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The immune response after implantation is a primary determinant of the tissue-repair effects of three-
dimensional (3D)-printed scaffolds. Thus, scaffolds that can subtly regulate immune responses may dis-
play extraordinary functions. Inspired by the angiogenesis promotion effect of humoral immune
response, we covalently combined mesoporous silica microrod (MSR)/polyethyleneimine (PEI)/ovalbu-
min (OVA) self-assembled vaccines with 3D-printed calcium phosphate cement (CPC) scaffolds for local
antigen-specific immune response activation. With the response activated, antigen-specific CD4+ T helper
2 (Th2) cells can be recruited to promote early angiogenesis. The silicon (Si) ions from MSRs can acceler-
ate osteogenesis, with an adequate blood supply being provided. At room temperature, scaffolds with
uniformly interconnected macropores were printed using a self-setting CPC-based printing paste, which
promoted the uniform dispersion and structural preservation of functional polysaccharides oxidized hya-
luronic acid (OHA) inside. Sustained release of OVA was achieved with MSR/PEI covalently attached to
scaffolds rich in aldehyde groups as the vaccine carrier. The vaccine-loaded scaffolds effectively recruited
and activated dendritic cells (DCs) for antigen presentation and promoted the osteogenic differentiation
of bone marrow mesenchymal stem cells (BMSCs) in vitro. When embedded subcutaneously in vivo, the
vaccine-loaded scaffolds increased the proportion of Th2 cells in the spleen and locally recruited antigen-
specific T cells to promote angiogenesis in and around the scaffold. Furthermore, the result in a rat skull
defect-repair model indicated that the antigen-specific vaccine-loaded scaffolds promoted the regenera-
tion of vascularized bone. This method may provide a novel concept for patient-specific implant design
for angiogenesis promotion.

� 2021 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction and inner structures, thanks to the diversity of applicable materials
Large bone defects caused by trauma and disease vary in shape
and rarely self-heal; thus, bone-repair implants that meet individ-
ual needs are in great demand. However, the number of autogenous
and allogeneic bones commonly used in clinics is limited [1]. As a
manufacturing technique, three-dimensional (3D) printing can be
used to prepare bone-repair implants with personalized shapes
and designability of structures [2–6], which are ideal for clinical
application. 3D-printed implants have been used clinically and
have exhibited tissue-repair properties. Their well-interconnected
pore structures have been verified to be suitable for tissue ingrowth
and to promote osteointegration [7]. Nevertheless, angiogenesis
promotion in large implants remains challenging. The autogenous
vascular networks are often destroyed in large bone defects. Poor
angiogenesis in the implants may lead to a lack of the nutrients
and oxygen needed for cell growth in the implants, ultimately caus-
ing necrosis of the central site and failure of bone repair [8,9].
Angiogenesis promotion is a major requirement that should be
met by implants before their extensive clinical application. In
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addition, local blood flow and the amount of nutrient delivery are
closely linked to the rate of bone regeneration [10,11]. Accelerated
angiogenesis in printed implants is expected to provide sufficient
nutrients for bone reconstruction, thus facilitating tissue repair.
Traditional methods promote angiogenesis by directly incorporat-
ing growth factors—such as fibroblast growth factor (FGF) and vas-
cular endothelial growth factor (VEGF)—into bone-repair materials
[12,13]. At present, angiogenesis failure caused by the short half-
life period and swift loss of growth factors can be partially over-
come by designing materials with sustained release functions.
However, a single growth factor is insufficient to promote the for-
mation of mature blood vessels. More importantly, the number
and activity of local immune cells around bone-repair implants
are major determinants of angiogenesis properties [14,15]. There-
fore, it is a worthwhile research direction to develop 3D-printed
bone-repair implants with improved angiogenic properties by reg-
ulating the local immune microenvironment.

Recently, functional growth factors and biomaterials with
mononuclear cell-/macrophage-regulating properties have been
introduced into 3D-printed scaffolds to promote angiogenesis
and bone repair [16–19]. Macrophages play an important role in
angiogenesis [20,21]. It has been demonstrated that M1 macro-
phages promote angiogenesis initiation, whereas M2 macrophages
enhance vascular maturation and remodeling [22,23]. 3D-printed
scaffolds that sequentially release interferon-c (IFN-c) and silicon
(Si) ions have been designed to polarize macrophages first to M1
and then to M2 phenotypes [16]. Enhanced angiogenesis was
observed in these scaffolds in a subcutaneous embedding model.
However, macrophage activation shows a continuous state accord-
ing to external stimuli, with M1 and M2 types representing two
extremes [24,25]. Importantly, polarization is not completely con-
trollable within a complex tissue microenvironment in vivo. In
addition, macrophages exert regulatory effects on the functions
of osteogenesis, osteolysis, angiogenesis, and so forth, whereas
the respective mechanisms are different [22,26–28]. Inappropriate
regulation could therefore lead to tissue damage. Thus, the precise
regulatory mechanisms of macrophage polarization to promote
vascularized bone tissue reconstruction by 3D-printed scaffolds
are relatively complex.

