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Abstract

Electrospun membranes with biomimetic fibrous structures and high specific surfaces benefit cell
proliferation and tissue regeneration but are prone to cause chronic inflammation and foreign
body response. To solve these problems, we herein report an approach to functionalize electrospun
membranes with antibacterial and anti-inflammatory components to modulate inflammatory
responses and improve implantation outcomes. Specifically, electrospun polylactic acid
(PLA)/gelatin (Gel) fibers were grafted with chitosan (CS) and ibuprofen (IBU) via carbodiimide
chemistry. Our results show that the surface modification strategy endows electrospun membranes
with moderate antibacterial activities and sustained release of anti-inflammatory drugs. The
electrospun PLA/Gel-CS-IBU membrane showed good antioxidant and anti-inflammatory activity
as evidenced by suppressing M1 polarization and promoting M2 polarization of macrophages

in vitro. Similarly, it induced significantly milder chronic inflammatory responses in vivo than
unmodified electrospun membranes. Given the good anti-inflammatory and antibacterial effects,
this strategy might improve the biological performance of electrospun membranes as implants in

clinics.

1. Introduction

Electrospun membranes have been widely used
in tissue engineering and regenerative medicine
applications [1-5]. Electrospun fibers provide phys-
ical support for cells and tissues and morphologically
mimic extracellular matrix, which provide topolo-
gical signals required for tissue regeneration [6-9].
The use of natural protein molecules as raw mater-
ials for electrospinning is challenging [8, 10-13].
Natural proteins, such as oilseed proteins, typically
have a spherical structure, low viscosity in protein

solutions, short molecular chains, and lack of inter-
molecular entanglement. In addition, electrospun
membranes based on natural protein molecules have
poor extensibility. There are currently various mater-
ials used to prepare biodegradable electrospun fibers,
including polylactic acid (PLA), polycaprolactone
(PCL), polyglycolide acid (PGA), and other polyester
compounds. However, the foreign body response
(FBR) and degradation-mediated aseptic inflam-
mation after materials implantation are inevitable
[14-16]. These adverse reactions can impair tissue
regeneration and limit the application of electrospun
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materials. Thus, current research is focused on find-
ing ways to mitigate the negative effects of electrospun
fibers.

Macrophage activation is a crucial event in initi-
ating the FBR to implants [17-19]. It plays an import-
ant role in the activation of adaptive immune sys-
tem through phagocytosis and secretion of various
cytokines and growth factors. They are activated to
different phenotypes in response to various stimuli.
However, the switch in their phenotypic function is
typically temporal. After the implantation of electro-
spun membranes, macrophages temporally polarize
into pro-inflammatory macrophages (M1) and anti-
inflammatory macrophages (M2) in turn [18, 20—
22]. M1 macrophages are a type of immune cells
that participate in the immune response by secret-
ing pro-inflammatory cytokines and chemokines,
and produce reactive oxygen species (ROSs) and
nitric oxide [23]. The aggregation and presence of
M1 macrophages can lead to chronic inflamma-
tion and tissue fibrosis, ultimately leading to a bad
outcome [24, 25]. Conversely, when M2 macro-
phages appear and aggregate, it indicates that inflam-
mation is decreasing, promoting tissue regenera-
tion and wound healing, which is a favorable pro-
cess. The initial phenotypic transition of macro-
phages from M1 to M2 promotes strong integra-
tion and beneficial remodeling of biomaterials with
the host tissue [26, 27]. Therefore, modifying the
surface of electrospun fibers rationally to induce
M1-to-M2 phenotypic transition in macrophages at
an early stage is a viable approach to reduce their
FBR. Previous studies demonstrated that slow release
of nonsteroidal anti-inflammatory drugs (NSAIDs)
in tissues accelerates desirable phenotypic switch-
ing processes and attenuates macrophage-mediated
FBR and host-anti-graft response [28]. In previous
studies, chitosan (CS) was used as a linking agent
to graft the small molecule anti-inflammatory drug
itaconic acid (OI) onto electrospun nanofibers [29].
The nanofiber membrane grafted with OI showed
great anti-inflammatory activity and effective regu-
lation of inflammatory response in diabetic wound
models. In addition, we recently reported that a
CS-ibuprofen (CS-IBU) conjugate by carbodiimide
chemistry and further modified it with methacrylic
anhydride to obtain a photocrosslinkable hydrogel
with anti-inflammatory capacity [30]. These stud-
ies highlight the potential of CS-drug conjugates for
biomaterial functionalization. Therefore, we propose
that NSAIDs can be loaded onto the surface of the
electrospun membranes through covalently bonded
connections and then locally released so that macro-
phages can be recruited to the tissue periphery and be
induced into an M2 functional phenotype, which will
attenuate the tissue FBR.
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This study aims to modulate the foreign body
reaction and inflammation levels of electrospun
membranes after implantation. Polylactic acid, due
to its biodegradability, biocompatibility, and excel-
lent mechanical properties, have been widely used
to prepare electrospun nanofiber membranes [31,
32]. Gelatin, a natural biopolymer, is frequently used
to blended with synthetic polymers to reduce their
hydrophobicity and promote biological performance
of electrospun fibers [33]. We grafted ibuprofen
(IBU) on the surface of polylactic acid (PLA)/gelatin
(Gel) electrospun membrane using chitosan (CS) as
a linker. We investigated the modulatory effect of
electrospun membranes on macrophage polarization
in vitro and inflammatory response in a subcutaneous
implantation model of mice.

