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High Dose Progesterone Loaded PCL-Polysorbate 80
Transdermal Fibers for Potential Application in

Gynecological Oncology

Omar Shafi, Saurabh Phadnis, Un Hou Chan, Mohan Edirisinghe, and Francis Brako*

Progesterone (P4), commonly administered in high doses for endometrial
cancer palliative management, has limitations in current delivery systems.
This preliminary in vitro drug release study introduces electrospun patches to
offer a new perspective on P4 delivery. The study aimed to assess the
influence of the surfactant polysorbate 80 (PS80) on the release of P4 from
polycaprolactone (PCL) fibers. The PS80 effects are examined to inform the
fine-tuning of the fibre generation process. Patches developed, PCL wet (with
PS80) and PCL dry (without PS80), showed encapsulation efficiencies of 76%
and 42%, respectively. The dose levels studied are 6.1 mg for PCL wet and
4.4 mg for PCL dry samples. Molecular studies show that higher surfactant
levels improved P4-polymer mixing, enhancing dissolution and release rates.
Patches with PS80 released 66% of the drug in 17 h, while those without
released only 51%. Release data best fit the Weibull model, showcasing
promise for these patches in transdermal P4 delivery. This study offers a

cancer, the most prevalent gynecological
cancer in developing countries and the
fourth most common in the UK, accounted
for ~250 000 cases and 62 000 deaths glob-
ally in 2005, making up 60% of the global
burden.[!! This cancer primarily affects the
endometrium and constituted around 5%
of all new cancer cases between 2016 and
2018.341 Although the total number of
endometrial cancer cases is high, around
70% are localized to the uterine cavity at
stage 1, with 92% of patients surviving
the disease.[**] However, if extraperitoneal
metastases occur and the cancer spreads
to other anatomical locations, such as the
para-aortic nodes, the 5-year survival prog-
nosis worsens six times.[*¢! Without opti-

non-invasive option compared to traditional methods and underscores the
need for further research to confirm the patches’ clinical effectiveness for

potential use in gynecological oncology.

1. Introduction

Gynecological cancers represent nearly 20% of all new cancer
cases worldwide and about 12% in the UK.?! Endometrial
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mal cancer services, patients are at risk of
preventable disease progression. The out-
look was further worsened by COVID-19,
exacerbating the NHS backlog.”l By Jan-
uary 2021, primary care contacts and ur-
gent cancer referrals reduced by 20% (95%
CI 18.1-22.3%), for gynecological cancers
alone by 10.3% (95% CI 9.7% to 10.9%), and one in four patients
failed to meet the 62-day cancer waiting target from initial
suspicion to commencement of treatment.[®! The critical impact
of early detection on endometrial cancer outcomes emphasizes
the urgent need for improved services. Yet, political conflicts of
interest impede optimal care delivery.l®! At the early, recognizable
stages of endometrial cancer, patients can present with abnor-
mal bleeding which is amongst the “red flags” symptoms of
the disease.>°! Early assessment and treatment of endometrial
cancer are facilitated by hysteroscopic examinations, endome-
trial thickness investigations, and biopsies. In areas with limited
healthcare access, preventable treatments are often neglected,
leading to worsening cases and highlighting the concept of the
inverse care law. This underscores the critical need for accessible
treatment options.!1°!

P4 plays a crucial role in palliating endometrial cancer
symptoms by countering the proliferative effects of estro-
gen, inhibiting cell differentiation and growth. It prevents
cancerous tissue growth in patients undergoing hormone
replacement therapy (HRT) and effectively controls exces-
sive bleeding symptoms.['"12] For cases considering fertility
preservation and stage 1 endometrial cancer, P4 offers an al-
ternative to invasive procedures like hysterectomy and bilateral
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salpingo-oophorectomy (removal of sex organs).l3] Additionally,
P4 treatment benefits patients with multiple comorbidities for
whom surgery is not an option, highlighting the importance of
effective delivery.3] In advanced/recurrent endometrial cancer
management, HRT with high-dose P4 is combined with other
therapies, including chemotherapy, guided by histopathology
and clinical factors."*l At the European Consensus Conference
for Endometrial Cancer, a unanimous 100% consensus sup-
ported the use of high-dose P4 for specific clinical scenarios,
such as grade 1 or 2 endometroid tumors and/or recurrent
disease biopsies.!**!

