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ABSTRACT: Development of biocompatible and bioactive drug-loaded sutures is considered as an
effective but challenging strategy for the wound healing process by delivering biological drugs (e.g,
antibiotics) or growth factors (e.g., bFGF) at the surgical wound sites. Conventional offline suture
strategies often lead to fast and uncontrollable release of drugs at wound sites, rendering wound
healing to become a longer and painful process for patients. Herein, we propose an online suture
strategy to fabricate electrospun polycaprolactone (PCL) fibrous yarns, incorporated with both
collagen (COL) and bEGF, to produce bFGF-COL@PCL sutures. Upon demonstrating the well-
oriented and aligned fibrous microstructure, high mechanical properties, and controlled release of
bFGF from bFGF-COL@PCL sutures in vitro, we then applied bFEGF-COL@PCL sutures to an
incision wound healing mouse model in vivo. Further in vivo study showed that as compared to the
commercialized Vicryl suture, bFEGF-COL@PCL sutures significantly promoted the wound healing at S
different stages by accelerating granulation tissue formation, collagen deposition, and re-

bFGF-COL@PCL Suture

bFGF-COLIPCL Solution

Sustained Release of bFGF Promote Incision Wound Regeneration

epithelialization. The enhanced wound healing efficiency of bFGF-COL@PCL sutures is likely

attributed to two synergistic factors: (i) the well-oriented nanofibrous structure reduces tissue drag to minimize their trauma and (ii)
the presence of both collagen and bFGF enhances the basement membrane (BM) reconstruction, cell proliferation, and
angiogenesis. This work demonstrates an effective suture strategy and system for surgical suture applications.
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1. INTRODUCTION

Surgical regeneration of connective tissues such as vascular,1
tendons,” and viable tissues® remains a long-standing clinical
challenge, primarily because insufficient treatment, repair, and
even failure of injured sites by insufficient regeneration often
cause unwanted inflammatory, pathological thrombosis, and
progressive occlusion.”” Drug-eluting surgical sutures have
been commonly used as delivery depots for antibiotics, anti-
inflammatory, and anesthetics at surgical sites.” While adding
chemical drug have repaired the injured to some extents, they
are still limited by insufficiently regulating of the initial
subsequent healing process. To overcome these limitations, the
incorporation of growth factors and stem cells into the suture
could offer a more bioactive and effective strategy to improve
the healing of wounds and injuries.”® Particularly, the
sustained release of growth factors such as transforming
growth factor f (TGFf), vascular endothelial growth factor
(VEGF), platelet-derived growth factor (PDGF), and basic
fibroblast growth factor (bFGF) to wound sites is essential for
tissue regeneration due to the their biological functionality.” "
Among them, bFGF (also known as FGF2), as a mitogenic and
angiogenic factor,”” has been discovered to play a significant
role in different physiological and pathological processes,
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including promoting wound healing and reducing scar
formation."™'® So, bEGF is used as a model growth factor in
sutures to promote surgical regeneration and an antiscar effect.

Since surgical sutures often function as delivery depots and
mechanical support to load bioactive molecules (e.g., drugs
and growth factors), different drug-loading strategies, including
mixing, adsorption, coating, and swelling, have been proposed.
Among them, drug-coated suture is a simple and straightfor-
ward strategy that offer high-mechanical strength, biodegrad-
ability, and low tissue responsiveness but suffers from low
drug-loading capacity and burst drug-releasing kinetics,
presumably because almost all coated drugs are exclusively
exposed to the biological environments.'®'” To overcome the
low surface-coating limit, electrospun fibers containing micro-
or nanosized fibrous structures present high surface-to-area
ratios, 8% allowing one to achieve high drug loading and
controlled release.”*° A number of studies have reported that
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collagen-loaded electrospun nanofibers are well used as tissue
engineering scaffolds to mimic extracellular matrix (ECM) for
promoting tissue regeneration, cell adhesion, fibroblast
migration, and vascularization.””*® However, challenges still
remain. Most of electrospun fibers exhibited poor mechanical
properties due to randomly oriented fibers, which greatly limit
their uses as strong surgical sutures.”>”’

To circumvent these above-mentioned limitations, we
fabricated multifunctional aligned electrospun fibrous sutures
bFGF-COL@PCL, made of biodegradable polycaprolactone
(PCL) and collagen (COL) and loaded with bFGF, to achieve
both mechanical strength and controllable drug-loading/
release. An in-house rotating edge-sharpened disc collector
was developed to produce highly aligned nanofibers and
bundled nanofiber yarns as surgical sutures, during which
bFGF was first loaded into water solution to obtain its
biofunctionality, then mixed with collagen-PCL solution
following by coelectrospinning with PCL. The resultant
bFGF-COL@PCL sutures with continuously aligned PCL
fibers exhibited the stronger mechanical properties than those
sutures with randomly oriented fibers. The morphology,
microstructure, mechanical properties, and controlled release
of bEGF from the bFGF-COL@PCL sutures were systemati-
cally tested to reveal its structure—function relationship.
Finally, bFEGF-COL@PCL sutures were applied to an acute
incision cutaneous animal model and demonstrated their
promotion effects for wound healing.

