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a b s t r a c t

Despite the accessibility to porous architectures through various biofabrication approaches for tissue
engineering, incorporating various active growth regulators within their matrices that act as biochemical
cues is also an essential attribute for effective tissue growth. To address these facts, icariin (ICA)-
encapsulated polymeric scaffolds are fabricated using a low-temperature extrusion-based three-
dimensional (3D) printing technology for efficiently promoting osteogenesis. This approach not only
resulted in the generation of porous architectures but also substantially maintained the bio-efficacy of
the encapsulated ICA. Moreover, these composite scaffolds based on poly(ε-caprolactone) (PCL) and
tricalcium phosphate (b-TCP) encapsulated with ICA (ITP scaffolds) are systematically characterized using
various techniques before and after printing. Furthermore, various investigations relevant to biode-
gradability, biocompatibility, ICA release, and osteogenic ability of the ITP scaffolds are explored. The
intact physiochemical properties of the materials, sustained release of ICA from the scaffolds, and high
biosafety at various levels ranging from cellular to animal efficiently promoted the proliferation of mouse
bone marrow mesenchymal stem cells (BMSCs) and their differentiation to osteoblasts. Together, the
utilization of low-temperature extrusion approach provides a convenient and eco-friendly means of
fabricating highly porous 3D architectures that supply the required growth regulators in their active form
for tissue regeneration.
© 2021, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Despite the advancements in the therapeutic strategies, the
repair of bone trauma and bone defects has remained as one of the
most common problems in clinical medicine as the healing and
repairing processes are long-term and highly complicated [1]. To
this end, the field of tissue engineering holds promising potential in
repairing various tissues by using the artificial biological sub-
stitutes, which restore the structure and function of the damaged
tissue defects or malfunctioned organs [2e4]. Various 3D complex
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porous architectures as bone substitutes offer enormous advan-
tages such as ease of tailoring size, achieve control over the
microenvironment, capable of osteogenic activity by co-culturing
with bone cells or its progenitor cells, and simulate the
morphology and structure of bone [5e7].

Along this line, several approaches have so far been employed in
the fabrication of scaffolds with porous architectures for tissue
engineering applications [3]. 3D printing technology is one such
promising approach resulting in geometrically distinct porous ar-
chitectures in 3D orientation, which could efficiently provide con-
trol over the tissue microenvironment [8,9]. Notably, this approach
also improves the physiological relevance by the printing of vital
tissues and overcomes the significant limitations of conventional
fabrication approaches, such as reduced reproducibility, compati-
bility issues relevant to porogens and organic solvents, among
others [10,11]. Indeed, this technology can rapidly and accurately
fabricate individualized or patient-specific tissue or organ models
sting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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using different polymers by efficiently controlling the microstruc-
ture of materials, which can avoid the defects of immune response
and allograft rejection caused by traditional organ transplantation
[12e14].

Icariin (ICA), a traditional flavonoid, has recently received
enormous interest from researchers for the treatment of osteo-
porosis [15,16]. Numerous reports demonstrated that efficient
control of ICA concentration could substantially promote the
differentiation of bone marrow mesenchymal stem cells (BMSCs)
and the secretion of alkaline phosphatase (ALP) [17e19]. How-
ever, ICA with over high concentration could make negative ef-
fect on cell growth. In this context, Hua and colleagues fabricated
polydopamine-coated scaffolds to stabilize the adsorbed ICA for
bone tissue engineering [20]. The experimental results showed
that scaffolds not only protected the encapsulated ICA but also
facilitated the differentiation and proliferation attributes of cells.
Moreover, the amount of protein secretion was significantly
improved towards augmenting the osteogenic properties of the
scaffolds in repairing bone tissues. Thus, preserving the highly
effective amount of ICA in the scaffolds accelerates the repair of
bone tissue. To this end, in the traditional, solvent-free extru-
sion-based printing, the printing temperature was often adjusted
to a high temperature of approximately 200 �C, which might lead
to the loss of bioefficacy of such sensitive growth regulators.

