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A B S T R A C T

Polycaprolactone (PCL) is a polymer material suitable for being prepared into porous scaffolds used in bone tissue
engineering, however, insufficient osteogenic ability and mechanical strength limit its application. Zinc (Zn) alloy
with proper mechanical strength and osteogenesis is a promising biodegradable metal that have attracted much
attention. Herein, we combined the advantages of PCL and Zn by fabricating PCL/Zn composite scaffolds with
different Zn powder contents (1 wt%, 2 wt%, 3 wt%) through fused deposition modelling. The mechanical
property, cytocompatibility and Zn ions release behavior of PCL/Zn scaffolds were analyzed in vitro. The osteo-
genesis and osteoclastogenesis properties of the scaffolds were evaluated by being implanted into Spra-
gue–Dawley rats calvaria defect. Results showed that the PCL/Zn scaffolds exhibited improved mechanical
properties and cytocompatibility compared with the pure PCL scaffolds. At 8 weeks after in vivo implantaion, the
addition of Zn powder promoted new bone formation, in a dose-dependent manner. The scaffolds with 2 wt% Zn
displayed the best osteogenic effect, while the osteogenic effect was slightly reduced in the scaffolds with 3 wt%
Zn. In the studied Zn contents, the PCL/Zn scaffolds gradually promoted osteoclastogenesis with increasd Zn
content. In the 3 wt% Zn group, TRAP-positive cells were observed on the newly formed bone edges around the
scaffolds. These dose-dependent effects were verified in vitro using MC3T3-E1 and RAW264.7 cells. Finally, we
revealed that Zn2þ regulated osteogenesis and osteoclastogenesis by activation of the Wnt/β-catenin and NF-κB
signalling pathways, respectively.
1. Introduction

Although bone tissue has the ability to repair and regenerate itself, a
large volume of bone loss caused by tumour resection, injuries, infection
or severe traumamay exceed the self-repair ability [1–3]. For bone defect
treatment, autologous bone transplantation has always been the “gold
standard”, however, it has limitations such as high incidence of defects
and infection at the donor sites [4–6]. Therefore, there is an urgent need
to develop new bone substitutes to meet the clinical needs. Bone tissue
engineering (BTE), which has emerged in recent decades, now provides
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an option for the treatment of bone defects [8,9]. Porous scaffolds have
the advantages of adjustable mechanical strength and sufficient cell
ingrowth permeability, and are expected to be the most favourable
candidate materials for bone substitutes [12].

Three-dimensional (3D) printing technology accelerated the devel-
opment of BTE, since it provides the possibility of producing custom
scaffolds with 3D geometry, internal structure and architecture [10,11].
3D printing is a set of production processes defined as “a process of
joining materials to create objects from 3D model data, usually layer--
by-layer” by American Society of Testing Materials (ASTM) [13]. A
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variety of polymers commonly applied in 3D printing have been used in
bone regeneration, including polycaprolactone (PCL) and its copolymers.
Among which PCL show great advantage in 3D printing bone scaffolds.
Approved by the United States Food and Drug Administration (FDA), PCL
has been widely used due to its good biocompatibility and ease of pro-
cessing (melting point: 55–60�C). In addition, the composition and
structure of PCL are adjustable [14,15]. However, when used alone, PCL
and its degradation products do not exhibit osteogenic properties [16].
Moreover, when pure PCL is used as a tissue engineering scaffold, its
mechanical properties are usually unsatisfactory [17].

Zinc (Zn) and its alloys are becoming promising biomaterials due to
their favourable mechanical strength, degradation rates and biocom-
patibility. Moreover, their degradation products are completely bio-
resorbable without generating hydrogen gas [19–21]. In addition, Zn is
an essential trace element for the human body and participates in basic
life processes, such as energy metabolism and protein synthesis [22,23].
In the human body, 85% of Zn is located in muscle and bone. Moreover,
Zn has a stimulating effect on bone formation and mineralisation.
Meanwhile, Zn deficiency can delay bone metabolism and retard bone
growth [24]. Therefore, incorporating Zn into the pure PCL scaffold
provides a feasible method to improve the osteogenesis and mechanical
properties of PCL.

Studies have shown that, during bone formation, Zn2þ promotes
osteoblast proliferation and differentiation, as well as collagen synthesis
[25,26]. The effect of Zn2þ on osteogenic processes shows a biphasic dose
response. Previous research noted that the positive effect of Zn2þ on
osteoblast activity occurs within a narrow dose range (1–50 μM); doses
exceeding 50 μM inhibit osteogenic activity, while below 1 μM there is no
measurable effect [27]. However, reports on the role of Zn2þ in osteo-
clastogenesis are inconsistent [28,29]. Some reports indicate that
sub-nanomolar Zn2þ can inhibit osteoclastogenesis [30]. On the con-
trary, Holloway et al. reported that a Zn2þ concentration of 10�4 mol/L
increased the number of tartrate-resistant acid phosphatase (TRAP)--
positive cells when co-cultured with osteoblast-like cells [31]. Thus, it is
worthy to further explore the role of Zn2þ on osteoclastogenesis for better
bone regengration.

