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Abstract: Gene therapy, which treats genetic diseases by fixing defective genes, has gained
significant attention. Viral vectors show great potential for gene delivery but face limita-
tions like poor targeting, uncontrolled release, and risks from high-dose delivery which
can lower efficiency and trigger immune responses. Loading viral vectors onto tissue
engineered scaffolds presents a promising strategy to address these challenges, but their
widespread application remains limited due to concerns regarding viral vector bioactivity,
scaffold biocompatibility, and the stability of sustained release. An adeno-associated virus
(AAV), recognized for its safety, high efficiency, and low immunogenicity, was employed as
amodel virus. In this study, we developed an electrospun scaffold (AAV /PCL-PEO@Co-ES)
by encapsulating the AAV within core—shell fibers composed of polycaprolactone (PCL)
and polyethylene oxide (PEO) via coaxial electrospinning. This configuration ensures viral
vector protection while enabling controlled and sustained release. The physicochemical
characterization results indicated that the scaffold exhibited excellent mechanical properties
(tensile strength: 3.22 £ 0.48 MPa) and wettability (WCA: 67.90 & 8.45°). In vitro release
and cell transduction assays demonstrated that the AAV-loaded scaffold effectively controls
viral vector release and transduction. Furthermore, both in vitro and in vivo evaluations
demonstrated good biocompatibility and efficient viral vector delivery. These findings high-
light the potential of the AAV /PCL-PEO@Co-ES scaffold as a safe and effective platform
for sustained gene delivery, offering valuable insights for the future design of clinically
relevant viral vector delivery systems.

Keywords: localized gene delivery; adeno-associated virus; coaxial electrospinning;
core-shell structure fiber; tissue engineering

1. Introduction

Gene therapy, a revolutionary approach aimed at treating genetic diseases by correct-
ing or replacing defective genes, has attracted widespread attention in recent years [1].
Among various gene delivery strategies such as plasmid DNA and chemical-based sys-
tems, viral vectors are particularly promising for treating genetic diseases and promoting
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tissue regeneration due to their high transfection efficiency, stable gene expression, and
ability to target specific cells [2-4]. Recent advancements in the clinical application of viral
vector-based gene therapy have predominantly focused on ocular diseases, cardiovascular
diseases, cancer, and skeletal-related disorders [5-7]. However, despite the significant ad-
vancements in viral vector-based gene therapy, clinical applications continue to face some
substantial challenges, with inherent immunogenicity and difficulties in targeted delivery
limiting the success of many clinical trials [8-10]. For instance, targeted therapy of heart
tissue is especially critical for enhancing treatment efficacy in cardiovascular diseases [11],
highlighting the critical need for efficient and targeted delivery systems to enhance the
effectiveness of gene therapy [12]. However, current conventional methods for delivering
viral vectors, including local and systemic intravenous injections, often require high doses,
resulting in systemic toxicity, off-target effects, and low delivery efficiency [13,14]. Hence,
the development of controlled delivery methods for viral vectors is critical to improving
gene delivery efficiency while reducing off-target effects.

Currently, biomaterials have been widely used as drug delivery carriers and multifunc-
tional platforms enabling localized viral vector delivery and other related factors [15,16].
Various forms of biomaterials, including microspheres, nanoparticles, hydrogels, and
electrospun scaffolds, are widely used for viral vector delivery [17-19]. Among these,
electrospun scaffolds have attracted considerable interest for their ability to encapsulate
viral vectors within fibers, effectively mitigating viral immunogenicity and localized de-
livery while minimizing off-target effects, lowering required viral doses, and prolonging
therapeutic efficacy [20,21]. Crucially, the release rate and gene expression duration can
be finely tuned by modulating fiber properties such as diameter and porosity, ensuring
precise control over treatment outcomes [22]. Moreover, electrospun fiber scaffolds of-
fer a high specific surface area for efficient viral vector loading and a three-dimensional
extracellular matrix (ECM)-like network that promotes cell adhesion, proliferation, and
differentiation [23]. Various viral loading strategies significantly influence virus perfor-
mance on electrospun scaffolds, with several approaches reported [19,24,25]. For instance,
single-fluid electrospinning (SF-ES) techniques have been used to encapsulate viral vectors
within polycaprolactone (PCL) and elastin-like polypeptide (ELP) scaffolds, enabling sus-
tained in vitro release and efficient cell transduction [26]. While this approach ensures a
uniformly distributed biomaterial matrix, it has limitations, including potential damage to
viral vectors from organic solvents, temperature, or electric fields [19-21]. To enhance viral
activity within electrospun scaffolds, researchers have explored the incorporation of viral
vectors into the core of core—shell fibers composed of materials such as polyester urethane
urea (PEUU) and polyester ether urethane urea (PEEUU), allowing for viral release [27].
However, despite these advances in optimizing viral vector delivery systems, their broader
application remains limited due to challenges such as reduced viral bioactivity, unstable
release profiles, and concerns regarding biocompatibility [28]. To address these limitations
and improve the efficiency of viral vector delivery, this study explores a biomaterial-based
approach using a well-characterized viral vector and a modified scaffold system tailored
for biocompatibility and controlled release. For the selection of viral vectors, this study pro-
poses an adeno-associated virus (AAV) as the model virus due to its low immunogenicity,
ability to sustain long-term gene expression, and recognition as one of the most promising
gene delivery vectors today [29,30]. Furthermore, previous studies have demonstrated
that the types and formulations of biomaterials can induce distinct immune responses,
which influence the interactions between viral vectors and immune cells [31]. Specifically,
hydrophilic materials, compared to hydrophobic ones, tend to reduce the adhesion of
activated monocytes and the production of inflammatory cytokines, thereby mitigating
localized immune responses and the formation of foreign body giant cells (FBGC) [32]. PCL,
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a hydrophobic synthetic polymer with excellent biocompatibility, is widely used in biomed-
ical and pharmaceutical applications due to its suitability for drug delivery systems [33,34].
However, the inherent hydrophobicity of PCL significantly limits its application in drug
delivery environments, necessitating hydrophilic modifications. Polyethylene oxide (PEO),
a biocompatible, biodegradable, hydrophilic, and water-soluble polymer, is commonly
used to enhance the solubility of PCL [35,36].

