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ABSTRACT: Prostatic urethral obstruction (PUO) is the urethral
narrowing by the external pressure of an enlarged prostate, which
hinders the ability to pass urine normally. The most common
reasons for an enlarged prostate are prostate cancer and benign
prostate hyperplasia. In this study, we aimed to develop a drug-
loaded shape-memory polymer urethral stent (SMPUS) to address
PUO. The SMPUS was designed to combine both mechanical and
chemical/herbal treatment of PUO. Successfully, SMPUS shows U
potential mechanical efficacy through its shape-memory properties Obstructed SMPUS keeps the
that ensure the patency of the urethral lumen by restoring its tube- prostatic urethra Pms;ztrlfn:lr f:::;t (1)1]:1:. for
like stent shape upon flushing with hot water at its melting

temperature. Additionally, the in vitro drug release investigation shows the capability of SMPUS to serve as a versatile drug delivery
platform, after further in vivo investigation, enabling the release of the selected drugs to treat the primary diseases associated with
PUO while mitigating the systemic side effects associated with conventional treatments. Both polymer and drug concentrations can
be modulated to achieve the required mechanical and thermal properties based on the case progress. This adaptability of the
developed SMPUS allows for future in vivo and clinical trials in medical applications.
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1. INTRODUCTION their prostate, and need an alternative way of treatment.”””

Prostatic stents as an alternative treatment for PUO were first
used by Fabian in 1980 and have gone through different
developments later.'” The principle of the prostatic stent is to
insert a tube-like supporting instrument into the urethra to
keep the hollow lumen of the prostatic urethra and restore the
normal urine flow."" The optimal criteria for prostatic stents
include ease of insertion without the need for general
anesthesia, improvement in LUTS, maintenance of continence,
resistance to encrustation, and avoidance of urinary tract
infections.'” Many types of stents have been developed during
the past few years such as permanent stents that are mainly
metal stents embedded in the urethra; however, in 40% of the
patients, the stents were removed because of stent migration,
encrustation, and excessive cell proliferation.”> Different
generations of temporary expandable stents were then
developed and reported for their easier insertion and lower
incidence of urethral injury. Temporary stents are made from

The prostate is a small gland in the male genitourinary system
that surrounds the urethra just after the urinary bladder neck.
Its main function is to produce seminal fluid and regulate
hormone production and urine flow." Prostatic cancer (PCa)
and benign prostatic hyperplasia (BPH) are the major diseases
of the prostate. PCa is considered the fifth leading cause of
death from cancer, with 6.6% of the total male cancer
mortalities.” BPH cases are increasing at an alarming rate
worldwide, and it is expected to increase more in the coming
years.” PCa and BPH share some similarities, including the fate
of the prostatic urethral obstruction (PUO) because of the
enlarged prostate.* PUO is the blockage (partially or totally) of
urine flow through the urethra because of urethral narrowing
by outer pressure from the prostate, which hinders the ability
to pass urine normally. The severity of lower urinary tract
symptoms (LUTS) differs according to the degree of both the
urethral obstruction and prostatic enlargement; symptoms
usually include difficulties initiating urination, pain, frequent

urination, and, sometimes, blood in the urine.”® Received:  June 20, 2025
The most common approach for PUO treatment is surgery Revised:  July 14, 2025
using transurethral resection of the prostate (TURP) as the Accepted:  July 29, 2025

gold standard method. However, many elderly men are Published: August 7, 2025

nonresponders to TURP, either because they are unsuitable
for the required anesthesia or because of the very large size of
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rust-resistant stainless steel, biocompatible nitinol, and thermo-
expandable nickel—titanium alloy materials with different
modifications, but because of the metal encrustation and
migration rate, their clinical use is still limited and still needs a
removal interference.'*™'° To avoid metal encrustation, stents
have been developed using polymer-based materials and were
successfully reported to allow easy insertion initially; however,
many patients later experienced urinary retention and
irritation.” Using biodegradable stents is promising nowadays;
polylactic acid (PLA) and polyglycolic acid stents have been
used to solve migration and fragmentation issues. However, the
mechanical efficiencies of these stents should be improved and
tested clinically.'®"?

