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A B S T R A C T

Background: Diabetic bone healing remains a great challenge due to its pathological features including
biochemical disturbance, excessive inflammation, and reduced blood vessel formation. In previous studies, small
intestine submucosa (SIS) has been demonstrated for its immunomodulatory and angiogenic properties, which
are necessary to diabetic bone healing. However, the noticeable drawbacks of SIS such as fast degradation rate,
slow gelling time, and weak mechanical property seriously impede the 3D printing of SIS for bone repair.
Method: In this study, we developed a novel kind of 3D-printed scaffold composed of alginate, nano-
hydroxyapatite, and SIS. The morphological characterization, biocompatibility, and in vitro biological effects
of the scaffolds were evaluated, and an established diabetic rat model was used for testing the in vivo biological
effect of the scaffold after implantation.
Results: The in vitro and in vivo results show that the addition of SIS can tune the immunomodulatory properties
and angiogenic and osteogenic performances of 3D-printed scaffold, where the macrophages polarization of M2
phenotype, migration and tube formation of HUVECs, as well as osteogenic expression of ALP, are all improved,
which bode well with the functional requirements for treating diabetic bone nonunion. Furthermore, the
incorporation of alginate substantially improves the printability of composites with tunable degradation prop-
erties, thereby broadening the application prospect of SIS-based materials in the field of tissue engineering.
Conclusion: The fabricated 3D-printed Alg/HA/SIS scaffold provides desirable immunomodulatory effect, as well
as good osteogenic and angiogenic performances in vitro and in vivo, which properties are well-suited with the
requirement for treating diabetic bone defects.
Translational potential of this article: The incorporation of SIS and alginate acid not only provides good printability
of the newly fabricated 3D-printed Alg/HA/SIS scaffold, but also improves its immunoregulatory and angiogenic
properties, which suits well with the requirement for treating diabetic bone disease and opens up new horizons
for the development of implants associating diabetic bone healings.

1. Introduction

Critical-size bone defects are a serious kind of bone diseases caused

by many disorders such as trauma, tumors and osteoporosis [1–4]. When
critical-size bone defects occur, self-healing is a mission impossible
without the aid of implants. Recently, the emergence and rapid
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development of 3D printing open up new horizons for the development
of implants associating bone healing [5–8]. Taking advantage of 3D
printing technique, bone implants can be fabricated with different
shapes, sizes, and pore structures to match the specific requirements of
damaged bone repair [6]. Nevertheless, there are still great challenges
for damaged bone repair using implants, especially in some pathological
conditions such as diabetes [9,10]. As reported, the bone healing of
patients with diabetes mellitus is more difficult than that under normal
conditions. This is because the pathological circumstance of diabetes
mellitus is very complicated, where biochemical disturbance, excessive
inflammation, and high expression of reactive oxide species are all
involved [10–14]. The microenvironment of bone marrow is also
changed, which hampers the formation of new bones containing small
blood vessels [14,15]. Therefore, the bone healing under diabetes con-
ditions is difficult, and hence the implanted biomaterials designed with
special functions are urgently needed.

As is well known, osteogenic capacity is the primary function of
implanted biomaterials for treating bone defects [6,16–18]. Nowadays,
various kinds of artificial biomaterials including metals, ceramics and
synthetical polymers have been developed for bone implantation [6,19].
However, the biomedical metals such as Ti alloy and synthetical poly-
mers such as poly-ether-ether-ketone are inherently bio-inert, of which
the osteogenic performances are not good enough [20]. Alternatively,
biomedical ceramics such as hydroxyapatite are outstanding for their
pro-osteogenic function [21,22]. However, the mechanical mismatching

between ceramics and natural bones is a knotty problem when the
long-standing implants should bear forces in human bodies. What’s
more, in addition to osteogenesis, the other biological functions such as
immunomodulation and angiogenesis should be taken into overall
consideration during the sensitive and complicated process of bone
regeneration post-implantation [23,24].

