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Abstract
The electrospinning process was used to successfully encapsulate an anticancer 
drug, 5-fluorouracil (5-FU), into poly(ε-caprolactone)/gelatin (Gel) nanofiber mats 
(5-FU-PCL/Gel NFs). Nanofibers are recognized to be potential carriers for the 
delivery of anticancer drugs.  One of the safest solvent systems for making PCL/
Gel NF mats is the formic acid/acetic acid (FA/AA) solvent system. A compound 
solution jet was drawn from a customized coaxial spinneret using a high potential 
electric field of 20 kV. The loading of 5-FU with three different concentrations (5, 
10, and 15 wt.%) improved PCL stabilization in the FA/AA system. The miscibility 
of the blended polymers in the electrospun nanofibers mats and 5-FU being well 
distributed in the nanofiber matrix was investigated using X-ray diffraction (XRD). 
In vitro 5-FU release from electrospun PCL/Gel NF mats revealed sustained release 
from the nanofiber mats, whereas slower release was found when higher concentra-
tions of 5-FU were used. The produced electrospun PCL/Gel NF mats were studied 
by SEM, FTIR, TGA, and DSC. According to a study on drug release kinetics, 5-FU 
was released from PCl/Gel NFs in a diffusion-controlled pattern.

Keywords  Electrospinning · 5-Fluorouracil · PCL · Gelatin · Nanofibers · Drug 
release

Introduction

Cancer is uncontrolled cell growth that can spread to other body regions. Death may 
result if the spread of the cells is not stopped. Chemotherapy, radiation therapy, sur-
gery, hormonal, immunologic, and targeted therapies (drugs that specifically target 
the growth of cancer cells) are some of the already recommended treatments [1]. 
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Most anticancer medications attack all rapidly developing cells, including healthy 
cells, without distinguishing between cancer and normal cells; as a result, they can 
seriously affect the patient’s health [2]. The effectiveness of treatment is additionally 
constrained by the medications’ high toxicity, limited therapeutic window, and low 
solubility [3].

5-Fluorouracil (5-FU) is a pyrimidine analogue that belongs to the broad-spec-
trum anticancer drugs and acts as an antimetabolite. When used alone or in combi-
nation with other anticancer medications, it exhibits broad-spectrum effectiveness 
against the brain, head, ovary, neck, breast, pancreas, liver, gastrointestinal tract 
tumors [4–6]. 5-FU can be incorporated into RNA and DNA because of its struc-
ture. It acts as a thymidylate synthase inhibitor [7]. The 5-FU has drawbacks, includ-
ing nonspecificity that can cause systemic toxicity, wide dispersion, extremely low 
absorption, short half-life, and the need for high doses that can result in adverse 
effects [8]. Additionally, the clinical usage of 5-FU has been severely constrained by 
the development of resistance by tumor cells [8, 9]. Additionally, the clinical usage 
of 5-FU has been severely constrained by the development of resistance by tumor 
cells [8, 9]. The 5-FU is incorporated into polymeric nanofibers in order to get over 
the above-mentioned drawbacks, These drug carriers are special in that they allow 
for simple surface property adjustment, can shield the drug when it is encapsulated, 
and can enhance the drug stability [10]. The fibers can be treated with 5-FU using 
techniques like coating and dipping. Other methods exist for loading the drug into 
the nanofibers [11]. It should be mentioned that among the various carriers, nano-
structures have recently demonstrated their ability for targeted drug delivery [12]. 
Due to their high flexibility, porosity, and superficial, mechanical properties [13, 
14], nanotechnology and electrospun nanofiber mats have created new opportunities 
for drug delivery [15] for the majority of diseases.

Nanofibers with high porosity and a particular surface area, which resemble the 
extracellular matrix, can be made using the straightforward electrospinning method 
[16, 17]. A jet of polymer solution is subjected to a high voltage to create electro-
spun nanofibers. Polymeric nanofibers, as a result, are accumulated on the target col-
lector [18]. The best nanofiber morphology may be created by modifying variables 
including tip-to-collector distance, voltage, solute concentration variation, and sol-
vent type [17, 19]. A jet of polymer solution is subjected to a high voltage to create 
electrospun nanofibers. Polymeric nanofibers, as a result, are accumulated on the 
target collector [18]. The best nanofiber morphology may be created by modifying 
variables including tip-to-collector distance, voltage, solute concentration variation, 
and solvent type [17, 19].

