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Surfactant-Modified Progesterone-Loaded PVP/Cellulose
Fibres for Future Drug Delivery Applications in Menopause

Omar Shafi, Michelle Swer, Un Hou Chan, Alisha Kassam, Mirkomol Mirzarakhimov,
Jai Yi Huang, and F Brako*

Menopause often results in symptoms that impact physical and mental
well-being, and hormone replacement therapy (HRT) using progesterone
(PGS) is a common treatment. This study explores PGS-loaded transdermal
cellulose-based binary fibres as a potential adjunct for oestrogen in HRT.
Using ethyl cellulose (EC) and cellulose acetate (CA) bound with
Polyvinylpyrrolidone (PVP), the release of PGS is studied via a Franz Diffusion
Cell system. Various analyses, including rheology, SEM, FTIR, in vitro drug
release, and mathematical modelling, are conducted. SEM revealed that CA
fibres are thinner than EC fibres, and FTIR showed more uniform PGS
distribution in CA fibres. In vitro drug release tests indicated 400–600 µg of
PGS is released from 11.9 mg fibre patches into 5mL PBS within 70 min,
demonstrating effective drug penetration. Adding Polysorbate 80 (PS80)
significantly increased PGS release. The Makoid-Banakar model best suited
EC fibres, while both the Makoid-Banakar and Peppas Sahlin models fit CA
fibres. These findings suggest that the fibrous patches offer a convenient,
minimally invasive, and personalised method for delivering precise PGS doses
in HRT. The study sets a strong foundation for further in vivo and cytotoxicity
testing to validate the clinical effectiveness and safety of these patches in
alleviating menopausal symptoms.

1. Introduction

Menopause impacts ≈13 million women in the UK and ≈1 bil-
lion globally, with the average age ≈51.[1,2] It is characterised by
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the absence of menstruation due to the loss
of ovarian follicular activity.[2,3] The transi-
tion leading up to menopause, known as
perimenopause, can last up to five years and
is marked by fluctuating hormone levels
that contribute to early symptoms.[4] Pre-
mature ovarian failure or iatrogenic rea-
sons, such as surgery or chemotherapy, can
also induce early menopause. The symp-
toms include hot flushes, night sweats,
and mood changes.[5] This significant life
stage profoundly affects the well-being of
women, impacting their overall quality
of life. Managing menopausal symptoms
can be achieved through HRT, involving
the use of both oestrogen with PGS.[4,5]

Women with contraindications to oestro-
gen need PGS in their management to pre-
vent endometrial hyperplasia, while also
benefiting from its role in alleviating va-
somotor symptoms and providing mood
stabilisation.[6–8] However, for those who
specifically request dosage forms such as
Oestrogel for its cooling effects, or oestro-
gen loaded sprays, alternative PGS forms
are necessary to address this requirement.

This research embarks on a promising avenue, introducing
a transdermal fibrous patch as a potentially novel approach to
address the limitations of PGS delivery. Existing methods, such
as oral ingestion and vaginal or rectal application, have their
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drawbacks, including hepatic bypass metabolism, discomfort
and loss of dignity during administration.[9] These limita-
tions can hinder PGS accessibility and, in turn, reduce patient
adherence.[10] In contrast, a patient-centred transdermal patch
with longer-lasting transdermal drug delivery offers a promis-
ing solution.[7] The PGS patch stands out among new PGS ther-
apy options, boasting advantages like a patient-friendly appli-
cation process and avoidance of excessive hepatic metabolism
seen in oral formulations.[6] Transdermal patches for hormone
therapy have long been used to deliver oestrogen and com-
bination treatments, typically placed on the abdomen, but-
tocks, upper outer arm, or thigh—sites chosen for their bal-
ance of drug permeability, adhesion stability, and discretion.
Given these established practices, the fibrous PGS patch, en-
hanced with PS80 for improved permeability, would be opti-
mally placed on the lower abdomen or upper buttocks, ensur-
ing both effective drug absorption and user comfort while main-
taining concealability (REF). Moreover, the track record of oe-
strogen transdermal patches containing PGS indicates no in-
creased risk of venous thromboembolism, instilling confidence
in patch delivery.[7,11,12] The PGS patch offers varied dosage op-
tions, enhancing therapy customisation for clinicians seeking
independent endometrial protection. This flexibility allows tai-
lored treatment plans, distinct from combined patches, tablets,
capsules, or intrauterine devices. The patch is a strong comple-
ment, particularly appealing to those preferring standalone oe-
strogen in gel or spray forms. This research explores the in-
novative transdermal approach, advancing PGS therapy in the
future.
Polymeric fibrous patches are gaining recognition as a

promising tool for transdermal drug delivery. These patches
possess adjustable characteristics, such as porosity, which aid
in the diffusion and dissolution of drugs from their fibrous
structure.[13,14] Once released from these fibres at a specified
particle size (typically molecules with a molecular weight less
than 400 kDa), the drug encounters the stratum corneum.[15,16]

Through passive diffusion, it proceeds via intercellular path-
ways within the lipid matrix, advancing into the epidermis,
and ultimately gaining access to capillaries for entry into the
bloodstream.[16,17] A binary polymeric transdermal drug delivery
system has been employed due to its strong affinity for active
substances.[18–20] This study uses two cellulose derivatives, EC
and CA, with PVP. Cellulose derivatives have made a presence
in biomaterial science due to beneficial properties including
non- toxicity, biodegradability, and biocompatibility. Cellulose
derivatives (see Figure 1 for the organic structures) have made
a presence in biomaterial science due to beneficial properties
including non-toxicity, biodegradability, and biocompatibility.
EC exhibits excellent film-forming capacity, structural stability,
and controlled drug release properties, making it highly effective
for sustained therapeutic delivery. Its ability to be electrospun
into fibrous matrices further enhances drug permeation and
bioavailability, supporting its application in transdermal and
biomedical platforms.[21] Additionally, EC has been successfully
blended with other polymers, such as polyhydroxybutyrate, to
enhance mechanical properties and control drug release kinet-
ics, demonstrating its adaptability in composite formulations.
These properties make EC-based scaffolds particularly useful for
antibiotic and pharmaceutical delivery, with electrospun fibres

