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ABSTRACT: The use of human bone marrow mesenchymal stem
cells (hBMSCs) to regenerate and repair bone tissue defects is a
complex research field of bone tissue engineering; nevertheless, it is
a hot topic. One of the biggest problems is the limited survival and
osteogenic capacity of the transplanted cells within the host tissue.
Even for hBMSCs with their low immunogenicity, the body will
still cause a local immune-inflammatory response directed against
the allogeneic cells and thereby reduce the activity of the
transplanted cells. Even in the case of successful transplantation,
the lack of vascularization at the transplantation site makes it
difficult for the transplanted cells to exchange nutrients and
metabolic wastes that ultimately affects bone regeneration. In this
study, we covalently modified alginate with RGD and QK peptides that were injected subcutaneously into immunocompetent mice.
Histological analysis, as well as ELISA techniques, proved that this method is able to provide bioactive stem cell transplant beds
containing functionalized biomaterials and vascularized surrounding tissues. Inflammation-related factors, such as IL-2, IL-6, TNF-α,
and IFN-γ, around the cell graft beds decreased with time and were lowest at the second week. Then, the hBMSCs were injected into
the cell transplantation beds intended to form vascularized bonelike tissues that were evaluated by micro-computed tomography
(Micro CT), histological, and immunohistochemical analyses. The results showed that the expression of osteogenesis-related
proteins RUNX2, COL1A1, and OPN, as well as the expression of angiogenic factor vWF and cartilage-related protein COL2A1
were significantly upregulated in the hBMSC-derived osteogenic tissue. These results suggest that the stem cell transplantation
strategy by constructing bioactive cell transplant beds is effective to enhance the bone regeneration capacity of hBMSCs and holds
great potential in bone tissue engineering.

KEYWORDS: vascularized bonelike tissues, bioactive stem cell transplantation beds, functionalized sodium alginate hydrogel,
human bone marrow mesenchymal stem cells

1. INTRODUCTION

Bone is a functional organ capable of limited self-healing and
regeneration. Larger bone defects caused by trauma, congenital
malformations, or tumor resection exceed the repair capacity of
the bone tissue and do not heal without intervention, which
seriously decreases the quality of life of the patient and
imposes a heavy economic burden on society. Thus, the repair
of large bone defects remains a prevalent and challenging
problem.1−4 Large bone defects are characterized by limited
regenerative capacity and insufficient blood supply.5−7 For the
treatment of these defects, commonly bone grafts are used,8

such as large segments of bone autografts9,10 or bone
constructs prepared from biomaterials.11−14 To overcome the
limited source of autologous bone grafts and donor site
morbidity, many efforts have been made to identify bone
substitutes.15 One of the efforts comprises biological
composites with osteogenesis inducing activity that bind to

various active factors, such as those of the BMP family and
vascular endothelial growth factor (VEGF), to promote the
regenerative capacity of bone tissue defects.16 However, the
insufficient blood supply of the bone constructs is one of the
key issues affecting bone tissue regeneration and repair.17 The
current common method of addressing blood supply deficiency
is the application of VEGF to induce angiogenesis.18

Unfortunately, VEGF cannot be used on a broader clinical
basis due to its high cost and immunogenicity.19,20 One
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solution to this problem could be the recently emerged QK
peptide, which mimics the function of VEGF. The QK peptide
binds to and activates VEGF receptors to promote adhesion
and proliferation of vascular endothelial cells21,22 and has the
advantages of low cost, easy synthesis, low immunogenicity,
and better stability.23−25

