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Abstract

This paper will present in vivo release profiles of Doxorubicin.HCI from halo-spun drug-
loaded rubbery porous mats. For the very first time, Fluorescent Organism Bioimaging
(FOBI) was used to follow drug release in a live animal model with induced tumors. A
new predictive model based on apparent diffusion coefficients to simulate release profiles
will also be presented and could have general applications for release profile predictions.
Surprisingly, histological evaluation found that the tissue layer forming next to the drug-
eluting mats had unordered morphology and only necrotic cells. This is a stunning contrast
to the highly regular collagen structure next to mats without the drug, typical of an adverse
foreign body type reaction. The findings suggest that this drug-eluting fiber mat can be
used as a local chemotherapy approach coupled with mitigation of capsular contracture,
the major complication associated with breast reconstruction following mastectomy:.

Keywords: in vivo drug release; Fluorescent Organism Bioimaging FOBI; Doxorubicin. HC;
drug release model; local cancer chemotherapy

1. Introduction

In 2022, in the United States alone, 1,851,238 new cancer cases were reported, and
613,349 people died of the disease. The most frequently diagnosed cancer in women was
breast cancer, with 287,850 new cases diagnosed in 2022, and over 40,000 deaths [1]. In
current treatment models, mastectomy with postoperative chemotherapy offers the best
rate of survival. Of those patients, over 50% opt for breast reconstruction. Current tissue
expanders and implant materials for reconstruction are silicone rubber-based and have
over 20% complication rates, including implant hardening, tissue necrosis, gel bleed, and
capsular contracture [2—4]. In capsular contracture, a thick, fibrous capsule forms around
most implants, leading to pain, disfigurement and possible rupture, often necessitating
further surgeries. A total of 35-50% of reconstruction patients require revisional surgery
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within 6 years [5]. Furthermore, up to 80% of silicone breast implants are removed or
replaced within 8-10 years. This is a major problem considering over 300,000 American
women received silicone rubber breast implants in 2020 alone [5]. Thus far, physical and
chemical modifications have been attempted in order to solve the problem of capsular
contracture, including slow local drug release [6-8].

In addition to mitigating capsular contracture, localized chemotherapy seems to be an
interesting new approach to breast cancer treatment. The concept of local chemotherapy
could offer reduced side effects as compared to those associated with systemic chemother-
apy. Local intra-tumor delivery of a Doxorubicin (DOX)-labeled polymeric drug conjugate
has already been shown to be more effective than systemic intravenous delivery in a hepa-
tocellular carcinoma model [9]. This approach may also prevent recurrence; sadly, 19% of
post-mastectomy patients are also subject to recurrent cancer (2-3 years average).

Our research group has been investigating drug encapsulation into polymer films and
fiber mats with sustained release, focusing on polyisobutylene (PIB)-based thermoplastic
elastomers (TPEs) because of the excellent bio-inertness and biostability of PIB. A linear
poly(styrene-b-isobutylene-b-styrene) triblock TPE (L_SIBS) is used in clinical practice as
the drug-eluting coating on the TAXUS™ coronary stent [10]. Over 10 million patients
have benefited from this device, emphasizing the significance of PIB-based biomaterials.
Due to the unique low permeability of PIB-based materials such as L_SIBS, sustained drug
delivery is achieved, but reportedly only approximately 10% of the encapsulated drug,
Taxol, elutes from the coating, which is therapeutic for this application [10].

With the expiration of patent protection for L_SIBS, we have developed new genera-
tions for drug-delivery applications [11-14]. The latest PIB-based TPE our group developed
is poly(alloocimene-b-isobutylene-b-alloocimene) (AIBA) [11-13]. This TPE is much easier
to produce than L_SIBS and we can produce kg quantities in the laboratory. We have
recently shown that electrospun AIBA mats loaded with the anti-inflammatory drug Zafir-
lukast (ZAF) locally released in vivo in rats lowered inflammation and fibrous capsule
development compared to oral ZAF treatment [8].

This paper will present a new method for in vivo monitoring of local DOX.HCl release
from drug-loaded AIBA-based mats produced with a patented halo-spinning method [15]
with Fluorescent Organism Bioimaging (FOBI), compare in vitro and in vivo release profiles,
and present a new predictive model to simulate release profiles. The results constitute a step
towards proving the hypothesis for the superiority of local sustained cancer drug delivery.