Small intestine submucosa (SIS) is a kind of extracellular matrix
derived from decellularization of small intestine, whereby the majority
of bioactive extracellular matrix (ECM) can be maintained [25]. A series
of studies have shown that the SIS-based materials are a promising kind
of bioactive materials, which can facilitate the regeneration of tissues
such as urinary bladder, skin, uterus, abdominal wall, and bone [26–30].
Recently, we have demonstrated that there are multiple bioactive
compounds in SIS, which can induce the polarization of macrophages
into M2 phenotype, creating a favorable immune microenvironment for
the subsequent healing process [28,31]. Moreover, SIS also provides
good angiogenic capacity as it can facilitate the proliferation, migration,
and tube formation of human umbilical vein endothelial cells (HUVECs)
in vitro [25]. However, there are still some noticeable drawbacks of SIS
such as fast degradation rate, slow gelling time, and weak mechanical
property, which limit its applications in biomedical fields.

Sodium alginate is a kind of natural polysaccharides derived from
brown algae or sargassum, which is composed of β-D-mannuronic acid
and α-L-guluronic acid [32–34]. The sodium alginate can readily react
with calcium chloride to form calcium alginate and transform into a

Fig. 1. The graphical abstract of this study.
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hydrogel state [34]. Due to the easy-making procedure, the
alginate-based scaffold has been widely used in tissue engineering
[33–35]. However, its sole use can not meet the functional requirement
of tissue regeneration (including bone regeneration) as the bioactive
components are still lacking [16,36,37]. To this end, by combining the
easily-shaped sodium alginate with ceramic (nano-hydroxyapatite) and
SIS providing bioactivities, their functions and mechanical properties
can be complementary to each other, and the composited biomaterial
can be fabricated into personalized implants by 3D printing. As
demonstrated in our study, this kind of composition exhibits good per-
formances in vitro and in vivo with respect to the printability, immuno-
modulatory property, as well as the angiogenesis and osteogenesis
(Fig. 1), whose functions match suitably well with the requirement for
repairing bone defects under diabetic pathological condition.

2. Materials and methods

2.1. Fabrication of 3D Alg/HA/SIS composited scaffold

SIS sheets were prepared and lyophilized according to our previous
study. The lyophilized SIS sheets were then sliced, grounded, and
digested with pepsin (Sigma, USA) to prepare SIS stock solution with its
final concentration to be 1 %. The alginate stock solution was prepared
by fully dissolving 0.8 g sodium alginate in 10 mL deionized water to
reach a concentration of 8 %. Meanwhile, part of the sodium alginate
stock solution was added with 2 % nano-hydroxyapatite particles. Af-
terward, the SIS stock solution and sodium alginate solution with or
without nano-hydroxyapatite were mixed in a ratio of 1:1 to prepare
composited scaffolds. All the scaffolds were printed using a 3D-printing
machine (Regenovo, China), with 3D grid pattern being designed. The
parameters for printing were set as below: nozzle of 27G, printing speed
of 44 mm/s, pneumatic pressure of 0.046 MPa, receiver plate temper-
ature of − 20 ◦C. Finally, the fabricated 3D scaffolds were immersed in 5
% CaCl2 for crosslinking.

2.2. Morphological, chemical, and mechanical properties

After sample preparation, light microscope and scanning electron
microscope (SEM) were used to observe the morphological characters of
those 3D-printed scaffolds. Prior to SEM observation, the samples were
lyophilized and sputtered with gold, and then examined by the EVO 10
SEM apparatus (ZEISS, Germany) with an accelerating voltage of 20.0
kV. The different composites were determined for their fourier trans-
form infrared spectroscopy (FTIR) spectra using FTIR spectrometer
(Thermo Scientific, USA) after being mixed and grinded with KBr. The
surface element distribution of those 3D-printed scaffolds was measured
by energy dispersive spectroscopy (EDS, ZEISS, Germany). The me-
chanical behaviors of those 3D-printed scaffolds were tested by a me-
chanical testing instrument (CARE, China), where the compressive
properties of those scaffolds (diameter: 10 mm; height: 10 mm) were
tested at a speed of 1 mm/min, and the stress–strain curves were
calculated and analyzed according to the load and displacement
parameters.

2.3. Swelling and degradation behaviors

The swelling test was performed as follows: the lyophilized 3D-
printed scaffolds were immersed in 1.0 × PBS (pH = 7.4) solution,
and then put into 37 ◦C condition to reach equilibrium. At pre-
determined time points, the samples were taken out to remove excess
water on the surface and weight. The swelling ratio was calculated ac-
cording to the following equation:

Swelling ratio (%) = Wt/W0 × 100%

Where W0 was the initial weight of the scaffolds, and Wt was the

weight of scaffolds at predetermined time points.
After reaching equilibrium in 1.0× PBS solution, 5× 10× 10mm3 of

each 3D-printed scaffold was weighed, and then agitated in a thermo-
static shaker at 37 ◦C with a rotatory speed of 50 r/min. At the pre-
determined time points, residual masses were weighed and recorded,
and the degradation ratio was calculated according to the following
equation:

Degradation ratio (%) = Mt/M0 × 100%

Where M0 was the initial mass of the scaffolds, and Mt was the mass
of scaffolds at predetermined time points.