In this study, PCL/Zn composite scaffolds with different Zn powder
contents(1 wt%, 2 wt%, 3 wt%) were fabricated through fused deposition
modelling (FDM). Then, the mechanical property, cytocompatibility and
Zn ions release behavior of PCL/Zn scaffolds were analyzed in vitro. The
osteogenesis and osteoclastogenesis properties of the composite scaffolds
were evaluated in rats calvaria defect. Besides, MC3T3-E1 cells and
RAW264.7 cells were used to assess the effect of different Zn2þ concen-
trations on osteogenesis and osteoclastogenesis in vitro. Finally, the un-
derlying mechanisms for osteogenesis and osteoclastogenesis were
explored.

2. Materials and methods

2.1. PCL/Zn scaffold preparation and characterisation

PCL (Mn¼ 37,000 Da) pellets were obtained from Shinuo Technology
Co., Ltd (Beijing, China) and pure Zn powder (diameter ¼ 2–5 μm,
99.99% in purity) were obtained from Yufeng Zheng's lab (Peking Uni-
versity, Beijing, China). PCL/Zn composite particles were prepared by
melt compounding method. PCL pellets were heated to 120 �C to melt
and Zn powder were added and mixed at the ratio of 1, 2, 3 wt% to form
PCL/Zn blends. Then the material was drawn into filaments and cut into
clumps no more than 1 cm in length to feed into the 3D printer inlet.
Following the fused deposition modelling (FDM), Geomagic Studio 2012
software (Raindrop Geomagic, Rock Hill, SC, USA) was used for
computer-aided design (CAD) and the Elements Mixture-I bioprinter
(Shinuo Technology Co., Ltd., China) was used for manufacturing the
scaffolds. The nozzle size was 300 μm and feed rate was 500 mm/min.
The filament distance (FD) and layer thickness of the fabricated scaffolds
were both 300 μm (pore size of 300 μm and porosity of 50%), and the lay-
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down pattern was 0/90�. The scaffolds were divided into four groups:
pure PCL (PCL), PCL with 1 wt% Zn (PCL-1Zn), PCL with 2 wt% Zn (PCL-
2Zn) and PCL with 3 wt% Zn (PCL-3Zn).

2.1.1. Immersion testing
For Zn ions release behavior, samples were immersed in simulated

body fluid at 37�C. The ratio of sample weight to solution volume was
0.1 g/ml. The concentration of Zn2þ in the extracts wasmeasured on days
1, 3, 5, 7, 9, 11, 13 and 15 by inductively coupled plasma emission
spectrometry (ICP-OES; iCAP6300; Thermo Fisher Scientific, Waltham,
MA, USA).

2.1.2. Morphological characterisation
The structure and surface morphology of the scaffolds were inspected

by scanning electron microscopy (SEM; EVO 18; Zeiss, Oberkochen,
Germany) at an accelerating voltage of 10 kV. The actual strut diameter,
pore size and layer thickness were measured through the obtained scaf-
fold surface and cross-sectional images. Elemental analysis was per-
formed using an energy-dispersive spectrometer (EDS; INCA X-Act;
Oxford Instruments, Abingdon, UK) attached to the SEM.

The Archimedes principle was used to measure the porosity of the
scaffold. Ethanol (density ρe) was used as the replacement fluid. A density
bottle filled with ethanol was weighed (W1). A scaffold sample weighing
WS was immersed into the density bottle, and the air bubbles in the
scaffold pores were evacuated. Then ethanol was added to the density
bottle to full and weighed (W2). The scaffold saturated with ethanol was
removed from the density bottle and then the density bottle was weighed
(W3). The volume of the scaffold pore (Vp) and the volume of the scaffold
skeleton (Vs) was calculated to obtain the porosity value (ε). The
following formulas were used to carry out the calculations.

Vp ¼ðW2�W3�WSÞ� ρe

VS ¼ðW1�W2þWSÞ = ρe

ε¼Vp = ðVpþVSÞ¼ ðW2�W3�WSÞ = ðW1�W3Þ:

2.1.3. Mechanical properties
The mechanical properties were measured under compression and

three-point flexure according to the ASTM standard D695-02a. In the
compression test, each group contained five cylindrical samples (5 mm
diameter � 10 mm height) and the loading rate was 5 mm/min. In the
three-point flexure test, samples of dimensions 10 � 30 mm2 were pre-
pared; the constant loading rate was 1 mm/min. An electronic universal
testing machine (Z020; ZwickRoell, Ulm, Germany) was used to obtain
the stress–strain curve. The elastic modulus was calculated from the
initial linear part of the curve.

2.1.4. Contact angle measurement
Solid samples were prepared to conduct this measurement. Briefly,

the melted PCL/Zn filaments of different groups were extruded onto the
3D printer platform, and the materials were pressed into a thickness of
about 300 μm by a smooth glass plate. In order to eliminate the influence
of the surface roughness of the samples, we selected the area on the
surface as smooth as possible, measured the surface roughness (Ra value)
using a profilometer (SJ-400, Mitutoyo, Japan), and then carried out the
contact angle experiment. A contact angle system (KINO Scientific In-
strument, Boston, MA, USA) was used to measure surface hydrophilicity.
Briefly, a water drop (1 μl) was added to the sample surface and the
contact angle was measured after 30 s.

2.1.5. Cell cytotoxicity of scaffolds
Live/dead staining test was conducted to evaluate the in vitro cyto-

toxicity of the scaffolds. The scaffolds were placed in 24-well plates and
500 μl MC3T3-E1 cell suspension was seeded on each scaffold at a density



Table 1
Primer pairs used in quantitative real-time PCR.