Inspired by these considerations, we demonstrate the fabrica-
tion of artificial substitutes with porous 3D architectures using a
low-temperature extrusion-based 3D printing approach for bone
tissue engineering (Fig. 1). The inks maintain fluid state at room
temperature and become solid state after extruded and contacting
a low-temperature (below melting point) platform, which low-
temperature strategy provide the better protection of drugs or
bioactive substances and is potential for further bioprinting.
Herein, due to the good biocompatible and suitable mechanical
properties, a combination of polymers, poly(ε-caprolactone) (PCL)
and tricalcium phosphate (b-TCP) [21,22], as scaffold materials,
was uniformly mixed with the growth regulator, ICA (referred as
ITP scaffolds) prior to printing in anticipation of maintaining its
ability of osteogenic differentiation. Further, the physicochemical,
as well as mechanical properties, the release profile of ICA,
Fig. 1. Overview of the study. Schematic illustration showing the fabrication of ICA-loaded
subsequent steps of cell adhesion, proliferation, and osteogenic properties of the composit
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biodegradability, and biocompatibility attributes of the scaffolds,
were systematically investigated. Finally, the effects of ICA on the
adhesion, growth, and differentiation of mouse BMSCs in the ITP
scaffolds were explored by analyzing the osteogenic specific
markers. This work exhibited the osteogenesis differentiation po-
tential of ICA at an appropriate concentration. And TP scaffold was
able to release drug controllably as a possible on bone regenera-
tion material.

2. Methods

2.1. Materials

ICA was obtained from the Shenyang Long Power Technology
Co., Ltd. (Shenyang, China); b-TCP powder (particle diameter of
50 mm) was purchased from the Dalian Mei Lun Biotechnology Co.,
Ltd. (Dalian, China). PCL polymer was purchased from the Daigang
Biological Co., Ltd. (Jinan, China). Dichloromethane (DCM), 1, 4-
dioxane (99.9% purity), phenol, and ethanol (99.8% purity) were
purchased from the Sangon Biotech Co., Ltd. (Shanghai, China). Cell
lysate, ALP assay kit, and cell counting kit (CCK)-8 were obtained
from KeyGEN BioTECH. Ltd. (Nanjing, China). FITC-Phalloidin
detection kit was obtained from the Beijing Solarbio Science and
Technology Co., Ltd. (Beijing, China). The mouse osteocalcin (OC),
Type-I collagen (Col-I), and Runt-related transcription factor 2
(Runx2) enzyme-linked immune sorbent assay (ELISA) kits were
purchased from Bio-Swamp (Beijing, China). All other chemicals
were of analytical purity and were used without any further
purification.

2.2. Fabrication of 3D-printed scaffolds

Initially, the polymeric inks were prepared by placing 4 g of PCL
and an appropriate amount of b-TCP separately in 10 mL of 1, 4-
dioxane at appropriate proportions (16:1, w/w) and subsequently
mixed while stirring at room temperature until resulting in a uni-
form dispersion. Further, the inks were deposited in the dispenser
and subjected to printing using a Regenovo 3D Bio-Architect printer
(Hangzhou, China) in a low-temperature mode such that the
polymeric scaffolds by a low-temperature extrusion-based 3D printing approach and
es.
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scaffolds with the dimensions of 15 � 3 mm (width x height) were
produced (the 3D model was built through computer-aided design
(CAD)). The optimized printing conditions include the platform
temperature of �5 �C, which could significantly support the for-
mation of ink droplets after extrusion, the printing pressure of
0.1e0.15 MPa, and the printing rate of 5e8 mm/s. Finally, the 1, 4-
dioxane was removed by lyophilization. These scaffolds were
denoted as TP scaffolds. For fabricating ICA-loaded scaffolds, the
composite inks with three gradients of ICA, 0.16, 0.32, and 0.64% of
the total stent mass were prepared by dissolving an appropriate
amount of ICA in the 1, 4-dioxane. These scaffolds were denoted as
ITP scaffolds.

2.3. Characterization of 3D scaffolds

The surface morphology of the polymeric scaffolds was
perceived by scanning electron microscope (SEM, Phenom Pro,
Phenom-China, China). Fourier transform infrared spectra (FTIR,
8400S, Shimadzu, Shanghai, China), X-ray diffraction patterns
(XRD, SmartLa, Rigaku Corporation, Tokyo, Japan) were recorded to
explore the changes in the characteristic functional groups as well
as surface crystalline transformation after 3D printing and freeze-
drying, respectively. The universal material testing machine was
used to explore the mechanical properties of the 3D printed scaf-
folds. To demonstrate the wettability attribute of the scaffolds, the
contact angle was measured using the contact angle admeasuring
apparatus. The instrument was equipped with a micro-syringe, for
mounting an appropriate volume of 3 mL of deionized water at a
rate of 0.5 mL/s every time. Further, the angle was read through a
software, in which the whole process would take around 10e20 s.
Further, the porosity of the fabricated scaffolds was measured by
specific gravity method. The water absorption of TP stents was
calculated by the weighing method.