Several opportunities exist to enhance drug efficacy and pharmacological perfor-
mance parameters using new drug delivery systems based on biodegradable poly-
mers. An ideal and targeted drug delivery system to the cancer cell infested site 
needs to be developed. This is considering that reduced toxicity, enhanced chemical 
and physical qualities, defense against chemical degradation, and increased environ-
mental sustainability are some of these factors [20, 21].

Poly(ε-caprolactone) (PCL) biodegradable synthetic polymers have gained 
attention in the biomedical field, including as drug carriers, over the last two 
decades [22–24], because it has excellent biodegradability, biocompatibility, 
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biodegradability, fiber-forming capability, and good mechanical properties [25]. 
However, the hydrophobicity, lack of natural cell-specific recognition sites [26], and 
slow degradation kinetics of PCL [27] may limit it from being used in a variety of 
biomedical applications that require a faster rate of absorption [28]. To get over this 
limitation, PCL is mixed with other natural sources of hydrophilic polymers or pro-
teins like gelatin, lecithin, and chitosan, all of which can improve the hydrophilicity 
and biocompatibility of the resulting PCL nanofiber mats [29, 30]. Gelatin contains 
the amino acids glycine, proline, and hydroxyproline, which collectively help cells 
adhere to one another. The Gel is non-antigenic and has good porosity, biocompat-
ibility, fluid retention characteristics, and cell-specific binding sites [31]. Gel has 
limited mechanical strength and degradability [32]. An immunogenic response is 
triggered when human skin fibroblasts are exposed to electrospun nanofibers of syn-
thetic polymers, but this can be reduced by coaxially electrospinning with gelatin 
[33]. So, by mixing PCL with gelatin, it is possible to produce scaffolds that are 
both mechanically stable and feature cell-specific patterns that are appropriate for 
both tissue engineering and rapid wound healing. Polycaprolactone nanofibers mats 
are widely used in biomedical applications. The least toxic solvent system among 
several others was found to be the formic acid/acetic acid (FA/AA) system. The FA/
AA solvent system was referred to as be the safest solvent system for electrospinning 
PCL/Gel nanofibers since it was found to produce uniform, beadless, reproducible 
PCL/Gel nanofibers with a small nanofiber diameter compared to other solvents. In 
addition, it is commonly utilized as a solvent for several polymers, including gelatin 
and chitosan. In the present work, the effect of encapsulating different concentra-
tions of 5-FU into PCL/Gel NFs mats was investigated using SEM, FTIR, TGA, and 
XRD to improve the stability of the polymer solution as well as the resulting proper-
ties of the electrospinning mats such as hydrophilicity.

Experimental

Materials

Poly(ε-caprolactone) (99.9%, average molecular weight 80,000 gm/mol, Sigma-
Aldrich, Germany), formic acid (85%, Edwic, Egypt), acetic acid (96%, Edwic, 
Egypt) and 5-fluorouracil (5-FU; C4H3FN2O2; 5-fluoropyrimidine-2,4-dione, 99%, 
Alfa Aesar, Germany), and disodium hydrogen orthophosphate (Na2HPO4) were 
obtained from Sigma-Aldrich, Germany. Potassium hydrogen phosphate (KH2PO4) 
was purchased from Alpha Chimika, India, Gelatin (BDH, catalog number: 
440454B, Biomolecules, India). All other chemicals, unless otherwise specified, are 
of analytical grade. They were used as purchased without any purification.

Electrospinning of PCL/Gelatin nanofibers

For the formation of the PCL solution, 20 wt.% PCL were dissolved in a solvent 
mixture of 70:30 FA/AA and stirred magnetically for up to three hours to achieve 
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complete dissolution. For solution for 5-FU-PCL/Gel NFs mats, 20 wt.% PCL was 
prepared as mentioned above. Then, 0.02 gm of gelatin was added, and the amount 
of 5-fluorouracil (5-FU) was added and magnetically stirred until dissolution. Three 
different concentrations of 5-FU (5, 10 and 15 wt.%) were used and termed as fol-
lows: (5%) 5-FU-PCL/Gel NFs, (10%) 5-FU-PCL/Gel NFs, and (15%) 5-FU-PCL/
Gel NFs, respectively. After that, a 21G needle was used to inject the prepared PCL 
and 5-FU-PCL/Gel NFs solutions into a 1 ml syringe at a tip-to-collector distance 
of 12 cm while operating under a 20 kV applied voltage. The Glassman High Volt-
age Series encompassing the range of 0–20 kV was used to adjust the voltage. The 
Syringe Pump Series 100 controls the solution’s flow rate. At a relative humidity 
(RH) of 60 ± 2% and a room temperature of about 22 °C, electrospinning was done. 
The appropriate diameter was then achieved by rolling up the manufactured PCL-
Gel NFs mats.