Notably, 3D-printed scaffolds with T cell regulatory functions
also have the potential to promote angiogenesis and bone
regeneration. The T cell-associated adaptive immune system plays
a crucial role in the repair of bone defects and promotion of
angiogenesis [29–33]. Although T cells, like macrophages, have
manysubtypes, the conditionedmediumofCD4+T cells significantly
promotes the osteogenic mineralization of human mesenchymal
stem cells [31]. In addition, CD4+ T cells have been found to promote
arterial formation in hindlimb ischemia models [32,33]. In particu-
lar, CD4+ T helper 2 (Th2) cells not only secrete growth factors that
contribute to angiogenesis during ischemic injury [34], but also acti-
vate eosinophils to secrete related growth factors [35]. Therefore,
3D-printed scaffolds have the capability to locally recruit and acti-
vate Th2 cells, which may promote both angiogenesis and osteoge-
nesis at defect sites. Kwee et al. [36] implanted nano-aluminum/
ovalbumin (OVA) vaccines into an ischemic hindlimb model and
verified that the released OVA antigen could specifically recruit
Th2 cells, trigger local angiogenesis, increase blood perfusion in
ischemic limbs, and reduce muscle necrosis. Aluminum nanoparti-
cles are a traditional vaccine vector and immune adjuvant that pro-
motes the recruitment and activation of Th2 cells by OVA. However,
nanoparticle vaccines would rapidly disperse into the systemic cir-
culation after being injected into a bone defect, and are thus unlikely
to achieve the aim of recruiting local cells. In addition, a vaccine–
nanoparticle system alone is unsuitable for bone-defect repair.
Therefore, with specific vectors and relevant combination methods
designed according to the specific requirements of the bone defect,
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OVA vaccine-loaded 3D-printed scaffolds might promote angiogen-
esis and bone regeneration by locally releasing OVA and recruiting
antigen-specific T cells.

Previously, we introduced mesoporous silica microrods (MSRs)
into self-setting calcium phosphate cement (CPC) paste as a bioink
and successfully 3D printed personalized bone-repair scaffolds
[37]. The Si ions released from the scaffolds effectively promoted
bone formation. In this study, inspired by the angiogenesis-
regulating function of T cells, Th2 cell-specific vaccines were pre-
pared by assembling MSRs, branched polyethyleneimine (PEI),
and OVA layer by layer through a simple adsorption approach,
and then covalently combining these vaccines with printed cal-
cium phosphate bone-repair scaffolds based on a Schiff base reac-
tion to construct 3D-printed bone-repair scaffolds that locally
recruited Th2 cells and promoted angiogenesis (Fig. 1). With the
MSRs as a vector, the OVA/MSR vaccine was capable of activating
specific Th2 cell responses [38]. With coating of the cationic poly-
mer PEI, MSR/PEI microrods (referred to herein as MSR/PEIs) fur-
ther promoted the activation of dendritic cells (DCs) and
enhanced T cell responses as the OVA vaccine vector [39]. The
introduction of oxidized hyaluronic acid (OHA) into the calcium
phosphate printing inks rendered the scaffolds rich in aldehyde
groups and allowed them to swiftly crosslink with MSR/PEI/OVA
vaccines (herein referred to as MSR/PEI/OVAs) full of amidogen,
thus promoting the stable combination of vaccines and scaffolds.
The gradually released OVA resulted in the recruitment of Th2
cells, which secrete angiogenic-related growth factors and pro-
mote angiogenesis. In vitro results showed that releasing OVA from
the scaffolds rapidly recruited and activated DCs for antigen pre-
sentation. Moreover, the released Si ions effectively promoted the
osteogenic differentiation of bone marrow mesenchymal stem
cells (BMSCs). In the subcutaneous embedding model, the
vaccine-loaded scaffolds rapidly activated and recruited Th2 cells
at the early stage of implantation and significantly promoted the
formation of local blood vessels. In the in situ skull defect-repair
model, vaccine-loaded 3D-printed scaffolds promoted both angio-
genesis and osteogenesis.
2. Materials and methods

2.1. Vaccine formulations

MSRs were synthesized via the sol–gel method, as described
previously [37], with tetraethylorthosilicate (Sinopharm Chemical
Reagent, China) being used as a silica source. To formulate the
MSR/PEI vaccine vector, 40 lL of the MSR working solution
(50 mg�mL�1 in phosphate buffer solution (PBS)) was mixed with
100 lL of branched PEI solution (25 lg�mL�1 in PBS) at 37 �C for
15 min. Subsequently, 100 lg of OVA was incubated with MSR/PEIs
at 37 �C for 1 h in an oscillating incubator to obtain MSR/PEI/OVAs.
The microrods were freeze dried for further physical analysis. The
morphology of the MSRs and MSR/PEI was analyzed via scanning
electron microscopy (SEM; TESCAN, USA). The mesoporous struc-
tures of the MSRs and MSR/PEIs were assessed using a specific sur-
face and porosity analyzer (Quantachrome, USA) and transmission
electron microscopy (TEM; FEI, Japan). MSR/PEIs were assayed
with energy dispersive spectroscopy (EDS; TESCAN) to analyze
the incorporation capacity of PEI and MSRs. The zeta potentials
of the microrods were analyzed using a nanoscale zeta poten-
tiometer (Omni, USA).
2.2. Vaccine loading on scaffolds

OHA was synthesized via a slightly modified procedure [39].
Fourier-transform infrared (FTIR) spectra of the hyaluronic acid



Fig. 1. Schematic illustration of the construction, local humoral immune responses activation, and angiogenesis promotion of the vaccine-loaded 3D-printed scaffold.
MSR/PEI/OVA self-assembled vaccines were covalently combined on 3D-printed CPC scaffolds rich in aldehyde groups, allowing the humoral immune response to be locally
activated through the gradual release of OVA. With the response activated, antigen-specific CD4+ T cells were recruited to promote early angiogenesis. OHA: oxidized
hyaluronic acid; DC: dendritic cell.
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(HA) and OHA were assessed using an FTIR spectrometer (Thermo
Scientific Co., USA).