Gene Forward primer Reverse primer

Gapdh 50-ACCACAGTCCATGCCATCAC-30 50-TCCACCACCCTGTTGCTGTA-30

Alp 50-GAGCGTCATCCCAGTGGAG-30 50-TAGCGGTTACTGTAGACACCC-30

Runx-2 50-
TTCAACGATCTGAGATTTGTGGG-

50-GGATGAGGAATGCGCCCTA-30
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of 1 � 106 cells/ml. After incubation for 12 h, the scaffolds were
immersed in phosphate-buffered saline (PBS) containing 4 mM of calcein
acetoxymethyl ester (calcein AM) and 16 mM of propidium iodide (PI)
for 30 min. Dead cells (PI, red) and calcein live cells (AM, green) were
observed under a confocal microscope (Axiovert 650; Carl Zeiss Micro-
Imaging, Oberkochen, Germany) at excitation wavelengths of 543 and
488 nm, respectively.
30

Trap 50-CAGCAGCCAAGGAGGACTAC-30 50-ACATAGCCCACACCGTTCTC-30

c-Fos 50-ATGGGCTCTCCTGTCAACAC-30 50-GGCTGCCAAAATAAACTCCA-30

Axin2 50-TGACTCTCCTTCCAGATCCCA-30 50-TGCCCACACTAGGCTGACA-30

Lrp5 50-CTGCCAGGATCGCTCTGATG-30 50-
ACACTGTTGCTTGATGAGGACACAC-
30

RANKL 50-AGCCGAGACTACGGCAAGTA-30 50-GCGCTCGAAAGTACAGGAAC-30

RANK 50-GCTGGCTACCACTGGAACTC-30 50-GTGCAGTTGGTCCAAGGTTT-30
2.2. In situ osteogenesis and osteoclastogenesis of scaffolds in vivo

Our research was approved by the Ethics Committee of Peking Uni-
versity Health Science Center (LA 2019019). Animal experiments were
carried out in accordance with the protocol formulated by the Laboratory
Animal Ethics Branch. To minimise potential suffering, all animals were
anaesthetised with sodium pentobarbital (50 mg/kg). Thirty 8-week-old
Sprague–Dawley (SD) rats were randomly divided into the five groups (n
¼ 6): PCL, PCL-1Zn, PCL-2Zn, PCL-3Zn and blank control. On the right
side of the calvaria of each rat, a full-thickness defect with a diameter of
6 mmwas prepared with a trephine. In the experimental groups, scaffolds
with a diameter of 6 mm and thickness of 1.5 mm were implanted in the
defects, while in the blank control group, the defects were left empty.

Eight weeks post-surgery, rats were sacrificed under anaesthesia and
the calvaria with implanted scaffolds were harvested. To assess the dif-
ferences in bone mass and microstructure, a high-resolution Inveon de-
vice (Siemens, Munich, Germany) was used to perform X-ray micro-
computed tomography (micro-CT) scans. Three-dimensional visual-
isation software (Inveon Research Workplace; Siemens) was used for 3D
reconstruction of images. The microstructure parameters of bone mineral
density (BMD) and bone volume (BV) were then calculated. After micro-
CT analysis, the remaining calvaria specimens were decalcified,
embedded, sectioned and histologically examined by H&E, Masson,
TRAP and OCN immunohistochemical staining. Subsequently, TRAP-
positive cells per mm2 were counted.
2.3. In vitro osteogenic properties of Zn2þ

Mouse osteoblast-like cells (MC3T3-E1) were used for in vitro osteo-
genic experiments. The proliferation medium (PM) consisted of Dulbec-
co's modified Eagle's medium (DMEM) containing 10% foetal bovine
serum, 100 U/m penicillin and 100 μg/mg streptomycin. Then, 10 mM
β-glycerophosphate, 10 nM dexamethasone and 50 μg/ml L-ascorbic acid
were added to the PM to form an osteogenic medium (OM), which was
used for osteogenic induction. Zinc sulphate was separately added to the
PM and OM to prepare aqueous solutions with Zn2þ concentrations of 1,
2, 3 and 4 mg/L. The cells were cultured at 37�C in a humidified atmo-
sphere of 5% CO2.

2.3.1. Cell proliferation assay
To study the effect of Zn2þ on the proliferation and viability of

MC3T3-E1 cells, cells were seeded in 24-well plates at a density of 1 �
104 cells per well. Then cell counting kit 8 (CCK-8; Dojindo Laboratories,
Kumamoto, Japan) assay was conducted after 1, 3, 5 and 7 days of cul-
ture. A microplate reader was used to measure the optical density (OD;
absorbance) value at 450 nm.

2.3.2. Alkaline phosphatase (ALP) activity
Cells were seeded in 12-well plates at a density of 2 � 104 cells per

well for ALP activity assays. Seven days after osteogenic induction, ALP
staining was performed using the nitro blue tetrazolium (NBT)/5-bromo-
4-chloro-3-indolyl phosphate (BCIP) staining kit (CoWin Biotech, Bei-
jing, China). At the same time point, the ALP assay kit (Beyotime,
Shanghai, China) was used to quantify ALP activity. Absorbance at 520
nm was measured and the ALP activity was calculated.
3

2.3.3. Alizarin Red S (ARS) staining and quantification of mineralisation
Cells were also seeded in 12-well plates at a density of 2 � 104 cells

per well. Fourteen days after osteogenic induction, the samples were
stained with 2%Alizarin Red buffer (Sigma–Aldrich, St. Louis, MO, USA).
To quantify mineral accumulation, a 100 mM cetylpyridine solution was
added to release any calcium-bound ARS into the solution. After com-
plete dissolution, the OD value at 562 nm was measured.