Stem cell transplantation is the most promising research
approach for the treatment of bone defects. For this, stem cells
with osteogenic properties are transplanted into the bone
defect area where they proliferate and differentiate into
osteoblasts within the planting beds, so as to achieve bone
regeneration and repair. Human bone marrow mesenchymal
stem cells (hBMSCs) are the most commonly used seed cells
because of their abundance, easy isolation, in vitro cultivation
technique, strong self-renewal ability, and finally their multi-
directional differentiation potential.26 However, direct cell
transplantation into a bone defect site often fails, resulting in
the loss of most of the cells.27,28 Additionally, even for
hBMSCs with their low immunogenicity, the body’s immune
rejection or foreign body response to allogeneic cells cannot be
circumvented, which further affects cellular activity and
osteogenesis.29,30 The problem is even more pronounced in
larger bone defects due to the need of higher cell numbers and
their decreased ability of regeneration and repair. Liu and Jin
have shown that biomimetic hierarchical intrafibrillarly
mineralized collagen facilitated M2 macrophage polarization
and interleukin-4 secretion to promote MSC osteogenic
differentiation.31 However, exogenous MSCs lack the adaptive
processes used in vivo to enhance their activity and osteogenic
capacity. Sodium alginate is a biocompatible and injectable
material that has been widely used in bone tissue engineering,
whereas RGD peptide is one of the most widely used peptides
in biomaterial modification approaches. Its cell binding
sequence “Arg-Gly-Asp” is recognized by integrin receptors
on the cell surface to promote cell adhesion, proliferation, and
differentiation.29,32,33 Wei and Luo have shown that the
combination of RGD-modified gels or three-dimensional (3D)
porous scaffolds as carriers of hBMSCs for in vivo trans-
plantation purposes can improve their proliferation and
differentiation ability and therefore contribute to the repair
of damaged bone tissue.34−37 However, the problem of
immunological rejection caused by allogenic cell trans-
plantation remains unresolved. Andrew implanted an inert
biomaterial silicone rubber tube subcutaneously into mice to
purposely induce a foreign body reaction and thereby generate
a fibrous capsule that led to an allogeneic barrier. This
approach provided a new idea for cell transplantation in
general.38 However, the foreign body reaction caused by the
silicone rubber tube is weak, the ability to form a fibrous
capsule and blood vessels is limited, and it is more traumatic
than injectable materials. To date, the majority of research on
cell transplantation using fibrous capsules as barriers has been
performed in islet transplantation approaches with obvious
advantages. Whether this strategy can be applied in bone
regeneration approaches is currently not clear and deserves
further research.
To address the above-mentioned problems, immunocompe-

tent mice were used to mimic immunocompetent humans as
research subjects, aiming at providing an adaptive micro-
environment for in vivo transplantation of hBMSCs and at
contributing to bone differentiation with functionalized
biomaterials as well as vascularized capsular tissues, so as to
improve the compatibility and integration of exogenous stem

cells into host tissue cells. For this, first, the functionalized
hydrogel is injected into the subcutaneous tissue of the animal
to form a fibrous cavity, and afterward, a part of the
functionalized hydrogel is withdrawn. The remainder serves
as a scaffold for cell adhesion to form a bioactive cell
transplantation bed containing functionalized hydrogel and
vascularized tissues; as soon as this is achieved, a sufficient
number of cells in suspension is injected into the subcutaneous
transplantation beds to allow for adherence, proliferation, and
differentiation within the ectopic site. Finally, the vascularized
bonelike tissues are surgically removed from the cell trans-
plantation site and are used for regeneration and repair of large
bone tissue defects.

2. MATERIALS AND METHODS
2.1. Purification of Sodium Alginate. Sodium alginate (SA)

with high mannuronic acid content (G/M ≈ 0.64) and calcium sulfate
powder were purchased from Sigma-Aldrich (St. Louis). To reduce
the influence of impurities in the material on the experimental results
and to ensure the maximum accuracy of the experiments, a gradient
filtration method was used to purify sodium alginate under aseptic
conditions. Sodium alginate was dissolved in deionized water and
filtered through 0.8, 0.45, and 0.22 μm microporous membranes,
respectively. The purified sodium alginate was obtained by freeze-
drying the filtered sodium alginate solution.

2.2. Preparation of Alginate Hydrogels. As reported
previously,39 the RGD (RA) and QK-functionalized alginate (QA)
to promote cell adhesion and angiogenesis was prepared by the
carbodiimide chemistry method. Briefly, EDC and sulfo-NHS were
reacted with alginate solution in MES buffer to form a stable
intermediate, RGD/QK was added to the solution, and the resulting
mixture was allowed to react at room temperature overnight. The final
RGD/QK concentration was 1 mM. Following the peptide
modification, the alginate was dialyzed (3.5 kDa), sterile-filtered
(0.22 μm), and freeze-dried.

