NPG@S5FU of varying concentrations (500, 50, and 25 pg/
ml) in triplicate, and incubated for 24, 48, and 72 hours. At the
end of these periods, images of cells in all experimental groups
were taken with the help of a trinocular inverted microscope
(Nicon, Japan). NPG and NPG@5FU were sterilized under
UV light for 3 hours before the addition to the cell medium.
A positive controlof untreated cells was included. Finally, cell

count apd ci iabiity analyses were performed.

X sa

The cell proliferation was determined by using
[2-methoxy-4-nitro5-sulfophenyl]-2H-

in the solution. Release experiments were repeated for.thre Q standard  2,3-bis
cycles. The data points were obtained by taking the trazoliumS-carboxanilide inner salt (XTT) assay kit. The
average of the three values to get a reliable value for eal

e

kit is based on the proliferation of living cells by forming an
orange soluble formazan dye of tetrazolium salt, mostly due
to mitochondrial dehydrogenase activity. After 24, 48, and 72
hours incubation of cells with NPGs, plates were read at 490 nm
using a UV-Vis Spectrophotometer (Multiskan Sky Microplate,
Thermo Fisher Scientific, Waltham, Massachusetts, ABD). All
concentrations were repeated 3 times in each assay.

Statistical analysis

Statistical analysis was conducted using GraphPad
Prism 9.2.0. IC50 values were determined by the nonlinear
regression graph of the OD values obtained according to
time. Multiple group comparisons were analyzed by two-way
ANOVA and Bonferroni post hoc test. Differences between two
means with p <0.05 were considered significant (*).

RESULTS AND DISCUSSION

Characterization of NPG

The size distribution histogram of NPG particles is
shown in Figure 1. The size of the particles varies in the range
from 0.8 to 61 pm. The volume-weighted average particle size
was 8.7 pm. A small amount (~4%) of particles with a particle
size bigger than 37 pm passed through the sieve due to the
orientation of the elongated particles and the deformation of the
sieve wires over time.

NPG has a negative surface charge and slightly acidic
character due to silanol (Si-OH) groups on its surface [26].
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As shown in Figure 2, the surface charge of NPG (21 mV)
became positive (34.7 mV) after treatment of the surface with
positively charged -NH," groups. The finding verifies that the
surface functionalization process is successful. Similar results
were reported by Dau et al. [27].

SEM images taken from the surface of NPG at
50,000X and 100,000X are presented in Figure 3. NPG has
a characteristic interconnected pore structure [17,28]. No
significant change in the pore structure was observed due to the
functionalization process.

The N, adsorption—desorption isotherm of NPG is
given in Figure 4(a). The pore structure defines the isotherm
shape. NPG has type IVa isotherm according to IUPAC
classifications. A combination of H1 and H2 type hysteresis
curves due to pore blocking/percolation or evaporation caused
by cavitation has been observed in materials with a narrow pore
size (ink-bottle pore model) [29].

The pore size distribution graph of NPG, shown in
Figure 4(b), reveals that the maximum around 30 nm belongs
to interconnected pores in the silica-rich skeleton formed by the
dissolution of the sodium-borate phase of the glass structure and
called primary pores. The hump between 2 and 4 nm belongs
to the pores formed by the dissolution of a small amount of
silica from the sodium-borate phase into the acidic solution and
precipitation as silica clusters in the primary pores, so-called
secondary pores. The specific surface area and the pore volume
values as calculated from N, adsorption—desorption analysis

were 47.3 m¥g and 0.692 cm?®/g, respectively. The functional (=¥

groups cover the silica clusters and partially close the sec®n,
pores [13,30]. This is the reason why the values for 0

volume of secondary pores and specific surface a; ss
than that for the other porous glasses [22].

Volume (%)
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The 5FU loading capacity of NPG was calculated as
18.2 £ 0.2 mg,, /g, The drug loading capacity of NPG was
lower than similar porous nano-sized silicas [13,14,30-32]. The
large particle size (>1 um) of NPG is the main reason for the
comparatively low loading rate. It is believed that the entangled
pore structure prevents the drug diffusion into the center of
NPG and the drug solution cannot reach the pores in the inner
parts of NPG sufficiently.