P4 can be initially given as an intravaginal coil. However,
when women decline or do not respond to the coil’s 20 ug per
day dosage, guidelines suggest a supplementary approach with
a higher oral dosage of 200 mg daily.[*] Due to the hepatic by-
pass effect, oral delivery results in reduced bioavailability (typi-
cally ranging from 5% to 15%), necessitating a higher dose to
compensate for the percentage wasted. The ultimate goal is to
achieve a daily dosage of approx. 20 mg of P4.'*1 The current
delivery methods described have their limitations. P4 injections
carry infection risks under unsanitary conditions, and patients
in poorer communities may lack access to proper administration
by clinicians. Dysphagia can also cause discomfort with oral P4
medication, and first-pass hepatic metabolism further reduces its
oral bioavailability.'®”] Rectal and intravaginal P4 medication
also present barriers to patients due to their intimate, discom-
forting delivery methods.!'8] Although P4 patches for HRT and
contraception exist (Evorel Sequi and Evra), they contain estro-
gen, which may not always be required, and have specific dosages
for different conditions.'*?%] Hence, while existing approaches
are available, the constraints associated with them could be ad-
dressed through the utilization of non-invasive transdermal fi-
brous patches delivering P4 exclusively. These patches can be tai-
lored to meet specific clinical requirements, presenting a hope-
ful alternative to current delivery methods that face compliance
challenges. This study focuses on producing high-dose fibrous
P4-loaded patches for potential future drug delivery to address
these patient requirements.

Polymeric fibrous patches are emerging as a promising tool in
transdermal drug delivery. Their tunable characteristics, such as
porosity, facilitate the diffusion and dissolution of drugs from the
fibrous structure.2122] Upon release from these fibers at a desig-
nated particle size (with molecules having a kDa weight less than
400), the drug encounters the stratum corneum.[?*] Through pas-
sive diffusion, it then progresses via intercellular pathways within
the lipid matrix, advancing to the epidermis, and ultimately ac-
cessing the capillaries to enter the bloodstream.[?*2*! Surfactants
can enhance intralipid transport through several mechanisms,
including increasing permeability by modifying lipid structures
decreasinglipid resistance of drug, minimizing drug crystallinity,
and fostering a more moist environment.[2>26]

A polymeric drug delivery system has been employed due to
its strong affinity to active substances.[??8] Electrospinning (ES)
is a successful method used in this study to create P4 patches,
demonstrating its potential for fabricating uniform drug deliv-
ery systems.!?®] Previous studies have demonstrated the promis-
ing potential of infusing P4 into fibers using polymers such as
zein and polyvinylpyrrolidone. This warrants further exploration
of alternative polymer options to expand our understanding in
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this area.[?3% The process involves injecting a polymer solution
at a constant, chosen rate of liters per unit time through a nee-
dle which is attached to a high-voltage ramp. The solution is then
electrospun onto a collection plate which is at a chosen height be-
low the needle. Due to the electric field created between the nee-
dle and collector plate, the jet stream is altered from a circular
shape to a conical Taylor cone, which experiences whipping and
bending instabilities as it travels. The jet finally collects on the
conductive plate, leaving behind a circular patch of fibers as the
solvent evaporates. The fibers that remain contain the chosen ad-
ditive, and in this case, P4. The patch is then peeled off the plate.
Various external factors, such as temperature, humidity, and so-
lution properties, can affect the morphology of the fibers.[231]

Polycaprolactone (PCL), a biocompatible and biodegradable
polymer, is used in this study due to its rubbery state resulting
in high toughness and impressive mechanical properties such
as high strength and elasticity.?2>3}] The polymer is non-toxic
and tissue-compatible and has found a strong presence in scaf-
folds for regenerative therapy and drug delivery.’*3>] Acetone,
an essential solvent for dissolving PCL, exhibits superior solu-
bility for P4 compared to other solvents like ethanol, enabling a
high level of drug incorporation. The combination of PCL and
acetone opens up possibilities for creating a diverse range of
P4 only patches with varying drug doses in smaller volumet-
ric spaces, creating lighter weight P4 patches. Moreover, at the
concentrations used in the study, acetone is non-toxic, ensur-
ing the safety of the process. Additionally, acetone conveniently
evaporates from the fibers during production, leaving behind P4-
loaded patches.**%”] This allows the drug and polymer to be eas-
ily dissolved into one polymer solution prior to adding PS80. For
gynecological oncology, it is important to be able to maximize P4
dissolution into solvent to infuse the highest amount of P4 into
the potential transdermal patch scaffold.