To prepare RA, QA, and RAQA (RA/QA = 1:1), calcium sulfate
slurry (1.22 M in deionized water) was mixed with 2% (wt) modified
alginate solution using Luer lock syringes and cross-linked between
two glass plates that were separated by a 2 mm spacer. After cross-
linking for 15 min, hydrogel matrix disks that were 2 mm in thickness
and 14 mm in diameter were punched out with a metal punch. 2-(N-
morpholino) ethanesulfonic acid (MES), N-hydroxy-sulfosuccinimide
(sulfo-NHS), and 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
(EDC) were obtained from Aladdin Reagent Co. Ltd. (Shanghai,
China). The RGD peptide (GGGGRGDASSP sequence) and QK
peptide (KLTWQELYQLKYKGI sequence) were synthesized by a
batch-wise fmoc-polyamide method to achieve a greater than 98%
purity.

2.3. Cell Culture. hBMSCs were purchased from ScienCell
Research Laboratories (Carlsbad, CA) and maintained in high-
glucose Dulbecco’s modified Eagle’s medium (DMEM; Hyclone)
supplemented with 10% fetal bovine serum (Gibco, NY) and 1%
penicillin/streptomycin (Gibco). The cells of passages 4−5 were used
for the experiments. After 3 days of cell culture, the proliferation
medium was exchanged against osteogenesis induction medium (low-
glucose DMEM supplemented with 10 mM b-glycerol phosphate, 50
mg/mL ascorbic acid, and 0.1 mM dexamethasone; all from Sigma-
Aldrich).

For alginate-based 3D culture studies, hBMSCs in the dish were
trypsinized with 0.05% trypsin/EDTA (Gibco) and resuspended in
serum-free medium. Subsequently, a Luer lock syringe was used to
thoroughly mix the cell suspension with different alginate solutions.
Then, the cell-alginate solution (3 × 106 cells per mL in alginate) was
quickly mixed with calcium sulfate and injected into the mold. The
cell-loaded hydrogel was transferred to a low-viscosity 24-well plate
(Costar) and immersed in 1.5 mL of proliferation medium.

2.4. Proliferation of hBMSCs. The CCK-8 assay was used to
evaluate the viability of the hBMSCs. Briefly, after incubation for 1, 3,
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Figure 1. Construction and evaluation of bioactive stem cell transplantation beds in mice. (A) Schematic diagram of material preparation and
capsule construction. Red dots represent RGD peptides, and yellow dots represent QK peptides. (B) Proliferation of hBMSCs in different matrices
for 1, 3, and 7 days (*P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001, n = 3). (C) Histological evaluation of the cell transplantation beds.
The upper figure shows H&E staining, and the lower figure shows Masson staining. Red arrows represent blood vessels, green arrows represent
materials, blue arrows represent fibrous tissues surrounding the materials and black arrows represent cavities. The scale bar represents 100 μm. (D)
Detection of inflammatory factors surrounding the functionalized alginate hydrogel (*P < 0.05, **P < 0.01, n = 3). UA represents unmodified
alginate hydrogel, SI represents silicone rubber tube, RA represents RGD-modified alginate hydrogel, QA represents QK-modified alginate
hydrogel, and RAQA represents RGD and QK co-modified alginate hydrogel.
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and 7 days, 10% CCK-8 reagent was added to each well and allowed
to react for 4 h. The absorbance value of the supernatant optical
density (OD) was measured using a microplate reader (SpectraMax
M5) at 450 nm.
2.5. Construction and Evaluation of Bioactive Stem Cell

Transplantation Beds in Mice. BALB/c mice with normal immune
function, male, 6−8 weeks old, purchased from Beijing Weitong Lihua
experimental animal Co., Ltd., were used as experimental animals. All
animal protocols used in the present study were reviewed and
approved by the Animal Care and Use Committee of Peking
University. The mice were randomly divided into four groups and
implanted with silicone rubber tubes (SI), RA, QA, and RAQA,
respectively. For general anesthesia, 1% sodium pentobarbital solution
was injected intraperitoneally into the mice prior to implantation with
a calculated dose of 40 mg/kg of mouse body weight. After the mice
were completely anesthetized, a small subcutaneous incision in the
abdomen was made and a 2 cm long silicone rubber tube implant was
inserted, after which the incision was closed. The procedure for the
other hydrogel groups was the same, except that the mice were
injected 300 μL of hydrogel using a 1 mL syringe instead of
implanting a silicon rubber tube. Two weeks after implantation, the
mice were anesthetized, and for the hydrogel groups, a syringe was
inserted into the implant material and some hydrogel was extracted by
first washing with normal saline and afterward, a part of the cell
transplantation bed was prepared; for the SI group, the silicone rubber
tube was removed. The mice were placed on a constant temperature
table, and their status was closely surveyed until they awoke and left.
All implants, surgical equipment, and surgical environment were
strictly sterile and clean.
On postoperative days 1, 7, and 14, the mice were executed by

