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Objective(s): Folic acid is an essential vitamin, labile to hydrolysis in the acidic environment of the 
stomach with low water solubility and bioavailability. In order to solve these problems, enteric oral 
folic acid-loaded microfibers with a pH-sensitive polymer by electrospinning method were prepared.
Materials and Methods: Electrospinning was performed at different folic acid ratios and voltages. Fibers 
were evaluated in terms of mechanical strength, acidic resistance, and drug release. Additionally, DSC 
(Differential Scanning Calorimetry), FTIR (Fourier-transform infrared spectroscopy), and XRD (X-ray 
diffraction) analyses were performed on the optimal formulation. 
Results: Drug ratio and voltage had a considerable effect on fibers’ entrapment efficiency, acid 
resistance, and mechanical strength. Based on the obtained results, the optimum formulation 
containing 1.25% of the drug/polymer was prepared at 18 kV. The entrapment efficiency of the 
optimal sample was above 90% with an acid resistance of higher than 70%. The tensile test confirmed 
the high mechanical properties of the optimum microfiber. DSC and XRD tests indicated that folic 
acid was converted to an amorphous form in the fiber structure and the FTIR test confirmed the 
formation of a chemical bond between the drug and the polymer. The release of the drug from the 
optimal fiber was about 90% in 60 min.
Conclusion: In conclusion, the optimal formulation of folic acid with proper mechanical properties 
can be used as a candidate dosage form for further bioavailability investigations.
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Introduction
Oral drug delivery is the most desirable drug 

administration route due to its higher patient compliance 
(1). In contrast, this kind of drug administration makes the 
drug susceptible to the acidic and enzymatic environment 
of the gastrointestinal tract (2). The drugs labile to the acidic 
environment of the stomach should reach the duodenum to 
be absorbed. For this purpose, acid-resistant drug delivery 
systems (enteric-coated drugs) are beneficial. This enteric 
coating protects the labile drug from degradation and 
hydrolysis by the gastric acid (3). 

The pH-responsive drug delivery systems are designed to 
bypass the acidic environment of the gastrointestinal tract. 
Eudragit® S 100 is a pH-sensitive polymer, used for enteric 
coating or as a vehicle for drug delivery systems. The polymer 
has some unique properties like plasticity and significant 
pH sensitivity. It is an anionic copolymer (the mixture of 
methacrylic acid and methacrylate) with high conductivity 
(4, 5). The free carboxylic acid groups in that polymer 
make it pH-sensitive, insoluble in acidic environments and 
water, and soluble in the intestinal environment with pH 
above 7 (6). In the gastric acidic environment, this polymer 
acts as a polyelectrolyte and preserves its condensation 
and hydrophobicity due to protonation of carboxylic acid 

groups. Exposure to the higher pH leads to ionization of 
the carboxyl groups and hydrolyzation of the hydrogen 
bond, which makes the polymer inflated and causes it to 
release its content throughout the ileum and colon (7, 8)
following the Langmuir model in a typical adsorption at 
solid/liquid interface (pseudo-second-order model. This 
enteric polymer has been widely used for the production 
of electrospun formulations of different drugs such as 
aceclofenac (9), methylprednisolone (10), and aspirin (11).

Folic acid, as a member of the vitamin B group and a 
vital vitamin in the prevention of megaloblastic anemia 
and neural tube defects in pregnant women (12), is rapidly 
absorbed from the gastrointestinal tract. The duodenum 
and jejunum are the main areas for folic acid absorption 
(13). The pure form of this vitamin is poorly soluble (~2 mg/
ml) (14, 15), sensitive to alterations in pH and temperature, 
and also exposure to oxygen and light. Due to these 
characteristics, the development of proper drug delivery 
systems is a major challenge for protecting the drug from 
an acidic environment and increasing its solubility (16). 
Encapsulation of folic acid in micro/nanofibers could be a 
promising strategy for addressing the mentioned hurdles 
(17). 

Nanofibers are fiber-like structures with  diameters  in 
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the  nanoscale  range (18). In addition to their nanosized 
diameter, high surface-to-volume ratio, high porosity, 
small pore size, high mechanical strength, and 
functional  diversities are their other advantages (19). 
Various controlled drug release profiles, such as sustained, 
immediate, and biphasic releases, could be also attained 
by electrospun nanofibers (20). Moreover, nanofiber 
fabrication exploiting electrospinning is a straightforward 
process (21). In comparison to other spinning techniques, 
electrospinning is a cost-effective method for producing 
ultra-fine nanofibers with a diameter within the range 
of nanometer, controlled surface morphology, and high 
loading capacity for different drugs (18). 

The polymer solution concentration, conductivity, 
viscosity, and surface tension, along with the applied 
electric potential, collector distance, feed rate, temperature, 
and the relative humidity in the spinning chamber, are 
the determinative parameters in the morphology of the 
obtained nanofibers. The polymer solution exposure to 
a high voltage results in charged polymeric droplets (22, 
23). Subsequently, the droplets are extruded through a 
nozzle in the electrospinning apparatus and are elongated 
by the electrostatic force effect (24, 25). The nanofibers are 
formed after solvent evaporation from the droplets and then 
collected on the collector plate (26, 27).

In this study, our main objective is to prepare folic 
acid-loaded micro/nanofibers by the electrospinning 
method using Eudragit®  S 100 as an enteric nanosystem 
for enhancement of folic acid stability and bioavailability. 
According to the susceptibility of folic acid to acidic 
conditions and its low aqueous solubility, designing a 
protective formulation to release folic acid in the small 
intestine and its solubility increment helps to improve 
absorption of the drug. Besides, by assessing various critical 
parameters, such as feed rate, applied voltage, and quantity 
of the polymer and the drug, the effects of these parameters 
on different properties of the resulting fibers could be 
determined.