Figure 1. Structural representation of cellulose derivatives used in this
study. The structures between EC a) and CA b) influence fibre morphology,
drug encapsulation, and release behaviour, as explored in later analyses.

showing prolonged, controlled release patterns ideal for localised
and sustained treatment.[22] CA is a widely used biomaterial in
drug delivery systems due to its biocompatibility, biodegradabil-
ity, and mechanical strength. Its versatility is further enhanced
when blended with other polymers, such as polycaprolactone, to
create fibre coatings on medical implants, offering tailored drug
release patterns and improved mechanical attributes.[23] For
example, a study developed an implantable drug delivery system
using electrospun CA and PCL nanofiber membranes, achieving
a prolonged and controlled release of the drug over an extended
period.[24] The ability of cellulose derivatives to form binary sys-
tems with other polymers has been widely explored to enhance
mechanical properties, drug release control, and biocompatibil-
ity. The structural advantages of binary polymeric systems have
been applied across various biomedical fields, including bone
tissue engineering, transdermal patches, and surgical sutures,
highlighting their potential for use in this type of patch.[18–20]

Polyvinylpyrrolidone (PVP) is also biocompatible and non-toxic,
being successfully used across a variety of fibre applications.[25]

Previous research has demonstrated the potential of incorpo-
rating PGS into fibres using polymers such as Zein and PVP,
prompting further exploration of alternative polymer options to
enhance the understanding in this field.[26,27] With its brilliant
spinning properties, PVP and the cellulose derivatives have been
combined to create patches. PVP was specifically chosen due
to its proven role as a fibre-forming agent that enhances drug
dispersion and stability, making it well-suited for controlled re-
lease formulations in transdermal applications.[28,29] Surfactants
play a pivotal role in augmenting intralipid transport through
multiple mechanisms, including increased permeability, altered
lipid structures, reduced lipid resistance to the drug, minimized
drug crystallinity, and the creation of amore humid environment
conducive to drug delivery.[30,31] In this study, Polysorbate 80
(PS80), a surfactant widely used in the skincare industry for
enhancing drug permeation through membranes, is employed
to compare its effects on enhancing PGS through a commonly
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Table 1. Polymer Solution compositions of 20 mL prior to electrospinning.

Reagents EC CA

-Blank -Dry -Wet -Blank -Dry -Wet

PVP (wpvp/vsolvent) % 16.25 16.25 16.25 16.25 16.25 16.25

Cellulose Derivative (wcd/wpvp) % 4.6 4.6 4.6 4.6 4.6 4.6

Total Polymer (wpolymer/vsolvent) % 17 17 17 17 17 17

PGS (wPGS/wtotalpolymer) % 0 6 6 0 6 6

PS80 (vps80/vsolvent) % 0 0 5 0 0 5

used cellulose acetate membrane.[28,32,33] DMF and ethanol
were used as solvents due to their effectiveness in dissolving
cellulose acetate (CA) and ethyl cellulose (EC), respectively, for
electrospinning. DMF ensures complete CA dissolution, while
ethanol’s faster evaporation aids in forming well-defined EC
fibres.[34,35]

Electrospinning (ES) has been successful in fabricating fibres
and scaffolds for various applications, including chemical, elec-
trical, and medical. In ES, a polymer solution is injected through
a metallic needle (positive electrode) connected to a high voltage
ramp. The solution is spun onto a conductive collector plate (neg-
ative electrode) at a constant rate.[36] The difference in potential
between the electrodes causes the solution to be drawn multiple
times before reaching the collector plate. As the solution leaves
the needle, it forms a Taylor cone due to electrostatic repulsion
overcoming the fluid’s surface tension. The emerging droplet
changes from a circular shape to a conical Taylor cone. With
increasing electric field strength, the polymeric jet stream passes
through a stable zone, after which it experiences whipping and
bending instabilities. The jet undergoes multiple draws before
it begins to collect on the conductive plate, traversing through
the air (resulting in solvent evaporation) and leaving behind
fibres.[37] Factors such as solvent, solution viscosity, temperature,
and relative humidity all influence fibre morphology.[26] This
popular, intricate method of fibre fabrication is utilised to create
binary-based transdermal patches for in vitro drug delivery.
The in vitro transdermal study involves releasing PGS into
non-toxic phosphate buffer saline (PBS) of 7.4 (commonly used
across literature to simulate bodily fluids), with experiments
shedding light on the effects of PS80 in PGS drug release into
PBS. A supplementary drug release was done in PBS of pH
level 6, to simulate skin acidity, which can be found in the
Supporting Information.
This study pioneers the development of an electrospun fibrous

matrix specifically designed for transdermal PGS delivery, a novel
approach that has not been extensively explored in menopause
management. Unlike conventional hormone delivery methods,
this research introduces a binary polymeric system using EC and
CA, optimised for controlled drug release and enhanced bioavail-
ability. The incorporation of PS80 as a permeation enhancer is
a key innovation, strategically improving drug absorption across
the skin barrier—an aspect that has been underexplored in trans-
dermal PGS formulations. Additionally, this study provides the
first comparative analysis of EC and CA fibres for PGS delivery,
offering critical insights into polymer selection for tailored drug
release kinetics.[38] By addressing limitations such as hepatic

metabolism, patient adherence, and inconsistent release rates in
existing methods, this research lays a strong foundation for fu-
ture in vivo investigations and potential clinical translation of
electrospun fibrous patches as a next-generation hormone ther-
apy for menopause.