In this study, PS80, a non-ionic surfactant commonly used in
the cosmetic and skin industry, was used to enhance permeation
in the patch and achieve a more uniform transdermal structure
by reducing bead formation.[>3840] Notably, PS80’s non-ionic
nature contributes to its lower irritation potential compared to
cationic and anionic surfactants, thereby reducing the risk of con-
tact dermatitis.[*! This allows a more controlled approach to drug
release and as it acts as a surface penetration enhancer, PS80 can
potentially improve drug delivery through membranes including
skin.?*l This investigation releases drugs into a non-toxic phos-
phate buffer saline (PBS). PBS is widely used in transdermal re-
search due to its ability to maintain a pH of 7.4, mirroring fluids
of the human body.[****] The osmolarity and ion concentration
closely bear a resemblance to that of blood serum, rendering it
a suitable medium for the in vitro study and to create a path for
future investigations.[??] This preliminary in vitro drug release
study provides a clearer picture for the potential of the patch for
further clinical studies.

2. Experimental Section
2.1. Materials
PCL with a molecular weight of ~80 g mol~!, P4 with a molec-

ular weight of around 314 g mol™! and an aqueous solubility of
8.81 mg L1, phosphate buffer saline (PBS) with a pH level of 7.4,
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Table 1. Addition of Polysorbate to 20 mL of 9% w/v PCL solution.

Sample PCL Acetone P4 PS80
(Wrolymer/Vsolvent) [mL] (Warug/Vsolvent) (Vesso/Vsolvent)

1 9% 20 12.5% 0%

2 9% 20 12.5% 15%

3 9% 20 12.5% 20%

4 9% 20 12.5% 25%

5 9% 20 12.5% 30%

Table 2. Final Solution Reagents used to generate fibers for drug release.
See Table 1, sample 2.

Reagents PCL Blank PCL Dry PCL wet
PCL [g] 1.8 1.8 1.8
Acetone [mL] 20 20 20
P4 [g] 0 2.5 2.5
Polysorbate [mL] 0 0 3

PS80 (1310 g mol™'), and acetone which was used as a solvent
in this study were purchased from Sigma-Aldrich, Gillingham,
UK. The cellulose acetate membranes with a pore size of 0.2 ym
that were used for the permeation studies were purchased from
Sartorius, Gottingen, Germany. All the chemicals were used as
received without any further purification.

2.2. Solution Preparation and Characterization

Five solutions were initially electrospun, 8%, 9%, 10%, 11%, and
12% (Table 1). The solution with the lowest diameter and small-
est standard deviation was chosen for the continuation of the
study, see Figure S1 (Supporting Information). Therefore, a 9%
solution of PCL (1.8 g in 20 mL Acetone) was used in all experi-
ments. As shown in Table 1, 3, 4, 5, and 6 mL volumes of PS80
were added to each of the 9% PCL solutions (respective volumes
shown as Vpgg/Veonent)- Each solution was under constant mag-
netic stirring, at 50 °C, for an hour. PCL polymer solutions with
PS80 were named “wet” and without the surfactant, “Dry.” PCL
solutions with no other reagents or drugs were named as “blank.”
Uniform mixtures of PCL blank, PCL dry, and PCL wet were used
in electrospinning after scanning electron microscope analysis
(shown in Table 2).

The solutions’ viscosities were measured using a calibrated
Brookfield Viscometer DV-III+ (Brookfield, Middleboro, MA,
USA) calibrated to determine the viscosity at the shear rate re-
quired to produce 99% torque for each solution. Additionally, the
surface tension for each solution was determined using a Ten-
sionmeter (Kruss GmbH, Hamburg, Germany) that had been cal-
ibrated beforehand.