Analysis of 5‑FU

Determination of the maximum wavelength of absorption (λmax) of 5‑FU

Using 5-FU in phosphate buffer solution (PBS) as a solvent, the spectrophotometric 
assay for 5-FU analysis was carried out using a Shimadzu UV spectrophotometer 
(2401/PC, Japan). With PBS serving as a blank, the 5-FU dissolved in the studied 
solvent at 10 g/ml was screened to detect the λmax of 5-FU from the UV spectrum. 
This concentration was made by diluting a stock solution of 10 μg/ml, which was 
made by properly weighing 10 mg of 5-FU and dissolving it in 10 ml of the PBS.

Formation of 5‑FU calibration curve

Using the proper dilutions of the above-mentioned stock solution, six concentrations 
of 5-FU 4, 6, 8, 10, 12, 14, and 16 μg/ml were prepared in PBS solvent. Each of 
these concentrations’ absorbance was measured at the λmax using PBS as a blank. 
The concentration of 5-FU and the UV absorbance at the appropriate wavelength of 
maximum 5-FU absorption in the PBS as a solvent were plotted on a linear calibra-
tion curve.

Determination of encapsulation efficiency (EE%)

In order to determine the EE% of 5-FU in the prepared nanoparticles, the combined 
washings after centrifugation were appropriately diluted using 0.5% acetic acid. 
The amount of free, unencapsulated 5-FU was measured spectrophotometrically 
at 265.2 nm using the regression equation of the standard calibration curve plotted 
employing suitable concentrations of 5-FU [34]. The amount of encapsulated 5-FU 
was determined by difference between the amount of free, unencapsulated 5-FU in 
the combined washings and the initial amount used in preparation of PCL/Gel NFs 
where the following equation was employed [35, 36]:



3957

1 3

Polymer Bulletin (2024) 81:3953–3972	

Characterization of 5‑FU loaded PCL/Gel NFs mats

Fiber morphology

Fiber morphology was investigated under a field emission scanning electron micro-
scope SEM using Quanta FEG 250 (FEI Company, Holland) device. The diam-
eter distribution of the electrospun nanofibers was calculated by measuring about 
80–100 individual fibers with image analysis software (Image J 1.42q software 
(NIH, Bethesda, Maryland, USA).

Fourier transform infrared spectroscopy (FTIR)

FTIR spectroscopy was used to study the composition of gelatin, PCL, and 5-FU as 
well as the changes in the functional groups of electrospun PCL/Gel NFs mats due 
to the encapsulation of 5-FU. An FTIR spectrometer (Jasco, FT/IR 6100, Japan) was 
used to record the spectra. The powdered samples were ground and combined with 
KBr and then, compacted into disks using the KBr pellet process. A 4000–400 cm−1 
scanning range was used.

X‑ray diffraction (XRD)

The crystalline structure and amorphousness of Gel, 5-FU, pure PCL, the electro-
spun PCL/Gel NFs mats and 5-FU loaded PCL/Gel NFs mats were evaluated using 
X-ray diffraction. Measurements were acquired with an X-ray diffractometer (Bruker 
AXS, D8 Advance, Germany), which was operated at 40 kV and 40 mA using CuKα 
as a radiation source where λ = 1.54 Å. The diffractograms were recorded in the dif-
fraction angle (2θ) range between 5 and 65°, with a scanning rate of 5°/min.

Thermal gravimetric analysis (TGA)

The thermal behavior of 5-FU-PCL/Gel NFs samples was measured using the ther-
mal analyzer TGA-SDT Q600 V20.9 Build 20, (USA) in the temperature range 
of room temperature to 900 °C at a heating rate of 10 °C/min in an inert nitrogen 
atmosphere (N2) using reference alumina.