2. Materials and methods

2.1. Materials

Poly-L-lactic acid (PLLA, Mw 110000, hereafter
referred to as PLA) was purchased from Rhawn
Chemicals Co., Ltd type A gelatin from porcine
skin was purchased from Sigma-Aldrich. 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP) was purchased
from Shanghai Da-Rui Fine Chemical Co., Ltd
(Shanghai, China). Chitosan (90% deacetylation
degree, 200 kDa), IBU and 2-(N-morpholino) eth-
anesulfonic acid (MES) were obtained from Macklin
Biochemical Co., Ltd (Shanghai, China). 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide (EDC)
was obtained from Sinopharm Chemical Reagent
Co., Ltd (Shanghai, China). Hydrochloride (HCI)
and N-hydroxysuccinimide (NHS) were provided by
Adamas Reagent Ltd, Shanghai. Luria-Bertain (LB)
Broth and LB Broth Agar were provided by Sangon
Biotech (Shanghai, China).

2.2. Preparation of electrospun membranes
PLA and gelatin were dissolved in HFIP with a
PLA/gelatin ratio of 8:2 (w/w) at a concentration of
12% (w/v). The PLA/ gelatin solution was fed at a
speed of 1.2 ml h™! under a charge of 12 kV high
voltage to generate fibers at room temperature with
a humidity ranging from 50% to 70%. A PLA/Gel
membrane (10 cm X 15 cm, ~200 wm thickness) was
obtained by collecting electrospun fibers on a slow-
speed mandrel (6 cm diameter, 120 rpm) at 10 cm.
Chitosan (5 mM repeat unit) was dissolved in
0.1 M HCI solution at 1% concentration and stirred
at room temperature. Subsequently, EDC (2.5 mM),
NHS (1 mM), and ibuprofen (0.5 mM) were dissolved
in ethanol solution and slowly added to CS solu-
tion, stirring at room temperature until the solution
became transparent. The reaction was maintained at
room temperature for 6 h in a dark environment and
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poured into a glass dish for air drying, then washed
with ethanol 3 times, and finally air dried to obtain
the CS-IBU conjugate.

To obtain PLA/Gel-CS-IBU membrane, elec-
trospun PLA/Gel membrane (10 cm X 10 cm)
was soaked in 100 ml CS-IBU aqueous solution
(1 mg ml™!) for 12 h, and then the sample dried
at room temperature. After that, the sample was
soaked in MES bulffer solution and cross-linked with
EDC/NHS at room temperature for 24 h, followed
by thorough wash with deionized water 6 times.
The obtain PLA/Gel-CS-IBU membrane was dried at
room temperature for further use.

2.3. Characterization of electrospun membranes
Electrospun membranes were sputter-coated with
gold, and the surface morphology of electrospun
membranes was observed by Phenom XL desktop
scanning electron microscopy (SEM) (Phenom,
Netherlands) under 5 kV acceleration voltage. For
each electrospun membrane, 100 fibers were ran-
domly selected from SEM images and measured the
fiber diameter of membranes by Image J. The chem-
ical structure of the electrospun membranes was
characterized by Nicolet-760 FITR spectrometer at
the wavelength range of 4000-400 cm ™.