2. Materials and Methods
2.1. Materials

Poly(alloocimene-b-isobutylene-b-alloocimene) (AIBA) was synthesized as reported
in our previous paper [13]. Poly(ethylene glycol) (PEG) (M, = 2000 g/mol) was pur-
chased from Sigma-Aldrich (USA) and was used as received. Doxorubicin hydrochloride
(DOX.HCI, CAS 25316-40-9) was purchased from AvaChem Scientific (San Antonio, TX,
USA). Phosphate-buffered saline (PBS) powder (pH 7.4) packed in foil pouches was pur-
chased from Sigma-Aldrich (Burlington, MA, USA), and 0.01 M PBS solution was freshly
prepared by dissolving each pouch in one liter distilled water.

2.2. Preparation of DOX.HCI-Loaded Fiber Mats

Fiber mats were prepared from a solution of DOX.HC1/AIBA /PEG by a proprietary
halo-spinning process by Gelatex [15] (Tallinn, Estonia). The patented method utilizes
compressed air and the centrifugal force exerted by revolving spinnerets to form fibers
and direct them toward the carrier layer that collects the fibers [15]. As a carrier layer,
poly(tetrafluoro-ethylene) (Teflon, AmericanDurafilm, Holliston, MA, USA) was used.
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2.3. Scanning Electron Microscopy (SEM)

SEM measurements were performed using a Hitachi Schottky Field Emission SU5000
instrument (Hitachi, Santa Clara, CA, USA). Micrographs were recorded after sputter
coating the samples with gold at ambient temperature. The accelerating voltage was 5 kV;
the imaging was based on the detection of secondary electrons. The magnification factor
varied between 100 and 500.

2.4. X-Ray Photoelectron Spectroscopy (XPS)

XPS spectra were collected using a Thermo Fisher Nexsa G2 XPS (Thermo Fisher
Scientific, Waltham, MA, USA) System utilizing an Al K« source (15 kV, 60 W). All the
spectra were calibrated with reference to the aliphatic C—C peak binding energy at 284.8 eV.
The curves were fitted using the CasaXPS 2.3.25 software with a combined Gaussian-
Lorentzian profile after subtracting the background.

2.5. In Vitro Release Studies

DOX.HCI release studies were performed using the DOX.HCl-loaded AIBA/PEG
mats in phosphate-buffered saline (PBS) solution at 37 °C. 1 cm x 1 cm square samples
were used for the studies in triplicates. Because the UV signal intensities were too low for
the 5 wt% samples in 100 mL PBS, the release profiles were measured in 10 mL PBS. Table 1
lists the samples.

Table 1. Samples for in vitro testing.

Nominal DOX.HCI Load (wt%)  Sample Mass (mg)  Average Mass (mg) Nominal DOX.HCI Content (mng)

20 wt%

32.0
26.8 29.7 5.94
30.3

5 wt%

245
23.0 23.3 1.17
22.4

The samples were placed into stainless-steel mesh sample holders, which were im-
mersed in beakers containing 100 or 10 mL 0.01 M PBS solution (pH 7.4), freshly prepared
before each experiment. The beakers were placed in a water bath thermostated at 37 °C,
magnetic stirrer set to 200 RPM. The beakers were covered with parafilm to avoid evapo-
ration of the PBS, and the entire experimental setup was covered with aluminum foil to
protect the samples from light. At specified time intervals (5, 10, 15, 20, 30, 40, 50, 60, 75, 90,
105, 120, 180, 270, and 1500 min), the liquid in the beakers was removed and refilled with
10 mL freshly prepared PBS solution pre-heated to 37 °C. 2 mL of the 100 mL removed
liquid was subjected to UV-VIS analysis using a Molecular Devices SpectraMax Plus 384
spectrophotometer. Absorbance values were converted to DOX.HCI concentrations by
using a calibration curve that was obtained as follows: DOX.HCl solutions were prepared
in PBS buffer (pH 7.4) with varying concentrations (0.2, 0.5, 1.0, 1.5, and 2.0 mg/L). Then,
the absorbance of the solutions was measured using the UV-VIS spectrophotometer in the
200-600 nm wavelength range. Absorbance values recorded at 480 nm were plotted against
the concentration values; the equation of the regression line fitted onto these points was
used to convert absorbances to concentrations (see Figure S1).

2.6. Animal Preparation and Surgery

NMRI FOXn1 nu/nu mice from Janvier (Bretagne, France) were utilized in this study.
The “short term” group consisted of n = 1 control mouse having an unloaded fiber mat
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and 7 = 5 mice with DOX.HCl-loaded fiber mats for 30 days. Another control group of
n = 2 mice with no tumors were implanted with unloaded fiber mats for a period of three
months. The animals were provided ad libitum access to food and water and were housed
under controlled conditions for temperature, humidity, and light. All procedures adhered
to ARRIVE guidelines and complied with the European Communities Council Directive
(86/609 EEC), approved by the Animal Care and Use Committee of Semmelweis University
(protocol number: PE/EA /293-7/2021). The mice were 30-37 weeks old with an average
body weight of 34.1 £ 7.6g.