2.4. In vitro biocompatibility

Bone marrowmesenchymal stem cells (BMSCs) were seeded onto the
3D-printed scaffolds at a density of 2 × 103 cells per sample when using
96-well plates as the holders. Dulbecco’s modified Eagle’s medium
(DMEM, HyClone) supplemented with 10 % fetal bovine serum (FBS,
Gibco) was used as the culture medium and refreshed every other day.
Cell proliferation was tested by a CCK-8 kit (Dojindo, Japan) at day 1, 2,
3, and 5 according to the manufacturer’s protocols. After adding CCK-8
reagent and incubating for another 2 h at 37 ◦C, the medium of each
group was measured by a microplate reader (Thermo Scientific, USA) at
a wavelength of 450 nm.

Live/dead assay was also performed to evaluate the cytotoxicity of
different scaffolds. After culturing with DMEM for 2 days, the cells were
stained with Calcein-AM and propidium iodide (PI) (Beyotime, China)
following the manufacture’s protocols, and the live/dead cells were
visualized under a confocal laser scanning microscope (CLSM, Nikon,
Japan).

2.5. In vitro responses of macrophages

Raw264.7 cells were seeded onto the 3D-printed scaffolds at a den-
sity of 2× 103 cells per sample when using 96-well plates as the holders.
Dulbecco’s modified Eagle’s medium (DMEM, HyClone) supplemented
with inactivated 10 % fetal bovine serum (FBS, Gibco) was used as the
culture medium and refreshed every other day. After culturing for 2
days, the cells on samples were fixed by 4 % paraformaldehyde, per-
meabilized with 0.1 % Triton-X 100, and blocked by 10 % goat serum.
Subsequently, the cells were co-incubated with primary antibodies of
mannose receptor (CD206) (1:200 dilution, ab300621, Abcam), induc-
ible nitric oxide synthase (iNOS) (1:200 dilution, ab178945, Abcam),
and F4/80 (1:200 dilution, ab6640, Abcam) at 4 ◦C overnight, respec-
tively. Alexa Fluor 594 goat anti-rat (1:1000 diluted, ab150077, Abcam)
and Alexa Fluor 488 goat anti-rabbit secondary antibodies (1:1000
diluted, ab150077, Abcam) were utilized for another 1 h of incubation at
room temperature. Finally, the cells in different groups were counter-
stained with DAPI and then sealed with anti-fluorescent quenching
coverslips. The immunofluorescence of cells was observed under a
confocal laser scanning microscope (CLSM, Nikon, Japan) and analyzed
using ImageJ 1.8.0 software.

2.6. In vitro angiogenesis

2.6.1. Scratch assay
Human Umbilical Vein Endothelial Cells (HUVECs) were seeded into

a 6-well plate at a density of 1.2× 106 per well and cultured with DMEM
medium at an absence of fetal bovine serum (FBS) for 24 h. A scratch
was made by a 200 μL tip and the unattached cells were rinsed using PBS
solution. Afterwards, extracts from those 3D-printed scaffolds were
prepared according to ISO 10993-12: 2021 and added for co-culture.
After 0, 24, and 48 h of incubation, images were taken using a light
microscope and analyzed by ImageJ 1.8.0. The migration rate was
calculated according to the following equation:
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Migration rate (%) = (S0-St)/S0 × 100%

Where S0 was the primary area of scratches and St was the area of
scratches at predetermined time points.

2.6.2. Tube formation assay
50 μL Matrigel (Sigma, USA) was added to each well of a 48-well

plate on ice, and then transferred to 37 ◦C for gelation. Subsequently,
2.0 × 104 HUVECs before P6 were seeded into each well, and co-
cultured with extracts as mentioned above. After culturing for 0, 2,
and 8 h, tube formation in each group were observed using a light mi-
croscope. ImageJ 1.8.0 software was used to analyze the number of
branches, junctions, and nodes, as well as total length of tubes in each
group.