2. Materials and Methods

2.1. Materials

PVP (Mw ≈ 1 600 000 g mol−1), EC (455 g mol−1), CA (264
g mol−1), PGS (Mw ≈ 314 g mol−1, aqueous solubility: 8.81
mg L−1 (at 25 °C), log P: 3.87), PS80, Phosphate Buffer Saline
(PBS) pH = 7.4), Ethanol and Dimethylformamide (DMF) were
obtained from Sigma-Aldrich, Dorset, UK. All were used without
further purification. Ethanol and DMF were used as the solvent
for this study. Cellulose acetate membranes of pore size 0.2 μm,
obtained from Sartorius, Gottingen, Germany. were used for per-
meation studies.

2.2. Preparation of Polymer Solutions and Electrospinning

To study the effects of PS80 and PGS on cellulose derived
nanofibres, six different polymer solutions tagged EC/CA-Blank,
EC/CA-Dry, and EC/CA-Wet were created to perform two test
sets, see Table 1. In the initial stages of our investigation, a
thorough analysis of various electrospun fibre mats was con-
ducted to identify the optimal fibres for our experiments. The
selection criteria focused primarily on achieving the lowest
standard deviation and the smallest fibre diameter. After careful
evaluation, the fibre mats that best met these criteria were
selected for subsequent experimental phases, see Supporting
Information. The EC/CA-Blank solution was prepared with the
use of a 4.6% wCD/wPVP EC/CA to PVP (16.25% wPVP/vSolvent
solution), resulting in a total 17% (wTotal Polymer/vSolvent) of polymer
to solvent solution. To prevent the evaporation of the volatile
solvent during solution preparation, the cellulose derivative and
PVP solutions in 20 mL capped glass vials were mixed, heated
to 60 °C, and stirred for 30 h. After the polymers had completely
dissolved, the solutions were cooled to 22 °C. The EC/CA-Dry
solution was prepared with the same procedure as EC/CA-Blank
but with an additional 200 mg of PGS. The EC/CA-Wet solution
was prepared with the same procedure as EC/CA-Dry but with
an additional 1 mL of PS80. The EC/CA-Blank solution was
used as a control for FTIR and Rheology, and the EC/CA-Dry
solution was used as a control within the test set for drug
release.
A 10 mL syringe was filled with 5 mL polymer solution and

connected to an orifice through a solution pipe. The syringe was
inserted into a syringe pump, and the flow rate was set to 10 μL
min−1. The orifice was connected to a voltage supply through a
positively charged electrode (anode) at a voltage of 10 kV, allow-
ing a 15 cm gap between the positively charged orifice and the
grounded collection plate. The spinning process was conducted
at an ambient temperature of 22 °C at 40% relative humidity for
20 min, and the fibre sample was collected. A similar procedure
was used in spinning EC/CA-Blank, EC/CA-Dry, and EC/CA-Wet
fibres.
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2.3. Rheology

Rotational rheological tests (cone-plane method) and the Du
Noüy ring method were used to measure the viscosity and sur-
face tension of the polymer solutions for insights into the rhe-
ological behaviour of the EC-PVP and CA-PVP solutions with
EC/CA-Blank, EC/CA-Dry, and EC/CA-Wet configurations.[39,40]

Mean surface tension values were calculated by taking threemea-
surements from each solution.

2.4. Scanning Electron Microscopy

EC/CA-Blank, EC/CA-Dry, and EC/CA-Wet fibres were collected
on carbon taped SEM studs to prepare for imaging. Scanning
electron microscopy (Hitachi S-3400n) was used to examine the
gold sputtered fibres at an accelerating voltage of 3 kV. ImageJ
was used tomeasure the diameters of the fibres. Python andOrig-
inPro were used to analyse the data and produce a distribution
plot of the various fibre diameters. The experimental control for
drug release was the dry fibres.[41,42]

2.5. Fourier Transform Infrared Radiation Spectroscopy

The interaction between the drug, polymers, and chemical reac-
tion within the processed fibres was analysed using FTIR spec-
troscopy (PerkinElmer Spectrum 100). Prior to analysis, 2 mg
of each sample (EC/CA-Blank, EC/CA-Dry, and EC/CA-Wet) was
placed on the ATR crystal and studied over 10 rounds in the range
of 500–4000 cm−1 at a resolution of 4 cm−1.[42]

2.6. Drug Release and Mathematical Modelling

2.6.1. Drug Loading and Release

The solvent for the EC fibres was ethanol. The solvent for the CA
fibres was DMF. For this study, drug release characteristics were
analysed spectrophotometrically at 270 nm using a Jenway 6305
UV/Visible spectrophotometer (Bibby Scientific, Staffordshire,
UK)[43,44] PS80 (Sigma–Aldrich, Dorset, UK) exhibits significant
absorption at 234 nm, followed by a substantial decrease in
absorption.[45,46] To investigate the drug’s release dynamics from
the polymer, comparative absorbance was used to analyse the
movement of the drug into a fixed Franz Diffusion Cell volume of
5 mL.[15,27] This approach ensured that the drug consistently ap-
proached its maximum saturation point, providing insights into
drug release within a controlled space and enhancing our under-
standing of polymer-drug interactions. Maintaining saturation
within this consistent volume allowed for direct comparisons
between different formulations, highlighting their distinct
performance characteristics. Two main parts were conducted, fo-
cusing on the calculation of the actual drug content in the patches
and the assessment of drug release. A reference blank sample of
11.2 mg fibres with no drug was measured using a UV machine
at 270 nm, which was used to calibrate the machine when
comparing to a loaded sample and was therefore the baseline for
calibration and background correction. A test sample containing

