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Bone tissue engineering aims to regenerate defected bones by combining cells, scaffolds, and growth factors. We propose
patient-customizable guided bone regeneration (GBR) and membrane—-guided tissue regeneration (GTR) scaffold hybrid const
ructs for precise bone tissue restoration without dimensional collapse beyond the critical bone defect size. Silk fibroin (SF)
nanofiber membranes and poly(glycolic acid) (PGA) scaffolds were fabricated using electrospinning and 3D printing methods.
The initial attachment and proliferation of preosteoblasts on a PGA scaffold were analyzed. The regenerated bone volumes
of control and SF—PGA hybrid scaffolds were 14.8 and 21.4%, respectively, after 8 weeks of in vivo rabbit calvarial defect
regeneration. The SF—PGA hybrid scaffold group exhibits greater regeneration of bone tissue than the control and PGA
scaffold groups, indicating that this is a promising material combination as a GBR—GTR agent.
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Clinical research on the replacement of damaged tissues and organs
has progressed consistently over the past few decades. Recently, the
importance of tissue regeneration has increased dramatically. Tissue e
ngineering combined with regenerative medicine is one of the most pro
mising treatment methods for repairing defected tissues(1-5]. The maj
or components of tissue engineering are cells, scaffolds, and growth fa
ctors. The human body is composed of several different types of tissue
s, including skin, adipose, muscle, vascular, and bone tissue. Among
these tissues, bone tissue plays a critical role as the skeletal framewor
k for the body.

One of the critical considerations for bone tissue regeneration is the
slower growth rate of bone compared to adjacent soft tissue. Guiding
membranes or porous scaffolds are typically employed for bone tissue
regeneration in clinical practice. Guiding membranes possess biocompa
tibility, biodegradability, and barrier properties that prevent soft tissue
invasion. Recently, several guided tissue regeneration (GTR) agents h
ave been commercialized. GTR scaffolds can effectively secure the dim
ensional integrity of the defected tissue. A porous GTR scaffold can
provide a spatial framework for a defected area and facilitate osteoblas
t proliferation. Porous scaffolds can be fabricated using three-dimensio
nal (3D) printing methods. 3D printing for biomedical applications is

the easy design of complex and uniform pore structures for patient cus
tomizahility and reproducibility.

The installation of a barrier membrane and guiding scaffold is a typic
al process for bone regeneration surgeries. In this paper, we propose
the hybridization of a GBR membrane and patient-customizable GTR
scaffold for bone tissue regeneration using electrospinning and 3D prin
ting techniques. The base materials selected for this study were silk
fibroin (SF) and poly(glycolic acid) (PGA). SF is a natural material wi
th excellent tensile strength, hiocompatibility, hydrophilicity, and biode
gradability. PGA is one of the most widely used synthetic degradable
polymers. The biodegradability and thermoplasticity of a PGA scaffold
can enhance additive manufacturing processes and cell proliferation.

In this study, we prepared SF nanofiber membrane-PGA hybrid scaff
olds and characterized their structures, hiomechanical properties, biode
gradability, cell attachment, proliferation, and in vivo bone tissue regen

eration.
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Preventing soft tissue invasion and promoting hard tissue formation
are important factors in the regeneration of bone defects. Nanofibrous
barrier membranes can provide a physical boundary between soft and
hard tissues. 3D printed porous PGA scaffolds can guide and facilitate
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the proliferation of osteoblasts based on the critical sizes of bone defec
ts. In this study, we prepared a hybrid construct with an SF nanofibro
us membrane acting as a GBR membrane and a 3D printed PGA
scaffold acting as a GTR framework for the advanced regeneration of
defected bone.

In general, the essential properties of GBR membranes are flexibility,
biomechanical strength, biocompatibility, and biodegradability. Additio
nally, a membrane should not only provide barrier properties for epithe
lial and soft tissues but also facilitate the permeability of nutrients, ox
ygen, and metaholic waste. Nanofibrous mats meet all of these criteria
for GBR membranes. Therefore, we fabricated optimized SF nanofiber
mats by adjusting electrospinning parameters. The electrospun nanofib
ers fabricated using a 4 wt % HFIP—SF solution exhibit randomly ali
gned nanofibrous structures and unimodal fiber diameter distributions
without beads or microfibers. Therefore, we selected a 4 wt % solution
as the optimal concentration for further experimentation.