Hence, building upon the selection of AAV and the identified limitations of conven-
tional scaffold materials, this study introduces a novel viral vector encapsulation system
by preparing a core—shell fiber scaffold (AAV/PCL-PEO@Co-ES) via Co-ES technology.
The shell layer was designed using a combination of hydrophilic PEO and hydrophobic
PCL to regulate release kinetics and improve wettability, while the AAV vectors were en-
capsulated within the core layer to protect against environmental stress during fabrication
and delivery. This configuration enhances viral vector stability, reduces the initial burst
release, and promotes localized transduction while minimizing immune responses. The
physicochemical properties of the fabricated virus-loaded fiber scaffolds were thoroughly
characterized. Furthermore, 293T cells were employed to evaluate the in vitro release
profile and gene transduction efficiency via mCherry expression, a red fluorescent protein
used as a reporter gene. In vivo biocompatibility and delivery performance were assessed
through subcutaneous implantation in Sprague Dawley (SD) rats.

2. Materials and Methods
2.1. Materials

PCL (Mw 80 kDa) was purchased from Macklin Chemicals Co., Ltd. (Shanghai, China).
PEO (Mw 600 kDa) was obtained from Sigma-Aldrich Trading Co., Ltd. (Shanghai, China).
The solvents dichloromethane (DCM), N, N dimethylformamide (DMF), and phosphate-
buffered saline (PBS, pH 7.2) were purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). AAV serotype 9 (AAV9-CMV-mCherry, 10'* GC/mL) was purchased
from PackGene Biotech (Guangzhou, Guangdong, China).

2.2. Fabrication of AAV-Loaded Scaffolds

Figure 1 presents a schematic diagram of the manufacturing process for AAV-loaded
fibers, exhibiting the production of core—shell fiber scaffolds (AAV /PCL-PEO@Co-ES) using
Co-ES technology. For the preparation of AAV/PCL-PEO@Co-ES, AAV viral particles were
mixed with PBS for the core solution, while the shell solution was prepared by dissolving
PCL and PEO (9:1 w/w) in DCM:DME (7:3 v/v) to create a 12% (w/v) PCL-PEO solution.
The core and shell solutions were delivered separately into the inner (22G) and outer
(17G) needles of a Co-ES needle using two syringe pumps, with flow rates of 0.2 mL/h
(core) and 1.5 mL/h (shell), respectively. Furthermore, the aforementioned polymers
were mixed with AAV and SF-ES technology was employed to fabricate the conventional
fiber scaffolds (AAV /PCL-PEO@SF-ES), which facilitated the comparison of controlled
release and transduction efficiency of the viral vectors. For the preparation of AAV/PCL-
PEO@SEF-ES, the AAV viral particles were dispersed in the PCL-PEO solution, which
had the same solution ratio as the shell solution described above, and delivered through
a 22G electrospinning needle at a flow rate of 1.5 mL/h using a single syringe pump.
Subsequently, two types of scaffolds were prepared using an electrospinning machine
(E05-001, Foshan Lepton Precision Measurement and Control Technology Co., Ltd., Foshan,
China) under the following conditions: a high voltage of 14 kV, a collection distance of
17 cm, and a working temperature of 25 °C. After 7 h of electrospinning, the AAV /PCL-
PEO@Co-ES and AAV /PCL-PEO@SF-ES scaffolds were prepared and freeze-dried in a
vacuum dryer (vacuum: 8.0 Pa; temperature: —78 °C) for 8 h. Finally, the resulting AAV-
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loaded fiber scaffolds were cut into 2 cm x 2 cm x 100 um samples (~10'° GC/sample)
for subsequent in vitro/vivo characterization. The theoretical AAV loading per sample
was estimated based on the total amount of virus incorporated into the full AAV-loaded
scaffold, which was calculated by multiplying the AAV concentration in the electrospinning
solution (GC/mL), the flow rate (mL/h), and the total electrospinning time (h). The viral
load in each individual sample was then estimated according to its area proportion relative
to the entire scaffold. For mechanical testing, scaffolds were also cut into 40 mm x 10 mm
strips, as needed for specific tests.

AAV/PCL-PEO@Co-ES
AAV Core solution

PBS
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— — -
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Figure 1. Schematic diagram of the manufacturing process for the AAV /PCL-PEO@Co-ES scaffold.