2. MATERIALS AND METHODS

2.1. Materials. Basic fibroblast growth factor (bFGF) (the Key
Laboratory of Biotechnology and Pharmaceutical Engineering,
Wenzhou Medical University, China). Polycaprolactone (PCL, MW
= 80000) was purchased from Sigma-Aldrich Chemical Company.
1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) was purchased from
Aladdin. The collagen and specific bFGF enzyme-linked immuno-
sorbent assay kits were purchased from Shang Westang Biotech Co.
Ltd. Bovine serum albumin (BSA) was obtained from Beyotime. The
H&E staining kit, Masson’s trichrome staining kit, AB-PAS (Alcian
Blue-Periodic Acid Schiff) staining kit, and Sirius red staining kit were
purchased from Solarbio Sciences & Technology Co. Ltd. (Beijing,
China). Primary antibodies anti wide spectrum cytokeratin (ab9377),
CD31 (ab28364), tumor necrosis factor alpha (TNF-a), Ki67
(ab15580) and secondary antibodies including goat antirabbit IgG
Alexa Fluor 647 (ab150075) and goat antirabbit IgG Alexa Fluor 488
(ab150077) were purchased from Abcam (CA, U.K.). Goat antirabbit
lgG (H&L) HRP conjugated antibody was purchased from Biovision.

2.2. Preparation of Electrospinning of COL@PCL Composite
Fibrous Scaffold Containing bFGF. Drug-carrying polymer
solution was compounded by the embedding method using PCL as
the main scaffold. In brief, 226.3 mg of collagen was first dissolved in
6.75 mL of HFIP, following addition of 250 uL of bFGF water
solution including 700 pg of bEGF. The whole system was placed in
an ice water bath overnight for complete bFGF loading. Then 0.68 g
of PCL (MW = 80 000) was added to the mixed solution and kept
stirring for 3 h until it was mixed thoroughly. An electrospinning
device (YFSP-GIII, Tianjin Yunfan Technology Co. Ltd.) was used to
prepare bFEGF-COL@PCL sutures. Polymer solution was placed in a
10 mL syringe, and a fine needle with an inner diameter of 0.6 mm
was selected to spin. The output voltage was controlled between 11
and 12 kV, the distance between the spinning needle and the receiver
was 12—13 cm, the driving speed of the syringe pump was set at
0.0008 mm/s, and the receiving time of the receiver is controlled
within 5—8 min. Under these conditions, the spinning thickness
formed on the turntable receiver was most uniform, and a bFGF-
COL@PCL ultrafine fiber with an outer diameter of 0.1 mm was
obtained.
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2.3. Fiber Morphology. The morphology and structure of suture
were confirmed by SEM (Japan S Hitachi Company). Sutures (2 cm)
from the groups of PCL, COL@PCL, and bFGF-COL@PCL were
pasted in the copperplate for pumpdown and gold spray with the
sputter coater. Finally, the microstructure of the fibrous scaffold
containing bFGF particles was observed and photographed under
different magnifications.

2.4. Protein Encapsulation and Release. Cy5 labeled bFGF
was fabricated through following procedure. Cy-5 fluorescent dyes
(10 mg, Thermofisher Scientific) dissolved in 1 mL of dimethyl
sulfoxide (DMSO) and 1 mg of bFGF dissolved in 1 mL of PBS are
mixed together and reacted for 3 h. Unreacted Cy-S was dialyzed
through a 7 kDa dialysis bag (Solarbio, China), and then the reaction
solution was frozen at —80 °C and lyophilized by a vacuum freeze-
dryer for 24 h. This CyS-bFGF was used to evaluate the distribution
of the proteins in the suture.

The growth factor release capacity of bFGF-COL@PCL suture was
measured in a period of 20 days. bFGF-COL@PCL suture (S cm)
was immersed in solution (500 uL) under the conditions of 37 °C
and at different time points (6 h, 12 h, 1 day, 2 days, 3 days, 4 days, S
days, 6 days, 7 days, 8 days, 9 days, 10 days, 11 days, 12 days, 13 days,
14 days, 1S days, 16 days, 17 days, 18 days, 19 days, 20 days); all
solution (500 pL) was removed and replaced with fresh solution (500
uL). Obtained solutions were then placed in the heat preservation box
to collect released bFGF, and these collected samples were stored in
—20 °C until analysis. The samples were tested by enzyme-linked
immunosorbent assay (ELISA, Westang system, Shanghai, China).
The absorbance of bFGF at 450 nm was measured by the
multifunctional SpectraMax M2e (Shanghai Beauty Molecular
Instrument Co., Ltd.). The cumulative release rate was calculated,
and the release curve was plotted based on the conversion of the
calibration curve.

2.5. Mechanical Properties. Tensile tests were performed with
testing machine (Instron Limited of the United States) at 15 m/h at
room temperature. Sutures with lengths of 20—30 mm were tested.
Single tensile stress-dependent tests, tensile modulus, maximum
tensile stress, and cycle tensile tests were obtained from the stress and
strain curve.