2.3.4. Quantitative real-time PCR (RT-PCR)
Cells were seeded in 6-well plates at a density of 5 � 104 cells per

well. TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was used to extract
total cellular RNA from cells cultured for 7 days. RT-PCR was performed
using the ABI Prism 7500 RT-PCR system (Applied Biosystems, Foster
City, CA, USA) with SYBR Green Master Mix. Gapdh was used as a
reference gene. The primer sequences of mouseGapdh, Alp and Runx2 are
listed in Table 1.
2.4. In vitro osteoclastic properties of Zn2þ

RAW 264.7 cells, a cell line derived from murine macrophages, were
used for in vitro osteoclastogenesis experiments. PM was prepared as
described above, and recombinant mouse receptor activator of nuclear
factor-kappa B ligand (RANKL, 50 ng/ml) and recombinant mouse
macrophage colony stimulating factor (M-CSF, 50 ng/ml) were then
added to PM to constitute osteoclast conditioned medium (OCM). Zinc
sulphate was separately added to the PM and OCM to prepare aqueous
solutions with Zn2þ concentrations of 1, 2, 3 and 4 mg/L.

2.4.1. Cell proliferation assay
To study cell proliferation and viability, RAW264.7 cells were seeded

in 24-well plates at a density of 1 � 104 cells per well, cells were exposed
to PM containing Zn2þ for 1, 3, 5 and 7 days, and the CCK-8 assay was
conducted as described above.

2.4.2. TRAP activity assay
Cells were seeded in 12-well plates at a density of 2 � 104 cells per

well. Seven days after OCM culture, TRAP staining was performed using
the TRAP kit (Sigma–Aldrich) to evaluate the formation of osteoclasts.
TRAP-positive cells with more than three nuclei were considered osteo-
clasts. For quantitative analysis of TRAP activity, cells were lysed; an acid
phosphatase detection kit (Beyotime) was used and the OD at 405 nm
was measured.

2.4.3. Quantitative RT-PCR
Cells were seeded in 6-well plates at a density of 5 � 104 cells per

well. Total cellular RNA was extracted from cells cultured in PM and
OCM for 7 days. Subsequent experiments were carried out as described
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above in 2.3.4. The primer sequences of mouse Gapdh, Trap and c-Fos are
listed in Table 1.

2.4.4. Pit formation assay
100 μl RAW 264.7 cells were seeded on cortical bovine bone slices (6

mm in diameter, 0.4 μm in thickness) that provided a smooth mineralised
surface at a density of 1� 104 cells/ml. After 14 days of OCM culture, the
resorption area formed by the functional osteoclasts was imaged by SEM.
ImageJ software (National Institutes of Health, Bethesda, MD, USA) was
used to quantify the total number and area of resorption pits.

2.5. Mechanism exploration

2.5.1. Quantitative RT-PCR
Cells were seeded in 6-well plates at a density of 5 � 104 cells per

well. Total cellular RNA was extracted from cells cultured in OM
(MC3T3-E1) and OCM (RAW264.7) for 7 days. Subsequent experiments
were carried out as described above in 2.3.4. The primer sequences of
mouse Gapdh, Axin2, Lrp5, RANKL and RANK are listed in Table 1.

2.5.2. Western blot analysis
Cells were seeded in 6 cm dishes at a density of 1� 105 cells per dish.

To detect proteins, cells were lysed in a lysis buffer containing 2% pro-
tease inhibitor. The protein concentrations were measured using a BCA
protein assay kit (Thermo Scientific). An equal amount of protein was
subjected to 5% SDS-PAGE and transferred to a polyvinylidene fluoride
membrane. For the protein extracted from MC3T3-E1 cells, the mem-
brane was incubated with primary antibodies specific to β-catenin, WNT-
3A and GAPDH (Abcam, Cambridge, UK) at 4�C overnight. For the pro-
tein extracted from RAW264.7 cells, the membrane was incubated with
primary antibodies specific to p65, phospho-p65 (p-p65), IκBα, phospho-
IκBα (p-IκBα) and GAPDH (Abcam). Then, the membranes were incu-
bated with peroxidase-conjugated secondary antibodies at room tem-
perature. The enhanced chemiluminescence (ECL) kit (CWBIO, Beijing,
China) was used to detect the visualised immunoreactive protein bands.

2.6. Statistical analysis

The results are presented as mean � standard deviation. The data
were analysed using SPSS 21.0 software (SPSS Inc., Chicago, IL, USA).
One-way analysis of variance (ANOVA) was performed for data analysis.
A P value of <0.05 was considered statistically significant.