2.4. Biodegradability

The biodegradability in vitro of the fabricated scaffolds was
measured by recording the difference in their weights after
exposed to phosphate-buffered saline (PBS, pH-7.4). 3D printed
scaffolds (8 sets) were weighed separately and recorded the initial
weight. After sterilization by UV overnight, the scaffolds were
placed in 30 mL of PBS, incubated at 37 �C, and the final weights
were recorded at the predetermined time intervals of 2nd, 4th, 6th,
8th, 10th, 12th, 14th, and 16th week. Furthermore, the surface
morphology of these stents was observed by SEM, and the water
absorption efficacy, weight loss, hydrophilicity fluctuations, and
mechanical properties of the degraded scaffolds were measured. In
addition, the changes in the pH value of the degradation solution
were recorded at room temperature. The experiments were per-
formed in 6 parallels in each group.

2.5. In vitro investigations

2.5.1. Cell culture
BMSCs were purchased from China Center for Type Culture

Collection (CCTCC, Wuhan, China), cultured in a growth medium
(DMEM supplemented with 10% FBS), and maintained in an incu-
bator (37 �C, 5% CO2). Fresh media were replaced every other day,
and cells in the logarithmic phase were taken for subsequent ex-
periments. The passage number of BMSCs were contained at 5e10
generation. Before cell culture, scaffolds experienced a series of
sterilization process, including overnight UV exposure, anhydrous
ethanol soak and air drying. Further, for better nutrient transport
and cells adherent, the sterilized scaffolds were infiltrated in
dioxane for 3 days.
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2.5.2. Cytotoxicity of TP scaffolds during degradation
The effects of the leaching liquors of the degraded scaffolds on

the growth of BMSCs were investigated. Briefly, at the fixed time
points of the 2nd, 4th, 6th, 8th, 10th, 12th, 14th, and 16th week of
the degradation experiment, the biodegraded scaffolds of each
group were prepared at different concentrations of 10, 5, 2, and
1 mg/mL of normal cell culture medium. Further, the CCK-8 kit was
used to demonstrate the toxicity of the leaching liquors to BMSCs.
The proliferations of cell were calculated by relative to the negative
control (e.g. cells were cultured with normal medium and tested at
corresponding time points). At the corresponding time points, the
expression level of ALP activity in each group was also detected by
using the ALP kit. The detailed operation procedures of different
scaffold extracts were performed by referring to our published
reports as well as manufacturer's instructions [8,23].
2.5.3. Cytotoxicity assay of ITP scaffolds and ICA release
The ICA loading was determined by investigating the cytotox-

icity and proliferation effect of ITP scaffolds with the gradient ICA
concentrations on BMSCs. Initially, the leached extracts of the ITP
scaffold with three different concentrations of ICA (0.64%, 0.32%
and 0.16%) were prepared and fixed in a 12-well plate. BMSCs
(2 � 105/well) were seeded and incubated in wells with above ITP
scaffolds insidewells. Further, the CCK-8 assaywas used to evaluate
the cytotoxicity after incubation, at 24, 48, and 72 h. The normal TP
scaffolds without ICA were employed as negative control, and ICA-
saturatedmedium solutionwas used as positive control. Finally, the
release behavior of ICA in ITP scaffolds was monitored by moni-
toring absorbance at 270 nm of supernatant for a period of 16
weeks.
2.5.4. Cell adhesion and viability assays
The adhesion, as well as proliferation rates of BMSCs on ITP

scaffolds, were measured as follows. Briefly, the ITP scaffolds were
sterilized and fixed in a 12-well plate for proper infiltration of cells.
Further, the BMSCs with good growth state were seeded uniformly
onto the scaffolds at a medium density of 2 � 105 cells. At pre-
determined time intervals of 1, 3, 5, 7, and 24 h after the seeding,
the scaffolds were then carefully removed. Further, the cells
adhered to the scaffolds were detached with 0.25% EDTA trypsin
and centrifuged for 4 min at 1000 r/min. Then, the number of cells
at each time point was counted with a conventional blood cell
counting board, and the cell adhesion rate was subsequently
calculated. Similarly, scaffolds the proliferation rates of BMSCs on
scaffolds were dealt same as above. At the 1st, 3rd, 5th, 7th, and
10th day after inoculation, the cells were collected. The relative
adhesion and proliferation rates were calculated by setting 6 par-
allels for each group (Eq. (1)).