2.7. In vitro osteogenesis study

MC3T3-E1 cells were seeded onto the 3D-printed scaffolds at a
density of 1.0× 105 per sample when using 26-well plates as the holders.
Dulbecco’s modified Eagle’s medium (DMEM, HyClone) supplemented
with 10 % fetal bovine serum (FBS, Gibco) was used as the culture
medium, mixed 1:1 with the extracts of the scaffold, and refreshed the
culture medium every other day. After culturing for 14 days, the cells in
different groups were fixed by 4 % paraformaldehyde solution and then
subjected to alkaline phosphatase (ALP) staining (Beyotime, China). The
stained cells were observed under a light microscope and analyzed by
ImageJ 1.8.0.

2.8. Establishment of diabetic animal model and surgical procedures

All animal studies were approved by the institutional animal care
and use committee (IACUC) of Shenzhen TopBiotech Co., Ltd. (IACUC
No.2023-0302), and the procedures were complied with the Principles
of Laboratory Animal Care released by the National Society for Medical
Research. Sprague Dawley (SD) rats weighed 200 g were intraperito-
neally injected with 75 mg/kg streptozotocin (MCE, USA) after fasting
for 24 h. Blood sugar was monitored after 3 days, and another dose of 20
mg/kg streptozotocin was supplemented if their blood sugar level was
lower than 11.1 mmol/L, to make sure the successful establishment of
diabetic animal model. 2 weeks later, those SD rats were anesthetized
with isoflurane by mask inhalation. After skin preparation and disin-
fection, a 1.5 cm midsagittal incision was performed to expose the rat
skull, then a 5 mm dental trephine bur was used to create critical-sized
bone defect. The incisions were closed after implantation of different
3D-printed scaffolds. Meanwhile, the scaffolds were subcutaneously
implanted into the back of diabetic rats to explore their effects on im-
mune response and angiogenesis. After operation, one dose of 30 mg/kg
ampicillin and 2 mg/kg meloxicam were prescribed for preventing
infection and relieving pain.

2.9. Micro-CT scan

After 4 and 8 weeks post-operation, the skulls of experimental rats
were harvested and scanned by a micro-CT (NEMO, China) with a
voltage of 80 kV, current of 100 μA, and voxel size of 18 μm. 3D images
were constructed with its attached micro-CT reconstruction software
with a grayscale set at 220. The regenerated volume of new bone, bone
volume fraction (BV/TV), and bone mineral density (BMD) were
calculated and analyzed, respectively.

2.10. Hematoxylin-Eosin and Masson’s trichrome staining

After micro-CT scanning, the harvested samples were fixed by 4 %
paraformaldehyde and decalcified with 10 % ethylene diamine tetra-
cetic acid (EDTA) (Solarbio, China) in a shaker at 37 ◦C for 1 month. The

EDTA solution was refreshed once a week. After being fully decalcified,
the specimens were dehydrated by graded alcohol, embedded in
paraffin, and sliced by a rotary microtome (Leica, German) with a
thickness of 5 μm. Hematoxylin-Eosin (HE) and Masson’s trichrome
staining (Beyotime, China) was conducted, respectively. The newly
formed bone and blood vessels were observed and analyzed based on the
obtained photographs.

2.11. Immunohistochemistry and immunofluorescence analyses

Paraffin-embedded slices of rat skins and skulls containing different
samples were dewaxed, rehydrated, and then water-bathed in sodium
citrate solution (ZSGB-BIO, China) (pH = 6.2) for antigen retrieval
(60 ◦C, overnight). Subsequently, the slices were treated with 3 % H2O2
to inactivate hydrogen peroxidases, and 10 % goat serum solution was
used to block non-specific antigens. The treated slices were incubated
with CD206 (1:500 dilution, ab300621, Abcam), CD31 (1:500 dilution,
ab281583, Abcam) and ALP (1:500 dilution, ab300621, Abcam) pri-
mary antibodies respectively, and then incubated with their corre-
sponding secondary antibodies. Photographs were captured using a
fluorescent microscope and light microscope, and their expression
changes were analyzed by ImageJ 1.8.0.

2.12. Statistical analysis

SPSS of version 22.0 (IBM, Chicago, USA) software package was
exploited to analyze the expression changes in this research. Variables
were presented as mean ± standard deviation. One-way analysis of
variance (ANOVA) followed with post hoc Tukey’s test was applied to
compare the parameters between different groups, and p < 0.05 was
considered statistically significant.