2.6. Animal Model. Twenty-four healthy male C57BL/6 mice
with a body weight of about 20 g were provided by the Laboratory
Animals Center of Wenzhou University. The mice were anesthetized,
their dorsal hair was shaved, and 1 cm long incisions were made with
a sterile blade on both sides of the mice dorsal line. Then these mice
were divided into four groups randomly. The four groups were treated
with PCL suture, COL@PCL suture, bEGF-COL@PCL suture, and
Vicryl absorbable suture, respectively (6 animals/12 wound per
group), after sterilization of sutures under UV light for 2 h in 4 °C.
Thereafter, the mice were housed in cages and observed daily
throughout the course of the experiment. The body weight of each
mouse and the images of each wound were collected on days 0, 3, S, 7,
10, and 13, respectively. Besides, we performed statistical analysis of
the wounds using software. On days S or 13, a dermatoscope was used
to observe subcutaneous blood vessels and histological evaluation was
performed after euthanasia and skin tissue harvest. The whole animal
experiment was approved by the Animal Experimentation Ethics
Committee of Wenzhou Medical University and was carried out
under the guidelines of the National Institutes of Health Guide
Concerning the Care and Use of Laboratory Animals.

2.7. Histological Analysis. Six pieces of wound tissue were
randomly selected and harvested from each group, respectively, on
days S and 13. After fixation with 4% paraformaldehyde for 24 h at 4
°C, followed by gradient dehydration, the samples were embedded
into paraffin. Sections with a thickness of 5 ym were prepared using a
paraffin slicing machine (Thermo Fisher) and were then put into a 60
°C drying oven for 6 h following histological staining.

2.8. Hematoxylin-Eosin Staining. Tissue sections were dewaxed
in xylene for 30 min and underwent gradient hydration. The cell
nucleus of tissue sections was stained with hematoxylin, and excess
background removal was done through PBS rinsing for 3 min. Then
samples were stained with eosin for 2.5 min and rinsed with distilled
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Figure 1. (A) Schematic of a general preparation of PCL-based yarns using an in-house electrospinning. (B) SEM images of PCL, COL@PCL, and
bFGF-COL@PCL monofilament at different magnifications of 200X (upper panel) and 2000x (bottom panel).

water for 5 min. Sections were immersed in alcohol with rising
concentrations of 80%, 95%, and 100% alcohol for S min, respectively,
and in xylene for 30 min. Finally, images of stained sections were
captured using a Nikon microscope (Nikon, Tokyo, Japan) after
covering the tissues by neutral resin and coverslips.

2.9. Masson Trichrome Staining. Sections were deparaffinized
and rehydrated as described above, then stained with Masson’s
trichrome staining kit under the guide of the protocols.'" Briefly, the
sections were stained with A1:A2 (1:1) for S min, thoroughly rinsed
with water, and covered in acid alcohol for 3 s for differentiation.
Staining fibrous tissue was performed for 5 min with ponceau acid
fuchsin solution, then stained with 0.2% acetic acid solution for 1 min.
Sections were washed and stained with phosphomolybdic acid
solution for 30 s for differentiation. Then, tissue was stained with
aniline blue for 20 s. The samples were dehydrated and sealed with a
glass coverslip. Stained samples were observed, and photographs were
obtained by a Nikon microscope (Nikon, Tokyo, Japan).

2.10. AB-PAS Staining. The samples were dewaxed and
rehydrated as previously described above and stained with Alcian
Blue for 15 min in the dark and then soaked in distilled water for 3
min twice. The tissue was then oxidized with oxidant for 15 min in the
dark, immersed in Schiff reagent for 15 min, and then rinsed with
running water for 10 min after washing the tissue. Next, after 5 min of
stain, excess solutions were removed by rinsing with PBS for 3 min.
The samples were dehydrated and sealed with a glass coverslip.
Stained samples were photographed using a Nikon microscope
(Nikon, Tokyo, Japan).
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2.11. Immunohistochemical Staining. Sections were deparaffi-
nized, rehydrated, and covered with 3% H,O, for 15 min which
interdicted endogenous peroxidase activity. Then, the skin sections
were treated three times with PBS for S min each time. The sections
were subjected to high-pressure antigen retrieval in sodium citrate
buffer and then immersed in 5% BSA for 30 min to block nonspecific
antigens. After that, tissues were incubated with primary antibody
rabbit antiwide spectrum cytokeratin (1:250) diluted in 1% BSA
overnight at 4 °C. Subsequently, after rinsing with PBS, the secondary
antibody such as goat antirabbit 1gG (H & L) HRP conjugated
(1:1000) diluted in PBS was added and further incubated at 37 °C for
1 h. Sections were covered with neutral resin and coverslips. Stained
samples were photographed by a Nikon ECLIPSE 80i (Nikon, Tokyo,
Japan).

2.12. Immunofluorescent Staining. Sections were treated as
immunohistochemistry staining mentioned above until primary
antibody is incubated. Skin sections were stained with rabbit
polyclonal antibody to CD31 (1:20) and rabbit polyclonal antibody
to Ki67 (1:300) diluted in 1% BSA. Next, the samples with goat
antirabbit IgG Alexa Fluor 488 (1:1000) and goat antirabbit IgG
Alexa Fluor647 (1:1000) diluted in PBS. Whereafter, samples were
covered with antifluorescent quenching agent containing DAPI and
coverslips. Fluorescent images were captured using a Nikon confocal
laser microscope (Nikon, Al PLUS, Tokyo, Japan).

2.13. Statistical Analysis. All data were analyzed using GraphPad
Prism statistical software (GraphPad Software Inc., La Jolla, CA) and
represented by mean =+ standard deviation. Statistical differences
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Figure 2. (A) Tensile stress—strain curves, (B) maximum tensile stress, (C) elastic modulus, and (D) dissipated energy of PCL, COL@PCL, and

bFGF-COL@PCL sutures.

between different experimental groups were performed by one-way
analysis of variance. For all tests, *p value <0.05, **p value <0.01,
**%p value <0.001.