11.9 mg fibres (either EC/CA-Dry or EC/CA-Wet) with the drug
was compared against these blank fibres to account for a 6%
increase in overall polymer weight due to PGS addition. This was
consistent throughout the entire drug release study. For the first
part, a calibration curve was generated to determine the concen-
tration of PGS in ethanol and PGS in DMF. The calibration curve
was used to calculate the drug content in the EC/CA-Dry and
EC/CA-Wet fibre patches that were being tested. The encapsula-
tion efficiency was also calculated by dividing the actual amount
by the theoretical amount. In the second part, the comparative
absorbance method was employed to record the drug release
behaviour. Four additional calibration curves for EC/CA-Dry and
EC/CA-Wet were established to determine the relationship be-
tween PGS content and patchweight in PBS. From the PBS based
calibration curves, the maximum absorbance values for EC/CA-
Dry and EC/CA-Wet were determined. These samples were fully
submerged in PBS (receptor volume 5 mL), stirred magnetically
for 24 h to achieve maximum internal drug release, and the ab-
sorbance at this stage was recorded as the final reference point.
The drug release was finally conducted, whereby 11.9 mg of PGS
loaded patches were placed on top of cellulose acetate mem-
branes, releasing into a Franz Diffusion Cell (reception volume
5mL). A reading was taken at time points, and after each reading,
the samples were returned to the cells for subsequent measure-
ments. Differences in drug release were recorded at various time
points until reaching the maximum absorbance determined
earlier. The top of the diffusion cell orifice with a 25.4 mm outer
diameter was covered with parafilm and pierced to increase
pressure in the fibre system. The cell was kept under a constant
temperature of 35 °C to simulate skin temperature,[47,48] with a
magnetic stirrer in the bath for adequate mixing of PGS trans-
ported through one membrane into the buffer solution of the
accepting chamber. All tests were repeated three times each for
accuracy.

2.6.2. Mathematical Modelling

Six different models described in Table 2 were used to compare
the experimental drug release to predictive kinetic and geomet-
ric models. DDSolver was used for kinetic models, and MATLAB
was used for the geometric equation.[49]

3. Results

3.1. Rheology

The rheological properties for all solutions are shown in Table 3.
When 0.2 g PGS was introduced into the polymer solution, both
EC and CA solutions experienced a small decrease in viscosity,
with values of 1.6% and 3.4%, respectively. However, the viscosity
changes when adding PS80 were significantly different between
the two cellulose forms. In the EC solution, viscosity increased
by 10% between EC-Dry and EC-Wet, while in the CA solution,
there was only a 0.3% increase. This difference can be attributed
to two factors. First, CA has a lighter molecular weight compared
to EC. Second, the choice of solvent affects viscosity, with ethanol
being more viscous than DMF. When PGS was added, both so-
lutions had a reduction in viscosity. This is because hydrophobic
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Table 2.Mathematical Models.

Model Equation Parameters

First Order 𝐹 = 100[1 − 𝑒 (−𝑘1𝑡)] k1 is the release rate constant, t is time.

Higuchi F = kHt
0.5 kH is the release rate constant, t is time.

Weibull F = 100(1 − e−
(t−Ti)

𝛽

𝛼 ) 𝛼 is the time process, Ti is the time lag, 𝛽 is the shape parameter. 𝛽 characterizes the
curve as exponential (𝛽 = 1), S-shaped with an upward curve followed by a turning point
(𝛽 > 1), or parabolic with higher h higher initial slope, after that consistent with the
exponential (𝛽 < 1).

Makoid Banakar F = kMBt
ne−kt kMB = release rate constant, n and k are empirical factors where k > 0.

Peppas Sahlin F = k1t
m + k2t

(2m) k1 = constant related to the fickian kinetics, k1 = the constant related to case- 2 relaxation
kinetics, m is the diffusional exponent for a device of any geometric shape which
inhibits controlled release.

Geometric Model Q = 𝛽(Dt)1∕2

a
𝛽 = 3.345, D = diffusion constant, t = time, a = radius of fibres.

drugs can disrupt the arrangement of the polymeric chains, lead-
ing to reduced viscosity.[50] PS80 is a surfactant that affects the
intermolecular forces between the polymer molecules and the
solvent. The results suggest that PS80 has a stronger affinity for
the functional groups of EC, leading to an 11% increase com-
pared to a 0.3% increase in the CA solutions. For example, both
EC and CA have hydroxyl (-OH) functional groups that can form
hydrogen bonds with the hydrophilic polar head groups of PS80.
EC’s higher molecular weight, potentially attributed to its exten-
sive ethoxylation of cellulose units, appears to be a leading fac-
tor distinguishing it from CA.[51,52] The results also showed that
while the EC solutions had higher viscosity, their surface tension
was lower. This is due to the use of ethanol as a solvent, which has
a smaller molecular size and lower molecular weight compared
to DMF. As a result, ethanol can more easily penetrate the sur-
face layer of a liquid, causing a greater reduction in surface ten-
sion. The surface tension at room temperature for ethanol alone
is 22.39 mN m−1, while for DMF it is 37.1 mN m−1.[53] Adding
PS80 to both solutions reduced the surface tension, which is ex-
pected as surfactants adsorb at the air/solution interface when
dissolved in water, leading to a decrease in surface tension.[54]

Whilst the current data establishes the connection between vis-
cosity and surface tension in fibre preparation, there is naturally
scope for further exploration in future work. Future studies could
investigate the impact of temperature variations on the rheolog-
ical properties of these polymer solutions, particularly in rela-
tion to large-scale manufacturing and storage stability. Examin-
ing how temperature fluctuations influence viscosity, elasticity,
and phase behaviour could provide additional insights for op-
timising processing conditions and ensuring reproducibility in
industrial-scale fibre production.