Differential scanning calorimetry (DSC)

Thermal stability of 5-FU-PCL/Gel NFs was investigated through DSC using ther-
mal analyzer DSC–SDT (Simultaneous DSC-TGA) Q600 V20.9 Build 20, (USA) in 
the range from room temperature to 350 °C at a heating rate of 10 °C/min under inert 

(1)EE% =
Free drug − Total drug

Total drug
× 100
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nitrogen atmosphere (N2) using reference alumina. The samples weight was between 
2.5 and 12 mg.

In vitro drug release study

In order to allow the electrospun nanofiber mats (5-FU-PCL/Gel NFs) to release drug 
in phosphate buffer solution (PBS), it was cut into roughly similar sizes (10 × 10 mm) 
immersed into 14 ml of 0.01 M PBS, pH 7.4 in a closed centrifuge tubes and then, kept 
in a shaking incubator at 37 °C to allow the NFs to release drug in PBS. At predeter-
mined time intervals (0, 20, 40, 60, 80, and 100 h), 5 ml of the release medium was 
withdrawn and replaced with 5 ml of fresh buffer solution. Then, calculate the amount 
of drug released from nanofibers during that time. The samples were properly diluted 
before being spectrophotometrically examined for 5-FU concentration. Nine solutions 
of 5-FU at various known concentrations were used to calibrate the 5-FU concentra-
tion. The proportion of released 5-FU to 5-FU that was first injected into the dialysis 
bag was used to calculate the cumulative percentage of drug released. A triple of each 
measurement was done.

Drug release kinetics

Kinetic analysis of drug release of 5-FU from different PCL/Gel NFs was performed 
using different mathematical models, including zero-order and first-order models, 
Higuchi’s model, Hixson-Crowell cube root law, Baker-Lonsdale equation of time 
kinetics, and the Peppas exponential model, the correlation coefficients values (R2) 
were calculated from the plots of Q versus t in case of zero order, log(Q0 − Q) versus t 
for first order, Q versus t1/2 for Higuchi model, Q0

1/3 − (Q0 − Q)1/3 versus t for Hixson-
Crowell model, 3/2[1 − (1 − Q/Q0)2/3] versus t for Baker-Lonsdale model, and Q versus 
Log t for Peppas model. Where (Q) indicates the amount of drug released at time (t), 
and (Q0 − Q) indicates the amount of drug still present at that time (t). To ascertain 
the drug release mechanism, the release exponent (n) in the Peppas model was also 
determined.

Statistical analysis

The experimental results were presented as mean value ± standard deviations (SD). Sta-
tistical analysis was performed by means of a two-way analysis of variance (ANOVA). 
All experiments were repeated at least three times. The statistical significance of the 
differences was evaluated by two-way analysis of variance, and P < 0.05 was consid-
ered to indicate a statistically significant difference.
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Results and discussion

Fiber morphology characterization

The Fig. 1 demonstrates SEM images of electrospun pure PCL NF mats, PCL/Gel 
NF mats, and the fabricated 5-FU-PCL/Gel NF mats prepared from PCL mixed with 
Gel at different concentrations of 5-FU (5, 10, and 15 wt.%) and their fiber distri-
bution. All fibers are nanoscale and exhibit uniform and smooth morphology [37, 
38]. Figure 1a shows that the pure PCL NFs mat fibers are uniformly and randomly 
oriented with no beads or bundles of fibers, with an average nanofibers diameter 
of 223.2 ± 57.6 nm. The average diameters of nanofibers were about 72.8 ± 10.2 nm 
(Fig. 1b). The difference in diameter between PCL and the other samples could be 
attributed to the inclusion of Gel, which reduced the spinning solution’s viscosity 
[38, 39]. SEM Images of the NFs mats are shown in Fig. 1c–e. The average nanofiber 
diameters of (5%) 5-FU-PCL/Gel NFs, (10%) 5-FU-PCL/Gel NFs & (15%) 5-FU-
PCL/Gel NFs mats were found to be in the range of 96.6 ± 25.9, 97.2 ± 16.5, and 
100 ± 32.8 nm, respectively. 5-FU was encapsulated into the core of the NFs during 
the electrospinning process using the FA/AA solvent system. Increasing the 5-FU 
content, bead-free fibers and an increase in nanofiber diameter were produced, as 
shown in Table 1. The NF mats were randomly distributed and showed non-uniform 
surface features with many 5-FU particles attached to the surface. The SEM image 
did not show large beads as in PCL NFs, but it showed some fiber bundles within 
the nanofiber matrix, which indicated some 5-FU particles attached to the surface 
of NFs mats. Due to the higher viscosity, the polymeric chains are more conjugated 
with each other and form thicker fibers. The diameter of the resulting nanofiber mats 
can vary depending on the 5-FU concentration of the electrospun target. The find-
ings confirm those of Iqbal et al. [40].

