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Abstract

The combined use of guided tissue/bone regeneration (GTR/GBR) membranes and bone filling grafts represents a classical
therapy for guiding the regeneration and functional reconstruction of oral soft and hard tissues. Nevertheless, due to its
displacement and poor mechanical support, bone meal is not suitable for implantation in the case of insufficient cortical
bone support and large dimensional defects. The combination of GTR/GBR membrane with a three-dimensional (3D) porous
scaffold may offer a resolution for the repair and functional reconstruction of large soft and hard tissue defects. In this
study, a novel integrated gradient biodegradable porous scaffold was prepared by bonding a poly(lactic-co-glycolic acid)
(PLGA)/fish collagen (FC) electrospun membrane (PFC) to a 3D-printed PLGA/nano-hydroxyapatite (HA) (PHA) scaffold.
The consistency of the composition (PLGA) ensured strong interfacial bonding between the upper fibrous membrane and the
lower 3D scaffold. In vitro cell experiments showed that the PFC membrane (upper layer) effectively prevented the unwanted
migration of L929 cells. Further in vivo investigations with an oral soft and hard tissue defect model in beagles revealed that
the integrated scaffold effectively guided the regeneration of defective oral tissues. These results suggest that the designed
integrated scaffold has great potential for guiding the regeneration and reconstruction of large oral soft and hard tissues.
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Introduction

Periodontitis, one of the three major oral clinical diseases,
requires tooth extraction and in severe cases, the com-
plete removal of the infected periodontal tissue [1]. This
condition leads to alveolar bone absorption, which com-
promises both bone volume and ridge architecture, thereby
hindering the success of dental implants [2, 3]. Addition-
ally, trauma and tumor resection can cause large alveolar
and mandibular defects. The repair of oral tissue defects
that exceed a critical size remains a clinical challenge and
often requires the implantation of biomaterials to facilitate
the repair process. Clinically, guided tissue/bone regenera-
tion (GTR/GBR) technology is usually combined with bone
grafting: the bone defect area is filled with bone grafting
materials and covered with a GTR/GBR membrane to guide
the regeneration and functional reconstruction of soft and
hard tissues [4, 5].

Although the combined use of commercial products such
as Bio-Oss bone meal and Bio-Gide collagen membrane
has yielded positive clinical outcomes in guiding oral tissue
regeneration, their bovine origin may pose concerns related
to religious or ethnocultural issues. More importantly, the
displacement tendency and poor mechanical strength of Bio-
Oss bone meal hinder its application in alveolar bone defects

that are large or that are associated with relatively little cor-
tical bone support [6, 7]. Hence, there is an urgent need to
develop new materials that meet the clinical requirements for
regenerating large oral soft and hard tissue.

The ideal materials for guiding large soft and hard tissue
regeneration should effectively prevent fast-growing fibrob-
lasts and epithelial cells from invading periodontal defect
sites, thereby creating adequate and stable space for the
reconstruction of impaired periodontal tissues [8, 9]. The
Bio-Gide collagen membrane is the most widely used com-
mercially available GTR/GBR product in clinics. However,
some studies have shown that the rapid degradation rate of
collagen membrane prompts the loss of its space mainte-
nance capacity under physiological conditions. Meanwhile,
bovine and porcine collagen may present a risk of infection
from disease (such as bovine spongiform encephalopathy and
foot-and-mouth disease) and pose a problem for patients who
abide by religious constraints [10-12]. Synthetic polymer-
based membranes have attracted extensive interest in the field
of GTR/GBR due to their simple preparation process and
adjustable properties. Among the biopolymers, poly(lactic-
co-glycolic acid) (PLGA) is a copolymer of polylactic
acid (PLA) and polyglycolic acid (PGA), and its degrada-
tion rate can be regulated by the proportion of monomers
it contains and its molecular weight [13]. Extracellular
matrix-like (ECM-like) GTR/GBR membranes with good
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biocompatibility and mechanical properties can be obtained
by co-spinning PLGA with collagen. Considering the limita-
tions of mammalian collagen, fish collagen (FC) has recently
received considerable attention in the bioengineering field
due to its excellent biocompatibility, low immunogenicity,
and fewer religious conflicts [14, 15]. Our previous stud-
ies have shown that the PLGA and FC composite (PFC)
electrospun membranes exhibit excellent biocompatibility
and promote the regeneration of both soft and hard tissues,
thereby demonstrating significant application potential in
GTR/GBR fields [16-18].

A single membrane or bone graftis generally unable to ful-
fill the requirements for regenerating large-size soft and hard
tissues simultaneously. Therefore, researchers have pivoted
toward developing integrated material with multiple layers by
combining different types of materials in specific methods.
For example, a multifunctional bi-layered “GBR scaffold”
merged a loose and porous solution electrospinning (SES)
writing layer with a dense and compact SES layer, using
mesoporous silica nanoparticles, PLGA, and gelatin (Gel)
[19]. This scaffold offered enhanced mechanical properties, a
coordinated degradation profile, and a promising bone regen-
eration efficacy. Similarly, a novel hybrid bi-layer scaffold,
which combined electrospun polycaprolactone (PCL)/Gel
nanofiber membranes with three-dimensional (3D)-printed
PCL/Gel/nano-hydroxyapatite (HA) scaffolds, demonstrated
enhanced repair efficacy in the soft and hard tissue defects
of rabbits’ oral maxillary bone [20]. However, PCL-based
materials degrade slowly and may persist in tissues as
foreign bodies for an extended period. Therefore, it is rea-
sonable to assume that integrating the PFC membrane with a
degradation-regulated 3D-printed scaffold could potentially
guide the regeneration and functional reconstruction of large
soft and hard tissues in complex oral environments.