3.2. Scanning Electron Microscopy

The morphological structures and diameters of EC and CA fi-
bres are presented in Figure 2 and Table 4. Electrospun fibres for
drug delivery commonly range from 20 nm to 5 μm, with sizes
tailored based on drug type, release kinetics, and application.[55]

Drug-loaded fibres fall range and commonly fall between the 200
nm to 3 μm range to balance encapsulation efficiency and dif-
fusion control.[56] To align with these established parameters, we
designed our fibres within this range, with EC fibres (1.5–2.9 μm)
and CA fibres (0.5–0.7 μm), ensuring consistency with controlled
transdermal PGS release. The average diameter of EC-Blank fi-
bres was measured to be 1.5 μm. Upon addition of PGS, the
diameter increased by 13% to 1.7 μm, and with the addition of
PS80, the diameter distribution rose by 33% to 2.9 μm. As for
CA-Blank fibres, their average diameter was 0.5 μm. While the
diameter remained unchanged after the addition of PGS, it in-
creased by 40% to 0.7 μm with the addition of PS80. The EC fi-
bres were ≈3 times larger than the CA fibres. This may be due to
the increased molecular weight and more hydrophobic nature of
the EC. Second, ethanol evaporates faster than DMF, which may
also be a contributing factor to the increase in fibre diameter, as
the more volatile a solvent, the greater the influence in diameter
increases.[57,58] The encapsulation efficiency (EE) for EC-Dry and
EC-Wet was 97% and 74%, respectively. For CA-Dry and CA-Wet,
the EE is 89% and 80%, respectively.

3.3. Fourier Transform Infrared Spectrum

Figure 3 shows the results of the FTIR for both cellulose bi-
nary polymeric patches. Both EC/CA fibres exhibit a peak at

Table 3. Rheology of Solutions.

Polymer Solution EC CA

Viscosity [cP] Surface Tension [mN m−1] Viscosity [cP] Surface Tension [mN m−1]

Blank 414.3 ± 1.3 28.3 ± 0.4 153.8 ± 0.3 39.8 ± 0.3

Dry 407.5 ± 0.7 26.3 ± 0.4 148.0 ± 0.3 40.5 ± 0.7

Wet 450.4 ± 1.3 25.7 ± 0.3 148.5 ± 0.5 34.1 ± 0.3

Macromol. Mater. Eng. 2025, e00023 e00023 (5 of 15) © 2025 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 2. SEM Images of Cellulose -PVP fibres with respective diameter distributions with 10um scalebar. n = 100 for each sample.

1300 cm−1, indicating the presence of C-N resulting from the
bonding between the carbon chain and ring structure of PVP. In
addition, a peak at 1450 cm−1 is attributed to the bending vibra-
tions of CH2 bonds in the carbon chain of the PVP monomers.
The sharp maximum peak at 1650 cm−1 is associated with the
stretching vibration of C═O stretching bonds in the carbonyl

Table 4. Results for Diameters.

Derivative Blank Dry Wet

EC 1.5 μm ± 0.4 1.7 μm ± 0.6 2.9 μm ± 0.7

CA 0.5 μm ± 0.1 0.5 μm ± 0.1 0.7 μm ± 0.2

group of the PVP.[59] Stretching bands at 2800–3100 cm−1 con-
firm the presence of unsubstituted O─Hbonds in the EC and CA
monomers. The asymmetric C-H stretching in the EC monomer
is represented by a broad peak at 3200–3600 cm−1, while the final
broad peak at 3200–3500 cm−1 shows the C-H bond in CA.[59–61]

An additional weak peak at 2450 cm−1 is observed due to the bond
interactions between PGS, EC, and PVP. The presence of PGS
causes an overall absorbance drop of ≈10% in EC-Blank to EC-
Dry, while the absorbance drop is ≈50% from CA-Blank to Dry.
The absorbance drop in CA fibres is more pronounced than in
EC, which may be attributed to the homogeneity of PGS across
the fibres, as the standard deviation for the CA fibres is smaller
than the EC fibres across all cases, as well as encapsulation due to
evaporation when the polymer solutions were heated. The FTIR

Macromol. Mater. Eng. 2025, e00023 e00023 (6 of 15) © 2025 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 3. FTIR Absorbance Results Cellulose Derivative Fibres.

