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Abstract

Background In recent years, natural bone extracellular matrix (ECM)-inspired materials have found widespread appli-
cation as scaffolds for bone tissue engineering. However, the challenge of creating scaffolds that mimic natural bone
ECM's mechanical strength and hierarchical nano-micro-macro structures remains. The purposes of this study were

to introduce an innovative bone ECM-inspired scaffold that integrates a 3D-printed framework with hydroxyapatite
(HAp) mineralized graphene oxide-collagen (GO-Col) microscaffolds and find its application in the repair of mandibu-
lar bone defects.

Methods Initially, a 3D-printed polycaprolactone (PCL) scaffold was designed with cubic disks and square pores
to mimic the macrostructure of bone ECM. Subsequently, we developed multi-layer mineralized GO-Col-HAp
microscaffolds (MLM GCH) to simulate natural bone ECM's nano- and microstructural features. Systematic in vitro
and in vivo experiments were introduced to evaluate the ECM-inspired structure of the scaffold and to explore its
effect on cell proliferation and its ability to repair rat bone defects.

Results The resultant MLM GCH/PCL composite scaffolds exhibited robust mechanical strength and ample assembly
space. Moreover, the ECM-inspired MLM GCH microscaffolds displayed favorable attributes such as water absorption
and retention and demonstrated promising cell adsorption, proliferation, and osteogenic differentiation in vitro. The
MLM GCH/PCL composite scaffolds exhibited successful bone regeneration within mandibular bone defects in vivo.

Conclusions This study presents a well-conceived strategy for fabricating ECM-inspired scaffolds by integrating
3D-printed PCL frameworks with multilayer mineralized porous microscaffolds, enhancing cell proliferation, osteo-
genic differentiation, and bone regeneration. This construction approach holds the potential for extension to various
other biomaterial types.
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Introduction

Craniomaxillofacial bone defects in dentistry are fre-
quently observed and arise from various causes, includ-
ing trauma, tumor growth, bone infection, or hereditary
malformation [1]. The repair and regeneration of these
defects pose significant challenges due to the intricate
nature of the structures involved and the complex bio-
mechanical and physiological environment [2]. Pres-
ently, approaches employed for the reconstruction of
craniomaxillofacial bone defects encompass the use of
autografts and allografts, rigid fixation techniques, and
free tissue transfer [3]. Nevertheless, these strategies are
accompanied by several limitations, including nonunion,
donor site morbidity, ethical concerns, potential immu-
nogenic rejection, and supply constraints [4]. Therefore,
there is a pressing need to develop bone grafts that mimic
bone tissue structure and function, exhibiting favora-
ble biocompatibility, osteoconductivity, and mechanical
stability.

In recent years, 3D printing technology has gained
prominence in the construction of bone repair grafts
characterized by intricate architectures and impres-
sive mechanical properties [5-7]. Utilizing techniques
like selective laser sintering (SLS), stereolithography
(SLA), 3D bioprinting (BP), and fused deposition mod-
eling (FDM), these grafts demonstrate robust mechani-
cal attributes and desired structure [8]. Moreover, the
application of advanced 3D-printed materials, such as
titanium, hydroxyapatite (HAp), B-tricalcium phosphate,
poly (lactic-glycolic) acid (PLGA), and polycaprolactone
(PCL), further enhances biocompatibility and mechani-
cal properties [3, 9, 10]. Among the various materials
under consideration, PCL exhibits significant advantages
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in the fabrication of bone scaffolds using 3D printing
technology. PCL has gained widespread adoption owing
to its favorable biocompatibility and convenient process-
ing characteristics, as evidenced by its approval by the
United States Food and Drug Administration (FDA). Fur-
thermore, the composition and structure of PCL can be
readily modified to suit specific requirements [10, 11].
Nevertheless, the development of these scaffolds has
been hindered by their inability to replicate the distinct
microenvironmental cues of the natural bone extracellu-
lar matrix (ECM) [12].

The freeze-drying technique is a cheap, efficient, sim-
ple, and environmentally friendly approach to develop-
ing porous and interconnected as well as a high surface
area that mimics the natural structure of ECM [13-15].
Moreover, type I collagen (Col) is a prevalent ECM com-
ponent, notably in bone, skin, and tendon tissues [16].
Hybrid scaffolds comprising freeze-dried collagen have
gained attention as bone grafts, exhibiting excellent bio-
compatibility, facile customization, and ECM-like prop-
erties [17, 18]. Nonetheless, the osteoconductivity of
collagen-based scaffolds remains an area of improvement
[19].

In the context of bone development, type I collagen
serves as a foundation for hydroxyapatite mineraliza-
tion, a principal component of natural bone [20, 21].
Drawing inspiration from this mineralization process,
a promising technique involves coating scaffold sur-
faces with HAp through simulated body fluids (SBFs),
which emulate blood plasma ion concentrations [22, 23].
This biomimetic HAp-coating approach has been suc-
cessfully applied to diverse materials, including metals,
ceramics, and polymers, enhancing biocompatibility and
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osteoconductivity [24, 25]. However, within 3D porous
scaffolds, the biomimetic coating exhibits limited abil-
ity to uniformly deposit HAp throughout their inner
regions, leading to uneven distribution and inadequate
thickness [26].

Over the years, significant efforts have been under-
taken to overcome the limitations of HAp coating in
SBE. For instance, Liu X et al. found that incorporating
graphene oxide (GO) into cellulose acetate nanofibrous
scaffolds increased biomimetic mineralization efficacy by
providing additional nucleation sites for HAp deposition
[27]. A. L. Oliveira et al. demonstrated that dynamic con-
ditions facilitated thicker apatite layers and higher min-
eralization efficiency compared to static conditions [28].
Altering the 3D scaffold structure also contributes to
achieving uniform HAp distribution; Zhou C et al. intro-
duced a pearl-inspired microgel with multi-layer miner-
alization to achieve comprehensive mineralization [29].

In line with these findings, we created multi-layer min-
eralized and GO-infused Col microscaffolds through
freeze-drying to replicate the ECM environment (Fig. 1).
These microscaffolds were subsequently incorporated
into 3D-printed PCL scaffolds to provide appropriate
mechanical support. Moreover, the multi-layer mineral-
ized structure was harnessed to achieve uniform HAp
distribution. The assembly of ECM-inspired microscaf-
folds and 3D printed PCL framework was designed to
provide an ideal shelter for the proliferation and osteo-
genic differentiation of the host-derived cells. This study
includes comprehensive in vitro experiments to assess
ECM-like conditions, uniform HAp distribution, and
the impact of assembled scaffolds on cell viability. Addi-
tionally, in vivo experiments were conducted to assess
the bone regeneration capability within a rat mandibu-
lar defect model. Importantly, our study sheds light on
a structural approach to achieve uniformly distributed
HAp and the development of ECM-inspired scaffolds for
effective craniomaxillofacial bone defect repair. Innova-
tively, the integration of 3D-printed PCL frameworks and
ECM-inspired microscaffolds has potential applications
in the field of biomaterial assembly.

Materials and methods

Materials and animals

PCL (M,,=79-90 kDa, melting point 60 ‘C) was pur-
chased from Sigma-Aldrich, America. Graphene (500
meshes) was purchased from Acros Organic Company.
Collagen was obtained from Chengdu Kele Biotech-
nology Co., Ltd, China. N-hydroxysuccinimide (NHS)
and N-(3-Dimethylaminopropyl)-N-ethyl carbodiimide
hydrochloride crystalline (EDC) were purchased from
Sigma-Aldrich, China. Kokubo’s method was applied
to prepare the simulated body fluid (SBF) solution [24].
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Reagents associated with the preparation of SBF includ-
ing acetic acid, NaCl, KCl, CaCl,-2H,0, MgCl,-6H,0,
HCl, Na,SO,-10H,0, K,HPO,-3H,0, NaHCO,, and
NH,C(CH,OH); were obtained from Sinopharm Chemi-
cal Reagent Co., Ltd, China.

Fluorescein diacetate (FDA), propidium iodide (PI),
dimethyl sulfoxide (DMSO), and 3-[4,5-dimehyl-
2-thiazolyl]-2,5-diphenyl-2-H-tetrazolium bromide
(MTT) were purchased from Sigma-Aldrich, China. Fetal
bovine serum (FBS), Low-glucose Dulbecco’s modified
Eagle medium (L-DMEM), penicillin, and streptomycin
were obtained from Hyclone, America. Phosphate buff-
ered saline (PBS), and Trypsin—-EDTA were obtained
from Sinopharm Chemical Reagent Co., Ltd, China.

Male adult Sprague Dawley rats (4—6 weeks old, 180-
220 g weight) were supplied by the Department of Exper-
imental Animals, Tongji Medical College, Huazhong
University of Science and Technology. All animal-related
procedures were approved by the Animal Research
Committee of the Tongji Medical College, Huazhong
University of Science and Technology. All animals were
sacrificed in accordance with the Standing Committee on
Ethics in China (State Scientific and Technological Com-
mission of China) after the experiments.