3. Results

3.1. Preparation and characterisation of PCL/Zn scaffolds

Fig. 1A showed the appearance of the scaffolds. The colour of the
scaffolds deepened with increasing Zn content. The extract concentration
of Zn2þ (Fig. 1B) reflected the sustained-release trend of Zn in the PCL
scaffolds. Fig. 1C showed the structure and surface morphology of the
scaffolds. The surfaces were uniform, which indicated that scaffolds with
designed structures were obtained. Moreover, the Zn particles were
wrapped and evenly distributed in the PCL/Zn scaffolds. The EDS maps
and spectra confirmed that Zn element was uniformly distributed in the
scaffolds, and the amount of white dots representing Zn element obvi-
ously increased with the increase of the mixing ratio of Zn in the com-
posite scaffolds (Fig. 1D). Figure S1 reflected the actual strut diameter,
pore size, layer thickness, and porosity of the prepared scaffolds. Ac-
cording to the surface images, the strut diameter and pore size of the
scaffolds were close to the theoretical value of 300 μm. According to the
cross-sectional images, the layer thickness of the scaffolds were slightly
smaller than the theoretical value of 300 μm, as under the influence of
4

gravity, the struts collapsed slightly during the printing process. The
cross sections of the struts were oblate (the width was slightly larger than
the height), and the porosity values were correspondingly reduced to
43.53�3.37%, which were lower than the theoretical value of 50%. We
concluded that the processing accuracy of the scaffolds was acceptable,
except that the layer thickness was slightly lower than the theoretical
value, and the change of the Zn content had no influence on the overall
processing quality of the scaffolds.

In the mechanical test, the elastic modulus of the PCL scaffold was the
lowest in both compression and three-point flexure. In the compression
test, there was no statistical difference between the PCL-2Zn and PCL-3Zn
groups, and they both provided better results than the other groups,
while PCL-2Zn was the best-performing group in the three-point flexure
test (P < 0.05) (Fig. 2A and B). The water-in-air contact angle reflected
the hydrophilic/hydrophobic properties of the material surface. The
appearance of the samples used for the contact angle measurements as
well as their surface morphologies and surface roughness were shown in
Figure S2. The results showed that the surfaces we selected as smooth as
possible had no difference in roughness among groups (P < 0.05), and
because the contents of Zn particles were particularly low, and most of
them were wrapped in the PCL matrix instead of protruding from the
surfaces, they also did not cause general change of the roughness of the
PCL. Fig. 2C and D showed that the hydrophilicity of the composite
scaffold increasedwith increasingmixing ratio of Zn (P< 0.05). The live/
dead assay revealed a large number of green cells (live cells) on the
scaffolds, and a small amount of red cells (dead cells) in all groups,
indicating that none of these scaffolds had obvious cytotoxicity. Inter-
estingly, the scaffolds in the PCL-2Zn and PCL-3Zn groups showed more
live cells attached to the surface than the scaffolds in the PCL and PCL-
1Zn groups (Fig. 2E).

3.2. In situ osteogenesis and osteoclastogenesis of scaffolds in vivo

All rats survived the observation period and the surgical wounds
showed no visible inflammation. The rats were sacrificed after 8 weeks.
All implants were well positioned within the calvaria. Micro-CT recon-
struction of the calvaria showed that all the scaffolds groups displayed
better bone-promoting effects compared with the blank control group. In
the range of 0–2 wt% Zn, the bone-promoting effect of PCL/Zn scaffolds
enhanced with increasing Zn content, reaching a maximum in the 2 wt%
Zn group. However, when the content of Zn was increased to 3 wt%, the
bone-promoting effect decreased, still better than the pure PCL and blank
control group (Fig. 3A). The bone mineral density (BMD) and bone vol-
ume (BV) calculations indicated similar trend (Fig. 3B and C). H&E
staining showed more eosinophilic bone-like tissues in the experimental
groups, especially in the PCL-2Zn group, where more bone-like tissues
grew along the edge of the defect to the center; and this was confirmed by
Masson's trichrome staining (Fig. 3D and E). Following immunohisto-
chemistry staining of OCN, we observed the highest content of dark
brown granules around the cytoplasm and nucleus in the PCL-2Zn group
(Fig. 3F). The trends for H&E, Masson's trichrome and OCN immuno-
histochemistry staining were consistent with that of the micro-CT results.
In the TRAP-stained sections, we observed that the blank control, PCL
and PCL-1Zn groups did not show obvious TRAP-positive cells, while the
PCL-2Zn group exhibited scattered osteoclasts, and the PCL-3Zn group
showed more TRAP-positive cells on the edge of the cortical bone sur-
rounding the scaffolds (Fig. 3G). Furthermore, the count of TRAP-
positive cells confirmed the result (Fig. 3H).

3.3. Zn2þpromoted osteogenesis in a dose-dependent manner in vitro

Fig. 4A and B showed that after 1, 3, 5 and 7 days of culture, the 1, 2, 3
and 4 mg/L Zn2þ solutions were not cytotoxic to MC3T3-E1 cells.



Fig. 1. Characterisation of PCL/Zn scaffolds. (A) General appearance of the scaffolds. (B) Concentration of Zn2þ released from the scaffolds on days 1, 3, 5, 7, 9, 11, 13
and 15. (C) Morphologies and structures of the scaffolds (upper row for 50 � , lower row for 500 � ). (D) Energy-dispersive spectrometry analysis of the sur-
face elements.
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Moreover, the ALP staining and quantification results showed that Zn2þ

significantly enhanced osteogenesis compared with the control group,
especially in the group with a Zn2þ concentration of 1 mg/L (p < 0.05)
(Fig. 4C and D). Interestingly, as the Zn2þ concentration increased in the
range of 1–4 mg/L, the bone-promoting effect weakened. Similar trends
5

were observed in ARS staining and quantification assays (Fig. 4E and F).
In the RT-PCR assay, gene expression of osteogenic indicators (Alp and
Runx2) showed a consistent trend after being cultured in OM for 7 days
(Fig. 4G and H).