Macromol. Mater. Eng. 2025, e00023 e00023 (7 of 15) © 2025 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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analysis confirmed the inclusion of PGS in fibres and provided
further insight into the chemical composition and interaction of
the various components in the fibres.[62–64]

Furthermore, an additional peak at 1150 cm−1 in both EC-
Wet and CA-Wet is attributed to the C─O─C stretching vibra-
tion in the polyoxyethylene groups of PS80.[65] By introducing
PS80, additional peaks were identified at 1150 and 2900 cm−1 that
arise from the C─O─C stretching vibration in the polyoxyethy-
lene groups and C─H stretching vibrations of methylene groups
in the fatty acid esters of PS80 respectively.[65] PS80, which is
an amphiphilic molecule, forms a micelle-like encasement that
encloses PGS in a hydrophobic environment whilst facing the
aqueous environment with its water-soluble hydroxyl and ether
groups.[43] This encasement embeds the PGS into the EC and
CA, ultimately enhancing the encapsulation efficiency. The hy-
drophilic surface of the PS80 encasement promotes the release of
encased PGS when the patches are in an aqueous environment,
explaining the increase in drug release rate.[66] Overall, the FTIR
analysis not only confirmed the drug encapsulation but also that
there were no new peaks, such as amide or nitrite peaks, indi-
cating there was no chemical degradation. The core absorption
bands of PGS remained intact, suggesting the drug’s structure
was preserved, and the polymer matrix provided stability without
immediate breakdown.
The addition of PGS increases transmittance across both EC

and CA, indicating reduced infrared absorption and successful
drug incorporation – See Figure 4. The most significant shifts oc-
cur at 1650 cm−1 (C═O stretching in PVP) and 2800–3100 cm−1

(O-H stretching in EC/CA), suggesting that PGS disrupts hy-
drogen bonding within the polymer matrices.[59,60] This effect is
more pronounced in CA, where transmittance increases nearly
twice as much as in EC, implying better dispersion of PGS. This
greater transmittance shift in CA can be attributed to its well-
documented ability to form miscible blends with hydrophobic
drugs like PGS, leading to better drug dispersion within the poly-
mer matrix. This uniform distribution alters the polymer’s in-
frared absorption characteristics more significantly, increasing
transmittance compared to EC.[67]

The addition of PS80 introduces two new peaks at 1150 and
2900 cm−1 in both ECWet and CAWet, which were absent in
ECDry and CADry, confirming successful PS80 incorporation.
The 1150 cm−1 peak corresponds to C-O-C stretching vibrations
in the polyoxyethylene groups of PS80, while the 2900 cm−1

peak is associated with C-H stretching in the fatty acid ester
groups.[65,68] These spectral changes suggest that PS80 integrates
into the polymer matrix rather than remaining surface-.[43] No-
tably, the 1150 cm−1 peak is more intense in CAWet than ECWet,
suggesting that PS80 interacts more effectively with CA, likely
due to better polymer compatibility.[69] This may indicate that
PS80 disperses more uniformly within CA, supporting a micelle-
like encapsulation effect that could enhance drug entrapment
and release efficiency.[43] Despite these spectral changes, no ma-
jor structural shifts are observed in either EC or CA, confirming
that PS80 integrates into the fibres without chemically altering
the polymer matrices.[62–64]

Despite the incorporation of PS80, the core transmittance
profiles of both EC and CA remain largely unchanged, with
no major shifts in characteristic polymer peaks. This indicates
that PS80 does not degrade or chemically alter the polymer

matrices, confirming the structural stability of the electrospun
fibres.[70] Furthermore, the lack of unexpected peaks, such as
amide or nitrite groups, reinforces that the encapsulation pro-
cess did not introduce unintended chemical modifications to
the polymer-drug system.[62–64] This structural stability is crucial
for maintaining the integrity of the polymer matrix, ensuring
that drug release properties are governed primarily by diffusion
and micelle-driven release mechanisms, rather than polymer
degradation.[54,71]

3.4. Results for the In Vitro Drug Release

The drug release curves are shown in Figure 5. The calibra-
tion curves for this study are given in Figure S8 (Supporting
Information). The drug loading in EC-Dry and EC-Wet fibres
samples being tested (11.9mg) is 600 μg ± 0.001 and 540 μg
± 0.001, respectively. The drug loading in CA-Dry and CA-Wet
fibres samples being tested (11.9 mg) is 640 μg ± 0.004 and
500 μg ± 0.004, respectively. Observed (EC/CA) Dry and Ob-
served (EC/CA) Wet are the experimental drug release data from
EC/CA-Dry and EC-CA-Wet drug release studies. When incorpo-
rating PS80 into the EC fibres, there was 98% drug release by
the end of the study in comparison to 87% without. For the CA
fibres, there was a 96% drug release with the PS80, compared
to 82% without. For both systems, there was a statistically sig-
nificant difference in drug release when incorporating the PS80
(p < 0.05). Previous studies have explored the role of PS80 in
electrospun drug delivery systems, but with less pronounced ef-
fects. Kazsoki et al. investigated PS80’s impact on electrospun
nanofibres and observed that PS80 made fibres stiffer and less
plastic, but did not significantly enhance drug release rates.[72]

In contrast, our study demonstrates a measurable 16%–17% im-
provement in release efficiency, reinforcing the role of PS80 in
modifying polymer interactions to optimise transdermal drug
permeability.
There was no significant difference between EC-Dry and CA-

Dry and EC-Wet and CA-Wet (p > 0.05). For both systems, the
release suggests burst release within the first 10 min, reaching
33% and 40% for EC-Dry and EC-Wet, respectively. Similarly,
reaching 37% and 42% respectively for CA-Dry and CA-Wet
within the first 10 min. Previous studies have shown that
drug-polymer compatibility is key to controlling burst release
in electrospun fibres. Zeng et al. found that poorly compatible
drugs migrate to the fibre surface, causing high burst release,
as seen with doxorubicin hydrochloride (70% release within
60 min).[73] In contrast, our study achieves a controlled burst
release of 33–42% within 10 min, followed by sustained release
up to 70 min. This improvement is due to better drug-polymer
integration, ensuring a more gradual and predictable release
profile instead of excessive early loss. The initial burst release
in our study can be attributed to the dominating PVP presence
in the patch, which is hydrophilic and therefore dissolved upon
touching the cellulose acetate membrane. The remaining drug
was released at a more consistent rate from 10 to 60 min for
both investigations until ≈70 min, where there was no more
drug release into the PBS cells. This reduced release rate can
be attributed to the hydrophobic component of the cellulose
derivative.