3D printing, which is a pivotal rapid prototyping technol-
ogy, enables the development of complex scaffolds with pre-
cise and controllable pore structures, as well as customized
shapes for the personalized treatment of bone defects. Our
previous research showed that 3D-printed composite scaf-
folds consisting of PLGA and HA (PHA) demonstrated good
osteogenic activity [21-23]. In this study, an integrated gradi-
ent porous scaffold with both excellent mechanical properties
and good biocompatibility was constructed by combining
PFC electrospun fibrous membrane with a PHA 3D-printed
scaffold. The advantage of this design is that strong inter-
facial bonding between the two structural materials can be
easily achieved using the same PLGA component in the
upper fibrous membrane as in the lower 3D scaffold. In
addition, this integrated scaffold features a relatively dense
and randomly arranged nanofiber upper layer to prevent
fibrous connective tissue from invading the defect area and a
porous 3D scaffold lower layer to support and promote bone
regeneration. After we systematically assessed the structural
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properties of the integrated scaffold, we set up a tissue defect
model with post-tooth extraction beagles. Subsequently, the
regeneration and functional reconstruction of soft and hard
tissues as guided by the integrated scaffold were confirmed.

Experiments
Materials

PLGA (the molar ratio of lactic acid (LA) to glycolic
acid (GA): 75:25; weight-average molecular weight (My):
90-110 kDa) was purchased from Jinan Daigang Biomate-
rial Co., Ltd. (Jinan, China). FC (derived from fish scale and
skin) was purchased from Sangon Biotech Co., Ltd. (Shang-
hai, China). 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP),
dichloromethane (DCM), N-hydroxysuccinimide, and 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochlo-
ride (EDC) were obtained from Aladdin Chemical Agent
Co., Ltd. (Shanghai, China). HA nanoparticles were synthe-
sized by our laboratory according to an existing method [24].
All chemicals in the experiments were of analytical reagent
grade and were used without further purification.

Preparation of PFC/PHA-integrated scaffolds

The PFC membrane was fabricated by electrospinning. FC
in the amount of 0.12 g and 0.4 g of PLGA were dissolved in
2 mL of HFIP. The solutions were loaded into a plastic syringe
fitted with a 21-G flat-tipped needle and fed out at a speed
of 0.5 mL/h by a precision syringe pump. A high voltage
of 8 kV and a tip-to-collector distance of 15 cm were used
for the electrospinning. The prepared PFC membranes were
placed in a vacuum oven at 25 °C to volatilize the solvent.
The PHA composite scaffold was prepared by 3D printing.
In 30 mL of DCM, 5 g of HA was dispersed by vibration for
10 min, and then it was ultrasonically dispersed for another
15 min. Next, 5 g of PLGA was dissolved into the solution.
The ink was loaded into a syringe equipped with a needle
with an inner diameter of 0.41 mm, and was then printed
by a 3D bioprinter (Regenovo, Hangzhou, China) at room
temperature, with an extrusion pressure of 0.24 MPa and a
printing speed of 10—15 mm/s. The thickness of each layer
and the distance between each strand were set to 0.2 and
0.6 mm, respectively. The prepared scaffolds were dried in a
vacuum oven until the solvent was completely volatilized.
To prepare an integrated PFC/PHA gradient porous scaf-
fold, a small amount of DCM was smeared at the bottom of
the PHA scaffold, and then promptly pressed onto the PFC
fibrous membrane. The coverage area of the barrier mem-
brane (PFC) must extend 2-3 mm beyond the edge of the
bone scaffold (PHA), thereby forming a complete barrier
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and enabling functional osteoconductivity to facilitate the
new bone formation and to reduce infection.

Structure and characterization of physicochemical
properties

Scanning electron microscopy (SEM; JEOL, JSM-6510LYV,
Japan) was employed to observe the surface characteris-
tics of the PFC membrane and PHA scaffold. Image-Pro
Plus (Media Cybernetics, USA) was used to quantita-
tively measure the fiber diameter distribution of the PFC
membranes from the SEM images. Energy-dispersive spec-
troscopy (EDS; INCA PentaFET x 3, UK) was used to detect
the distribution of Ca and P on the surface of the PHA scaf-
folds. The composition and crystal structure of the PHA
scaffolds were analyzed by X-ray diffraction (XRD; DX-
2500, China). Fully reflective infrared ray tests of the PFC
membranes and PHA scaffolds were analyzed by Fourier
transform infrared spectroscopy (FTIR; Nicolet 6700, USA).
Thermogravimetric analysis (TG; STA499F3 J upiter®, Ger-
many) was employed to analyze the thermal stability of the
membranes and the scaffolds. The tensile properties of the
PFC membranes (a thickness of 0.1-0.2 mm, a width of
4 mm, and a length of 75 mm) and the compressive strengths
of the PHA scaffolds (10 mm x 10 mm x 10 mm) were tested
using an electronic universal testing machine (AG-IC 50 kN,
Japan). The surface wettability of the PFC membranes and
the PHA flat membranes was characterized using an instru-
ment that could measure the water contact angle (Chengde
Dingsheng, JY-82B, China). Five samples were tested for
each type of membrane.

The porosities of the PHA scaffolds were measured by
the mass-volume calculation method. The weight (¢) of the
3D-printed PHA scaffolds (8§ mm x 8 mm x 8 mm) was
recorded after they were thoroughly dried in a vacuum oven.
The weight (m1) of the pycnometer, which was filled with
anhydrous ethanol, was recorded. We immersed the scaffolds
in the pycnometer and vacuumized them to fill the pores of
the scaffolds with anhydrous ethanol. We then filled the pyc-
nometer and recorded its weight (my). Finally, we recorded
the weight (m3) of the pycnometer and anhydrous ethanol
after removing the scaffolds. The porosity of the PHA scaf-
folds was calculated as follows:

Porosity = (my — m3 — mg)/(m; —m3) x 100%. (1)

Interfacial bonding assessment

Vertical stretching and T-peeling tests were employed to
evaluate the adhesive intensity between the PFC fibrous
membrane and the PHA 3D scaffold in the PFC/PHA-
integrated scaffold.