2.3. Preparation and Characterization of Fibers

After complete dissolution, the solution was prepared for electro-
spinning. Each solution underwent a 5-min spinning process at
a constant flow rate of 160 pL min~! and a voltage of ~10 kV,
under ambient temperature conditions of ~21 °C and humid-
ity of ~#50%. Following the spinning process, all solution prod-
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ucts were imaged using a scanning electron microscope. The so-
lution that produced fibers with the smallest diameter was se-
lected for P4 loading. The maximum solubility of P4 in acetone
was determined to be 125 mg mL~!. To prepare the fibers for
imaging, 2.5 g of the drug was dissolved in 20 mL of acetone,
and the corresponding PCL and polysorbate solutions were col-
lected on carbon-taped SEM studs. Subsequently, the fibers were
coated with gold for 90 s using a Q150R ES (Quorum Technolo-
gies) sputter coater and analyzed through scanning electron mi-
croscopy (SEM, the Hitachi S-3400n) at an accelerating voltage of
5 kV. The fiber diameters were measured using Image], and the
data was analyzed and presented using Python and OriginPro to
create a distribution plot of the various fiber diameters. Approx-
imately 100 random fibers from three patches for each sample
were examined. Each sample was remade using a new batch of
the same solution ratios. Solvent residue in electrospun fibers
(Table 4) were also calculated by measuring the mass of fibers
immediately after electrospinning and comparing this to the cal-
culated dry mass of polymer and additives. The initial mass of the
solvent, determined from the volume used in the solution, was
recorded. The difference in mass between the electrospun fibers
and the initial dry components indicated the solvent residue.

2.4. Drug Loading and Release

For this study, drug release characteristics were analyzed spec-
trophotometrically at 270 nm using a Jenway 6305 UV/visible
spectrophotometer (Bibby Scientific, Staffordshire, UK).[*34¢]
PS80 (from Aldrich) displays a marked absorption at 234 nm,
after which its absorption decreases considerably.*”*®] In this
study, a fixed 5 mL volume in the Franz diffusion cell was selected
to examine the drug’s release dynamics from the polymer. This
approach ensured the drug consistently tended toward its maxi-
mum saturation point, providing insights into drug release in a
set space and facilitating a better understanding of polymer-drug
interactions. Saturation in this consistent volume allowed for di-
rect comparisons between different formulations, highlighting
their distinct performance. 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
5 mg fibers with no drug was measured using a UV machine
at 270 nm. A test sample containing 11.9 mg fibers (either PCL
dry or PCL wet) with the drug was compared against these 5 mg
blank fibers to account for a 138% increase in overall polymer
weight due to P4 addition. This was consistent throughout the
entire drug release study. For the first part, a calibration curve
(P4calicurve) was generated to determine the concentration of P4
in acetone. The calibration curve was used to calculate the exact
drug content in the PCL dry and wet fiber patches that were be-
ing tested. The encapsulation efficiency was also calculated by
dividing the actual amount by the theoretical expectation. In the
second part, a comparative absorbance method was employed
to record the drug release behavior. Two additional calibration
curves (drycalicurve and wetcalicurve) were established to deter-
mine the relationship between P4 content and patch weight in
phosphate-buffered saline (PBS). From drycalicurve and wetcali-
curve, the maximum absorbance values for PCL dry and PCL wet
were determined. These samples were fully submerged in PBS
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Table 3. Equations used for Predictive Modeling.[>1-33]

Model

Equation

Parameters

Baker Lonsdale

Higuchi

Gompertz

Korsemeyer Peppas

Makoid Banakar
Peppas Sahlin

Probit

Weibull

Hopfenberg

7
31—(1=fy3)y- £ =
2(1 a 100) ) 00 kg Xt

F =ky t%°
F = ]Ooe(_u(fﬂlog(t)))

F=ket"

F =kyg t"e™
F =k t" + kyt@®m

F = 100p(a + flog(t))
(=1
F=100(1-¢ @)

F = 100[1 - (1 — kygt)"]

F is the fraction of release,

kg is the release rate constant, t is time.
ky is the release rate constant, t is time.

The model describes a as the undissolved proportion at time t = 1, serving as a location or scale
parameter, and f as the dissolution rate per unit time, serving as a shape parameter. The model
shows a rapid increase at the beginning and a slow convergence toward the maximal dissolution
asymptote.

The release mechanism is characterized by the value of n, which can be determined by the slope of the

straight line (where F is the on the y axis and t on the x), while the release rate constant is denoted as

kyp. For a cylindrical matrix, the value of n determines the type of release mechanism. For example, a
value of n = 0.45 indicates Fickian release (case 1), while a value between 0.45 and 0.85 indicates
non-Fickian (anomalous) release. A value of n = 0.89 indicates case Il (zero-order release), and a
value greater than 0.89 indicates super case Il type release. The variable t represents time.

kyg = release rate constant, n and k are empirical factors where k > 0.

The constant k; is related to Fickian kinetics, while the constant related to case-2 relaxation kinetics is
denoted as k,. The diffusional exponent m applies to devices of any geometric shape that impede
controlled release.

In this model, the variable ¢ represents the standard normal distribution, while « serves as the scale
factor, and f represents the shape factor.