3. RESULTS AND DISCUSSION

3.1. Fabrication and Characterization of bFGF-COL@
PCL Sutures. Figure 1A shows an electrospinning process for
preparing bFGF-COL@PCL sutures using an in-house
rotating edge-sharpened disc collector. By adjusting different
electrospinning parameters (e.g, flow rate, applied voltage,
distance from needle to collector, and collector rotate speed),
we can obtain uniform bFGF-COL@PCL sutures with
continuously aligned nanofiber yarns and achieve desirable
mechanical properties. We also prepared PCL and COL@PCL
sutures for comparison. Typical scanning electron microscopy
images in Figure 1B clearly showed that all of three electrospun
PCL, COL@PCL, and bFGF-COL@PCL sutures contained
well-aligned nanofiber bundles with very smooth nanosized
fiber surfaces. The diameters of PCL, COL@PCL, and bFGF-
COL@PCL sutures were around 0.1 mm. A closer microscale
visual inspection further showed that all three sutures displayed
highly aligned fibrous bundles to form yarns with uniform
smooth surface, resulting in high drug-loading surface area. No
significant differences in morphology and diameter of nano-
fiber bundles among the three sutures were observed,
indicating the encapsulation of collagen and bFGF into the
bFGF-COL@PCL sutures would not change the physical
morphology of electrospun fiber yarns. In addition, the
diameter of nanofibers in these sutures can be easily adjusted
by spinning time during the electrospinning process.

Since surgical sutures generally requires strong mechanical
properties to close up the separated wound sites, herein
synthetic polymer nanofibers (e.g., PCL nanofibers) instead of
naturally derived protein nanofibers (e.g., collagen nanofibers)
were used to produce electrospun bioscaffolds because of their
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excellent mechanical properties (e.g., high tensile strength and
distinct viscoelastic and rheological properties). To better
assess the impact of the loading of collagen and bFGF on
mechanical properties of PCL fibrous sutures, we conducted
tensile tests to determine and compare the mechanical
properties between three PCL, COL@PCL, and bFGEF-
COL@PCL sutures. Figure 2A—C showed that PCL, COL@
PCL, and bFGF-COL@PCL sutures achieved a maximum
tensile strength/elastic moduli of 2.43 + 0.30 kPa/11.62 +
0.26 kPa at 63% strain, 2.83 + 0.34 kPa/16.20 + 0.67 kPa at
68% strain, and 2.31 + 0.25 kPa/15.71 + 0.33 at 78% strain,
respectively. Different from conventional multifilament-braided
sutures, our electrospinning sutures are made of monofila-
ments with much smoother morphology. If our sutures are
made of multifilaments, their mechanical strength can be
greatly improved. On the other hand, we should note that
since the skin of mouse is very soft and elastic, it is more
important to use sutures with similar soft-elastic properties to
skin properties. We found that more rigid and tough sutures
often lead to wounds that are difficult for healing. Our sutures
with 3 kPa of tensile strength and 10 MPa of elastic modulus
can best achieve the fast wound healing process without
breakage. It appears that the loading of COL and bFGF into
PCL fibers slightly increased tensile stress, strain, and elastic
moduli, suggesting the enhanced mechanical property by the
addition of COL and bFGF. Further statistical analysis showed
that (i) mechanical retention is mainly attributed to highly
aligned nanofilament bundles in the three PCL-based sutures
and (ii) the loading of bFGF and COL does not significantly
alter the packing and alignment of PCL nanofilaments (Figure
1B).

Further cyclic loading—unloading tensile testing was carried
out to examine the energy dissipation capacity of the three
PCL-based sutures (Figure S1). Upon deriving the data from
stress—strain curves from Figure S1, Figure 2D displays and
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compares the energy dissipation of each loading—unloading
cycle for the three PCL-based sutures as tensile strain
increased from 20% to 60%. It can be seen that for each
cycle all three sutures exhibited similar hysteresis loops,
indicating that the loading of COL or bFGF into PCL
nanofibers to form a hybrid structure does not induce any
significant change in energy dissipation, consistent with tensile
stress—strain data. Meanwhile, all three PCL-based sutures
showed the almost same trend of the increase of hysteresis
loops as strains, ie., dissipated energy of the three sutures
increased from 0.81 J/m? at the first cycle to 2.16 J/m® at the
second cycle, and to 3.06 J/m? at the third cycle. This indicates
that the PCL-based sutures undergo partial self-recovery
during the unloading process. Taken together, the PCL-
based sutures have similar energy dissipation and toughening
mechanisms, mainly because they adopt similar fibrous
structures of well-aligned bundles.