cervical dislocation, the tissue blocks around the implants were cut
out and placed in centrifuge tubes, added up with an appropriate
amount of 0.9% saline, and homogenized. The supernatant was
recovered after centrifugation at 3000 rpm for 10 min. The
inflammatory cytokines (IL-2, IL-6, IL-10, TNF-α, IFN-γ) contained
in the supernatant were detected by an ELISA kit.
Tissue samples from mice 2 weeks after implantation of the

material were fixed in 10% neutral formalin for 48 h. The samples
were processed for paraffin sectioning, and the section (5 mm) was
stained with hematoxylin and eosin (H&E) as well as Masson’s
trichrome staining method according to the manufacturer’s protocol.
2.6. Formation and Evaluation of the Bonelike Tissues in

Bioactive Stem Cell Transplantation Beds. After the bioactive
stem cell transplantation beds were built, SI, RA, QA, and RAQA
were stratified into three subgroups, namely, into the non-cell-
transplanted (NO), the hBMSCs cultured in proliferation medium
(CM), and hBMSCs cultured under osteogenic induction conditions
(OM) transplantation group. Each transplantation site extended from
the incision or needle hole to the stem cell transplantation beds, and
100 μL of cell suspension (3 × 107 cells per mL) was injected through
a 1 mL syringe needle. We used a tacrolimus-based immunosup-
pression method (0.5 mg/kg/day) to suppress an immune reaction.
The mice were euthanized 4 weeks post-surgery, the tissue samples

were excised, and fixed overnight in 10% neutral formalin (Solarbio,
China). Total bone volume was visualized and quantified using a
micro-computed tomography method (Micro CT). The samples were
processed for paraffin sectioning and stained with H&E, Masson’s
trichrome staining, Safranin O−Fast Green staining, Alcian Blue
staining, Sirius Red staining, and immunohistochemistry (IHC)
staining following the respective manufacturer’s protocols. The
primary antibodies for IHC staining included antibodies against
COL1A1 (ab90395), OPN (ab69498), RUNX2 (ab192256), vWF
(ab9378), and COL2A1 (ab34712).
2.7. Statistical Analysis. The data are presented as mean ±

standard deviation (SD). Using Origin 2019 software, one-way
analysis of variance (ANOVA) followed by Tukey’s test was
performed to assess significant differences among groups. P-Values
<0.05 (*) and <0.01 (**) indicated a statistically significant difference
or a highly statistically significant difference, respectively.

3. RESULTS

3.1. Biocompatibility Evaluation of Functionalized
Alginate Hydrogels In Vitro. We used a CCK-8 assay to
detect hBMSCs proliferation after an incubation period of 1, 3,
and 7 days as shown in Figure 1B. In the control group, the
cells were cultured in unmodified alginate hydrogel (UA). The
results showed that the OD values of all samples increased with
time, indicating that the alginate hydrogel had no adverse effect
on the proliferation of hBMSCs, whether modified or not.
Peptides can provide adhesion sites for the cells in the
materials; therefore, the cells in RA and RAQA were fully
extended and showed good proliferative activity. In the RAQA
group, we did not observe a significant decrease of proliferative
activity after halving the RGD content and introducing the QK
peptide, suggesting that the introduction of QK peptide had no
obvious effect on cell proliferation. In conclusion, the
functionalized sodium alginate hydrogel displayed good
cytocompatibility and was evaluated as being appropriate for
subsequent animal experiments.