Subsequently, 1 wt% OHA aqueous solution was gently mixed
with 10 wt% polyvinyl alcohol (Mw = 98 000; Sigma-Aldrich,
USA) aqueous solution to form a setting solution that was rich in
aldehyde groups. By evenly mixing CPC powder (Rebone, China)
with the setting solution, a printable paste was prepared, which
was fed into a printing syringe (Cellink, Sweden) and then printed
at room temperature. The printed scaffolds were hydrated over-
night in a 100% humidity chamber at 37 �C and then air dried.

Next, 1 and 2 mg of MSR/PEI/OVA microrods were resuspended
in PBS and deposited onto the printed CPC scaffolds to form the
vaccine-loaded scaffolds (CPC-MSR/PEI/OVA) for in vitro and
in vivo experiments, respectively. MSR/PEI-loaded scaffolds were
prepared with the same procedure and were used as the vaccine
vector-loaded scaffold (CPC-MSR/PEI) group.

2.3. OVA release from scaffolds

To determine OVA release from the scaffolds, each of the CPC-
MSR/PEI/OVA scaffolds (sized 10 mm � 10 mm � 2 mm) was
185
placed in 1 mL of PBS and co-incubated at 37 �C. At various time-
points, the supernatant was completely collected and replaced
with fresh PBS. The concentration of OVA in the supernatant was
assayed using a Pierce Micro-BCA protein assay kit (Thermo Fisher
Scientific). The amount of released OVA was calculated for release
curve plotting.

2.4. Si ion release from scaffolds

To determine Si ion release from the scaffolds, each of the scaf-
folds (sized 10 mm � 10 mm � 2 mm) was placed in 1 mL of PBS
and incubated at 37 �C. The supernatant was completely collected
and replaced with fresh PBS every other day. The concentration of
Si ions in the supernatant was assayed using an inductive coupled
plasma emission spectrometer (Thermo Fisher Scientific).

2.5. DC differentiation, activation, and antigen presentation assays

For DC differentiation, activation, and antigen presentation
assays, DCs were inducing cultured from the bone marrow cells
of C57BL/6J mice (Jihui Laboratory Animal Co., Ltd., China) with
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Roswell Park Memorial Institute (RPMI) medium (Thermo Fisher
Scientific) supplemented with 10% fetal bovine serum (Thermo
Fisher Scientific), 1% penicillin/streptomycin, and 20 ng�mL�1 mur-
ine granulocyte–macrophage colony-stimulating factor (Pepro-
Tech, USA), as previously described [36]. After 8 days of inducing
culture, non-adherent cells were collected for the experiments.
To assess the DCs’ activity after co-culture with the scaffolds,
1 � 106 mL�1 immature DCs were seeded onto the scaffolds in
12-well plates and co-cultured for 24 h. Afterward, the DCs were
harvested, stained with anti-CD11c, anti-CD86, and anti-major his-
tocompatibility complex class II (MHC II) (Biolegend, USA), and
analyzed via LSRFortessa flow cytometry (BD, USA). Cells attaching
onto the scaffolds were stained using anti-MHC II for surface mark-
ers and diaminophenylindane (DAPI) for the nuclei; subsequently,
they were observed using a confocal microscope (Zeiss, Germany).

To assess the cross-presentation of DCs after stimulation,
5 � 105 mL�1 DCs were seeded onto the scaffolds and co-
cultured for 48 h. The DCs in the supernatant were harvested
and stained using anti-SIINFEKL-H2Kb and analyzed via flow
cytometry. The DCs in the scaffolds were stained using anti-
SIINFEKL-H2Kb for surface markers and DAPI for the nuclei; subse-
quently, they were observed using a confocal microscope.
2.6. Cells and scaffold extraction preparation for osteogenic assays

Cells and scaffolds were prepared for osteogenic assays as fol-
lows. Mice BMSCs (mBMSCs) were isolated from C57BL/6J mice
and cultured as previously described [40]. CPC, CPC-MSR/PEI, and
CPC-MSR/PEI/OVA scaffolds (sized 10 mm � 10 mm � 2 mm) were
prepared as described. Each scaffold was placed into a 24-well cul-
ture plate and immersed in 1 mL of alpha-minimum essential med-
ium (Thermo Fisher Scientific). The medium was replaced every
other day. After 7 days of immersion, the scaffolds were lyophilized
and collected for further use. The extractions of CPC, CPC-MSR/PEI,
and CPC-MSR/PEI/OVA scaffolds were prepared and stored at 4 �C,
as previously described [37].
2.7. Cell attachment

To determine cell attachment, a total of 5 � 104 mBMSCs were
seeded onto each of the scaffolds in 24-well plates and cultured for
24 h. Next, the scaffolds were fixed with 4% paraformaldehyde
(PFA). The cell attachment on the scaffolds was assayed via SEM
after gradient elution and natural drying.
2.8. Alkaline phosphatase activity assay

For the alkaline phosphatase (ALP) activity assay, a total of
5 � 104 mBMSCs were seeded onto each of the scaffolds in 24-
well plates. The culture medium was replaced every 3 days. After
7 days of culture, the cells were fixed with 4% PFA, stained using
an ALP kit (Beyotime, China), and observed using optical micro-
scopy (Nikon, Japan).
2.9. Cell viability

To determine cell viability, a total of 1 � 104 mBMSCs were
seeded onto each of the scaffolds in 24-well plates and cultured
for 12 h. Next, the culture medium was replaced with extractions
of the processed scaffolds. After 1 and 3 days of culture, the cell
viability was assayed using a cell counting kit-8 (CCK-8; Solarbio,
China). Cells in standard culture medium without replacement
were set as the control group.
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2.10. Real-time quantitative polymerase chain reaction

For the real-time quantitative polymerase chain reaction (PCR)
assay, mBMSCs were seeded into 6-well plates at a density of
5 � 104 per well and allowed to grow until they covered the well.
Afterward, the culture medium was replaced with the prepared
extractions of scaffolds. The extraction mediumwas replaced every
3 days. After 14 days of culture, the cells were washed with PBS,
and the total messenger RNA (mRNA) was extracted and converted
to complementary DNA. The expression of osteogenesis-related
genes including ALP and runt-related transcription factor 2
(RUNX2) was assayed through a real-time quantitative PCR assay.
The relative amount of gene transcripts was normalized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The pri-
mers are listed in Table S1 in Appendix A.