Ten weeks before the study he left hind legs of the 6 mice in the short-term study
was subcutaneously transplanted with a small volume of breast cancer cell line expressing
endothelin receptor and HER-2 antigen (ZR-71-1) cells, generously provided by the Depart-
ment of Immunology at Carl Gustav Carus University (Dresden, Germany). Tumor volume
was monitored using three-dimensional magnetic resonance imaging. The body weight
and general well-being of the mice were assessed weekly.

The implantation surgical procedure was conducted under isoflurane anesthesia (5%
for induction and 1.5-2% for maintenance; Arrane®, Baxter, Newbury, UK). An incision was
made with surgical scissors on the left posterior caudal side of the tumors, and a hole was
prepared using blunt forceps. Circular samples with a diameter of 4.5 mm were inserted
into the hole, and the subcutaneous incision was closed using Radik-PGLA 4-0 filament
(Kollsut International Inc., Miami, FL, USA). Stitches were removed after 10 days.

2.7. Fluorescent Organism Bioimaging (FOBI)

The fluorescence of DOX.HCl-loaded and control specimens was imaged using a two-
dimensional epifluorescent optical imaging instrument (Fluorescent Organism Bioimaging
Instrument, Neoscience Co., Ltd., Suwon-si, Korea). Mice were anesthetized with isoflurane
(5% for induction and 1.5-2% to maintain the appropriate level of anesthesia; Baxter,
AErrane). The images were collected after shaving to remove hair at different time points
(pre- and post-surgery, 4 h; 1, 2, 3,9, 15, 22 and 29 days post-surgery) with an excitation
wavelength of 480 nm corresponding to the excitation maximum of DOX.HCI (ex: 494 nm;
em: 512 nm in water). The emission spectrum of DOX.HCl was in the pass band of the used
emission filter. Image acquisition parameters were the following: exposure time: 2000 ms
and gain: 1. The images were evaluated with VivoQuant 5.4.3 software (Invicro-Konica
Minolta, Boston, MA, USA). The amount of released DOX.HCI was calculated from the
decrease in the DOX.HCl in the mats.

Off-line calibration was carried out as follows: 4.8 mg DOX.HCI was dissolved in
2 mL PBS buffer contained in an Eppendorf tube. Then, a sequence of solutions with
decreasing concentrations was created. Each sample in the sequence was analyzed with
FOBI. Data points were used to establish the region where linear correlation was found
between fluorescent intensity and DOX.HCI concentration. The values were shifted by the
background fluorescence intensity of the Eppendorf tube (~15 units). The calibration plot
is shown in Figure S2A.

2.8. Histology

For the histological evaluation, samples were obtained from all experimental groups
from all animals. Tissue samples including the tissue pockets and the implanted mats
were prepared and sectioned using a Leica CM1950 microtome (Leica Biosystems Nussloch
GmbH, Nussloch, Germany), perpendicular to the surface of the implant. The 7 um thick
sections were stained with hematoxylin and eosin (HE) in the routine manner [16]. The
slides were scanned with a Pannoramic Midi II slide scanner instrument (3DHistech,
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Budapest, Hungary), the digital slides were analyzed, and the representative pictures were
taken with the SlideViewer software (3DHistech, Budapest, Hungary).

3. Results and Discussion
3.1. Characterization of the Halo-Spun DOX.HCI-Loaded Samples

The DOX.HCl-loaded samples had intense orange color, as shown in Figure 1A. Optical
microscopy showed the distribution of DOX.HCI in the mat (Figure 1B). Halo-spinning
produced a porous mat, as shown in the SEM images of a representative halo-spun sample
(Figure 1C,D).

1.00mm SU500088.0kV 10.8mm x500 SE(L)

Figure 1. Macroscopic appearance (A), optical (B) and SEM micrographs (C,D) of the mats.

XPS did not detect any DOX.HCI or PEG on the surface. The unique property of
PIB-based thermoplastic elastomers such as AIBA is that even when spun from a solution
of the polymer/drug mixtures the surface is covered with a ~10 nm layer of pure PIB on
account of the low surface energy, resulting in complete incorporation of DOX.HCl into the
polymer. DOX.HC1 was selected for in vivo monitoring because it fluoresces in the red and
can be readily distinguished from the green fluorescence of live tissues [9]. First, in vitro
release studies were conducted.