A schematic diagram of vertical stretching is shown in
Fig. S1b (Supplementary Information). The PFC membrane
of the PFC/PHA-integrated scaffold (10 mm x 10 mm) was
fixed to a glass slide, and a load was applied perpendicular to
the bond interface to measure the interface adhesive strength.

The T-peeling test evaluated the shear strength of the
material according to American Society of Testing Materials
(ASTM) Standard F2256, as shown in Fig. S1c (Supplemen-
tary Information). The sizes of the adhesive interface, contact
surface of the PHA scaffold, PFC membrane, and printing
paper were, respectively, 12.5 mm x 15 mm, 12.5 mm x
15 mm, 25 mm x 15 mm, and 25 mm x 15 mm. The PFC
membrane and the A4 paper were fixed onto the face and
back of the PHA scaffold separately. The other sides of the
PFC membrane and paper were clamped to the tensile testing
jigs in a T shape. Tensile tests were performed at a stretching
rate of 250 mm/min. The adhesive intensity was calculated
as follows:

F,
Adhesive intensity = Wm’ (2)

where Fy, is the maximum tensile force of the peeling test
and W is the width of the stripping sample.

SEM was used to observe the bonding interface of the
PFC/PHA scaffold after brittle fracture under liquid nitrogen
and the morphology of the PHA scaffold after the PFC mem-
brane was stripped from the PFC/PHA-integrated scaffold.

In vitro degradation

PFC membranes (@ 9 mm) and PHA scaffolds (9 mm x 9 mm
X 2 mm) were cut, weighed (1), and immersed in 4 mL of
phosphate-buffered saline (PBS; pH 7.4). Subsequently, all
tubes were placed in an incubator shaker at 120 r/min and
37 °C. The incubating media were changed every week. At
each predetermined time point, a set of samples were dried
to a constant weight in a vacuum oven after they had been
rinsed with PBS. The weight loss rate was then calculated.

In vitro cell experiments

The proliferation of bone marrow-derived mesenchymal
stem cells (BMSCs) on the PHA scaffold and that of the L929
cells on the PFC membrane were assessed using a cell count-
ing kit-8 (CCK-8) assay (Invitrogen, USA) at desired time
points (1, 3, 5, and 7 d). After 4 d of culture, the morpholo-
gies of BMSCs on PHA scaffolds and 1.929 cells on PFC
membranes were observed by SEM. After 4 d of culture, the
F-actin and nuclei of the cells were stained by phalloidin and
Hoechst (Life Technologies, USA), respectively. The via-
bility of cells was then tested by staining the cells with a
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live/dead working solution (Molecular Probes, USA). Fluo-
rescentimages were visualized with a confocal laser scanning
microscope (Nikon, A1R, MP*, Tokyo, Japan).

To investigate the barrier effect of fibrous membranes in
the integrated scaffold, the polycarbonate membrane of the
Transwell inserts (Corning; 3422) was stripped and replaced
by a PFC/PHA-integrated scaffold (with the PHA scaffold
located on the downside), which was attached to the Tran-
swell inserts using PLGA paste. The PHA scaffold was set as
the control group. 929 cells at a density of 5 x 103 cells/well
were seeded into the upper chambers, and after culturing for
4 d, the cells at the lower chambers were stained with crys-
tal violet (Meilun Biological Technology, Dalian, China) to
assess the capacity of PFC membranes to prevent cell infil-
tration.

In vivo assessments of hard/soft tissue regeneration

One-year-old male Beagle dogs weighing approximately
10 kg were used in a study of oral hard and soft tissue defects.
The tooth extraction sites are shown in Fig. S2a (Supplemen-
tary Information). The groups were set as follows: (1) defects
without implantation of materials were set as a sham group
(Ctrl group); (2) defects with implanted PFC/PHA-integrated
scaffolds were set as an experimental group (PFC/PHA
group); (3) defects filled with commercially available Bio-
0ss® collagen (GEISTLICH, Switzerland) and then covered
by Bio-Gide (GEISTLICH, Switzerland) membranes were
set as a positive control group (BGC group).

Before the surgery, the beagles were anesthetized by
injecting an appropriate dose (0.1 mL/kg) of pentobarbital
(0.03 g/mL) intramuscularly. The surgical procedure of scaf-
fold implantation is shown in Figs. S2b—S2g (Supplementary
Information). Split-root techniques were used to extract the
mandibular premolars (P2, P3, and P4). Circular defects (&
4 mm x 6 mm) were created using a trephine bur. Materi-
als in the same group were implanted into the defects on the
same side. Finally, the membranes were fixed with titanium
screws, and open soft tissue defects of size 2 mm x 8§ mm
were fabricated by suturing the soft tissue. After the surg-
eries, penicillin was injected once a day for three days. The
dogs were fed a soft pellet diet during the whole experiment.
Body weights were recorded weekly to obtain body weight
percent, and the calculation formula was as follows:

Body weight percent = el 100%, 3)
wo

where w is the body weight of the dogs at each time point,
and wy is the starting weight.

Soft tissue healing was photographed postoperatively at
0, 7, 14, and 28 d. We have drawn on various established
methods to provide a comprehensive scoring standard for the
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assessment of oral soft tissue healing after surgery (Table S1
in Supplementary Information) [25-27]. The beagles were
sacrificed after four and eight weeks, and the bone sam-
ples were fixed in 4% (volume fraction) paraformaldehyde
for further analysis. Before the histological analysis, micro-
computed tomography (micro-CT; SCANCO Medical AG,
Sweden) with settings of 45 kV and 175 mA was used to
evaluate the regenerative condition of the hard tissues within
the defect areas. For the histological analysis, the fixed spec-
imens were decalcified. The hematoxylin and eosin (H&E)
and Masson’s trichrome staining were carried out to examine
the bone repair.