2.3. Characterization of the Physicochemical Properties of the Scaffold
2.3.1. Micromorphology Characterization

The surface morphology of the AAV /PCL-PEO@SF-ES and AAV /PCL-PEO@Co-ES
scaffolds was characterized using tungsten filament scanning electron microscopy (SEM,
SU-1500, Hitachi, Tokyo, Japan). All dried scaffolds were gold-coated under a vacuum
before SEM observation. The fiber diameters in the SEM images were measured from the
SEM images using Nano Measurer 1.2 software and the average diameter and distribution
frequency of 100 fibers were calculated. To further validate the microstructure of the
two fiber scaffolds, transmission electron microscopy (TEM, JEM-2010F, JEOL, Beijing,
China) was used to image the fibers collected on carbon-coated copper grids, enabling the
observation of whether the scaffold fibers exhibited a clear core—shell structure.

2.3.2. Fourier Transform Infrared Spectroscopy Analysis

The chemical composition of the biomaterials PCL, PEO, and the PCL-PEO@Co-ES
scaffold without AAV was analyzed using a Fourier transform infrared spectrometer (FTIR,
AVATARB370, Nicolet, Wayzata, USA). The FTIR spectra were recorded over a wavenumber

range of 4000-400 cm~! with a resolution of 1 cm ™.

2.3.3. Mechanical Properties Tests

The mechanical properties of PCL@SF-ES, PCL@Co-ES, PCL-PEO@SEF-ES, and PCL-
PEO@Co-ES scaffolds (without AAV) were evaluated using a universal materials testing
machine (WDW-1, Songdun, Chaozhou, China). PCL@SF-ES and PCL@Co-ES scaffolds
were fabricated from a pure PCL solution (12 w/v% in a 7:3 ratio of DCM:DMF) and used
as the control group. Following the previous protocol [34,37], scaffolds were cut into
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40 mm X 10 mm strips and their thickness was measured using a digital micrometer. The
samples were then clamped at both ends of the testing machine and stretched vertically
at a strain rate of 5 mm/min until failure and the stress—strain curves were obtained. The
elastic modulus was then calculated for each sample (1 = 3).

Considering that the hydrophilic PEO rapidly dissolves in aqueous solutions, which
can accelerate fiber degradation even within hours, it is essential to evaluate the mechanical
properties of the fibers after immersion in an aqueous environment. Therefore, the above-
mentioned scaffolds were immersed in PBS at room temperature for 4 h. After immersion,
the stress—strain curves of the wet scaffolds were measured using the same method (1 = 3).

2.3.4. Surface Wettability Analysis

The wettability of the PCL@SF-ES, PCL@Co-ES, PCL-PEO@SF-ES, and PCL-PEO@Co-
ES scaffolds was evaluated using a contact angle measuring instrument (JC2000D1, Pow-
ereach, Shanghai, China). As described in the former protocols [38,39], 4 uL of deionized
water was dropped on the surface of each scaffold and real-time images were captured to
directly measure the water contact angle (WCA) (n = 5).

2.3.5. Degradation Performance Tests

The degradation performance of the PCL@SF-ES, PCL@Co-ES, PCL-PEO@SF-ES, and
PCL-PEO@Co-ES scaffolds was evaluated through the gravimetric analysis method. Before
testing, the scaffolds (n = 3) were dried and weighed to determine their initial weight (W,).
The scaffolds were then incubated in PBS solution at 37 °C and retrieved at predetermined
time points (1, 3, 6, 12, 24, 48, and 72 h). After drying the scaffolds to a constant weight at
37 °C, the final weight (W},) was recorded. The mass loss rate of the scaffolds was calculated
using the following equation [34,38]:

Mass loss = (W, — W)/ Wa x 100%, (1)

2.4. Cell Characterization of the Scaffold
2.4.1. Cell Culture

Human umbilical vein endothelial cells (HUVECs) were obtained from Shanghai
ZhongqiaoXinzhou Biotechnology Co., Ltd., Shanghai, China. HUVECs and 293T cells
(ATCC, Manassas, VA, USA) were cultured in complete medium at 37 °C in a humid-
ified incubator with 5% CO,. The complete medium was prepared by supplementing
high-glucose Dulbecco’s modified Eagle’s medium (DMEM, Servicebio, Wuhan, China)
with 10% fetal bovine serum (FBS, Thermo Fisher Scientific, Waltham, MA, USA) and
1% penicillin (100 units/mL; Thermo Fisher Scientific, USA) (100 units/mL). During the
culture process, cells were passaged and separated using 0.25% trypsin-EDTA when they
reached approximately 80% confluence.

2.4.2. Cell Adhesion Assay

To assess the effects of the PCL@SF-ES, PCL@Co-ES, PCL-PEO@SF-ES, and PCL-
PEO@Co-ES scaffolds on the growth and adhesion of HUVECs and 293T cells, cells
were seeded at a density of 5.0 x 10° cells/mL onto the surface of the sterilized scaf-
folds. After 4 h of incubation, allowing the cells to adhere to the scaffolds, the fresh
complete medium was added to fully immerse the scaffolds. Cell viability was evaluated
on days 1, 3, and 5 using a calcein AM/PI double staining kit (Maokang Biotechnology
Co., Inc., Shanghai, China). Live and dead cells on the scaffold surface were observed
under an inverted fluorescence microscope (LHM100CB-1, Nikon, Tokyo, Japan).
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2.4.3. Cell Proliferation Assay

Cell proliferation was quantitatively analyzed using the cell counting kit-8 (CCK-8)
reagent (Key-GEN Biotech Co., Ltd., Nanjing, China) [34,39]. The sterilized scaffolds were
soaked in the complete medium for 48 h to prepare scaffold leaching solution. HUVECs
and 293T cells were seeded at a density of 1 x 10° cells/mL into 96-well plates. After 4 h of
incubation to allow for complete cell attachment, the original medium was removed and
100 pL of scaffold leaching solution and fresh medium (the positive control group) were
added to each well. After 1, 3, and 5 days of culture, 10 uL of CCK-8 reagent was added to
each well, followed by 1 h of incubation. The absorbance at 450 nm was measured using a
microplate reader (Infinite 200Pro, Tecan Group Ltd., Mdnnedorf, Switzerland).