3.2. Histological Evaluation and Inflammatory Factor
Detection in Bioactive Stem Cell Transplantation Beds.
3.2.1. Histological Analysis. To further investigate whether
the implanted functionalized sodium alginate hydrogels
produced bioactive stem cell transplantation beds, we
performed an H&E and a Masson staining of paraffin sections
of subcutaneous composite cystic tissues 2 weeks after material
transplantation. Figure 1A shows a schematic representation of
the material transplantation. As shown in Figure 1C, RAQA
caused a moderate foreign body reaction in the host, leading to
the formation of a fibrous layer encasing the hydrogel with
many tiny blood vessels and erythrocytes visible in the lumen.
Fragments of dark-blue-stained sodium alginate hydrogel were
visible inside the material, which was due to the gradual
degradation of the material in vivo; in the Masson staining,
fuchsia-stained collagen fibers surrounding the hydrogel could
be seen. Thus, 2 weeks after implantation of the hydrogel, a
cell transplantation bed with blood vessels around the material
was formed.

3.2.2. ELISA Analysis. IL-2 is used to treat autoimmune and
inflammatory diseases and to promote immune tolerance. IL-
10 is an anti-inflammatory cytokine that generally appears later
in the inflammatory response. IL-6 is a pro-inflammatory
cytokine that increases neutrophil production, stimulates
lymphocyte proliferation and maturation, and promotes the
expression of further pro-inflammatory cytokines. IFN-γ can
upregulate pro-inflammatory cytokine expression and inhibit
the secretion of anti-inflammatory cytokines. TNF-α is a
common pro-inflammatory cytokine that activates and induces
the release of other inflammatory mediators. As can be seen in
Figure 1D, the QA group showed a gradual increase of IL-2
over time, while the other three groups showed a slight
decrease or a more or less stable course over time. The RAQA
group was less susceptible to immune rejection in the initial
stage as indicated by the highest values for this group on day 1.
The QA group displayed the highest values of IL-6 with a
gradual increase over time, while RA and RAQA groups
showed a slightly decreasing or essentially flat trend over time.
Moreover, the RAQA group values were higher on days 1 and
7. For IL-2 and IL-6, the QA groups showed a gradual increase
over time, while the RAQA group showed a slightly decreasing
or essentially flat trend over time. For IL-10, there was a
progressive increase in IL-10 secretion over time in the QA
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Figure 2. Micro CT analysis of bonelike tissues derived from implanted hBMSCs. (A) Schematic diagram of implanting cells into the bioactive
transplantation beds. (B) Digital picture of the bioactive cell transplantation beds (a) and 4 weeks after hBMSCs implantation (b); the red arrow
represents the bioactive transplantation beds, and the blue arrow represents bonelike tissues. (C, D) Screenshots of three-dimensional
reconstructions using Micro CT analysis. Green represents high density (>2200 mg HA/cm3); red represents low density (1200−2200 mg HA/
cm3). (E) Quantitative Micro CT analysis. (*P < 0.05, **P < 0.01, and ***P < 0.001, n = 3). NO represents non-cell transplanted, CM represents
the hBMSCs cultured in proliferation medium, and OM represents the hBMSCs cultured under osteogenic induction conditions.
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and RAQA groups, while the SI and RA group courses were
essentially flat over time, which is consistent with a later
appearance in the inflammatory response. The secretion of
TNF-α was significantly higher in the RAQA group on day 1
but gradually leveled with the other groups over time. The
secretion of IFN-γ was lowest in the QA group and highest in
the RAQA group. By analyzing the ELISA data, we found that
SI induced a similar foreign body response to RA and the
RAQA group caused more pro-inflammatory factors (TNF-α
and IFN-γ) secreted than the other groups and the intensity of
the foreign body response was more pronounced, thus also
facilitating the formation of a fibrous composite cystic cavity
around the material.
3.3. Evaluation of the Bone Regeneration Capacity of