Cell adhesion rate (%) ¼ (adherent cells/seeded cells) � 100 (1)

Further, BMSCs were inoculated onto ITP scaffolds in the 12-well
plate at a density of 2 � 105 cells/mL. After 24 and 48 h of incu-
bation, the scaffolds were removed, and they were then washed
with PBS, fixed with 2% glutaraldehyde solution, dehydrated by
alcohol gradient, and observed under SEM. In addition, the staining
procedures were carried out by washing several times with PBS,
fixed with 4% paraformaldehyde, stained with FITC-phalloidin for
30 min, and 4’, 6-diamidino-2-phenylindole (DAPI) for 10 min in
the dark, and then observed under confocal laser scanning micro-
scope (CLSM, TCS SP5, Leica, Wetzlar, Germany).
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2.6. In vivo investigations

2.6.1. Ethical considerations
All experimental procedures using animals were executed in

accordance with the Experimental Animal Ethics Committee of
Fujian Medical University according to the guidelines of the Na-
tional Institute of Health Animal Care and the Animal Management
Rules of the Ministry of Health of the People's Republic of China.

2.6.2. Hemocompatibility
Fresh anticoagulant rabbit blood was used for evaluating the

hemolysis rate of leaching extracts of the printed ITP scaffolds at
different concentrations (2, 5, and 10 mg/mL). The hemolysis rates
of the scaffold extracts were calculated by recording the OD values
of the supernatants at 545 nm using the following formula (Eq. (2)).
There are 6 repetitions in each group.

Hemolysis rate (%)¼ (Sample OD at 545 nm-Negative control OD at
545 nm)/(Positive control OD at 545 nm-Negative control OD at
545 nm) (2)

2.6.3. Acute systemic toxicity test

Male, Institute of Cancer Research (ICR) mice (20e40 g) were
housed for 1 week to adapt the experimental conditions and were
then randomly divided into three groups (n ¼ 6). The experimental
group of mice was intraperitoneally injected with the ITP scaffolds
extracts (10 mg/mL) at a volume of 50 mL/kg (injection dose/mice
weight). Further, the mice were fed for 72 h to observe the changes
in diet, respiration, work as well as rest, activity, and body weight
after 24, 48, and 72 h of injection. In addition, the other two groups
were injected with 6.4% phenol and 0.9% saline as positive and
negative controls, respectively.

Furthermore, the experimental mice were sacrificed by cervical
dislocation, and then the intact livers of each group were dissected
and stained with hematoxylin-eosin (HE) for histological exami-
nation. The stained tissue constructs were examined under an
optical microscope to observe the pathological changes in the livers
of mice.

2.7. Osteogenic differentiation in vitro

BMSCs harvested in the logarithmic phase were inoculated onto
the sterilized scaffolds and were placed in the 6-well plate
(5� 104 cells/mL). Further, the filtered extracts of different scaffolds
(ITP and TP scaffolds) and media contained 0.32% (w/v) ICA were
collected after 7 days of culture. The calcium node formation was
then observed under the optical microscope following the manu-
facturer's instructions. Similarly, BMSCs were inoculated and
cultured, as mentioned above (refer to 2.5.1). On the 3rd, 5th, and
7th day after culture, the contents of OC, Col-I, and Runx2 were
detected by using the respective ELISA kits following the manu-
facturer's instructions. The preparation methods of different ex-
tracts are the same as above.

2.8. Statistical analysis

All results subjected to significance tests were presented as the
mean ± standard deviation (n ¼ 3). The statistical analysis of all the
experimental data was performed using GraphPad Prism (Version
7.0, GraphPad Software, San Diego, CA, USA). Analysis of variance
(ANOVA) single-factor analysis was conducted at a defined level of
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statistical significance as P < 0.05, using SPSS (Version 18, IBM,
Armonk, USA).