The currently developed stents can provide only a
mechanical way of therapy for the PUO. Therefore, chemical
therapy is always prescribed together with the mechanical
stents such as anticancer chemotherapy (Docetaxel, Doxor-
ubicin, and many others), S-alpha reductase inhibitors
(Finasteride), or alpha-blockers (Doxazosin) in the case of
BPH.””*' Drugs can relieve LUTS, but since they are
systematically administrated, they induce different side effects
(hair loss, digestive disorders, fluid retention, and respiratory
troubles) and cannot cure the disease permanently.”””!
Therefore, in this study, we aimed to design a biodegradable
drug-loaded shape-memory polymer urethral stent (SMPUS)
that combines both mechanical and chemical or herbal
therapies.

The technology of synthesis of smart biodegradable shape-
memory polymer (SMP)—chemically cross-linked poly(e-
caprolactone) (PCL)—has been successfully established in
our laboratory.”””> The PCL used in Food and Drug
Administration (FDA)-approved devices is a biodegradable
synthetic material with high biocompatibility and no toxicity.”*
The shape-memory properties allow it to recover its permanent
original shape—after fixation in a temporary deformed
shape—in response to external stimuli such as heat and
light.”>*> SMP exhibits different dynamic motions such as
twisting, bending, lifting, and stretching, which makes it one of
the most feasible materials in biomedical applications.”®*’
Different SMP-based medical devices have been developed
recently such as the shape-memory balloon that offers thermal
and chemical therapies for osteosarcoma.”® A shape-memory
vascular stent was also developed for arterial stenosis
treatment.”’ Moreover, an SMP-based string could be
developed to contract blood vessels in fetal surgeries.’” That
is why using the SMP to develop a prostatic urethral stent was
considered promising as their folded state allows for easy
insertion, which is one of the most important criteria for stents.

Moreover, both chemical (Doxorubicin) and herbal
(Aescin) drugs were chosen to be loaded into the SMPUS in
this study to investigate the possibilities of drug release. PCL
was used widely to fabricate nanofibers by electrospinning, and
many drugs (Doxorubicin, Paclitaxel, Temozolomide) were
successfully incorporated into those nanofibers, and then their
release behaviors were reported,””"** suggesting the PCL as a
promising material for drug delivery systems.

In this study, we successfully fabricated for the first time a
drug-loaded SMPUS that can be easily inserted into the
prostatic urethra through the external urethral orifice using its
folded state as a temporary deformation and also can keep the
lumen of the prostatic urethra open after recovering the
permanent tube-like shape in response to heat as an external
stimulus, along with localized drug release.

2. MATERIALS AND METHODS

2.1. Chemicals. Pentaerythritol, e-caprolactone, tin(II) 2-
ethyl hexanoate, benzoyl peroxide (BPO), and doxorubicin
hydrochloride (Dox) were purchased from Tokyo Chemical
Industry (TCL Co., Ltd. Japan). Triethylamine, tetrahydrofur-
an, acryloyl chloride, hexane, super dehydrated N,N-
dimethylformamide (DMF), acetone, and methanol were
purchased from Wako Pure Chemical Industries Ltd., Japan.
Aescin was purchased from Sigma-Aldrich (Merck, Darmstadt,
Germany).

2.2. SMP Synthesis. 4b50 PCL was synthesized by the
bulk polymerization method as follows. 644 mg of the initiator
(tetravalent alcoholic compound, pentaerythritol) was placed
in a dry round-bottom flask and kept under reduced pressure
overnight for complete drying. Then, 100 mL of the monomer
(e-caprolactone) was added by a glass syringe under a flowing
nitrogen atmosphere and kept at 80 °C in an oil bath for 30
min to allow the dissolving of the initiator in the monomer.
Then, 0.5 mL of the catalyst (tin(II) 2-ethyl hexanoate) was
added slowly, and the reaction was carried out overnight at 120
°C under a nitrogen atmosphere. After that, the solution was
diluted using 500 mL of tetrahydrofuran and reprecipitated
with 2500 mL of hexane overnight at 4 °C. The residual
solvent was completely removed, and the precipitate was well-
dried under reduced pressure of the vacuum pump overnight.
To get a highly purified product, it was reprecipitated with
hexane 3 times.

Then, the 4b50 PCL macromonomer was synthesized by
dissolving 100 g of 4bS0 PCL in 400 mL of dehydrated
tetrahydrofuran using a magnetic stirrer for 2 h. After
dissolving, 15 mL of dried triethylamine and 7.2 mL of
acryloyl chloride were added slowly in an ice bath for 10 min
and then wrapped with aluminum foil and kept overnight at 4
°C. The solution was then reprecipitated with 2500 mL of cold
methanol. After the precipitation process was repeated and the
purified 4b50 PCL macromonomer was obtained, it was dried
under reduced pressure overnight. Proton nuclear magnetic
resonance spectroscopy (IH NMR spectra, JEOL, Tokyo,
Japan) was used to characterize the chemical structure of
4bSOPCL.