2.11. Subcutaneous implantation model

For the in vivo immunoregulation and vascularization study,
each of the CPC, CPC-MSR/PEI, and CPC-MSR/PEI/OVA scaffolds
(diameter = 6 mm; height = 2 mm) was implanted in a subcuta-
neous pocket prepared via blunt dissection (number of parallel
samples per group, n = 6). Mice that underwent sham surgery were
set as the control group (n = 6). The C57BL/6J mice (6 weeks old)
used in this study were obtained from Shanghai Jihui Laboratory
Animal Co., Ltd. The animal experiments were performed in accor-
dance with the guidelines and regulations of the Institutional Ani-
mal Care and Use Committee of Ruijin Hospital, Shanghai Jiao Tong
University School of Medicine.

2.11.1. T cell activation and recruitment in vivo
T cell activation and recruitment in vivowere determined as fol-

lows. After 7 days of implantation, the animals were sacrificed and
the scaffolds were collected. The splenocytes were meticulously
isolated from the spleen, and then processed and cultured for
1 day at 37 �C. Afterward, the cells were collected and stained with
anti-mouse CD3e, CD8a, and CD4 (Biolegend) on ice before they
were fixed and permeabilized. Next, the cells were stained with
anti-mouse interleukin (IL)-4 and IFN-c at 4 �C and analyzed using
flow cytometry.

The retrieved scaffolds were decalcified, embedded in paraffin,
and sectioned. The sections were deparaffinized, rehydrated, and
then incubated separately with primary antibody against CD4
and CD31 (Abcam, USA) overnight at 4 �C. After being stained
with a secondary antibody and DAPI, sections were observed
via confocal microscope to evaluate the local immunoregulatory
function of the scaffolds. The mean fluorescence intensity was
calculated using Image J software (Softonic, Spain) to evaluate
the recruited cells.

2.11.2. In vivo angiogenesis
In vivo angiogenesis was determined as follows. After 14 days

of implantation, local blood stream signals in and around the
scaffolds were assayed using a multimode ultrasound/photoa-
coustic imaging system VEVO LAZR-X (Fujifilm VisualSonics
Inc., Canada) to analyze the newly formed blood vessels in each
group. Subsequently, the mice were sacrificed, and the scaffolds
were collected for immunohistochemistry assay. The samples
were decalcified, embedded in paraffin, and sectioned. The sec-
tions were deparaffinized, rehydrated, and then incubated sepa-
rately with a primary antibody against CD31 overnight at 4 �C.
After being stained with a secondary antibody and DAPI, sections
were observed via confocal microscope. The mean fluorescence
intensity was calculated using Image J software to evaluate the
degree of angiogenesis.
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2.12. In situ defect-repair model

To analyze the in vivo osteogenesis property of the scaffolds, a
calvarial defect-repair model was established based on a previous
study [41]. A total of 24 healthy male Sprague Dawley (SD) rats
(8 weeks old) were divided into four groups: ① untreated,
② CPC, ③ CPC-MSR/PEI, and ④ CPC-MSR/PEI/OVA. A 4 mm-
diameter defect was created for each rat using a trephine bur.
The incision was closed after the scaffold (diameter = 4 mm;
height = 1.5 mm) was implanted. After 8 weeks of implantation,
the skulls were collected and fixed in 4% PFA for further analysis
(n = 6).

2.13. Micro-computerized tomography analysis

All samples were scanned with a resolution of 20 lm for the
bone formation assay using a micro-computed tomography (CT)
imaging system (Bruker, Germany). Subsequently, the scanning
results were reconstructed three-dimensionally using DataViewer
software (SR Research, Canada). The scaffold and bone were recon-
structed separately based on their different gray value ranges
(scaffold (175–255); bone (120–174)). To distinguish observations,
the scaffolds and newly formed bone were rendered in yellow and
white, respectively. The volume ratio of the newly formed bones
was calculated.

2.14. Histology evaluation

For histology evaluation, after fixation with 4% PFA, the samples
were decalcified, embedded in paraffin, and sectioned. The sections
were stained with hematoxylin/eosin (HE) and Masson’s trichrome
and observed via optical microscopy TE2000U (Nikon). In Masson’s
trichrome-stained sections, typical bone tissues displaying red
color were regarded as the mature ones. Furthermore, immunohis-
tochemistry staining against CD31 was performed to assay the
newly formed vascular structure in the scaffolds, as previously
described [40].