3. Results and discussions

3.1. Characterizations

In this study, the scaffolds (15 � 15 � 3 mm3 in size) with
controllable morphology and high porosity were fabricated using a
low-temperature extrusion-based 3D printing approach for bone
tissue engineering application (Fig. 2A-i). It was evident from the
SEM observations that the fabricated 3D printed scaffolds resulted
in the rough and highly porous surface, which could be highly
conducive for cell adhesion and growth (Fig. 2A-ii, iii). The FTIR
spectra exploring the characteristic functionalities of the polymeric
materials after 3D printing and freeze-drying illustrated no signs of
changes in the characteristic absorption peaks of the materials,
demonstrating the compatibility of these processes with the uti-
lized raw materials in fabricating porous architectures (Fig. 2B)
[24]. Similarly, the XRD patterns also indicated that the basic
reflection peaks attributed to the polymeric crystalline structures
had shown no noticeable changes in their arrangement compared
to that of the spectrum of the raw materials (Fig. 2C). However, the
intensities of the peaks were slightly reduced, which could be due
to the introduction of b-TCP, which result was similar to other
composite scaffolds [25]. Together, the chemical functionalities and
crystalline patterns of the resultant materials showed that the
prepared TP scaffolds basically maintained the physical and
chemical properties of the materials. Meanwhile, the porous
structure could be highly conducive for cell growth.

Initially, the water absorption rate of TP scaffolds within 24 h
was examined. As depicted in Fig. 2D, the water absorption rate
of the scaffolds increased proportionally in the first 12 h of the
study, and attained equilibrium state after 12 h. To further
demonstrate the wettability of the TP scaffolds, the contact angle
is measured, which is an important parameter that indicates the
hydrophilic properties of the material. It should be noted that
the smaller the value of the contact angle, the better the hy-
drophilicity of the scaffolds. In this case, the eventual TP scaf-
folds resulted in slightly less than 90� (i.e., 89.32), attributing to
the hydrophilicity of the polymer (Fig. 2E). Although the fabri-
cated TP scaffolds were mainly composed of the hydrophobic
PCL material, a small amount of b-TCP evacuated well in PCL,
resulting in a slight change in the polar group configuration and
surface energy polarity components. These consequences would
have certainly resulted in the improved overall hydrophilicity of
the scaffolds. Notably, such hydrophilic surfaces could offer an
excellent affinity to cells, which would make them conducive to
adhesion, growth, and proliferation of cells.

Indeed, the porosity attribute of any material substantially
reflects its density and mechanical properties. In this context,
the mechanical properties of such material are often inversely
relative to its porosity. Thus, to examine the mechanical prop-
erties of the TP scaffolds, the compressive strength of the scaf-
folds with the increase of the porosity and layer thickness of the
3D porous scaffold was determined (Fig. 2F). It was observed
that the compressive strength of the stent amplified with the
thickness, while it decreased with the increase of porosity
(Fig. 2G). Based on previous preparation experience and con-
siderations from literature, the relation between the porosity as
well as the compressive strength of the scaffold could be
essentially resolved in regard to the size of the scaffold under the
same preparation conditions and materials [8,23,26]. Hence,
based on the investigation of each parameter, the scaffolds with
size of 15 � 15 � 3 mm3 were selected for the further



Fig. 2. Physical characterizations of 3D printed scaffolds. (A) Representative i) optical image, and SEM micrographs showing the ii) surface and iii) interior morphology of the TP
scaffolds (scale bar: 20 mm). (B) FTIR spectra and (C) XRD spectra of the TP scaffolds as well as the raw materials. (D) Water absorption rate and (E) contact angle of the TP scaffolds.
Effect of (F) porosity and (G) thickness on the compressive strength of TP scaffolds.
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experiments, where their porosity and compressive strength
were determined at 80.17 ± 4.03% and 1.78 ± 0.0153 MPa
respectively.
3.2. Biodegradability of TP scaffolds