Membranes were cut into 10 mm x 40 mm strip
specimens along the fiber arrangement direction for
uniaxial tensile test. The samples were soaked in PBS
for 24 h and stretched at 10 mm min~' using a
universal testing machine (Instron 5567, Norwood,
MA) equipped with a 50 N load cell until failure.
Before starting the experiment, the upper and lower
ends of the sample were clamped by 1 cm each and
straightened them, the length of the straightening was
measured and recorded. The ultimate tensile strength
(UTS) was expressed as the maximum tensile strength
before failure and Young’s modulus was calculated as
the slope of the initial linear portion of the stress—
strain curve (n = 8).

To evaluate the in vitro degradation, membranes
were cutinto 1 cm X 1 cm squares and weighed (),
soaked in PBS, and incubated in PBS at 37 °C. At
pre-determined time points, samples were removed,
washed with deionized water 3 times, freeze-dried,
and weighed (m;) (n = 3). The weight loss of samples
was calculated as the following formula:

my — my

weight loss (%) = [
My

} % 100.

The drug release of IBU was analyzed by UV-
vis spectrophotometry. PLA/Gel-CS-IBU membrane
was cut into 1 cm X 1 cm squares, weighed, soaked
in 5 ml PBS, and statically incubated at 37 °C. At
the predetermined time, the absorbance of IBU was
measured at 222 nm with 1 ml of solution by UV-vis
spectrophotometer, and an equal volume of PBS was
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added to continue incubation (n = 3). The cumulat-
ive concentration of IBU was calculated according to
the standard curve.

2.4. Antibacterial properties of membranes

The antibacterial properties of PLA/Gel-CS-IBU
membrane were evaluated by E. coli and S. aureus.
Membranes were prepared into 11 mm discs and
irradiated under ultraviolet light overnight. Bacteria
were incubated in LB broth medium and incubated
at 100 rpm at 37 °C overnight. Each sample was
inoculated with 100 pl bacterial inoculum solution
(10° CFU ml~!) and incubated at 37 °C overnight.
After incubation, the inoculating solution was stirred
in sterile PBS for 10 min, continuously diluted, and
then 100 pl diluted inoculum solution was drawn and
spread on LB Agar plates. After incubation at 37 °C
for 24 h, bacterial colonies were imaged using an auto-
mated colony counter (Shineso Science & Technology
Co., Ltd, Hangzhou) and counted by Image J (n = 3).

2.5. Cytocompatibility assessment
Cytocompatibility assessment was conducted by
incubating electrospun membranes with murine
macrophages. RAW 264.7 macrophage cell line was
provided by the Stem Cell Bank of Chinese Academy
of Sciences (Shanghai) and cultured in high glucose
Dulbecco’s Modified Eagle Medium (Hyclone) sup-
plemented with 10% fetal bovine serum, 1% peni-
cillin/streptomycin. Cells were cultured in a 37 °C
incubator containing 5% CO,. Membranes were
punched into 11 mm discs and placed in the 48-
well plate, irradiated under UV for 12 h, and soaked
in 70% ethanol for 1 h. Membranes were washed
with PBS to remove the debris, added appropriate
medium, and incubated for 12 h. Macrophages were
seeded on membranes at a density of 5 x 10° cells
per well, and incubated in a 37 °C incubator with 5%
CO,. The proliferation of macrophages was detected
by a CCK-8 assay. Macrophages were stained with
Calcein-AM and propyl iodide, and then live/dead
images were collected by a DMi 8 inverted fluores-
cence microscopy (Leica, Germany). Finally, macro-
phages cultured on membranes were fixed with 4%
paraformaldehyde, gradient dehydrated with ethanol,
and dried at room temperature. The morphology of
macrophages on membranes was observed by SEM
(Phenom, Netherlands).

2.6. Anti-inflammatory activity assessment in vitro
The effect of electrospun membranes on the polar-
ization of macrophages was studied by simulating the
inflammatory environment in vitro. Membranes were
prepared into discs with a diameter of 35 mm, then
disinfected under ultraviolet irradiation and placed
in 6-well plates. Macrophages were seeded on mem-
branes at a density of 3.0 x 10° cells per well. After
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Table 1. Primer sequences of genes for qRT-PCR analysis.