3.2. In Vitro Release Studies
3.2.1. Calibration

To quantify the amount of DOX.HCI released in PBS first a calibration plot needed
to be created. In the UV-Vis spectrum of DOX.HCI absorptions at 260 and 480 nm (the
two 1A-1La and 1A-1Lb 7-7t* transitions polarized along the short and long axis of the
molecule) were identified, with a very small signal between 350 and 370 nm assigned to
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the three carbonyl groups in the DOX.HC] molecule [17]. The absorption at 480 nm was
used for calibration and to quantify DOX.HCl release from the samples (see Figure S1A,B).

3.2.2. Investigation of In Vitro DOX.HCI Release

Samples of size 1 cm? with 5 and 20 wt% DOX.HCI loading were tested in triplicates.
The time dependence of DOX.HCl release is shown in Figure 2. The drug is released rapidly
at the beginning of the experiment. However, the rate of the release decreased after about
3 h and leveled off at about 6 h for the 5 wt% sample. Literature search revealed that
DOX.HCl is unstable in phosphate-buffered solution at 37 °C, with a half-life of 50 h [18,19].
Interestingly, the % release profile is very close for the two loadings.

Al.z— Bzo_
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_5 0.8 @)
@) T 124
T X
J o
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2 0.4+ 3
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Time (h) Time (h)

Figure 2. Time dependence of in vitro DOX.HCl release; the measurements were repeated three times.
H: 20 wt% DOX.HCI; l: 5 wt% DOX.HCL.

The initial region (up to 5% release) was plotted using Peppas’ equation [20]:

Mt n
Mo = k-t (1)
According to Peppas, n = 0.5 for thin films indicates Fickian diffusion, 0.5 <n <1
characterizes anomalous non-Fickian diffusion, while # = 1 indicates a zero-order profile. For
the 20% DOX.HCI content 1 = 0.793 with R? = 0.9953 was found. This value indicates that
DOX.HCl was released by anomalous (non-Fickian) transport. The 5 wt% sample yielded
n = 0.483 with R? = 0.9965 indicating Fickian diffusion up to ~5% release. However, in the later
stages, the process deviates from the Fickian mechanism. It should be noted that electrospun
fiber mats loaded with Zafirlukast displayed Fickian diffusion up to 60% release [14].
Based on the in vitro data and preliminary in vivo test results showing necrosis with
the 20 wt% loading, samples with 5 wt% DOX-HCl loading were implanted into 5 mice to
demonstrate the feasibility of monitoring DOX-HCI release in vivo using FOBL

3.3. Development of the New In Vivo Monitoring Method

FOBI has been used for live cell monitoring [21-23], but according to our knowledge
in vivo drug release monitoring has never been reported. We decided to try this approach
using six mice. One mouse was implanted with an unloaded sample while 5 mice had
samples loaded with 5 wt% DOX.HCI. Based on the in vitro samples, the 4.5 mm disks
contained 0.1845 mg DOX.HCI. Figure 3 shows representative images taken right after
implantation, after 2 days and the end of the in vivo monitoring. As the drug leaves the
implant, its fluorescent intensity decreases.
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Figure 3. Images taken of a mouse right after implantation (A), after 2 days (B), and after 22 days (C).

The off-line calibration (see Experimental and Figure S2A) demonstrated the unique
sensitivity and linear correlation of the monitoring in the 0-1.5 ug concentration range.
Fluorescent intensity values in the porous mats measured in vivo are listed in Table S1.
The background intensity measured on the animal with the control mat with no DOX.HCI
were deducted from the intensity values measured on the animals implanted with mats
containing DOX.HCI. The values were then converted to absolute DOX.HCI weights by
using a linear correlation with the nominal initial DOX.HCI amount (0.1845 mg) as the
maximum value. The linear calibration plot obtained this way is displayed in Figure S2B.
The amount of released DOX.HCl was calculated from the decrease measured in the mats
by FOBL

The released amounts from the data averaged from five animals are shown in Figure 4
(black squares). While the error bars are large, a clear release profile emerges. Importantly,
the 24 h release % is in good agreement with the in vitro data.

r0.20
1004 ------------"--"--"-"-~-"--~--~-~
| Initial DOX.HCI loading: 0.1845 mg
804 -0.15
- o
S E
= 60 =
Q L O
= 0. IOE
~ =
QO 40+ Q
A A
-0.05
20+
o+ 0.00
0 200 400 600 800

Time (h)

Figure 4. Percentage and amount of released DOX.HCI plotted against time. B: In vivo release; e:
In vitro release; solid blue line: calculated data.
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Figure 4 also displays the simulated release profile based on a computational method
using the concept of apparent diffusion coefficients changing with the spatial coordinates
of the drug-loaded mat—see Section 3.4. The agreement is excellent.