Fig. 2. The mechanical properties, hydrophilicity and cytotoxicity of PCL/Zn scaffolds. (A, B) Elastic moduli of compression and three-point flexure of each group.
Mean � standard deviation (SD); n ¼ 5; *P < 0.05, **P < 0.01, ***P < 0.001. (C) Water contact angles of each scaffold. (D) Summary of the water contact angle
results. Mean � SD; n ¼ 5; ***P < 0.001. (E) Live/dead staining of MC3T3-E1 cells cultured on the scaffolds of each group. Live cells were coloured green and
damaged cells were coloured red.
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3.4. Zn2þ promoted osteoclastogenesis in a dose-dependent manner in vitro

Fig. 5A and B showed that after 1, 3, 5 and 7 days of culture, the Zn2þ

solutions were non-cytotoxic to RAW 264.7 cells. Regarding the forma-
tion of mature osteoclasts expressing TRAP, multinucleated TRAP-
positive osteoclasts were formed in a concentration-dependent manner
(Fig. 5C). In the range of 2–4 mg/L, the volume of osteoclasts gradually
increased with increasing Zn2þ concentration. However, compared with
the control group, the 1 mg/L Zn2þ solution had no effect on osteoclast
morphology. The TRAP activity assay displayed the same trend (Fig. 5D).
Gene expression of osteoclast indices Trap and c-Fos, was measured 7
days after induction, and the results confirmed the abovementioned
trend (Fig. 5E and F). Mature osteoclasts form absorption pits on cortical
bovine bone slices and, after 14 days, an increase in the percentage and
area of absorption pits were also noticed, again in a concentration-
dependent manner (Fig. 5G, H and 5I).

3.5. Zn2þ regulated osteogenesis and osteoclastogenesis via Wnt/β-catenin
and NF-kB signalling pathways

To determine whether the Wnt signalling pathway was involved in
the regulation of osteogenic differentiation by Zn2þ, RT-PCR andWestern
blot analyses were carried out after 7 days of osteogenic induction.
Fig. 6A and B shows that the expression of Axin2 and Lrp5 had the same
6

trend as in vitro osteogenic indicators. To analyse the protein expression
of key molecules in the Wnt/β-catenin pathway, β-catenin and WNT-3A
expression level were detected; the results showed that these molecules
increased in the same dose-dependent manner (Fig. 6C).

To explore the mechanism of action of Zn2þ in osteoclastogenesis,
activation of the NF-kB pathway was also analysed by RT-PCR and
Western blot analysis. Fig. 6D and E showed that gene expression levels
of RANKL and RANK were dose-dependent, and the trend was the same
as for in vitro osteoclast indicators; this was confirmed by the expression
of p-p65 and p-IκBα in the Western blot analysis (Fig. 6F).

The above results indicated that Zn2þ regulated osteogenesis and
osteoclastogenesis through the activation of Wnt/β-catenin and NF-kB
signalling pathway.

4. Discussion

PCL is one of the most important thermoplastic polymers in BTE, and
has attracted considerable attention due to its biocompatibility, biode-
gradability and adaptability [32]. In addition, by using 3D printing tech-
nology, its shape, porosity and mechanical properties can be well defined
and controlled [33]. However, when used alone, insufficient osteogenic
ability and mechanical strength limit its application. To improve its
physical and biological properties, previous studies mixed PCL with inor-
ganic particles. These composite materials exploit the advantages of each



Fig. 3. The bone formation-promoting effect of Zn in vivo was related to its content. (A) Micro-computed tomography images of the calvaria of Sprague–Dawley rats.
(B, C) Quantitative analysis of bone mineral density (BMD) and bone volume (BV). Mean � standard deviation (SD); n ¼ 6; *P < 0.05, **P < 0.01. (D, E) H&E and
Masson's trichrome staining of calvaria defects at 8 weeks after surgery. (F) OCN immunohistochemical staining of calvaria defects at 8 weeks after surgery. Arrow:
Dark brown granules in the cytoplasm and around the nuclei. (G) TRAP staining of calvaria defects at 8 weeks after surgery. Arrow: TRAP-positive cells. (H) Number of
TRAP-positive cells per mm2. Mean � SD; n ¼ 6; *P < 0.05, ***P < 0.001.
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component, such as easy processing, adaptability, strength and biological
effects [34]. Although previous studies have successfully introduced Zn
into polymer scaffolds, they use Zn-containing compounds such as ZnO
coating [62] or zinc-doped HA [63] instead of high-purity Zn alloy parti-
cles as we did. In addition, most of the Zn-containing scaffolds have only
7

been studied the osteogenic properties, without the exploration of the in-
fluence of Zn content on osteoclastogenesis.

Zinc is known as the “calcium” of the 21st century because it plays
many important biological roles in the body, including promoting matrix
mineralisation, stimulating new bone formation and maintaining bone