Fabrication of the microscaffolds and the assembled PCL
constructs

Fabrication of the microscaffolds

Graphene oxide (GO) was synthesized according to the
modified Hummer method [30]. Three kinds of microar-
ray chips (261 circle wells with 800 um¢, 1200 um¢, and
1500 pm¢ diameters) were prepared by using polyme-
thyl methacrylate (PMMA) assisted by laser prototyping
technique [31]. GO solution (0.2% w/v in 0.1 mol/L HAc)
and Col solution (4% w/v in 0.1 mol/L HAc) were mixed
in equal volumes and sonicated for 30 min to obtain the
homogeneous GO/Col solution.

The multi-layer mineralized GO-Col-HAp (MLM
GCH) microscaffolds were synthesized by multiple
encapsulation and biomineralization of the three kinds of
microscaffolds (800 um¢, 1200 um¢, and 1500 um¢). To
fabricate the 800 um¢ GCH microscaffolds, the obtained
GO/Col solution was transferred to a 800 um¢ microar-
ray chip and subsequently frozen at — 20 “C overnight and
freeze-dried at — 50 “C for 12 h. The fabricated 800 pmg¢
GO-Col microscaffolds were removed from the chip
and cross-linked by EDC/NHS ethanol solution (EDC:
NHS=5:2, H,O:ethanol=5:95) for 12 h, thoroughly
washed in ddH,0O, followed by immersing into SBF for
7 day, washed again with ddH,O, and finally obtained
the 800 pm¢ GCH microscaffolds (Additional file 1:
Video 1). Next, to fabricate the 800-1200 um¢ GCH
microscaffolds, the GO/Col solution was transferred to



Yang et al. Journal of Translational Medicine (2024) 22:224

Cross-linking

One-layer mineralized
GO-Col-HAp

3D printed PCL

!

z==zz Graphene oxide (GO) - __ Collagen (Col)

Page 4 of 19

Biomineralization

Simulated body fluid

Two-layer ‘mineralized
GO-Col-HAp

Multi-layer mineralized
GO-Col-HAp

m Microarray chip

‘ Hydroxyapatite (HAp)

Fig. 1 Schematic illustration of the fabrication of 3D-printed polycaprolactone framework assembling ECM-inspired multi-layer mineralized
GO-Col-HAp microscaffolds and its application in mandibular bone regeneration

a 1200 um¢ microarray chip instead. Then, the 800 pm¢
GCH microscaffolds were put into each well and subse-
quently freeze-dried for 12 h. Followed by removing the
microscaffolds from the microarray chip, cross-linking in
EDC/NHS ethanol solution, biomimetic mineralization
in SBF for 7 day, and finally obtaining the 800-1200 um¢

GCH microscaffolds. In the end, to fabricate the MLM
GCH (Three layers, 800-1200-1500 pm¢) microscaffolds,
the fabricated 800-1200 um¢ GCH microscaffolds were
put into 1500 um¢ microarray chip filled with GO/Col
solution. After lyophilization, cross-linking, biomimetic
mineralization in SBF, and lyophilization again, the MLM
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GCH microscaffolds were obtained. In the study, the
non-mineralized GO-Col (NM GC) microscaffolds were
fabricated by eliminating the biomimetic mineralization
process and the other steps remained unchanged. The
one-layer mineralized GO-Col-HAp (OLM GCH) micro-
scaffolds were fabricated by mineralizing the outer layer
(1500 pme), while the inner layer (800 pm¢) and middle
layer (1200 pm¢) were not mineralized.

Fabrication of the PCL constructs

PCL constructs were fabricated by using the HTS Rapid
Prototyping System. Briefly, PCL pellets were filled into
the stainless steel nozzle (Temperature: 120 °C, Pneu-
matic pressure: 670 kPa, fill rate: 10 mm/min). Cube-
shaped (side length: 30 mm, height: 3 mm, line width:
800 pm, line height: 500 pm) PCL constructs were
obtained.

Assembly of the microscaffolds into the PCL constructs

To assemble the microscaffolds into the PCL constructs,
the cube-shaped PCL constructs were segmented into
small pieces (5 mm inside length, 3 mm in height) using
scissors. Then, three groups of microscaffolds (NM GC,
OLM GCH, and MLM GCH) were packed into the pores
of the PCL constructs. Each PCL construct was filled
with 8 microscaffolds.

Characterization of the microscaffolds and the assembled
PCL constructs

Cross-section and pore morphologies and porosity
evaluation

The cross-section and pore morphologies were observed
under field emission scanning electron microscopy
(FSEM, GeminiSEM300, German), and the pore diam-
eters were quantitatively analyzed using image J software.
The energy dispersive spectroscopy (EDS) was operated
to characterize the Ca/P ratio and element distribution
(including calcium and phosphorus elements). To meas-
ure the porosity of the microscaffolds, the dry micro-
scaffolds were weighted (W) and immersed in water for
12 h at room temperature to obtain the wet microscaf-
folds (weighted W ;). The porosity was calculated by the
equation:

Porosity (%) = [(w1 — Wo)/mph(d/2)] x 100%

o is the density of the water 1.00 mg/mm?3, 7 is the circu-
lar constant 3.14159, d is the diameter of the microscaf-
fold, and h is the height of the microscaffold.

Weight increase ratio and calcium quantitative analysis

To measure the weight increase ratio, the dry microscaf-
folds were weighted (W,) and immersed into SBF for
7 day at 37 ‘C. The obtained mineralized microscaffolds
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were weighted (W) again. The weight increase (%) was
calculated by the equation:

Weightincrease(%) = [(Wy, — W)/ W,] x 100%

To analyze the calcium content in the microscaffolds
after biomimetic mineralization, the mineralized micro-
scaffolds were immersed in 0.5 mol/L acetic acid for 12 h.
The calcium content was then calculated using a calcium
assay kit (Jiancheng, Nanjing, China) according to the
manufacturer’s instructions.

FTIR, XRD, Raman, and TGA analysis

To analyze the functional groups, FTIR spectroscopy
(VERTEX 70, Bruker company, German) was per-
formed from 4000 cm™! to 500 cm™! with a resolution
of 0.4 cm™! over 64 scans. To analyze the HAp crystal-
line phases, the X-ray diffractometer (XRD, Empyrean,
PANalytical B.V.) was performed from 5° to 40° (26
range) at a scanning rate of 0.013°s™ with CuKa radia-
tion (k=1.540598 nm). To characterize the components
of microscaffolds, a Raman spectrometer (LabRAM
HR800, Horiba JobinYvo) was carried out at 532 nm for
10 s. To determine the amount of HAp in the microscaf-
folds, TGA (Diamond TG/DTA, PerkinElmer Instru-
ments, China) was performed from 25 “C to 800 ‘C with a
heating rate of 10 °C/min in N, atmosphere.

Elastic modulus analysis

The elastic modulus was analyzed by a compression test.
The samples were put in the All-Electric Dynamic Test
Instrument (ElectroPuls E1000, British) with a loading
rate of 2 mm/min until 80% compression was reached.
The stress—strain curves were obtained and the elastic
modulus was obtained by fitting 0-10% of the curve and
calculating the slope.

Water absorption and water retention
The water absorption (W,) and water retention (Wpy)
were calculated as the following equations:

Water absorption(%) = [(W1 — Wp)/Wp] x 100%

Water retention(%) = [(W2 — Wp)/Wp] x 100%

W, and W, are the weights of dry and wetting micro-
scaffolds, respectively. W2 is the weight of centrifuged
(1000 rpm, 5 min) wetting microscaffolds.

In vitro cellular evaluation of the microscaffolds

Isolation, culture of rat BMSCs

Rat bone marrow mesenchymal stem cells (rBMSCs)
were isolated as described before [32]. Briefly, SD rats
(3-5 days old) were euthanized by cervical dislocation



Yang et al. Journal of Translational Medicine (2024) 22:224

and immersed in 75% alcohol solution for 15 min. Fol-
lowed by separating the femurs and tibias from attached
soft tissues. Then, the cartilages at the ends of the sepa-
rated bones were cut off to expose the bone marrow cavi-
ties, subsequently flushing with culture medium until the
cavities turned from red to white. Finally, the obtained
bone marrow tissues were cultured with L-DMEM (con-
taining 10% fetal bovine serum and 1% penicillin and
streptomycin) at 37 C and 5% CO, atmosphere. The cul-
ture medium was changed every 3 days, and the r-BMSCs
were passaged when the attached cells became confluent.

Seeding of rat BMISCs in microscaffolds

Passage 3 r-BMSCs (2x10° cells) were re-suspended
in 200 pl of culture medium, and the sterilized micro-
scaffolds were placed in a 6-well plate. Then 50 ul of
cell suspension (containing 5x10° cells) was pipetted
into the microscaffolds. After 2 h incubation, the cell-
seeded microscaffolds were transferred to a new culture
plate and cultured with L-DMEM at 37 °C and 5% CO,
atmosphere.

Adhesion, proliferation, and viability of rBMSCs

in microscaffolds

For the cell adhesion evaluation, the unattached rBM-
SCs were carefully removed from the bottom of the plate
and counted N. The cell adhesion was calculated by the
equation:

Cell adhesion (%) = [(5 x 10 —N) /5 x 105] x 100%

5% 10° is the total amount of cells, and N is the number
of cells attached to the plate.

