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Abstract
Every year, over one million instances of gastric carcinoma receive diagnoses on a global scale. The objective of the present 
study was to explore the synergistic impact of silk fibroin nanofibers (SFNFs) containing the pharmaceutical agent 5-fluoro-
uracil (5-FU) in managing gastric cancer, centering on the MKN-45 cell line. For this study, we produced a nanofiber structure 
using a ratio of 1:5 of 5-FU to SFNFs. We analyzed the SFNFs using Fourier-transform infrared spectroscopy (FT-IR), UV 
spectroscopy, and scanning electron microscopy (SEM). The effect of pH on drug release was measured using the dialysis 
method. After this, assessments of cellular toxicity and the transcription of apoptotic (Bax, Bcl-2, and p53) and autophagic 
(Beclin-1 and LC3-II) genes were conducted utilizing MTT and PCR methodologies. In summary, SFNFs showed excellent 
controlled 5-FU delivery at different pHs and the amount of 5-FU release has increased as the pH decreases. Moreover, the 
merging of nanofibers with 5-FU substantially augmented the transcription of apoptosis and autophagy-associated genes, 
after 3 and 5 days (P-value < 0.05). It seems that the anticancer mechanism of 5-FU entails stimulating the expression of the 
mentioned genes, a process that can be facilitated by the presence of SFNFs.
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1  Introduction

Several drug delivery systems have been developed in 
recent years to administer multiple medications and to 
release them in a regulated manner to improve their effec-
tiveness. Considering that most anti-cancer drugs spread 
non-specifically throughout the body and are consumed 
by all cells, the use of an efficient and stable drug can be 
very effective in reducing the side effects of drugs and 
their accumulation in the treated area. Therefore, the best-
promising strategy could be controlled drug release at the 
tumor site at a specific time by carriers [1]. These systems 
provide many benefits, namely increasing the bioavailabil-
ity of medicinal products by reducing degradation rates, 
improving cellular uptake, enabling targeting and control 
of drug release as well as minimizing side effects [2, 3]. 
The use of degradable nanostructures as an appropriate 
material due to their limitations in low drug loading and 
rapid drug release caused by their large pores and high 
water content makes them unsuitable [4, 5].

Electrospinning is a versatile technique for fabricating 
continuous, nanofibers from a wide range of polymeric 
materials like Poly(lactic-co-glycolic acid) (PLGA), poly-
vinyl alcohol (PVA), polycaprolactone (PCL), chitosan, 
etc. [6–8]. These nanofibers exhibit unique properties such 
as high surface area-to-volume ratio, 3D topography, tuna-
ble porosity, and flexible surface functions were introduced 
as a good alternative for targeted drug delivery [9, 10]. 
Usual drug types, like tablets, capsules, and injections, 
are incomplete when used for targeted and smart drug 
delivery. To overcome these limitations, nanofibers have 
been disclosed as novel nanomaterials to offer improved 
targeted drug delivery, low toxicity and prolonged drug 
release manner [11, 12]. The use of natural biopolymers 
for drug delivery systems has garnered significant atten-
tion due to their inherent biological and physicochemical 
properties. Silk fibroin (SF) is an FDA-approved, biocom-
patible, and biodegradable natural polymer that possesses 
exceptional mechanical qualities. It is a compelling choice 
for drug delivery applications [13, 14]. The β-sheet struc-
ture of this polymer determines its mechanical properties 
and increases its hydrophobicity. This polymer is made 
up of six repeating sequences of hydrophobic residues: 
Gly-Ala-Gly-Ala-Gly-Ser [4, 15]. Due to having thixo-
tropic properties by SF, they become shear-thin and flow 
during injection, and immediately after injection, they 
return to solid form. As a result, these structures can be 
used in most chemotherapy due to their injectability [16, 
17]. The loading efficiency of 5-fluorouracil (5-FU), as an 
anti cancer drug, in nanostructures, specifically chitosan 
and alginate nanoparticles, is below 30%. Furthermore, 
increasing the drug/polymer ratio leads to a decrease in 

loading efficiency, even if it was initially higher. This 
means that we need to make a novel matrix that can hold 
a lot of drugs consistently and in large amounts to load 
small molecules that dissolve in water [18, 19]. Given that 
the pH in normal cells is higher than that of inflammatory 
and cancerous cells, it is 7.4 in normal cells and 6.4 in 
inflammatory cells, so the anticancer drug delivery sys-
tem of pH-triggered nanoparticles have received a lot of 
attention for achieving the better effectiveness [20, 21]. 
In 2018, Ning Sun et al. fabricated a porous silk fibroin to 
study the release of doxorubicin, then to research the drug 
release behavior of silk nanoparticles at different pHs, the 
concentration of the released drug was investigated [22]. 
They showed that the release of the drug by the porous 
silk fibroin in the acidic environment and subsequently in 
cancer cells will be enhanced.