Statistical analyses

Statistical analyses were performed using SPSS software.
The experimental data were analyzed using the one-way anal-
ysis of variance (ANOVA) and Student’s #-test. The results
were presented as mean = standard deviation (SD). A value
of p < 0.05 was considered to be statistically significant. In
the graph, the significant difference was defined as “p < 0.05,
“p <0.01, and “p < 0.001.

Results and discussion

Morphology of the PFC membrane and the PHA
scaffold

The surface morphology of the PLGA and PFC electrospun
fibers is presented in Figs. 1a and 1b. It is evident that the
fibers are uniform, smooth, and randomly oriented. The aver-
age diameter of the fibers decreased from (1380.68 + 162.93)
nm to (672.39 £ 105.61) nm with the incorporation of FC
(Figs. 1c and 1d). This is mainly because the incorporation
of FC decreased the viscosity of the electrospinning solution
[28]. Previous research has shown that reducing the fiber
diameter from micron-size to nanoscale increases the spe-
cific surface area and protein adsorption and consequently
promotes the aggregation of integrin, which mediates cell
adhesion [29-32].

Figure le presents the morphology of the PHA scaffolds
and shows that the scaffolds have a similar macropore size of
approximately 350 pwm. Previous studies have proposed that
scaffold pores greater than 300 wm are essential for vessel
and bone ingrowth, while pores smaller than 300 jum can give
rise to chondrification of bone [33—-35]. As shown in Fig. 1f,
the scaffolds with large amounts of HA show a rough sur-
face that would be beneficial for cell adhesion and migration.
The profile image displays the side pores of the scaffolds
(Fig. 1g), which would facilitate cell and bone ingrowth,
thereby improving interfacial bonding and osteointegration.
The PHA scaffolds had a porosity that was estimated to be
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Fig.1 SEM images of a PLGA and b PFC membranes with their cor-
responding diameter distribution (¢ PLGA and d PFC). SEM images of
the surface (e, f) and cross section (g) of the PHA scaffold. h—j EDS

(75.05 £ 0.07)%, which is similar to that of human cancel-
lous bone [36] and would be conducive to bone regeneration
[37].

Physicochemical characteristics of PFC membrane
and PHA scaffold

Homogeneous material composition is key to the uniform
and stable mechanical properties of the scaffold. EDS
mapping revealed that the PHA scaffolds exhibited a homo-
geneous distribution of calcium and phosphorus elements
(Figs. 1h—1j), indicating that the HA nanoparticles were suc-
cessfully and uniformly dispersed in the PHA scaffolds. The
uniform distribution of HA nanoparticles as an inorganic
filler in the PHA scaffolds is likely to prevent unnecessary
stress concentration.

The XRD patterns of HA, PLGA, and PHA are shown
in Fig. 2a. The diffraction patterns of pure PLGA exhib-
ited enveloped peaks at approximately 26 = 19.24°, which
were attributed to the non-crystalline structure of PLGA [38,
39]. The characteristic diffraction peaks of pure HA were
observed at 20=32.9°, 26=31.9°, and 26=25.9°. A reduced
intensity of the characteristic diffraction peaks of HA was

1380.68+162.93 ©)] o 7672.391105.6L (d)
g 40
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Merge

mapping of Ca and P elements in the PHA scaffold. SEM: scanning elec-
tron microscopy; PLGA: poly(lactic-co-glycolic acid); PFC: PLGA and
fish collagen (FC) composite; PHA: PLGA and nano-hydroxyapatite;
EDS: energy dispersive spectroscopy

observed in the XRD patterns of PHA due to the wrapping
effect of PLGA.

According to the FTIR spectra (Fig. 2b), the absorption
bands of the amide I (C = O stretch) and amide II (N-H
bending) in FC appear at 1646 and 1538 cm™!, respectively.
Meanwhile, these two specific bands of FC were observed
for the PFC membrane, although they exhibited a slight
shift to lower wavenumbers and appeared at 1645.49 and
1533.6 cm™!, respectively. This could be attributed to the
formation of hydrogen bonding between the amino group in
the FC and the PLGA molecular chain [40, 41]. The chemical
bonds of the HA, PLGA, and PHA scaffold were also identi-
fied by FTIR (Fig. 2¢). The characteristic absorption peaks of
PO43_ from HA at 603, 565, and 1029 cm™!, along with the
characteristic PLGA absorption band (peak of C = O stretch-
ing vibration absorption) at 1756.5 cm™! can also be seen in
the infrared spectrum of the PHA scaffold [42, 43]. Mean-
while, the characteristic peaks of HA and PLGA showed no
significant deviation, indicating that physical blending, rather
than a chemical reaction, occurred between PLGA and HA
in the PHA scaffold.

According to the TG curves (Fig. 2d), when the tempera-
ture rises to 600 °C, the residual mass contents of PLGA and
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Fig.2 a XRD patterns of PLGA, HA, and PHA. FTIR curves of
b PLGA, FC, and PFC, and ¢ PLGA, HA, and PHA. d TG curves of
PLGA and PHA. e Stress—strain curves of PLGA and PFC membranes.
f Compressive stress—strain curve of the PHA scaffold. g Dynamic water
contact angle photos and curve of PFC. h The histogram of water con-
tact angle of PLGA and PHA. Data are expressed as mean &+ SD (n =5),

PHA were 5.26% and 48.81%, respectively. The HA con-
tent in the PHA scaffolds was basically consistent with the
expected HA addition.