2.3. Fabrication of Drug-Loaded SMPUS. SMPUSs
were fabricated via polymerization of the thermal initiator BPO
and the 4bSOPCL-macro. 4bS0PCL-macro was dissolved in
DMF with corresponding polymer concentrations (30, 40,
50%), and different drugs and BPO were added with
corresponding concentrations. The mixture solution was cast
into a Teflon tube-like mold with dimensions of 10 mm
diameter, SO mm height, and 0.5 mm thickness. The cross-
linking of the solution was performed at 80 °C for S h. After
that, the cross-linked SMPUSs were immersed in acetone for a
few seconds to remove the un-cross-linked molecules and then
rinsed with methanol. Finally, the SMPUSs were dried by a
vacuum pump under reduced pressure overnight.

2.4. Characterizations of Mechanical Properties. To
characterize the mechanical properties of the fabricated
SMPUSs, films using the same prepared mixtures were
fabricated by sandwiching between two glass slides with a
0.5 mm thick Teflon spacer between them (the same thickness
as SMPUSs). These films were characterized by using a tensile
tester (EZ-S SOON, Shimadzu, Kyoto, Japan). All measure-
ments were adjusted for an elongation rate of S mm min~" at
room temperature. The stress—strain curves were obtained
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from the recorded force and stroke data of the tensile testing
for three different batches of each film using the following
equations:

Stress (MPa) = Force (N) + Surface area (mm?)
Strain (%) = (Stroke + Gauge length) X 100

2.5. Characterizations of Thermal Properties. Differ-
ential scanning calorimetry (DSC 600, thermal analysis system,
Hitachi High-Tech Science, Japan) was used to characterize
the thermal properties of the fabricated SMPUSs. Samples
were measured in a temperature range from 0 to 100 °C, at an
increase rate of 5 °C min~". The degree of crystallinity (y.%)
was calculated by using the following equation:

1.(%) = (AH + AH,)) X 100

AH represents the melting enthalpy for each SMPUS, and
AH,, represents the melting enthalpy for 100% crystalline
PCL, which is reported to be 136 J g~'.*”

2.6. Drug Release Assay. The release behavior of drugs
from the fabricated SMPUSs was investigated in vitro. SMPUS
samples were immersed in a vial containing a certain volume of
phosphate-buffered saline (PBS) for 60 days at 37 °C and
slightly shaken using a magnetic stirrer. At predetermined
points of time, a portion of PBS of different samples was
withdrawn from the bath and replaced with fresh PBS
depending on the withdrawn volume of PBS sample. After
that, the Aescin absorbance in the withdrawn PBS sample was
measured at 251 nm using a spectrophotometer (V-770
spectrophotometer, Jasco, Tokyo, Japan). Doxorubicin fluo-
rescence signals were measured at a wavelength of 480 nm for
excitation and 490 nm for emission using an Infinite 200 pro
plate reader (Tecan Trading AG, Switzerland). The concen-
trations were calculated based on the created standard
calibration curves of gradient concentrations of both Aescin
and Dox dissolved in PBS and PBS/DMEF, respectively. All
data are presented as the mean + SD with n = 3. The used
SMPUS samples as well as the bath volume in the drug release
assay were different between each batch, resulting in different
initial concentrations of the drugs that were loaded into each
SMPUS sample. Therefore, the percentage (%) was used to
express the drug release results as being representative of all
samples. The initial loaded amounts of the drug were between
50 and 250 mg. The used equation for the calculation of the
released drug percentage is as follows:****

W, (ug) = C, (ug mL ") X bath volume (mL)

X dilution factor

Release amount (ug)

=W, — | W, X

bath volume — sample volume (mL)
bath volume (mL)

Cumulative release percentage (%)

1 t
Y release amount (ug) « 100

" Initial loaded amount (ug)

Here, W, is the amount of drug in the bath at predetermined
time points (n), C, is the drug concentration in the withdrawn
PBS sample at predetermined time points (1), and W,_; is the
amount of drug in the bath at the previous point of time (n).