2.15. Statistical analysis

For statistical analysis, the data were presented as
mean ± standard deviation. Statistically significant differences
among the various groups were measured via one-way analysis
of variance (ANOVA) using the GraphPad Prism 5 software package
(GraphPad Software, USA).
3. Results and discussion

3.1. Scaffolds loaded with vaccines

To fabricate the vaccine-loaded scaffolds, self-assembling vacci-
nes were first prepared and assessed. The MSRs were mixed with
the branched PEI solution and incubated at 37 �C for 15 min to
form PEI-coated MSR/PEIs. Typical lamellar mesopores were
observed in MSRs and MSR/PEIs using TEM (Fig. 2(a)). According
to the specific surface and porosity assay results (Fig. 2(a)), both
MSRs and MSR/PEIs displayed type IV N2 adsorption/desorption
isotherms with the H1 hysteresis loop, which verified the ordered
mesoporous structure. The pore size, total pore volume, and speci-
fic surface area of MSRs were 7.8 nm, 1.25 cm3�g�1, and
849.9 m2�g�1, respectively. As previously reported [42], MSR/PEIs
had a maintained pore size (7.8 nm) and a slightly decreased pore
volume and specific surface area, which were 0.973 cm3�g�1 and
618.9 m2�g�1, respectively. It was presumed that the coating of
PEI on the mesopores of the rod surface resulted in this decrease.
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According to the SEM assay results, prismatic nanorods measuring
600 nm accumulated and formed the MSRs, which had a length of
around 23.2 lm and a diameter of around 3.7 lm (Fig. 2(b)). No
obvious change in outer shape was detected in MSR/PEIs. We ana-
lyzed the distribution of the nitrogen (N) element of PEI on the
MSRs and the distribution of the oxygen (O) and Si elements of
the MSRs in the EDS mapping images in order to observe the incor-
poration capacity of PEI and MSRs. The similar distributions of the
N, O, and Si elements verified the presence of a sufficient and even
coating of PEI on the MSRs (Fig. 2(c)). Due to the high pore volume,
high specific surface area, and positive charges, the MSR/PEIs could
be used as the vector of antigens to achieve sustained release. In
this study, OVA was used as an antigen model. MSR/PEIs were dis-
persed in an OVA antigen solution for direct adsorption. The zeta
potentials of the MSRs, MSR/PEIs, and MSR/PEI/OVA microrods
were (–22.33 ± 1.80), (29.50 ± 0.46), and (19.47 ± 1.70) mV, respec-
tively (Fig. 2(d)), which confirmed the successful self-assembling of
the vaccines (Fig. 2(e)). After PBS dispersion, Si hydroxyl on the
surface of the MSRs provided them with a negative zeta potential.
With good coating of the polycation PEI, the zeta potential of the
MSR/PEIs changed from negative (MSRs) to positive. The incorpo-
ration of OVA, a peptide with a negative charge, rendered the zeta
potential of the MSR/PEI/OVAs lower than that of the MSR/PEIs.

Afterward, the vaccine-loaded scaffolds were prepared and
assayed. According to the FTIR results (Fig. 3(a)), a new absorption
peak at approximately 1715.3 cm�1 corresponding to the aldehyde
groups appeared in the spectrum of OHA, which verified our suc-
cessful synthesis. With PVA/OHA solution as the binder, the CPC-
based bioink could be fluently extruded from the printing nozzle.
SEM observation showed that the printed CPC scaffolds possessed
controllable shapes and well-interconnected macropores measur-
ing 500 lm. In addition, the MSR/PEIs were seen to be dispersed
well on the scaffolds (Fig. 3(b)). To avoid having the vaccines be
carried away rapidly by blood, the vaccines were designed to com-
bine with the printed scaffolds via covalent bonding. Hence, we
analyzed the antigen and Si ion releasing behavior of the scaffolds.
According to the protein assay results (Fig. 3(c)), OVA was gradu-
ally released from the scaffolds over 7 days, with a burst release
in the first 24 h. It was discovered that the Si ion concentration
in the releasing medium decreased gradually from 6 to 1 mg�L–1
in 72 h and was then maintained at approximately 1 mg�L–1, with
the medium being replaced daily (Fig. 3(d)); this verified the rela-
tively stable combination between the MSR/PEIs and CPC scaffolds.

3.2. Vaccine-loaded scaffolds recruit and activate DCs

The activation of a large number of DCs is closely associated
with the induction effect of humoral immune responses [43,44].
Hence, the MSR/PEI/OVA-loaded scaffolds were analyzed for their
ability to modulate the enrichment, activation, and antigen pro-
cessing of DCs as vaccines. First, cell recruitment to the vaccine-
loaded scaffolds was analyzed. As observed via SEM, the cells were
recruited to the vectors and vaccine-loaded scaffolds in 24 h and
attached primarily on the microrods, whereas only a few of them
were observed in the CPC scaffolds (Fig. 4(a)). Subsequently, the
expression levels of two typical markers—namely, CD86 and
MHC II—were analyzed in order to assess the activation of DCs
based on previous reports [45,46]. The confocal microscope results
(Fig. 4(a)) showed that the MHC II+ recruited cells spread on the
surfaces of the MSR/PEIs and MSR/PEI/OVAs, and exhibited the
specific microrod morphology. Furthermore, the flow cytometry
results (Fig. 4(b)) of the cell composition in the culture medium
showed that the CD11c+ DCs displayed 28.7%, 36.7%, and 39.4%
CD86+, and 31.6%, 38.7%, and 41.0% MHC II+ in the CPC, CPC-
MSR/PEI, and CPC-MSR/PEI/OVA groups, respectively. After 48 h
of culture, the effects of the vaccine-loaded scaffolds on the antigen