Macromol. Mater. Eng. 2025, e00023 e00023 (8 of 15) © 2025 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 4. FTIR Transmission Results Cellulose Derivative Fibres.
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Figure 5. In Vitro Drug Release at pH 7.4. Error bars are present but too small to be visible due to minimal standard deviation (range: 0.001–0.024,
detailed in the analysis). Significant differences in drug release between PS80-enhanced (EC-Wet, CA-Wet) and non-PS80 (EC-Dry, CA-Dry) formulations
are marked with * (p < 0.05). No significant difference was observed between EC-Dry and CA-Dry or EC-Wet and CA-Wet (p > 0.05).

The study revealed that the EC-Wet/CA-Wet patch, weighing
11.9 mg, releases 540 μg/500 μg of PGS within 70 min into PBS
through the Franz Diffusion Cell system. This result underscores
the potential for future investigations. Notably, this release was
observed in a PBS environment, providing a promising founda-
tion for potential in vivo studies. For context, the Evorel patch
(which is not solely progesterone) delivers 170 μg of PGS over
24 h.[74] The 60–70 min release window ensures a rapid proges-
terone dose reaches systemic circulation, complementing oestro-
gen therapy in hormone replacement. While oestrogel primarily
alleviates acute menopausal symptoms, progesterone is essential
for endometrial protection, especially when high-dose oestrogen
is needed. Fast release provides immediate support for endome-
trial safety; however, this serves as a baseline demonstration of
the patch’s potential. With simple adjustments to its size and
weight, clinicians can tailor the release profile to meet individual
patient needs and clinical requirements, optimising long-term
hormone delivery.[75] Research can further explore the tailored
PGS delivery methods through the skin and assess their impact
on the rate of drug release. Moreover, FTIR analysis indicated
that the PGS fibre’s crystalline structure may transition toward
an amorphous state due to the surfactant, which could facilitate
increased drug dissolution.
The surfactant’s impact on lipid bilayers within the skin, pro-

moting enhanced drug permeability, mirrors its effect on the
cellulose acetate membrane, where it disrupts and modifies the
organised polymer structure. This disruption relaxes the fibre
network, increasing void spaces and enhancing overall porosity.
By creating a more relaxed network with increased void spaces,
PS80 further modifies fibre porosity, contributing to substruc-
tural changes that facilitate solvent penetration. Consequently,
this structural change improves solvent penetration, facilitat-
ing greater interaction between water and the drug-loaded fi-
bres, which accelerates dissolution and release.[43,44,76] Addition-
ally, this substructural porosity enhances drug diffusion, ulti-
mately improving permeability.[27] Furthermore, PS80 has an

amphiphilic nature that allows it to form micelle-like struc-
tures, embedding PGS within the hydrophobic fibre core while
maintaining a hydrophilic interface, promoting controlled drug
release.[43] Together, these effects—improved fibre porosity and
solubility—optimise drug permeability, supporting greater ab-
sorption in transdermal applications. These interactions provide
valuable insights into the role of PS80 in ex vivo settings and, by
extension, in vivo conditions.
The error bars were too small to be visually discernible on the

graphs; therefore, for clarity, they were scaled by a factor of 200
in the figure. The actual standard deviations are as follows (to
3dp): for EC-Dry, the standard deviation values range from 0.001
to 0.009, and the average is 0.004. For EC-Wet, the standard devi-
ation values range from 0.016 to 0.022, and the average is 0.018.
For CA-Dry, the standard deviation values range from 0.008 to
0.015, and the average is 0.011. For CA-Wet, the standard devia-
tion values range from 0.003 to 0.024, and the average is 0.014.
The minor differences in drug release observed in the three sets
of experiments can be ascribed to the limited drug volume em-
ployed. For both systems, adding PS80 to the system increased
the standard deviation. This indicates a higher variability in the
drug release data when PS80 was incorporated. The positive out-
comes of this in vitro absorption study justify the need for further
exploration through ex vivo and in vivo investigations. Such stud-
ies will provide a more comprehensive understanding of how the
drug release profile translates to conditions closely resembling
those in the human body. By addressing the observed variations
across studies, a clearer picture of the drug’s behaviour can be
obtained, as seen in other studies.[77,78]

3.5. Mathematical Modelling

When comparing the observed drug release rates to the drug
release models, it was evident that the magnitudes of the con-
stants were higher for all wet models than for dry models (see

Macromol. Mater. Eng. 2025, e00023 e00023 (10 of 15) © 2025 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Table 5. Average RMSE and Parameters for EC Release Models.