The cell-seeded microscaffolds were placed in 96-well
plates in advance. The proliferation of rBMSCs was eval-
uated using MTT assays at 1, 3, and 7 day postculture.
The cell viability of -BMSCs seeded in microscaffolds was
evaluated by live/dead cell imaging kit staining at 1, 3,
and 7 day post culture. In brief, the samples were washed
with phosphate-buffered saline (PBS) and incubated in
2 pM fluorescein diacetate (FDA, Sigma, staining live
cells) for 30 min and 4 pM propidium iodide (PI, Sigma,
staining dead cells) for 10 min at 37 °C. The stained sam-
ples were finally washed with PBS and observed under a
confocal laser microscope (Leica, Germany).

Osteogenic differentiation evaluation of rBMSCs

in microscaffolds

Following a 14-day period of osteogenic differentiation,
the corresponding microscaffolds were immobilized
using 4% paraformaldehyde at ambient temperature,
rinsed with distilled water, and subjected to ARS dye
(G3281; Solarbio, China) treatment for a duration of
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20 min. The extracellular calcium deposition was subse-
quently observed using an inverted microscope (TE300;
Nikon, Japan). The cells were co-incubated with 10%
acetic acid overnight, and the resulting supernatant was
obtained via centrifugation and subsequently neutralized
with 10% ammonium hydroxide. This was done to facili-
tate the quantification of ARS staining by measuring the
absorbance of the supernatant at a wavelength of 405 nm.

The rBMSCs were cultured on microscaffolds for a
period of 14 days in an osteoinductive culture. Following
this, the total protein of the rBMSCs was extracted from
the microscaffolds. Subsequently, 40 pg of protein was
loaded onto a 10% SDS/PAGE gel and transferred to a
PVDF membrane. After blocking, the PVDF membranes
were treated with rabbit runt-related transcription fac-
tor 2 (Runx2), alkaline phosphatase (ALP), collagen
type-1 (Col-1), osteocalcin (OCN) polyclonal antibodies
(Abcam, USA), and glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) monoclonal antibody (Sigma, USA),
respectively at a temperature of 4 ‘C overnight. The bands
were then incubated with horseradish peroxidase (HRP)-
conjugated secondary antibodies at room temperature
for a duration of 2 h. The targeted proteins were visual-
ized using ECL reagents and quantified using Image ]
software. qRT-PCR was used to analyze osteogenesis
differentiation of rBMSCs cultured on/in microscaf-
folds for 14 day. The targeted miRNAs were Runx2, ALP,
OCN, and Col-1. In this study, the cells were subjected to
a washing step using D-PBS, followed by the extraction
of total RNA from rBMSCs cultured on microscaffolds
using Trizol (TaKaRa). Subsequently, cDNA synthesis
was performed using 1 pg of RNA and a RevertAid First
Strand ¢cDNA Synthesis Kit (TaKaRa). Furthermore, the
c¢DNA was amplified using a qRT-PCR assay, employing
the SYBR Premix Ex Tag Kit (TaKaRa) and an ABI 7500
Sequencing Detection System (Applied Biosystems). The
primer sequences were listed in Supporting Information
Additional file 1: Table S1.

The rBMSCs were seeded on microscaffolds cultured
for 14 day osteoinductive culture and then the total pro-
tein of rBMSCs was extracted from the microscaffolds.
A total of 40 pg protein was loaded onto 10% SDS/PAGE
gel and then transferred to PVDF membrane (Millipore,
USA). After blocking, the pre-treated PVDF membranes
were incubated with rabbit runt-related transcription
factor 2 (Runx2), alkaline phosphatase (ALP), collagen
type-1 (Col-1), osteocalcin (OCN) polyclonal antibodies
(Abcam, USA), and glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) monoclonal antibody (Sigma, USA),
respectively at 4 °C overnight. Then the bands were incu-
bated with horseradish peroxidase (HRP)-conjugated
secondary antibodies at room temperature for 2 h. The
targeted proteins were visualized using ECL reagents and
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quantified using image J software. qRT-PCR was used to
analyze osteogenesis differentiation of rBMSCs cultured
on/in microscaffolds for 14 day. The targeted miRNAs
were ALP, OCN, and Col-1, while GAPDH was used as
an internal control for mRNAs. The primer sequences
were listed in Supporting Information Additional file 1:
Table. S1.

In vivo evaluation of the assembled PCL constructs

on bone defect

30 male SD rats (4—6 weeks old, 180-220 g weight) were
randomly divided into five groups: (1) Blank; (2) PCL;
(3) NM GC/PCL; (4) OLM GCH/PCL; (5) MLM GCH/
PCL (n=6 rats per group). The SD rats were anesthetized
with 3% pentobarbital sodium. 2 cm length incision was
cut on the right cheek, and the muscle and fascia were
cut open to expose the mandible. Followed by drilling a
5 mm mandibular defect, filling the samples, and clos-
ing the incision. After feeding for 4 weeks and 12 weeks,
the SD rats were sacrificed and isolated from the mandi-
bles. The obtained samples were fixed in 10% formalin
and scanned using a Micro-CT scanner (SkyScan 1176,
Broker). 3D reconstruction images were performed using
Mimics Research software. New bone volume relative to
tissue volume (BV/TV) and bone mineral density (BMD)
were calculated using CTAn software.

Histology and immunohistochemical staining

The obtained samples were decalcified in 10% ethylene
diamine tetraacetic acid (EDTA) for 4 weeks, embedded
in paraffin, and cut into histological slices (3 pm thick-
ness). Then, the hematoxylin and eosin (HE) and Mas-
son’s trichrome were used to stain the histological slices.
For immunohistochemical analyses, the slices were
blocked by diluted ghost serum antibody, incubated with
OCN monoclonal antibody (Abcam, UK), and observed
under the microscope.

Statistical analysis

All data presented in the experiments are shown as the
mean + SD. Each experiment was repeated at least three
times. Student’s t-test was used for two groups compar-
ing. One-way analysis of variance (ANOVA) was applied
for multiple-group comparisons. P <0.05 was considered
to be a statistically significant difference.

Results

Morphology and structural evaluation of microscaffolds
after biomimetic mineralization

For a comprehensive assessment of the microscaffold
structure, cross-sections were obtained by crosscutting,
revealing distinct features (Fig. 2A). The NM GC micro-
scaffold displayed a brown hue, whereas the OLM GCH
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and MLM GCH microscaffolds exhibited black coloring.
Notably, white crystals (indicated by white arrowheads)
were visible in the cross-section of MLM GCH micro-
scaffolds. SEM microscopy revealed porous, intercon-
nected, and multi-layered structures (dotted circles)
across all microscaffold groups. SEM analysis revealed
that the pore diameters were 165.7 +21.1 pum for NM GC,
129.7+13.9 pm for OLM GCH, and 129.3+25.1 um for
MLM GCH (Fig. 2F). Microscaffold porosity was also
examined (88.7 +8.0% for NM GC, 86.3+7.6% for OLM
GCH, and 87.7+5.7% for MLM GCH), revealing no sig-
nificant differences (Fig. 2G). A more detailed analysis of
HAp distribution within microscaffolds post-mineraliza-
tion was conducted at different layers (outer layer in blue
rectangle, middle layer in yellow rectangle, inner layer
in red rectangle). The uniform distribution of HAp crys-
tals (indicated by red arrowheads) was evident across the
three layers of MLM GCH microscaffolds. In contrast,
HAp was only deposited in the outer layer of OLM GCH
microscaffolds, while NM GC microscaffolds showed no
HAp distribution (Fig. 2B-D). Characterization of crys-
tals within the inner layer of MLM GCH microscaffolds
was achieved through EDS point analysis and mapping
(Fig. 2E). The Ca/P ratio of these crystals was 1.74 +0.24,
approximating that of natural bone HAp. EDS mapping
images displayed similar Ca and P element distribution,
consistent with SEM results. To quantify HAp deposi-
tion, weight increase ratios were calculated (Fig. 2H),
with the MLM GCH group exhibiting significantly
higher ratios (314.6 +26.8%) than the OLM GCH group
(157.8+15.3%). A similar trend was noted in calcium
quantitative analysis (Fig. 2I), as the MLM GCH group
showed elevated calcium ions (2.05+0.09 mmol/L) com-
pared to the OLM GCH group (1.553+0.13 mmol/L).