Fig. 4. Zn2þ promoted osteogenic differentiation of MC3T3-E1 cells in vitro in a dose-dependent manner. (A, B) Proliferation curves and cell viability of MC3T3-E1
cells cultured with Zn2þ solutions of 1, 2, 3 and 4 mg/L compared with proliferation medium. Mean � standard deviation (SD); n ¼ 3. (C, D) ALP staining and
quantification of ALP activity of MC3T3-E1 cells cultured with Zn2þ solutions 7 days after osteogenic induction (OI). Mean � SD; n ¼ 3; **P < 0.01, ***P < 0.001. (E,
F) ARS staining and quantification of the mineralisation of MC3T3-E1 cells cultured for 14 days after OI. Mean � SD; n ¼ 3; *P < 0.05, ***P < 0.001. (G, H) Expression
of osteogenic genes Alp and Runx2 in MC3T3-E1 cells cultured for 7 days after OI. Mean � SD; n ¼ 3; *P < 0.05, **P < 0.01, ***P < 0.001.
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mass[35]. Besides, our previous study have confirmed the osteogenic
ability of pure zinc [37]. What's more, Zn alloys hold favourable me-
chanical strength, degradation rates [21]. Therefore, incorporating Zn
power into the PCL scaffold may be a feasible method to improve the
osteogenesis and mechanical properties of PCL. Herein, we fabricated
PCL/Zn scaffolds with Zn powder content of 1, 2 and 3 wt%.We found that
the incorporation of Zn power improvedmechanical properties of PCL, PCL
scaffolds with 2 wt% and 3 wt% of Zn had the best compression strength
(72.6 � 2.75 and 75.35 � 1.22 MPa, respectively), while the 2 wt%
experimental group had the best three-point flexural strength
(141.15 � 1.66 MPa). This may be because the Zn powder enhanced the
8

mechanical properties of the composite scaffolds, although excessive Zn
particles affected the integrity of the PCL fibre. Previous study of Dong
et al. has pointed out that properly incorporatedMgmicro-particles of 26.8
μm enhanced the mechanical properties of PCL scaffolds, but due to the
local enrichment of micro-particles in the PCL matrix, excessive particles
weakened the mechanical enhancement [38]. However, Adhikari et al.
indicated that Mg particles of 325 mesh decreased the ultimate tensile
strength and Young’s modulus of the PCL matrix. When the polymer
deformed, it would produce an elastic response, but the presence of par-
ticles would cause a local and diffuse inelastic process. Besides, the elon-
gation force changed the crystalline phase in PCL, and the presence of



Fig. 5. Zn2þ affected the osteoclastogenesis of RAW264.7 cells in vitro in a dose-dependent manner. (A, B) Proliferation curves and cell viability of RAW264.7 cells
cultured with Zn2þ solutions of 1, 2, 3 and 4 mg/L compared with proliferation medium. Mean � standard deviation (SD); n ¼ 3. (C, D) TRAP staining and quan-
tification of the TRAP activity of RAW264.7 cells cultured with Zn2þ solutions after induction for 7 days. Mean � SD; n ¼ 3; *p < 0.05, ***p < 0.001. (E, F) Expression
of osteoclast-related genes Trap and c-Fos in RAW264.7 cells cultured for 7 days after induction. Mean � SD; n ¼ 3; *p < 0.05, **p < 0.01, ***p < 0.001. (G, H, I) Pit
formation (upper row for 100 � , lower row for 1000 � ) and quantification thereof on cortical bovine bone slices cultured with Zn2þ solutions after induction for 14
days. Mean � SD; n ¼ 3; *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 6. Zinc acted on the osteogenesis and osteoclastogenesis processes through the Wnt/β-catenin and NF-κB pathways. (A, B) Expression of genes Axin2 and Lrp5 in
MC3T3-E1 cells cultured for 7 days after induction. Mean � standard deviation (SD); n ¼ 3; *p < 0.05, **p < 0.01, ***p < 0.001. (C) β-catenin and WNT-3A expression
detected by Western blot analysis. (D, E) Expression of genes RANKL and RANK in RAW264.7 cells cultured for 7 days after induction. Mean � SD; n ¼ 3; *p < 0.05,
**p < 0.01, ***p < 0.001. (F) p-p65, p65, p-IκBα and IκBα expression detected by Western blot analysis.

S. Wang et al. Materials Today Bio 13 (2022) 100202
particles could interfere with this crystallinity, thereby affecting mechan-
ical properties [39].

PCL is usually regarded as hydrophobic because it lacks cell recog-
nition signals and biological adhesion sites [42]. The contact angle
measurements showed that the hydrophilicity of the scaffold surface
increased with increasing Zn content. Similar to the result we reached,
Zhao et al. mixed different content of Mg particles into the PCL matrix
[43]. Their results showed that as the content of Mg particles increased,
the hydrophilicity of the PCL composite material increased. This may be
attributed to the presence of inorganic metal materials on the film surface
that are more hydrophilic than pure PCL, and the metal powder changed
the melting and solidification conditions of PCL, causing changes to the
PCL surface structure during extrusion and molding. Live/dead staining
established that, though no scaffolds had obvious cytotoxicity, for those
containing 2 wt% and 3wt% Zn hadmore cell adhesion onto the surfaces,
which was in consistent with hydrophilicity results.

From the in vivo experiments, all of the scaffold-containing groups
showed more osteogenic effects than that of the blank control group.
Moreover, when 2 wt% Zn was mixed in the PCL scaffolds, the bone-
promoting effect was strongest. However, when the concentration of
Zn was increased to 3 wt%, the osteoclasts at the edge of the new bone
tissue around the scaffold began to increase significantly, and the amount
of new bone started to decrease. Although there was no obvious osteo-
clast staining in the new bone tissue around the scaffolds containing 1 wt
% Zn, the amount of new bone was less than that of the 2 wt% Zn group.
This was likely because the Zn content had not reached its optimal value.
Correspondingly, there was even less new bone formation around the
pure PCL scaffolds. Based on the in vitro and in vivo studies, we concluded
that the best mechanical and osteogenic properties were obtained when
2 wt% Zn was mixed into the PCL scaffolds.