Gene names

Primer sequence (5'-3")

CD86

F: 5 GAGCACTATTTGGGCACAGAGAAAC 3’
R: 5" TGAAGTCGTAGAGTCCAGTTGTTCC 3’

CD163

F: 5" CCTCCTCATTGTCTTCCTCCTGTG 3’
R: 5" CATCCGCCTTTGAATCCATCTCTTG 3’

IL-183

F: 5 CTCGCAGCAGCACATCAACAAG 3’
R: 5 CCACGGGAAAGACACAGGTAGC 3’

IL-6

F: 5 TTCTTGGGACTGATGCTGGTGAC 3’
R: 5" GTGGTATCCTCTGTGAGGTCTCCTC 3’

IL-4

F: 5 GTTGTCATCCTGCTCTTCTTTCTCG 3’
R: 5" CATGGCGGTCCCTTCTCCTGTG 3’

IL-10

F: 5" GGTTGCCAAGCCTTATCGGAAATG 3’
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R: 5" GCCGCATCCTGAGGGTCTTC 3’

F: 5" AGAAGGTGGTGAAGCAGGCATC 3’
R: 5 CGAAGGTGGAAGAGTGGGAGTTG 3’

GADPH

macrophages adhered to the membranes, the pos-
itive control group and experimental groups were
respectively added with 1 ml 100 ng ml~! lipopoly-
saccharide (LPS, TargetedMol) per well to induce
the polarization of macrophages for 8 h. Membranes
were washed gently with PBS three times to remove
residual LPS, and added complete culture medium.
After 24 h culture, CD86 and CD206 antibodies
(Biolegend) were added to bind with macrophages.
The expressions of CD86 and CD206 were detec-
ted by CytoFLEX flow cytometry system (Beckman
Coulter).

Following the same procedure as described
above, macrophages were stained with 2',7'-
dichlorodihydrofluorescein diacetate (DCFH-DA)
probe for 30 min and incubated with DAPI for
15 min (n = 3). The levels of ROS in macrophages
were detected by a fluorescence microscope (DMi
8, Leica, Germany) and flow cytometry. The level
of NO was detected by a nitric oxide kit (Beyotime
Biotechnology Inc., Shanghai, China). Macrophages
were implanted on membranes at a density of
5.0 x 10° cells per well and cultured according to
the same procedure described above. The absorbance
of the cell culture medium at 540 nm was detected
by a microplate reader (Multiskan MK3, Thermo,
USA), and the concentration of NO was calculated
according to the standard curve.

2.7. In vivo assessments

Membranes were subcutaneously implanted into
male C57BL/6 mice (6 weeks old) to evaluate
the biocompatibility. Animals were purchased from
Hangzhou Medical College and then kept in an SPF
environment without hindrance to reach food and
water.

This animal study was approved by the Animal
Experimental Ethical Committee of the First
Affiliated Hospital, Zhejiang University School of
Medicine—approval: 2024—432. Briefly, membranes
were punched into a disc-shaped sample with a dia-
meter of 11 mm and immersed in 70% ethanol
for 30 min for disinfection, followed by UV irra-
diation for 24 h. Then mice were anesthetized by
inhalation of 4.5% isoflurane for induction and
then 1.5% isoflurane for maintenance. Under aseptic
conditions, two 1.5 cm incisions were made lon-
gitudinally on the bilateral dorsal skin for subcu-
taneous pocket creation. The subcutaneous pock-
ets on a single mouse were implanted with mem-
branes of the same group. After properly spread-
ing, membranes were fixed on the deep fascia via
a 5-0 absorbable PLA suture. Mouse skins were
closed by interrupted sutures and routine feeding
condition was applied after mice recovered from
anesthetization.

At 7, 28, and 56 d after surgery, animals were
euthanized, the implants and surrounding tissues
were removed, and a portion was fixed with 4%
paraformaldehyde and embedded in paraffin. The
tissue sections were stained with hematoxylin and
eosin (H&E) and Masson’s trichrome. The density
and area of giant foreign body cells (FBGCs) within
membranes were calculated based on H&E staining
images. The thickness of fibrous capsule was meas-
ured from Masson’s Trichrome staining images with
Image J. The other part was undergone qRT PCR
analysis. The gene primer sequences are shown in
table 1. The M1 and M2 subtypes of macrophages
were evaluated by anti-CD86 (1:200 dilution, Bioss)
and anti-CD163 (1:200 dilution, Bioss) immunohis-
tochemical staining after 28 and 56 d.
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2.8. Statistical analysis

Data are presented as mean =+ standard deviation.
Statistical analysis was analyzed by one-way or two-
way analysis of variance (ANOVA) with Tukey’s
post hoc multiple comparisons, where appropriate.
A p-value less than 0.05 was considered statistically
significant.