Physiochemical and mechanical evaluation

of the microscaffolds

To confirm the chemical composition of the microscaf-
folds, FTIR spectra analysis was performed (Fig. 3A).
Peaks at 1645 cm™! (amide I C=O stretch) and
1566 cm™! (amide IT N—H deformation) suggested amide
bonds (-NHCO-) formed via chemical crosslinking [32].
Mineralized microscaffolds displayed absorption peaks
at 1025 cm™}, 960 cm ™, 600 cm™, and 558 cm™}, cor-
responding to PO43~ group vibrations of apatite [33]. The
crystalline structure of mineralized apatite was verified
by XRD measurements (Fig. 3B), with the MLM GCH
group revealing peaks corresponding to HAp (100),
(002), (102), (211), (300), and (310) diffraction peaks [34].
In contrast, mineralized apatite in the OLM GCH group
exhibited only two peaks (at 25.8° and 31.9°), indicating
reduced crystallinity. Additionally, a sharp and prominent
peak was observed at 20 =31.8° in the MLM GCH group,
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attributed to enhanced crystal growth at the (211) reflec-
tion of HAp. Raman spectrum analysis was conducted to
identify microscaffold components (Fig. 3C). Two peaks
at 1354 cm™! and 1598 cm™!, corresponding to the D

band and G band, indicated the successful incorporation
of GO into the microscaffolds [35]. The intensity of the
D and G band peaks was lower in the MLM GCH group
due to interactions between GO and HAp that reduced
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lattice defects of the GO bands [36]. TGA analysis con-
firmed changes in HAp mass (Fig. 3D), with remaining
weights of NM GC, OLM GCH, and MLM GCH groups

at 10.7%, 46.8%, and 61.7%, respectively, indicating higher

HAp deposition in MLM GCH microscaffolds.
Mechanical properties were assessed via compression

testing (Fig. 3E, G). Stress—strain curves were prepared
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using Origin software, revealing higher stress in the MLM
GCH group (Fig. 3E). Elastic modulus was calculated
from the 0—10% curve region, with the MLM GCH group
exhibiting a higher elastic modulus (1.59+0.17 MPa)
compared to the other two groups (0.81+0.14 MPa for
OLM GCH group, 0.35+0.11 MPa for NM GC group)
(Fig. 3G). The PCL scaffold and assembled PCL con-
struct elastic moduli were also assessed (Fig. 3F, ], K).
Due to the robust mechanical properties of PCL scaffolds
(28.67 £ 4.54 MPa), the assembled PCL constructs had an
increased elastic modulus of 38.83 + 4.54 MPa (Fig. 3], K).

It is well-established that water absorption and reten-
tion rates are linked to nutrient transfer and cell pro-
liferation. Mineralized groups demonstrated higher
water absorption rates than non-mineralized NM GC
microscaffolds (455.1+32.8% for the OLM GCH group,
566 +22.5% for the MLM GCH group) (Fig. 3H). Fur-
thermore, elevated water retention rates were observed
in the OLM GCH group (343.2 £ 35.0%) and MLM GCH
group (418+20.0%) compared to the NM GC group
(210.7 +23.5%) (Fig. 31).

In vitro analysis of microscaffolds on cell adhesion,
proliferation, and differentiation
For the assessment of cell viability within microscaffolds,
live/dead staining and confocal laser microscopy were
employed on days 1, 3, and 7 post-cell seeding (Fig. 4A).
Enhanced presence of viable cells (stained green) was
evident in the OLM GCH group and MLM GCH group,
predominantly distributed within the microscaffolds
rather than the NM GC scaffolds. These observations
were consistent with the outcomes of cell adhesion
experiments, where the MLM GCH group demonstrated
a superior cell adhesion rate (84.97 +3.57%) compared to
the other two groups (72.53 +£3.26% for NM GC group,
and 82.67 +£2.94% for OLM GCH group) (Fig. 4B). Upon
extending the incubation period to 7 days, the MLM
GCH group maintained a higher population of viable
cells, uniformly dispersed within the MLM GCH micro-
scaffolds. Quantitative analysis of live cells from live/dead
staining images substantiated these findings, demonstrat-
ing a greater distribution of viable cells in the MLM GCH
groups on days 3 and 7 post-cell seeding (Fig. 4C). The
proliferation of cells was assessed through MTT assay
on days 1, 3, and 7 post-seeding (Fig. 4D). Substantial
increases in proliferation were noted across all groups
with extended incubation time. Interestingly, the MLM
GCH group exhibited the highest proliferation rate on
days 3 and 7, consistent with the outcomes of the live/
dead staining experiments.

The osteogenic potential of tissue-engineered mate-
rials plays a crucial role in the healing and regeneration
of bone defects. As depicted in Fig. 5A, the presence of
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calcium nodules in the NM GC, OLM GCH, and MLM
GCH groups exhibited a gradual increase following aliza-
rin red staining, with the MLM GCH group demonstrat-
ing significantly stronger calcium nodules compared
to the other two groups. Furthermore, the quantita-
tive relative values obtained through a 405 nm micro-
plate reader were consistent with the staining outcomes
(Fig. 5B). The Western blot analysis revealed significant
upregulation of osteogenic-related proteins Runx2, ALP,
Col-1, and OCN in the MLM GCH group compared to
the other two groups (Fig. 5C). The quantitative analysis
of the expressed proteins further confirmed these find-
ings (Fig. 5D-@G). Furthermore, the gene expressions of
Runx2, ALP, Col-1, and OCN were evaluated using qRT-
PCR assays (Fig. 5H). Overall, the results demonstrated
that the MLM GCH group exhibited superior osteo-
inductive ability compared to the other two groups,
as evidenced by alizarin red staining and western blot
analysis.

In vivo analysis of the assembled PCL constructs

on mandibular bone regeneration

The osteogenic capabilities of PCL, NM GC/PCL, OLM
GCH/PCL, and MLM GCH/PCL scaffolds were assessed
in rat mandibular bone defects (Fig. 6A). Micro-CT
imaging was employed to evaluate newly formed bone
at 4- and 12-weeks post-implantation. 3D reconstructed
images were generated, and the defect regions were
highlighted with red dotted circles (Fig. 6B). A limited
amount of new bone growth was observed along the
defect margins in all groups at 4 weeks post-implantation.
At 12 weeks, the MLM GCH/PCL group displayed more
substantial and densely formed bone tissue than the other
groups. These newly generated bone tissues were distrib-
uted both centrally and at the periphery of the defect
region. Quantitative analysis of BV/TV in the MLM
GCH/PCL group (32.0 £4.4%) at 12 weeks post-implanta-
tion showed a significant increase compared to the OLM
GCH/PCL (23.0+2.8%), NM GC/PCL (20.1 +1.1%), PCL
(11.3£0.9%), and Blank (11.0+0.5%) groups (Fig. 6C).
BMD analysis (Fig. 6D) yielded similar outcomes, with
the MLM GCH/PCL group (0.169+0.008 g/ccm) dis-
playing the highest BMD compared to other groups
(0.132+£0.008 for OLM GCH/PCL group, 0.114+0.012
for NM GC/PCL group, 0.085 +0.008 for PCL group, and
0.080+ 0.008 for Blank group).

The histological assessment involved HE staining to
visualize assembled PCL constructs and newly formed
bone tissues (Fig. 7A). At 4 weeks post-implantation, no
evident necrosis or fibrous membranes were observed
across all groups. PCL scaffolds (Fig. 7A, indicated by &)
were evident in all groups, while newly formed bone tis-
sues (Fig. 7A, indicated by *) were situated at the lower
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regions of the defect. After 12 weeks of implantation,
the MLM GCH/PCL group exhibited more mature and
densely formed bone tissue than other groups. Notably,
these newly formed bone tissues bridged the scaffolds
with the native bone, extending into the core of the PCL
scaffolds (Fig. 7A). Masson staining was utilized to assess
type I collagen formation (stained blue) within the defect
regions. Similar observations were made, indicating the
absence of substantial fibrous membranes surround-
ing the scaffolds at 4 weeks post-implantation (Fig. 7B).
As the implantation period progressed to 12 weeks, the
MLM GCH/PCL group displayed more mature and

densely formed bone tissue than other groups (Fig. 7B,
S1A, B). To further explore the osteogenic potential of
the scaffolds, immunohistochemical staining for OCN
expression was conducted (Fig. 8A). After 4 weeks of
implantation, the positive staining (brown) new bone
tissues in the MLM GCH/PCL group was relatively
higher than in other groups. When the time prolonged to
12 weeks, more new bone tissues appeared in the MLM
GCH/PCL group, showing more positive staining tissues
and distributing within the bone defect (Fig. 8A). The
quantitative analysis of the brown areas confirmed that
the MLM GCH/PCL group exhibited the highest positive
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areas among other four groups at 12 weeks (Additional
file 1: Fig. S2A).

