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Abstract: Precision medicine aims to optimize pharmacological treatments by considering patients’
genetic, phenotypic, and environmental factors, enabling dosages personalized to the individual.
To address challenges associated with oral and injectable administration approaches, implantable
drug delivery systems have been developed. These systems overcome issues like patient adherence,
bioavailability, and first-pass metabolism. Utilizing new combinations of biodegradable polymers,
the proposed solution, a Polymeric Controlled Release System (PCRS), allows minimally invasive
placement and controlled drug administration over several weeks. This study’s objective was to show
that the PCRS exhibits a linear biphasic controlled release profile, which would indicate potential as
an effective treatment vehicle for cervical malignancies. An injection mold technique was developed
for batch manufacturing of devices, and in vitro experiments demonstrated that the device’s geometry
and surface area could be varied to achieve various drug release profiles. This study’s results motivate
additional development of the PCRS to treat cervical cancer, as well as other malignancies, such as
lung, testicular, and ovarian cancers.

Keywords: polymeric drug delivery; targeted drug delivery system; polycaprolactone; poly-lactic
acid; rhodamine B; polymer casting; cervical cancer

1. Introduction

International sources reported 604,127 newly diagnosed women with cervical cancer
and 341,831 deaths related to cervical cancer in 2020 [1,2]. Of the deaths reported, 90%
occurred in low- and middle-income countries [3]. Although there have been significant
technological developments in the last 40 years, including Pap smear and human papil-
lomavirus (HPV) screening, as well as HPV vaccines, the mortality rate for patients with
cervical cancer remains at approximately 30% [3,4]. In the United States, the American Can-
cer Society projects that in 2023, approximately 13,960 new cases of invasive cervical cancer
will be diagnosed. Patients diagnosed with early-stage tumors can be successfully treated
with a conservative surgical approach compared to patients with more advanced cervical
cancer, who are instead treated with radiotherapy and concurrent chemotherapy [4,5].
Clinical treatment of recurrent metastatic cervical cancer can vary based on the patient’s
medical history, genetics, the location of the malignancy, and the time of recurrence, pre-
senting a challenge for clinicians [3–6]. Personalized medicine approaches tailored to an
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individual patient’s genetic and phenotypic nuances are a shared vision across medicine.
Although cervical cancer treatment is selected on a case-specific basis, new sustained drug
delivery systems for treating a localized area are urgently needed to increase the survival
rate for metastatic and/or recurrent cervical cancer in patients [7–9].

For years, radiation therapy has been the primary localized treatment option for
clinicians to treat advanced cervical cancer. The ability to combine chemotherapy and
radiotherapy to treat localized cervical cancer depends on the dosage required to treat
a large tumor, without exceeding concentrations associated with toxicity [10,11]. Recent
randomized controlled trials have demonstrated the effectiveness of adding systemic
cisplatin and radiation for localized cervical cancer. The results indicated improved rates of
survival among patients with the localized treatment relative to radiation alone [11–13].
Cisplatin is an antineoplastic agent that prevents the growth of cells and is often used to
treat solid tumors [14–16]. The drug works by interfering with natural repair mechanisms to
activate signal transduction pathways and cause cell death [17–19]. Despite its wide range
of applications as an anticancer agent, cisplatin can cause side effects, such as impaired
hearing, difficulty breathing, pain, change in frequency of urination, drowsiness, and
unsteadiness. These side effects motivate the local delivery of cisplatin to minimize adverse
events.

Targeted medicine aims to enhance conventional pharmacological treatments by con-
sidering a patient’s genetic and environmental factors, thereby enabling the customization
of medication dosages [17]. However, the oral delivery of drugs presents notable challenges,
including issues related to first-pass metabolism, suboptimal properties, and adverse effects,
which can adversely impact patient compliance. Implantable drug delivery devices have
emerged as a promising alternative system for the treatment of cervical cancer, offering
numerous advantages over traditional drug delivery methods.

For instance, Yu Han et al. reported that cisplatin stands out as an exceptionally
effective chemotherapeutic agent globally. Nonetheless, the clinical utilization of cisplatin
faces significant obstacles in the form of resistance and toxicity, leading to limitations in
its application. Despite remarkable progress in precision medicine and immunotherapy,
cisplatin-based treatment protocols remain the foremost choice for addressing diverse
solid tumors, including those impacting the head and neck, lungs, testicles, ovaries, and
bladder [20]. The available evidence indicates that effective therapeutic outcomes require
targeted cisplatin release for the treatment of cervical cancer. Dasari et al. prepared a
polyethylene glycol (PEG) implant with a mass ratio of 80:20 PEG3350 and PEG400. The
drug delivery vehicle was implanted into the cervical cavity of a murine tumor model,
and released cisplatin locally. The implant was designed to provide a fast release fol-
lowing implantation to act as an adjuvant to radiotherapy. The study concluded that
the localized implant provides a biodistribution profile with superior tumor drug ac-
cumulation than a systemic circulation carboxyphenoxy propane-co-sebacic anhydride
(CPP-SA) implant to deliver cisplatin intratumorally. The loaded implant was placed into
a murine fibrosarcomata model, and again demonstrated a better response than systemic
treatment [13,18]. An additional example is the work of Rajkumar et al. and the human
ovarian carcinoma SKOV-3 xenograft model. The polyethylene glycol-poly-(l-glutamic
acid) dithiodipropionic-Pt (PEG-P(LG-DTDP-Pt) micelles loaded with cisplatin [21–23].
These studies have demonstrated that localized methods for delivering cisplatin have the
potential to improve therapeutic efficacy by increasing drug accumulation in the affected
area while reducing adverse side effects [24–27]. However, despite the advancements in
these studies, none have been able to effectively demonstrate other crucial components in
localized drug delivery. Current administration of cisplatin locally lacks a biodegradable
controlled release system utilizing novel geometries to enable versatile modulation of
dosage.