3. Results and discussion

3.1. Characterization of the 3D printed scaffolds

In the present study, alginate acid, nano-hydroxyapatite and SIS
were utilized as the basic materials to construct 3D-printed scaffolds. As
shown in Fig. 2A, all the Alg, Alg/HA, and Alg/HA/SIS scaffolds were
successfully fabricated, where the Alg/HA and Alg/HA/SIS groups
exhibited a slightly yellow hue, and the opaque character of Alg/HA and
Alg/HA/SIS might be ascribed to the presence of nano-hydroxyapatite.
The scanning electron microscopy (SEM) results indicated that the
addition of SIS smoothened the surface of the 3D-printed scaffold in the
Alg/HA/SIS group, while the surfaces of the Alg and Alg/HA groups
were relatively rough (Fig. 2B). Furthermore, the EDS scans revealed
that the Alg/HA/SIS group had a higher fraction of calcium elements,
with calcium ratios of 13.8 %, 13.8 %, and 14.6 % in the Alg, Alg/HA,
and Alg/HA/SIS groups, respectively (Fig. 2C). These findings suggest
that the addition of SIS played a more beneficial role in integrating
calcium into the Alg/HA/SIS group, which might partially explain the
increased regeneration of new bones in diabetic rats in this group pre-
sented at later sections. The mechanical tests revealed that the stress–-
strain curves were: Alg > Alg/HA/SIS > Alg/HA, the highest
compressive stress of 36.4 MPa was detected in the Alg group, while the
Alg/HA and Alg/HA/SIS were 18.5 and 32.6 MPa, respectively (Fig. S1).
Therefore, the addition of hydroxyapatite and SIS had to some extent
reduced the mechanical performance of the Alg-based scaffold. While no
distinct functional groups were detected among groups by FTIR
(Fig. S2).

3.2. Swelling and degradation behavior

As shown in Fig. 3A, the swelling ratio of Alg/HA/SIS scaffold was
higher than that of Alg and Alg/HA scaffolds during the initial 0.5 h,
which suggested that the incorporation of SIS could facilitate water
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absorption (Fig. 3A). However, the addition of nano-hydroxyapatite
appeared to decrease the swelling behavior of the 3D-printed scaf-
folds, as the Alg/HA group exhibited lower water absorbance than the
Alg group at all time points. Degradation assay demonstrated that the
Alg/HA/SIS exhibited significantly faster degradation performance than
the other two groups (Fig. 3B). It is noteworthy that pure SIS can not
transform into a hydrogel state at the concentration of 1 %, a concen-
tration that we used for 3D printing in this study. In our prior study, the

lowest concentration of SIS needed to form a hydrogel scaffold in 37 ◦C
condition should be at least higher than 2 %, while the gelling behavior
was also varied by storage intervals of the harvested SIS sheets [31,38].
Interestingly, the degradation curve of the Alg/HA scaffold was slightly
slower than that of the Alg scaffold, although differences between those
two groups were not statistically significant, which suggested that the
addition of nano-hydroxyapatite particles could partially reinforce the
stability of the 3D-printed scaffold.

Fig. 2. The characterizations of different 3D-printed scaffolds. (A) Morphological view; (B) SEM observation; (C) EDS analysis.
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3.3. Biocompatibility of the 3D printed scaffolds

The biocompatibility of the 3D-printed composite scaffold was
assessed by live/dead and CCK-8 assay. As shown in Fig. 3C, most of the
cells adhered on different scaffolds were viable by fluorescing green,
where the highest number of attached cells was observed in the Alg/HA/
SIS group, which suggested that the existence of bioactive compounds,

such as collagens, polysaccharides, cytokines, and exosomes in SIS,
might significantly contribute to the increased cell adhesion in the Alg/
HA/SIS group [26,28,30]. However, those bioactive components were
absent in alginate acid and synthetical materials, while some degrada-
tions of synthetic materials might even be toxic. For instance, Donate
and coworkers reported that the degradation of PLA can lower the pH
value to 5.07, a pH that could seriously interrupt the physiological

Fig. 3. The cytocompatibility of different 3D-printed scaffolds. (A) Swelling ratio; (B) Degradation rate; (C) Calcein/PI staining; (D) CCK-8 assay.
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regenerative process, while the addition of CaCO3 particles maintained
the implanted area at a pH of 7.6 [39]. Therefore, the incorporation of
SIS confers the 3D-printed scaffold comparable advantage with relation
to the biocompatibility and bioactivity in this study. Furthermore, the
CCK-8 assay revealed that no statistically significant differences of
proliferation were detected among the three groups (Fig. 3D), which
indicated that the biocompatibility of those 3D-printed composite scaf-
folds was excellent. Those findings were consistent with previously
published researches, which reported that the decellularized ECM such
as SIS not only had good bioactivity but also had excellent biocompat-
ibility [38,40].