Encapsulation efficiency (EE%)

In this study, the EE% of (5%) 5-FU-PCL/Gel NF, (10%) 5-FU-PCL/Gel NF and 
(15%) 5-FU-PCL/Gel NF mats were found to be in the range of 53.3%, 61.8%, 
and 67.6%, respectively. It is clear that an increase in EE% (P b0.05) was observed 
with the increase in 5-FU concentration from 5 to 15 wt. investigated. This finding 
comes in agreement with previous reports. For example, Nagarwal et  al. reported 
an increase in EE% upon increasing 5-FU concentration from 5 to15 wt.% The val-
ues obtained suggest the high efficiency of the encapsulation and the suitability of 
the nanoplatform for use in drug delivery applications. This sample was selected for 
controlled release testing [41].

FTIR analysis

The chemical composition of the nanofiber mats and the presence of each com-
ponent in the miscible fiber mixtures were investigated using FTIR analysis. 
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Fig. 1   SEM images of electrospun for (a) pure PCL NF, (b) PCL/Gel NF mats, (c–e) 5-FU-PCl/Gel NF 
mats at various 5-FU concentrations (5%, 10%, and 15%), and nanofiber diameter distribution histo-
grams, respectively (scale bar = 2 µm)
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Figure  2 shows the FTIR spectra of Gel, PCL, 5-FU, PCL/Gel nanofiber mats, 
and 5- FU-PCL/Gel NFs mats ((5%) 5-FU-PCL/Gel NFs, (10%) 5-FU-PCL/Gel 
NFs and (15%) 5- FU-PCL/Gel NFs). The FTIR spectra of gelatin show a band at 
3262.15  cm−1 which corresponds to the N–H stretching vibration: 1627.93  cm−1, 
which corresponds to C = O stretching vibration of preprimary amide; 1524.71 and 
1444.98 cm−1 represent the bending vibration of secondary amide (N–H and –CH2); 
1238.49 and 1028.34 cm−1 due to the N–H bending vibration and the C = O stretch-
ing vibration of tertiary amide [42, 43]. FTIR spectral analysis of PCL revealed an 
intense peak at 1724.64  cm−1 and a small band at 731.12  cm−1 corresponding to 
the −C = O stretching of the ester carbonyl group of PCL. The peaks at 2866.79 and 
2941.17  cm−1 correspond to the C-H bond of the saturated carbons [43, 44]. Due 
to the vibration of the aromatic ring and imide stretch (secondary amide and ter-
tiary amide), 5-FU exhibits characteristic bands at 3178.2, 1725.1, 1655.4, 1426.1, 
1245.6, 809.8, and 546.8 cm−1. –C–H stretching bands cause the spectral bands at 
3025.7 − 2928.3 cm−1, and pyrimidine vibration causes the peak at 1348.1 cm−1. In 
addition, at 1179.2, 1655.5, and 1245 cm−1, respectively, the –C–O and –C–N vibra-
tions were seen [45]. The characteristic bands of PCL at 2867.27 and 2944.59 cm−1 
correspond to –CH2 symmetric and asymmetric –CH2 vibrations; 1724.50 cm−1 rep-
resents the C = O stretching of the ester group; 1047.26 and 1239.16 cm−1 refer to 
symmetric and asymmetric –C–O–C stretching vibrations, respectively. In the spec-
tral of 5-FU- PCL/Gel NFs mats, at 1725.3 and 1672.4 cm−1, the carbonyl stretching 
(C = O) bands of PCL and 5-FU, respectively, were observed. At 2944.59 cm−1, the 
5-FU-PCL/Gel NFs’ C–H group stretching band could be seen. In the spectra of 
5-FU, the C-F stretching band had a peak of 1293.6 cm−1 [20, 46]. The fact that this 
band was seen at 1293.6 cm−1 shows that the drug was loaded effectively. The elec-
trospun 5-FU-PCL/Gel NF mats also showed the distinctive PCL, gelatin, and 5-FU 
bands. Additionally, the electrospun 5-FU- PCL/Gel NF mats showed the distinc-
tive bands of PCL, gelatin, and 5-FU, indicating that the individual components had 
been successfully incorporated into the resulting nanofiber mats.