hBMSCs in Bioactive Stem Cell Transplantation Beds.
3.3.1. Micro CT Analysis. Four weeks after cell implantation,
we analyzed the samples by Micro CT. A high image density
represents bone tissue, and the brighter the image, the higher
the hardness of the bone tissue. We found that bone
regeneration was visible in the bioactive stem cell trans-
plantation beds, whether the cells were treated with osteogenic
induction (Figure 2C) or not. The images taken from the OM
group revealed a high density at the edges of the construct,
which to some extent shows that this group has a stronger
ability to form high-density bone at the edges. This is also true
for natural bone tissue, displaying a higher density in the bone
cortex than in cancellous bone regions. Figure 2D represents
cross-sectional views of samples of each group in which the
green and red areas indicate high-density and low-density bone
regions, respectively. We detected no significant difference in
the red and green stained areas between the RA, QA, and
RAQA groups, respectively. In contrast, significant differences
could be shown in the comparison of the NO, CM, and OM
groups, respectively. The area of high-density bone in the OM
group was significantly larger than that in the other two groups.
However, there were no significant differences between the
high- and low-density bone areas of the NO and CM groups,
which could be characterized as having a larger low-density
bone area. Figure 2E shows the quantitative data of the Micro
CT 3D scanning analysis. Here, a common denominator was
the fact that when the in vitro culture conditions of the
transplanted cells were the same, the RA, QA, and RAQA
groups showed a significant bone regeneration ability with no
differences between the three hydrogel groups. The
quantitative analysis of bone volume (BV) showed that the
amount of bone formed by the bioactive stem cell trans-
plantation beds was higher and independent of the prior in
vitro culture conditions of the cells. The quantitative analysis
of the bone surface area specific bone volume (BSA/BV)
showed that the degree of bone formation in the RAQA group
was independent of the prior in vitro culture conditions of the
transplanted cells. However, there was a significant difference
between the RA and QA groups under OM and NO conditions
that displayed a larger relative surface area. The quantitative
analysis of the ratio of high-density bone volume to bone
volume (HBV/BV) and the ratio of high-density to low-
density bone volume (HBV/LBV) showed that the OM group
had the highest bone quality in the different hydrogel groups.
Taken together, we could show that 4 weeks after implantation
of the cells into the bioactive transplantation beds, new bone
formation occurred in the RA, QA, and RAQA groups and that
the regeneration ability of the transplanted cells cultivated in

vitro under bone induction conditions was better than that of
cells that were cultivated under noninduction.

3.3.2. Histological Analysis. Figure 3A,B shows the results
of an H&E and MASSON staining 4 weeks after cell

transplantation. We found that the bone regeneration ability
of each hydrogel group was better than that of the SI group
and that the ability of bone regeneration was better than that of
the other two groups under OM conditions. This is due to the
differentiation of cells into osteoblasts after osteogenic
induction and their improved matrix secretion capacity. For
the OM−RAQA group, the one with the best osteogenic effect,
Alizarin Red S staining (Figure 4A), Safranin O−Fast Green
staining (Figure 4B), Alcian Blue staining (Figure 4C), and
Sirius Red staining (Figure 4D) were carried out. As a result,
we found that the bonelike tissues formed displayed COL2A1
and glycosaminoglycan deposition in the capsule wall and the
capsule itself. This shows that osteoid tissue has the potential
for endochondral osteogenesis. Sirius red staining showed that
there were type I and type III collagen fibers in the bonelike
tissue close to the capsule wall, indicating that the bonelike
tissue may be in the stage of bone formation with bone matrix
deposition and vascular migration.

3.3.3. Immunohistochemical Analysis. RUNX2, positively
correlating with intramembranous and endochondral ossifica-

Figure 3. Histological evaluation of bonelike tissues 4 weeks after cell
implantation. (A) H&E staining and (B) Masson staining. The scale
bar represents 50 μm.
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tion, can upregulate the expression of several osteogenesis-
related genes, while COL1A1 and OPN play a rather
important role in bone matrix formation and mineralization.
Figures 5A,B, and 6A show the immunohistochemical stainings
of type I collagen fibers (COL1A1), OPN, and RUNX2,
respectively. The osteogenic ability of each hydrogel group was
better than that of the other two conditions, especially in the
RAQA group, where we could see a higher expression of
RUNX2 and more production of COL1A1 and OPN. Figure
6B shows the results of immunohistochemical staining of vWF,
which revealed that the angiogenic ability of each hydrogel
group was better than that of the SI group. This might be due
to the fact that QK peptides can effectively recruit vascular
endothelial cells to migrate into the capsule. Compared to the
SI group, the angiogenic ability of each hydrogel group under
different cell transplantation conditions showed that the
angiogenic ability of cells under OM conditions was better

than that of the other two groups, especially the RAQA group
showed angiogenesis in the compound capsule. Moreover, the
results showed that the composite capsule of RAQA can grow
into bonelike tissue from blood vessels by transplanting
hBMSCs under OM conditions, avoiding the problem of bone
necrosis caused by a lack of blood supply in the osteogenic
center during osteogenesis. For the OM group, we stained
COL2A1 for each material group. It can be seen from Figure
6C that the RAQA group showed a higher COL2A1
expression, which is consistent with the results of the
histological staining and which indicates that the vascularized
bonelike tissues have the ability to form bone tissue through
endochondral osteogenesis.

