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Three-dimensional (3D) printing technology is driving forward the progresses of various engineering fields,
including tissue engineering. However, the pristine 3D-printed scaffolds usually lack robust functions in stim-
ulating desired activity for varied regeneration applications. In this study, we combined the two-dimensional
(2D) hetero-nanostructures and immuno-regulative interleukin-4 (IL-4) cytokines for the functionalization of
3D-printed scaffolds to achieve a pro-healing immuno-microenvironment for optimized bone injury repair. The
2D hetero-nanostructure consists of graphene oxide (GO) layers, for improved cell adhesion, and black phos-
phorous (BP) nanosheets, for the continuous release of phosphate ions to stimulate cell growth and osteogenesis.
In addition, the 2D hetero-nanolayers facilitated the adsorption of large content of immuno-regulative IL-4 cy-
tokines, which modulated the polarization of macrophages into M2 phenotype. After in vivo implantation in rat,
the immuno-functioned 3D-scaffolds achieved in vivo osteo-immunomodulation by building a pro-healing
immunological microenvironment for better angiogenesis and osteogenesis in the defect area and thus facili-
tated bone regeneration. These results demonstrated that the immuno-functionalization of 3D-scaffolds with 2D
hetero-nanostructures with secondary loading of immuno-regulative cytokines is an encouraging strategy for
improving bone regeneration.

1. Introduction applied in various biomedical applications, e.g., fracture healing,

segmental bone defect repair, oral repair, skin injury repair, cardiovas-

Three-dimensional (3D) printing technology is driving forward the
progress of various engineering fields, including manufacturing engi-
neering, materials engineering, biomedical engineering, and tissue en-
gineering [1-4]. In the regenerative medicine and tissue engineering
field, 3D-printing technique was applied to achieve spatial geometric
configuration with preferred internal structure design for a large variety
of metal, inorganic, ceramics, and polymeric biomaterials [5,6]. With
gradual advances in technology, the current 3D printing is able to
manufacture sophisticated architectures that can provide mechanical
and biochemical support for tissue infiltration, integration, and resto-
ration function. With these advantages, 3D-printing technology has been
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cular diseases, and spinal fusion [7-10].

For bone injury repair, 3D printing was used to fabricate scaffolds
with interconnected pores fitting bone shape and injury defect
morphology [11-13]. The porous structure allows space for the imme-
diate infiltration of cells and tissues into the scaffolds, promoting better
tissue-implant integration [11-13]. The porosity also reduces material
mass allowing faster degradation of the scaffolds and expanding the
bio-interface area for cell attachment and growth. In the past decades,
researchers have tried intensively to develop implants using 3D printing
of various materials, including titanium metals, bioglasses, ceramics,
and non-biodegradable or biodegradable polymers [9,14,15].
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Biodegradable polymers that can be adsorbed in situ without additional
surgery after implantation, e.g., poly(i-lactic acid) (PLLA) [16], poly
(lactic-co-glycolic acid) (PLGA) [17], poly(e-caprolactone) (PCL) [18],
and poly(propylene fumarate) (PPF) [19,20], are among the primary
research focus for bone repair. In our previous work, we have con-
structed a series of 3D-printed PPF stents and tested to have outstanding
in vitro osteogenic induction and in vivo bone repair after implantation
[21,22].

However, these pristine 3D-printed scaffolds usually do not possess
robust functions to stimulate desired cellular activities for varied
regeneration applications. For example, in bone injury repair, the im-
plants are expected to have a strong attraction of stem cells to the ma-
terial surface, followed by timely induction of neovascularization and
osteogenesis in the injury site to assist bone healing. In addition, suitable
immuno-regulation of the injury site into a regeneration-friendly
microenvironmental niche is also critical to prevent bone non-union at
early-stage and expedite later-on bone regeneration. Nonetheless, pure
3D-printed scaffolds require further functionalization in order to meet
these various requirements.