Discussion

The remarkable architecture and properties of natu-
ral bone provide a blueprint for developing advanced
organic—inorganic composite materials that mimic its
extracellular matrix and exhibit superior mechanical
characteristics. In this study, we innovatively crafted

multi-layer mineralized GO-Col-HAp microscaffolds
using freeze-drying techniques and successive miner-
alization in simulated body fluid. These microscaffolds
were subsequently integrated into a three-dimensional-
printed PCL framework. The resulting composite MLM
GCH/PCL scaffolds exhibited interconnected porous
structures, boasting ample surface area and com-
plete mineralized hydroxyapatite layers. The integra-
tion of the multi-layer mineralized configuration with
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the 3D-printed PCL framework engendered favorable
mechanical attributes. Notably, these microscaffolds
exhibited a propensity to enhance the adhesion, prolif-
eration, and osteogenic differentiation of rat bone mar-
row stromal cells (rBMSCs) in vitro. Most importantly,
these scaffolds displayed commendable bone regenera-
tion capabilities in a rat mandibular bone defect model.
Over the past decade, 3D printing technologies have
emerged as a promising manufacturing approach, par-
ticularly in bone graft substitutes, owing to their favora-
ble mechanical properties, customizable pore geometry,
and tailored structures [37]. Leveraging CT or MRI imag-
ing data alongside computer-aided design (CAD) mod-
els, 3D printing ensures reproducibility, accuracy, and

controlled microstructure design for bone graft substi-
tutes [38]. Among the various 3D printing techniques
(such as SLA, SLS, and FDM), FDM stands out for its
maturity, broad applications, rapid processing, and cost-
effectiveness. Moreover, FDM’s straightforward, versa-
tile, and solvent-free process mitigates safety concerns
associated with certain organic solvents [39]. The present
study considers the biodegradable polymer/bioceramic
composite as a viable scaffold material in the field of bone
tissue engineering (BTE) [40]. This is due to the fact that
incorporating a polymer phase into a porous ceramic
scaffold enhances the fracture toughness of the com-
posite and facilitates surface functionalization, thereby
promoting improved bioactivity. In this investigation,



Yang et al. Journal of Translational Medicine (2024) 22:224

Page 14 of 19

PCL

/PCL

/PCL

MLM GCH OLM GCH NM GC
/PCL

Blank =

PCL

/PCL

/PCL

MLM GCH OLM GCH NM GC
/PCL

g Vs o

Fig. 7 Histological evaluation of the mandibular

defect regions after 4 and 12 weeks of implantation. A HE staining and B Masson staining

of the mandibular defect regions. & refers to PCL scaffold, * refers to new bone (NB), and # refers to GO. The scale bars in the low magnification

images are 500 um, and in the high magnification images are 200 pm

polycaprolactone (PCL) was selected as the polymer
framework owing to its biodegradability, favorable bio-
compatibility, absence of inflammatory response, and the
added benefit of being approved by the FDA for use in

implant applications [41]. Additionally, FDM technique
was employed to fabricate the 3D PCL framework fea-
turing interconnected cube-shaped structures (Fig. 3J).
These designed pore sizes and interconnected structures
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in the PCL scaffolds were well-suited for assembling
microscaffolds. Their adequate mechanical properties
(28.67 £4.54 MPa for PCL scaffolds, Fig. 3F, K) assured
the scaffolds’ capacity for bone regeneration by with-
standing the pressures exerted around the bone defect.
Furthermore, the interconnected design ensured efficient
nutrient exchange and cell growth within the microscaf-
folds (Fig. 4).

Col has been widely utilized as scaffolds in bone regen-
eration due to its excellent biocompatibility and easy
modification. The poor mechanical properties limit its
applications in bone repair [18]. Although several strat-
egies have been attempted to reinforce their mechani-
cal strength, satisfactory strength for bone regeneration
was still unachieved [29]. In this study, GO, which is
acknowledged as a promising nanomaterial to improve
the mechanical properties of scaffolds, was employed to
enhance the mechanical properties of Col. Furthermore,
due to the abundant functional groups of hydroxyl and
carboxyl groups on the surface of GO [35], the GO func-
tionalized Col scaffolds were employed as a substrate
to absorb the bioactive ions. The bioactive ions, includ-
ing calcium and phosphate ions, coalesced to form the
nucleate and subsequently developed into hydroxyapatite
(HAp). Furthermore, the m-nt bonds present on the gra-
phene oxide (GO) facilitated the adsorption of proteins

and cells in the vicinity. Consequently, the combined
action of GO and mineralized HAp resulted in enhanced
cell proliferation and osteogenic differentiation, as illus-
trated in Figs. 4 and 5. The fabricated GO-Col-HAp
microscaffolds exhibit great potential as scaffolds in bone
tissue engineering.

Natural bone extracellular matrix, a composite of col-
lagen and hydroxyapatite, presents a hierarchically stag-
gered structure and serves as a model for desirable bone
tissue regeneration [42]. A novel multi-layer mineralized
GO-Col-HAp microscaffold was engineered to replicate
this ECM architecture. The fabrication process began
with the initial integration of GO and Col to establish
the microscaffold’s foundation, followed by hydroxyapa-
tite deposition through biomimetic mineralization in
SBE. Constructing a 3D microscaffold with nano- and
microarchitecture involved the freeze-drying method
to establish a porous, interconnected collagen-based
microstructure. Inspired by the organic template-driven
mineralization process in bone formation, the collagen-
based microscaffolds underwent biomimetic mineraliza-
tion in SBF to emulate nano-hydroxyapatite formation
within collagen fibers. In contemporary times, HAp has
gained significant popularity as a bone substitute mate-
rial due to its resemblance to the inorganic component
of human and animal bones, favorable biocompatibility,
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osteoconductivity, and osteoinductivity [43]. The crys-
talline structure and morphology of HAp play crucial
roles in modulating cellular behaviors [44]. Addition-
ally, HAp facilitates expedited bone regeneration and
direct integration with regenerated bones, bypassing the
need for intermediate connective tissues. Although HAp
formed by SBFs is often poorly distributed in the cen-
tral area of some large stents or three-dimensional (3D)
complex stents, we employed the multi-layered struc-
ture to harvest the uniform distribution of HAp on the
microscaffold’s surface and the inner regions (Fig. 2A—
D). The MLM GCH microscaffolds were engineered to
replicate the composition and fibrillar architecture of
the ECM through the utilization of these specific mate-
rials of collagen and mineralized hydroxyapatite. The
freeze-drying method and multi-layer mineralized pro-
cess were employed to create a porous, hierarchical,
and interconnected microstructure that emulates the
nano- and micro-hierarchical architecture of the ECM.
The incorporation of GO was implemented to augment
the biomineralization process in the Col and stimulate
cell proliferation and osteogenic differentiation, thereby
imitating the biological characteristics of the native
ECM [29]. This sophisticated nano- and microstruc-
ture bestowed the fabricated ECM-inspired multi-layer
mineralized GO-Col-HAp microscaffold with favorable
attributes, including suitable mechanical strength, effec-
tive water absorption and retention, and favorable cell
compatibility (Figs. 3D-H, 4A-D).

Mimicking the composition and micro-nano structure
of natural ECM is beneficial to bone tissue regeneration
[45]. To verify the bone regeneration effect of bone ECM-
inspired assembling microscaffolds, a model involving
a critically-sized mandibular bone defect known to be
challenging for natural clinical self-repair was utilized [3].
The mandibular defect model is frequently employed in
dental applications [46]. The ramus, a mandibular subu-
nit responsible for bearing dynamic loads during masti-
cation, is subjected to additional challenges through the
creation of a defect between the masseter and medial
pterygoid muscles, which are promptly activated fol-
lowing anesthesia [47]. Consequently, the repair and
regeneration of these defects present considerable chal-
lenges due to the intricate nature of the involved struc-
tures and the complex biomechanical and physiological
environment [2]. In this context, the MLM GCH/PCL
group exhibited more densely formed new bone tissue
than the other groups. These new bone tissues were dis-
tributed both in the central and marginal regions of the
defect (Figs. 6, 7, 8). The mechanisms underlying this
in vivo bone regeneration process are multi-faceted. In
total, the innovative assembly of these graphene oxide,
collagen, mineralized hydroxyapatites, and 3D-printed
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PCL into a biomimetically hierarchical scaffold contrib-
uted to enhanced bone regeneration effects. 3D-printed
PCL framework with macro-porous architecture was
employed as a supportive substrate for mandibular defect
repair. Additionally, novel multi-layer mineralized and
hierarchical designed GO-Col-HAp microscaffolds were
fabricated to emulate the physiochemical and biological
properties of native ECM. The nano- and microstructure
of the microscaffold provided a porous, interconnected,
and multi-layer mineralized environment conducive
to host cell ingrowth, proliferation, and differentiation.
Upon placement of the microscaffold at the defect site,
the PCL framework offered mechanical support, enabling
host-derived cells to infiltrate the microscaffold rapidly.
Guided by the multi-layer mineralized nano-hydroxyapa-
tite, these host cells underwent continuous proliferation
and differentiation, culminating in new bone formation.
While graphene oxide exhibits substantial potential
as an inorganic material for bone tissue engineering,
concerns remain regarding its biotoxicity [48, 49]. Stud-
ies have shown that GO’s potential biotoxicity is closely
linked to factors such as structure, concentration, size,
and degree of functionalization [50]. In the study, GO
was observed in the HE and Masson staining as a dark
network structure, and there was no obvious inflamma-
tory cell infiltration around GO at 4 and 12 weeks (Fig. 7).
The negligible biotoxicity and good biocompatibility of
GO-based microscaffolds benefited from the following
factors. Firstly, the GO concentration in the research was
1 mg/mL, significantly lower than the toxic concentration
reported in the literature [32]. Secondly, GO within the
microscaffold formed chemical cross-links with collagen
and absorbed nano-hydroxyapatite, reducing potential
tissue damage and minimizing biotoxicity [51]. Moreo-
ver, the implanted GO-based microscaffolds within the
defect region could undergo metabolization through
macrophage-mediated phagocytosis via HRP and MPO,
eventually being excreted via the lungs and kidneys [52].