Materials and Methods
Materials

Folic acid (Sigma, USA), Eudragit®  S 100 (ES) (Evonik, 
Germany), KH2PO4 (Merck, Germany), NaOH (Merck, 
Germany), HCl 37% (Merck, Germany), Ethanol 96% 
(Kimia Alcohol Zanjan, Iran) were obtained from the 
indicated sources.

Experimental design 
The box-Behnken design was used for determination of 

experimental formulations, correlation between variables 
and responses, and selection of the optimum formulation. 
The independent variables studied in this research were 
the distance between the needle and collector, feed rate, 
and voltage. According to the previous observations, the 
folic acid concentration and voltage were considered as 
the influential variables in nanofibers’ characteristics (28), 
and their maximum and minimum levels were determined 
(Table 1). Considering variables and their levels, the response 
surface methodology was applied to obtain the study design 
using the Design-Expert 10 software package. According to 
the box-Behnken design with nine axial points and 0 center 
points, nine formulations were selected (Table 2).

Preparation of spinning solutions 
The solution of Eudragit® S 100 (10% w/v) was prepared 

in ethanol 96° as the appropriate solvent. The polymer was 
dissolved in the solvent while stirring on a magnetic stirrer 
for 24 hr. Three different folic acid concentrations were 
prepared by addition of 5, 12.5, and 20 mg folic acid in 
1.8 ml PBS (pH=6.8). Only 5 mg folic acid was completely 
dissolved in PBS (pH=6.8) but 12.5 and 20 mg folic acid could 
not dissolve completely and produce a uniform dispersion. 
The folic acid concentrations were then dispersed in the 
ethanolic solution of Eudragit® S 100 to make the specified 
drug/polymer ratio (Table 2). After 24 hr of incubation at 4 
°C, the dispersions were reached to the desired volume with 
ethanol 96° and were homogenized on a magnetic stirrer for 
another 1 hr. 

Electrospinning process 
Electrospinning solutions/suspensions were loaded in 

5 ml syringes. The feeding rate was controlled by a syringe 
pump (Uniaxial electrospinning machine, ES1000 model, 
Fanavaran Nano Meghyas Co, Iran) and fixed at 1.0 ml/h 
and the collector rotational speed was set at 200 rpm. A high 
voltage of 12-18 kV was applied, and a piece of aluminum 
foil was used on the collector to collect the ultrafine fibers 
with a horizontal distance of 150 mm from the needle 
tip. The electrospinning process was performed at room 
temperature (25.0±0.2 °C) with 45% relative humidity. 
Electrospun microfibers were collected and stored at 4-8 °C 
for further studies.

Fibers’ evaluations
Scanning Electron Microscopy (SEM)

The morphology of electrospun fibers manifested using 
a FESEM (MIRA3, TESCAN CO, Czech Republic) after 

Table 1. Applied factors and levels in experimental design with the 
box-Behnken design

Table 2. Formulations and different conditions of spinning solutions 
according to experimental design
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sputter coating with the mixture of gold and palladium 
under vacuum. The electrospun fibers’ mean diameter was 
determined using Image J software on SEM micrographs. 
Besides, the images were used to investigate the morphology 
and assessment of their uniformity or bead formation.

Elasticity and tensile strength tests
Fibers with a dimension of 1 cm ×4 cm and a specified 

thickness were cut and placed between the two clips of the 
Hounsfield H50SK material testing machine equipped with 
a 1KN load cell, using a cardboard mold. The tensile test was 
performed at the speed of 5 mm/min and Young’s modulus, 
yield stress, and elongation were determined as well. This 
test was carried out in triplicate for each sample.

Entrapment efficiency
A specific amount of the microfibers was dissolved in 

phosphate buffer and their UV absorption was recorded 
in 281 nm (29) by a spectrophotometer (Shimadzu UV-
1204, Shimadzu, Japan). The absorbance was converted to 
the drug’s concentration through the standard equation 
and compared with the theoretical content of the drug in 
each microfiber (equation (1)). This test was performed in 
triplicate for each sample.

Entrapment efficiency (%)=Actual folic acid content in 
microfibers/Theoretical folic acid content in microfibers×100                                                                                               

(1)
Acid resistance test

A fiber sample with a specific weight was incubated in HCl 
(pH=1.2) at 37 °C for 2 hr to mimic the gastric environment. 
The fibers were then dissolved in phosphate buffer, and their 
absorption was determined at 281 nm. Subsequently, the 
amount of remaining drug was calculated on the basis of 
the standard equation. This test was performed in triplicate 
for each sample.

Selection of the optimum formulation
The results of the performed assays on the samples 

were presented through the mathematical model using 
the Design-Expert software package. It demonstrated the 
correlation between variable factors (e.g., drug percentage 
and voltage) with fibers’ characteristics such as mean fiber 
diameter, strength and elasticity of fibers, entrapment 
efficiency, and acid resistance. 

After determination of the relationship between the 
factors and the desired responses, the optimum formulation 
was selected in terms of the minimum average diameter, 
maximum resistance to an acidic environment, and 
medium elasticity and strength. Subsequently, the following 
complimentary assessments were performed on the 
optimum selected microfiber (F8, according to Table 2).

Drug release
A piece of fiber equivalent to 375 µg of folic acid was 

incubated at 37 °C in 30 ml phosphate buffer (pH=6.8) 
and the samples were collected at 5, 10, 15, 20, 30, 45, and 
60 min time points. During the sampling procedure, the 
sampling volume was replaced with an equal volume of the 
fresh medium buffer, for maintaining the sink condition 
during the release study (30). The samples’ absorption 
was recorded by a spectrophotometer (Shimadzu UV-
1204, Shimadzu, Japan) at 281 nm. The absorptions were 

converted to concentration with the standard equation, and 
the release percentage of the drug was calculated at different 
time points. The release analysis was performed in triplicate 
for each sample. 