Motivated by the need for improved cervical cancer treatments and the advancements
made in the localized delivery of cisplatin, this study explores a new polymeric drug
delivery platform for controlled delivery. Termed the Polymeric Controlled Release (PCRS),
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the hypothesis is that the platform can provide controlled administration over a multi-week
period through designed geometry and surface area. The objectives of this first study
on the technology were to demonstrate that these devices could be repeatably fabricated
and that they provide a biphasic linear controlled release profile in vitro, which together
would indicate the platform’s potential to serve as an effective treatment vehicle for cervical
malignancies. Rhodamine B (RhB) was chosen as an analog of the hydrophilic drug cisplatin
in this study, as it has a similar hydrodynamic radii, is highly water soluble, and is easily
detected through spectroscopy. A polymer injection mold technique was developed and
validated for manufacturing the PCRS devices. Experiments examining the RhB release of
different PCRS geometries in a phosphate-buffered saline (PBS) solution were conducted to
assess release rates and profiles.

2. Materials and Methods
2.1. Biomaterials

The two biocompatible polymers used in this study were polycaprolactone (PCL) and
polylactic acid (PLA), which were mixed with RhB to form the PCRS devices. The PCL was
approved by the Food and Drug Administration (FDA) to be utilized as an implantable
device due to its high biocompatibility and harmless biodegradation [28–30]. It was se-
lected due to its melting point of 60 ◦C, malleability, and capacity to be 3D printed [31–33].
The PCL in pellet form with a molecular weight of 80,000 Mw (114.14 g/mol) was pur-
chased from Sigma-Aldrich®. The PLA is a biodegradable polymer that has exhibited
thermoplastic behavior and strong tensile properties. This FDA-approved polymer has
demonstrated utility in applications such as drug carriers, medical tools, and bone engineer-
ing [34,35]. Due to its hydrophilic properties and the operational melting point of 180 ◦C,
PLA was investigated as a PCRS base in this study. The PLA in pellet form with a molecular
weight of 60,000 Mw (230 g/mol) was purchased from Filabot®. Rhodamine B (RhB) is a
tracer dye that was selected to act as a drug analog for cisplatin in this study. RhB has a
melting point of approximately 211 ◦C and a molecular weight of 479.01 g/mol [36–38].
UV–Vis spectroscopy was used to determine RhB’s absorbance in an aqueous solution at a
wavelength of 553 nm [36]. RhB was purchased from ARCOS Organics (code 132311000).
Phosphate-buffered saline (PBS) is a buffer solution commonly used as an analog for in-
terstitial fluids, as it is aqueous, isotonic, and has a pH of 7.4 [23,39]. PBS in powder form
(9.940 +/− 0.153 g) was mixed with 1000 mL of de-ionized water from Millipore water
purification system (ELGA®/PURELAB) to create the buffer solution [40]. The PBS powder
was purchased from Avantor® (PBS Buffer Powder PK100).

2.2. Polymer Casting Molding

Figure 1 shows the injection mold techniques used to manufacture the devices being
tested. The goal of the polymer casting process was to achieve reproducible devices with
tight tolerances [41–43]. A double-sided aluminum mold was fabricated with a feeder chan-
nel (diameter = 6.350 mm, depth = 12.700 mm). This channel led to interlocking channels
connected to twelve sphere cavities (2.032 mm) and one rod cavity (8.255 mm × 2.032 mm).
The mold was designed to manufacture a small batch of PCRS spheres and an PCRS rod
simultaneously (Figure 1A). The production process was initiated by weighing out 1.980 g
(+/−0.0001 g) of the polymer (PCL or PLA) being tested and 0.020 +/− 0.0001 g of RhB
with a ratio of 99 parts of polymer and 1 part of RhB. Next, the polymer was mixed with
RhB by elevating the temperature of polymers to their crystallization point (Figure 1B). The
aluminum mold was clamped together to ensure a tight fit, then heated to 80 ◦C with a
heat gun. After holding the mold at that temperature for 3 min, malleable polymer was
fed into the entry channel and tamped into the mold with a 6.35 mm metal rod until it
extruded into the atmosphere through the side runner. For one hour, the mold was cooled
at room temperature (Figure 1C). Once cooled, the polymer casting devices were removed
(Figure 1D). The devices were processed, visually inspected for any defects, and weighed
for validation (Figure 1E). The PCRS sphere device is shown in comparison against a US
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dime (Figure 1F). To evaluate the surface quality of fabricated devices, visual inspection
using a microscope (LW Scientific/10X/22) was employed for evaluation of surface defects,
such as air bubbles, excess material, texture, underfill, and any casting uniformity. The
devices were measured with calipers, and we only measured devices at dimensional tol-
erances under +/−0.020 mm to assure geometrical consistency and device uniformity for
testing.
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2.3. Controlled Release Experimental Protocol

Following the batch manufacture through an injection mold process, RhB-loaded
polymer devices (PCL and PLA) were tested for their release rate of RhB in PBS in vitro.
Devices were submerged in 150 mL of PBS that was maintained at 37 ◦C in an incubator
(VWR®/Gravity Convection Incubators). The PBS sink solution was continuously mixed
via a magnetic stir bar at 250 rpm. Samples of 2.5 mL sink solution were removed with
replacement at the given time interval for the experiment (hourly or daily). The 2.5 mL
samples were analyzed through UV–Vis spectroscopy (Perkin Elmer®/LAMBDA 365r) at a
wavelength of 553 nm [36,44]. Several different experiments were conducted following this
common protocol or with minor modifications based on experimental needs as described
below.