2.5. In Vitro AAV Release and Cell Transduction Assay
2.5.1. AAV Release in the Scaffold Leaching Solution

The release kinetics of the AAV from the AAV/PCL-PEO@SF-ES and AAV /PCL-
PEO@Co-ES scaffolds were analyzed by quantitatively the viral particles in the scaffold
leaching solution. Two groups of scaffolds (~10'° GC/sample, n = 3) were placed in 12-well
plates and 1 mL of culture medium was added to each well. The plates were incubated
in a culture incubator, and at predetermined time points (1, 2, 4, 8, 12, 24, 48, and 72 h)
the scaffold leaching solution was collected and replaced with fresh culture medium. The
AAV DNA in the leaching solution was extracted using the SteadyPure Virus DNA/RNA
Extraction kit (Accurate Biotechnology (Hunan) Co., Ltd., Changsha, China) and quantified
with a Nanodrop 2000 spectrophotometer (Thermo, USA). The primers for AAV DNA
(Forward: 5-GGAACCCCTAGTGATGGAGTT-3/, Reverse: 5'-CGGCCTCAGTGAGCGA-
3') were custom-designed by Sangon Biotech (Shanghai, China). The extracted DNA
was then mixed with BrightCycle Universal SYBR Green qPCR Mix with UDG (ABclonal
Biotechnology Co., Ltd., Wuhan, China) and the primers and then subjected to qPCR
analysis using the LightCycler 480 Instrument (Roche, Basel, Switzerland). The percentage
of AAV released over time was calculated by dividing the quantified AAV release amount
by the theoretical initial AAV load on each scaffold.

2.5.2. Cell Transduction

To evaluate the transduction efficiency of the AAV /PCL-PEO@SF-ES and AAV /PCL-
PEO@Co-ES scaffolds, the scaffold leaching solution collected at the specified time points
were used to transduce 293T cells. In a 12-well plate, 293T cells (passages 15-20) were
seeded at a density of 1 x 10° cells/well and incubated overnight with the collected scaffold
leaching solution, which were then replaced with fresh medium. After 7 days of culture,
the cells were stained with DAPI (Shanghai Maokang Biotechnology Co., Ltd., Shanghai,
China) to visualize cell nuclei. Fluorescence imaging of the 293T cells was performed using
an inverted fluorescence microscope (LHM100CB-1, Nikon, Japan).

2.6. In Vivo Animal Experiment
2.6.1. AAV-Loaded Scaffold Implantation

To further assess the in vivo release kinetics, transduction efficiency, and biocompati-
bility of the AAV /PCL-PEO@SEF-ES and AAV /PCL-PEO@Co-ES scaffolds, subcutaneous
implantation experiments were performed using 21 male SD rats (180-200 g) obtained from
Shanghai Slake Experimental Animal Co., Ltd. Briefly, after anesthetizing the rats, a 25 mm
x 25 mm subcutaneous area on the dorsal skin was surgically exposed and AAV-loaded
scaffolds (~10'° GC/sample) were secured to the subcutaneous tissue with surgical sutures.
The surgical incisions were subsequently sutured. The experiment included three groups:
AAV /PCL-PEO@SEF-ES, AAV /PCL-PEO@Co-ES, and a control group without scaffold im-
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plantation. Scaffolds were removed at predetermined time points (24 h, 48 h, and 2 weeks;
n = 3), and subcutaneous tissues from all groups were harvested 2 weeks post-surgery for
analysis. All animal experiments were approved by the Ethics Committee of the Institute
of Neuroscience and Intelligent Technology, Chinese Academy of Sciences (Approval No.
NA-055-2023-R1).

2.6.2. Histological Examinations

For histological analysis, tissues were fixed in 4% polyoxymethylene for 24 h, em-
bedded in paraffin, and sectioned into thin slices. The tissue sections were stained with
Hematoxylin and eosin (H&E) and Masson’s trichrome (Masson, Richmond, BC, Canada)
to evaluate tissue growth and inflammation. For tissue transduction analysis, the tissues
were fixed in 4% polyoxymethylene for 10 min, rapidly frozen, sectioned at —20 °C, and
analyzed under a fluorescence microscope to observe transduction within the tissue.

2.7. Statistical Analysis

All experimental results were presented as the mean =+ standard deviation (SD).
Statistical analyses were performed using Origin 2020 (9.8.0.200), Image] (1.54f), and
GraphPad Prism (9.5). Group differences were assessed using one-way analysis of variance
(ANOVA), with significance denoted as * p < 0.05 and ** p < 0.01.