Conclusions

In summary, the assembly strategy of 3D-printed PCL
frameworks with ECM-inspired and multi-layer miner-
alized GO-Col-HAp microscaffolds has yielded promis-
ing outcomes. The PCL framework furnished requisite
mechanical strength and assembly space, while the multi-
layer mineralized GO-Col-HAp microscaffolds emulated
natural bone ECM in terms of nano- and microstructure.
These microscaffolds boasted interconnected, porous
microarchitecture and featured hierarchically distributed
nano-HAp characteristics that facilitated efficient nutri-
ent exchange, water absorption, water retention, and sup-
port cell adhesion and proliferation in vitro. Crucially,
these assembled scaffolds demonstrated robust bone
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regeneration efficacy in critical-sized mandibular bone
defects. Therefore, the integration of 3D-printed PCL
frameworks and ECM-inspired microscaffolds holds sig-
nificant promise for promoting bone regeneration and
has potential applications in various biomaterial assem-
bly contexts.

Abbreviations

PCL Polycaprolactone

GO Graphene Oxide

Col Collagen

ECM Extracellular matrix

SBF Simulated body fluid

HAp Hydroxyapatite

OCN Osteocalcin

HE Hematoxylin Eosin

BMSC Bone marrow mesenchymal stem cell

MTT 3-(4,5-Dimethylthiazol-2-yl) -2,5-diphenyltetrazolium bromide
PBS Phosphate Buffer Saline

SEM Scanning electron microscopy

XRD X-ray Power Diffraction

FDA Fluorescein diacetate

Pl Propidium iodide

DMSO Dimethy! Sulfoxide

FBS Fetal bovine serum

L-DMEM  Low-glucose Dulbecco's modified eagle medium

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512967-024-05020-1.

Additional file 1: Fig. S1. Quantitative analysis of new bone area in HE
and Masson staining. Fig. S2. Quantitative analysis of the expression level
of OCN. Table S1. Primer sequences used for gene expression analysis by
qRT-PCR.

Acknowledgements
We thank Dr. Liya Ma from the Core Facility of Wuhan University for her
assistance.

Author contributions

YY, HH, and FM: data curation, investigation, validation, writing—original draft.
XC and XP: formal analysis, software. XW, MY, YL, JF, JC, and LM: data curation,
methodology, visualization. YZ and CZ: conceptualization, project administra-
tion, resources, supervision, writing—review & editing. All of the authors read
and approved the final manuscript.

Funding

This work was supported by the National Key R&D Program of China
(2019YFA0110500), National Natural Science Foundation of China in the form
of a grant (82272825), Hubei Provincial Central Guidance Local Science and
Technology Development Project (2022BGE264), Natural Science Founda-
tion of Hubei Province (2021CFB456), Health Commission of Hubei Provincial
(WJ2023Q017, WJ2023M130), and Knowledge Innovation Project of Wuhan
(2022020801010546, 2023020201020546).

Availability of data and materials
All data generated or analyzed during this study are included in this published
article.

Declarations

Ethics approval and consent to participate
All animal-related procedures were approved by the Animal Research Com-
mittee of the Tongji Medical College, Huazhong University of Science and

Page 17 of 19

Technology. All animals were sacrificed in accordance with the Standing
Committee on Ethics in China (State Scientific and Technological Commission
of China) after the experiments.

Consent for publication
No applicable.

Competing interests
The authors declare that they have no known competing financial interests or
personal relationships that could influence the work reported in this paper.

Author details

'Department of Plastic Surgery, Tongren Hospital of Wuhan University (Wuhan
Third Hospital), Wuhan 430060, China. 2Division of Biliary Surgery, Department
of General Surgery, West China Hospital, Sichuan University, Chengdu 610041,
China. *Department of Plastic Surgery, Beijing Hospital of Integrated Tradi-
tional Chinese and Western Medicine, Beijing 100038, China. “Department

of Dermatology, Renmin Hospital of Wuhan University, Wuhan 430060, China.
°The Centre of Analysis and Measurement of Wuhan University, Wuhan Uni-
versity, Wuhan 430072, People’s Republic of China.

Received: 30 October 2023 Accepted: 22 February 2024
Published online: 01 March 2024

References

1. SuQ QiaoY, XiaoY,Yang S, Wu H, Li J, He X, Hu X, Yang H, Yong X.
Research progress of 3d printed poly (ether ether ketone) in the recon-
struction of craniomaxillofacial bone defects. Front Bioeng Biotechnol.
2023;11:1259696. https://doi.org/10.3389/fbioe.2023.1259696.

2. XuY,Yan X, Hua C,Wang S, Wu J, Tan Q. Reconstruction of craniomaxil-
lofacial bone defects with customized prosthesis of hydroxyapatite/epox-
ide acrylate maleic compound designed by computer-aided technique.
J Craniofac Surg. 2020;31(2):389-92. https://doi.org/10.1097/5CS.00000
00000006021.

3. Zhang W, Shiw,Wu S, Kuss M, Jiang X, Untrauer JB, Reid SP, Duan B. 3d
printed composite scaffolds with dual small molecule delivery for man-
dibular bone regeneration. Biofabrication. 2020;12(3):35020. https://doi.
0rg/10.1088/1758-5090/ab906e.

4. Dewey MJ, Milner DJ, Weisgerber D, Flanagan CL, Rubessa M, Lotti S,
Polkoff KM, Crotts S, Hollister SJ, Wheeler MB, Harley B. Repair of critical-
size porcine craniofacial bone defects using a collagen-polycaprolactone
composite biomaterial. Biofabrication. 2021. https://doi.org/10.1088/
1758-5090/ac30d5.

5. Zadpoor AA. Additively manufactured porous metallic biomaterials. J
Mater Chem B, Mater Biol Med. 2019;7(26):488-4117. https://doi.org/10.
1039/c9tb00420c.

6. YanY,Chen H, Zhang H, Guo C, Yang K, Chen K, Cheng R, Qian N, Sandler
N, Zhang YS, Shen H, Qi J, Cui W, Deng L. Vascularized 3d printed scaffolds
for promoting bone regeneration. Biomaterials. 2019;190-191:97-110.
https://doi.org/10.1016/j.biomaterials.2018.10.033.

7. Cheng L, Suresh SK, He H, Rajput RS, Feng Q, Ramesh S, Wang Y, Krishnan
S, Ostrovidov S, Camci-Unal G, Ramalingam M. 3d printing of micro- and
nanoscale bone substitutes: a review on technical and translational
perspectives. Int J Nanomed. 2021;16:4289-319. https://doi.org/10.2147/
[JN.S311001.

8. Yilmaz B, Tahmasebifar A, Baran ET. Bioprinting technologies in tissue
engineering. Adv Biochem Eng Biotechnol. 2020;171:279-319. https://
doi.org/10.1007/10_2019_108.

9.  Fitzpatrick V, Martin-Moldes Z, Deck A, Torres-Sanchez R, Valat A, Cairns D,
Li C, Kaplan DL. Functionalized 3d-printed silk-hydroxyapatite scaffolds
for enhanced bone regeneration with innervation and vascularization.
Biomaterials. 2021,276:120995. https://doi.org/10.1016/j.biomaterials.
2021.120995.

10. WangY,Wang J, Gao R, Liu X, Feng Z, Zhang C, Huang P, Dong A, Kong D,
Wang W. Biomimetic glycopeptide hydrogel coated pcl/nha scaffold for
enhanced cranial bone regeneration via macrophage m2 polarization-
induced osteo-immunomodulation. Biomaterials. 2022,285:121538.
https://doi.org/10.1016/j.biomaterials.2022.121538.


https://doi.org/10.1186/s12967-024-05020-1
https://doi.org/10.1186/s12967-024-05020-1
https://doi.org/10.3389/fbioe.2023.1259696
https://doi.org/10.1097/SCS.0000000000006021
https://doi.org/10.1097/SCS.0000000000006021
https://doi.org/10.1088/1758-5090/ab906e
https://doi.org/10.1088/1758-5090/ab906e
https://doi.org/10.1088/1758-5090/ac30d5
https://doi.org/10.1088/1758-5090/ac30d5
https://doi.org/10.1039/c9tb00420c
https://doi.org/10.1039/c9tb00420c
https://doi.org/10.1016/j.biomaterials.2018.10.033
https://doi.org/10.2147/IJN.S311001
https://doi.org/10.2147/IJN.S311001
https://doi.org/10.1007/10_2019_108
https://doi.org/10.1007/10_2019_108
https://doi.org/10.1016/j.biomaterials.2021.120995
https://doi.org/10.1016/j.biomaterials.2021.120995
https://doi.org/10.1016/j.biomaterials.2022.121538

Yang et al. Journal of Translational Medicine

20.

21

22.

23.

24.

25.

26.

27.

(2024) 22:224

. Wang S, Gu R, Wang F, Zhao X, Yang F, Xu Y, Yan F, Zhu Y, Xia D, Liu Y.

3d-printed pcl/zn scaffolds for bone regeneration with a dose-depend-
ent effect on osteogenesis and osteoclastogenesis. Mater Today Bio.
2022;13:100202. https://doi.org/10.1016/j.mtbio.2021.100202.

Ansari M, Golebiowska AA, Dash M, Kumar P, Jain PK, Nukavarapu SP,
Ramakrishna S, Nanda HS. Engineering biomaterials to 3d-print scaffolds
for bone regeneration: practical and theoretical consideration. Biomater
Sci. 2022;10(11):2789-816. https://doi.org/10.1039/d2bm00035k.
Yaraghi NA, Kisailus D. Biomimetic structural materials: inspiration from
design and assembly. Annu Rev Phys Chem. 2018,69:23-57. https://doi.
org/10.1146/annurev-physchem-040215-112621.