2.7. In Vitro Mimicking of PUO to Test the SMPUS
Efficiency. To mimic the PUO, freshly dissected porcine male
genital organs were employed for this purpose. It was
purchased as harvested organs from slaughtered male pigs
from the Shibaura Zouki slaughtering house, Tokyo, Japan.
Rubber bands were used to induce outer pressure in the
prostate’s area to obstruct the prostatic urethra. Two different
degrees of obstruction (slight and severe) were induced by
controlling the outer band’s pressure. Then, the fabricated
SMPUSs were stimulated by heating using hot water (50—55
°C) to minimize the diameter to the lowest using the folding
motion (manual folding) for easy insertion from the external
urethral orifice toward the prostatic urethral level using a thin
metal inserting tool in the folded temporary shape. After
insertion, hot water was flushed into the urethra using a syringe
to stimulate the shape-memory property of the stent to recover
its original stent shape (tube-like permanent shape) and keep
the prostatic urethral way open after shape fixity by cooling
down. The sizes of all of the used SMPUSs in this test were 10
mm in diameter, 30 mm in length, and 0.5 mm in thickness.
The urine flow through the urethra was then mimicked using a
controlled water pump to allow the water to flow at a relatively
constant pressure through both normal and obstructed urethra.
The volumes of the water that flowed were recorded within 30
s before and after inserting our fabricated SMPUSs in the
obstructed urethras. All tests were performed in triplicate to
ensure reproducibility and were video-recorded as well. Data
are presented as mean + SD, n = 3.

2.8. Statistical Analysis. All data were statistically
analyzed using the SBSS software program. The obtained
values were presented as the mean + standard deviation (SD).
One-way ANOVA with Duncan's multiple comparison tests
was used to determine the differences between different

groups, if applicable.

3. RESULTS

3.1. SMP Synthesis and Characterization. The structure
of the tetrabranched PCL macromonomer with a branch chain
length of 50 (4bPCLSO0) was confirmed by using '"H NMR
spectroscopy. The degree of polymerization was calculated to
be 51.2, while the conversion rate into the 4bPCLS0 final
polymer was 96.8%.

The mechanical properties were assessed using the tensile
testing of the fabricated shape-memory films with a thickness
of 0.5 mm at room temperature. As shown in the stress—strain
curves (Figure 1), by applying the tensile stress, the control
films of cross-linked 4bSOPCL with different weight percents of
30, 40, and S0 wt % exhibited elongations of 275, 380, and
540%, respectively. In the films containing Dox and Aescin
with 30 wt % 4bSOPCL, the strain percent was reduced to 230
and 200%, respectively. Similarly, 40 and 50 wt % 4bSOPCL
films with Dox and Aescin exhibited strain at breaking of (360
and 350%) and (435 and 430%), respectively. The drug
content in the PCL films did not significantly change the
stress—strain curves, indicating that it had no substantial
impact on the mechanical properties of the PCL films and the
fabricated SMPUSs in the current application.

The thermal properties of the SMPUSs were assessed using
DSC analysis. The degree of crystallinity (y.) of the SMPUSs
loaded with drugs slightly decreased compared to the SMPUSs
without drugs at the same 4bSOPCL concentrations. As
depicted in Figure 2, the shape transition temperatures (T,,)
of the cross-linked 4bSOPCL SMPUSs with a thickness of 0.5
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Figure 1. Mechanical properties of SMP films with a cross-linking
thickness of 0.5 mm at room temperature. The stress—strain curves of
different weight percents of 4bSOPCL (30, 40, SO wt %) with and
without drugs (Aescin and doxorubicin (Dox)).
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Figure 2. Thermal properties of the SMPUS. The samples were
analyzed using DSC. Melting temperature (T,), crystallization
temperature (T.), and degree of crystallinity (y.) of premacromono-
merized polymer (4bS50), 4bSO macromonomer, and the cross-linked
product of different 4bSOPCL concentrations (30, 40, SO wt %), with
and without drugs (Aescin and doxorubicin (Dox)) at a thickness of
0.5 mm are presented. Data were obtained from three independent
replicates (n = 3). Data are presented as the mean and SD.