3.2. Loading and Release of bFGF from bFGF-COL@
PCL Sutures. Upon electrospinning, bFGF was infiltrated into
COL@PCL nanofiber yarns. Using fluorescence dye of CyS to
label bFGF, Figure 3A confirmed that the successful loading
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Figure 3. (A) bFGF-COL@PCL sutures with cyS-labled bFGF as
indicated by confocal fluorescence. (B) In vitro release kinetics of
bFGF from bFGF-COL@PCL sutures in PBS buffer by ELISA. (C)
Schematic of a two-step release mechanism of bFGF from three-
dimensional COL/PCL structures, starting with initial fast release of
bFGF from suture surface, followed by the diffusion-degradable-
controlled slow release bFGF from suture interior.
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and distribution of bFGF at both outside and inside the PCL
aligned nanofiber yarns. The bFGF loading ratio was calculated
to be ~0.3 wt %. Further, the release of bFGF from bFGF-
COL@PCL sutures was studied in saline at room temperature
using the ELISA assay over 21 days. As shown in Figure 3B,C,
bFGF release behavior showed a typical two-phase releasing
kinetics, i.e., an initial burst release within the first 24 h at a
release rate of 4.3 ng/h, followed by a slow and gradual
constant release at 2.1 ng/h between day 2 and day 21. The
final release percentage of bFGF from bFGF-COL@PCL
sutures was estimated to be 31.6 wt %. Such bFGF release
profile suggests a location-controlled release behavior, i.e.,
bFGF located on the surface of bFGF-COL@PCL fibers
experienced a rapid release at the initial burst-release stage,
while bFGF buried inside of bFGF-COL@PCL fibers had
difficulty being released because of a high diffusion barrier and
slow suture degradation, both of which restrict the release of
bFGF from bFGF-COL@PCL nanofiber bundles at the second
stage. Figure S4 show the degradation time of the sutures using
in vivo results. As a control, Vicryl sutures on wounds
degraded very fast and completely disappeared on day 3.
Differently, pure PCL sutures started to break down on day §,
while both bFGF-COL@PCL and COL@PCL sutures
experienced the even slower degradation and gradually
disappeared in accompanied by the wound healing process.
Meanwhile, the release of bFGF from and the presence of
collagen in bFGF-COL@PCL sutures can still remain their
bioactivity to synergistically promote wound regeneration,
resulting in the better healing efficiency than commercialized
degradable Vicryl suture. Overall, this sequential and biphasic
release of bFGF from nanofiber surfaces to inner nanofibers in
bFGF-COL@PCL sutures further demonstrate the successful
loading of bFGF into electrospun nanofibers for achieving a
sustainable release of loaded bFGF.

3.3. bFGF-COL@PCL Enhances in Vivo Wound
Healing. Upon demonstrating mechanical properties and
sustainable bFGF release of bFGF-COL@PCL sutures, we
further applied both COL@PCL and bFGF-COL@PCL
sutures to an incision wound model in vivo and sew the
wounds with both sutures, in comparison with pure PCL
suture and Vicryl (as a commercial suture) as controls. Figure
4A shows the sequential images of the stitched wounds in mice
treated with four different surgical sutures during 13
postoperative days, while Figure 4B,C shows the dermoscopic
images and traces of wound beds on day S and day 13 at the
greater details of the wound bed. As shown in Figure 4A,
compared to pure PCL suture-treated wound, COL@PCL and
bFGF-COL@PCL accelerated wound closure at almost all
time points with enhanced wound healing behavior, and no
obvious sign of infection or inflammation was observed at the
wound area, indicating that both collagen and bFGF promote
wound remolding. Particularly, at day 13, the wounds stitched
by bFGF-COL@PCL sutures was completely healed and
almost scarless, while other suture-treated wounds still retained
some observable unhealed wound areas without inflammation
and exudate. Figure 4B further shows dermoscopic images of
the four sutured treated wounds at day S and day 13. On day §,
except the PCL suture-treated wound, all of the other wounds
treated by Vicryl, COL@PCL, and bFGF-COL@PCL were
well connected and sealed by the sutures. Obviously, bFGF-
COL@PCL-treated wound was almost healed by ~50% as
compared to other wounds. The trace of wounds in Figure 4B
also confirmed that different from the bFGF-COL@PCL-

https://dx.doi.org/10.1021/acsabm.9b01000
ACS Appl. Bio Mater. 2020, 3, 965—976


http://pubs.acs.org/doi/suppl/10.1021/acsabm.9b01000/suppl_file/mt9b01000_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsabm.9b01000?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.9b01000?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.9b01000?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.9b01000?fig=fig3&ref=pdf
www.acsabm.org?ref=pdf
https://dx.doi.org/10.1021/acsabm.9b01000?ref=pdf

ACS Applied Bio Materials

www.acsabm.org

A od

PCL

bFGF-COL@PCL COL@PCL

Vicryl

5d 7d

10d

13d

5d

bFGF-COL@PCL  COL@PCL PCL

Vicryl

ITTTTTTTTTT

ITTTTTTTTT

P~

ITTTTTTTTTT

o ___oad

:

TTTTTTTTTT e rrrrrrrd

“F——r

;

ITTTTTTTTT

e

|

Figure 4. In vitro wound healing efficacy of the four PCL, COL@PCL, bFGF-COL@PCL, and Vicryl sutures. (A) Representative images of time-
evolved wound closure treated with PCL, COL@PCL, bEFEGF-COL@PCL, and Vicryl sutures at different time points of 0, 3, S, 7, 10, and 13 days.
(B) Detailed dermoscopic images of the outside and inside wounds treated with PCL, COL@PCL, bFGF-COL@PCL, and Vicryl sutures on days S
and 13. (C) Wound closure trace of PCL, COL@PCL, bFGF-COL@PCL, and Vicryl sutures on days 0 and S.