Fig. 2. Preparation and characterization of the MSR vaccine. (a) N2 adsorption/desorption isotherms, pore size distribution, and TEM images of MSRs and MSR/PEIs. (b) SEM
images of MSRs and MSR/PEIs. (c) EDS mapping images of MSR/PEIs. (d) Zeta potentials of MSRs, MSR/PEIs, and MSR/PEI/OVAs. (e) Schematic representations of the branched
PEI and subsequent antigen adsorption onto MSRs. V: pore volume; D: pore diameter.
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presentation of the DCs were analyzed. Under a microscope, DCs
were seen to be recruited to the released MSR/PEIs and MSR/PEI/
OVAs in the macropores of the scaffolds and aggregated
(Fig. 4(c)). In addition, using a confocal microscope, more
SIINFEKL-H2Kb+ antigen cross-presenting DCs were observed on
the CPC-MSR/PEI/OVA scaffolds than on the CPC-MSR/PEI and
CPC scaffolds (Fig. 4(d)). Furthermore, the cells in the culture
medium were assayed via flow cytometry analysis (Fig. 4(e)). It
was revealed that the proportion of CD11c+ DCs displaying
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SIINFEKL-H2Kb+ was 10.5%, 12.4%, and 15.0% in the CPC, CPC-
MSR/PEI, and CPC-MSR/PEI/OVA groups, respectively. As a poten-
tial biocompatible vaccine adjuvant, MSRs are able to enhance
the expression of CD86 after being co-cultured with human DCs
[47]. Herein, the loading of MSR/PEIs on the 3D-printed scaffolds
was found to not only activate the DCs, but also promote the anti-
gen process. Furthermore, the efficient DC activation function of
the MSR/PEI/OVA-loaded scaffolds was confirmed, with the largest
number of recruited DCs displaying SIINFEKL-H2Kb+ on the



Fig. 3. Characterization of MSR vaccine-loaded scaffolds. (a) FTIR spectra of HA and OHA. (b) SEM images of CPC and MSR/PEI-loaded CPC scaffolds. (c) Cumulative release of
OVA from CPC-MSR/PEI/OVA scaffolds. (d) Si ion concentration in the releasing medium.
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scaffolds and in their medium, compared with the other two
groups. Moreover, the larger number of activated cells in the cul-
ture medium of the MSR/PEI/OVA-loaded scaffolds indicated that
the antigen released from the scaffolds maintained its function.

3.3. Vaccine-loaded scaffolds promote mBMSC attachment and
osteogenesis differentiation

The effects of scaffolds on BMSC viability, attachment, and
osteogenic differentiation are vital to bone repair. Previously, we
discovered that an appropriate concentration of released Si ions
from 3D-printed scaffolds promoted the osteogenic differentiation
of BMSCs [37]. However, the biocompatibility and osteogenesis
properties of the novel vaccine system remained unknown. Hence,
the effect of vaccine loading on mBMSC functions was assayed. The
cell viability was detected with a CCK-8 kit (Fig. 5(a)). During the
culture period, the mBMSCs in all the groups maintained high via-
bility. According to the SEM observation (Fig. 5(b)), the mBMSCs
attached closely onto the scaffolds, with more cells being seen on
the CPC-MSR/PEI and CPC-MSR/PEI/OVA scaffolds than on the
CPC scaffolds. In addition, the mBMSCs exhibited a more extended
morphology on the printed filaments of the CPC-MSR/PEI and
MS-MSR/PEI/OVA scaffolds than on the CPC scaffolds. Since the
three scaffold groups exhibited similar surface morphologies,
the improved cell attachment and spreading was attributed to
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the positive charge of the MSR/PEIs and MSR/PEI/OVAs. Afterward,
the effect of vaccine loading on BMSC osteogenic differentiation
was monitored. The ALP activity of the mBMSCs was assessed after
culturing with the scaffolds for 7 days. As shown in Fig. 5(c), the
ALP-positive areas on the CPC-MSR/PEI and CPC-MSR/PEI/OVA
scaffolds were larger than those on the CPC scaffolds, which
demonstrated the osteogenesis-promotion property of the vaccine
system. The CPC-MSR/PEI scaffolds exhibited a larger ALP-positive
area than the CPC-MSR/PEI/OVA scaffolds. This finding is partly
attributable to the release of the MSR/PEI/OVA. It is easier for the
MSR/PEI/OVA microrods to release from the scaffolds in compari-
son with the MSR/PEIs because the loading of OVA results in there
being fewer available NH2 groups of PEI to combine with the alde-
hyde groups on the scaffolds. We also observed more ALP-positive
cells in the bottom of the culture well of the CPC-MSR/PEI/OVA
scaffolds than in that of the CPC-MSR/PEI scaffolds. Although an
ALP-positive area was barely seen on the CPC scaffolds, some of
the cells in the bottom of the culture well displayed ALP activity,
which is consistent with a previous report [48] and with the cell
attachment results. The releasing component of the CPC scaffolds
slightly promoted the osteogenic differentiation of BMSCs, while
fewer cells attached onto the scaffolds. Moreover, the PCR
results (Fig. 5(d)) confirmed the promotion effect of the vaccine
system on BMSC osteogenic differentiation. The osteogenic
differentiation-related gene expressions of the cells in the