mm prepared from 30, 40, and S0 wt % polymer solutions
without drugs were 55.9, 52.3, and 52.2 °C, respectively, while
the y. values were 41.3, 36.5, and 35.9%, respectively. The T,
of 4bSOPCL and 4bSOPCL macromonomers was analyzed,
showing temperatures of 55.5 and 54.9 °C, respectively.
Interestingly, the T, of all of the drug-containing SMPUSs
ranged from 47 to 53 °C, with the T, ranging from 27.4 to 31.8
°C, while the y, ranged from 253 to 32.7%. These data
indicate the successful fabrication of cross-linked 4bSOPCL
SMPUSs with drugs within the required temperature ranges,
particularly with shape transition temperatures below 55 °C,
suitable for the used temperature (50—55 °C) of solutions
during the urethral stents’ surgeries.35’36 The T, of all drug-
loaded SMPUSs is around 30 + 2 °C, allowing easy shape
fixation after cooling down the stents.

3.2. Drug Release Profile of the Fabricated SMPUSs.
In this study, the drug release profiles of the fabricated
SMPUSs were evaluated. Both drugs Doxorubicin (Dox) and
Aescin were tested with different concentrations of 10, 20, and
50 wt %. Figure 3a shows the obtained calibration curve of the
fluorescence intensity of Dox dissolved in a 1:1 mixture of PBS
and DMF, which was used for the calculation of the released
concentrations of Dox. The release of Dox from each SMPUS

was gradually increased, showing sustained release throughout
the evaluation period (60 days), as shown in Figure 3b. A
higher initial concentration of loaded Dox resulted in a higher
percentage of drug release. After 60 days, the Dox release
efficiencies were 13.1, 35.2, and 49.5% for the SMPUSs with
10, 20, and 50 wt %, respectively.

Aescin release profile was calculated based on the obtained
calibration curve of the absorbance of Aescin dissolved in PBS
(Figure 3c). The release behavior commenced with an initial
burst of approximately 5%, followed by sustained release that
increased with the loaded amount of the drug, as shown in
Figure 3d. After 60 days, the release efficiencies were 18.7,
22.1, and 24.5% for the SMPUSs with 10, 20, and S0 wt %,
respectively.

The actual loaded concentrations of drugs in SMPUSs were
calculated by subtracting the released amounts in the wash
solutions from the initial feed amounts. The washing process
aimed to remove the nonincorporated molecules. Approx-
imately 3—5% of the initial feed amounts of drugs could be
washed out by the quick washing process that we applied.

3.3. SMPUS Efficiency in Mechanical Treatment of
PUO. To confirm the mechanical strength of the fabricated
SMPUS in maintaining the patency of the obstructed prostatic
urethra after shape recovery, we utilized a porcine model of
PUO. In comparison to the normal prostatic urethra, partial
and severe urethral obstructions were established by applying
external pressure using the rubber band (Figure 4a).
Subsequently, SMPUSs composed of 40 wt % 4bSOPCL
were inserted in their temporary folded shape (Figure 4b,c)
into the obstructed urethras as an average percentage of the
fabricated SMPUSs. Cross sections at the level of the internal
urethral opening were grossly checked before and after
insertion of the SMPUSs as shown in Figure 4d. The
permanent shape was restored by flushing with hot water
(50—55 °C) and fixed by cooling, allowing the SMPUSs to
keep the urethral lumen open in both partial and severe PUO
models.

Additionally, the water-flow efficiency of SMPUSs in the in
vitro-mimicked model was checked by measuring the volumes
of water that flowed before and after inserting the SMPUSs
into the obstructed prostatic urethra within 30 s as shown in
Figure Sa. In the model representing the normal urethra, 61
mL of water could flow smoothly, whereas in the case of slight
and severe PUO, only 40 and 19 mL of water could flow,
respectively. Following the inserting of the SMPUSs, the
volumes of the water that flowed increased to 54 and 52.7 mL
in the cases of slight and severe PUQ, respectively, as shown in
Figure Sb. The results highlight the potential of the fabricated
SMPUSs to maintain the patency of the obstructed urethra,
facilitating smooth urine flow.