treated wound, tissue defects in the other suture-treated
wounds were still observed in the dermis. This phenomenon
became even more pronounced on day 13. After 13 days, as
compared to the other three wounds with red and uneven
scars, the wound treated with bFGF-COL@PCL sutures was
completely closed and the wound morphology was close to the
normal skin, indicating that the presence and release of both
bFGF and collagen indeed accelerate the wound healing.
These suture-treated wound healing results indicate that the
release of bFGF and the presence of collagen in bFGF-COL@
PCL sutures remain their bioactivity and thus synergistically
promote wound regeneration, even better than the commer-
cialized Vicryl suture.*

3.4. bFGF-COL@PCL Suture Promotes Granulation
Tissue Formation, Collagen Deposition, and Re-Epithe-
lization in Vivo. To further examine the effect of bFGF-

COL@PCL on different healing aspects (i.e., granulation tissue
formation, collagen deposition, and re-epithelization) of
incision wound sites,>" the four suture-treated wounds were
H&E stained in Figure S on days S and 13. On day S, H&E
stained images showed that the wounds treated with Vicryl,
PCL, and COL@PCL sutures still remained some unhealed
regions as evidenced by the thin and transparent damaged
skins. Difterently, bFGF-COL@PCL sutures promoted the
earlier granulation tissue formation with dense collagen
deposition. On day 13, all of the PCL-derived nanofibrous
sutures completely closed the wounds with some new neo-
epidermis formation. Side-by-side comparison of H&E stained
wounds still revealed that skin appendage and hair follicles in
bFGF-COL@PCL group were much higher than the other
three groups.
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Figure 5. Representative hematoxylin and eosin (H&E)-stained
images for skin wounds treated with PCL, COL@PCL, bFGF-COL@
PCL, and Vicryl sutures on days S and 13 (original scale bar = 500
um). Dashed box presents the corresponding higher magnification
H&E of wound bed centers and edge (close-up scale bar = 100 ym).

H&E stained results were also confirmed by MT staining
(collagens were stained in blue, while keratins and muscle
fibers were stained in pink) as shown in Figure 6A of the
wounds on day S and day 13 to demonstrate the collagen
regenerated in the treated wounds. It can be seen that bFGF-
COL@PCL-treated wounds showed the densest collagen
deposition, as compared to the other three suture-treated
wounds with deficient collagen expression. Moreover, the
collagen fibers in the bFGF-COL@PCL group were well
organized with intact skin appendage structure, which is
morphologically similar to normal skin. Quantitatively, Figure
6B,C shows the statistical analysis of collagen deposition on
days S and 13. Clearly, the mean collagen deposition density
on day 5/day 13 was 5.5/6.6 for PCL, 6.7/8.6 for COL@PCL,
11.4/12.0 for bFGF-COL@PCL, and 7.1/7.9 for Vicryl,
respectively. Clearly, the bFGF-COL@PCL-treated wounds
represented almost a 2-fold increase in collagen deposition, as
compared to the other three wounds treated with PCL, COL@
PCL, and Vicryl. Such accelerated granulation tissue formation
and collagen deposition became even more pronounced on day
13. Thus, both H&E and MT stained results indicate that the
sustainable release of bFGF growth factors and the presence of
collagens in the PCL sutures can synergistically promote the
earlier granulation tissue formation and the more dense
collagen deposition due to the bFGF-stimulated cell
proliferation, differentiation, and migration.‘%z’33
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During the wound healing process, re-epithelialization of the
damaged skin is equally important to granulation tissue
formation and collagen deposition. Immunohistochemical
staining of cytokeratin was used to evaluate re-epithelialization
in wounds treated with different sutures on day S and day 13.
As shown in Figure 7A, both COL@PCL and bFGF-COL@
PCL groups and both COL@PCL and bFGF-COL@PCL
groups exhibit the faster re-epithelization than pure PCL and
commercialized Vicryl groups, as evidenced by the facts that
both COL@PCL and bFGF-COL@PCL groups facilitated the
earlier epithelization without any observable scab by expressing
more keratinocytes and forming the thicker epidermis. In
parallel, we quantitatively analyzed the unhealed epithelium for
the four suture groups, showing a decreased order of
unregenerate wounds: PCL (2.9 mm) > Vicryl (1.5 mm) >
COL@PCL (022 mm) > bEGF-COL@PCL (0.17 mm)
(Figure 7B). Further quantification of the regenerated
thickness of the epithelium was collected in Figure 7C,
where the thickness of the newly covered epidermis was 117.18
+ 33.39 pum for PCL, 98.09 + 21.06 pm for COL@PCL,
655.85 + 60.87 um for bFGF-COL@PCL, and 173.27 + 38.97
um for Vicryl groups, respectively. After 13 days of wound
healing, more and denser hair follicles beneath the healed
epidermis were observed in the dermal layer of the incision site
of the bFGF-COL@PCL group, in sharp contrast to the PCL,
COL@PCL, and Vicryl groups. All these results confirm that
the bFGF-COL@PCL suture can greatly accelerate the
regeneration of neo-epidermis and hair follicles, demonstrating
the faster wound healing effect of released bFGF on the re-
epithelization of wounds in vivo.