3.4. Incorporation of SIS improves angiogenic behavior of the 3D-printed
scaffold in vitro

Angiogenic behavior is a crucial indicator for evaluating the efficacy
of 3D-printed materials in bone regeneration, especially in diabetic
conditions [41,42]. To determine the angiogenic induction properties of
the 3D-printed scaffolds, a tube formation assay was employed. Results
of tube formation assay revealed that the addition of SIS significantly
enhanced the angiogenic induction capacity of the Alg/HA/SIS scaffold
in terms of the number of branches and total lengths (Fig. 4A–C-D). This
finding was in line with our previous studies, which validated that VEGF
and bFGF were gradually released from the decellularized SIS scaffold,
where angiogenic gene expressions such as KDR, Notch1, and Ang2 of
HUVECs were consequently elevated [30]. Interestingly, the angiogenic
induction capacity in the Alg/HA group was found to be significantly
stronger than the control and Alg groups in this study, where tiny ele-
ments released from nano-hydroxyapatite particles might be responsible
for this observation [43]. Moreover, migration assay showed that the
highest migration rate was detected in the Alg/HA/SIS group at all time
points (Fig. 4B and E). Collectively, the experiments in this section
revealed that the addition of SIS significantly increased the angiogenic
induction and migration of vascular-related cells, which significantly
contributed to the accelerated healing process of diabetic bone in the
later study.

3.5. Enhanced M2 macrophage polarization was elicited by the addition
of SIS

The innate immune response of implants is another key factor for
regulating the healing process of bone defect [44,45]. As described
above, macrophages are predisposed to polarize towards a M1 pheno-
type under diabetic conditions, where multiple inflammatory cytokines
were released to hamper subsequent bone healing, while M2 macro-
phages are demonstrated to be conducive for diabetic bone healing [3].
Interestingly, SIS has been well proved for its immunomodulatory
property for regeneration by inducing macrophages towards M2
phenotype to facilitate tissue regeneration [28]. However, it remains
unclear whether this property of SIS scaffold is preserved in this newly
fabricated 3D-printed composite scaffold. Therefore, Raw264.7 cells
were used to study the immune response of those 3D-printed scaffolds,
where the immunofluorescences of CD206/F4/80 and iNOS/F4/80 were
stained, respectively. Accordingly, the expression of CD206 in the
Alg/HA and Alg/HA/SIS groups were both significantly elevated (vs.
control group, p< 0.05), where the highest number of positive cells was
observed in the Alg/HA/SIS group (39.67± 3.95 %) among all the three
groups (Fig. 5B–D). This suggested that the bioactivity of SIS was suc-
cessfully preserved during 3D-printing, which was further supported by
the FTIR analysis without the detection of new chemical functional
bonds in the 3D-printed scaffolds (Fig. S2), those results indicated that
the physicochemical properties of the incorporated materials were
retained. Meanwhile, nano-hydroxyapatite particles had also been
proved to promote the M2 polarization of macrophages to some extent
[41], which study partially explicated why the Alg/HA group detected
higher CD206 expression than the control group (p < 0.05). However,

no different expression changes of iNOS were detected among the three
groups of those 3D-printed scaffolds, signifying no inflammation of the
3D-printed scaffolds (Fig. 5A–E).