Fig. 4. Vaccine-loaded scaffolds recruit and enhance DC activation. (a) Cell attachment (SEM images) and MHC II surface markers (confocal microscope images) of DCs after
24 h of co-culture with the CPC, CPC-MSR/PEI, and CPC-MSR/PEI/OVA scaffolds. (b) Flow cytometry analysis of CD86 and MHC II expression on DCs after 24 h of co-culture
with the CPC, CPC-MSR/PEI, and CPC-MSR/PEI/OVA scaffolds. (c) Cell recruitment in the CPC, CPC-MSR/PEI, and CPC-MSR/PEI/OVA scaffolds after 48 h of co-culture.
(d) SIINFEKL-H2Kb surface markers of DCs attached onto the scaffolds (confocal microscope images). (e) Flow cytometry analysis of SIINFEKL-H2Kb expression of DCs in the
culture medium after 48 h of co-culture.
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CPC-MSR/PEI and CPC-MSR/PEI/OVA scaffolds were much higher
than those in the CPC scaffolds. Although the expressions in the
CPC-MSR/PEI/OVA scaffolds were lower than those in the CPC-
MSR/PEI scaffolds, no statistical difference was detected. Overall,
our results demonstrated that the vaccine-system-loaded scaffolds
successfully promoted the attachment and osteogenic differentia-
tion of BMSCs. To assess the combination of vaccines and CPC scaf-
folds, the MSR/PEI- and MSR/PEI/OVA-loaded scaffolds were
immersed and rinsed with the culture medium for several days
prior to performing the assays. The results above further demon-
strated the stable combination.

3.4. Vaccine-loaded scaffolds induce Th2 response and enhance
angiogenesis in the subcutaneous embedding model

The ability of MSR/PEI/OVA-loaded scaffolds to generate and
recruit CD4+ T cells when subcutaneously implanted with was
tested in C57BL/6J mice (Fig. 6(a)). A total of 24 mice were divided
into four groups: ① untreated, ② CPC scaffold, ③ CPC-MSR/PEI
scaffold, and ④ CPC-MSR/PEI/OVA scaffold. To analyze the Th1
and Th2 responses elicited by the scaffolds, we isolated the spleen
190
CD4+ T cells after 7 days of implantation and assayed the propor-
tion of cells expressing key Th1 and Th2 markers—that is, IFN-c+

and IL-4+, respectively (Fig. 6(b)). The CPC-MSR/PEI group showed
a higher ratio of both IFN-c+ and IL-4+ cells than the untreated and
CPC groups, indicating that the MSR/PEIs were able to trigger both
Th1 and Th2 responses, which is consistent with a previous report
[38]. However, the CPC-MSR/PEI/OVA scaffolds resulted in the pro-
duction of fewer IFN-c+ cells and many more IL-4+ cells than the
CPC-MSR/PEI scaffolds (P < 0.001). It was found that the CPC-
MSR/PEI/OVA scaffolds induced a strong antigen-specific immune
reaction with the loading of OVA. Subsequently, the ability of the
CPC-MSR/PEI/OVA scaffolds to recruit antigen-specific T cells was
tested. After 7 days of implantation, significantly more CD4+ T cells
were recruited into the macropores of the CPC-MSR/PEI/OVA scaf-
folds than into those of the CPC-MSR/PEI and blank scaffolds
(P < 0.001) (Fig. 6(c)); furthermore, more CD4+ T cells were found
in the CPC-MSR/PEI scaffolds than in the blank scaffolds. This trend
is consistent with the DC activation results in vitro.

It was previously reported that CD4+ T cells recruited by the
OVA vaccine efficiently enhanced blood perfusion in hindlimb
ischemia [36]. The ability of CPC-MSR/PEI/OVA scaffolds to



Fig. 5. Vaccine-loaded scaffolds promote the attachment and osteogenic differentiation ofmBMSCs. (a) Viability ofmBMSCs in the extractionmediumof CPC, CPC-MSR/PEI, and
CPC-MSR/PEI/OVA scaffolds during 1 and 3 days of culture. (b) SEM images of cell attachment on CPC, CPC-MSR/PEI, and CPC-MSR/PEI/OVA scaffolds. (c) ALP staining ofmBMSCs
after 7 days of co-culture with CPC, CPC-MSR/PEI, and CPC-MSR/PEI/OVA scaffolds. (d) Expression levels of osteogenic differentiation-related genes RUNX2 and ALP in mBMSCs
after 14 days of co-culture in the extraction medium of CPC, CPC-MSR/PEI, and CPC-MSR/PEI/OVA scaffolds. ***P < 0.001 vs control. OD450: absorbance at 450 nm.
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promote angiogenesis in vaccinated mice was then examined. At
day 14 after implantation, blood perfusion inside the scaffolds
was assayed using a multimode ultrasound imaging system while
the animals were alive (Fig. 6(d)). Since no vascular rupture
occurred during the procedure, the blood flow morphology was
regarded as the morphology of newly formed blood vessels. It
was observed that blood signals flowed through the macropores
of the CPC-MSR/PEI/OVA scaffolds from top to bottom, indicating
blood vessel formation throughout the scaffolds. Most of the sig-
nals were detected on the surface of the CPC scaffolds, while only
a few were detected from the top to the middle of the CPC-MSR/
PEI scaffolds. Visual inspection of the scaffolds collected from the
sacrificed animals (Fig. 6(e)) showed more newly formed blood
vessels around and in the CPC-MSR/PEI/OVA scaffolds than in the
other scaffolds; moreover, more vessels were observed in the
CPC-MSR/PEI scaffolds than in the CPC scaffolds. We further ana-
lyzed the CD31+ cells in the scaffolds at 7 and 14 days after implan-
tation (Fig. 6(f)). After 7 days of implantation, more CD31+ cells
were observed in the CPC-MSR/PEI and CPC-MSR/PEI/OVA scaffolds
than in the CPC scaffolds (Fig. S1 in Appendix A) (P < 0.001). After
14 days of implantation, the OVA-releasing scaffold group exhib-
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ited many more CD31+ cells, which accumulated and formed the
tube morphology of the blood vessels inside the macropores, in
comparison with the other two groups (Fig. S1) (P < 0.001). Thus,
it was confirmed that the vaccine microenvironment swiftly pro-
moted the ingrowth of newly formed blood vessels after scaffold
implantation. According to previous reports, IL-5 and IL-10
secreted by antigen-specific T cells in the microenvironment are
supposed to directly promote the sprouting of endothelial cells,
thereby enhancing angiogenesis [34]. A comprehensive investiga-
tion will be performed in our follow-up study. Although an appro-
priate concentration of released Si ions can promote angiogenesis,
OVA-specific immunoreaction was demonstrated to be more effi-
cient in terms of the enhancement effect.