Wang C, Chen X, Wang B, Huang M, Wang B, Jiang Y, Ruoff RS. Freeze-
casting produces a graphene oxide aerogel with a radial and centrosym-
metric structure. ACS Nano. 2018;12(6):5816-25. https://doi.org/10.1021/
acsnano.8b01747.

Liu A, Lin D, Zhao H, Chen L, Cai B, Lin K, Shen SG. Optimized bmsc-
derived osteoinductive exosomes immobilized in hierarchical scaffold
via lyophilization for bone repair through bmpr2/acvr2b competitive
receptor-activated smad pathway. Biomaterials. 2021;272:120718. https.//
doi.org/10.1016/j.biomaterials.2021.120718.

Raina DB, Qayoom |, Larsson D, Zheng MH, Kumar A, Isaksson H, Lidgren
L, Tagil M. Guided tissue engineering for healing of cancellous and corti-
cal bone using a combination of biomaterial based scaffolding and local
bone active molecule delivery. Biomaterials. 2019;188:38-49. https://doi.
0rg/10.1016/j.biomaterials.2018.10.004.

ZengY, Zhou M, Chen L, Fang H, Liu S, Zhou C, Sun J, Wang Z. Alen-
dronate loaded graphene oxide functionalized collagen sponge for the
dual effects of osteogenesis and anti-osteoclastogenesis in osteoporotic
rats. Bioact Mater. 2020;5(4):859-70. https://doi.org/10.1016/}.bioactmat.
2020.06.010.

Wang SJ, Jiang D, Zhang ZZ, Chen YR, Yang ZD, Zhang JY, Shi J, Wang X,
Yu JK. Biomimetic nanosilica-collagen scaffolds for in situ bone regen-
eration: toward a cell-free, one-step surgery. Adv Mater. 2019;31(49):
€1904341. https://doi.org/10.1002/adma.201904341.

Ryan AJ, Ryan EJ, Gonzélez-Vazquez A, Philippart A, Ciraldo FE, Hobbs

C, Nicolosi V, Boccaccini AR, Kearney CJ, O'Brien FJ. Collagen scaffolds
functionalised with copper-eluting bioactive glass reduce infection and
enhance osteogenesis and angiogenesis both in vitro and in vivo. Bioma-
terials. 2019;197:405-16. https://doi.org/10.1016/j.biomaterials.2019.01.
031.

Mdller WEG, Ackermann M, Al-Nawas B, Righesso LAR, Mufoz-Espi R,
Tolba E, Neufurth M, Schroder HC, Wang X. Amplified morphogenetic
and bone forming activity of amorphous versus crystalline calcium
phosphate/polyphosphate. Acta Biomater. 2020;118:233-47. https://doi.
0rg/10.1016/j.actbio.2020.10.023.

Xu'Y, Nudelman F, Eren ED, Wirix M, Cantaert B, Nijhuis WH, Hermida-
Merino D, Portale G, Bomans P, Ottmann C, Friedrich H, Bras W, Akiva A,
Orgel J, Meldrum FC, Sommerdijk N. Intermolecular channels direct crys-
tal orientation in mineralized collagen. Nat Commun. 2020;11(1):5068.
https://doi.org/10.1038/541467-020-18846-2.

Zhang Y, Li J, Mouser V, Roumans N, Moroni L, Habibovic P. Biomimetic
mechanically strong one-dimensional hydroxyapatite/poly(d, I-lactide)
composite inducing formation of anisotropic collagen matrix. ACS Nano.
2021. https://doi.org/10.1021/acsnano.1c03905.

Suttiat K, Wattanutchariya W, Manaspon C. Preparation and characteriza-
tion of porous poly(lactic acid)/poly(butylene adipate-co-terephthalate)
(pla/pbat) scaffold with polydopamine-assisted biomineralization for
bone regeneration. Materials. 2022;15(21):7756. https://doi.org/10.3390/
ma15217756.

Kokubo T, Takadama H. How useful is sbf in predicting in vivo bone bioac-
tivity? Biomaterials. 2006. https://doi.org/10.1016/j.biomaterials.2006.01.
017.

Kokubo T, Yamaguchi S. Simulated body fluid and the novel bioactive
materials derived from it. J Biomed Mater Res, Part A. 2019;107(5):968-77.
https://doi.org/10.1002/jbm.a.36620.

Shin K, Acri T, Geary S, Salem AK. Biomimetic mineralization of biomateri-
als using simulated body fluids (sbfs) for bone tissue engineering and
regenerative medicine. Tissue Eng Part A. 2017. https://doi.org/10.1089/
ten.TEA.2016.0556.

Liu X, Shen H, Song S, Chen W, Zhang Z. Accelerated biomineralization
of graphene oxide - incorporated cellulose acetate nanofibrous scaffolds

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Page 18 of 19

for mesenchymal stem cell osteogenesis. Coll Surf B Biointerfaces.
2017;159:251-8. https://doi.org/10.1016/j.colsurfb.2017.07.078.

Oliveira AL, Malafaya PB, Costa SA, Sousa RA, Reis RL. Micro-computed
tomography (micro-ct) as a potential tool to assess the effect of dynamic
coating routes on the formation of biomimetic apatite layers on
3d-plotted biodegradable polymeric scaffolds. J Mater Sci Mater Med.
2007;18(2):211-23. https://doi.org/10.1007/510856-006-0683-8.

Zhou C, Luo C, Liu S, Jiang S, Liu X, Li J, Zhang X, Wu X, Sun J, Wang Z.
Pearl-inspired graphene oxide-collagen microgel with multi-layer min-
eralization through microarray chips for bone defect repair. Mater Today
Bio. 2022. https://doi.org/10.1016/j.mtbio.2022.100307.

Chen D, Feng H, Li J. Graphene oxide: preparation, functionalization, and
electrochemical applications. Chem Rev. 2012;112(11):6027-53. https://
doi.org/10.1021/cr300115g.

Luo C, Fang H, Zhou M, Li J, Zhang X, Liu S, Zhou C, Hou J, He H, Sun J,
Wang Z. Biomimetic open porous structured core-shell microtissue with
enhanced mechanical properties for bottom-up bone tissue engineering.
Theranostics. 2019;9(16):4663-77. https://doi.org/10.7150/thno.34464.
Zhou C, Liu S, LiJ, Guo K, Yuan Q, Zhong A, Yang J, Wang J, Sun J, Wang
Z. Collagen functionalized with graphene oxide enhanced biomimetic
mineralization and in situ bone defect repair. Acs Appl Mater Interfaces.
2018;10(50):44080-91. https://doi.org/10.1021/acsami.8b17636.

Liu S, Mou S, Zhou C, Guo L, Zhong A, Yang J, Yuan Q, Wang J, Sun J, Wang
Z. Off-the-shelf biomimetic graphene oxide—collagen hybrid scaffolds
wrapped with osteoinductive extracellular matrix for the repair of cranial
defects in rats. Acs Appl Mater Interfaces. 2018;10(49):42948-58. https://
doi.org/10.1021/acsami.8b11071.

Lee J,Kim D, Jang CH, Kim GH. Highly elastic 3d-printed gelatin/ha/
placental-extract scaffolds for bone tissue engineering. Theranostics.
2022;12(9):4051-66. https://doi.org/10.7150/thno.73146.

Fang H, Luo C, Liu S, Zhou M, Zeng Y, Hou J, Chen L, Mou S, Sun J, Wang
Z. A biocompatible vascularized graphene oxide (go)-collagen chamber
with osteoinductive and anti-fibrosis effects promotes bone regenera-
tionin vivo. Theranostics. 2020;10(6):2759-72. https://doi.org/10.7150/
thno.42006.

Wréblewska A, Du A, Ska Y, Judek J, Stobi Ski L, Era Ska K, Gertych AP,
Zdrojek M. Statistical analysis of the reduction process of graphene oxide
probed by raman spectroscopy mapping. J Phys Condensed Matter.
2017;29(47):475201. https://doi.org/10.1088/1361-648X/aa92fe.

Yuan B, Zhou S, Chen X. Rapid prototyping technology and its applica-
tion in bone tissue engineering. J Zhejiang Univ B Sci. 2017;18(4):303-15.
https://doi.org/10.1631/jzus.B1600118.

Murugan S, Parcha SR. Fabrication techniques involved in developing the
composite scaffolds pcl/ha nanoparticles for bone tissue engineering
applications. J Mater Sci Mater Med. 2021;32(8):93. https://doi.org/10.
1007/510856-021-06564-0.

Distler T, Fournier N, Grunewald A, Polley C, Seitz H, Detsch R, Boccaccini
AR. Polymer-bioactive glass composite filaments for 3d scaffold manu-
facturing by fused deposition modeling: fabrication and characterization.
Front Bioeng Biotechnol. 2020;8:552. https://doi.org/10.3389/fbioe.2020.
00552.

Alonso-Fernandez |, Haugen HJ, Lopez-Pena M, Gonzalez-Cantalapiedra
A, Munoz F. Use of 3d-printed polylactic acid/bioceramic composite
scaffolds for bone tissue engineering in preclinical in vivo studies: a sys-
tematic review. Acta Biomater. 2023;168:1-21. https://doi.org/10.1016/].
actbio.2023.07.013.