2.4. Mixture Homogeneity Tests

An experiment was conducted to ascertain the homogeneity of PCRS sphere devices
by testing the polymer/RhB mixture of the batch-manufactured device. A 2.032 mm
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PCRS sphere was manufactured, weighing approximately 0.0048 g, and was divided into
four sections. The PCRS sections (n = 4) were submerged into 150 mL of PBS for 12 days.
Daily samples of 2.5 mL were taken with replacement for UV–Vis spectroscopic quantifica-
tion. Samples were collected daily, handled, and analyzed as previously described. As a
secondary experimental validation, quartered devices without submersion were imaged
using focused ion beam-scanning electron microscopy (FIB-SEM) at a series of magnifica-
tions to provide both a qualitative and quantitative assessment of homogeneity. For SEM
inspection, PCL PCRS spheres were split in half with a scalpel, then treated with a car-
bon sputter coater (SPI/Carbon Coater) to prevent the charging effects of non-conducting
surfaces. Samples were processed to analyze the inner microstructure through a FIB-SEM
under various magnifications 33×, 762×, 2010×, and 4650×.

2.5. Initial Release Experiments

An hourly experiment was conducted to capture the initial response of devices sub-
merged in PBS with higher granularity on the first day following submersion. The pro-
cedure involved submerging a PCRS sphere (PCL or PLA) in 150 mL of PBS with hourly
sampling for 12 h. Samples were collected hourly, handled, and analyzed as previously
described.

2.6. Single Spherical Device Experiments

The release rate of RhB was assessed in vitro from spheres made of PCL or PLA
in PBS. These five PCRS spheres had a diameter of 2.032 +/− 0.02 mm and weighed
0.0060 +/− 0.0001 g. Trials were conducted for 21 days (n = 5) for both PCL and PLA.
Samples were collected daily, handled, and analyzed as previously described.

2.7. Geometry Variance Experiments

Experiments were conducted to explore the impact of varying implant geometry on the
release rate. Four geometries were selected and are exhibited in Figure 2. The geometries
compared were a PCRS sphere with a 2.032 mm diameter (Figure 2A); a 2.032 mm sphere
with 0.635 mm through-hole (Figure 2B); a 5.080 mm length and 2.032 mm diameter
cylindrical rod (Figure 2C); and a 5.080 mm length and 2.032 mm diameter cylindrical tube
with a 0.635 mm bore (Figure 2D). Samples were collected daily, handled, and analyzed as
previously described.
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3. Results and Discussion
3.1. Casting Polymer Reproducibility Analysis

Each device was weighed after fabrication, and only those that were within +/−100 µg
of the target for the various geometries, as described in Table 1, were used in the experiment.
Those devices outside these allowed tolerances were discarded.

Table 1. Summary dimensions related to the PCRS geometry devices being tested.

Devices Surface
Area (mm2)

Dimensions
(mm)

Center
through-

Hole (mm)

Average
Mass

Weight (µg)

Mass Weight
Tolerance

(µg)

99%
Polymer (µg)

1%
RhB
(µg)

% Release at
21 Days

PCRS Sphere 12.968 �2.032 N/A 6000 ±100 5940 60 18.07%
PCRS Sphere
Through-hole 16.387 �2.032 �0.635 5600 ±100 5544 56 22.13%

PCRS Cylinder
Rod 38.903 5.080 × 2.032 N/A 15,100 ±100 14,949 151 13.56%

PCRS Cylinder
tube 48.3870 5.080 × 2.032 �0.635 20,000 ±100 19,800 200 27.86%

Figure 3 shows the FIB-SEM visualizations of RhB particles (bright white) that were
mixed with PCL. An analysis was performed to process the FIB-SEM images to quantify the
amount of RhB per surface area using ImageJ. The images were enhanced with a contrast
and converted to 8-bit for calculation, then binary thresholding parameters were used to
prepare the image for inversion through adjusting the threshold at 33.30% to emphasize the
particles. Evaluation proceeded by converting the number of white pixels and the number
of particles inside the area. The results displayed approximately 25% in the selected surface
area of the FIB-SEM images with RhB particles, indicating a thorough and homogenous
mixture between PCL and RhB.

Figure 3. Focused ion beam-scanning electron microscopy images (A) A PCRS solid sphere at
300 µm (33×), (B) PCRS solid sphere at 10 µm (762×), (C) PCRS solid sphere at 5 µm (2010×),
(D) PCRS solid sphere at 2 µm (4650×).
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3.2. Mixture Homogeneity Release Analysis

Table 2 shows the experimental results obtained from the mixture homogeneity release
study. For this, a PCRS spherical device was split into four sections weighing approximately
1.500 +/− 0.20 µg. Analysis of the daily samples taken over the 12-day period demonstrated
the release followed a biphasic linear profile, as seen in Figure 4. The mass release plot
of RhB exhibits a larger initial burst of RhB on the first day, followed by an incremental
increase for the remainder of the experiment. The initial burst is apparent through the first
day of sample collection, with an RhB release of 0.596 +/− 0.11 µg for the first day. During
the second phase (day 2–12) of the experiment, the RhB demonstrated an incremental
linear constant release of 0.007 µg/mL over the subsequent 11-day period, showing an
R2 = 0.9323; the tested sections reached a final RhB release of 1.523 +/− 0.08 µg over the
entire 12-day period.

Table 2. Summary table of the mixture homogeneity analysis.

Phase Days Number of
Samples

Initial Mass
Release (µg)

Final Mass
Release (µg) R2 Value

I 0–1 4 0.000 0.596 N/A
II 2–12 4 0.596 1.523 0.932
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Figure 4. Mixture Homogeneity Analysis: Cumulative RhB release within a split PCRS device.