3.4. Mathematical Model Development and Comparison with Measured Data

Sirianni et al. analyzed release of Taxol from stents coated with L_SIBS at 8.8, 25 and
35 wt% loading [24]. They considered Fickian diffusion, surface dissolution, bulk dis-
solution and osmotic gradient models. Their analysis concluded that the Fickian model
combined with surface dissolution described the release profiles at all loading levels, but
especially at 25 and 35 wt% loading where initial burst release was observed. At the 8.8 wt%
therapeutic loading used in the stent coatings, 10% elution was reached in 330 days.

Our new model proposes the use of a computational method based on the concept
of apparent diffusion coefficients. In this approach, the inhomogeneities (pores, etc.) that
affect the rate of molecular transport are considered by introducing apparent diffusion
coefficients, changing with the spatial coordinate.

dc 9%c  dD ac

— =D 4= 2

ot =~ Pae i o @
where c is the concentration of the drug, x and ¢ refer to the spatial coordinate and time,
respectively, and D, is the apparent diffusion coefficient that depends on the spatial coordi-
nate. This dependence is approximated with the function in Equation (3):

Dy(x) = a-x” 3)

where a and b are adjustable fitting parameters. The solution to Equation (2) was found
numerically using purpose-specific software developed by our research team in MATLAB
(R2025b Version 25.2.0.3042426). The c(x,t) surface function is presented in Figure S3 and
JEP_DOX_Video. and the a and b parameters of D,(x) (Equation (3)) were optimized using
an additional software written in MATLAB that iteratively found the best fit to experimental
data. Best fit was achieved using a = 4.722 x 1078 and b = 2.948. Figure 5 shows the
dependence of the diffusion coefficient on the distance from the plane of symmetry.
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—
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o
<
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Figure 5. Spatial coordinate dependence of the apparent diffusion coefficient.

Forrey calculated the diffusion coefficient of tetracycline (TAC) in SIBS and reported it
to fall in the D ~ 1071 cm?/s region [25] in good agreement with the ranges in Figure 5.
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Thus, the apparent diffusion coefficient is largest at the surface and decreases towards the
inner parts of the sample.

Although extrapolation beyond measured data ranges may be misleading, the time
required for 100% release was estimated to be 1.8-2 years. Note that this value is a result of
extrapolation and must be handled with caution. However, as an estimation, it highlights
slow sustained release from the porous implant, in comparison with the 10% Taxol released
from the Taxus coronary stent in one year [26,27].

3.5. Histology

While the major goal of this work was to monitor drug release in vitro using FOBI,
unexpected discoveries have also been made from the histology data. Comparison of the
histology of control mats and DOX.HCl-eluting mats revealed that the latter had a major
influence on foreign body type reaction. The control mats had the collagen-rich capsule
usually forming due to an inflammatory reaction next to any foreign body in vivo. The
thickness of the capsules was measured to be 70.8 &= 39.9 um on the 30-day control implant
and 82.3 &= 62.5 um on the 90-day control implants—see Figure 6A,B panels. Live cancer
cells (blue stain) are present in the tumor, which could lead to metastasis. In contrast,
panels C and D in Figure 6 demonstrate that the drug-eluting implants had a layer of
necrotic tissue (pink stain) in between the tumor and the implant, forming a “preventive
chemotherapeutic barrier” against tumor metastasis.

&
N &

500 pm ! 200 pm
{ e

Figure 6. Histology of tumor tissue next to unloaded (A,B) and DOX.HCl-loaded (C,D) implants.
The surface of the collagen-rich capsule is marked by a yellow arrow in Panel (A) (see the region
above the green dashed line). The preventive chemotherapeutic barrier is highlighted by a dash-dot
marker in Panel (C) and magnified in Panel (D).

In control animals (both 30 days and 3 months), cell division and outward growth
caused central hypoxia, central necrosis and a large peripheric rim of viable tumor cells,
responsible for further tumor growth and metastasis. In contrast, the release of DOX.HCl
from the mats clearly caused a peripheric necrotic effect in the tumors, thereby forming a
“preventive chemotherapeutic barrier” that could prevent tumor metastasis.
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Additionally, the histological data showed that the “preventive chemotherapeutic
layer” forming in between tumors and drug-eluting implants had disordered morphology
with only necrotic cells, as opposed to the highly regular collagen structure on the implants
without the drug.

4. Conclusions

This work successfully demonstrated live animal monitoring of DOX.HCl release from
rubbery fiber mats using FOBI for the first time. The data was compared with in vitro drug
release data, and a mathematical model was developed using the concept of apparent
diffusion coefficients. The model yielded a profile in good agreement with experimental
data. Additionally, histological data showed that a “preventive chemotherapeutic layer”
formed in between tumors and drug-eluting implants and had disordered morphology
with only necrotic cells, as opposed to the highly regular collagen structure on the im-
plants without the drug. Mass production of the drug-eluting mat is possible using the
patented halo-spinning technique that produced drug-loaded fiber mats on a continuous
line, demonstrating the scalability of production [15].