In the given model, a denotes the time process, Ti represents the time lag, and f serves as the shape
parameter. The value of # determines whether the curve is exponential (f = 1), S-shaped with an
upward curve followed by a turning point (8 > 1), or parabolic with a higher initial slope, indicating
the exponential (8 < 1).

ko
Co xap’
while C, denotes the initial drug concentration within the matrix, and a, represents the radius of the

kyg is the combined constant, where kg = the erosion rate constant is represented by k,

cylinder. For a cylindrical matrix, the value of nis 2.

Geometric Equation

Q(f) = tanh(

y(oy /2
a

) The diffusion constant is denoted by D, while a refers to the cylinder’s radius, and y is a constant value.

(receptor volume 5 mL), stirred magnetically for 24 h to achieve
maximum internal drug release, and the absorbance at this stage
was recorded as the final reference. The drug release was finally
conducted, whereby 11.9 mg of P4-loaded patches were placed
on top of cellulose acetate membranes, releasing into a Franz
diffusion cell (reception volume 5 mL). A reading was taken at
time points and after each reading, the samples were returned
to the cells for subsequent measurements. Differences in drug
release were recorded at various time points until reaching the
maximum absorbance determined earlier. The top of the diffu-
sion cell orifice with a 25.4 mm outer diameter was covered with
parafilm and pierced to increase pressure in the fiber system.
Given the transdermal nature of this study, the cell was main-
tained at a constant temperature of 35 °C to mimic skin temper-
ature. To ensure proper mixing of P4 transported through one
membrane into the buffer solution of the accepting chamber, a
magnetic stirrer was employed in the bath. To ensure accuracy,
all tests were conducted in triplicate using three separate samples
for each set.

2.5. Molecular Characterization of Fibers by Fourier Transform
Infrared Spectroscopy
Fourier transform infrared spectroscopy (FTIR) spectroscopy

(PerkinElmer Spectrum 100) was employed to analyze the re-
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lationships between the drug, polymers, and chemical reac-
tion within the processed fibers. Before analysis, 2 mg of each
sample (PCL Blank, PCL dry, and PCL wet) were placed on
the ATR crystal and studied over ten times in the range of
500-4000 cm™! at a resolution of 4 cm~!. The experiment was
conducted three times, using three distinct samples for each
repetition.

2.6. Drug Release Modeling

Ten mathematical models described in Table 3 compared
the experimental drug release to predictive kinetic and ge-
ometric models. DDSolver was used for kinetic models
and MATLAB was used for the geometric equation.*"
(Table 4)

2.7. Statistical Analysis

T-tailed t-tests were performed to assess the significance of drug
release and diameter variations between wet and dry fibers. The
corresponding P-values can be found in Section 3. The mean of
the root mean square errors (RMSE) of both dry and wet fibers
quantified the differences between predicted and observed drug
release.
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Figure 1. The influence of PS80 on the fiber diameters generated from 9% PCL. Increasing the PS80 amounts in solutions increased the fiber diameters.
For each patch, 100 random fibers were analyzed. No viable fibers were formed when adding 5 or 6 mL’s to the solution.

Table 4. Physical properties of polymer solutions and solvent residue in
resulting fibers.

Property PCL Blank PCL Dry PCL wet
Concentration of Polymer(Wpc, [Vsovent) % 9 9 9
Concentration of PS80(Vpsgo/Vsolvent) % 0 0 20
Concentration of Drug(Wp4/Vsolvent) % 0 12.5 12.5
Temperature [°C] 21 21 21
Viscosity [mPa s] 123+£12 149+ 1.1 12+22
Surface Tension [mN m”] 22.7+0.6 23.4+0.1 20.8 + 0.1

Solvent Residue in Fibers [%)] 0.19+0.13 021+0.18 1.12+0.16

3. Results and Discussion

3.1. Solution Properties

The rheometer spindle’s torque, when increased to 99%, revealed
the changes in viscosity across each solution. When adding P4
to the “blank” solution, the viscosity increased from 12.3 to 14.9
mPa s. When polysorbate was then added, the viscosity reduced
to 12 mPa s. A similar phenomenon was observed with surface
tension analysis. When adding P4 to PCL Blank, the surface ten-
sion increased from 22.7 to 23.4 mN m~!. Upon adding polysor-
bate, the surface tension reduced to 20.8 mN m™'. The decrease
in viscosity and surface tension when introducing PS80 confirms
the reduction in interfacial tension within the solution and the
shrinking of polymer chains.>* The addition of P4 and PS80
to the PCL Blank solution for fibers increased solvent retention
from 0.19% to 0.21% with the drug, and markedly further to
1.12% with polysorbate 80, reflecting the surfactant’s impact on
solvent evaporation efficiency. This notable difference can be at-
tributed to the morphological changes seen when adding PS80,
see Figure 2.5