In this study, we prepared nanofibers of silk fibroin by the 
electrospinning method for loading 5-FU in this structure. 
SFNFs in vitro cumulative 5-FU release profiles at different 
pHs were studied. We analyzed the SFNFs using FT-IR, UV 
spectroscopy, and SEM. The effect of pH on drug release 
was measured using the dialysis method. The cytotoxicity 
study was conducted for all the SFNFs with/without 5-FU 
on the MKN-45 cell line to determine their toxicity on the 
gastric cancer cells and develop a suitable carrier of 5-FU. 
After this, assessments of the transcription of apoptotic 
(Bax, Bcl-2, and p53) and autophagic (Beclin-1 and LC3-
II) genes were conducted by PCR method. The objective 
of the present study is to develop a suitable pH-responsive 
carrier of 5-FU which can effectively work in a cancerous 
environment to fight against gastric-related cancer.

2 � Materials and Methods

2.1 � Materials and Methods

Silk cocoons were purchased from the local market of Tabriz 
(Tabriz, Iran). Sigma-Aldrich provided 5-FU, dialysis bag 
with cut-off 8000 kDa, lithium bromide (LiBr), sodium car-
bonate, ethanol, sodium hydroxide, 3-(4,5-dimethylthiazol-
2-yl)−2,5- diphenyl-tetrazolium bromide (MTT), dimethyl 
sulfoxide (DMSO), sodium chloride, potassium chloride, di-
sodium hydrogen phosphate, di-sodium hydrogen phosphate 
di-hydrate, hydrochloric acid (37%) and all other reagents 
which were of analytical-reagent grade without any addi-
tional purification. The Pastor Institute in Iran prepared the 
MKN-45 cell line.

2.2 � Preparation of Silk Fibroin (SF)

We fragmented the dried silk cocoons into small pieces 
and immersed them in a sodium carbonate solution 
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(0.025 M), boiling and stirring vigorously for 45 min. The 
entire volume was regularly rinsed with distilled water 
(DW) to remove the sericin molecules and then dried for 
24 h in an oven at 50 °C. Next, we dissolved the degummed 
silk in a LiBr solution at 65 °C for 6 h. The SF solution 
was dialyzed in a cellulose bag-based dialysis tube with 
a molecular cutoff of 8000 KDa to remove LiBr salts in 
a cellulose bag against distilled water. We carried out the 
dialysis against distilled water for 4 days, refreshing the 
water every 5 h. We carried out this process to extract salt 
molecules from the solution. Finally, we centrifuged the 
prepped SF solution for 25 min at a temperature of 4 °C 
and a speed of 9000 revolutions per minute [23, 24]. We 
store the resulting SF solution at 4 °C for further analysis. 
In Scheme 1, the schematic illustration of the preparation 
of the SF solution from I to IX is shown.

2.3 � Preparation of the Spinning Solution 
and Electrospinning

The obtained solution of SF was directly concentrated to 
generate about 30% of the fibroin solution by weight with 
slow stirring at 55°C. Then, at a 20% (W/W) of 5-FU weight 
to SF weight, we added the drug to the solution, approxi-
mately equivalent to 100 mg of 5-FU and the control group, 
which did not have 5-FU. With constant stirring, the SF solu-
tion was prevented from whirling into a gel form during the 
concentrating procedure. Then, the prepared solution was 
placed in the electrospinning machine for 6 h and electro-
spun structures were obtained. We used an electrospinning 
apparatus from Fanavaran Nano-Meghyas (FNM Co. Ltd. 
Iran). We conducted the electrospinning process under iden-
tical conditions, ensuring a temperature below 20 °C and a 

Scheme 1   Schematic illustration of steps of SFNFs preparation I to IX, and SFNFs/ 5-FU solution along with electrospinning IX to XI 
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relative humidity of 12%. We loaded 1000 l of SF solutions 
into a 1-mL syringe, fitted with a specific-sized stainless-
steel needle, and connected it to a voltage power source. 
We applied a voltage ranging from 12 to 20 kV at the tip to 
generate spinning solutions. We deposited the electrospun 
SFNFs onto aluminum foil at a distance of 15 cm from the 
capillary tip (Scheme 1, IX—XI).