Differential scanning calorimetry (DSC)
The DSC thermogram of the folic acid powder, Eudragit® S 

100, the physical mixture of drug and Eudragit® S 100 (folic 
acid: polymer=1.25%), and a selected piece of microfiber 
were obtained. Three milligrams of each sample were placed 
in a specific aluminum pan and tested by the DSC device 
(model 82, Mettler Toledo, Switzerland). The target samples 
were heated at 35-350 °C with a 10 °C/min heating rate, 
and their thermal behavior was recorded versus the vacant 
aluminum pan as a reference.

Fourier transform infrared spectroscopy (FTIR)
To study the functional groups, the possible physical 

interferences, and chemical bonds between the drug and 
polymer, FTIR analysis was carried out. Three milligrams 
of folic acid powder, polymer powder, and the physical 
mixture of drug and Eudragit® S 100 were tested by an FTIR 
spectrophotometer (Spectrum Two model, Perkin Elmer, 
USA) separately with a scanning range of 400 to 4000 cm-1 
(31). The resulting data were recorded by PerkinElmer 
Spectrum software version 10.03.02.

X-Ray diffraction (XRD)
The XRD analysis was carried out for folic acid powder, 

Eudragit®  S 100 powder, the physical mixture of drug and 
Eudragit® S 100, and the selected piece of microfiber. In the 
XRD apparatus (PW3710 model, Philips Analytical, the 
Netherlands), copper was utilized as an anode for radiation. 
The procedure was carried out in the θ interval of 4-60 
degrees, 40 kV, and 30 mA (31). 

Statistical analysis of data
Linear regression and analysis of variance were used for 

investigation of the effects of the variable factors on each 
experimental response and their correlation. Design-Expert 
software was utilized for this purpose, and polynomial 
mathematical models were obtained. The final coefficients 
in this model were statistically significant. According to 
these mathematical models, three-dimensional diagrams 
were plotted for demonstrating the effect of variable factors 
on response.

Results
Fibers’ morphology

The SEM images of the constructed microfibers are 
shown in Figure 1, and the mean diameter of microfibers 
is shown in Table 3. Microfibers were assessed in terms of 
homogeneity and diameter. To investigate the effects of 
drug percentage and voltage on microfibers diameter, the 
Design-Expert software was used. The results are shown 
in the three-dimensional Figure 2a. The determination 
coefficient was equivalent to 0.952, and the response surface 
diagram was obtained by the mathematical equation (2):

Diameter=-0.334176+(1.27026×Drug)+(0.248806× 
Voltage)+(-0.032333×Drug×Voltage)+(-0.259259×Drug2)+ 

(-0.005759×Voltage2)
(2)
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Entrapment efficiency determination
The drug content in the samples was determined, and 

the results are available in Table 3. For studying the effect 
of different variables of drug percentage and voltage on 
the percentage of drug content concerning the theoretical 
content, the Expert-Design software was used. The 
results are shown in the three-dimensional Figure 2b. The 
determination coefficient was evaluated and was equivalent 
to 0.694, and the response-surface diagram was determined 
through the mathematical equation (3):

Entrapment efficiency (%) = 89.9428 + (-8.3066 ×  Drug) + 
(0.7927×Voltage)

(3)
Resistance to the acidic environment

After exposure of folic acid in microfibers to an acidic 
environment, its residue was calculated according to the 
drug content test. The results are available in the form of 
the percentage of drug residue in the acidic environment. 

To investigate the variables that affect drug percentage and 
voltage on folic acid residue, we used the Design-Expert 
software package. The three-dimensional diagram is shown 
in Figure 2c. The coefficient determination was equivalent to 
0.767, and the response-surface diagram has been obtained 
by the following mathematical equation (4):

Residuary (%) = 13.615 + (46.3756 × Drug) + (9111×Voltage) 
+ (-1.27778×Drug×Voltage) + (-9.24444×Drug2) + 

(-0.00833×Voltage2)
(4)

Table 3. Measured diameter of microfibers from SEM images, drug content relative to the theoretical value, and drug residue in the acidic 
environment (n=3)

 

 

 

 

 

 

 

 

Figure 1. SEM images for the nine formulations in Table 2 with a 
magnification of 1000 (scale bars 20 μm)

 

 

 

 

Figure 2. Three-dimensional chart of (a) effect of drug percentage and 
voltage on the microfibers’ diameter, (b) voltage and drug percentage 
effect on the percentage of drug content relative to the theoretical 
value, (c) voltage and drug percentage effect on the percentage of drug 
residue in the acidic environment, (d) drug percentage and voltage 
effect on Young’s modulus, (e) drug percentage and voltage effect on 
elongation, and (f) drug percentage and voltage effect on yield stress
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Tensile strength test
The mechanical strength of electrospun samples was 

calculated through the force-displacement diagram. Table 
4 shows the mean of Young’s modulus, yield stress, and 
elongation for each sample. To investigate the effect of drug 
percentage and voltage on Young’s modulus, yield stress, and 
elongation, the Design-Expert software package was used. 
Their results are shown in the form of three-dimensional 
diagrams in Figure 2d-f.