4. DISCUSSION

In this study, we developed a drug-loaded SMPUS to integrate
both mechanical and chemical/herbal therapies for treating
PUO. As illustrated in Figure 6, the concept involves
leveraging the shape-memory properties of the fabricated
SMPUS. When the SMPUS is heated to its T, or beyond,
crystalline phases are melted, transitioning the phase into the
amorphous state. At this stage, a bending motion along the
SMPUS’s longitudinal axis is applied to temporarily deform the
SMPUS into a folded shape with a very thin diameter. This is
subsequently followed by a cooling down to reform the
crystalline phases and fix the folded temporary shape for easy
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Figure 3. Collection of the cumulative release percentage of drugs from drug-loaded SMPUSs for 60 days. (A) Calibration curve of the fluorescence
intensity of doxorubicin (Dox) dissolved in a 1:1 mixture of PBS and DMF; doxorubicin fluorescence signals were measured at a wavelength of 480
nm for excitation and 490 nm for emission using a plate reader. (B) Cumulative release percent of Dox (10, 20, S0 wt %) from SMPUS. (C)
Calibration curve of the absorbance of Aescin dissolved in PBS; Aescin absorbance was measured at 251 nm by a spectrophotometer. (D)
Cumulative release percent of Aescin (10, 20, SO wt %) from SMPUS. The drug release assay was performed 3 times each at 37 °C for 60 days.

Data are presented as mean and SD.

insertion into the obstructed urethra through the external
urethral orifice. After insertion into the prostatic urethra, the
SMPUS is heated again by flushing with hot water (T,) to
recover its permanent tube-like shape. Then it is cooled by
flushing cold water (T.) to enable the tube-like shape fixity,
keeping the prostatic urethral lumen open. The SMPUSs are
fabricated using biodegradable shape-memory PCL and loaded
with drugs for localized therapeutic effects. PCL, an FDA-
approved synthetic polymer, is widely used in medical
applications owing to its biocompatibility and biodegrad-
ability,””** with proven nontoxic effects in various laboratory
animals' models.””

The newly developed SMPUSs were fabricated by cross-
linking the synthesized 4bSOPCL macromonomer with
polymer concentrations of 30, 40, and 50 and 2 wt % of the
BPO as a thermal initiator. This process was conducted in the
presence of the selected drug after all of the drug was dissolved
in the DMF solvent. The resulting cross-linked 4bSOPCL
exhibits the shape-memory properties required for the current
application of SMPUS and shows advantages over the
currently used stents in terms of biodegradability and
stimuli-response (temperature in this study).

To ensure the successful application of SMPUS, both
mechanical and thermal properties must be considered. Critical
factors for the medical application of SMPUS in treating PUO
conditions are mechanical strength and shape transition
temperature (T,,). Our results indicate that the T, and y, of
the SMPUS were slightly reduced by increasing the polymer
concentration, with no significant differences observed in the
drug-loaded SMPUSs with the same polymer concentration.
These findings are attributed to the denser environment of the
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mixture at higher polymer concentrations, resulting in
increased cross-linking and reduced crystallinity, leading to a
decrease in the T,, and y.”**° Our aim was to develop the
SMPUS with T, below 55 °C for easy application in PUO
treatment, achieved by simple flushing with hot water within
the temperature range 50—55 °C, which was used in urethral
stents’ surgeries.ss’36 Successfully, as shown in Figure 2, the T,
of all of the drug-containing SMPUSs ranged from 47 to 53 °C,
allowing for straightforward medical application. In terms of
the T, of the drug-loaded SMPUSs, it ranged from 27.4 to 31.8
°C, easily attainable by flushing water during medical
application to ensure the crystallinity and shape fixity of the
SMPUS.

The final dimensions of the fabricated SMPUS were 10 mm
in diameter, 30 mm in length, and 0.5 mm in thickness,
aligning with the recommended dimensions of the available
prostatic stents ranging from 7 to 11 mm in diameter, 20—50
mm in length, and 0.4—1 mm in thickness,***! depending on
the individual variations among patients. Thickness is a crucial
factor in the cross-linking process, and it was selected to be the
thinnest (0.5 mm) based on our previously published data,
indicating an increase in the T, with thicker films due to heat
penetration delay.’® Additionally, it was noted that after the
cross-linking, the SMPUSs had a slightly lower thickness than
during the cross-linking process in the Teflon mold.