3.2. Fiber Formation and Morphology
Polysorbate was added to the fixed polymer solution, with in-

crements of 1 mL from 3-6 mL. Without the surfactant, fibers
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formed were in the nanometer range. However, once surfactant
was added, the diameters increased into the micrometer range.
PS80 is known to increase the electrical conductivity in polymeric
solutions, altering the electric field and charge distribution dur-
ing spinning, therefore leading to thicker fibers being formed.>¢!
When more than 4 mL of polysorbate was introduced, the so-
lutions exhibited two outcomes: either the fibers would embed
within one another, or no fibers would be observed at all (re-
fer to Figure 1). In the viable patches, adding PS80 reduced the
standard deviation suggesting an improvement in homogeneity
within the patches as seen in Figure 1, decreasing from 1165 to
929 nm. The skeleton chosen was Sample 2, see Table 1. This so-
lution had the lowest fiber diameters with the highest amount of
polysorbate to aid transdermal drug permeation. Loading P4 into
the fibers did not result in any noticeable diameter difference, as
shown in Figure S3 (Supporting Information). Both PCL Blank
and PCL dry exhibited a diameter of 700 nm, and there was no
statistically significant difference between them (p > 0.05). How-
ever, the addition of P4 led to an increase in the standard devi-
ation among the fibers, +480 to #1170 nm, indicating a reduc-
tion in patch homogeneity. Figure 5 shows the effect of PS80 on
diameter—the diameter increased by 70% from 700 to 2200 nm.
PS80 decreased the appearance of beads formed in the fibers as
seen in Figures 2a,b, improving homogeneity across the patch.
The diameters from three samples were analyzed for both PCL
dry and PCL wet using Image]. The average diameter distribu-
tions can be seen in Figure 2c. The peaks of the curve describe
the average diameter as mentioned above.

3.3. Molecular Characterization by Fourier Transform Infrared
Spectroscopy

For PCL in Figure 3B-D, characteristic peaks are displayed
at 2930 and 2866 cm™" exhibiting CH, asymmetric and sym-
metric stretching, respectively.’”] There are also peaks at 1730
cm™! (carbonyl stretching), 1294 cm™! (C—O and C—C stretching
in crystalline phase), 1240 cm™ (asymmetric C—O—C stretch-
ing), 1190 cm™! (O—C—O stretching), 1170 cm™! (symmetric
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Figure 2. SEM images of a) dry fibers, and b) wet fibers, and c) size distribution curve of the two groups of fibers showing significant differences in their

diameters (p < 0.05). n = 100 for each sample.

C—O0—C stretching), and 1157 cm™! (C—O stretching in amor-
phous phase). In the PCL Blank, a weak peak around 960 cm™!
(C—C stretching vibration) indicates the presence of the crys-
talline phase regions within polymeric structure. When P4 was
added to the polymer solution, to become PCL dry, there were vi-
sual characteristic changes. There were additional peaks at 1661
cm™! (C=C stretching), 1698 cm~! (C=O0 stretching), and 2800—
3000 cm ™! (C—H stretching vibration) confirming P4 in the fiber
as the pure P4 spectrum shows characteristic peaks at these
wavelengths—this can be seen in PCL dry and PCL wet. The di-
minishing peaks between 1160 and 1190 cm™! from the PCL and
between 500 and 1000 cm™! from the P4, seen in the PCL dry
fibers signify reduction in the crystallinity and thereby indicating
some degree of solid dispersion and the formation of an amor-
phous mixture of the polymer and drug. In fibers, there were
small peaks around 3440 and 670 cm™" which can be attributed to
water vapor and CO,, respectively, in the air.*®>°) Once PS80 was
added to the polymer solution to become PCL wet, there were
peaks around 2870-2900 cm™' (CH,) representing asymmetric
and symmetric bands, and also a stretching band at 1735 cm™
(C=0 ester group).[® The diminishing bands in Figure 3C,D, at

Macromol. Mater. Eng. 2024, 309, 2300447 2300447 (6 of 11)

around 1600 and 1485 cm™' suggest further reduction in crys-
tallinity within the fiber which can be attributed to the improved
solubility of the drug and therefore the drug release profile.[®!]