The determination coefficient for Figure 2e is equal to 
0.856, and the response-surface diagram has been obtained 
by the following mathematical equation (5):

Yield stress = 187.717 + (-20.2285 × Drug) + (-20.4083 × 
Voltage) + (1.72778 × Drug × Voltage) + (-4.05393 × Drug2) 

+ (0.545296×Voltage2)
(5)

Selection of the optimum microfiber
In this study, drug percentage and voltage were determined 

as main independent variables, and other parameters were 
constant during the study. For investigation of the effect of 
different parameters on the responses and also to determine 
the optimum formulation, the Design-Expert software 
package was used. The results of ANOVA for each mentioned 
response have been presented in Table 5. Optimization was 
carried out in terms of the minimum average diameter, 
maximum resistance to the acidic environment, and 
medium mechanical strength. Formulation F8 was selected 
as optimal microfiber, accordingly. 

Drug release from the optimum microfiber
According to the results of the drug content test, the 

release percentage was calculated at different time points. 
The drug release profile is shown in Figure 3. More than 60% 
of the drug content has been released in the first 15 min. 

Differential scanning calorimetry
Thermal behavior of Eudragit® S 100 powder, folic acid, 

Table 4. Results of the mechanical tests of different fibers (n=3)

    ) 

      

      

      

      

      

      

      

      

      

Table 5. ANOVA results of studied responses for different fiber formulations

Significant at the 5% level (P<0.05)
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their physical mixture, and the selected optimum microfiber, 
and their related DSC thermograms were studied (Figure 5).

Fourier transform infrared spectroscopy
FTIR analysis was conducted to detect possible 

interactions of folic acid and Eudragit®  S 100 in the 
microfibers. The FTIR diagrams of folic acid powder, 
Eudragit®  S 100 powder, Eudragit®  S 100 and folic acid 
physical mixture, and Eudragit® S 100 microfiber containing 
folic acid are shown in Figure 6, and the prominent peaks 
are also demonstrated. 

X-ray diffraction analysis 
The XRD from the 2θ view was obtained for folic acid 

powder, Eudragit® S 100 powder, Eudragit®  S 100 and folic 
acid physical mixture, and Eudragit®  S 100 microfiber 
containing folic acid. The folic acid diagram shows sharp and 
distinct peaks, unlike the three other diagrams (Figure 7). 

Discussion
SEM micrographs of the electrospun microfibers 

indicated a uniform and bead-free structure without any 
drug crystals, which validate the entrapment of drugs in 
the microfibers. The mean diameter of microfibers was not 
in the nanometer range due to the incomplete dissolution 
of folic acid in the polymeric solution. The results showed 
that in the constant concentration of the drug, as voltage 
elevates, the microfibers’ diameter increases but this effect 
was not statistically significant. Other studies also validated 

the direct impact of the applied voltage on the nanofibers’ 
diameter (31,32). It could be rational because as the voltage 
increases, the volume of the droplet at the needle tip 
decreases, so the Taylor cone will recede, which increases 
the amount of ejected fluid and increases the flow of polymer 
solution leading to a larger diameter of the microfibers. By 
increasing the drug concentration, microfibers’ diameter 
increases proportionally. It may be attributed to increased 
apparent viscosity or conductivity of the polymeric solution 
upon increasing drug concentration (33)micron- and 
nanofibers can be obtained from polymer solutions under 
a very high electrical field. A special challenge is to produce 
bead-free uniform fibers since any minor changes in the 
electrospinning parameters such as slight variations in the 
polymer solutions and/or electrospinning experimental 
parameters may result in significant variations in the final 
nanofiber morphology. Furthermore, it is often not trivial at 
all to obtain reproducible uniform electrospun nanofibers 
for the optimized electrospinning conditions. Here we 
report that the conductivity of the solvent is the key factor 
for the reproducible electrospinning of uniform polystyrene 
PS. 

According to Table 3, the entrapment efficiency was 
above 79%. Drug percentage and voltage significantly 
affect entrapment efficiency. Drug percentage to voltage 
ratio has more effect on entrapment efficiency. According 

 

 

 

 

Figure 3. Folic acid release from the microfibers containing 1.25% 
drug in the voltage of 18 kV at pH = 6.8 (n=3)

 

 

 

Figure 4. Differential scanning calorimetry thermograms of folic acid 
powder (a), Eudragit® S 100 Powder (b), Eudragit® S 100 and folic acid 
physical mixture (c), and Eudragit® S 100 microfiber containing folic 
acid (d)

 

 Figure 5. Fourier transform infrared spectrograms of folic acid 
Powder (a), Eudragit® S 100 Powder (b), Eudragit® S 100 and folic 
acid physical mixture (c), and Eudragit® S 100 Microfiber containing 
folic acid (d)

 

 

 
Figure 6. X-ray diffraction diagram of folic acid powder (a), Eudragit® 
S 100 powder (b), Eudragit® S 100 and folic acid physical mixture (c), 
and Eudragit® S 100 Microfiber containing folic acid (d)
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to Figure 2(b), by increment of drug amount in a constant 
voltage, the entrapment efficiency decreased. The highest 
entrapment efficiency belongs to the samples with 0.5% 
drug, which decreased by the increment of drug percentage. 
The result could be attributed to the fact that Eudragit®  S 
100 microfibers can protect a limited amount of drugs. In 
high levels of the drug, the remaining drug might be placed 
on the surface of polymeric microfibers, and due to folic 
acid susceptibility to oxidation and light, the exposed drug 
would be destroyed. (34). 

The analysis of resistance to the acidic environment 
demonstrated that the produced microfibers have acceptable 
resistance to the acidic environment, as the percentage of 
drug residue in the acidic environment was between 59.41 
and 77.87. Drug percentage and voltage can significantly 
affect the acidic resistance. As it has been shown, in constant 
drug percentage, by the voltage increment, resistance to 
acidic environment increases. Moreover, in constant voltage, 
the higher drug percentage leads to higher acidic resistance.