3. Results and Discussion

3.1. Characterization of the Physicochemical Properties of the Scaffold
3.1.1. Micromorphology Characterization

The microstructure of the AAV /PCL-PEO@SF-ES and AAV /PCL-PEO@Co-ES scaf-
folds was characterized using SEM and TEM. Figure 2(A1) displays the macroscopic
images (upper right) and surface microstructure of the two scaffolds. Macroscopically,
all scaffolds exhibited smooth, uniform surfaces. SEM images revealed continuous, in-
tact fibers without visible beaded structures. The randomly distributed fibers formed
a porous structure favorable for cell adhesion and proliferation. Figure 2(A2) presents
the statistical analysis of fiber diameters for the two groups of scaffolds. The average
fiber diameters of AAV/PCL-PEO@SF-ES and AAV /PCL-PEO@Co-ES scaffolds were
592.35 £ 121.43 nm and 813.84 & 148.08 nm, respectively. Figure 2B shows the fiber TEM
images of the two scaffolds. The AAV /PCL-PEO@Co-ES fibers demonstrated a distinct
core—shell structure, with an outer shell approximately 815.48 nm thick and an inner
core about 178.45 nm in diameter, indicating great interfacial bonding. In contrast, the
AAV /PCL-PEO@SF-ES fibers had a diameter of approximately 612.94 nm and displayed a
characteristic solid-core structure.

3.1.2. FTIR Analysis

Figure 3A presents the FTIR spectra of PCL, PEO, and PCL-PEO@Co-ES scaffolds.
The PCL spectrum exhibited characteristic peaks at 2954 and 2872 cm~! (CH, symmetric
vibration), 1732 cm~! (C=0 stretching vibration), and 1464 and 1370 cm ™! (C-H bending
vibration) [40]. In the PEO spectrum, absorption peaks were observed at 2885 cm ! (C-H
stretching vibration), 1467 cm~! (CH, scissoring vibration), and three peaks at 1147, 1100,
and 1060 cm~! (C-O-C stretching vibrations) [41]. For the PCL-PEO@Co-ES scaffold spec-
trum, the typical peaks of PCL (1, 2, and 3) and PEO (4, 5, and 6) were observed separately,
indicating that the chemical composition of the materials in the scaffold remained stable
and unchanged after mixing.
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Figure 2. (A1,A2) Macroscopic and microscopic (SEM) images of AAV/PCL-PEO@Co-ES and
AAV /PCL-PEO@SF-ES scaffolds, along with the statistical results of fiber diameter distribution
for each group. (B) TEM images of AAV/PCL-PEO@Co-ES and AAV /PCL-PEO@SF-ES scaffolds.

3.1.3. Mechanical Properties Evaluation

Evaluating the mechanical properties of biological scaffolds is crucial for their ap-
plication in tissue engineering. As shown in Figure 3(B1,B2), the tensile strengths of
the dry PCL@Co-ES, PCL@SF-ES, PCL-PEO@Co-ES, and PCL-PEO@SF-ES scaffolds were
0.63 £ 0.23 MPa, 0.61 £ 0.52 MPa, 3.22 £ 0.48 MPa, and 3.16 £ 0.58 MPa, respectively. The
corresponding elongation at break was 148.50 4= 14.97%, 98.48 + 15.82%, 263.70 =+ 49.58%,
and 364.40 £ 29.08%, respectively. Furthermore, the corresponding elastic moduli were
0.96 & 0.28 MPa, 0.87 £ 0.04 MPa, 2.35 £ 0.56 MPa, and 2.22 £ 0.22 MPa, respectively. The
results indicate that the addition of PEO to the PCL-PEO scaffolds significantly improved
their tensile strength, elongation at break, and elastic modulus compared to pure PCL
scaffolds. These findings are consistent with previous studies and can be attributed to
the synergistic effects of PCL-PEO blending at the nanoscale [42]. Moreover, the higher
elongation at break observed in PCL-PEO@SF-ES scaffolds compared to PCL-PEO@Co-ES
scaffolds may be attributed to the smaller diameter and fewer defects in the PCL-PEO@SEF-
ES fibers, which contribute to the improved mechanical properties of the scaffold [43].
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Figure 3. (A) FTIR spectra of PCL, PEO, and PCL-PEO@Co-ES. (B1-B3) The stress—strain curves of
dry scaffolds, elastic modulus, and stress-strain curves of wet scaffolds at room temperature for the
PCL@SF-ES, PCL@Co-ES, PCL-PEO@SF-ES, and PCL-PEO@Co-ES. (C1,C2) The WCA diagram and
corresponding statistical results of PCL@SF-ES, PCL@Co-ES, PCL-PEO@SF-ES, and PCL-PEO@Co-ES.
(D1,D2) Mass loss rate curves and mass loss rate on day 3 of PCL@SF-ES, PCL@Co-ES, PCL-PEO@SE-
ES, and PCL-PEO@Co-ES. The error bars represent standard deviations ((B1-B3): n = 3; (C1,C2): n =5;
(D1,D2): n = 3), with significance levels of ** p < 0.01 indicating statistically meaningful significance.

Circles in the figure represent individual data points used for statistical analysis.



Polymers 2025, 17, 1381

10 of 19

The mechanical properties of the scaffolds were evaluated under wet conditions
after immersion in PBS for 4 h. As shown in Figure 3(B3), the tensile strengths of the
wet PCL@Co-ES, PCL@SF-ES, PCL-PEO@Co-ES, and PCL-PEO@SEF-ES scaffolds were
0.58 £ 0.04 MPa, 0.59 +£ 0.05 MPa, 1.88 £ 0.10 MPa, and 1.22 £ 0.10 MPa, respectively. The
corresponding elongation at break was 84.62 + 24.24%, 96.17 £ 31.74%, 225.90 £ 75.1%,
and 406.6 = 98.98%, respectively. In addition, the elastic moduli were 0.96 £+ 0.28 MPa,
0.75 £ 0.12 MPa, 1.28 & 0.30 MPa, and 0.97 £ 0.11 MPa, respectively.