Mechanical properties of the PFC membrane
and the PHA scaffold

The GTR/GBR membranes were expected to exhibit suf-
ficient mechanical strength to maintain the spatial stability
of the in vivo implanting environment. The results of the
stress—strain measurement of PFC membranes are shown in
Fig. 2e and Table 1. Compared with the pure PLGA mem-
brane, the PFC membrane exhibited superior yield stress
and Young’s modulus; meanwhile, the elongation at break
decreased to (5.50 4= 0.43)%. These results indicate that the
incorporation of FC increased the molecular interactions in
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“*p < 0.001. XRD: X-ray diffraction; PLGA: poly(lactic-co-glycolic
acid); HA: nano-hydroxyapatite; PHA: PLGA and HA; FTIR: Fourier
transform infrared spectroscopy; FC: fish collage; PFC: PLGA and FC
composite; TG: thermogravimetric analysis; SD: standard deviation

Table 1 Mechanical properties of PLGA and PFC fibrous membranes

Sample Young’s Yield stress Elongation at
modulus (MPa)  (MPa) break (%)

PLGA 7.92 +1.74 1.37+£0.26 231.59 4+ 14.53

PFC 13.36 +2.84 2.28 +£0.49 5.504+043

PLGA: poly(lactic-co-glycolic acid); PFC: PLGA and fish collage (FC)
composite. Data are expressed as mean =+ standard deviation (n=5)

the membrane, thereby substantially enhancing the mechani-
cal strength of the membrane [ 16]. Simultaneously, the elastic
modulus of the PFC membrane is similar to that of the
Bio-Gide membrane (15.7 MPa), and makes the membrane
suitable for use as a GTR/GBR membrane [44].

The PHA scaffolds exhibited a compressive strength of
(11.52 £ 1.21) MPa, as shown in Fig. 2f, which is close to the
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compressive strength of human trabecular bone (2—12 MPa)
[45] compared with that of Bio-Oss bone graft material
(35 MPa) [46].

Hydrophilicity of the PFC membrane and the PHA
scaffold

The hydrophilicity of materials is an important factor affect-
ing cell adhesion [47]. The dynamic diversification chart of
water contact angles with the PFC membrane is demonstrated
in Fig. 2g. The water contact angle on the PFC membrane
is 117.2° & 5.3° when the droplet first makes contact with
the fibrous membrane, and it decreases to 13.14° &+ 5.9° after
one minute. This might have been caused by the large surface
areas of the electrospun fibers, which mimic the lotus effect.
The surface of a lotus leaf, covered with micron-scale pillars
and nanotubes, exhibits superhydrophobicity [48], and this
property affected the droplet at the beginning. Subsequently,
the water contact angle gradually decreased as the droplet
infiltrated the fibrous membrane, which is due to the amine
and carboxyl functional groups of FC being available to inter-
act with water molecules [49]. It was evident that the addition
of FC significantly increased the water affinity of the mem-
branes. The favorable hydrophilic property enhances protein
adsorption on the surface of the material and sequentially
improves the interactions between cells and materials [50,
51].

The water contact angle of the PHA flat membrane (62.0°
=+ 2.0°) was significantly lower than that of the PLGA flat
membrane (104.5° £ 2.0°) (Fig. 2h), mostly because the HA
exposed to the surface greatly increased the hydrophilicity of
the scaffold [52]. Previous research has shown that the protein
adsorption capacity of biomaterials is enhanced between the
water contact angles of 50° and 60°, which would, in turn,
lead to the adhesion of cells to materials [53, 54].

Interfacial bonding between PFC and PHA
of PFC/PHA-integrated scaffolds

It can be seen from the digital image of the scaffold (Fig. Sla
in Supplementary Information) that the PHA scaffold is
tightly combined with the PFC membrane, and the dimen-
sional stability of the PFC membrane can be effectively
maintained after it is fixed to the PHA scaffold.

As shown in Fig. 3a, the integrated scaffold with an inter-
facial size of 10 mm x 10 mm withstood a weight of 500 g
and an interfacial tensile stress of more than 5 kPa. The
results of the shear strength of the materials are shown in
Fig. 3b. At the initial tensile stage, the PFC membrane exhib-
ited typical elastic deformation-plastic yield behavior. After
the PFC membrane was peeled from the surface of the PHA
scaffold, the stress—strain curve showed an obvious plateau,
and the interface toughness was (249.78 + 17.89) J/m?. The

experimental results showed that the PFC/PHA interface was
tightly bonded and could resist a certain degree of tensile
stress and shear stress.

The bonding of the PFC/PHA interface was further
observed using SEM. The brittle fracture profiles of the
PFC/PHA binding interface (Figs. 3c and 3d) showed that
the PFC membrane was tightly attached to the surface of
the PHA scaffold, and the fibers at the bottom of the PFC
membrane were fused with the top layer of the PHA scaf-
fold. After the PFC membrane was peeled off the PFC/PHA
scaffold, there was still a large number of spinning fibers on
the top of the scaffold, and fiber dissolution was observed
at the interface, as shown by the arrows (Figs. 3e and 3f).
These results demonstrated the strong interfacial bonding
between the fibrous membrane and 3D scaffold of the inte-
grated PFC/PHA scaffold.

Degradation behavior

The optimal time for GTR/GBR membranes to remain stable
in vivo is from four weeks to several months [55, 56]. The
process of bone healing is complex, and bone tissue typically
requires 3—6 months to regain its fundamental functional-
ity [57]. Full restoration of the bone’s structure, function,
and metabolic processes can take a more extended period:
approximately 1-2 years [58]. The degradation time that is
suitable for bone grafts is generally 6—12 months [59, 60].
The implanted GTR/GBR membrane must have an appropri-
ate degradation rate, and the bone graft should not lose its
mechanical strength prematurely to prevent scaffold collapse
and deformation. Therefore, we monitored the variation in
the morphology and the loss of mass during the immersion
in PBS.