The fiber diameter is an essential factor in the rate and 
amount of drug released (35). According to Figure 2(a), by 
elevation of voltage and drug percentage, the microfibers’ 
diameter increases, which leads to a decrease in the surface 
to volume ratio, and less drug will be exposed on the surface 
of microfibers. As a result, less amount of drug will be 
exposed to an acidic environment, which may cause more 
resistance to the acidic environment. 

Several factors affect the strength of the microfibers, 
such as diameter, surface morphology, length, 
orientation, and the cohesion frictional forces between 
the nanofibers (36). Polymeric films should not be too 
flexible because too much elongation during cutting and 
packaging may cause heterogeneity of the film resulting 
in non-uniformity of drug amount in the nanofilm 
(37)”ISSN”:”19994923”,”abstract”:”The production of 
orodispersible films (ODFs. 

Mechanical properties of polymeric films can be defined 
in terms of Young’s modulus, percentage of elongation, 
tear-resistance, and tensile strength (38, 39). Various 
factors like the film-forming factor, type of manufacturing 
process, film thickness, and type and amount of drug in film 
formation should precisely be considered for controlling 
the mechanical strength of the film (40). The result of 
mechanical tests showed that the variables in this study have 
a significant effect on elongation, Young’s modulus, and 
yield stress of microfibers. According to Figures 2(d), 2(e), 
and 2(f), by voltage amplification, elongation decreased, but 
Young’s modulus and yield stress elevated. Drug percentage 
did not have any effect on these mentioned factors. In 
other words, by voltage amplification, microfiber resistance 
increases against deformation and elasticity decreases. By 
voltage amplification, microfiber diameter increases, which 
leads to more resistance of microfiber against deformation. 
It has been shown that by reduction of microfiber diameter, 
tensile strength would decrease, and by increasing the 
microfibers’ diameter, the fibers will be more resistant 
against deformation (41). In another study, it was confirmed 
that by polymer ratio increment, the diameter of electrospun 
nanofibers increased, so Young’s modulus and film strength 
increased (42). After optimization of the formulations 
in terms of the maximum entrapment efficiency, the 
maximum resistance to the acidic environment, strength, 
and mean elasticity of film, the F8 formulation was selected, 

as optimum microfiber contained 1.25% of folic acid 
which was produced in the voltage of 18 kV. The optimum 
formulation (F8), demonstrated in Figure 1, has a bead-free 
structure. The entrapment efficiency of the formulation was 
91.95±6.04% which was reasonable. The drug residue in 
an acidic environment was 76.32±0.29 which confirms the 
microfibers’ capability in the protection of the drug from 
the acidic environment of the gastrointestinal tract.

In the release test (Figure 4), as mentioned, about 60% of 
the drug was released in the first 15 min, followed by a slower 
release (in 60 min). For the homogeneous microfibers, the 
drug release rate decreases upon time, as the drug has to 
traverse a longer distance to diffuse from the microfiber 
(43). In the early phases of the dissolution test, the release 
rate was higher due to drug diffusion from the microfiber 
surface, and the rate of drug release reduced gradually over 
time (44-46). 

According to the DSC diagrams, Eudragit® S 100 has three 
peaks at 69.92 °C (a broad endothermic peak), 212.69 °C, 
and 250.88 °C. The peak at 69.92 °C is related to the melting 
point of the polymer which has been also confirmed by some 
other studies (47, 48). The 212.69 °C and 250.88 °C peaks 
are related to the structural destruction of the polymer. 
In the folic acid diagram, a broad endothermic peak at 
157.41 °C indicates the melting point of this drug, and three 
other peaks at 195.52 °C, 219.20 °C, and 270.69 °C are also 
observed. The endothermic peak at 195.52 °C validates the 
loss of amide and acid functionalities and 219.2 °C and 
270.62 °C endothermic peaks, confirm the deterioration of 
folic acid and its conversion from the crystalline form to 
the amorphous form. Some studies confirm that folic acid 
structural destruction is above 200 °C (49). According to the 
diagram of the physical mixture of the polymer and drug, the 
two endothermic peaks at 67.25 °C and 217.31°C are related 
to the melting point of the polymer and the destruction of 
the polymer, respectively. Elimination of folic acid peak in 
this diagram could be attributed to conversion of folic acid 
crystals to the amorphous form. In the thermogram of the 
produced microfiber, an endothermic peak is demonstrated 
at 62.57 °C, which could be attributed to the amorphous 
form of the drug in the electrospun microfibers.

In the folic acid FTIR diagram in Figure 6, a peak 
is demonstrated at 3542.2 °C, which is related to the 
stretching  vibration of O-H in the glutamic acid section, 
and two peaks at 3410.8 °C and 3323.1 °C, which are related 
to the stretching vibration of N-H at pteridine ring in folic 
acid structure. The peak at 1696.6 °C is attributed to the 
stretching  vibration of the C=O group of carboxylic acid. 
The peak at 1604.1°C is related to the bending of the N-H 
group and the peak at 1482.4 °C is relevant to the phenyl 
ring. In the range of 2000–2600 °C, no peaks were found 
(50). The peak at 1409.3 °C is related to the deformation 
of the O-H bond in the phenyl skeleton (51) and the peak 
at 2928.7 °C is attributed to the C-H bond of the folic acid 
structure (52).