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/polym17222972 /s1, DOX_SI.docx: Figure S1: UV-Vis absorption
spectra of DOX.HCI in PBS buffer (A) and the regression line fitted to the absorbances measured
at 480 nm (B); Figure S2: Results of the offline calibration without the background signal (A), and
the DOX.HCI] amount—fluorescent intensity correlation plot (B); Figure S3: Particular solution of
Equation (2), i.e., the c(x,t) surface function; Table S1: Fluorescent intensity values in the porous mats
measured in vivo; JEP_DOX_Video.mp4.

Author Contributions: P.P.: Methodology, Software, Writing—Original Draft, Visualization. A.S.P.:
Methodology, Investigation, Formal analysis. L.F.: Formal analysis, Methodology, Investigation,
Writing—Review and Editing. D.M.: Formal analysis, Investigation, Writing—Review and Editing.
K.M.: Methodology, Formal analysis, Investigation, Writing—Review and Editing. ].E.P.: Method-
ology, Resources, Writing—Original Draft, Writing—Review and Editing, Supervision, Project
administration, Funding acquisition. All authors have read and agreed to the published version of
the manuscript.

Funding: The authors gratefully acknowledge funding from USDA-NIFA to Hatch project number
OHO01417, and the Breast Cancer Innovation Foundation. Part of the research leading to these
results was funded by HCEMM, a Teaming grant associated with the European Molecular Biology
Laboratories, from the European Union’s Horizon 2020 Research and Innovation Program under
grant agreement No 739593. DM has received financial support from Semmelweis University with
grants under STIA-KFI-2020 and STIA-KFI-PoC-2023. Part of the investigation was supported by the
Hungarian government grant of Artificial Intelligence National Laboratory (MILAB) RRF-2.3.1-21-
2022-00004 and by the grant of Future Health Industry Competence Centre of Semmelweis University
2022-1.1.1-KK-2022-00005. This research was supported by the National Research, Development,
and Innovation Fund (Hungary), within the TKP2021-NVA-14 project. Part of the work was also
supported in the cadre of the iMatrix consortium at H2020-JTC2022 ERA-NET-Neuron. This work was
also partly funded by grants from the Hungarian National Research, Development, and Innovation
Office (Thematic Excellence Program, TKP-BIOImaging, financed under the 2020-4.1.1-TKP2020
funding scheme, Investment to the Future 2020.1.16-J6v6-2021-00013 and TKP2021-EGA-23). D.M.
and L.F. were supported by the Hungarian Government (National Research, Development and
Innovation Office) with Research Hungary Grant nr. HUN-REN RGH151414.

Institutional Review Board Statement: All procedures adhered to ARRIVE guidelines and complied
with the European Communities Council Directive (86/609 EEC), approved by the Animal Care and
Use Committee of Semmelweis University (protocol number: PE/EA /293-7/2021).


https://www.mdpi.com/article/10.3390/polym17222972/s1
https://www.mdpi.com/article/10.3390/polym17222972/s1

Polymers 2025, 17, 2972 11 of 12

Data Availability Statement: Data including images and readout data files, are available upon
reasonable request from the corresponding author.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References

1. Centers for Disease Control and Prevention, CDC Website. 2025. Available online: https:/ /www.cdc.gov/cancer/ (accessed on
15 October 2025).

2. Bondurant, S.; Ernster, V.; Herdman, R. Safety of Silicone Breast Implants; National Academies Press: Washington, DC, USA, 1999.
[CrossRef]

3. Dancey, A.; Nassimizadeh, A.; Levick, P. Capsular Contracture—What Are the Risk Factors? A 14 Year Series of 1400 Consecutive
Augmentations. J. Plast. Reconstr. Aesthetic Surg. 2012, 65, 213-218. [CrossRef] [PubMed]

4.  Gabriel, S.E.; Woods, ].E.; O’Fallon, W.M.; Beard, C.M.; Kurland, L.T.; Melton, L.J. Complications leading to surgery after breast
implantation. N. Engl. . Med. 1997, 336, 677-682. [CrossRef]

5. American Society of Plastic Surgeons. Plastic Surgery Statistics Report. 2024. Available online: https:/ /www.plasticsurgery.org/d
ocuments/News/Statistics /2020/ plastic-surgery-statistics-full-report-2020.pdf (accessed on 13 June 2024).