Figure 4 displays the mixture homogeneity data for the single sphere divided into
four parts used in this experiment. Through the similar release of the pieces, it can be
concluded that the polymer and RhB composition is homogenously distributed throughout
each device.

3.3. Initial Release Analysis

An experiment examining the first 12 h of release at hourly intervals was conducted
on five spherical PCRS testing devices (n = 5). Figure 5 exhibits very little release in the
first hour (RhB release of 0.097 +/− 0.02 µg), with a jump in release rate at the second hour
(cumulative RhB release of 0.523 +/− 0.03 µg) before settling to a steady rate from hours
3–12 (cumulative RhB release of 1.359 +/− 0.08 µg). A linear regression of the first 3 h was
associated with an R2 = 0.9695. A linear regression of hours 3–12 was associated with an
R2 = 0.9945.
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for the initial 12 h following submersion in PBS.

With the data exhibiting a linear loading phase in the release of RhB, further exami-
nation of a polymeric base delivery system should be conducted. Further examination of
a polymeric base delivery system is recommended to determine its potential as a viable
option for systemic protocols in the treatment of cancer patients. This study highlights the
importance of understanding the release kinetics of drug delivery systems, particularly
during the initial phases of release [45,46].

3.4. Single Spherical Device Analysis

The cumulative RhB release of PCRS spherical devices, both PCL-based and PLA-
based, were tested for 21 days (n = 4), as shown in Figure 6. The RhB release profile from
PCL can be divided into two linear phases: an initial burst release, and a later sustained
release. Examining the spectroscopy data, the initial burst from the PCL devices lasted one
day. The cumulative RhB release at the end of day 1 was 2.295 +/− 0.40 µg, equivalent
to 0.04% of the total RhB loaded into a singular device. After the initial phase release, the
secondary release phase continued at an approximate constant rate of 0.11 µg/mL. The total
cumulative RhB release in the second phase was 4.569 +/− 0.30 µg, equivalent to 0.08% of
total RhB release from the device. A linear regression of days 1–21 provided an R2 = 0.9963.
Immediately following immersion of the device into the PBS, the polymer begins to swell,
increasing the internal pore size, and increasing the rate of RhB release [33,41,42]. However,
PLA demonstrated no release at all in vitro, which was attributed to its poor solubility
and hydrophobic side chain [47]. The hydrophobic side chain (methyl groups) causes PLA
to have lower water absorption properties and slower degradation. However, the PLA
spherical devices failed to release RhB when implanted in vitro. For this study, 21 days
were chosen as the release period, which may have been insufficient for the PLA devices.
In other studies, PLA has demonstrated complete degradation and total loss of mass over
24–30 months [45,46]. Though PLA did not exhibit any release over the three-week period,
these results raise the possibility of creating a PCL–PLA composite structure that can be
leveraged to control aqueous access to PCL mixed with a drug for dosage and timeframe
control.
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3.5. Geometry Variance Analysis

Experiments investigating the variation in release rate for the four PCRS geometries
(sphere, sphere with a through-hole, cylindrical rod, and cylindrical tube) suggested that
RhB release was dependent on device surface area. The data is shown in Figure 7, wherein
each of the four PCRS geometrical devices were tested with five replicates for 21 days.
An increase in the surface area of the device resulted in a corresponding increase in the
amount of RhB released. The overall surface area of each device was calculated from initial
measurements after fabrication. Changes in surface area following submersion during
the three-week period were not considered, as removing the devices from solution for
measurement would impact the release dynamics.
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In summary, the data indicated that the PCRS cylindrical tube, with a surface area
of 48.387 mm2, reached an overall RhB release of 42.068 +/− 0.389 µg for RhB release
over the 21-day period. Second was the PCRS cylindrical rod with a surface area of
38.903 mm2, reaching an RhB release of 27.129 +/− 0.220 µg of RhB at the end of day 21.
The PCRS sphere with a through-hole, with a surface area of 34.838 mm2, had an overall
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RhB average release of 12.392 +/− 0.123 µg at the end of the experimentation period. The
solid sphere, with a surface area of 12.968 mm2, demonstrated the lowest final RhB release
of 5.079 +/− 0.316 µg for day 21. All geometries demonstrated a similar biphasic quasi-
linear release, as had previously been seen for the spherical devices, and were segregated
from days 0–1 and days 1–21. The PCRS sphere, the sphere with the through-hole, the rod,
and the tube exhibited an R2 = 0.9742, 0.9782, 0.9972, and 0.9917, respectively. A one-way
ANOVA test was performed to evaluate statistical significance between the mass release
rates from the different geometries (Figure 8). Differences were assumed to be statistically
significant if the p-value was ≤0.05.
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An analysis between the cumulative release of RhB and the surface area of the tested
devices during a 21-day evaluation period is shown in Figure 8. The RhB release was
observed to occur steadily from day 1 to day 21. Specifically, the PCRS sphere exhibited a
release of approximately 18% of the total RhB content, ultimately discharging 10.843 µg
of the 60 µg of total RhB content in the device over a three-week period. Similarly, the
PCRS sphere through-hole showed a release of approximately 22% of the total RhB content,
releasing 12.392 µg of 56 µg of total RhB in the device. The PCRS rod exhibited a release of
about 14% of the total RhB content, equivalent to 27.129 µg of the 200 µg total RhB content
in the device over three weeks. Lastly, the PCRS tube showed a release of 28% of the total
RhB content, equivalent to 42.068 µg of the 200 µg total RhB content in the device over the
entire experimental period.