4. DISCUSSION

Stem cell-based therapies have great potential in the field of
bone tissue regeneration, but the survival and functioning of

Figure 4. Histological evaluation of vascularized bonelike tissues components in OM−RAQA group. (A) Alizarin Red S staining; (B) Safranin O−
Fast Green staining; (C) Alcian Blue staining; (D) Sirius Red staining. The green arrow represents calcium nodule formation, the blue arrow
represents COL2A1, the black arrow represents glycosaminoglycan, the white arrow represents COL1A1, and the red arrow represents type III
collagen.
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transplanted cells within the host tissue is one of the greatest
challenges with regard to clinical translation. When stem cells
are injected into host tissue, they will spread from the target
area after transplantation and implantation in vivo,40 and due
to the lack of an adaptive microenvironment, the cells lack
material exchange,41 hypoxia,42 and finally lead to cell loss of
nest and apoptosis.43 In this study, we provided a more
efficient, simple, and minimally invasive method for cell
transplantation using RGD and QK co-modified sodium
alginate hydrogels injected subcutaneously into mice to form
bioactive cell transplantation beds. The transplantation beds
provide resident space, RGD peptides provide adhesion sites,
and QK peptides provide a vascularized microenvironment for
cells to satisfy the need for survival and function. The effect of
implanted biomaterials usually depends on their interaction
with the host immune system, including blood−material
interaction, temporary matrix formation, persistent immune
response, chronic immune response, granulation tissue, and
fibrous capsule formation.44−47 During this process, inflamma-
tory monocytes and resident tissue macrophages play an
indispensable role in tissue repair, regeneration, and
fibrosis.48,49 Macrophages have been categorized convention-
ally into pro-inflammatory M1 and tissue-repairing M2
phenotypes. “Classically activated” macrophages are irreplace-
able, protecting the individual and fighting intracellular
bacteria or viruses by producing nitric oxide, reactive oxygen

species (ROS), pro-inflammatory mediators, and chemokines,
such as interleukin-1 (IL-1), TNF-a, and IL-10.50 After the
acute phase of tissue injury, a switch in the predominant
macrophage phenotype to the “nonclassical” or wound-healing
phenotype occurs through signaling by IL-6 and TNF-a
signaling that is both immunomodulatory and profibrotic.51

Furthermore, foreign body giant cells also activate M2-type
macrophages by secreting IL-10 which promotes fibrosis.52 In
this study, we used the host’s own foreign body reaction to
prepare the bioactive cell transplantation beds by the
functionalized alginate hydrogel and found that IL-2 and IL-
6 tended to decrease slightly or remained essentially low over
time; it was highest in the RAQA group on day 1, suggesting
that this group is less susceptible to immune rejection during
the initial phase. The RAQA group secreted more pro-
inflammatory factors (TNF-α and IFN-γ) than the other
groups, which also facilitated the formation of fibrous
composite cysts around the material.

Figure 5. Immunohistochemical analysis of components associated
with intramembranous ossification in vascularized bonelike tissues.
(A) IHC staining against COL1A1 and (B) IHC staining against
OPN. Red arrows represent brown-stained positive tissues, and black
arrows point to materials. The scale bar represents 50 μm.