6.  Noskovicova, N.; Hinz, B.; Pakshir, P. Implant Fibrosis and the Underappreciated Role of Myofibroblasts in the Foreign Body
Reaction. Cells 2021, 10, 1794. [CrossRef]

7. Kim, B.H,; Park, M,; Park, H.J.; Lee, S.H.; Choi, S.Y.; Park, C.G.; Han, S.M.; Heo, C.Y.; Choy, Y.B. Prolonged, acute suppression of
cysteinyl leukotriene to reduce capsular contracture around silicone implants. Acta Biomater. 2017, 51, 209-219. [CrossRef]

8. McClain, A.; Jindal, A.; Durr, H.; Puskas, J.E.; Leipzig, N.D. In Vivo Release of Zafirlukast from Electrospun Polyisobutylene-Based
Fiber Mats to Reduce Capsular Contracture of Silicone Breast Prostheses. ACS Appl. Bio Mater. 2024, 7, 4442-4453. [CrossRef]
[PubMed]

9.  Koirala, N.; Das, D.; Fayazzadeh, E; Sen, S.; McClain, A.; Puskas, ].E.; Drazba, ].A.; McLennan, G. Folic acid conjugated polymeric
drug delivery vehicle for targeted cancer detection in hepatocellular carcinoma. J. Biomed. Mater. Res. Part A 2019, 107, 2522-2535.
[CrossRef]

10. Kamath, K.R;; Barry, J.J.; Miller, K.M. The Taxus™ drug-eluting stent: A new paradigm in controlled drug delivery. Adv. Drug
Deliv. Rev. 2006, 58, 412-436. [CrossRef]

11. Kantor, J.; Puskas, ].E.; Kaszas, G. The Effect of Reaction Conditions on the Synthesis of Thermoplastic Elastomers Containing
Polyalloocimene, Polyisobutylene and Tapered Blocks. Chin. J. Polym. Sci. 2019, 37, 884-890. [CrossRef]

12. Puskas, J.E.; Gergely, A.L.; Kaszas, G. Controlled/living carbocationic copolymerization of isobutylene with alloocimene. J. Polym.
Sci. Part A Polym. Chem. 2013, 51, 29-33. [CrossRef]

13.  Gergely, A.L.; Puskas, ].E. Synthesis and characterization of thermoplastic elastomers with polyisobutylene and polyalloocimene
blocks. J. Polym. Sci. Part A Polym. Chem. 2015, 53, 1567-1574. [CrossRef]

14. Jindal, A.; Puskas, ].E.; McClain, A.; Nedic, K.; Luebbers, M.T.; Baker, J.R.; Santos, B.P.D.; Camassola, M.; Jennings, W.; Einsporn,
R.L.; et al. Encapsulation and release of Zafirlukast from electrospun polyisobutylene-based thermoplastic elastomeric fiber mat.
Eur. Polym. J. 2018, 98, 254-261. [CrossRef]

15. Martens, M.E.; Enn, R.; Oun, S.; Veinla, M.; Toots, K.M.; Jarvekulg, M. Device and Method for Producing Polymer Fibers and its
Uses Thereof. U.S. Patent US2022049376A1, 17 February 2022.

16. Bancroft, ].D.; Gamble, M. Theory and Practice of Histological Technigues; Elsevier Health Sciences: Amsterdam, The Netherlands, 2008.

17.  Anand, R.; Ottani, S.; Manoli, E; Manet, I.; Monti, S. A close-up on doxorubicin binding to y-cyclodextrin: An elucidating
spectroscopic, photophysical and conformational study. RSC Adv. 2012, 2, 2346. [CrossRef]

18. Gupta, PK,; Lam, FC.; Hung, C.T. Investigation of the Stability of Doxorubicin Hydrochloride Using Factorial Design. Drug Dev.
Ind. Pharm. 1988, 14, 1657-1671. [CrossRef]

19. Janssen, M.; Crommelin, D.; Storm, G.; Hulshoff, A. Doxorubicin decomposition on storage. Effect of pH, type of buffer and
liposome encapsulation. Int. J. Pharm. 1985, 23, 1-11. [CrossRef]

20. Ritger, PL.; Peppas, N.A. A simple equation for description of solute release II. Fickian and anomalous release from swellable
devices. J. Control. Release 1987, 5, 37-42. [CrossRef]

21. Uong, TN.T,; Yoon, M.S; Lee, K.-H.; Hyun, H.; Nam, T.-K.; Min, J.-J.; Nguyen, HP.Q.; Kim, S.-K. Live cell imaging of highly
activated natural killer cells against human hepatocellular carcinoma in vivo. Cytotherapy 2021, 23, 799-809. [CrossRef]