3.4. Drug Diffusion

The calibration curves for this study are given in Figure S2
(Supporting Information). The drug loading in PCL dry and
PCL wet fibers samples being tested (11.9 mg) is 4.4 mg =+
0.001 and 6.1 mg + 0.001, respectively. Common transdermal
patches weigh approximately between 500 and 2000 mg, and for
current patches that include combined P4 and estrogen, the level
of P4 ranges approximately between 6 and 11.2 mg, therefore
confirming the relative higher drug loading in overall lower
polymeric patch weight.[%263] The total of 11.9 mg of PCL wet
results in the delivery of 6.1 mg of P4 into PBS over a 20-h period,
enabling a personalized approach of P4 delivery with the tailored
weight of the PCL wet patch according to each patient’s needs.
For instance, a 40 mg patch of PCL wet can potentially achieve
the guideline-recommended approach of approx. 20 mg of P4
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Figure 3. Analysis on A) P4, B) PCL blank, C) PCL dry, and D) PCL wet.

delivery.["] Preclinical toxicity studies reveal progesterone’s LD50
(lethal dose, 50%) values—100 mg kg~ in mice, 327 mg kg™' in
rats, and 26.5 mg kg! in rabbits—far exceeding the therapeutic
doses for current endometrial therapy, underscoring its safety.[%]

Observed dry and observed wet is the experimental drug re-
lease data from PCL dry and PCL wet drug release studies. There
was a statistically significant difference in drug release when in-
corporating polysorbate into the fibers (p < 0.05). The incorpo-
ration of PS80 into the fiber patches increased drug loading and
drug release, as seen in Figure 4. During the study, the PCL dry
fibers achieved 51% drug release, while the wet fibers reached
66% drug release. The graph suggests an initial burst release
within the first 3 h, with the dry fibers releasing ~30% and the
wet fibers releasing around 50% of progesterone (PCL dry and
PCL wet, respectively). The initial burst release observed can be
ascribed to the high concentration of P4 released from the porous
surface property of PCL. The presence of highly volatile acetone
might have contributed to the porosity of the patch, facilitating
the easier release of the drug.[®%°] After the initial burst, there is
a gradual and sustained release of P4 from the fibers. Around the
17-h mark, there is a spike in P4 release. This is due to the erosion
of the PCL polymer allowing for a considerable increase in P4 re-
lease toward the end of the experiment, and therefore the drug
release halted at this point.[®”] The rapid drug release from the
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Figure 4. Observed Transdermal P4 Release into PBS (p < 0.05).

wet fibers is accredited to the surfactant characteristic, which in-
creases the hydrophilicity of the dosage.[>] Additionally, the FTIR
analysis revealed that the P4 fiber may become more amorphous
due to this property, leading to further drug dissolution. The sur-
factant’s interaction with lipid bilayers in the skin, enhancing
drug permeability, is paralleled in its effect on the cellulose ac-
etate membrane. It disrupts and alters the organized array, cre-
ating a more relaxed layout and augmented membrane perme-
ability. This results in an increase in the sub-structural porosity
and consequently, increased drug permeation.!?>20%8] Such inter-
actions offer insights into how polysorbate 80 might operate in
ex vivo scenarios, and by extension, in in vivo conditions.

As the standard deviation is too small to be seen using error
bars on the graph, the variability of the range of standard devi-
ation values are as follows: for PCL dry, the standard deviation
value range is (0.025-0.061), the average of this range is 0.05, and
the variance of this range is 7.2E-05. For PCL wet, the standard de-
viation value range is (0.0015-0.026), the average of this range is
0.014, and the variance of this range is 5.6E-05. The range of stan-
dard deviation values is wider for PCL dry compared to PCL wet.
This indicates that PCL dry exhibits greater variability or spread
of data points in terms of drug release. The smaller variance value

Table 5. Average RMSE between observed and predicted models.