3.6. In vitro osteogenic performance of the 3D-printed scaffolds

In this study, direct osteogenic behavior of those 3D-printed scaffolds
was also investigated. The ALP staining showed that all three 3D-printed
groups exhibited stronger ALP staining than the control group, where
the highest ALP expression was detected in the Alg/HA/SIS group
(Fig. 5C–F). These findings were aligned with the EDS scan analyses
aforementioned, which showed that the highest percentage of calcium
element was detected in the Alg/HA/SIS group. Meanwhile, the incor-
poration of nano-hydroxyapatite particles had also displayed advan-
tages in elevating alkaline phosphatase levels, where some articles had
documented the significant role of nano-hydroxyapatite particles in
accelerating bone injury healing [22,42]. Furthermore, the composition
of nano-hydroxyapatite can be customized to meet various re-
quirements, thereby broadening its potential applications in bone tissue
engineering [35,43,46]. For instance, Cheng and coworkers discovered
that the functionalization of nano-hydroxyapatite with Sr2+ significantly
promoted osteogenesis and angiogenesis through a process of slow
release [22].

3.7. Micro-CT scan analysis: the 3D-printed Alg/HA/SIS scaffold
enhanced bone regeneration in diabetic rats

The osteogenic performance of the 3D-printed scaffolds was evalu-
ated in vivo, where a diabetic bone defect model of Sprague–Dawley (SD)
rats was established for implantation of the 3D-printed scaffolds. Micro-
CT scans revealed that the highest bone regenerative volume and density
were observed in the Alg/HA/SIS group both after 4 and 8 weeks post-
implantation (Fig. 6A). As shown in Fig. 6B–D, the BV/TV ratio in the
Alg/HA/SIS group was calculated as 7.71 ± 0.98 % and 18.82 ± 2.26 %
after 4 and 8 weeks post-implantation, respectively (p < 0.05, vs. the
control and Alg/HA groups). Bone mineral density (BMD) was also
improved as well, where the BMD in the Alg/HA/SIS group was 0.94 ±

0.06 and 1.08 ± 0.03 g/cm3 after 4 and 8 weeks of implantation (p <

0.05, vs. the control and Alg/HA groups). What’s more, the regenerated
bone volume in the Alg/HA/SIS group was 3.98 ± 0.39 and 6.55 ± 0.78
mm3 after 4 and 8 weeks of implantation (p < 0.05, vs. the control and
Alg/HA groups), respectively. Interestingly, the Alg/HA scaffold group
also provided better osteogenic performance as compared to the control
group, although the differences were not as pronounced as that of the
Alg/HA/SIS group. These results indicated that the 3D-printed Alg/HA/
SIS composite scaffold significantly accelerated the regenerative process
of the diabetic bone defect in vivo, which was in line with our previous
conclusions [28].

3.8. HE and Masson’s trichrome staining: more regenerated bone volume
was observed in the 3D-printed Alg/HA/SIS scaffold

HE and Masson’ trichrome stainings were performed to further
evaluate the regenerative effect of those 3D-printed scaffold from his-
tological aspects. Similar with the results of micro-CT scans, the Alg/
HA/SIS group provided the most pronounced effect of bone regeneration
after 4 and 8 weeks of implantation (Figs. 6E and 7A–C). Correspond-
ingly, as shown in Fig. 7B and C, the ratios of the newly formed bone/
total bone (NB/TB) in the Alg/HA/SIS group were 52.52 ± 2.80 % after
4 weeks and 63.81 ± 2.98 % after 8 weeks (p < 0.05, vs. the control and
Alg/HA groups), respectively. We further assessed the regenerative ef-
fects by analyzing the ratios of lamellar bone/total bone (LB/TB) in
detail. The LB/TB ratios at 4 and 8 weeks were 26.11 ± 2.17 % and
38.12 ± 2.57 % (p < 0.05, vs. the control and Alg/HA groups), respec-
tively. Interestingly, we also found the bone regenerative effect in the
Alg/HA group was higher than that of the Alg group (p < 0.05, vs. the
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Fig. 4. In vitro angiogenic performances of different 3D-printed scaffolds. (A) Tube formation assay; (B) Migration of HUVECs; (C–E) Histogram of total lengths (C),
number of branches (D) and migration rate (E). 3 replicates were repeated in each groups. ****p < 0.001.
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Fig. 5. In vitro responses of macrophages to different 3D-printed scaffolds. (A) Immunofluorescent staining of M1 marker (iNOS); (B) Immunofluorescent staining of
M2 marker (CD206); (C) ALP staining; (E) Statistical histogram of the iNOS staining result; (D) Statistical histogram of the CD206 staining result; (F) Statistical
histogram of the ALP staining result. 3 replicates were repeated in each groups. ****p < 0.0001.
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control group), although the differences between the Alg/HA group and
the control group were not as strong as that between the Alg/HA/SIS
group and the control group. Hence, the incorporation of bioactive
compounds such as SIS is desirable for diabetic bone repair [34].