As shown in the degradation quality loss diagram
(Fig. 4b), the degradation rate of PFC was observably higher
than that of PHA. The morphology of PFC and PHA after
degradation was observed by SEM. As is evident from
Fig. 4a, a few grooves emerged on the surface of the PFC
fibers on Day 14; the grooves were gradually enlarged, and
the fibers presented as a porous structure and fracture on Day
28; the pore size continued to increase, and the fiber fracture
significantly increased on Day 56; finally, on Day 84, the
fiber structure was almost gone, and the fiber was character-
ized by fibrous membrane fragments and a loss of toughness.
This was mainly due to the rapid dissolution behavior of
FC. Meanwhile, the dissolved FC formed defect points and
increased the contact areas with the PBS solution, which
facilitated the membrane degradation. These results indicate
that the PFC membrane can effectively maintain its structure
and prevent the invasion of soft tissues into the defect area
within four weeks, after which it rapidly degrades.

The morphology of the PHA scaffolds did not change
significantly during the degradation period of 84 d. This
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5 10
Strain (%)

Fig.3 a Digital image of the vertical stretching model. b Diagram
of stress-force curve of PFC/PHA gradient scaffold. SEM images of
¢, d the cross section of PEC/PHA and e, f surface morphology of
PFC/PHA scaffold after the PFC membrane was peeled off (yellow

Fig.4 a SEM images of the PFC membrane and the PHA scaffold on
Days 14, 28, 56, and 84 during the in vitro degradation time. b Residual
mass content curves of PFC and PHA over degradation time in vitro.
Data are expressed as mean = SD (n=5). SEM: scanning electron

might have been because, compared with the PFC mem-
brane, the PHA scaffold without a fast-degrading FC had
a lower specific surface area available for contacting with
the PBS solution. The PHA scaffold degraded at a slower
rate, and it was capable of providing mechanical support to
the defect area throughout the extended osteogenic process
(three months). Another in vivo study from our group [61] has
demonstrated that PHA completely degrades within a one-
year period of osteogenesis, which aligns with the desired
overall degradation profile for scaffolds during the repair pro-
cess of oral hard and soft tissues. Therefore, the degradation
of this material complies with the requirements for integrated

@ Springer

arrows: dissolved PFC fibers on the PHA scaffold). PLGA: poly(lactic-
co-glycolic acid); PFC: PLGA and fish collagen (FC) composite; PHA:
PLGA and nano-hydroxyapatite; SEM: scanning electron microscopy

(b)
g 100 PHA
3
2 75
=
S 501 PFC
o
3
& 25
0+rr—r T T T
3714 28 56 84

Degradation time (d)

microscopy; PLGA: poly(lactic-co-glycolic acid); PFC: PLGA and fish
collagen (FC) composite; PHA: PLGA and nano-hydroxyapatite; SD:
standard deviation

scaffold degradation during the repair process for oral hard
and soft tissues.

Cell proliferation and morphology

The live/dead staining of 1.929 on the PFC membrane
(Figs. 5a—5c) and BMSCs on the PHA scaffold (Figs. 5d-5f)
showed predominantly live cells (green) with very few dead
cells (red) on the materials, indicating that the materials were
not cytotoxic. The proliferation of BMSCs and L929 on var-
ious materials was assessed by CCK-8. The optical density
(OD) values increased on Days 4 and 7, indicating that the
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Transwell
insert

Fig.5 Live/dead fluorescent images of a—c 1929 cultured on PFC
and d—f BMSCs cultured on PHA for 4 d. Proliferation of g L929
and h BMSCs on the scaffolds (OD4s50: optical density at 450 nm).
Schematic diagrams of barrier model for i PFC/PHA and j PHA scaf-
folds. Micrographs of the lower compartments of k the PFC/PHA and

1 the PHA groups. Data are expressed as mean = SD (n=3);  p <
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membrane or scaffold exerted no significant side effects on
cell proliferation. For 1929, there were no significant dif-
ferences in OD values between the control (Ctrl), PHA, and
PFC/PHA groups after 1 d of culture (Fig. 5g), whereas the
OD values of the PHA and PFC/PHA groups were obviously
higher than those in the Ctrl group after 4 and 7 d of culture.
This might have been caused by the high specific surface area
and ECM-like structure of the PFC membrane, which was
able to enhance the proliferation of 1929 cells [62]. Mean-
while, FC enhanced cell proliferation. For BMSCs, there
were no significant differences between the OD values of
the Ctrl, PHA, and PFC/PHA groups after 1 and 4 d of cul-
ture (Fig. Sh). The OD value of the PFC/PHA group was
significantly higher than those of the PHA and Ctrl groups
after 7 d of culture. This could be due to the incorporation
of FC with a large number of hydroxyl, carboxyl, and amino
groups, which are conducive to cell proliferation [63, 64].
The results showed that BMSCs on the surface of PHA scaf-
folds and 1.929 on the surface of PFC membranes had good
cytocompatibility.

The fluorescent micrographs illustrated the expression
of actin (red) and the distribution of 4/,6-diamidino-2-
phenylindole (DAPI)-stained cell nuclei (blue) after 4 d of
culture (Figs. S3a—S3c, S3e—-S3g in Supplementary Informa-
tion). As shown in the figures, cells were well-grown with
plump morphology and abundant actin, and round or elliptic
nuclei, indicating that the PFC membrane and PHA scaffold
had no adverse effect on the 1.929 cells or BMSCs. SEM
was also used to observe the cell morphology of the L929
cells and BMSCs after culturing for 4 d. The L929 cells
were closely attached to the surface of the PFC membrane in
an elongated or polygonal morphology (Fig. S3d in Supple-
mentary Information). Some cells infiltrated into the fibrous
membrane and formed anchor-like structures that went deep
between the fibers. The cells were interconnected by numer-
ous filopodia. Spindle BMSCs were tiled on the scaffold and
were stuck to the rough surface of the PHA scaffold, climbing
and growing in all directions with a large number of filopodia
(Fig. S3h in Supplementary Information). These results indi-
cated that the PFC membrane and PHA scaffold were able
to promote cell adhesion and growth.