3. Results

3.1. Physicochemical properties of membranes
The SEM images show that the structure and mor-
phology of electrospun membranes in each group
were similar (figure 1(A)). No significant difference
in texture, density, and orientation could be visu-
ally observed among these fibers. Further FTIR assay
showed similar spectra for these fibers which share
the same absorbance peaks at 1755 cm™! (symbols
of C=0 bond), indicating the ester group of PLA
backbone (figure 1(B)). We used EDC/NHS to graft
the PLA/Gel membrane with CS-IBU conjugate in
an MES buffered solution at a low concentration of
1 mg ml~! solution. This process not only chemic-
ally coupled PLA/Gel fibers with CS-IBU conjugate
but also crosslinked PLA/Gel fibers to increase their
stability. The absorbance peaks at 1652 cm™! and
1532 cm ™! confirmed the existence of gelatin after
prolonged EDC/NHS treatment for 24 h (figure S2).
Fiber diameters in each group typically con-
formed to a normal distribution, but the fiber diamet-
ers of PLA/Gel-CS and PLA/Gel-CS-IBU membranes
were slightly higher than those of PLA/Gel membrane
(figure 1(C), p < 0.05). No significant difference in
fiber diameter of PLA/Gel-CS and PLA/Gel-CS-IBU
membranes could be detected (p > 0.05). There was
no significant difference between the groups for UTS
and strain at failure, however, the Young’s modulus
was significantly lower in PLA/Gel-CS group and the
difference was significant (figure 1(D), p < 0.05).
There were no significant differences in the
rate of in vitro fiber degradation (demonstrated by
weight loss) between all membranes. At week 6, fiber
weight loss was approximately 20% in all membranes
(figure 1(E), p > 0.05). PLA and gelatin degraded with
time, accompanied by CS and CS-IBU shedding from
fibers. In addition, ibuprofen was gradually released
as PLA/Gel-CS-IBU membrane degraded. At day 1,
only a small amount of IBU was released, and the
cumulative release concentration of IBU over 4 d was
approximately 31 pug ml~!. After 28 d, the cumulat-
ive release concentration of IBU was approximately
113 ug ml~! (figure 1(F)).

3.2. Antibacterial properties of modified nanofiber
membranes

To further validate the anti-bacterial function of
modified fiber membranes, the bacterial solution was
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cultured with each group of membranes respect-
ively. As illustrated in figure 2, the colony density
of E. coli and S. aureus in the PLA/Gel group did
not differ significantly from that of the TCP group
(p > 0.05). In contrast, the colony densities of E. coli
and S. aureus in the PLA/Gel-CS and PLA/Gel-CS-
IBU groups were significantly lower than those in the
unmodified and TCP groups (p < 0.05). However,
there was no significant difference in colony dens-
ity between the PLA/Gel-CS and PLA/Gel-CS-IBU
groups (p > 0.05).

3.3. Biocompatibility of electrospun membranes
The cytocompatibility of electrospun membranes was
evaluated by RAW 264.7 macrophages. Cells pro-
liferated steadily on all membranes, with no sig-
nificant differences in cell viability or proliferation
rates observed. Only a slightly lower cell viability was
observed on the first day on the surface of PLA/Gel-
CS membrane (figures 3(A) and (C), p < 0.05). SEM
images reveal that macrophages were firmly attached
to the fibers, expanded along the direction of the
fibers, and evenly spread on the membrane surface
(figure 3(B)). The results above suggest that CS and
IBU on the membrane surface did not have a signific-
ant effect on macrophage proliferation.