The results demonstrate that the tensile strength and elastic modulus of the wet scaf-
folds were significantly reduced compared to their dry counterparts. The mechanical
properties of the PCL@SF-ES and PCL@Co-ES scaffolds exhibited only slight reductions
after immersion, likely due to the hydrophobic nature and relatively slow degradation rate
of PCL. In contrast, the PCL-PEO@SF-ES and PCL-PEO@Co-ES scaffolds showed more
pronounced decreases in mechanical performance, primarily attributed to the hydrophilic
nature of PEO, which rapidly dissolves in aqueous conditions and accelerates fiber degra-
dation. Nevertheless, despite this reduction, the PCL-PEO@SF-ES and PCL-PEO@Co-ES
scaffolds still demonstrated superior mechanical properties after PBS immersion compared
to the pure PCL scaffolds.

3.1.4. Surface Wettability Analysis

The wettability of the scaffold surface is a critical factor influencing cell adhesion, pro-
liferation, and drug release [44,45]. The scaffold wettability was assessed by measuring the
WCA, where a WCA greater than 90° exhibits hydrophobicity and a WCA less than 90° in-
dicates hydrophilicity. The WCA test results for each scaffold are shown in Figure 3(C1,C2).
The WCA values of the PCL@Co-ES, PCL@SF-ES, PCL-PEO@Co-ES, and PCL-PEO@SF-ES
scaffolds were 112.70 £ 9.36°, 121.00 & 3.91°, 67.90 £ 8.45°, and 65.57 + 3.74°, respectively.
Experimental results indicate that the PCL@Co-ES and PCL@SF-ES scaffolds fabricated
from pure PCL possess limited hydrophilicity. The addition of PEO markedly improves the
hydrophilicity of PCL-PEO@Co-ES and PCL-PEO@SF-ES scaffolds, thereby facilitating cell
adhesion and proliferation.

3.1.5. Degradation Performance Tests

The degradability of biological scaffolds is a crucial characteristic in tissue engineering
applications, enabling the controlled release of bioactive molecules and promoting tissue
regeneration [46]. Figure 3(D1,D2) illustrates the mass loss rate of PCL@Co-ES, PCL@SF-ES,
PCL-PEO@Co-ES, and PCL-PEO@SEF-ES scaffolds over time, along with their mass loss
rates after 3 days of degradation. The results indicate that all groups of scaffolds are
degradable, with hydrolytic stability dependent on their composition. Specifically, after
3 days, the mass loss rates of PCL@Co-ES and PCL@SF-ES scaffolds were only 4.91 & 0.50%
and 6.31 & 0.38%, respectively, reflecting the superior water stability of hydrophobic PCL.
Consistent with reports suggesting that PCL degrades completely in tissue fluid within
1-3 years [47], these scaffolds exhibited no significant mass loss. In contrast, PCL-PEO@Co-
ES and PCL-PEO@SE-ES scaffolds containing PEO showed higher mass loss during the
first 24 h, followed by slower degradation. After 3 days, their mass loss rates reached
10.26 £ 0.43% and 11.26 + 0.45%, respectively, attributed to the hydrophilicity of PEO,
which dissolves easily in water. Therefore, the PCL-PEO@Co-ES and PCL-PEO@SF-ES
scaffolds can release active substances through short-term mass loss.

3.2. Cell Characterization of Scaffold
3.2.1. Cell Adhesion Analysis

Biocompatibility is one of the most important indicators for assessing the suitability of
biological scaffolds in tissue engineering applications [48]. To assess the biocompatibility of
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the prepared scaffolds, HUVECs and 293T cells were seeded onto PCL@SF-ES, PCL@Co-ES,
PCL-PEO@SF-ES, and PCL-PEO@Co-ES scaffolds. Cell adhesion and growth were observed
after 1, 3, and 5 days of culture. Figure 4(A1,A2) shows the live/dead fluorescence images
of HUVECs and 293T cells on each group of scaffolds, where green represents live cells
and red represents dead cells. The fluorescence images reveal a gradual increase in cell
density on the surface of all scaffolds over time. On day 1 of culture, most seeded cells
survived and adhered well to the scaffold surface, with few dead cells. By days 3 and
5, both cell types exhibited excellent spreading and proliferation on all scaffold groups,
indicating that the scaffolds had good cell adhesion properties. Furthermore, the cell
density on PCL-PEO@SF-ES and PCL-PEO@Co-ES scaffolds was slightly higher than on
pure PCL scaffolds. This aligns with the wettability results, suggesting that the addition of
hydrophilic PEO in the scaffolds enhances cell adhesion and proliferation.
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Figure 4. (A1,A2) Images of live/dead cell staining images (merged) of HUVECs (A1) and 293T (A2)
after culture on PCL@SF-ES, PCL@Co-ES, PCL-PEO@SF-ES, and PCL-PEO@Co-ES on days 1, 3, and
5. (B1,B2) CCK-8 assay results for HUVECs (B1) and 293T (B2) after 1, 3, and 5 days of culture. The
error bars depict the standard deviation (n = 5). Circles in the figure represent individual data points
used for statistical analysis.