XRD

XRD patterns were recorded between 5° and 65° for Gel, PCL, 5-FU, electrospun 
PCL/Gel NF mats, and 5-FU-PCL/Gel NF mats at various 5-FU concentrations. 

Table 1   5-FU concentration and electrospun NanoFiber Diameter

Sample name PCL concentration 5-FU concentra-
tion

Electrospun 
nanofiber diam-
eter (nm)

PCL NFs 20% – 223.2 ± 57.6
PCL/Gel NFs – 72.8 ± 10.2
(5%) 5-FU-PCL/Gel NFs 5% 96.6 ± 25.9
(10%) 5-FU-PCL/Gel NFs 10% 97.2 ± 16.5
(15%) 5-FU-PCL/Gel NFs 15% 100 ± 32.8
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Fig. 2   FTIR spectra of Gel, PCL, 5-FU, PCL/Gel NF mats, and 5-FU-PCL/Gel NF mats for different 
concentrations of 5-FU are (5%) 5-FU-PCL/Gel NF, (10%) 5-FU-PCL/Gel NF, and (15%) 5-FU-PCL/Gel 
NF, respectively



3963

1 3

Polymer Bulletin (2024) 81:3953–3972	

XRD used to investigate their crystalline structures [47] and determine how 5-FU 
affects it (Fig.  3). Gel has no significant peak in its XRD pattern, indicating the 
amorphous nature of Gel [48]. Two distinct diffraction peaks in the PCL were seen 
at Bragg angles of 2θ = 21.5° and 23.9°, indicating that of the PCL. Pure 5-FU’s dif-
fraction pattern revealed strong at 2θ = 16.2, 19.8, 21.6, 22.1, 28.3, 32.7, 36.7, 36.8, 
and 46.5°, indicating that a drug is in a crystalline state [49]. PCL/Gel NF mats 
and 5-FU-PCL/Gel NF mats diffracted at 2θ = 21.6° and 23.8°, respectively [50, 51]. 
However, after loading 5-FU into PCL/Gel NFs, all characteristic peaks disappeared 
completely. The result indicates that the crystallinity of 5-FU is significantly reduced 
in PCL/Gel NF mats thereby existing in an amorphous form. The position of the 

Fig. 3   XRD patterns of Gel, PCL, PCL/Gel NF mats, and 5-FU-PCL/Gel NF mats at different 5-FU con-
centrations are (5%) 5-FU-PCL/Gel NF, (10%) 5-FU-PCL/Gel NF and (15%) 5-FU-PCL/Gel NF, respec-
tively
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PCL diffraction peaks in the XRD pattern was shifted to the right and had much less 
intensity than those of the pure PCL nanofibers, showing a different crystal form and 
a lower degree of crystallinity of the electrospun PCL/Gel nanofibers.