Murab S, Herold S, Hawk T, Snyder A, Espinal E, Whitlock P. Advances in
additive manufacturing of polycaprolactone based scaffolds for bone
regeneration. J Mater Chem B. 2023;11(31):7250-79. https://doi.org/10.
1039/d2tb02052a.

LiL, LiuK, Chen J,Wen W, Li H, Li L, Ding S, Liu M, Zhou C, Luo B. Bone
ecm-inspired biomineralization chitin whisker liquid crystal hydrogels for
bone regeneration. Int J Biol Macromol. 2023;231:123335. https://doi.org/
10.1016/j.ijbiomac.2023.123335.

Sari M, Hening P, Chotimah, Ana ID, Yusuf Y. Bioceramic hydroxyapatite-
based scaffold with a porous structure using honeycomb as a natural
polymeric porogen for bone tissue engineering. Biomater Res. 2021.
https://doi.org/10.1186/540824-021-00203-z.

Mullick P, Das G, Aiyagari R. Probiotic bacteria cell surface-associated
protein mineralized hydroxyapatite incorporated in porous scaffold:


https://doi.org/10.1016/j.mtbio.2021.100202
https://doi.org/10.1039/d2bm00035k
https://doi.org/10.1146/annurev-physchem-040215-112621
https://doi.org/10.1146/annurev-physchem-040215-112621
https://doi.org/10.1021/acsnano.8b01747
https://doi.org/10.1021/acsnano.8b01747
https://doi.org/10.1016/j.biomaterials.2021.120718
https://doi.org/10.1016/j.biomaterials.2021.120718
https://doi.org/10.1016/j.biomaterials.2018.10.004
https://doi.org/10.1016/j.biomaterials.2018.10.004
https://doi.org/10.1016/j.bioactmat.2020.06.010
https://doi.org/10.1016/j.bioactmat.2020.06.010
https://doi.org/10.1002/adma.201904341
https://doi.org/10.1016/j.biomaterials.2019.01.031
https://doi.org/10.1016/j.biomaterials.2019.01.031
https://doi.org/10.1016/j.actbio.2020.10.023
https://doi.org/10.1016/j.actbio.2020.10.023
https://doi.org/10.1038/s41467-020-18846-2
https://doi.org/10.1021/acsnano.1c03905
https://doi.org/10.3390/ma15217756
https://doi.org/10.3390/ma15217756
https://doi.org/10.1016/j.biomaterials.2006.01.017
https://doi.org/10.1016/j.biomaterials.2006.01.017
https://doi.org/10.1002/jbm.a.36620
https://doi.org/10.1089/ten.TEA.2016.0556
https://doi.org/10.1089/ten.TEA.2016.0556
https://doi.org/10.1016/j.colsurfb.2017.07.078
https://doi.org/10.1007/s10856-006-0683-8
https://doi.org/10.1016/j.mtbio.2022.100307
https://doi.org/10.1021/cr300115g
https://doi.org/10.1021/cr300115g
https://doi.org/10.7150/thno.34464
https://doi.org/10.1021/acsami.8b17636
https://doi.org/10.1021/acsami.8b11071
https://doi.org/10.1021/acsami.8b11071
https://doi.org/10.7150/thno.73146
https://doi.org/10.7150/thno.42006
https://doi.org/10.7150/thno.42006
https://doi.org/10.1088/1361-648X/aa92fe
https://doi.org/10.1631/jzus.B1600118
https://doi.org/10.1007/s10856-021-06564-0
https://doi.org/10.1007/s10856-021-06564-0
https://doi.org/10.3389/fbioe.2020.00552
https://doi.org/10.3389/fbioe.2020.00552
https://doi.org/10.1016/j.actbio.2023.07.013
https://doi.org/10.1016/j.actbio.2023.07.013
https://doi.org/10.1039/d2tb02052a
https://doi.org/10.1039/d2tb02052a
https://doi.org/10.1016/j.ijbiomac.2023.123335
https://doi.org/10.1016/j.ijbiomac.2023.123335
https://doi.org/10.1186/s40824-021-00203-z

Yang et al. Journal of Translational Medicine (2024) 22:224

45.

46.

47.

48.

49.

50.

51

52.

in vitro evaluation for bone cell growth and differentiation. Mater Sci Eng,
C.2021;126:112101. https://doi.org/10.1016/j.msec.2021.112101.

Bai L, Chen P, Zhao Y, Hang R, Yao X, Tang B, Liu C, Xiao Y, Hang R. A micro/
nano-biomimetic coating on titanium orchestrates osteo/angio-genesis
and osteoimmunomodulation for advanced osseointegration. Biomateri-
als. 2021;278:121162. https://doi.org/10.1016/j.biomaterials.2021.121162.
Zhang Q, Wu W, Qian C, Xiao W, Zhu H, Guo J, Meng Z, Zhu J, Ge Z, Cui W.
Advanced biomaterials for repairing and reconstruction of mandibular
defects. Mater Sci Eng, C. 2019;103:109858. https://doi.org/10.1016/].
msec.2019.109858.

Lopez CD, Diaz-Siso JR, Witek L, Bekisz JM, Gil LF, Cronstein BN, Flores RL,
Torroni A, Rodriguez ED, Coelho PG. Dipyridamole augments three-
dimensionally printed bioactive ceramic scaffolds to regenerate crani-
ofacial bone. Plast Reconstr Surg. 2019;143(5):1408-19. https://doi.org/10.
1097/PRS.0000000000005531.

Du Z,Wang C, Zhang R, Wang X, Li X. Applications of graphene and its
derivatives in bone repair: advantages for promoting bone formation
and providing real-time detection, challenges and future prospects. Int J
Nanomed. 2020;15:7523-51. https://doi.org/10.2147/1IN.S271917.
Rhazouani A, Gamrani H, El Achaby M, Aziz K, Gebrati L, Uddin MS, Aziz

F. Synthesis and toxicity of graphene oxide nanoparticles: a literature
review of in vitro and in vivo studies. Biomed Res Int. 2021;2021:1-19.
https://doi.org/10.1155/2021/5518999.

Jiang T, Amadei CA, Lin Y, Gou N, Rahman SM, Lan J, Vecitis CD, Gu AZ.
Dependence of graphene oxide (go) toxicity on oxidation level, elemen-
tal composition, and size. Int J Mol Sci. 2021;22(19):10578. https://doi.org/
10.3390/ijms221910578.

Quagliarini E, Pozzi D, Cardarelli F, Caracciolo G. The influence of protein
corona on graphene oxide: implications for biomedical theranostics. J
Nanobiotechnol. 2023. https://doi.org/10.1186/512951-023-02030-x.
Kurapati R, Mukherjee SP, Martin C, Bepete G, Vazquez E, Pénicaud A,
Fadeel B, Bianco A. Degradation of single-layer and few-layer graphene
by neutrophil myeloperoxidase. Angew Chem Int Ed. 2018;57(36):11722-
7. https://doi.org/10.1002/anie.201806906.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 19 of 19


https://doi.org/10.1016/j.msec.2021.112101
https://doi.org/10.1016/j.biomaterials.2021.121162
https://doi.org/10.1016/j.msec.2019.109858
https://doi.org/10.1016/j.msec.2019.109858
https://doi.org/10.1097/PRS.0000000000005531
https://doi.org/10.1097/PRS.0000000000005531
https://doi.org/10.2147/IJN.S271917
https://doi.org/10.1155/2021/5518999
https://doi.org/10.3390/ijms221910578
https://doi.org/10.3390/ijms221910578
https://doi.org/10.1186/s12951-023-02030-x
https://doi.org/10.1002/anie.201806906

	3D-printed PCL framework assembling ECM-inspired multi-layer mineralized GO-Col-HAp microscaffold for in situ mandibular bone regeneration
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Materials and animals
	Fabrication of the microscaffolds and the assembled PCL constructs
	Fabrication of the microscaffolds
	Fabrication of the PCL constructs
	Assembly of the microscaffolds into the PCL constructs

	Characterization of the microscaffolds and the assembled PCL constructs
	Cross-section and pore morphologies and porosity evaluation
	Weight increase ratio and calcium quantitative analysis
	FTIR, XRD, Raman, and TGA analysis
	Elastic modulus analysis
	Water absorption and water retention

	In vitro cellular evaluation of the microscaffolds
	Isolation, culture of rat BMSCs
	Seeding of rat BMSCs in microscaffolds
	Adhesion, proliferation, and viability of rBMSCs in microscaffolds
	Osteogenic differentiation evaluation of rBMSCs in microscaffolds

	In vivo evaluation of the assembled PCL constructs on bone defect
	Histology and immunohistochemical staining
	Statistical analysis

	Results
	Morphology and structural evaluation of microscaffolds after biomimetic mineralization
	Physiochemical and mechanical evaluation of the microscaffolds
	In vitro analysis of microscaffolds on cell adhesion, proliferation, and differentiation
	In vivo analysis of the assembled PCL constructs on mandibular bone regeneration

	Discussion
	Conclusions
	Acknowledgements
	References