2.4 � SEM Images

The size and uniformity of both pure and electrospun SFNFs 
were analyzed by comparing the scanning electron micro-
scope (SEM) images of each fibroin sample obtained using 
the Tescan MIRA3 FEG-SEM.

2.5 � Fourier‑Transform Infrared Spectroscopy (FTIR)

The FTIR spectra were utilized to determine the molecular 
structure of 5-FU, SFNFs, and nanofibers loaded with 5-FU. 
The FTIR spectra were obtained using a Nicolet FT-IR 
instrument from Thermo Scientific, located in Madison, 
USA. The scans were recorded in the range of 4000–500 
cm1, and potassium bromide (KBr) pellets were used. The 
tabs were organized using a powder ratio of 10% (w/w) 
SFNFs/KBr.

2.6 � In Vitro Drug Release pH‑Dependent 5‑FU 
from the Electrospinning Silk Fibroin 
(SF‑Loaded 5‑FU)

To examine the release of 5-FU in a laboratory setting, 
SFNF loaded with 5-FU was placed in a suspension of 5 mL 
of PBS solution at room temperature. The suspension was 
stirred slowly and consistently. Three PBS solutions with 
varying pH values (7.5, 6.5, and 5.5) were prepared using 
HCl or NH3 and studied for 24 h to observe their effects 
on diverse biological scenarios. Briefly, the 100-mg SFNFs 
were sealed in a dialysis tube (12000 kDa), which was fur-
ther spread in a 10 mL PBS solution. At suitable breaks, 
100 µL release medium was removed for the spectral test, 
and the same volume of fresh PBS solution was replaced. 
The released 5-FU molecules in the buffer were measured by 
an ultraviolet (UV) spectrophotometric device (bioteck) at 
230–400 nm. The cumulative release percentage of the 5-FU 
was calculated according to the reference [25].

2.7 � Cell Viability Assay

By measuring the cell viability using the MTT test, the 
cytotoxic effects of 5-FU-loaded SFNFs and SF on MKN 
cells were evaluated. The Iranian Pasteur Institute produced 
these cell lines. After 96-well cell culture microplates were 
filled with cells at a density of 4 × 104 cells/mL, the plates 

were incubated at 37 °C in a humidified atmosphere with 5% 
CO2. The cells were separated using a 0.25% Trypsin–EDTA 
(Gibco) solution when they reached 75–80% confluence. We 
used pure SFNPs at a concentration of 20 µg/µL as a refer-
ence point and 5-FU-loaded SFNPs to measure the reac-
tivity of cells to dangerous chemicals. Following a 5-day 
incubation period, the culture medium was removed from 
every well and replaced with 180 μL of fresh medium. The 
wells were filled with 20 µl of MTT solution, and the plate 
was incubated at 37 °C. For 3 and 5 days, the cells were 
cultivated in a CO2 incubator with SFNPs loaded with 5-FU 
and pure SFNPs. After incubation, a serum-free medium 
containing 1 mg/mL MTT was added to the culture media 
containing medications, and the mixture was cultured for an 
additional four hours. After adding DMSO, the absorbance 
of the cell surface on a well plate was measured at 630 nm 
using an ELISA microplate reader. As a positive control, the 
MKN-45 cells that were not given any treatment were shown 
to be 100% viable.

2.8 � Real‑Time PCR for Measuring the Expression 
of Apoptosis and Autophagic Genes

Real-time PCR and specific primers were used to evaluate 
gene expression of p53, p38, p16, p21, TNF-α, IL-1, IL-6, 
and MMP-2. Initially, mRNA was extracted from the cells 
using an appropriate kit method. We employed a Nano-Drop 
UV–vis spectrophotometer (Thermo Fisher Scientific, CA) 
to determine the concentration of RNA. Afterward, com-
plementary DNA (cDNA) was generated using an iScript 
cDNA synthesis kit. The aforementioned genes were ampli-
fied with specific primers that were designed using the NCBI 
Primer design tool and purchased from Eurogenes Genomics 
(Eurogenes Genomics, Germany). In the end, a real-time 
polymerase chain reaction (PCR) was performed using a 
SYBR green master mix on a Light Cycler 96 device (Roche 
Applied Sciences, USA). To do the analysis, the cycle num-
ber (Ct) of each reaction was acquired and subsequently 
standardized using ACTB mRNA. The gene expression level 
was quantified as 2−ΔΔCt. In this study, the following specific 
primers were used:

ACTB F ∶ AAAACTGGAACGGTGAAGGT

ACTB R ∶ AACAACGCATCTCATATTTGGAA

p53 F ∶ CGTGTGGAGTATTTGGATGAC

p53 R ∶ TTGTAGTGGATGGTGGTACAGTC

Bax F ∶ CCCGAGAGGTCTTTTTCCGAG

Bax R ∶ TGGTTCTGATCAGTTCCGGC

Bcl − 2 R ∶ CCCGGTTATCGTACCCT

Bcl − 2 F ∶ GTTCCGCGTGATTGAAGA

Beclin 1 F ∶ TCTGGCACAGTGGACAGTTT

Beclin 1 R ∶ ATGGAGCAGCAACACAGTCT

LC − 3 R ∶ GCTCATGTTGACATGGTCCG
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The differences between groups were assessed using 
GraphPad Prism 8 software (GraphPad Company, San 
Diego, CA, USA) by employing analysis of variance (Tukey 
test) and/or a non-parametric test (Bonferroni test). Statisti-
cally significant values were defined as P < 0.05.

3 � Results and Discussion

3.1 � Fourier‑Transform Infrared Spectroscopy (FTIR)

Figure 1 exhibits the FT-IR spectra of 5-FU, pure SFNFs, 
and SFNFs loaded with 5-FU. The 5-FU spectra (black 
curve in Fig. 1) exhibited characteristic vibration bands at 
870, 1247, 1347, and 3071 cm−1. The vibration bands men-
tioned correspond to the functional groups of C-H (bend), 
C-F (stretch), C-N (stretch), and N–H (stretch), respectively. 
The FTIR spectroscopy reveals the carbon–fluorine bond 
stretching in the range of 1000 to 1360 cm−1. The sensitivity 
of the stretching frequency to other groups within the struc-
ture of the molecule is directly connected with its extensive 
value. The wavenumber position of the absorption bands 
of the amide groups can be utilized to ascertain the confor-
mational arrangement of SFNFs. The β-sheet arrangements 
in silk fibroin structures are characterized by absorption 
bands falling within the range of 1643 cm−1. The existence 
of an amide group (indicated by the C = O stretching band) 
was verified by the vibration band observed at 1652 cm−1 
in the SF spectrum (red curve in Fig. 1). The structure of 
amide I is observed as a random coil at the vibration band 
position (1652 cm−1) in the SF spectrum. The identification 
of 5-FU in the structure of SFNFs was confirmed by the 
appearance of three distinct peaks in the spectrum of the 
5-FU-loaded SF nanofiber (red curve) at 813 cm−1 (corre-
sponding to the C-H functional group) and 1243 cm−1 (cor-
responding to the C-F functional group). The spectra within 
the 3100–3600 cm−1 region can exhibit the hydrogen bonds 
formed between 5-FU and SFNFs.

3.2 � SEM Analyses

Figure  2 shows the SEM images of the SF before and 
after electrospinning and their diameter distribution. The 
nanofibers all have very similar surface morphologies. These 
morphologies consist of random alignments of fibers that 
are uniform and without beads, which indicates the fibers 
formed very unbroken and even [27]. The size and shape 
of the SF before electrospinning were with diameters of 
near 2 μm (Fig. 2a). In contrast, after electrospinning, the 
regenerated SF has changed to a smaller size with diameters 
of nearly 100–150 nm on average. The size of the freshly 
manufactured SFNFs was determined to be optimal, with 
an average diameter of 125 nm.

Polymer concentration and electric current during elec-
trospinning is a key factor that affects the final fiber mor-
phology [26–28]. Generally, extremely high polymer con-
centration may lead to the electrospinning process being 
impossible due to high viscosity, whereas low concentration 
or high voltage results in fibers with beads. The observed 
beads in SFNFs without 5-FU, also can as a result of these 
issues (Fig. 2b). But in the SEM image of SFNFs with 5-FU 
the number of beads decreased, which indicated the proper 
situation of the electrospun solution (Fig. 2c).