The GTR/GBR membrane acts as a barrier to prevent the
rapid growth of soft tissue from invading the defect area
of the bone, thereby to ensure space for bone regeneration.
In the Transwell experiment, we did not observe infiltrated
L.929 cells on the lower chamber of the Transwell plate in
the PFC/PHA group after 4 d of culture (Figs. 5i and 5k),
whereas a large number of L.929 cells were observed in the
PHA group (Figs. 5j and 51). This difference was statistically
significant (Fig. Sm). These results indicate that the PFC elec-
trospun membrane of the PFC/PHA integrated scaffold can
effectively prevent L929 penetration and thereby may suc-
cessfully isolate periodontal defects from the soft tissues.
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Hard/soft tissue regeneration in dog mouth

As classic commercially available materials, Bio-Gide col-
lagen and Bio-Oss® collagen are widely recognized for their
well-established biocompatibility, and their combined appli-
cation is commonly utilized in dentistry [65, 66]. Therefore,
we employed the combined application of these materials as
a positive control group (BGC) to compare its biocompati-
bility and functionality with our designed integrated porous
scaffold (PFC/PHA).

Postoperative observation

The postoperative activity and feeding of the beagles
were normal, and neither allergic nor toxic reactions were
observed. As shown in Fig. 6b, the weight ratio of the bea-
gles increased slightly, indicating that the experiments had
no significant adverse effects on the survival or the life of the
animals.

Evaluations of soft tissue regeneration

The healing of the soft tissues is shown in Fig. 6a; no infection
occurred in the beagles. No soft tissue healing was observed
on Day 7. On Day 14, only P2 in the Ctrl group had healed
completely. On Day 28, PFC/PHA and BGC were completely
healed, while there was still a white defect in P4 of the Ctrl
group. This might have been due to the individual differences
between the experimental animals, such as chewing habits,
personality, and postoperative habits. As depicted in Fig. 6c¢,
the soft tissue healing scores revealed that both the PFC/PHA
and BGC groups achieved the maximum score of six points
by the 28th day, which suggests that there was no significant
difference in the capacity of PFC/PHA and BGC to guide soft
tissue regeneration. Masson’s trichrome staining on Day 28
at the wound sites indicated good soft tissue repair across all
groups, with no significant inflammation observed (Fig. 6d).

Micro-CT analysis

The new bone formation and the spatial structure of bone tra-
becula at four and eight weeks postoperation were evaluated
by micro-CT analysis. Four weeks after surgery, the new bone
had integrated within the scaffolds in the BGC group (Figs. 7c
and 7f), whereas the osteogenic effects were not obvious in
the Ctrl and PFC/PHA groups (Figs. 7a and 7b). Only a small
amount of newly formed bone ingrowth was observed in the
defects of the Ctrl and PFC/PHA groups, and the boundary
of the hard tissue defect was still clearly visible in a sectional
view (Figs. 7d and 7e). The quantitative results showed that
the fraction of new bone volume to total volume (BV/TV) in
the BGC group was significantly higher than those in the Ctrl
and PFC/PHA groups (Fig. 7s). This might have been due to
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Ctrl PFC/PHA

D28-Masson

Fig.6 a Digital images of soft tissue healing at predetermined time
points. b Weight ratio curves for beagles after surgery. ¢ Evaluation
of soft tissue healing on Day 28. d Masson staining of the soft tissue
wounds on Day 28. Data are expressed as mean & SD (n = 3). Ctrl: con-
trol; PLGA: poly(lactic-co-glycolic acid); PFC: PLGA and fish collage

the strong development of Bio-Oss bovine bone in Bio-Oss®
collagen during micro-CT scanning. There were no signif-
icant differences in trabecular number (Tb.N) or trabecular
separation (Tb.Sp) among the three groups (Figs. 7t and 7u).
After eight weeks, new bone grew into the internal pores of
the scaffold, and a visible callus formed in the PFC/PHA
group (Fig. 7k). The bottom of the defect boundary was still
clearly distinguishable in the Ctrl group (Fig. 7m), whereas
the boundary was blurred, and new bone basically occupied
the defect area in the PFC/PHA and BGC groups (Figs. 7n
and 70). The quantitative results showed that the new bone
increased and thickened in each group, and the BV/TV value
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(FC) composite; PHA: PLGA and nano-hydroxyapatite; BGC: defects
filled with commercially available Bio-Oss® collagen and then covered
by Bio-Gide membranes; M: PFC membrane; SD: standard deviation

increased significantly (Fig. 7s). The BV/TV and Tb.N val-
ues of the BGC group were significantly higher than those
of the Ctrl group, but the difference between the PFC/PHA
and BGC groups was not statistically significant (Figs. 7s and
7t). There were no significant differences in Tb.Sp among the
three groups (Fig. 7u). The new bone tissue penetrated the
scaffold from the edge of the defect in the PFC/PHA group,
which indicated that the porous structure of the PFC/PHA
integrated porous scaffold was conducive to the penetrating
growth of new bone tissue and had a positive effect on the
regeneration of bone tissue.
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Fig.7 a—c, j-1 Micro-CT
reconstruction images and d—f,
m-—o their representative
monolayers of the mandible
defects model at four and eight
weeks postimplantation (orange
circle: bone defect). g-i, p-r 3D
micro-CT reconstruction images
of new bone tissue. Quantitative
analysis of s BV/TV, t Tb.N, and
u Tb.Sp. Data are expressed as
mean & SD, n = 3, “p < 0.05.
CT: computed tomography;
BV/TV: the fraction of new bone
volume to total volume; Tb.N:
trabecular number; Tb.Sp:
trabecular separation; SD:
standard deviation; Ctrl: control;
PLGA: poly(lactic-co-glycolic
acid); PFC: PLGA and fish
collage (FC) composite; PHA:
PLGA and nano-hydroxyapatite;
BGC: defects filled with
commercially available
Bio-Oss® collagen and then
covered by Bio-Gide membranes