The interpretation of the IR spectrum of Eudragit® S 100 
is complicated as this polymer is a mixture of polymers with 
different molecular weights. The peak at 3483.8 °C is related to 
the tension in the hydrogen bond of the hydroxyl group. The 
peak at 1730.7 °C is relevant to the esteric carboxylic group 
of C=O (44). The peak at 2953 °C is related to the carboxylic 
acid group of O-H, and the peak at 1453.2 stands for –CH3 
(45). The peak at 3269.5 °C is related to the O-H bond (53). 
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The 1263.2, 1190.2, and 1156.1 °C peaks are related to the 
tension of C–(C=O)–O and O–C–C in  Eudragit®  S 100 
structure (54). In the IR spectrum of the physical mixture 
of polymer and drug, both peaks of polymer and drug are 
demonstrated concurrently. The peaks at 3410, 3322.9, and 
1606 °C are related to folic acid. The 3003.7, 2950.5, and 
1243.2 °C peaks are related to the polymer. The two peaks 
of 1480.2 and 1190 °C are related to folic acid and polymer. 
The peak at 1702.7 °C is the result of interference between 
the two prominent peaks of drug and polymer. In the 
FTIR spectrum of the produced fiber, alterations in peaks 
are most probably related to OH stretching modes of the 
hydroxide basal layer or water molecules exhibiting a broad 
absorption peak, showing lack of interference between the 
drug and polymer in the microfiber (55).

The sharp and distinct peaks in Figure 7(a), are related 
to the XRD spectrum of folic acid, which is representative 
of the crystalline form of the drug (56). According to this 
study, the XRD spectrum of Eudragit® S 100 has not shown 
any sharp and distinct peaks, which is representative of an 
amorphous structure (57). Both physical mixtures of drug 
and polymer and microfiber spectrum also showed that folic 
acid has lost its crystallinity and converted to its amorphous 
form, both of which confirm the DSC results.

Conclusion
In this study, electrospun microfibers of Eudragit® S 100 

containing folic acid were produced by the electrospinning 
method, and their properties were tested. According 
to the obtained results, the optimum formulation was 
homogeneous, bead-free fiber with a drug to polymer 
ratio of 1.25%, and was produced by the voltage of 18 kV. 
T﻿he entrapment efficiency for this formulation was above 
90% with an acidic resistance of higher than 70%. The 
release pattern evaluation of the optimum formulation 
demonstrated a controlled and acceptable release of the 
drug in the phosphate buffer (pH 6.8) which could be 
a promising result for folic acid to bypass gastric acidic 
environment. The DSC and XRD evaluations confirmed the 
amorphous form of folic acid in the fiber structure validating 
the higher dissolutions rate of this drug. The FTIR test 
shows no chemical bond between folic acid and Eudragit® S 
100.  Overall results indicate the selected formulation as a 
potential candidate for further stability and bioavailability 
studies.

Acknowledgment
The results presnteded in this paper were part of a 

student thesis supported by Mashhad University of Medical 
Sciences,  Mashhad, Iran [grant number: 970441].

Authors’ Contributions
MRA designed and supervised the experiments; AHF, 

AA, MRA collected and processed the data and performed 
the experiments; AA, MRA discussed the results; PI, NR 
prepared the manuscript draft; AA, MRA, NR, PI revised 
and edited the article; PI, NR, AHF, AA, MRA Final 
approved of the version to be published.on to be Published; 
MRA Supervision, Funding Acquisition.

Conflicts of Interest
The authors declare that there are no conflicts of interest.

References
1. Wang XQ, Zhang Q. PH-sensitive polymeric nanoparticles to 
improve oral bioavailability of peptide/protein drugs and poorly 
water-soluble drugs. Eur J Pharm Biopharm 2012; 82:219-229. 
2. Gao W, Chan JM, Farokhzad OC. pH-responsive nanoparticles 
for drug delivery. Sci Exch 2009; 2:249–249. 
3. Nasef AM, Gardouh AR, Ghorab MM. Formulation and in-
vitro evaluation of pantoprazole loaded pH-sensitive polymeric 
nanoparticles. Futur J Pharm Sci 2017; 3:103–117. 
4. Li B, He J, Evans DG, Duan X. Enteric-coated layered double 
hydroxides as a controlled release drug delivery system. Int J 
Pharm 2004; 287:89–95. 
5. Raffin RP, Colomé LM, Pohlmann AR, Guterres SS. Preparation, 
characterization, and in vivo anti-ulcer evaluation of pantoprazole-
loaded microparticles. Eur J Pharm Biopharm 2006; 63:198–204. 
6. Yoo JW, Giri N, Lee CH. PH-sensitive Eudragit nanoparticles for 
mucosal drug delivery. Int J Pharm 2011; 403:262–267. 
7. Barbosa J de AB, de França CA, Gouveia JJ de S, Gouveia G V., 
da Costa MM, de Oliveira HP. Eudragit E100/poly(ethylene oxide) 
electrospun fibers for DNA removal from aqueous solution. J Appl 
Polym Sci 2019; 136:47479. 
8. Ofridam F, Lebaz N, Gagnière É, Mangin D, Elaissari A. 
Polymethylmethacrylate derivatives Eudragit E100 and L100: 
Interactions and complexation with surfactants. Polym Adv 
Technol 2021; 32:379–390. 
9. Karthikeyan K, Guhathakarta S, Rajaram R, Korrapati PS. 
Electrospun zein/eudragit nanofibers based dual drug delivery 
system for the simultaneous delivery of aceclofenac and 
pantoprazole. Int J Pharm 2012; 438:117–122. 
10. Turanlı Y, Tort S, Acartürk F. Development and characterization 
of methylprednisolone loaded delayed release nanofibers. J Drug 
Deliv Sci Technol 2019; 49:58–65. 
11. Ding Y, Dou C, Chang S, Xie Z, Yu DG, Liu Y, et al. Core-shell 
eudragit S100 nanofibers preparedvia triaxial electrospinning to 
providea colon-targeted extended drug release. Polymers (Basel) 
2020; 12:2034. 
12. Di Tinno A, Cancelliere R, Micheli L. Determination of folic 
acid using biosensors-a short review of recent progress. Sensors 
2021; 21:3360. 
13. Milman N. Intestinal absorption of folic acid - new physiologic 
& molecular aspects. Indian J Med Res 2012; 136:725–728. 
14. Zhang Y, Xu M-Y, Jiang T-K, Huang W-Z, Wu J-Y. Low 
generational polyamidoamine dendrimers to enhance the 
solubility of folic acid: A “dendritic effect” investigation. Chinese 
Chem Lett 2014; 25:815-818. 
15. Younis IR, Stamatakis MK, Callery PS, Meyer-Stout PJ. 
Influence of pH on the dissolution of folic acid supplements. Int J 
Pharm 2009; 367:97–102. 
16. Camacho DH, Uy SJY, Cabrera MJF, Lobregas MOS, Fajardo 
TJMC. Encapsulation of folic acid in copper-alginate hydrogels 
and it’s slow in vitro release in physiological pH condition. Food 
Res Int 2019; 119:15–22. 
17. Ruiz-Rico M, Daubenschüz H, Pérez-Esteve É, Barat 
JM, Martínez-Mañez R. Enhanced stability of folic acid by 
encapsulation in phresponsive gated mesoporous silica particles. 
Proc World Congr New Technol 2015; 202:124–132. 
18. Morie A, Garg T, Goyal AK, Rath G. Nanofibers as novel drug 
carrier - An overview. Artif Cells, Nanomedicine Biotechnol 2016; 
44:135–143. 
19. Potrč T, Baumgartner S, Roškar R, Planinšek O, Lavrič Z, Kristl 
J, et al. Electrospun polycaprolactone nanofibers as a potential 
oromucosal delivery system for poorly water-soluble drugs. Eur J 
Pharm Sci 2015; 75:101–113. 
20. Akhgari A, Heshmati Z, Afrasiabi Garekani H, Sadeghi 
F, Sabbagh A, Sharif Makhmalzadeh B, et al. Indomethacin 
electrospun nanofibers for colonic drug delivery: In vitro 
dissolution studies. Colloids Surfaces B Biointerfaces 2017; 
152:29–35. 
21. Mohammadzadehmoghadam S, Dong Y, Davies IJ. Modeling 
electrospun nanofibers: An overview from theoretical, empirical, 