3.4. In vitro anti-inflammatory activity

The anti-inflammatory activity of membranes was
evaluated by simulating the inflammatory environ-
ment in vitro. M1-type polarization of macrophages
was induced by LPS, there was a significant difference
in the M2/M1 ratio of macrophages in response to
LPS stimulation. The Flow cytometry analysis indic-
ated that LPS stimulation significantly increased mac-
rophage surface CD86 expression, leading to a sig-
nificant decrease in the M2/M1 ratio (figures 4(A)
and (B), p < 0.05). The M2/M1 ratio on PLA/Gel-
CS membrane surface decreased further compared to
that of PLA/Gel, but then rebounded significantly in
PLA/Gel-CS-IBU membrane to reach a level close to
that of the control group (p < 0.05). On the other
hand, nitric oxide release was significantly elevated
by LPS stimulation and then reduced in PLA/Gel-CS-
IBU group (figure 4(C), p < 0.05). Likewise, the elev-
ated ROS synthesis level led by LPS stimulation was
largely inhibited on the surface of PLA/Gel-CS-IBU
membrane (figure 4(D)).

3.5. Histological analysis

To investigate the extent to which fibrous material
inhibits the foreign body reaction by releasing ibupro-
fen in vivo, we analyzed the histological structure of
subcutaneously embedded electrospun membranes
using H&E and Masson’s trichrome staining. As illus-
trated in figure 5, host cells were recruited to the
membranes and gradually infiltrated into their inner
part. FBR could be observed in all membranes on
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Figure 1. Physicochemical properties of electrospun membranes. SEM images (A), FTIR (B), fiber diameter, uniaxial tensile test
(D), drug release (E), and in vitro degradation (F) of electrospun membranes. One-way ANOVA with Tukey’s post hoc test, *
indicates p < 0.05, *** indicates p < 0.001, n.s. denotes not significant.

day 7 after implantation. FBR was most severe in
the PLA/Gel-CS, as indicated by the fastest rate of
inflammatory cell infiltration and most FBGC form-
ation compared to the other groups (figures 5(A)-
(C), p < 0.05). Meanwhile, PLA/Gel-CS membrane
degraded the fastest in vivo, in contrast to PLA/Gel
and PLA/Gel-CS-IBU membranes, which were not
completely degraded by day 56. Over time, FBGC
infiltrated the entire membrane in PLA/Gel and
PLA/Gel-CS groups, leading to the loss of the ori-
ginal fibrous structure by day 56. In contrast, FBGC
infiltration in PLA/Gel-CS-IBU group was slower,
and the original fibrous architecture remained intact.
There was no statistically significant difference in the
level of material-induced FBR between PLA/Gel and
PLA/Gel-CS-1BU groups (figure 5(D), p > 0.05). The
thinnest fibrous capsule was formed in PLA/Gel-CS-
IBU group on day 28 after subcutaneous implantation
(figures 5(B) and (E), p < 0.05). However, by day 56,
there was no significant difference in the thickness of
the fibrous capsule between all groups.

PCR assays of tissue samples show that the phen-
otype of host macrophages infiltrating membranes
differed between the groups. CD86 expression was
significantly lower in the PLA/Gel-CS-IBU group

than in the PLA/Gel group at day 7, indicating early
inhibition of macrophage differentiation towards M1
(figure 6(A), p < 0.05). In contrast, at day 56, CD163
expression was significantly higher in the PLA/Gel-
CS-IBU group than in the PLA/Gel group, indicat-
ing a dominance of M2 subtype macrophages at this
time (figure 6(B), p < 0.05). However, there was a
lack of variability in the expression of the various rep-
resentative inflammatory factors, with only slightly
higher expression of I/1b in the PLA/Gel-CS group
than in the PLA/Gel group at day 28 (figures 6(C)—
(F), p <0.05).

CD86 immunostaining images show that
PLA/Gel and PLA/Gel-CS membranes induced
more infiltration of M1 subtype macrophages than
PLA/Gel-CS-IBU membrane after 28 d. After 56 d,
the same differences were still observed. However,
CD163 immunostaining images do not show signi-
ficant differences (figure 7).