TGA​

The Fig.  4 shows thermograms of Gel, PCL, 5-FU, PCL/Gel NFs, and 5-FU-
PCL/Gel NFs as (5%) 5-FU-PCL/Gel NFs, (10%) 5-FU-PCL/Gel NFs, and 
(15%) 5-FU-PCL/Gel NFs, respectively. Gel has three stages of thermal degra-
dation. The first step (50–200  °C) is because of the loss of moisture (absorbed 
and bound). The second step (200–390 °C) is because of the main zone of ther-
mal degradation which occurs between peptide bond breakage and protein chain 
breakage, and the third step is about 400 °C, which is due to thermal decomposi-
tion [52, 53]. PCL displays one thermal degradation step (390–450  °C) with a 
weight loss of 88%. The results are in agree with previous findings on the ther-
mal degradation of PCL [54]. 5-FU exhibits two thermal degradation steps. The 
degradation step takes place between 280 and 340 °C, losing 10 and 86% of its 
weight, respectively, which can be attributed to the loss of water [53]. PCL/Gel 
NF mats and all samples of 5- FU-PCL/Gel NFs ((5%) 5-FU-PCL/Gel NFs, (10%) 
5-FU-PCL/Gel NFs, and (15%) 5-FU-PCL/Gel NFs) decomposed in a thermal 
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Fig. 4   TGA thermograms of Gel, PCL, PCL/Gel NF mats, and 5-FU-PCL/Gel NF mats for different con-
centrations of 5-FU are (5%) 5-FU-PCL/Gel NFs, (10%) 5-FU-PCL/Gel NFs and (15%) 5-FU-PCL/Gel 
NFs, respectively
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degradation phase (350–450 °C) losing 96.4% of its weight. This proves that by 
combining with PCL, gelatin was thermally stabilized. Additionally, compared to 
pure PCL, both PCL/Gel NF and 5-FU-PCL/Gel NF mats show decreased ther-
mal stability. This is because the nanofibers have a bigger surface area and higher 
reactivity than the polymer, which increases the thermal degradation to occur 
more quickly. The literature [44] reported a similar observation, which supported 
the findings of the XRD investigation.

DSC

DSC is essentially used to measure enthalpy variations according to the changes in 
the thermal properties of the material as a function of time or temperature. The final 
melting temperatures and enthalpy changes were elucidated from DSC thermograms 
as indicated in Fig. 5. The DSC curve of PCL/Gel showed Tm = 61.6 °C, while the 
DSC curve of 5-FU exhibits endothermic peak at the temperature of 282.80 °C cor-
responding to its melting point [26]. The thermogram of the drug-loaded nanofiber 
has an endothermic peak at about 61.6 °C associated with the melting of the PCL/
GeL [55], and a broad endothermic peak in the range of 125–200 °C that is related 
to loss of absorbed moisture by the 5-FU. Another endothermic peak at about 
282,8 °C is for the drug melting. The DSC graph of 5-FU–PCL/Gel NFs confirms 
the appropriate distribution of the 5-FU drug in PCL/GeL nanofibers which agree 
with the literature [56].

5‑FU analysis method

The determination of the λmax of 5-FU began with screening 5-FU using phosphate 
buffer at PH 7.4 over an UV spectroscopic scan (200–400 nm). As seen in Fig. 6, by 
diluting the stock solution of 10 μg/ml and different concentrations of 5-FU in 4, 6, 
8, 10, 12, and 14 μg/ml in PBS, standard solutions in the range of 4–14 μg/ml were 
produced, and the absorbance of each of these concentrations was measured at the 
appropriate λmax for the PBS.

Formation of calibration curve of 5‑FU

A calibration curve was drawn in Fig. 7, in the concentration range of 4–14 μg/ml 
by plotting absorbance and concentration on the Y and X axes, respectively. Using 
phosphate buffer as a blank [49], the λmax of 5-FU was found to be 266.2 nm, which 
demonstrates the accuracy and dependability of the assay for determining the con-
centration of 5-FU. Regression equations (y = 0.0452x + 0.0014) and linear regres-
sion with correlation coefficient R2 = 0.9983 show that a linear relationship between 
the concentration of 5-FU and UV absorbance was established. It was determined 
that the slope was 0.0452.



3966	 Polymer Bulletin (2024) 81:3953–3972

1 3

Drug release behavior

The percentage of released 5-FU from PCL/Gel NF mats was examined. By using 
a spectrophotometer, the maximum absorbance wavelength wave of 5-FU in phos-
phate buffer was found to be 266.2 nm [57]. Figure 8 displays in vitro 5-FU release 
profile from three prepared PCL/Gel NF mats: (5%) 5-FU-PCL/Gel NF, (10%) 5- 
FU-PCL/Gel NF, and (15%) 5-FU-PCL/Gel NF mats, respectively. The examined 

Fig. 5   DSC thermograms of 5-FU, PCL/Gel NF mats, and 5-FU-PCL/Gel NF mats for different concen-
trations of 5-FU are (5%) 5-FU-PCL/Gel NFs, (10%) 5-FU-PCL/Gel NFs and (15%) 5-FU-PCL/Gel NFs, 
respectively
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Fig. 6   UV absorbance spectra of 5-FU in PBS (PH 7.4) by using UV spectrophotometer