Previous studies noted that Zn stimulates cell proliferation and dif-
ferentiation, as well as protein synthesis, in MC3T3-E1 cells. Togari et al.
reported that adding 10 μM Zn to MC3T3-E1 medium increased ALP
expression [27]. In addition, Zn2þ can act as an activator or co-activator
of runt-related transcription factor 2 (RUNX2) [44,45]. Other studies
have shown that free extracellular Zn2þ may be deposited on bone for-
mation sites of osteoblasts or osteocytes, which suggests that it
10
participates in processes related to bone matrix synthesis [46,47].
However, O'Connor JP et al. pointed out that the positive effect of Zn2þ

on osteoblast activity occurs within a narrow dose range (1–50 μM),
doses exceeding 50 μM inhibit osteogenic activity [27]. Moreover, Togari
et al. noted that treating MC3T3-E1 cultures with high Zn2þ doses (50
and 100 μM) could inhibit calcium deposition, which means that it may
be unreasonable to discuss the role of Zn in the process of osteogenesis
without the dose [48].

Excessive activation of osteoclasts in the initial stage of implantation
may delay the healing of bone tissue, as they absorb existing bone tissue
[49,50]. Zn is also necessary for osteoclastogenesis, as an essential trace
metal. However, there is still no consensus concerning the relationship
between Zn and osteoclastogenesis. Hie et al. found that when 5-week--
old female Wistar rats were fed a Zn-free diet, the number of osteoclasts
observed in their distal femoral growth plate was 50% less than that of
control rats (normal diet). Also, bone extract from Zn-starved rats
exhibited reduced TRAP activity [51]. Besides, Hadley et al. observed
increased TRAP activity in rats fed extra amounts of zinc (2.5–30 mg zinc
per kg of chow) [52]. Similar to the trend of our in vivo results, which
indicated that high Zn content may cause increased osteoclast activity,
Kawamura et al. fabricated Zn-tricalcium phosphate/hydroxyapatite
(ZnTCP/HAP) implants and implanted them in the femora of New Zea-
land White rabbits, and found that there was significant new bone for-
mation around the ZnTCP/HAP implants of 0.316 Zn wt %, however, an
increased bone resorption was observed on the endosteal surface around
the ZnTCP/HAP implants of 0.633 Zn wt% [53]. In contrast, some in vitro
studies found that sub-nanomolar concentrations of exogenous Zn
inhibited osteoclastogenesis [54,55].

Our subsequent in vitro experiments showed that the osteogenic and
osteoclastic effect of Zn was dose-dependent. In the range of 1–4 mg/L,
Zn2þ ions promoted osteogenic differentiation of MC3T3-E1 cells and a
Zn2þ concentration of 1 mg/L had the best bone-promoting effect. The
effect lessened with increasing concentration. On the other hand, in the
range of 1–4 mg/L, Zn2þ concentrations of 2, 3 and 4 mg/L promoted
osteoclastogenesis of RAW264.7 cells, and this effect was enhanced with
increasing concentration. The Zn2þ concentration of 1 mg/L did not show
a significant effect compared with the control group. These results are
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consistent with those of in vivo experiments, i.e. Zn promoted osteo-
genesis in a dose-dependent manner, and the optimal concentration of Zn
to promote bone formation peaked within a certain range. Furthermore,
within a certain concentration range, Zn had no significant effect on the
activity and number of osteoclasts. However, when it exceeded this
range, osteoclastogenesis was promoted.

The Wnt/β-catenin pathway plays a key role in the process of osteo-
genic differentiation [56]. Lrp5 is a canonical Wnt co-receptor and Axin2
is a direct target of Wnt activation [57,58]. Moreover, activation of the
Wnt/β-catenin signalling pathway is reflected in the accumulation of
β-catenin in the presence of WNT protein. In our study, significant
changes were seen in the expression levels of the Wnt/β-catenin
pathway-specific genes Axin2 and Lrp5, and the proteins β-catenin and
WNT-3A. Thus, the effect of Zn2þ on the osteogenesis of MC3T3-E1 cells
was related to the activation of this signalling pathway.

Binding of RANKL to its receptor RANK activates the NF-kB signalling
pathway, inducing osteoclast differentiation [59]. IκBα is an important
regulatory protein that inhibits NF-κB signalling. Previous studies have
shown that, when phosphorylated, free p-IκB was ubiquitinated, while
p65 was activated. Subsequently, p-p65 entered the nucleus and acti-
vated specific transcription factors [60,61]. In our study, Zn2þ simulta-
neously promoted the expression of p-IκBα and p-p65, while the
osteoclast-specific genes RANKL and RANK were upregulated, indi-
cating that NF-κB signalling was activated during the process of osteo-
clastogenesis. Our results demonstrated that activation of the NF-κB
pathway was a potential mechanism underlying the osteoclastogenesis
induced by Zn2þ.

5. Conclusion

We incorporated Zn into PCL scaffolds to achieve PCL/Zn composite
scaffolds, and found that the scaffold containing 2 wt% Zn was optimal
for bone regeneration and show great application potential. Moreover,
the role of Zn in the processes of osteogenesis and osteoclastogenesis was
related to the Wnt/β-catenin and NF-κB signalling pathways, respec-
tively. This study provides new insight into the role that Zn plays in the
process of bone regeneration and endows composite materials with
biological functions.
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