Moreover, the mechanical strength of SMPUS to restore its
permanent shape is crucial for reopening the obstructed
prostatic urethral lumen under the external pressure of the
enlarged prostate. As illustrated in Figure 6, the concept of
shape-memory properties involves heating the SMPUS to the
T,, or above, inducing entropic change and increased chain
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Figure 4. Efficiency of SMPUS to maintain the patency of the obstructed prostatic urethra after shape recovery. (A) Images of using the rubber
band to establish the obstructed prostatic urethra; yellow arrows show the place of the band. (B) SMPUS before (folded) and after (opened) the
shape recovery inside the in vitro-mimicked obstructed prostatic urethra. Shape was restored by flushing with hot water (50—55 °C). (C) Images of
the permanent (off-white), temporary (transparent), and folded states of the used SMPUS. (D) Images of cross sections of the internal urethral
opening before and after insertion of the SMPUSs into the obstructed prostatic urethra. Blue arrows show the prostatic urethra at the opening level.

mobility in the cross-linked network. After deforming the
SMPUS into the folded temporary shape and cooling it down
to the T, or below, the temporary shape is fixed, storing the
acquired unstable energy. This stored energy is released upon
reheating the SMPUS, facilitating the recovery of the
permanent tube-like shape. To assess the strength of the
fabricated SMPUSs, films were prepared from the SMPUS
mixtures with varying polymer concentrations (30, 40, and SO

wt %) and evaluated using a tensile tester. The stress—strain
curves (Figure 1) were obtained by subjecting the cross-linked
films to stretching until overload. The data shows that the
elongation (strain %) required to deform the material
increased with a higher polymer concentration, ranging from
280% in 30 wt % polymer to 550% in 50 wt % polymer.
Similarly, the force required to deform the material increased
with a higher polymer concentration, rising from ~9 MPa in
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Figure S. Water-flow efficiency of SMPUSs in in vitro-mimicked obstructed prostatic urethra. (A) Images of the water-flow mimicking process
using normal and in vitro-mimicked obstructed porcine organs before and after the SMPUS insertion. (B) Volumes of water that flowed before and
after inserting the SMPUSs (4bS0 PCL 40 wt %) into the obstructed prostatic urethra within 30 s, presented as a mean of three repeats and the SD.
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Figure 6. Schematic illustration of (A) the mechanism of the shape-memory property of SMPUS, and (B) the concept of using SMPUS to open the

obstructed prostatic urethra.

30 and 40 wt % up to ~12 MPa in 50 wt %, confirming that
heightened cross-linking density reduces the crystallinity at
higher polymer concentrations. Regarding the drug-loaded
SMPUSs, the required force (stress) and elongation % (strain)
were slightly reduced compared to the nonloaded SMPUSs
with the same polymer concentration. However, these
reductions are within the acceptable ranges for the current
application. The obtained stress and strain results confirm the
mechanical capability of the SMPUSs to recover their shape in
the prostatic urethral lumen against the induced external
pressure by the enlarged prostate. The S0 wt % polymer
exhibits optimal strength, but it cannot accommodate higher
concentrations of drugs due to the solvent’s solubility
saturation. On the other hand, the 30 wt % polymer could
accommodate the highest drug concentrations but exhibited
the lowest strength to achieve the restoring of the permanent
tube-like stent shape inside the urethra under the external
pressure of the enlarged prostate. This is attributed to the
reduction of the actual thickness compared to the intended one
(0.5 mm) during the cross-linking process in the Teflon mold.
The thickness of 30 wt % 4bSOPCL films decreased to
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approximately 0.22 mm, which subsequently reduced their
strength compared to the 40 and 50 wt % 4b50 PCL films with
actual thicknesses of approximately 0.32 and 0.38 mm,
respectively. However, the SMPUS fabricated with 30 wt %
4bSOPCL can be employed to maintain the patency of the
obstructed prostatic urethra through a simple modification of
the application process. It could be inserted a little more inside
the urinary bladder and allowed to restore its permanent shape
by flushing with hot water, followed by cold water flushing to
allow its crystallization before pulling it back by a forceps to
the level of the prostatic urethra to keep it open. Therefore, the
selection of both polymer and drug concentrations will depend
on the severity of the PUO, the size of the enlarged prostate,
and the progress of its external pressure. To investigate the
efficiency of SMPUS in keeping the prostatic urethra open, an
in vitro model of male porcine organs mimicking PUO
conditions (slight and severe) through external prostate
pressure was used, as shown in Figure 4. Cross sections at
the level of the internal urethral opening were grossly
examined before and after the SMPUS insertion, and the
results were compared to the normal model. Various SMPUSs
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with different polymer concentrations (30, 40, and SO wt %)
were tested, and the results of the SMPUS with 40 wt % as an
average concentration are shown in Figure 4. The findings
demonstrate the recovery from the temporary folded shape of
SMPUS to its permanent tube-like shape in both slight and
severe PUO models. Notably, the external pressure in the
severe PUO model induced a slight compromise in the circular
shape of the tube lumen, as shown in Figure 4d, without
impacting the functional efficiency to allow urine flow. To
confirm the urine flow efliciency, a controlled peristaltic pump
was used to mimic the process, maintaining relatively constant
pressure within 30 s (Figure Sa). SMPUS retrieved the
volumes of the water that flowed up to 54.0 and 52.7 mL in
slight and severe PUO, respectively, compared to 61.3 mL in
the case of the normal model (Figure Sb), showcasing its
potential efficiency in mechanically treating the PUO as a
primary target.