Figure 6. Immunohistochemical analysis of components associated
with endochondral ossification in vascularized bonelike tissues. (A)
IHC staining against RUNX2; (B) IHC staining against vWF; and
(C) IHC staining against COL2A1 in the OM group. Red arrows
represent brown-stained positive tissues, and black arrows point to
materials. The scale bar represents 50 μm.
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Blood vessels play a central role in the process of bone
regeneration. In the early stages of bone regeneration, the
blood vessels adjacent to BMSCs provide access to oxygen,
various circulating electrolytes, proteins, gases, lipids, pluri-
potent cells, and minerals, including calcium and phosphate
ions essential for osteogenesis.53 Maes showed that some
osteoblast precursors exhibit a perivascular localization,
confirming a strong relationship between angiogenesis and
osteogenesis.54 Interestingly, Ben Shoham demonstrated that
during embryonic development, endothelial cells are instead
covered by the osteoblast-secreted collagen type I and can
undergo gradual mineralization, thus serving as a mineraliza-
tion template.55 This study suggests that bone vasculature can
serve as a guiding template for mineralized bone deposition.
Our results showed that the bioactive cell transplantation beds
were highly vascularized using RAQA, and after transplantation
of hBMSCs, Micro CT analysis revealed that HBV of the
vascularized bonelike tissues formed was higher than that of
RA and QA groups, demonstrating a higher degree of bone
mineralization. Immunohistochemical analysis revealed a
significant upregulation of RUNX2 expression together with
a high COL1A1 and OPN expression. This result is consistent
with previous studies and suggests that it allows easier contact
with the surrounding tissue of the bone defect through the
internal blood vessels.
There are two different ways of bone regeneration.56 One is

intramembrane osteogenesis, in which mesenchymal stem cells
aggregate into spheres and differentiate directly into
osteoblasts. The other is endochondral osteogenesis. To
achieve this, mesenchymal stem cells first aggregate and
differentiate into chondrocytes. Upon chondrocyte maturation
and hypertrophy, they are finally transformed into osteoblasts.
The process of bone healing in its early stage is characterized
by a hematoma microenvironment with hypoxia and low pH.57

Within this environment, mesenchymal stem cells are more
likely to differentiate into chondrocytes and mainly participate
in osteogenic repair through endochondral osteogenesis. In the
middle stage of the bone defect repair, with the beginning of
revascularization, intramembrane osteogenesis gradually be-
comes the main repair pathway. This study showed that
hBMSCs not only have the ability of intramembrane
ossification but also have the ability of endochondral
ossification in the bioactive stem cell transplantation beds.
We speculate that when cells are implanted into the capsule
cavity, some cells adhere to the capsule wall. Because the
capsule wall provides abundant nutrients and oxygen for
hBMSCs via the blood vessels contained therein, it is more
conducive to the differentiation of hBMSCs into osteoblasts
through intramembrane osteogenesis. Some cells adhere to the
materials in the capsule and do not contact the capsule wall.
Due to the lack of nutrients and oxygen in the capsule,
hBMSCs tend to form bone tissue through endochondral
ossification. The difference in the extracellular microenviron-
ment then drives the hBMSCs into multidirectional differ-
entiation.

5. CONCLUSIONS
In this study, we provided a novel cell transplantation strategy
for bone regeneration using functionalized sodium alginate
hydrogels injected subcutaneously into immunocompetent
mice to form bioactive cell transplantation beds and obtain
vascularized bonelike tissues with hBMSCs injected in beds.
This approach not only allows for efficient, minimally invasive,

and convenient construction of subcutaneous cell trans-
plantation beds but also reduces cell death using the residual
hydrogel to provide adhesion sites for the transplanted cells.
The transplanted cells can gradually adapt to the micro-
environment in the transplantation beds to avoid the influence
of immune rejection in the early stage of transplantation. The
blood vessels in the capsule wall provide nutrition for the cells
and ensure their proliferation and metabolism. The function-
alized sodium alginate retained in the capsule can be used as a
biological scaffold to provide a microenvironment for cell
adhesion, proliferation, and directed differentiation. In vivo
studies demonstrated that RGD and QK peptides co-modified
with sodium alginate hydrogel, including differentiation-
induced hBMSCs, showed a higher expression of not only
hemophilia angiogenic factor but also osteogenesis- and
chondrogenesis-related proteins. These results suggest that
the bioactive cell transplantation beds can provide an adaptive
microenvironment in vivo to facilitate cell viability and
osteogenic differentiation for exogenous cell transplantation.
The vascularized bonelike tissues formed in the bioactive cell
transplantation beds have the potential for intramembrane and
endochondral ossification, which can be used for further in situ
transplantation into large bone defects. Therefore, this cell
transplantation strategy is promising for use in bone tissue
defects of larger animals, especially for providing a graft
embryo for large bone defect repairs.
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