The average diameter of the nanofibers fabricated using a 4 wt % sol
ution was 639 + 150 nm. To guide bone proliferation, we fabricated por
ous PGA scaffolds using a 3D printer. The average strand diameter
of the PGA scaffolds was 207 £ 11 pm. Four sizes of square pores wer
e designed with mean side lengths of 104 £ 9 ym (P100), 212 + 11 ym
(P200), 413 + 14 pum (P400), and 802 £ 24 ym (P800). All scaffolds cont
ain sufficient interconnected pores to proliferate, migrate, form tissue,
and deliver nutrients and metabolic materials.

To facilitate GTR along a scaffold frame, initial cell attachment is im
portant for 3D printed PGA surfaces. To investigate initial cell attach
ment, preosteoblasts were seeded onto the P100, P200, P400, and P800
scaffolds. It was determined that the cell seeding efficiency decreases
with an increasing pore size. Although many cells attached to the top
surfaces of all scaffolds, the cell seeding efficiency was predominantly
affected by the specific strand number of each PGA scaffold. Cell proli
feration in the P100, P200, P400, and P800 scaffolds was monitored for
7 days. PGA serves a suitable substrate for proliferation and differenti
ation of progenitor cells and the formation of a 3D mineralized tissue.
The cell proliferation gradient of P100 is diminished compared to those
of P200 and P400 on day 7. However, the P800 scaffold consistently
exhibits significantly lower cell proliferation compared to the other sca
ffolds. The large surface area per specific volume of a porous scaffold
provides critical advantages in terms of initial cell attachment and prol
iferation. Also the proliferation rates of the P200 and P400 scaffolds aft
er 7 days of incubation are close to that of the P100 scaffold. One of
the important criteria for an engineered scaffold is pore size because
pores facilitate the circulation of oxygen, nutrition, and waste. Additio
nally, an interconnected pore structure provides adequate spreading sp
ace for cells. For these reasons, we selected the P400 scaffold for our
animal study.

Hybrid constructs for the regeneration of bone defects require membr
anes to prevent soft tissue invasion and porous scaffolds to guide bone
tissue from defected surfaces. In this study, PGA scaffolds (P400) wer
e attached to SF nanofibrous membranes using a PGA hot-melt proce

s . The diameters of the SF nanofiber membranes were set to 10 mm

to cover the bone defects (8 mm) completely. The diameters of the PG
A scaffolds were set to 7.5 mm to prevent tight implantation during
surgery. Finally, the thicknesses of the PGA scaffolds were set to 1
mm to match the thickness of a rabbit calvaria (1.6 £ 0.2 mm, n = 10).

To investigate the regeneration of calvarial defects, we conducted a
rabbit model test. A thin fibroblast band could be observed in the contr
ol group on the top surfaces 4 weeks after the initial surgical operation
s. In vivo animal experiments revealed that the SF—PGA group exhibi
ted greater bone formation compared to the control and PGA groups.
This finding was confirmed by micro-CT images. The SF—PGA grou
p exhibited excellent bone tissue coverage in the critical defect area,
whereas the control group exhibited poor bone regeneration at the bou
ndaries of the defect area. The SF-PGA hyhrid scaffolds both promote
d bone tissue regeneration and prevented soft tissue invasion.

m A&

Nanofibrous SF membranes and porous PGA scaffolds were successf
ully fabricated by adjusting electrospinning and 3D printing parameter
s. The membranes and scaffolds were then used for guided bone tissu
e regeneration. The cell seeding efficiency of PGA scaffolds decreases
with increasing pore length. PGA scaffolds with a pore length of 400
um exhibit superior proliferation of osteoblasts compared to other scaff
olds. The biodegradation rates of PGA scaffolds and SF nanofiber me
mbranes facilitate bone tissue formation. In an in vivo rabbit experime
nt, the SF—PGA scaffold group exhibited superior bone volume regen
eration compared to the control and PGA scaffold groups. Overall, the
SF—PGA hybrid scaffold constructs represent a promising solution for
the guided regeneration of defected bone tissues.
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