The SFU release profile of NPG@S5FU is shown in
Figure 5. A burst release of around 65% takes place within 3
hours. This instantaneous release is attributed to SFU molecules
located on the surface and the external pores of NPG, which
get rid of the pores more easily and pass into the solution. The
amount of release continues to increase, reaching around 80%
at the end of the 12th hour, and continues at this level until
120 hours. The release profiles were well-fitted in Korsmeyer—
Peppas (R* = 0.97) and first-order (R* = 0.98) kinetic models.

igure 3. SEM images taken from the surface of NPG at (a) 50,000X and (b)
100,000X.
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The first-order kinetic model describes the drug
release process as dependent on the drug concentration that can
be loaded into the porous material. The maximum amount of
drug release (C, ) and rate constant calculated according to the
kinetic model were 78.2% + 2.4% and 0.42 h—'!, respectively. The
Korsmeyer—Peppas model is based on a diffusion-based process.
The exponent » in the kinetic model is the diffusion exponent that
defines the release mechanism. If n < 0.5, the release depends on
Fickian diffusion. That is, it depends on the average free path that
the drug molecules will travel in the porous structure. It points
out that the diffusion of drug molecules through the pores is
largely dependent on the interaction of the drug molecule with
the pore walls. Exponent n of about 0.05 confirms that the Fickian
diffusion is the controlling factor in drug release.

Morphologic changes of MCF7 and MCF12A cells after
treatment

To reveal the effect of SFU and NPG on MCF7 and
MCF12A cell morphology, culture cell line images were taken
after 24, 48, and 72 hours were evaluated. The images taken via
an optical microscope are shown in Figures 6 and 7.

MCF7 cells in the control group shown in Figure 6(a)
did not exhibit any significant morphological changes. MCF7
cells after treatment with SFU were smaller and separated from
each other. In addition, the cell membranes were rough and
relatively darker as shown in Figure 6(b). The NPG-treated
cells shown in Figure 6(c) were mostly adhered to each other
and there were few cells floating in the medium. For the culture

round and smaller, although there were some cells wit e
and smooth membranes. In addition, there was ab

debris in the medium. Similar morphologies/We S for
the cells in the application groups that had d % dosages and
different treatment periods.

The NPG-treated MCF12A cells shown in Figure 7(c)
displayed similar morphology to the cells in the control group

treated with NPG@S5FU shown in Figure 6(d), cells were mos
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Figure 5. SFU release kinetics of NPG@5FU.
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as shown in Figure 7(a). The cells treated with SFU shown in
Figure 7(b) were separated from each other and their membranes
were rough and not bright. The membranes of the cells treated
with NPG@S5FU as shown in Figure 7(d) were shiny, partially
separated from each other, and some were reduced in size.
Similar morphologies as mentioned above were observed for
the cells in the application groups that had different dosages and
different treatment periods.

Cytotoxicity assay on MCF7 and MCF-12A cells

2,3-bis (2-methoxy-4-nitro-5-sulfophenyl)-5-
[(phenylamino) carbonyl]-2H-tetrazo-lium hydroxide (XTT)
assay that measures the metabolic activity of viable cells was
used to assess the cytotoxicity of NPG in vitro. XTT cytotoxicity
assay of SFU, NPG, and NPG@S5FU administered at various
concentrations (500, 50, and 25 pg/ml) in MCF7 cells were
presented in Figure 8.

For 24 hours, the NPG@S5FU concentration that
reduces cell viability by 50% (IC50) for the MCF7 cell line
was calculated as 11.89 pg/ml, whereas the IC50 NPG@5FU
concentration for the MCF12A cell lines was 27.25 pg/ml.
After 48 hours, the NPG@5FU anti-proliferative effect was
prominent in M cells with an IC50 rate of 11.34 pg/ml.
In MCE12A IC50 was 20.08 pg/ml according to the

@

0

Figure 6. MCF7 cell line images (a) control, after treatments with (b) 500 pg/ml
SFU, (¢) 500 pg/ml NPG, and (d) 500 pg/ml NPG@S5FU for 24 hours.