3.2.2. Cell Proliferation Assay

To further quantify the effect of the prepared scaffolds on cell proliferation, a CCK-8
assay was performed to evaluate the impact of the scaffolds’ leaching solution on the
proliferation of HUVECs and 293T cells. After culturing the two cell types with the
leaching solution from each group of scaffolds for 1, 3, and 5 days, the CCK-8 results
(Figure 4(B1,B2)) showed a time-dependent increase in OD values, with consistent growth
trends across all groups. Compared to the positive control group cultured with normal
cell medium, no significant differences in the OD values were observed, indicating that
the prepared scaffolds exhibited no cytotoxicity. In summary, all scaffolds supported
HUVEC and 293T cell adhesion and proliferation without cytotoxic effects, demonstrating
excellent biocompatibility.
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3.3. In Vitro AAV Release and Cell Transduction Assay
3.3.1. Quantitative Analysis of AAV Release

To evaluate the effectiveness of the prepared AAV-loaded scaffolds as viral vector
delivery systems, an in vitro release test was conducted and the viral genome copies
released at various time points were quantified using qPCR. Figure 5A illustrates the
release profile of AAV from AAV/PCL-PEO@SF-ES and AAV /PCL-PEO@Co-ES scaffolds.
AAV /PCL-PEO@SF-ES exhibited a rapid initial release, with approximately 53% of the AAV
released within the first 4 h, followed by a slower release phase. This rapid initial release
is likely attributed to the SE-ES technique [49,50], which results in AAV being distributed
on or near the fiber surface, causing an initial burst release. The subsequent slow release
of AAV is likely due to the dissolution of PEO in the scaffold upon contact with water,
enabling the gradual release of the residual AAV. However, some studies have suggested
that burst release of genes may result in the loss of activity in untransduced regions, thereby
reducing overall transduction efficiency [20,51,52]. In this context, the high-dose release of
AAV at the initial stages of delivery could contribute to a significant loss of activity and
reduced overall therapeutic efficacy. This burst release may lead to localized overloads of
viral particles, potentially reducing the precision and control of gene transfer, and raising
concerns about toxicity and immune responses in vivo.

(A) (B)
__ 100 100
e\; > AAV/PCL-PEO@Co-ES ®  AAV/PCL-PEO@Co-ES
: AAV/PCL-PEO@SF-ES ; \,: +  AAV/PCL-PEO@SF-ES
g 754 I T —1 < 759
2 } 1 —1 : = *
2 ; T g [
> A 2
= 50/ ¢/ 2 50 .
< i )4 H E
o F/ ] ">
& / E
< 25/f z s f®
= (&) o *
= f N *
a "% +

0 T T T “ * & T T T
0 20 40 60 80 0 20 40 60 80
(C) Time (h) Time (h)
AAV/PCL-PEO
@Co-ES

AAV/PCL-PEO
@SF-ES

-
]
]

AAV/PCL-PEO
@Co-ES

AAV/PCL-PEO
@SF-ES

12H

o
=
=
&
x
=

72H

Figure 5. In vitro evaluation of AAV /PCL-PEO@SF-ES and AAV /PCL-PEO@Co-ES leaching solution.
(A) AAV release from AAV/PCL-PEO@SF-ES and AAV /PCL-PEO@Co-ES scaffolds, as quantified by
qPCR. (B) Percentage of mCherry-expressing cells relative to total cells. Ten random images were
analyzed and the percentages of mCherry-positive cells were manually counted. (C) Fluorescent
images of 293T cells incubated with the leachates from AAV/PCL-PEO@SF-ES and AAV/PCL-
PEO@Co-ES containing AAV9-cmv-mCherry; blue: DAPI-stained nuclei, red: mCherry-expressing
cells. Statistical significance was defined as * p < 0.05 and ** p < 0.01.
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Compared to the AAV /PCL-PEO@SF-ES scaffold, the AAV/PCL-PEO@Co-ES scaffold
exhibited a significantly slower release rate, with only 23% of AAV released within the
first 4 h. This slower release is attributed to the core—shell fiber structure, where the outer
PCL-PEO layer acts as a barrier, preventing the rapid diffusion of AAV from the core into
the medium and effectively inhibiting the initial burst release. Over the next 24 h, AAVs
released steadily increased to 65% as PEO dissolved and solvent activation facilitated
release from the fibers. This gradual and controlled release mitigates the high-dose adminis-
tration issues associated with burst release, thereby improving transduction efficiency and
potentially reducing risks related to excessive local vector concentrations. In conclusion,
the AAV /PCL-PEO@Co-ES scaffold, fabricated via Co-ES, exhibits excellent controlled
release properties, effectively suppressing the initial burst release of AAV and avoid low
transfection efficiency caused by rapid release, and minimizes AAV loss during delivery.

3.3.2. Cell Transduction

To assess the cell transduction ability of AAV released from the AAV /PCL-PEO@SF-ES
and AAV/PCL-PEO@Co-ES scaffolds, 293T cells were cultured with the scaffold leaching
solution collected at various time points. Figure 5B,C shows the percentage of mCherry-
positive cells and the transduction results, revealing that the cell transduction results for
the AAV /PCL-PEO@Co-ES scaffold are consistent with the in vitro release trend. The
limited AAV release during the first 4 h resulted in the transduction of approximately 35%
of the cells. Over the subsequent 24 h, sustained AAV release from the scaffold led to
continuous and stable transduction, with nearly 60% of the cells being transduced. Even at
72 h, nearly 10% of the cells still exhibited transduction. In contrast, the leaching solution
from the AAV /PCL-PEO@SEF-ES scaffold exhibited very low levels of cell transduction
throughout the entire culture period. This is consistent with previous reports indicating
that the SF-ES technique, which exposes viruses to an organic solvent environment during
preparation, can compromise their stability, functionality, and structure, thereby reducing
or entirely impairing their cell transduction ability [19,20,27]. These findings demonstrate
that the AAV /PCL-PEO@Co-ES scaffold, constructed based on the Co-ES technique, not
only effectively preserves the bioactivity of the vector but also enables a stable release
profile and high gene transduction efficiency.