3.9. Immunohistochemical and immunofluorescent analysis: elevated
ALP, CD206 and CD31 were responsible for the acceleration of bone
healing in diabetic rats

As currently reported, ALP was regarded as a marker of early-stage
osteogenesis. In this study, the immunohistochemical staining of ALP
was investigated to explore the in vivo osteogenic property of the 3D-
printed scaffold. The results of ALP revealed that the highest expres-
sion was observed in the Alg/HA/SIS group after 4 weeks of implanta-
tion (18.87± 0.94 %, p< 0.05, vs. the control and Alg/HA groups), with
stronger ALP expressions detected at the peripheral interface of the
implanted scaffolds (Fig. 7D and E). However, the expressions of ALP
slightly declined as the regenerative process proceeded among all

groups, where the elevation of late-stage osteogenic markers such as
OCN and OPN would be followed [47]. Despite this decline, the highest
expression of ALP was constantly observed in the Alg/HA/SIS group at
both time points, which aligned with the trend of micro-CT analyses.

According to previous studies, the disruption of early-stage immune
response and followed reduction of small blood vessels are responsible
for the non-healing diseases associated with diabetes. In this study, the
in vivo immunomodulatory and angiogenic effects of those 3D-printed
scaffolds was evaluated by assessing the immunofluorescences of
CD206 and CD31. As shown in Fig. 8A and C, the expressions of CD206
were gradually elevated post-implantation, with the strongest expres-
sions detected in the Alg/HA/SIS group either after 3 or 7 days (p <

0.05, vs. the control and Alg/HA groups), in line with the findings that
observed in vitro. Similarly, the highest expression of CD31 (a typical
biomarker of angiogenesis) was observed in the Alg/HA/SIS group after
7 and 14 days of implantation (Fig. 8B–D). Furthermore, the diameter of
newly formed vessels was gradually increased post-implantation, while
still with the largest vessel diameter (16.31 ± 3.95 μm) being observed

Fig. 6. In vitro osteogenic performances of different 3D-printed scaffolds. (A) Micro-CT scanning; (B–D) Statistical histograms of regenerated bone volume (B), BV/TV
(C), and BMD (D) based on micro-CT scanning; (E) HE staining. 3 replicates were repeated in each groups. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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in the Alg/HA/SIS group (Fig. 8E). Clearly, the in vivo immunomodu-
latory and angiogenic performances of Alg/HA/SIS group were superior
to those of the control and Alg/HA scaffolds, which significantly facili-
tate the healing process under diabetic condition, in line with previously
published study [48].

4. Conclusion

Disturbances in the immune response and the reduction of small

blood vessels have been identified as contributing factors that impede
the healing process of diabetic bone disease. Previous studies have
demonstrated that SIS possesses favorable immunomodulatory and
angiogenic properties, whose properties align well with the functional
requirements for treating diabetic bone defects. However, the weak
mechanical and gelling properties of SIS are far from satisfactory for the
construction of bone scaffold via 3D printing. To address those issues, a
novel approach by combining alginate acid, nano-hydroxyapatite, and
SIS was employed to fabricate a 3D-printed composite scaffold.

Fig. 7. In vivo osteogenic performances of different 3D-printed scaffolds under diabetic condition. (A) Masson staining; (B–C) Statistical histograms of NB/TB (B) and
LB/TB (C) based on Masson scanning; (D) Immunohistochemical staining of ALP; (E) Statistical histogram of ALP staining. 3 replicates were repeated in each groups.
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig. 8. In vivo immunomodulatory and angiogenic performances of those 3D-printed scaffolds under diabetic condition. (A) Immunofluorescent staining of M2
marker (CD206); (B) Immunofluorescent staining of angiogenic maker (CD31); (C) Statistical histogram of the CD206 staining result; (D) Statistical histogram of the
CD31 staining result; (E) Statistical histogram of the diameter of newly formed blood vessels. 6 replicates were repeated in each groups. **p < 0.01, ***p < 0.001,
****p < 0.0001.
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Followed studies showed that the fabricated 3D-printed Alg/HA/SIS
composite scaffold provided not only desirable immunomodulatory ef-
fect, but also good osteogenic and angiogenic performances in vitro and
in vivo, which properties well-matched with the requirement for treating
diabetic bone defects.
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