4. Discussion
Electrospun membranes are commonly used for

tissue regeneration or trauma repair [34-37].
Biodegradable aliphatic polyesters such as PLA and
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(B). One-way ANOVA with Tukey’s post hoc test, n = 3, ** indicates p < 0.01, *** indicates p < 0.001.
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Figure 3. Evaluation of the cytocompatibility of electrospun membranes with RAW 264.7 macrophages. Live/dead staining images
(A), SEM images (B), and CCK-8 assay (C) of membranes. Two-way ANOVA with Tukey’s post hoc test, * indicates p < 0.05, **
indicates p < 0.01, n.s. denotes not significant.
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Figure 4. Evaluation of in vitro anti-inflammatory activity of electrospun membranes. Flow cytometry analysis shows that
PLA/Gel-CS-IBU nanofiber membranes induced a higher M2/M1 macrophage ratio (A)—(B). Levels of NO (C) and ROS (D) of
macrophages on electrospun membranes. One-way ANOVA with Tukey’s post hoc test, * indicates p < 0.05, *** indicates

p <0.001.

polyglycolide acid (PGA) are representative materials
commonly used in tissue engineering and regen-
erative medicine. However, their acidic degrada-
tion products after implantation can trigger foreign
body reactions and localized aseptic inflammation
in vivo, leading to tissue repair failure or excessive scar
formation [14]. Itis necessary to rationally modify the
surface of basic electrospun membranes to enhance
their histocompatibility. Gelatin is a product of col-
lagen hydrolysis, rich in amino and carboxyl groups,
which can react with the amino groups of chitosan
[4, 38]. Macrophage polarization at the implantation
site is the central element mediating the generation of
aseptic inflammation and FBR [17, 21]. Therefore,
in this study, by coating chitosan and ibuprofen
on the fiber surface, we fabricated electrospun fiber
membranes to modulate macrophage phenotype and
accelerate macrophage polarization towards the M2
direction without affecting cytocompatibility, which
aims at achieving the alleviation of post-implantation
FBR.

The modified electrospun membranes were
preliminarily characterized morphologically and
physiochemically, indicating that their properties
are essentially the same as those of the unmodified
membranes. However, the fibers coated with chitosan
had larger diameters, but their elasticity was slightly
reduced. In our previous study, the introduction of
CS, which is considered an inelastic component, is
likely related to the weakening of elasticity in the

modified electrospun membranes [14, 39]. The new
amide bond formed between CS and IBU was not
observed in FITR, as the grafting amount of CS-IBU
was relatively low. In our earlier study, we used a rel-
atively higher concentration of ~3 mg ml~! CS-IBU
to graft with PLA/Gel fibers, it had enriched con-
tent, so new amide bonds could be observed in FITR
(unpublished data). In addition, the presence of IBU
was detected by drug release experiments, confirming
that CS-IBU has been grafted onto the electrospun
membrane.

Chitosan is the product of chitin after deacetyla-
tion reaction and has excellent antibacterial ability,
which is primarily determined by the free amino
groups (-NH;). In addition, its antibacterial prop-
erties are also affected by its degree of deacetyla-
tion (DD), molecular weight and the physicochemical
properties of C2-NH,, C3—OH (secondary hydroxyl),
and C6-OH (primary hydroxyl) functional groups
[40, 41]. We found that after modification, PLA/Gel-
CS and PLA/Gel-CS-IBU membranes exhibited cer-
tain antibacterial properties (figure 2). At the same
time, our results show that there was no signific-
ant difference in the antibacterial effect of PLA/Gel-
CS and PLA/Gel-CS-IBU membranes. This may be
because even though the amidation reaction between
CS and IBU leads to a decrease in the number of
amino groups (-NH,) on CS, the limited grafting of
CS and CS-IBU due to the dense fiber structure of
the membrane itself does not have a significant effect
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Figure 5. Histological analyses of host response to electrospun membranes. H&E (A) and Masson’s trichrome staining (B) of
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measured from H&E staining images, and the thickness of fibrous capsule (E) is measured from the Masson trichrome staining
images. Two-way ANOVA with Tukey’s post hoc test, n =9 for C, D, and E, ** indicates p < 0.01, *** indicates p < 0.001, n.s.
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on the reduction of amino groups. Similar findings
were reported in our previous study where no signi-
ficant difference in antibacterial activity between elec-
trospun membranes grafted with CS and CS—OI was
found [29].

We evaluated the cell compatibility of the mod-
ified membrane. Our results indicate that both
PLA/Gel-CS and PLA/Gel-CS-IBU membranes
exhibit good cell compatibility (figure 3). Ibuprofen
show negligible cytotoxicity at low concentrations,
but when the concentration exceeds 15 g ml~1, it
will produce cytotoxicity [42]. In this study, PLA/Gel-
CS-IBU membrane was able to achieve sustained
release of IBU, avoiding cytotoxicity caused by sud-
den release of IBU (figure 1(F)).