The degradation of composite scaffolds is an important attribute
to be considered in bone tissue engineering as it plays a significant
role throughout the process of material culture, implantation, and
bone healing by affecting the transfer and metabolism of nutrients,
as well as the regeneration of damaged tissues [27,28]. Therefore, it
is required to study the degradation process of the composite
scaffolds and whether or not the resultant degradation products
would affect the normal physiological activities in the living sys-
tem. As shown in Fig. 3A, the TP scaffolds were degraded in the
biomimetic environment in vitro, and the pH of the solution
gradually decreased from 7.4 to a weakly acidic state over time
owing to the hydrolysis of ester groups of b-TCP and PCL, resulting
in the acidic environment [22]. However, this attribute may have no
significant influence upon implanting these substitutes as the hu-
man body is a perfect buffer system, which gradually infiltrates the
acidic constituents into the surrounding tissues as well as neu-
tralizes by acid-base balance and excretes them over time by
various self-defense mechanisms [29]. Meanwhile, numerous hy-
drophilic groups such as carboxyl and hydroxyl groups on the main
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chain had significantly facilitated the water absorption perfor-
mance of the degradation scaffolds (Fig. 3B). Similarly, the weight-
loss rates of the stents were also constantly continued to upsurge
(Fig. 3C). Moreover, as the degradation time prolonged, the me-
chanical properties of the degraded stents were gradually reduced
(Fig. 3D). It was observed from the SEM images that the increase in
the degradation time had resulted in the larger pores on the surface
of the scaffolds, and even some of the structures were collapsed
(Fig. 3E). Such changes might increase the contact surface between
the scaffolds and the degradation fluid, which would penetrate into
the scaffolds and accelerate the degradation of surrounding mate-
rials. Furthermore, the contact angle of the corresponding scaffolds
with the increasing degradation time was measured. Interestingly,
it was observed that the contact angle of the stent was reduced,
which might be due to the enriched hydrophilic groups exposed on
the main chain of the polymer, attributing to the non-uniform
porous surface of the scaffolds (Fig. 3F). Collectively, these scaf-
folds with improved hydrophilicity and degradability attributes
could efficiently promote the adhesion of cells.
3.3. Biocompatibility of 3D scaffolds

Indeed, the biocompatibility of any material generally refers to
its property of exhibiting no critical responses, i.e., either toxic or
immunological, when exposed to living tissues. It should be noted



Fig. 3. Biodegradation behavior of TP scaffolds in vitro. Graphs showing the changes in (A) pH value, (B) water absorption, and (C) weight loss of the scaffolds during degradation
in vitro. (D) Changes in the mechanical properties of the scaffolds during in vitro degradation (n ¼ 3). Changes in (E) morphology and (F) contact angle of the degraded TP scaffolds
in PBS solution: i) 4, ii) 8, iii) 12, and iv) 16 weeks in PBS solution. (n ¼ 3).
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that all the biomaterials used in the field of medicine should meet
the guidelines of biological safety procedures related to biocom-
patibility. In general, the toxic effects of the fabricated scaffolds are
measured by treating the cells in vitro with their leaching liquors
containing the degradation products at different degradation times.
To demonstrate these facts, the biocompatibility of the fabricated
scaffolds was assessed by exposing them to BMSCs. As depicted in
Fig. 4A, the CCK-8 assay results had shown no obvious cytotoxic
effects on the cells, indicating that these stents were highly
compatible and safe. Moreover, the degradation products of TP
scaffolds with different degradation times also promoted the
expression of ALP, indicating that the degradation products of TP
scaffolds would improve the ossification of BMSCs (Fig. 4B).

Indeed, it was evident from the literature that the ICA loading
played an important role in promoting or inhibiting the prolifera-
tion and differentiation of osteoblasts [18e21,26]. In view of this
fact, three gradient concentrations of ICA in the scaffolds were
chosen along with the normal medium as the negative control, and
the medium containing 0.64% phenol as the positive control. Fig. 4C
depicted that the scaffolds with different concentrations of ICA
showed no significant cytotoxicity toward BMSCs. Combined with
the effects of cell proliferation, the scaffolds with 0.32% content
expressed the significant proliferation efficacy due to ICA was
released slowly and promoted cell growth at an appropriate con-
centration, which was chosen as the optimal load for further ex-
periments. Further, the ITP scaffolds have shown the sustained
release of ICAwithout any signs of burst release, indicating that the
ICA was evenly distributed throughout the 3D polymeric frame-
work of ITP scaffolds. Moreover, the slow release could also be
facilitated through gradual degradation (Fig. 4D). Notably, the
uniformly dispersed ICA in the ITP scaffolds not only maintained
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the content of ICA exposed in the surrounding environment but
also appropriately ensured the ICA persistence in its role of pro-
moting bone formation.

Further, to evaluate the adhesion behavior of cells over ITP
scaffolds, the cells were observed under the microscope, and the
relative proliferation of co-loaded cells was measured. First, the cell
adhesion rate of ITP scaffolds increased with time in 24 h of culture,
and was indeed stable for 7 h, reaching the affinity to around
88.33%. The results could be attributed that the porous architec-
tures generated by 3D printing technology increased the cell af-
finity with scaffolds by increasing the direct contact space between
scaffold and cells.