413Iran J Basic Med Sci, Vol. 25, No. 3, Mar 2022

Electrospun enteric microfibers of folic acid Akhgari et al.

and numerical approaches. Int J Polym Mater Polym Biomater 
2016; 65:901–915. 
22. Hu X, Liu S, Zhou G, Huang Y, Xie Z, Jing X. Electrospinning 
of polymeric nanofibers for drug delivery applications. J Control 
Release 2014; 185:12–21. 
23. Teilaghi S, Movaffagh J, Bayat Z. Preparation as well as 
evaluation of the nanofiber membrane loaded with Nigella sativa 
extract using the electrospinning method. J Polym Environ 2020; 
28:1614–1625. 
24. He J, Cheng Y, Li P, Zhang Y, Zhang H, Cui S. Preparation 
and characterization of biomimetic tussah silk fibroin/chitosan 
composite nanofibers. Iran Polym J (English Ed) 2013; 22:537–547. 
25. Pillay V, Dott C, Choonara YE, Tyagi C, Tomar L, Kumar P, et al. 
A review of the effect of processing variables on the fabrication of 
electrospun nanofibers for drug delivery applications. J Nanomater 
2013; 2013:1-22. 
26. Abrigo M, McArthur SL, Kingshott P. Electrospun nanofibers 
as dressings for chronic wound care: Advances, challenges, and 
future prospects. Macromol Biosci 2014; 14:772–792. 
27. Lasprilla-Botero J, Álvarez-Láinez M, Lagaron JM. The 
influence of electrospinning parameters and solvent selection on 
the morphology and diameter of polyimide nanofibers. Mater 
Today Commun 2018; 14:1–9. 
28. Parin FN, Aydemir Ç. I, Taner G, Yildirim K. Co-electrospun-
electrosprayed PVA/folic acid nanofibers for transdermal 
drug delivery: Preparation, characterization, and in vitro 
cytocompatibility. J Ind Text 2021;1528083721997185. 
29. Oliveira FM, Segatelli MG, Tarley CRT. Preparation of a new 
restricted access molecularly imprinted hybrid adsorbent for the 
extraction of folic acid from milk powder samples. Anal Methods 
2016; 8:656–665. 
30. Kim Y, Park EJ, Kim TW, Na DH. Recent progress in drug 
release testing methods of biopolymeric particulate system. 
Pharmaceutics 2021; 13:1313. 
31. Abbaspour M, Iraji P, Mahmoudi Z, Rahiman N, Akhgari A. 
Design and physico-mechanical evaluation of fast-dissolving 
valsartan polymeric drug delivery system by electrospinning 
method. Iran J Basic Med Sci 2021; 24: 1683-1694. 
32. Reda RI, Wen MM, El-Kamel AH. Ketoprofen-loaded Eudragit 
electrospun nanofibers for the treatment of oral mucositis. Int J 
Nanomedicine 2017; 12:2335–2351. 
33. Uyar T, Besenbacher F. Electrospinning of uniform polystyrene 
fibers: The effect of solvent conductivity. Polymer (Guildf) 2008; 
49:5336–5343. 
34. Zamani M, Morshed M, Varshosaz J, Jannesari M. Controlled 
release of metronidazole benzoate from poly ε-caprolactone 
electrospun nanofibers for periodontal diseases. Eur J Pharm 
Biopharm 2010; 75:179–185. 
35. Wang M, Wang L, Huang Y. Electrospun hydroxypropyl methyl 
cellulose phthalate (HPMCP)/erythromycin fibers for targeted 
release in intestine. J Appl Polym Sci 2007; 106:2177–2184. 
36. ElMessiry M, Fadel N. The tensile properties of electrospun 
poly vinyl chloride and cellulose acetate (PVC/CA) bi-component 
polymers nanofibers. Alexandria Eng J 2019; 58:885–890. 
37. Centkowska K, Ławrecka E, Sznitowska M. Technology of 
orodispersible polymer films with micronized loratadine-influence 
of different drug loadings on film properties. Pharmaceutics 2020; 
12:250. 
38. Bueno JNN, Corradini E, de Souza PR, Marques V de S, 
Radovanovic E, Muniz EC. Films based on mixtures of zein, 
chitosan, and PVA: Development with perspectives for food 
packaging application. Polym Test 2021; 101:107279. 
39. Lim H, Hoag SW. Plasticizer effects on physical-mechanical 