3.3 � Loading Result and In Vitro pH‑Dependent 
Release Study of 5‑FU from SFNFs

The quantity of 5-FU enclosed within the SFNFs was meas-
ured in triplicate by UV–Vis spectroscopy and drawing the 
standard curve (concentration of 5-FU as the abscissa and 
the absorbance as the ordinate). To determine the encap-
sulation efficiency (EE) the amount of 5-FU loading into 
the SFNFs was calculated by subtracting the amount of free 
drug present in the supernatant from the total amount of 
drug used to prepare the structure. The quantity of free drug 
was measured spectrophotometrically at a wavelength of 
265 nm.

Fig. 1   The FTIR spectra of pure 
silk fibroin (blue curve), 5-FU 
loaded SFNFs (red curve) and 
5-Fluoracil (black curve)
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The LV and EE of the 5-FU in SFNFs structures were con-
sidered using the following formula:

Loading value (LV) =
The mass of entrapped 5 − FU (mg)

The mass of 5 − FU loaded nanofibers (mg)
× 100

Encapsulation efficiency (EE) =
Total amount of 5 − FU drug − Amount of free 5 − FU drug (mg)

Total amount of 5 − FU drug (mg)
× 100

Also, using a UV-spectrophotometer measured the released 
5-FU drug at 265nm using the following equation:

The maximum absorption length of the 5-FU medicine 
was determined by analyzing the absorption spectra in the 

Release (%) =
Released amount of 5FU

Total amount of encapsulated 5FU
× 100

200–400 nm range (Fig. 3). The analysis revealed that the 
drug’s greatest absorption occurs at 265 nm. The polymer 
and pharmaceutical quantities were kept constant, with a 
drug-to-polymer ratio of 1:5 and the LV and EE for this ratio 
was 42.2 ± 0.24 and 71 ± 0.45 respectively. The intended 
pharmaceutical compound was likewise discharged from 
the nanofiber framework within this specific range of wave-
lengths. The release of 5-FU was investigated at different pH 

Fig. 2   SEM images Silk fibroin: a) before electrospinning, b) after electrospinning without 5-FU, c) after electrospinning with loaded 20% 5-FU

Fig. 3   The relevant absorption spectrum of delivery of 5-FU loaded in SFNFs at different pH situations
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levels using three wavelengths close to the maximal values: 
260, 265, and 270 nm. At a pH of 5.5, the highest loading 
content was achieved. When a β-sheet structure is present in 
the SFNFs, 5-FU does not stick together or move around as 
much. When the silk fibroin’s β-sheet content increases, drug 
encapsulation within the nanoparticles is enhanced when 
the β-sheet content in the SF increases. The investigation of 
in vitro drug release involved measuring the amount of 5-FU 
released and evaluating its absorption. As the pH has risen, 
there has been an increase in drug release. Research has 
shown that over time, the release of a substance increases 
gradually, continuing to climb throughout the initial hours 
until reaching a plateau.

As shown in Fig. 4, with the decrease in pH, the drug 
release from SFNFs has also increased. Hydrogels are 
three-dimensional, cross-linked polymer networks that can 
absorb and retain significant amounts of water or other sol-
vents [29–31]. When the pH of the environment changes, 
it can affect the ionization of the functional groups in this 
structure. As a result, the hydrogel may swell or contract 
in response to these pH changes and be effective in releas-
ing various drugs [32]. Also, many nanofibers contain 
acidic or basic functional groups (such as carboxyl groups 
or amino groups) that can undergo ionization in response 
to pH changes [33–35]. When the pH decreases (becomes 
more acidic), acidic groups may be protonated, leading to 
increased positive charges in the hydrogel-based nanofibers. 
Conversely, when the pH increases (becomes more basic), 
the basic groups may become more deprotonated, leading to 
an increase in negative charges in the nanofibers. This issue 
may play a role in their release due to the load of the effec-
tive substance [36]. On the other hand, changes in charge 
density due to pH changes can lead to electrostatic repulsion 
between polymer chains. This expulsion can cause swell-
ing of the nanostructure and create pores or cracks in its 
arrays. These pores allow the diffusion and release of drug 
molecules that are enclosed inside the SFNFs. On the other 
hand, increasing the porosity and swelling of the nanofib-
ers at lower pH levels facilitates the diffusion of drug mol-
ecules out of the SFNFs matrix. This effect leads to a higher 
rate of release of the drug into the surrounding environment 
[37]. However, it is equally remarkable to observe that the 