Moreover, the surface and interior of the scaffolds exhibited the
rough 3D surface and multi-cavity internal structure due to the
volatilization of 1, 4-dioxane [30], which increased the possibility of
cell attachment (Fig. 4E). Simultaneously, the cells adhered to the
ITP scaffolds resulted in the augmentation of the proliferation,
which could be explained by the fact that appropriate exchange of
nutrients for cell growth through porous architectures [31], and the
sustained release of dispersed ICA in the scaffolds (Fig. 4F). More-
over, it could be observed from the results that the cells were fully
stretched and naturally grown in a fusiform or elliptical shape on
the ITP scaffolds, and even the prosthetic feet were closely inter-
dependent with the scaffolds (Fig. 5). Within 48 h of incubation, the
cell number of BMSCs on ITP scaffolds was increased, indicating
that the ITP scaffolds provided a conducive microenvironment for
cell proliferation.

To further demonstrate the biocompatibility of ITP scaffolds, the
hemolysis experiments ex vivo was performed using the fresh
rabbit blood. Different concentrations of ITP scaffold extracts (2, 5,
and 10 mg/mL) were separately added with fresh anticoagulant



Fig. 4. Biocompatibility of scaffolds. Effects of degradation products with different degradation time on (A) cytotoxicity and (B) ALP activity (n ¼ 6). Cell adhesion efficacy and
activity of ICA/b-TCP/PCL (ITP) scaffolds. (C) The cytotoxicity of BMSCs after treatment with the extracts of scaffolds at different time intervals. (D) The accumulated release of ICA
from the ITP scaffolds. Graphical representation showing the (E) adherence efficiency, and (F) relative growth rate of BMSCs on ITP scaffolds at different exposure time points
(n ¼ 6).

Fig. 5. Adhesion rate of cells on ITP scaffolds. BMSCs were cultured on ITP scaffolds for 2 days. The cells on the scaffolds with nuclei stained by DAPI (blue) and cytoskeleton
stained by FITC-Phalloidin (green). SEM images representing the adhesion of cells onto the ITP scaffolds after incubation for 24 and 48 h. CLSM images of BMSCs cytoskeleton
showing that the cells were effectively deposited on ITP exposed to various time intervals.
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rabbit blood, and the absorbance values at 545 nm were then
detected by an enzyme-labeled instrument (ThermoFisher Scien-
tific, Waltham, USA). Even at the concentrations were pretty high,
the hemolysis rate was far below the standards of biosafety re-
quirements, revealing that these ITP scaffolds are highly compatible
(Fig. 6A). These experimental results of high hemocompatibility of
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the fabricated scaffolding systems could be due to the biocompat-
ible materials, PCL as well as b-TCP in the ITP scaffolds.

Similarly, to verify the toxicity of ITP scaffolds, acute systemic
toxicity tests were performed on 18 male mice of ICR level. The
common observation indices of each group of animals recorded
during the experimental period were shown in Table 1. The



Fig. 6. Ex vivo and in vivo toxicity test results. (A) Hemolysis rate of different concentrations of ITP scaffold extracts, (B) weight changes of mice in each group during the
experiment, and (C) the pathological characteristics of liver were observed after intraperitoneal injection: i) positive control, ii) negative control, and iii) experiment group. (n ¼ 6).
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experimental results were consistent in both the experimental
group as well as the negative control group, indicating that the
mice had no abnormal activities, and the life and rest states were
good, and the bodyweight of themice increased steadily during the
experimental period (Fig. 6B). Contrarily, the positive control mice
developed shortness of breath within 1 h of the injection and were
accompanied by difficulty in breathing, convulsions, and then died.
Together, it could be inferred from this experiment that ITP scaf-
folds have shown no significant adverse effects on the average
survival of mice.

Further, after 3 days of the administration, the mice were
sacrificed by cervical dislocation, and their intact liver sections
were fixed with 4% paraformaldehyde solution. After hema-
toxylin and eosin (H&E) staining, the microscopic observations
of the liver biopsies resulted that the hepatic lobules in each
group were slightly hexagonal with a clear structure, and the
hepatocytes were arranged radially around the central vein. In
the positive control group, the central and portal veins were
slightly dilated and congested. In addition, there were indi-
vidual necrotic foci in the hepatic lobule, accompanied by a
few fibroblast proliferations around the portal bile duct
(Fig. 6C-i). Contrarily, no degeneration and necrosis of hepa-
tocytes, no infiltration of inflammatory cells in hepatic lobules
and portal ducts, and no proliferation of fibrous tissue were
observed in the experimental group and the negative control
group (Fig. 6C-ii, iii). It could be concluded that the materials
used in the experimental group had shown no significant toxic
effects on the liver.
Table 1
Physiological responses of mice in each group during the experiment.