4 weeks

8 weeks

Histological analysis

In addition, we performed a histological analysis of the defect
area to investigate the ability of the PFC/PHA in preventing
unwanted fibrous tissue invasion and in guiding bone tis-
sue regeneration. H&E and Masson staining of the control
group at four weeks (Fig. 8) showed that there was a large
amount of soft tissue occupying the defect area. It has been
reported that four weeks after subcutaneous implantation,
the thickness of the Bio-Gide membrane decreases, accom-
panied by an almost complete biodegradation [67, 68]. From
our stained sections, it can also be observed that the Bio-
Gide membrane was almost completely degraded before the
healing of the bone defect, which would allow soft tissue to
grow into the defect area. In contrast, the PFC/PHA group
showed clear evidence of the PFC membrane, an increased
number of new blood vessels (indicated by yellow stars), and
a greater amount of new bone formation.

At eight weeks postoperation, the Ctrl group showed sig-
nificant bone wall collapse, and only a small amount of new
bone was found in the defect area. Due to early membrane
degradation, fibrous tissue had invaded the bone defect area,
which resulted in the defect area of the BGC group not being

@ Springer

PFC/PHA

@ Ctrl *
PEC/PHA
BGC
4 weeks 8 weeks
Ctrl
@ PFC/PHA
BGC ﬂm
'4 weeks 8 weeks
@Ctrl
PFC/PHA
BGC
4 weeks 8 weeks

fully filled with new bone. Conversely, the PFC membrane
was still partially present, and no fibrous tissue invasion was
observed in the defect area of the PFC/PHA group; instead,
the defect area was filled with new bone (Fig. 9).

These results showed that the relatively dense PFC fibrous
membrane of the integrated scaffold could effectively prevent
fibrous connective tissue from invading the defect area, and
the porous 3D scaffold of the integrated scaffold could sup-
port the bone wall, thereby providing a stable space for bone
regeneration. These results indicated that the integrated scaf-
folds prepared in this study have great application potential
in the field of alveolar bone augmentation, especially in the
repair of large jaw defects.

Conclusions

To meet the needs of regeneration and the functional recon-
struction of large soft and hard tissue defects in the oral
cavity, we developed an integrated gradient porous scaffold
(PFC/PHA) by combining an ECM-like PFC electrospinning
membrane with a 3D-printed PHA scaffold. Because we used
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Fig. 8 Histological analysis of Ctrl
the samples from beagle alveolar
bones at four weeks
postimplantation. Row 1: Overall
observation of the samples by
H&E staining. Row 2: Magnified
view of the blue box regions in
row 1 (20x). Row 3: Masson
staining of the blue box regions
inrow 1 (20x). Row 4:
Magnified view of the red box
regions in row 2 (100x). Row 5:
Masson staining of the red box
regions in row 3 (100x). Ctrl:
control; PLGA:
poly(lactic-co-glycolic acid);
PFC: PLGA and fish collage
(FC) composite; PHA: PLGA
and nano-hydroxyapatite; BGC:
defects filled with commercially
available Bio-Oss® collagen and
then covered by Bio-Gide
membranes; S: PHA scaffold; M:
PFC membrane; O: Bio-Oss®;
NB: new bone; MB: mature
bone; FT: fibrous tissue; asterisks
represent blood vessels

20x

100%

the same PLGA composition for the upper PFC fibrous mem-
brane and the lower PHA 3D scaffold, the membrane and the
scaffold formed a strong interface bond that was able to resist
some degrees of tensile stress and shear stress. Our in vitro
degradation experiments showed that the upper PFC mem-
brane degraded faster than the lower PHA scaffold, which
aligns with the respective needs of oral soft and hard tis-
sue repair. The in vitro cell experiments demonstrated that
the PFC/PHA scaffold could promote the proliferation of
BMSCs and 1.929 without adverse effects on cell structure,

PFC/PHA

viability, or adhesion. Importantly, the PFC membrane could
effectively prevent L929 cells from infiltrating the bone scaf-
fold area. We further established a model of oral soft and
hard tissue defects in beagles after tooth extraction and then
implanted the PFC/PHA scaffold. CT and histological anal-
yses at four and eight weeks confirmed that the PFC/PHA
scaffold effectively prevented unwanted fibrous tissue inva-
sion and promoted the healing of oral soft tissues and the
regeneration of hard tissues. These results demonstrate that
the developed integrated scaffold shows great promise in
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Fig. 9 Histological analysis of
the samples from beagle alveolar
bones at eight weeks
postimplantation. Row 1: Overall
observation of the samples by
H&E staining. Row 2: Magnified
view of the blue box regions in
row 1 (20x). Row 3: Masson
staining of the blue box regions
inrow 1 (20x). Row 4:
Magnified view of the red box
regions in row 2 (100x). Row 5:
Masson staining of the red box
regions in row 3 (100x). Ctrl:
control; PLGA:
poly(lactic-co-glycolic acid);
PFC: PLGA and fish collage
(FC) composite; PHA: PLGA
and nano-hydroxyapatite; BGC:
defects filled with commercially
available Bio-Oss® collagen and
then covered by Bio-Gide
membranes; S: PHA scaffold; M:
PFC membrane; O: Bio-Oss®;
NB: new bone; MB: mature
bone; FT: fibrous tissue

20x

100x

guiding the regeneration and reconstruction of large soft and
hard tissues in the oral cavity.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42242-024-00311-4.
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