3.5. Vaccine-loaded scaffolds enhance vascularized bone regeneration
in a rat skull defect-repair model

Vascularity is a crucial organ for nutrient diffusion, metabolic
wastes removal, and signaling molecules regulation in the process
of bone regeneration [6,49]. Early vascularization in scaffolds is
known to be a prerequisite for osteogenesis [50]. Thus, the effect



Fig. 6. Vaccine-loaded scaffolds promote antigen-specific cell recruitment and angiogenesis. (a) Schematic representations of the subcutaneous implantation experiment.
(b) Ratio of IL-4+ and IFN-c+ cells among the spleen CD4+ T cells. (c) CD4 immunofluorescence staining images and related fluorescence intensity of implanted scaffolds after
7 days of implantation. (d) Ultrasound images and (e) digital photographs of implanted scaffolds after 14 days of implantation. (f) CD31 immunofluorescence staining images
of implanted scaffolds after 7 and 14 days of implantation. ***P < 0.001 vs control, ###P < 0.001 vs CPC group, dddP < 0.001 vs CPC-MSR/PEI group. FACS analysis: flow
cytometry analysis.
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of the vaccine-loaded scaffolds on vascularized bone regeneration
was analyzed in a rat skull defect-repair model (Fig. 7(a)). Accord-
ing to the micro-CT results (Figs. 7(b) and (c)), the volume ratios of
new bones formed in the defects after 8 weeks of implantation in
the untreated, CPC, CPC-MSR/PEI, and CPC-MSR/PEI/OVA
groups were (5.02 ± 0.35)%, (8.78 ± 0.61)%, (11.13 ± 2.45)%, and
(12.18 ± 0.39)%, respectively. The CPC-MSR/PEI/OVA group demon-
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strated the best bone-repair effect, with the highest bone volume
to total volume ratio (BV/TV) (P < 0.01). As seen from the 3D
reconstructed images, more newly formed bones were observed
around and inside the CPC-MSR/PEI/OVA scaffolds than in the
other groups. In addition, the CPC-MSR/PEI scaffolds showed a bet-
ter osteogenesis-promotion effect than the CPC scaffolds. After-
ward, histological analysis of osteogenesis and angiogenesis in



Fig. 7. Vaccine-loaded scaffolds promote vascularized bone regeneration in rat skull defect. (a) Photograph of the scaffold implantation in rat skull defect. (b) Micro-CT
images after 8 weeks of implantation: 3D-reconstructed images of the skulls implanted with scaffolds, transverse-view images of the skulls with scaffolds, and images of
reconstructed scaffolds with newly formed bones (white for newly formed bone and yellow for scaffolds). (c) Volume ratio of the newly formed bone to defects (bone volume
to total volume ratio (BV/TV)) of all groups (n = 3). (d) HE staining, Masson staining, and CD31 immunohistochemical staining of implanted scaffolds. *P < 0.05, **P < 0.01,
***P < 0.001 vs untreated group; #P < 0.05 vs CPC group.
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the defects was performed. According to the HE and Masson
staining results (Fig. 7(d)), more mature bones were regenerated
in the CPC-MSR/PEI/OVA scaffolds than in the CPC-MSR/PEI scaf-
folds. Newly formed bones were barely observed in the
untreated group and CPC scaffolds. Furthermore, abundant
CD31+ cells aggregating into tubes were observed in the macro-
pores and newly formed bones in the CPC-MSR/PEI and CPC-
MSR/PEI/OVA scaffolds.
193
In this study, the osteogenesis-promotion effect of the CPC-
MSR/PEI scaffolds was consistent with our expectation. Since
functional Si ion concentration around the CPC-MSR/PEI and
CPC-MSR/PEI/OVA scaffolds should be at the same level, the
more efficient osteogenesis-promotion effect of the CPC-MSR/
PEI/OVA scaffolds was presumed to be closely related to the
presence of more blood vessels, which rapidly formed after
implantation.
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4. Conclusions

Through the stable loading of MSR/PEI/OVA vaccines, 3D-
printed scaffolds with an antigen-specific T cell recruitment func-
tion were successfully constructed in this study. After the
laminar-ordered mesoporous and highly specific surface area
structures were verified, the MSRs were assembled layer by layer
with the branched cationic polymer PEI and the antigen OVA to
prepare MSR/PEI/OVA vaccines rich in amino groups. Based on
the Schiff base reaction, the vaccines were covalently cross-
linked with the aldehyde groups on the surface of the scaffolds,
which led to the gradual release of OVA and Si ions. In vitro results
showed that the loaded vaccines not only recruited and activated
DCs to process the antigen, but also promoted the attachment,
spreading, and osteogenic differentiation of BMSCs on the scaf-
folds. In vaccinated animals, the gradually released OVA efficiently
recruited antigen-specific CD4+ T cells, promoted local angiogene-
sis, and increased perfusion in the scaffolds. With the increased
blood supply and released Si ions, osteogenesis was promoted in
the MSR/PEI/OVA-loaded scaffolds. Overall, we have developed a
therapeutic platform of antigen-specific immunoregulatory 3D-
printed scaffolds for angiogenesis promotion.
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