3.5. bFGF-COL@PCL Suture Improves the Basement
Membrane (BM) Reconstruction. A suture is a medical
device used to hold wound tissues tightly and safely together.
After the closing-up of the incision of wounds by external
forces, basement membrane (BM) is used to connect the
epithelium and its underneath dermal layer starts to play an
indispensable role in wound remolding and skin regener-
ation.”* BM constituted as an extracellular microenvironment
sensor or regulator for both epithelial cells and dermal cells.*®
Previous reports have shown that fibroblast growth factors
(FGFs) could alter the adhesiveness, proliferation, as well as
migration behavior of epithelial cells from BM, thereby
regulating more epithelia cell-surface anchors (e.g integrin)
from the surrounding extracellular matrix.> Herein, the
delivery of bFGF to wound sites support the positive migration
of epithelial cells, confirming the enhanced healing efficiency of
our bFGF-COL@PCL suture. Figure 8 presents the Periodic
Acid-Schiff (PAS) staining of the BM of all four suture groups
on day S to examine the reconstruction of the BM. A close-up
visual inspection of three specific wound sites (i.e., left edge,
middle center, and right edge) showed that all of the four
suture groups attained homogeneous PAS cell staining at both
the left and right edges of the wounds with no significant
differences, suggesting wound repairing first occurs at the edge
regions. However, the four suture groups displayed different
PAS staining at the middle center region of wounds. As a
control, micrographs of the central wound area in mice treated
with PCL suture showed a large reduction of PAS deposition
and severely impairs with irregular patchy distribution. Both
Vicryl and COL@PCL groups presented the better integrity
and morphology of BM but still with residual hiatus between
the epithelium and dermis, indicating the partial BM
reconstruction. In a sharp contrast, bFGF-COL@PCL suture

https://dx.doi.org/10.1021/acsabm.9b01000
ACS Appl. Bio Mater. 2020, 3, 965—976


https://pubs.acs.org/doi/10.1021/acsabm.9b01000?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.9b01000?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.9b01000?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.9b01000?fig=fig5&ref=pdf
www.acsabm.org?ref=pdf
https://dx.doi.org/10.1021/acsabm.9b01000?ref=pdf

ACS Applied Bio Materials

www.acsabm.org

A

bFGF-COL@PCL coL@PcCL PCL

Vicryl

The 5d of Collagen Fibers (-10+2)

PCL

COL@PCL  bFGF-COL@PCL

vicryl

PCL COL@PCL bFGF-COL@PCL Vieryl

Figure 6. (A) Histological Masson’s trichrome-staining (MTS) revealed collagen deposition upon wound site treated with PCL, COL@PCL,
bFGF-COL@PCL, and Vicryl sutures on days S and 13 (original scale bar = S00 ym). Dashed box presents the corresponding higher magnification
MTS images of wound bed centers (close-up scale bar = 100 ym). (B) Quantified expression of collagen fibers density on day S. (C) Quantified
expression of collagen fibers density on day 13 for PCL, COL@PCL, bFGF-COL@PCL, and Vicryl sutures. Statistical differences were performed
using ANOVA. ***P < 0.001, **P < 0.01, *P < 0.05, n > 3.
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Figure 7. (A) Immunohistochemical cytokeratin staining of skin wounds treated with PCL, COL@PCL, bFGF-COL@PCL, and Vicryl sutures on
days S and 13. (B) Quantified unhealed epithelium and (C) epithelium thickness of skin wounds treated with PCL, COL@PCL, bFGF-COL@
PCL, and Vicryl sutures on day S. Scale bar = 1000 ym, Significant difference between samples is defined by ***P < 0.001, **P < 0.01, *P < 0.05,

> S.

facilitated a fully regeneration at both edges and the center of

the wound areas, which tightly jointed the epithelium to its

underneath dermals to reproduce almost intact BM. These

data confirmed that the sustained release of bFGF promotes
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the recruitment of endothelial cells to the wound area and
enhances the reconstruction of BM.

3.6. bFGF-COL@PCL Suture Accelerates Cell Prolifer-
ation and Angiogenesis. Ki67, as a typical biomarker of the
cell cycle, is often used to quantify cell proliferation at the

https://dx.doi.org/10.1021/acsabm.9b01000
ACS Appl. Bio Mater. 2020, 3, 965—976


https://pubs.acs.org/doi/10.1021/acsabm.9b01000?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.9b01000?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.9b01000?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.9b01000?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.9b01000?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.9b01000?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.9b01000?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.9b01000?fig=fig7&ref=pdf
www.acsabm.org?ref=pdf
https://dx.doi.org/10.1021/acsabm.9b01000?ref=pdf

ACS Applied Bio Materials

www.acsabm.org

N e > 00 SONY)
d i N e e
P}
8 s o —
® I s IR, |
2 ‘
(8]
P
o -
9 | gkl
R e YR
3 -
w
(Y]
'S
K}
z [N RD
13

Figure 8. AB-PAS staining of the basement membrane (BM) of skin wounds treated with PCL, COL@PCL, bFGF-COL@PCL, and Vicryl sutures
on day S (original scale bar = 1000 ym). L, M,, and R, (x = 1, 2, 3, 4) represents the higher magnification images of wound beds at the left, middle,
and right regions for each suture group, respectively (close-up scale bar = 100 ym).
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Figure 9. (A) Immunofluorescent staining of Ki67-labeled cells (red) and (B) quantitative evaluation of Ki67 expression on wounds treated with
PCL, COL@PCL, bFGF-COL@PCL, and Vicryl sutures on day S (scale bar = S0 gm). (C) Immunofluorescent staining of vascular endothelial
cells marker CD31 (red) and (D) quantitative evaluation of blood vessel numbers by CD31 on wounds treated with PCL, COL@PCL, bFGF-
COL@PCL, and Vicryl sutures on day S. Significant difference between samples is defined by ***P < 0.001, **P < 0.01, *P < 0.05, n > S.