Sample Appetite Diarrhea Activity

Positive control e e Tremble
Negative control Normal No Normal
10 mg/mL Normal No Normal
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3.4. Osteogenic differentiation in vitro

BMSCs are multifunctional stem cells in bone marrow, which
can be induced to differentiate into osteoblasts by using some
bioactive factors or other drugs such as dexamethasone. To evaluate
the osteogenicity of ITP scaffolds, the expressions of some osteo-
genic specific factors were determined, which could be correlated
to the process of bone formation. In the vein, calcium nodule, a
diamond-like crystalline product of calcium and the predominant
constituent of bone, is one of such markers that can incidentally
reflect the degree of differentiation of BMSCs into osteoblasts
(Fig. 7A). Different culture solutions containing 3D scaffolds
showed different amounts of calcium nodules after 1-week of in-
cubation time with BMSCs. It could be observed from Fig. 7A that
enormous pink-colored diamond-like calcium nodule products
were observed in the experimental group (Fig. 7A-ii, and iv)
compared to the negative control group (Fig. 7A-i), Which could be
attributed to the common osteogenic properties of PCL and b-TCP in
the scaffold. However, a slight difference in the levels of calcium
was observed in the scaffolds group due to the sustained release of
ICA from the ITP scaffolds, where the concentration of ICA in me-
dium was low and promoted differentiation of BMSCs. In compar-
ison, ICA alone in the culture solution reduced the growth and
proliferation of cells, where the over-high concentration of ICA
directly contacted with BMSCs, which was consistent with the
conclusions mentioned above (Fig. 7A-iii).

In addition to the overexpression of ALP, BMSCs also synthesized
and secreted a large number of bone matrix substituents during
Drowsiness Weight Death

and twitch e e Yes
No Increase No
No Increase No



Fig. 7. Osteogenic differentiation of ITP scaffolds in vitro. BMSCs were cultured with different scaffold extracts for 7 days (n ¼ 3). (A) Staining results of calcium nodules: i)
normal control, ii) extract of TP scaffold, iii) medium containing ICA, and iv) extract of ITP scaffold, (B) OC, (C) Col-I, and (D) Runx2 in the extract of composite scaffolds solution that
has been incubated with BMSCs for various time intervals.
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osteoblast differentiation, such as OC, Col-I, and Runx2 [32]. The
expressions of OC (Fig. 7B), Col-I (Fig. 7C), and Runx2 (Fig. 7D) in the
ICA, TP scaffold and ITP scaffolds extracts group increased over
time, indicating both ICA and PCL and b-TCP released from scaffold
achieved osteoblast differentiation. In addition, the ITP scaffolds
extracts groupwas higher than those in the control group as well as
TP scaffolds, indicating that the ITP scaffold extract could up-
regulate the expression of osteogenic differentiation-related
genes in the presence of ICA. With the increase of culture time,
the expressions of OC and Col-I increased slowly and exhibited
significant difference compared with control group and TP scaffold
group. Together, we conclude that the ICA loaded in ITP scaffolds
could not only maintain the original drug activity but also slowly
release ICA in response to BMSCs, thereby augmenting their rate of
osteoblast differentiation.
4. Conclusions

In summary, we successfully prepared a kind of bone scaffolds
based on ICA/b-TCP/PCL materials using a low-temperature extru-
sion-based 3D printing approach. These materials offered excellent
mechanical properties as well as hydrophilicity, biocompatibility,
and osteogenesis attributes. Moreover, this approach efficiently
preserved the ICA in the scaffolds, and its sustained release had
resulted in pronounced bioefficacy. In addition, the 3D printed
scaffolds resulted in no signs of toxic substances during the
degradation process, and efficiently promoted the growth and
proliferation of BMSCs. Together, the ITP scaffolds significantly up-
regulated the expression of osteoblast specific-genes, confirming
the successful differentiation and maturation of BMSCs into bone
tissues.
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