increase in drug release reaches a constant value over time. 
The enhancement of drug release with decreasing pH is a 
well-documented phenomenon in many drug delivery sys-
tems, especially those using nanostructure matrices [38–40]. 
For example, recently D Dhar et al. reported chitosan-coated 
nanoparticles for the pH-sensitive and sustained delivery 
of 5-FU in vitro [41]. The result of this study showed that 
the maximum 5FU release was near 40% within the acidic 
media. But our study exhibited that more release in the 
same situation (80%). The primary innovation of developed 
SFNFs/5-FU lies in the pH-sensitive nature of the system. 
This targeted release enhances drug efficacy. Also, by lim-
iting drug release to the tumor site, the risk of systemic 
toxicity associated with conventional chemotherapy can be 
significantly reduced.

3.4 � In Vitro Cytotoxicity

The viability of MKN cells in the presence of 5-FU loaded 
SFNFs and SF was investigated to evaluate the cytotoxic. 
Figure 5 shows the substances’ cytotoxicity in the MKN-
45 cell line. The pure self-assembled nanofibrous structures 
did not exhibit any cytotoxic effects on the cell line, while 
the SFNFs loaded with drugs showed significant cytotox-
icity. The study looked at whether the MKN-45 cell line 
could grow on this substrate. There were two groups: one 
that was treated with 5-FU and the other that was not. Also, 

Fig. 4   The release profile of 5-FU from 5-FU loaded SFNFs (at ratios 1:5) at three pH (5.5,6.5 and 7.5) in different wavelengths, a) 260 nm, b) 
265 nm and c) 270 nm

Fig. 5   Cytotoxic activity of 5-FU loaded SFNFs and free SFNFs on 
MKN-45 calculated by ANOVA (*P ≤ 0.001)
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the effect of SFNFs on cell viability was investigated in two 
periods of 3 days and 5 days after treatment. The results 
obtained are as follows: On the third day, the life of cells 
treated with 5-FU along with nanofibers carriers was sig-
nificantly reduced compared to the group treated only with 
nanofibers (P-value < 0.001). On the fifth day, the life of 
cells treated with 5-FU along with SFNFs carriers was sig-
nificantly reduced compared to the group treated with just 
SFNFs (P-value < 0.001).

3.5 � Investigation of the Expression of Apoptosis 
Bax, Bcl‑2, and p53 Genes

The number of genes related to apoptosis of the MKN-45 
cell line on the SFNFs substrate was investigated in two 
groups treated with 5-FU and without treatment. Also, 
the effect of SFNFs on the expression of the genes of the 
apoptotic pathway in two periods of 3 days and 5 days after 
the treatment was investigated. The results are presented 
in Fig. 6. On the third day, Bax and p53 gene expression 
increased in cells treated with a 5-FU/SFNFs carrier com-
pared to the group treated with just SFNFs, which indicates 
an increase in apoptosis (P-value < 0.05). When compared to 
the group that only got the SFNFs, the group that got 5-FU 
along with the carrier showed a small drop in Bcl-2 gene 
expression after three days. Nevertheless, this discrepancy 
did not reach statistical significance (P-value > 0.05). On the 
fifth day, there was a substantial drop in Bcl-2 expression 
in the group treated with SFNFs/ 5-FU carriers compared 
to the group treated with nanofibers alone. This decrease 
was statistically significant, with a P-value of less than 0.05. 
When cells were treated with 5-FU/SFNFs carriers, Bax and 
p53 gene expression increased. Moreover, initial investiga-
tions indicate that 5-FU induces deadly consequences in 
colon cancer cells by modifying Bcl-2 family proteins [42]. 
Susan et al. also showed that 5-FU can increase the expres-
sion of p53 and thereby lead to an increase in apoptosis 

[43]. Additionally, it appears that 5-FU stimulates the pro-
apoptotic Bcl-2 family members (Bax and Bak), causing the 
release of cytochrome c. This release facilitates caspase-9 
activation by attaching to Apaf-1. Upon activation, caspase 
9 undergoes cleavage and subsequently activates caspase 3. 
Caspase 3, also referred to as the executioner caspase, plays 
a role in inducing cell structural alterations by fragmenting 
DNA and breaking down proteins in the cytoskeleton [44].