The FBR generated after material implantation
will have adverse effects on the integration between
the material and the host, resulting in implant failure
[18]. Activation of macrophages is the key event
that triggers the FBR to the implant. Therefore, the
regulation of macrophage phenotype and its medi-
ated inflammation is also one of the means to pro-
mote tissue remodeling and wound healing [43].

Results show that LPS activated the expression of
CD86 on the surface of macrophages and promoted
the transformation of macrophages to M1 phen-
otype under conditions simulating inflammation
in vitro, resulting in a significant decrease in M2/M1
ratio, but PLA/Gel-CS-IBU membrane could increase
M2/M1 ratio (figures 4(A) and (B)). However, this
did not fully indicate that PLA/Gel-CS-IBU mem-
brane can promote the transformation of macro-
phages to M2 phenotype. Therefore, in vivo stud-
ies on all membranes were conducted. The CD86
expression of PLA/Gel-CS-IBU membrane was low
at the initial stage of material implantation in vivo,
indicating that PLA/Gel-CS-IBU membrane inhib-
ited macrophage differentiation into M1 in the early
stage (figure 6(A)). However, after a period of time,
PLA/Gel-CS-IBU membrane promoted the expres-
sion of CD163, indicating that M2 subtype macro-
phages were dominant at this time (figure 6(B)). The
transformation of macrophages from M1 to M2 will
help to reduce the FBR implanted by materials and
promote the strong integration and beneficial remod-
eling of biomaterials into host tissues [44].
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Figure 6. Tissue qQRT-PCR assay. The gene expression levels of CD86, CD163, 116, 111D, 114, and 1110 of tissues (A)—(F). Two-way
ANOVA with Tukey’s post hoc test, n = 3, * indicates p < 0.05, n.s. denotes not significant.

The introduction of non-steroidal anti-
inflammatory drugs (such as ibuprofen) on the sur-
face of membrane may be an effective measure to
alleviate FBR of the electrospun membrane [5, 45,
46]. Dysregulated inflammatory responses lead to
ineffective implantation of materials, which is not
conducive to wound healing and leads to the form-
ation of scar tissue [47]. As an important part of
the immune system, macrophages actively parti-
cipate in the inflammatory response and promote
the repair of tissues during the material implant-
ation process. ROSs generally refers to free radic-
als and non-free radicals in oxygen sources. It is
the product of normal oxygen metabolism, and an
appropriate amount of ROS can promote immunity
and repair. During the acute inflammatory response,
the release of pro-inflammatory factors such as TNF-
a and IL-6 promote the mass production of ROS
in a short time, and finally effectively remove for-
eign bodies. However, superfluous ROS will damage

10

inflammatory tissues [48]. IBU exerts antioxidant
function by partially activating peroxisome prolif-
erator activated receptor «y [49, 50]. In vitro results
show that PLA/Gel-CS-IBU membrane could signi-
ficantly inhibit ROS in macrophages (figure 4(D)).
Besides, macrophage-fused FBGCs were observed in
all membranes after implantation. After 56 d, fewer
FBGCs were observed in the PLA/Gel-CS-IBU mem-
brane than in PLA/Gel-CS (figures 5(A)—(D)). It was
also observed that the fibrous capsule formed by
the PLA/Gel-CS-IBU membrane was the thinnest
at day 28. In addition, regulating the expression of
inflammatory factors is also one of the means to
reduce inflammation and promote wound healing
[51]. Tissue qQRT-PCR results show that on day 28,
the expression of pro-inflammatory factor Il1b in
the PLA/Gel-CS group was only slightly higher than
that in PLA/Gel group, and there was no signific-
ant difference between pro-inflammatory factor Il6
and anti-inflammatory factors I/4 and I/10 in three
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Figure 7. Immunohistochemical analyses of macrophage phenotype.

groups (figure 6). This may be due to individual dif-
ferences. Therefore, we still need to further study the
regulatory role of PLA/Gel-CS-IBU membrane on
inflammatory factors by other methods in the future.

5. Conclusions

Electrospun membranes were functionalized with CS
and IBU via carbodiimide chemistry. This strategy
granted electrospun membranes with good antibac-
terial and anti-inflammatory activity. The PLA/Gel-
CS-IBU membrane showed mitigated inflammatory
responses in subcutaneous implantation. This study
provides an effective approach to functionalizing
electrospun membranes for implantation.
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