3.4. Histological Analysis

To further evaluate the in vivo biocompatibility and viral delivery efficacy of the
prepared AAV-loaded scaffolds, the scaffolds were implanted into SD rats and cultured for
two weeks. Histological analysis was conducted on tissue sections using H&E staining,
Masson staining, and fluorescence imaging. Figure 6A shows the H&E and Masson
staining images at various magnifications for the blank control group, AAV /PCL-PEO@SEF-
ES group, and AAV/PCL-PEO@Co-ES group. H&E staining reveals a comparable number
of inflammatory cells (black arrows) around the tissues in the experimental and control
groups, with no evident signs of inflammation. Masson staining further illustrates the
integration of tissue with the scaffolds [40,53]. As depicted in Figure 6A, collagen fibers
(blue) are formed around the scaffolds in the experimental groups, indicating the excellent
biocompatibility of the AAV /PCL-PEO@SF-ES and AAV /PCL-PEO@Co-ES scaffolds with
surrounding tissues.
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Figure 6. (A) H&E and Masson’s histological staining analysis of the blank control group, AAV/PCL-
PEO@SEF-ES group, and AAV/PCL-PEO@Co-ES group at 2 weeks; black arrow: inflammatory
cells. (B) Fluorescence images of mCherry (red) expression at 2 weeks in the blank control group,
AAV /PCL-PEO@SF-ES group, and AAV/PCL-PEO@Co-ES group, with DAPI-stained nuclei (blue).
(C) Quantitative analysis of mCherry-positive areas. Error bars represent the standard deviation
(n = 5), with statistical significance defined as ** p < 0.01. Circles in the figure represent individual
data points used for statistical analysis.
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Furthermore, to evaluate the in vivo transduction efficiency of the AAV-loaded scaf-
folds, fluorescence imaging was performed to observe the mCherry fluorescence signal
in skeletal muscle cells at various release intervals (24 h, 48 h, and 2 weeks) following
a two-week uniform transduction period. As shown in Figure 6B, fluorescence imaging
revealed that the cells, displaying characteristic skeletal muscle striations, exhibited a
significantly stronger mCherry fluorescence signal at all time points in the experimen-
tal groups compared to the blank control group. Among the experimental groups, the
AAV /PCL-PEO@Co-ES group suggested the largest mCherry-positive area, indicating the
best transduction efficiency, which is consistent with the in vitro cell transduction results.
Interestingly, although the AAV /PCL-PEO@SEF-ES scaffold exhibited poor transduction
efficiency in vitro, it still showed some transduction capability in vivo. This may be at-
tributed to the fact that AAVs often exhibit reduced activity under in vitro conditions due
to factors such as enzymatic degradation, limited ECM interactions, and suboptimal culture
environments, whereas the in vivo environment provides more favorable conditions for
viral stability and gene transfer [54].

The quantitative analysis in Figure 6C reveals that 24 h after in vivo release, the
transduction area of the surrounding tissue around the AAV /PCL-PEO@Co-ES scaffold
reached approximately 20%. The lower transduction efficiency observed within the first
24 h compared to in vitro cell experiments may be attributed to the homogeneous diffusion
of AAV in the culture medium in vitro, which facilitates rapid diffusion, whereas the
complex in vivo environment, including the viscosity and hydration of subcutaneous
tissues, may slow down the diffusion rate. After 48 h, the transduction efficiency peaked
with a transduction area of approximately 60%, remaining consistent with the results
observed at 2 weeks. These in vivo results suggest that encapsulating AAVs within the core
layer of the core—shell fibers in AAV /PCL-PEO@Co-ES scaffolds via Co-ES technology is
an efficient method for viral vector delivery.

4. Conclusions

In this study, an AAV-loaded scaffold, AAV/PCL-PEO@Co-ES, was developed via
Co-ES technology to achieve viral vector protection, sustained release, and enhanced
biocompatibility. The PCL-PEO shell encapsulates AAVs within the fiber core, providing a
physical barrier that preserves viral viability and effectively suppresses burst release. The
scaffold exhibited excellent mechanical performance (tensile strength: 3.22 £ 0.48 MPa)
and improved hydrophilicity (water contact angle: 67.90 & 8.45°) due to the incorporation
of PEO. In vitro AAV release and transduction studies demonstrated that the scaffold
maintained viral bioactivity, effectively suppressed the initial burst release of AAV, and
achieved sustained release. Furthermore, in vivo implantation further confirmed the
biocompatibility of the scaffold and its feasibility for localized viral vector delivery. While
the current work primarily focused on the temporal control of AAV release, the spatial
distribution of gene transduction remains to be systematically investigated. Future work
will aim to address this limitation by employing more complex tissue models and spatially
resolved imaging techniques to evaluate region-specific delivery and ensure minimal off-
target transduction. Overall, the AAV /PCL-PEO@Co-ES scaffold represents a promising
platform for localized and sustained gene therapy, offering a potential strategy to overcome
limitations associated with conventional viral vector administration, such as burst release
and short expression duration.
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WCA water contact angle
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SF-ES single-fluid electrospinning
ELP elastin-like polypeptide
Co-ES coaxial electrospinning
PEUU polyester urethane urea
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FBGC foreign body giant cells
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CCK-8 cell counting kit-8
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