Figure 7. MCF12A cell line images (a) control, after treatments with (b) 500
pg/ml SFU, (¢) 500 pg/ml NPG, and (d) 500 pg/ml NPG@5FU for 24 hours.
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XTT results after 48 hours of application. After 72 hours of
treatment, the XTT results of MCF7 and MCF12A cell lines
showed that the NPG@5FU IC50 values were 28.61 and 22.75
pg/ml, respectively (p <0.001).

It was noted that NPG@S5FU had lower cell viability
than NPG application groups in the MCF7 cell line. Most
importantly, it exhibited significantly lower cell viability
compared to treatments with either NPG or SFU individually.
In addition, this activity varied depending on the dose and time,
and the effect of NPG on cell viability increased at decreasing
concentrations. For example, at the highest dose of 500 pug/ml,
for 24 hours 5FU and NPG showed 20.6% and 63.84% cell
viability, respectively, while NPG@5FU showed 10.3%. At the
lowest dose of 25 pg/ml, SFU and NPG showed 31.33% and
90.57% cell viability, respectively, while NPG@5FU showed
23.24%.

For 48 h, similar results were obtained at the dose of
500 pg/ml over a 24-h period. At the dose of 50 pg/ml, SFU and
NPG@SFU showed close cell viability, 31.19% and 31.76%,
respectively. However, the cell viability (71.33%) in the SFU
group at the dose of 25 pg/ml was significantly higher than
the NPG@S5FU cell viability (23.24%). In 72 hours, the cell
viability of both SFU and NPG@S5FU at doses of 500 and 50

pg/ml is close to each other. However, at the dose of 25 pg/
ml, the cell viability of the SFU group was 33.06% and that of
the NPG@SFU group was 32.72%. The finding proves that the
25 pg/ml dose increased cell viability compared to the other
groups.

The XTT cytotoxicity assay of NPG and S5FU-
loaded NPG administered at various concentrations (500, 50,
and 25 pg/ml) in MCF12A cells were presented in Figure 9.
Both 5FU and NPG@5FU at the dose of 500 pg/ml in the
MCF12A cell line showed close cell viability, 22.06% and
23.12%, respectively. In 48 hours, SFU at the dose of 500 ng/
ml showed 15.15% cell viability, while NPG@5FU showed
17.06% cell viability. The cell viability of the NPG@5FU
group was higher than that of the SFU group at decreasing
doses in both periods. After 72 hours of application, SFU and
NPG@S5FU showed almost similar cell viability at all doses.
While a lower cell viability was observed at the highest
dose of 500 pg/ml, a higher cell viability was determined
at the lowest dose of 25 pg/ml. The cytotoxicity of NPG in
MCF12A cells was almost negligible at periods and doses
administered, suggesting that NPG is well tolerated in the
MCF12A cell line.
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CONCLUSION

NPG microparticles are produced by successive acid
and alkaline treatments conducted on a sodium borosilicate
glass. A release of 78.2% of the drug in PBS medium is realized
as NPG with an average particle size of 8.7 um was loaded with
SFU up to 18.2 + 0.2 mg,, /g, First-order and Korsmayer—
Peppas kinetic models are suitable to describe the drug release
regime. Although there were cells that died in the early culture
period of MCF7 cell lines treated only with SFU, the surviving
cells eventually multiplied within 48—72 hours of culture
periods. This indicates that the effect of SFU on cells diminishes
over time. However, it has been observed that dose- and time-
dependent cytotoxicity is more prominent for the NPG@5SFU
group. The main reason for this seems to be the continuous
release of SFU, sustaining its dose and time-dependent effect
at 24, 48, and 72 hours of culture. This observation supports
the idea that drug carrier-based sustained-release formulations
might effectively enhance the therapeutic agent’s efficacy by
inducing apoptosis. The cytotoxicity of NPG in MCF12A
cells was almost negligible for all periods and doses processed
suggesting that NPG is well tolerated in this cell line. The drug-
loaded NPG can be a promising material to minimize both drug
resistance and side effects of high-dose anticancer drugs. NPG
is a safe and effective material for drug delivery systems in vitro
and has a potential for in vivo applications.
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