Fig. 7   Calibration curve of 5-FU in phosphate buffer (PH 7.4) prepared by using UV spectrophotometer

Fig. 8   In vitro 5-FU release profile from the 5-FU loaded PCL/Gel NFs mats in PBS (PH 7.4) at 37 °C
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PCL/Gel NFs mats release profiles displayed a biphasic tendency, with an initial fast 
release being seen for the first hours. A persistent, gradual release that persisted for 
up to 100 h followed this. This 5-FU slow-release behavior has been described in 
PCL/Gel NFs before [46]. Another interesting finding is that, after 100 h, when the 
concentration of 5-FU declined, the percentage of medicine that was released con-
siderably increased. An increase in the 5-FU concentration was linked to a more pro-
longed release profile in the case of PCL-based nanofibers, where a similar behavior 
related to the 5-FU concentration was identified [58, 59]. The results confirmed that 
the nanofibers mats have a sustained 5-FU release.

Drug release kinetics

The Fickian release mechanism was followed by the diffusion index for all PCL/
Gel NF mats with 5-FU loaded in Table 2. As a result, the drug release from the 
mats was crucial to the delivery of the drug. Three electrospun 5-FU-PCL/Gel NFs 
at various 5-FU concentrations were used to calculate the correlation coefficients of 
the Zero-order, First-order, and Higuchi models in order to identify the mechanism 
model of the release of 5-FU from the constructed electrospun 5-FU-PCL/Gel NFs 
mats. Table 3 presents the findings. It has been described  that the Higuchi model 
will be accurate when the release rate of the 5-FU from the PCL/Gel NFs is signifi-
cantly higher than the degradation rate of PCL and let it be done mostly via diffu-
sion from the pores of the polymer [60]. The drug release from this sample follows 
the Higuchi model since 5-FU has a very high hydrophilicity and PCL degrades 
slowly. Statistical findings, for (5%) 5-FU-PCL/Gel NF, (10%) 5-FU-PCL/Gel NF, 
and (15%) 5-FU-PCL/Gel NF mats, respectively, the average correlation coefficient 
of the First-order and Higuchi models does not differ significantly. As a result, we 
can conclude that the 5-FU-PCL/Gel NFs’ drug release mechanism also adheres to 
Higuchi’s First-order model. When drugs are released under conditions of polymer 
breakdown and dispersion, the first-order model applies [53].

Table 2    5-FU release kinetics 
from the electrospun PCL/Gel 
NF mats

Sample name n SD Release kinetics

(5%) 5-FU-PCL/Gel NFs 0.042 0.015 Fickian
(10%) 5-FU-PCL/Gel NFs 0.063 0.017 Fickian
(15%) 5-FU-PCL/Gel NFs 0.081 0.033 Fickian

Table 3    R2 of the electrospun PCL/Gel NF mats is derived from the 5-FU release profile

Sample name Zero order First order Higuchi
R2

(5%) 5-FU-PCL/Gel NFs 0.821 ± 0.064 0.970 ± 0.026 0.924 ± 0.021
(10%) 5-FU-PCL/Gel NFs 0.716 ± 0.032 0.947 ± 0.003 0.924 ± 0.023
(15%) 5-FU-PCL/Gel NFs 0.835 ± 0.025 0.964 ± 0.0018 0.949 ± 0.016
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Conclusions

5-FU-PCL/Gel NF mats were manufactured successfully with changes in the per-
centage of 5-FU at (5, 10, and 15 wt.%) by using electrospinning with 20% PCL. The 
effect of loading 5-FU into the PCL/Gel NFs was investigated in the present study. 
The hydrophilicity of the resulting electrospun PCL-Gel NFs mats is improved by 
loading 5-FU into the PCL nanofibers solution, which also greatly increases its 
stability in its polymeric system. The chemical interaction between PCL, gelatin, 
and 5-FU in the electrospun PCL-Gel NF mats was examined using FTIR, TGA, 
and XRD. The observed SEM data showed that the fiber diameter increased with 
increasing 5-FU concentration, Also, it was deduced that the addition of 5-FU into 
PCL/Gel NFs will be a further candidate for biomedical applications. In addition to 
the Higuchi model, the drug release mechanism in each sample followed a Fickian 
release and the First-order model. According to the study’s findings, the PCL/Gel 
NFs with 5-FU as a model drug have the potential for regulated drug release.
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