mitotic phase.37 Here, immunofluorescent staining of Ki67 was
performed to determine the proliferation state of the cells at
the wound site. Figure 9A showed that upon the incision
wound on day 5, both the PCL and COL@PCL suture groups
exhibited a low density of Ki67 expression, indicating low
levels of cell proliferation. In contrast, incision wound treated
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with bEGF-COL@PCL and Vicryl sutures illustrated the most
significant enhancement (p < 0.05) in cell proliferation.
Statistical analysis in Figure 9B showed that bFGF-COL@PCL
suture (83.96 & 1.66%) induced the higher expression density
of Ki67 than PCL (68.12 + 5.27%), COL@PCL (79.55 +
1.63%), and Vicryl (74.80 + 2.31%) sutures.

https://dx.doi.org/10.1021/acsabm.9b01000
ACS Appl. Bio Mater. 2020, 3, 965—976


https://pubs.acs.org/doi/10.1021/acsabm.9b01000?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.9b01000?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.9b01000?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.9b01000?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.9b01000?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.9b01000?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.9b01000?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.9b01000?fig=fig9&ref=pdf
www.acsabm.org?ref=pdf
https://dx.doi.org/10.1021/acsabm.9b01000?ref=pdf

ACS Applied Bio Materials

www.acsabm.org

Angiogenesis is also another important factor for good
wound repair. Further neovascularization was quantitatively
evaluated by CD 31 (vascular endothelial cells marker)
labeling, representing newly formed blood vessels during
healing in wound bed on day 5. As shown in Figure 9C, bFGF-
COL@PCL suture significantly increased the formation of new
blood capillaries in the granulation tissues on the wound center
and dermal edge with the largest lumen area. Further
comparison of the expressions of CD 31 in Figure 9D revealed
a decreased order for the formation of vessels per field between
all four suture groups, ie., bFGF-COL@PCL (9.33 + 1.5) >
COL@PCL (5.00 + 1.00) > PCL (4.00 + 1.73) > Vicryl
group (1.67 + 0.58). Interestingly, all of the PCL-based
sutures demonstrated major enhancement in cell proliferation
and angiogenesis as compared to the commercial Vicryl suture,
particularly bFGF-loaded sutures produced S-fold higher
angiogenesis than the commercialized Vicryl suture. Taken
together, the addition and sustained release of bFGF from PCL
nanofibers indeed enhanced cell proliferation and thus induced
better neovascularization.”>”

Furthermore, previous studies indicated that macrophage
polarization is very important for wound regeneration.”” ™"
We further quantified and compared the M1 and M2
macrophages of the in-house made sutures (PCL, COL@
PCL and bFGF-COL@PCL) as compared to the Vicryl
control group. It can be seen in Figure S3 that the M2/M1
percentage in the bFGF-COL@PCL group was much higher
than that in other groups, indicating that up-regulation of M2
macrophage polarization leads to the enhanced wound
regeneration. In line with wound closure rate data, macrophage
polarization results again confirm the positive role of bFGF-
COL@PCL in wound regeneration.

4. CONCLUSIONS

In this work, we fabricated electrospun bFGF-COL@PCL
surgical sutures by incorporating both collagen and bFGF into
biodegradable PCL fibrous matrix. First, the resultant bFGF-
COL@PCL surgical sutures adopted highly aligned nanofibers,
which offered high surface area to improve mechanical
properties, increase loading efficiency of bEGF up to 33.3%,
and achieve sustainable control-release of bFGF up to 21 days.
Then, bFGF-COL@PCL surgical sutures were applied to in
vivo incision acute wounds in mice. Collective wound healing
results demonstrated that bFGF-COL@PCL sutures exhibited
the better wound healing efficiency in vivo than PCL, COL@
PCL, and Vicryl sutures, as evidenced by enhanced granulation
formation, collagen deposition, and re-epithelialization. The
presence of both collagen and bFGF in PCL sutures
synergistically promoted BM construction, cell proliferation,
and angiogenesis at the early stage of wound repairs. This work
offers a new yet simple strategy to develop biocompatible and
effective surgical sutures for regenerative tissue engineering.
Finally, we added our personal remarks on the future
development of surgical sutures. From materials design and
suture function viewpoints, suture materials made of natural
proteins (e.g,, collagen, gelatin, silk) or synthetic polymers
(e.g, polysaccharides, polyurethanes, PEGs) need to be
integrated with more and smarter functions (e.g, stimuli-
responsive, biofouling, biodegradable, bioinsiration) and
bioactive drugs and molecules (e.g, growth factors, anti-
bacterial drugs, antithrombotic drugs, antiscarring drugs,
anesthetic agents) for better management of pathological
scarring and wound healing. From the fabrication viewpoint,
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different technologies (e.g., electrospinning, radical polymer-
ization) need to be developed to fabricate advanced scaffolds
with different structures (e.g., core—shell fibrous scaffolds,
multilayer scaffolds, and surface modified scaffolds) and
desirable mechanical properties.
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