3.6 � Investigation of the Expression of Autophagy 
LC3‑II and Bcl‑1 Genes

In the study, the number of genes related to autophagy was 
looked at in MKN-45 cells that were grown on an SFNFs 
substrate. The cells were divided into two groups: one group 
was treated with 5-FU, while the other group received no 
treatment. At 3 and 5 days after treatment, the effect of 
nanofiber structure on the expression of genes involved in 
the autophagy pathway was also checked. The results are 
displayed in Fig. 7. The amounts of LC3-II and Bcl-1 genes 
were higher in cells treated with 5-FU/ SFNFs carriers after 
three days than in cells treated with SFNFs alone. This 
suggests an increase in autophagy (P-value < 0.05). After 
5 days, the LC3-II and Bcl-1 genes were more active in cells 
treated with 5-FU/ SFNFs carriers than in cells treated with 
only nanofibers (P-value < 0.05).

The results show that SFNFs/5-FU can make MKN-
45 cancer cells go through autophagy. The increase in 
autophagy in MKN-45 cells after exposure to SFNFs con-
taining 5-FU can be attributed to a variety of variables 
and mechanisms. Autophagy is a cellular mechanism that 
involves breaking down and reusing damaged or malfunc-
tioning parts of cells. This process can be influenced by 
a variety of external events, such as drug use [45]. Here 
are some possible explanations for why these 5-FU/SFNFs 
might increase autophagy in MKN-45 cells. 5-FU exerts its 
anticancer effects by interfering with DNA synthesis and 

Fig. 6   The results of the expression of apoptosis genes: a) Third day, b) Fifth day
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activates RNA transcription, which can lead to the accu-
mulation of damaged DNA and activation of cellular stress 
responses. This cellular stress can induce autophagy as a 
defensive process to eliminate impaired components and 
enhance cell viability [46]. On the other hand, it has been 
shown that nanofiber structures along with 5-FU administra-
tion can increase Bcl-1 and LC3 genes [47]. 5-FU is a chem-
otherapy drug that interferes with DNA and RNA synthesis 
in cancer cells, leading to cellular stress. In this regard, Lin 
et al. have shown that autophagy can be induced by cellular 
stress to remove damaged cellular components and enhance 
cell survival. Beclin-1 is a vital protein in the autophagy 
initiation complex, and its positive regulation is the initial 
step in the autophagy process, which can ultimately induce 
autophagy among cancer cells [48]. In summary, it seems 
that the increase in LC3-II gene expression observed when 
treating cancer cells with SFNFs/5-FU indicates the activa-
tion of autophagy. This response is likely a cellular attempt 
to cope with the stress caused by 5-FU treatment, remove 
damaged cellular components, and promote cell survival 
under adverse conditions.

4 � Conclusion

The purpose of this work was to develop a controlled-release 
drug delivery system for loading 5-FU, a powerful antican-
cer agent. Using silk fibroin and 5-FU aqueous solution, the 
nanofibers including the 5-FU drug were successfully prepared 
in this study. 5-FU can be mostly encapsulated in electrospun 
materials and showed pH-sensitive release behaviors. SFNFs 
showed excellent controlled 5-FU delivery at different pHs and 
the amount of 5-FU release has increased as the pH decreases. 
This study also found that SFNFs/5-FU can raise the levels 

of Bax and p53 genes after 3 days, which means that apopto-
sis has been initiated. Also, after 5 days, it leads to a further 
increase in Bax and p53 genes, while simultaneously causing 
a decrease in Bcl-2. On the other hand, it has been shown 
that SFNFs/ 5-FU administration can increase Bcl-1 and LC3 
genes. The increase in this gene expression can indicate the 
activation of autophagy. This study demonstrates that the com-
bination of SFNFs and 5-FU can effectively treat gastric cancer 
and stimulate the apoptosis autophagic process. Thus, materi-
als with a nano-fiber structure, especially the SFNFs structure 
prepared in this study, can release less 5-FU when they meet 
healthy tissues and more when they meet tumor tissues due 
to their different pH. These SFNFs have demonstrated their 
potential as effective delivery structures for cancer treatment 
because of their high loading capacity and pH-sensitive release 
profile.
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