3.6. Study Limitations

This study had several limitations. As all work was completed in vitro, it is understood
that results may differ in vivo. This is due to many contributions, but the differences
between PBS and interstitial fluid, subject movement, and local tissue perfusion would
all influence release rates. Another limitation was the differential evaporation of the
sink solution during sampling. The beakers used were sealed with Parafilm while in the
incubator, but there was variance in how long some were uncovered during sampling. To
mitigate the risk of variation in manufacturing, devices were visually inspected for quality
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defects and weighed to ensure they fell within a tolerance of +/−100 µg. Experiments
were conducted within controlled time frames for sample extraction, which were within
+/−1 h difference for daily sampling and +/−5 min for hourly sampling. A sampling
protocol was set to take samples in the same order every day. Sensor drift in the UV–
Vis spectrometer may have influenced results, but calibration against blank and positive
controls were conducted prior to every set of measurements to ensure minimal impact.
Only a mixed ratio of 1:99 RhB to polymer was investigated, and future studies will explore
the combination of polymer composites.

In future experiments, the polymeric implant will be introduced into the targeted
tumor cavity area of in vivo experiments using a 27-gauge cannula. The objective is to
replicate the anatomical structure of the cervix for localized drug delivery. The in vivo ex-
periments will encompass the execution of tests and observations within a living organism
to evaluate the efficacy of local drug delivery.

4. Conclusions

In this study, an innovative implantable platform made from biodegradable poly-
mers termed the PCRS was developed and characterized. Release of RhB from PCRS
devices in vitro was investigated, with PBS serving as a physiological fluid analog. A
batch manufacturing process utilizing a metal mold injection technique was developed and
experimentally validated to achieve reproducible device geometries with a homogenous
mixture of RhB and the polymer base. Cumulative release experiments demonstrated
that spherical devices made from PCL demonstrated a consistent biphasic linear release
profile over a 21-day period. Further experiments examining different device geometries
demonstrated that the mass release rate of RhB was directly proportional to surface area,
allowing potential tuning of the release to meet patient-specific needs. The preliminary data
obtained in this study indicates that a PCL-based implantable device can achieve a biphasic,
loading, and maintenance delivery profile over at least a three-week period. Taken together,
results from this study motivate additional study of PCL-based drug delivery systems for
minimally invasive placement and localized delivery. This information proves promising
to the hypothesis of developing a multistage polymer drug delivery system to exhibit a
personalized loading and maintenance phase.

5. Patents

Guda, T., Hood, G., Akhter, F., Hood, R.L., Pearson, J., Multistage Polymer Therapeutic
Delivery System, US Utility Patent, 16/211,214, 2018.

Author Contributions: Conceptualization, M.E., P.J., A.L. and R.L.H.; Methodology, M.E., J.P. and
J.S.; Software, A.J.; Validation, P.P., A.L. and R.L.H.; Formal analysis, M.E., J.P. and P.P.; Investigation,
M.E., J.P., P.P. and J.S.; Resources, D.D.R. and P.J.; Data curation, J.P.; Writing—original draft, M.E.
and J.P.; Writing—review & editing, P.P., N.H. and A.J.; Visualization, A.L.; Supervision, M.E. and
R.L.H.; Project administration, R.L.H.; Funding acquisition, R.L.H. All authors have read and agreed
to the published version of the manuscript.

Funding: This project was funded (fully or in-part) by the University of Texas at San Antonio, Office
of the Vice President for Research and Southwest Research Institute.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is available on request to the Corresponding Author.

Acknowledgments: We gratefully acknowledge Ana Stevanovic at the University of Texas at San
Antonio (UTSA) and Kleberg Advanced Microscopy Center (KAMC) for her help with the scanning
electron microscope.

Conflicts of Interest: The authors declare no conflict of interest. Tecan had no role in the design of
the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and
in the decision to publish the results.



Pharmaceutics 2023, 15, 1795 12 of 13

References
1. Federico, C.; Sun, J.; Muz, B.; Alhallak, K.; Cosper, P.F.; Muhammad, N.; Jeske, A.; Hinger, A.; Markovina, S.; Grigsby, P.; et al.

Localized Delivery of Cisplatin to Cervical Cancer Improves Its Therapeutic Efficacy and Minimizes Its Side Effect Profile. Int. J.
Radiat. Oncol. 2021, 109, 1483–1494. [CrossRef]

2. Poniewierza, P.; Panek, G. Cervical Cancer Prophylaxis—State-of-the-Art and Perspectives. Healthcare 2022, 10, 1325. [CrossRef]
3. Society, A.C. Key Statistics for Cervical Cancer. 2023. Available online: https://www.cancer.org/cancer/cervical-cancer/about/

key-statistics.html (accessed on 13 January 2023).
4. Adiga, D.; Eswaran, S.; Pandey, D.; Sharan, K.; Kabekkodu, S.P. Molecular landscape of recurrent cervical cancer. Crit. Rev. Oncol.

2021, 157, 103178. [CrossRef] [PubMed]
5. Mamidi, N.; González-Ortiz, A.; Romo, I.L.; Barrera, E.V. Development of functionalized carbon nano-onions reinforced zein

protein hydrogel interfaces for controlled drug release. Pharmaceutics 2019, 11, 621. [CrossRef] [PubMed]
6. Hood, R.L.; Bruno, G.; Jain, P.; Anderson, J.; Wolfe, T.; Quini, C.C.; Schmulen, J.; Li, X.C.; Butler, E.B.; Krishnan, S.; et al.