The efficiency of drug-loaded SMPUS in treating the
condition that leads to PUO through the localized chemical
effect of the selected drugs is the second objective of this study.
Two drugs were selected for their relevance to the primary
causes of prostate enlargement associated with PUO. The first
is Dox, a commonly used chemotherapeutic agent with a
proven strong antitumor effect in the case of PCa.*? The
second drug is Aescin, a herbal drug commonly used for BPH
treatment. Aescin is extracted from Aesculus hippocastanum
(horse chestnut) seeds and consists of triterpene saponin
glycosides, which contribute to its pharmacological effects.*>**
Aescin has been reported for its potential protective role
against BPH via its anti-inflammatory and antiproliferative
effects in laboratory animals.*>*® Despite being a generally safe
drug, Aescin is associated with side effects such as weakness,
depression, incoordination, and GIT disturbance.*” Therefore,
in this study, we explore its potential for local release to avoid
systemic side effects in future applications. To investigate the
drug release profile of both drugs, SMPUSs were loaded with
different concentrations of drugs based on the maximum
amount soluble in the DMF with a specific concentration of
4b50 PCL. Ultimately, SMPUSs were fabricated with 50, 20,
and 10 wt % of drugs against 30, 40, and 50 wt % of the
polymer, respectively. To achieve the desired chemical therapy,
the loaded drug concentration must be increased, requiring a
reduction in the polymer concentration responsible for the
mechanical therapy. Consequently, selecting the optimal
conditions of the SMPUS depends on the progression of the
disease and the degree of PUO on a case-by-case basis. The
current findings (Figure 3b) depict the gradual release of Dox
over 60 days at 37 °C, with an increased percentage of released
drug corresponding to the higher concentration loaded into
the SMPUS. A similar trend is observed in the Aescin release
profile (Figure 3d), which exhibits an initial burst release of
approximately 5%, followed by sustained release. After 60 days,
SMPUSs loaded with 50 wt % of both Dox and Aescin drugs
achieved release percentages of 49.5% and 24.5%, respectively.
This variance in the drug release behavior is primarily
attributed to the hydrophilicity and solubility of drugs,
influencing their incorporation into the PCL-based SMPUSs
and subsequent release in PBS. Dox has been extensively
studied for its solubility in the organic solvent DMF, allowing
its incorporation into the SMPUS mixture through ultra-
sonication as demonstrated in our previous study.” Its release
in PBS from PCL nanofiber mesh has been reported
previously™ and is corroborated in this study as well.
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Concerning Aescin, its chemical structure comprises a
lipophilic sapogenin aglycon and water-soluble glycan chain,
indicating its amphiphilic nature that enhances its bioactiv-
ity.*”*° This clarifies the successful incorporation of Aescin
into the fabricated SMPUSs and its subsequent release
behavior in the PBS solution. The drug release profiles of
both compounds in vitro demonstrate the possibility of
localized drug release in the tissues and the potential
application of the newly developed SMPUSs in local drug
delivery after further investigation of the drug release in an in
vivo model. Several factors could be modulated to achieve the
desirable effects concerning required doses and administration
times for further medical applications.

5. CONCLUSIONS

In this study, we successfully developed a drug-loaded SMPUS
designed to address PUO. The SMPUS demonstrates
mechanical efficacy through its shape-memory properties that
ensure the patency of the urethral lumen by restoring its tube-
like stent shape. Moreover, the in vitro drug release
investigation shows the capability of SMPUS to serve as a
versatile drug delivery platform, after further in vivo
investigation. This capability holds promise for achieving
targeted chemical or herbal therapeutic effects against the
primary diseases associated with PUO while mitigating the
systemic side effects associated with conventional treatments.
The adaptability of the developed SMPUS allows for future in
vivo and clinical trials in medical applications.
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