22. Kang, J.S. Fluorescence Detection of Cell Death in Liver of Mice Treated with Thioacetamide. Toxicol. Res. 2018, 34, 1-6. [CrossRef]

23.  Ahn, YJ; Yun, WS,; Choj, ].S.; Kim, W.C.; Lee, S.H.; Park, D.J.; Park, J.E.; Key, J.; Seo, YJ. Biodistribution of poly clustered

superparamagnetic iron oxide nanoparticle labeled mesenchymal stem cells in aminoglycoside induced ototoxic mouse model.
Biomed. Eng. Lett. 2021, 11, 39-53. [CrossRef] [PubMed]


https://www.cdc.gov/cancer/
https://doi.org/10.17226/9602
https://doi.org/10.1016/j.bjps.2011.09.011
https://www.ncbi.nlm.nih.gov/pubmed/21930448
https://doi.org/10.1056/NEJM199703063361001
https://www.plasticsurgery.org/documents/News/Statistics/2020/plastic-surgery-statistics-full-report-2020.pdf
https://www.plasticsurgery.org/documents/News/Statistics/2020/plastic-surgery-statistics-full-report-2020.pdf
https://doi.org/10.3390/cells10071794
https://doi.org/10.1016/j.actbio.2017.01.033
https://doi.org/10.1021/acsabm.4c00341
https://www.ncbi.nlm.nih.gov/pubmed/38888242
https://doi.org/10.1002/jbm.a.36758
https://doi.org/10.1016/j.addr.2006.01.023
https://doi.org/10.1007/s10118-019-2254-8
https://doi.org/10.1002/pola.26306
https://doi.org/10.1002/pola.27587
https://doi.org/10.1016/j.eurpolymj.2017.11.012
https://doi.org/10.1039/c2ra01221a
https://doi.org/10.3109/03639048809151980
https://doi.org/10.1016/0378-5173(85)90217-0
https://doi.org/10.1016/0168-3659(87)90035-6
https://doi.org/10.1016/j.jcyt.2020.11.004
https://doi.org/10.5487/TR.2018.34.1.001
https://doi.org/10.1007/s13534-020-00181-6
https://www.ncbi.nlm.nih.gov/pubmed/33747602

Polymers 2025, 17, 2972 12 of 12

24. Sirianni, RW,; Jang, E.-H.; Miller, K.M.; Saltzman, W.M. Parameter estimation methodology in a model of hydrophobic drug
release from a polymer coating. J. Control. Release 2010, 142, 474—482. [CrossRef]

25.  Forrey, C.; Saylor, D.M,; Silverstein, J.S.; Douglas, ].E,; Davis, E.M.; Elabd, Y.A. Prediction and validation of diffusion coefficients
in a model drug delivery system using microsecond atomistic molecular dynamics simulation and vapour sorption analysis. Soft
Matter 2014, 10, 7480-7494. [CrossRef]

26. Ranade, S.V,; Miller, K.M; Richard, R.E.; Chan, A K.; Allen, M.].; Helmus, M.N. Physical characterization of controlled release
of paclitaxel from the TAXUS™ Express 2™ drug-eluting stent. |. Biomed. Mater. Res. Part A 2004, 71A, 625-634. [CrossRef]
[PubMed]

27. Boden, M,; Richard, R.; Schwarz, M.C.; Kangas, S.; Huibregtse, B.; Barry, ].J. In vitro and in vivo evaluation of the safety and
stability of the TAXUS® Paclitaxel-Eluting Coronary Stent. |. Mater. Sci. Mater. Med. 2009, 20, 1553-1562. [CrossRef] [PubMed]

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.jconrel.2009.11.021
https://doi.org/10.1039/C4SM01297F
https://doi.org/10.1002/jbm.a.30188
https://www.ncbi.nlm.nih.gov/pubmed/15514926
https://doi.org/10.1007/s10856-009-3705-5
https://www.ncbi.nlm.nih.gov/pubmed/19259791

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of DOX.HCl-Loaded Fiber Mats 
	Scanning Electron Microscopy (SEM) 
	X-Ray Photoelectron Spectroscopy (XPS) 
	In Vitro Release Studies 
	Animal Preparation and Surgery 
	Fluorescent Organism Bioimaging (FOBI) 
	Histology 

	Results and Discussion 
	Characterization of the Halo-Spun DOX.HCl-Loaded Samples 
	In Vitro Release Studies 
	Calibration 
	Investigation of In Vitro DOX.HCl Release 

	Development of the New In Vivo Monitoring Method 
	Mathematical Model Development and Comparison with Measured Data 
	Histology 

	Conclusions 
	References