Nanochannel implants for minimally-invasive insertion and intratumoral delivery. J. Biomed. Nanotechnol. 2016, 12, 1907–1915.
[CrossRef]

7. Hood, R.L.; Hood, G.D.; Ferrari, M.; Grattoni, A. Pioneering medical advances through nanofluidic implantable technologies.
WIREs Nanomed. Nanobiotechnol. 2017, 9, e1455. [CrossRef]

8. Bruno, G.; Di Trani, N.; Hood, R.L.; Zabre, E.; Filgueira, C.S.; Canavese, G.; Jain, P.; Smith, Z.; Demarchi, D.; Hosali, S.; et al.
Unexpected behaviors in molecular transport through size-controlled nanochannels down to the ultra-nanoscale. Nat. Commun.
2018, 9, 1682. [CrossRef]

9. Geninatti, T.; Bruno, G.; Barile, B.; Hood, R.L.; Farina, M.; Schmulen, J.; Canavese, G.; Grattoni, A. Impedance characterization,
degradation, and in vitro biocompatibility for platinum electrodes on BioMEMS. Biomed. Microdevices 2015, 17, 24. [CrossRef]
[PubMed]

10. Brown, A.; Kumar, S.; Tchounwou, P.B. Cisplatin-Based Chemotherapy of Human Cancers. J. Cancer Sci. Ther. 2019, 11, 97.
11. Dantas, M.V.M.; Verzola, M.H.A.; Sanitá, P.V.; Dovigo, L.N.; Cerri, P.S.; Gabrielli, M.A.C. The influence of Cisplatin-based

chemotherapy on the osseointegration of dental implants: An in vivo mechanical and histometrical study. Clin. Oral Implant. Res.
2019, 30, 603–616. [CrossRef]

12. Zhu, J.; Zhang, Z.; Bian, D.; Chen, Q.; Hu, Q.; Ji, S.; Gu, K. Weekly versus triweekly cisplatin-based concurrent chemoradiotherapy
in the treatment of locally advanced cervical carcinoma: An updated meta-analysis based on randomized controlled trials.
Meidicine 2020, 99, e18663. [CrossRef] [PubMed]

13. Herrera-Ruiz, A.; Tovar, B.B.; García, R.G.; Tamez, M.F.L.; Mamidi, N. Nanomaterials-Incorporated Chemically Modified Gelatin
Methacryloyl-Based Biomedical Composites: A Novel Approach for Bone Tissue Engineering. Pharmaceutics 2022, 14, 2645.
[CrossRef] [PubMed]

14. Siddik, Z.H. Cisplatin: Mode of cytotoxic action and molecular basis of resistance. Oncogene 2003, 22, 7265–7279. [CrossRef]
15. Tsang, R.Y.; Al-Fayea, T.; Au, H.-J. Cisplatin Overdose. Drug Saf. 2009, 32, 1109–1122. [CrossRef]
16. Mamidi, N.; Zuníga, A.E.; Villela-Castrejón, J. Engineering and evaluation of forcespun functionalized carbon nano-onions

reinforced poly (ε-caprolactone) composite nanofibers for pH-responsive drug release. Mater. Sci. Eng. C 2020, 112, 110928.
[CrossRef] [PubMed]

17. Hood, R.L.; Andriani, R.T.; Ecker, T.E.; Robertson, J.L.; Rylander, C.G. Characterizing Thermal Augmentation of Convection-
Enhanced Drug Delivery with the Fiberoptic Microneedle Device. Engineering 2015, 1, 344–350. [CrossRef]

18. Mamidi, N.; Delgadillo, R.M.V. Design, fabrication and drug release potential of dual stimuli-responsive composite hydrogel
nanoparticle interfaces. Colloids Surf. B Biointerfaces 2021, 204, 111819. [CrossRef]

19. Moreno-Núñez, B.A.; Abarca-Vidal, C.G.; Treviño-Quintanilla, C.D.; Sánchez-Santana, U.; Cuan-Urquizo, E.; Uribe-Lam, E.
Experimental Analysis of Fiber Reinforcement Rings’ Effect on Tensile and Flexural Properties of Onyx™–Kevlar®Composites
Manufactured by Continuous Fiber Reinforcementt. Polymers 2023, 15, 1252. [CrossRef] [PubMed]

20. Han, Y.; Wen, P.; Li, J.; Kataoka, K. Targeted nanomedicine in cisplatin-based cancer therapeutics. J. Control. Release 2022, 345,
709–720. [CrossRef]

21. Rajkumar, P. Cisplatin Concentrations in Long and Short Duration Infusion: Implications for the Optimal Time of Radiation
Delivery. J. Clin. Diagn. Res. 2016, 10, Xc01–Xc04. [CrossRef]

22. Ashok, B.; Peppas, N.A.; Wechsler, M.E. Lipid- and polymer-based nanoparticle systems for the delivery of CRISPR/Cas9. J.
Drug Deliv. Sci. Technol. 2021, 65, 102728. [CrossRef] [PubMed]

23. Mitchell, M.J.; Billingsley, M.M.; Haley, R.M.; Wechsler, M.E.; Peppas, N.A.; Langer, R. Engineering precision nanoparticles for
drug delivery. Nat. Rev. Drug Discov. 2021, 20, 101–124. [CrossRef] [PubMed]

24. Braatz, D.; Dimde, M.; Ma, G.; Zhong, Y.; Tully, M.; Grötzinger, C.; Zhang, Y.; Mavroskoufis, A.; Schirner, M.; Zhong, Z.; et al.
Toolbox of Biodegradable Dendritic (Poly glycerol sulfate)–SS-poly(ester) Micelles for Cancer Treatment: Stability, Drug Release,
and Tumor Targeting. Biomacromolecules 2021, 22, 2625–2640. [CrossRef] [PubMed]