Model Average RMSE Parameters for EC-Dry Parameters for EC-Wet

First Order 5.3 k0 = 0.027 k0 = 0.032

Higuchi 3.7 kH = 10.2 kH = 11.2

Weibull 4.7 𝛼 = 92.6
𝛽 = 1.2
Ti = −6.7

𝛼 = 8338.6
𝛽 = 2.2

Ti = −30.6

Makoid Banakar 1.9 kMB = 14.638
n = 0.385
k = −0.002

kMB = 18.231
n = 0.363
k = −0.002

Peppas Sahlin 3.3 k1 = 8.6
k2 = 1.3
m = 0.4

k1 = 10.2
k2 = 1.5
m = 0.4

Geometric
Model

7.8 kDry = 1800 KWet = 7058

Tables 5 and 6. These increased drug release constants fur-
ther confirmed the permeation enhancement of PS80. Upon in-
vestigation, the Makoid- Banakar model had the lowest RMSE
of 1.9 for EC, while both the Makoid-Banakar and Peppas-
Sahlin models had an RMSE of 2.4 for CA, indicating that
these models best fit the drug release data for their respec-
tive polymer types. Figures 6 and 7 visually demonstrate these
fits, making it easier to assess release kinetics and trends be-
yond RMSE values alone, and Figure 8 shows the optimal
diffusion coefficient for use in geometric drug release mod-
elling. A potential reason for the faster drug release rate in
EC than CA may be attributed to the increased pore size that
resulted from the higher diameter fibres.[79] Furthermore, as
ethanol is more volatile than DMF and was used in EC, this
may also be attributed to the larger pore size in the EC fi-
bres, therefore allowing for easier diffusion of the drug out
of the polymer matrix.[80,81] Beyond validation, modelling pro-
vides insight into whether diffusion or erosion, for example, gov-
erns release, aiding future patch optimisation and formulation
predictability.

Table 6. Average RMSE and Parameters for CA Release Models.

Model Average RMSE Parameters for CA-Dry Parameters for CA-Wet

First Order 4.5 k0 = 0.029 k0 = 0.042

Higuchi 2.5 kH = 10.293 kH = 12.201

Weibull 3.5 𝛼 = 11.824
𝛽 = 0.696
Ti = −0.015

𝛼 = 15.892
𝛽 = 0.872
Ti = −0.774

Makoid Banakar 2.4 kMB = 18.5
n = 0.3

k = −0.004

kMB = 24.5
n = 0.3

k = −0.005

Peppas Sahlin 2.4 k1 = 12.172
k2 = 2.206
m = 0.327

k1 = 14.038
k2 = 2.971
m = 0.32

Geometric
Model

5.2 kDRY = 161 KWet = 547

4. Conclusion

From the study, it can be concluded that electrospun PGS patches
using EC or CA, combined with PVP, offer a promising alterna-
tive to traditional delivery methods. The addition of PS80 to both
EC andCAfibres was assessed and found to increase the viscosity
of the EC solution but not significantly affect the viscosity of the
CA solution. The SEM results showed that EC fibres were thicker
in diameter than CA fibres, for both dry and wet fibres. The FTIR
results show that the absorbance drop is higher in the CA fibres.
This may possibly be due to the increased homogeneity of PGS
and encapsulation of the drug in the fibres.[62–64] Regarding the
in vitro drug release rate, EC fibres had a higher release rate over
the study than CA fibres for both dry and wet cases. Mathemat-
ical models, seen in Figures 6 and 7, were also used to analyse
the data, and the Makoid Banakar model had the lowest average
RMSE for EC, while both theMakoid-Banakar and Peppas-Sahlin
model had the lowest average RMSE for CA.[79]

This study confirms the potential of electrospun PGS patches
as a viable and effective transdermal drug delivery method,
demonstrating successful drug permeation through a cellulose
acetate membrane. By establishing the feasibility of electrospun
fibres as a structured platform, this research validates key mate-
rial properties and drug release characteristics, providing a solid
foundation upon which future advancements can be built. The
findings of this study demonstrate sufficient evidence to support
further refinements while confirming the scientific and practical
basis for the continued development of this system. Building on
these foundations, the next steps should focus on refining struc-
tural characterisation, thermal properties, and biological evalua-
tion. For example, while SEM provided sufficient resolution for
fibre characterisation within the scope of this work, future refine-
ments could incorporate TEM for higher-resolution imaging and
a deeper understanding of fibre ultrastructure. Additionally, ther-
mal stability has been effectively investigated at this stage, but fur-
ther work could includemelting point analysis via DSC to provide
insight into phase transitions and material behaviour.
Beyond material properties, this study has effectively charac-

terised drug release behaviour, confirming key kinetic trends and
mechanisms. Future work may expand on this by integrating
in vivo and ex vivo studies on biologically relevant skin mod-
els to further assess drug permeation, cytotoxicity, and overall
biocompatibility. However, the current findings provide a clear
mechanistic understanding of drug diffusion dynamics, form-
ing a strong knowledge base for translation into biological mod-
els. Additionally, drug release from electrospun fibres is governed
by diffusion dynamics, polymer-drug interactions, and fibremor-
phology, so a constant release rate is not typically expected. The
observed variations align with biphasic behaviour, where an ini-
tial burst phase transitions into sustained release. While the cur-
rent in vitro model effectively characterises drug release kinet-
ics, in vivo studies and skin-mimicking models are beyond the
scope of this work but have been identified as key future direc-
tions to further assess long-term stability, therapeutic effective-
ness, and safety in biological environments. These findings col-
lectively establish a strong scientific and practical foundation for
the continued development of electrospun PGS patches as a vi-
able transdermal drug delivery system. This study has success-
fully demonstrated material feasibility, drug release kinetics, and
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Figure 6. Experimental and Drug Release Models for EC Fibres.
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Figure 7. Experimental and Drug Release Models for CA Fibres.

Macromol. Mater. Eng. 2025, e00023 e00023 (13 of 15) © 2025 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH

 14392054, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

am
e.202500023 by B

runel U
niversity, W

iley O
nline L

ibrary on [09/06/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.mame-journal.de


www.advancedsciencenews.com www.mame-journal.de

Figure 8. MATLAB Diffusion Coefficient Optimisation for use in the Geo-
metric Model.

key formulation characteristics, providing the necessary ground-
work for future optimisations. While further refinement and bi-
ological evaluations will strengthen clinical translation, the core
advancements achieved here confirm that this fibre-based pro-
gesterone patch is ready for progression towards broader phar-
maceutical and biomedical applications.
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