properties of solvent cast Soluplus® films. AAPS PharmSciTech 
2013; 14:903–910. 
40. Lee Y, Kim K, Kim M, Choi DH, Jeong SH. Orally disintegrating 
films focusing on formulation, manufacturing process, and 
characterization. J Pharm Investig 2017; 47:183–201. 
41. Charernsriwilaiwat N, Rojanarata T, Ngawhirunpat T, 
Opanasopit P. Electrospun chitosan/polyvinyl alcohol nanofibre 
mats for wound healing. Int Wound J 2014; 11:215–222. 
42. Le QP, Uspenskaya M V., Olekhnovich RO, Baranov MA. 
The mechanical properties of PVC nanofiber mats obtained by 
electrospinning. Fibers 2021; 9:1–12. 
43. Hrib J, Sirc J, Hobzova R, Hampejsova Z, Bosakova Z, 
Munzarova M, et al. Nanofibers for drug delivery - Incorporation 
and release of model molecules, influence of molecular weight and 
polymer structure. Beilstein J Nanotechnol 2015; 6:1939–1645. 
44. Sancin P, Caputo O, Cavallari C, Passerini N, Rodriguez L, Cini 
M, et al. Effects of ultrasound-assisted compaction on Ketoprofen/
Eudragit®S100 Mixtures. Eur J Pharm Sci 1999; 7:207–213. 
45. Mehta R, Chawla A, Sharma P, Pawar P. Formulation and in 
vitro evaluation of Eudragit S-100 coated naproxen matrix tablets 
for colon-targeted drug delivery system. J Adv Pharm Technol Res 
2013; 4:31–41. 
46. Burgess K, Li H, Abo-Zeid Y, Fatimah, Williams GR. The 
effect of molecular properties on active ingredient release from 
electrospun eudragit fibers. Pharmaceutics 2018; 10:103. 
47. Raffin RP, Colomé LM, Guterres SS, Pohlmann AR. Enteric 
controlled-release pantoprazole-loaded microparticles prepared 
by using eudragit S100 and poly(ε-caprolactone) blend. Pharm 
Dev Technol 2007; 12:463–471. 
48. Ghorab DM, Amin MM, Khowessah OM, Tadros MI. 
Colon-targeted celecoxib-loaded Eudragit ® S100-coated poly-ε-
caprolactone microparticles: Preparation, characterization and in 
vivo evaluation in rats. Drug Deliv 2011; 18:523–535. 
49. Gazzali AM, Lobry M, Colombeau L, Acherar S, Azaïs H, 
Mordon S, et al. Stability of folic acid under several parameters. 
Eur J Pharm Sci 2016; 93:419–430. 
50. Pérez-Masiá R, López-Nicolás R, Periago MJ, Ros G, 
Lagaron JM, López-Rubio A. Encapsulation of folic acid in food 
hydrocolloids through nanospray drying and electrospraying for 
nutraceutical applications. Food Chem 2015; 168:124–133. 
51. Venkatasubbu GD, Ramasamy S, Avadhani GS, Ramakrishnan 
V, Kumar J. Surface modification and paclitaxel drug delivery 
of folic acid modified polyethylene glycol functionalized 
hydroxyapatite nanoparticles. Powder Technol 2013; 235:437–442. 
52. Dutta S, Ganguly BN. Characterization of ZnO nanoparticles 
grown in presence of folic acid template. J Nanobiotechnology 
2012; 10:29. 
53. Hadi MA, Raghavendra Rao NG, Srinivasa Rao A. Formulation 
and evaluation of pH-responsive mini-tablets for ileo-colonic 
targeted drug delivery. Trop J Pharm Res 2014; 13:1021–1029. 
54. Ahuja M, Dhake AS, Sharma SK, Majumdar DK. Diclofenac-
loaded Eudragit S100 nanosuspension for ophthalmic delivery. J 
Microencapsul 2011; 28:37–45. 
55. Bashi AM, Haddawi SM, Mezaal MA. Layered double 
hydroxides nanohybrid intercalation with folic acid used as 
delivery system and their controlled release properties. Arab J Sci 
Eng 2013; 38:1663–1680. 
56. Trivedi D. Evaluation of the physicochemical and thermal 
properties of folic acid: Influence of the energy of consciousness 
healing treatment. Sch J Food Nutr 2019; 1:142–149. 
57. Chawla A, Sharma P, Pawar P. Eudragit S-100 coated sodium 
alginate microspheres of naproxen sodium: Formulation, 
optimization and in vitro evaluation. Acta Pharm 2012; 62:529-545. 