25. Azab, A.K.; Doviner, V.; Orkin, B.; Kleinstern, J.; Srebnik, M.; Nissan, A.; Rubinstein, A. Biocompatibility evaluation of crosslinked
chitosan hydrogels after subcutaneous and intraperitoneal implantation in the rat. J. Biomed. Mater. Res. Part A 2007, 83, 414–422.
[CrossRef] [PubMed]

https://doi.org/10.1016/j.ijrobp.2020.11.052
https://doi.org/10.3390/healthcare10071325
https://www.cancer.org/cancer/cervical-cancer/about/key-statistics.html
https://www.cancer.org/cancer/cervical-cancer/about/key-statistics.html
https://doi.org/10.1016/j.critrevonc.2020.103178
https://www.ncbi.nlm.nih.gov/pubmed/33279812
https://doi.org/10.3390/pharmaceutics11120621
https://www.ncbi.nlm.nih.gov/pubmed/31757093
https://doi.org/10.1166/jbn.2016.2288
https://doi.org/10.1002/wnan.1455
https://doi.org/10.1038/s41467-018-04133-8
https://doi.org/10.1007/s10544-014-9909-6
https://www.ncbi.nlm.nih.gov/pubmed/25663443
https://doi.org/10.1111/clr.13445
https://doi.org/10.1097/MD.0000000000018663
https://www.ncbi.nlm.nih.gov/pubmed/31895831
https://doi.org/10.3390/pharmaceutics14122645
https://www.ncbi.nlm.nih.gov/pubmed/36559139
https://doi.org/10.1038/sj.onc.1206933
https://doi.org/10.2165/11316640-000000000-00000
https://doi.org/10.1016/j.msec.2020.110928
https://www.ncbi.nlm.nih.gov/pubmed/32409077
https://doi.org/10.15302/J-ENG-2015077
https://doi.org/10.1016/j.colsurfb.2021.111819
https://doi.org/10.3390/polym15051252
https://www.ncbi.nlm.nih.gov/pubmed/36904492
https://doi.org/10.1016/j.jconrel.2022.03.049
https://doi.org/10.7860/JCDR/2016/18181.8126
https://doi.org/10.1016/j.jddst.2021.102728
https://www.ncbi.nlm.nih.gov/pubmed/34335878
https://doi.org/10.1038/s41573-020-0090-8
https://www.ncbi.nlm.nih.gov/pubmed/33277608
https://doi.org/10.1021/acs.biomac.1c00333
https://www.ncbi.nlm.nih.gov/pubmed/34076415
https://doi.org/10.1002/jbm.a.31256
https://www.ncbi.nlm.nih.gov/pubmed/17455216


Pharmaceutics 2023, 15, 1795 13 of 13

26. De la Puente, P.; Fettig, N.; Luderer, M.J.; Jin, A.; Shah, S.; Muz, B.; Kapoor, V.; Goddu, S.M.; Salama, N.N.; Tsien, C.; et al.
Injectable hydrogels for localized chemotherapy and radiotherapy in brain tumors. J. Pharm. Sci. 2018, 107, 922–933. [CrossRef]
[PubMed]

27. Jain, S.; Venkataraman, A.; Wechsler, M.E.; Peppas, N.A. Messenger RNA-based vaccines: Past, present, and future directions in
the context of the COVID-19 pandemic. Adv. Drug Deliv. Rev. 2021, 179, 114000. [CrossRef]

28. Akhter, F.; Bascos, G.N.W.; Canelas, M.; Griffin, B.; Hood, R.L. Mechanical characterization of a fiberoptic microneedle device for
controlled delivery of fluids and photothermal excitation. J. Mech. Behav. Biomed. Mater. 2020, 112, 104042. [CrossRef]

29. Akhter, F.; Manrique-Bedoya, S.; Moreau, C.; Smith, A.L.; Feng, Y.; Mayer, K.M.; Hood, R.L. Assessment and Modeling of
Plasmonic Photothermal Therapy Delivered via a Fiberoptic Microneedle Device Ex Vivo. Pharmaceutics 2021, 13, 2133. [CrossRef]

30. Zhang, Q.; Bao, J.; Duan, T.; Hu, M.; He, Y.; Wang, J.; Hu, R.; Tang, J. Nanomicelle-Microsphere Composite as a Drug Carrier to
Improve Lung-Targeting Specificity for Lung Cancer. Pharmaceutics 2022, 14, 510. [CrossRef]

31. Uribe-Lam, E.; Treviño-Quintanilla, C.D.; Cuan-Urquizo, E.; Olvera-Silva, O. Use of additive manufacturing for the fabrication of
cellular and lattice materials: A review. Mater. Manuf. Process. 2021, 36, 257–280. [CrossRef]

32. Ballerini, A.; Filgueira, C.S.; Nicolov, E.; Jain, P.; Bruno, G.; Hood, R.L.; Scaglione, F.; Grattoni, A. Sustained Delivery of Tamoxifen
from a Nanofluidic Delivery Platform. Drug Deliv. Lett. 2016, 6, 127–133. [CrossRef]
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microspheres for prolonged release of selenium nanoparticles. Mater. Sci. Eng. C 2019, 96, 776–789. [CrossRef] [PubMed]

34. Portillo, D.J.; Hoffman, E.N.; Garcia, M.; LaLonde, E.; Hernandez, E.; Combs, C.S.; Hood, L. Modal analysis of a sweeping jet
emitted by a fluidic oscillator. In Proceedings of the AIAA AVIATION 2021 FORUM, Virtual Event, 2–6 August 2021.