Models Average RMSE
Makoid Banakar 3
Higuchi 9.5
Gompertz 2.6
Korsemeyer Peppas 4.4
Makoid Banakar 73
Peppas Sahlin 3
Probit 3.2
Weibull 2.5
Hopfenberg 15.3
Geometric Model 33
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Figure 5. Fitting Of kinetic release models for transdermal P4 release into PBS. The experimental data were fit into the various release models (a-j) to
determine which model best describes progesterone release from PCL fibres under the influence of polysorbate 80.
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Models

Dry Parameters

Wet Parameters

Makoid Banakar
Higuchi

Gompertz
Korsemeyer Peppas
Baker Lonsdale
Peppas Sahlin
Probit

Weibull
Hopfenberg

Geometric Model

kg = 22.475, n = 0.456, k = —0.032
ky = 15.65
a=1.082,=0911
kgp = 23.507, n = 0.304
kg, = 0.006
ki = 26.306, k, = 3.454, m = 0.498
a=-0.733, §=0.679
a =3.495, p = 0.356, T, =0.145
kg = 6.06 X 107°, n = 1196.848
7 =2415, Dy, =6 cm? 57!

kg = 34.645, n = 0.459, k = —0.042
ky = 21.232
a=1461,§=0.684
kyp = 34.232, n = 0.269
kg, = 0.012
ky = 39.365, k, = —5.887, m = 0.493
a=-0.420, § = 0.797
a=1915, #=0.293, T, = 0.403
kg =2.37 x 1075, n = 6299.214
y =2.415 Do = 124 cm? 57!

for PCL wet indicates that the standard deviation values within
this dataset are more consistent or less variable compared to PCL
dry, suggesting a tighter cluster of data. Encapsulation efficiency
is 42% and 76% for PCL dry and PCL wet patches, suggesting that
PS80 contributed to the increase in drug loading into the fibers.

3.5. Predictive Models

The mathematical models are overlaid upon the observed drug
release data in Figures. The Hopfenberg Model (Figure 5i) had
the greatest average RMSE across both wet and dry fibers, with
an RMSE of 15.3, while the Weibull model (Figure 5h) had the
smallest average RMSE, with an RMSE of 2.5. Table 5 presents all
of the RMSE results. As anticipated and shown in Table 6, the em-
pirical release constants were notably higher when the P4 loaded
fibers were infused with polysorbate, owing to the faster over-
all wet fiber release compared to dry fiber release. The Weibull
model has the lowest average RMSE, indicating that this model
provided the closest fit to the experimental data. The other mod-
els had higher RMSE values, suggesting a less accurate model of
the drug release behavior. This highlights the model’s versatility
and potential for modeling hydrophobic drug release from fibers.

4, Conclusions

The objective was to develop a transdermal fibrous patch that
could deliver high doses of P4 for potential applications in en-
dometrial cancer treatment. With the high solubility of P4 in ace-
tone, a high P4 dose was incorporated into the fibrous patch.
The patch was characterized to determine its properties, with a
focus on the impact of PS80 on the polymer solution rheology,
fiber diameter, composition, morphology, and drug release. The
addition of PS80 to the polymer solution reduced viscosity and
surface tension, increased fiber diameter, and improved P4 per-
meation through the cellulose acetate membrane. However, ex-
cess PS80 resulted in unsuccessful fiber generation. FTIR anal-
ysis indicated that both P4 and PS80 had an impact on the ab-
sorbance curves, and the surfactant increased the hydrophilic-
ity of the poorly soluble P4, which may have contributed to the
formation of an amorphous solid mixture of PCL and P4 in the
fiber. This enhanced the release and transport of P4 across the

cellulosic membrane, suggesting that the use of an ideal surfac-
tant could improve the transmucosal potential of drug-loaded P4
fibers. Mathematical modeling revealed that the Weibull model
provided the best fit. By using acetone, high amounts of P4 were
successfully loaded into the fiber patches and released in an in
vitro system, demonstrating their potential for transdermal high-
dose P4 drug delivery in gynecological oncology. In summary,
this study centers on the development of a transdermal fibrous
patch for high-dose P4 delivery. While primarily exploring drug
release from fibers, it highlights the potential of using fine fibers
to deliver P4 via the transdermal route. To realize the clinical po-
tential of this approach, further studies are needed to evaluate
its efficacy and safety in vivo. Future investigations should also
focus on creating an adhesive backing layer to ensure proper ad-
herence to the skin, advancing this innovative drug delivery ap-
proach closer to practical application.

The study successfully demonstrated P4 permeation through a
cellulose acetate membrane in PBS system, highlighting the role
of PS80. Some inherent limitations exist with the test, such as
the difference between cellulose acetate membrane and real skin.
Further studies using porcine skin are logical areas of follow-up
research. Additionally, an MTT Assay will ascertain the biocom-
patibility of the polymeric fibers. Building on the outcomes of this
study will enhance our understanding of fibrous drug release and
its clinical significance.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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