35. Chen, Y.-P.; Liu, Y.-W.; Lee, D.; Qiu, J.T.; Lee, T.-Y.; Liu, S.-J. Biodegradable andrographolide-eluting nanofibrous membranes for
the treatment of cervical cancer. Int. J. Nanomed. 2019, 14, 421–429. [CrossRef] [PubMed]

36. Ryalat, S.; Darwish, R.; Amin, W. New form of administering chlorhexidine for treatment of denture-induced stomatitis. Ther.
Clin. Risk Manag. 2011, 7, 219–225. [CrossRef]

37. Wechsler, M.E.; Stephenson, R.E.; Murphy, A.C.; Oldenkamp, H.F.; Singh, A.; Peppas, N.A. Engineered microscale hydrogels for
drug delivery, cell therapy, and sequencing. Biomed. Microdevices 2019, 21, 31. [CrossRef]

38. Wechsler, M.E.; Clegg, J.R.; Peppas, N.A. The interface of drug delivery and regenerative medicine. In Encyclopedia of Tissue
Engineering and Regenerative Medicine; Reis, R.L., Gomes, M.E., Eds.; Academic Press: Cambridge, MA, USA, 2019; Volume 1,
pp. 77–86.

39. Berard, D.; Navarro, J.D.; Bascos, G.; Harb, A.; Feng, Y.; De Lorenzo, R.; Hood, R.L.; Restrepo, D. Novel expandable architected
breathing tube for improving airway securement in emergency care. J. Mech. Behav. Biomed. Mater. 2021, 114, 104211. [CrossRef]

40. Copeland, G.B.; Zilevicius, D.J.; Bedolla, C.N.; Islas, A.L.; Guerra, M.N.; Salazar, S.J.; A De Lorenzo, R.; Schauer, S.G.; Hood, R.L.
Review of Commercially Available Supraglottic Airway Devices for Prehospital Combat Casualty Care. Mil. Med. 2022, 187,
e862–e876. [CrossRef] [PubMed]

41. Fu, Y.; Kao, W.J. Drug release kinetics and transport mechanisms of non-degradable and degradable polymeric delivery systems.
Expert Opin. Drug Deliv. 2010, 7, 429–444. [CrossRef]

42. Kim, J.; Kudisch, M.; Mudumba, S.; Asada, H.; Aya-Shibuya, E.; Bhisitkul, R.B.; Desai, T.A. Biocompatibility and pharmacokinetic
analysis of an intracameral polycaprolactone drug delivery implant for glaucoma. Investig. Ophthalmol. Vis. Sci. 2016, 57,
4341–4346. [CrossRef]

43. Elmowafy, E.M.; Tiboni, M.; Soliman, M.E. Biocompatibility, biodegradation and biomedical applications of poly (lactic acid)/poly
(lactic-co-glycolic acid) micro and nanoparticles. J. Pharm. Investig. 2019, 49, 347–380. [CrossRef]

44. Senapati, S.; Mahanta, A.K.; Kumar, S.; Maiti, P. Controlled drug delivery vehicles for cancer treatment and their performance.
Signal Transduct. Target. Ther. 2018, 3, 7. [CrossRef] [PubMed]

45. Vaid, R.; Yildirim, E.; Pasquinelli, M.A.; King, M.W. Hydrolytic degradation of polylactic acid fibers as a function of ph and
exposure time. Molecules 2021, 26, 7554. [CrossRef] [PubMed]

46. Wang, Z.; Liu, H.; Shu, X.; Zheng, L.; Chen, L. A reduction-degradable polymer prodrug for cisplatin delivery: Preparation,
in vitro and in vivo evaluation. Colloids Surf. B Biointerfaces 2015, 136, 160–167. [CrossRef] [PubMed]

47. Noh, J.J.; Kim, M.-S.; Cho, Y.-J.; Jeong, S.-Y.; Lee, Y.-Y.; Ryu, J.-Y.; Choi, J.-J.; Bae, I.; Wu, Z.; Kim, B.-G.; et al. Anti-Cancer Activity
of As4O6 and its Efficacy in a Series of Patient-Derived Xenografts for Human Cervical Cancer. Pharmaceutics 2020, 12, 987.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.xphs.2017.10.042
https://www.ncbi.nlm.nih.gov/pubmed/29162424
https://doi.org/10.1016/j.addr.2021.114000
https://doi.org/10.1016/j.jmbbm.2020.104042
https://doi.org/10.3390/pharmaceutics13122133
https://doi.org/10.3390/pharmaceutics14030510
https://doi.org/10.1080/10426914.2020.1819544
https://doi.org/10.2174/2210303106666161129163850
https://doi.org/10.1016/j.msec.2018.11.073
https://www.ncbi.nlm.nih.gov/pubmed/30606591
https://doi.org/10.2147/IJN.S186714
https://www.ncbi.nlm.nih.gov/pubmed/30666104
https://doi.org/10.2147/TCRM.S18297
https://doi.org/10.1007/s10544-019-0358-0
https://doi.org/10.1016/j.jmbbm.2020.104211
https://doi.org/10.1093/milmed/usac021
https://www.ncbi.nlm.nih.gov/pubmed/35253049
https://doi.org/10.1517/17425241003602259
https://doi.org/10.1167/iovs.16-19585
https://doi.org/10.1007/s40005-019-00439-x
https://doi.org/10.1038/s41392-017-0004-3
https://www.ncbi.nlm.nih.gov/pubmed/29560283
https://doi.org/10.3390/molecules26247554
https://www.ncbi.nlm.nih.gov/pubmed/34946629
https://doi.org/10.1016/j.colsurfb.2015.09.010
https://www.ncbi.nlm.nih.gov/pubmed/26387067
https://doi.org/10.3390/pharmaceutics12100987

	Introduction 
	Materials and Methods 
	Biomaterials 
	Polymer Casting Molding 
	Controlled Release Experimental Protocol 
	Mixture Homogeneity Tests 
	Initial Release Experiments 
	Single Spherical Device Experiments 
	Geometry Variance Experiments 

	Results and Discussion 
	Casting Polymer Reproducibility Analysis 
	Mixture Homogeneity Release Analysis 
	Initial Release Analysis 
	Single Spherical Device Analysis 
	Geometry Variance Analysis 
	Study Limitations 

	Conclusions 
	Patents 
	References