One of the most important solutions to solve this deficiency is to
surface coat a layer of material that, by nature, has the required prop-
erties for the 3D-scaffolds. In this manner, the 3D-scaffolds can gain the
desired functions without altering their original properties, e.g., geo-
metric configuration, mechanical strength, and biodegradation rates. In
our previous studies, we functionalized the 3D-printed scaffolds with
two-dimensional (2D) materials and achieved improved protein
adsorption, cell attraction, and osteogenesis [23,24]. Phosphorene
nanosheet (PNS), also named black phosphorus (BP) nanosheet, is a 2D
material with extraordinary potential for regenerative medicine, taking
advantage of its excellent biocompatibility and continuous phosphate
ion release during the oxidation process [25,26]. Phosphate is the basic
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component that builds the phosphate backbone for DNA & RNA, and the
phospholipid bilayer in the cell membrane; thus is indispensable for cell
signaling, proliferation, and differentiation [27-29]. Sufficient supply of
phosphate ions is critical for skeleton development, as well as cell
growth and osteogenesis during bone injury repair [30,31]. Graphene
oxide (GO) nanosheet is a 2D nanomaterial that has been widely re-
ported to elevate cell adhesion, proliferation, and differentiation
[32-34]. 3D-scaffolds incorporated with GO were observed to support
stem cell differentiation, angiogenesis, and osteogenesis [35,36].

In addition to phosphate supply and osteogenesis, most recent
studies found that the immune microenvironment at the bone injury site
is important for bone tissue regeneration [37-39]. In responding to
varied environmental signals, macrophages have the potential to
polarize into pro-inflammatory M1 phenotype, which stimulates
inflammation and fibrosis, or into pro-healing M2 phenotype, which
assists stem cell osteogenesis and extracellular matrix (ECM) remodeling
for bone repair [40]. The previous report has observed that adequate
polarization of macrophages into M2 phenotype may create an
osteoimmune friendly microenvironment by stimulating the secretion of
pro-osteogenic growth factors, e.g., bone morphogenetic protein-2
(BMP-2) and vascular endothelial growth factor (VEGF) [41]. In
consideration of that, various techniques were explored to achieve an
osteoimmune friendly microenvironment for bone implants, including
optimization of topography [42], adjustment of surface hydrophilicity
[43,44], doping with immuno-regulative Ca2t, Cu®*, Zn?*, Sr* metal
ions [45-48], or surficial delivery of immuno-modulative cytokines such
as interleukin-4 (IL-4) [49].

In this study, we combined the 2D nanomaterials and immuno-
regulative cytokines for the functionalization of 3D-printed scaffolds
to achieve a pro-healing immuno-microenvironment for optimized bone
injury repair (Fig. 1a). The 3D-scaffolds were printed with a polymeric
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Fig. 1. a). Schematic demonstration of osteo-immunomodulation directed bone repair using 3D scaffolds functionalized with 2D hetero-nanostructures and cyto-
kines. b) The process of creating immuno-active 3D printed scaffolds using a thermoplastic extrusion 3D printer followed by surficial coating of 2D materials and

loading with cytokines.
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ink, and surface coated with 2D GO nanosheets, or BP nanosheets, or
GOBP hetero-nanostructures (Fig. 1b). GO layers were applied to
improve cell adhesion to the 3D-scaffolds, and BP nanosheets were used
to generate continuous phosphate release to stimulate cell growth and
osteogenesis. In addition, these 2D materials help to adsorb significant
amounts of IL-4 cytokines to the 3D-scaffolds surface, which modulates
the polarization of macrophages into M2 phenotype and builds a pro-
healing microenvironment for better angiogenesis and osteogenesis.
The in vitro biocompatibility, stem cell adhesion, proliferation, and
osteogenesis of the functionalized 3D-scaffolds were characterized. After
immuno-function with IL-4 cytokine, the macrophage phenotypic po-
larization was also determined. Following implantation in a rat calvarial
defect model, the in vivo bone regeneration, bone volume to tissue vol-
ume (BV/TV) ratio, bone mineral density (BMD), and new bone area,
were evaluated using micro-CT scanning. The in vivo osteogenesis,
neovascularization, and in vivo macrophage M2 phenotype polarization
in the bone defect site with implanted 3D-scaffolds were also studied.
Overall, this study reports a facile and versatile route for the function-
alization of 3D-printed implants with osteoinductive 2D materials and
immuno-regulative cytokines to create favorable pro-healing micro-
niche for enhanced in vivo bone regeneration.

2. Materials and methods
2.1. Synthesis of 2D materials and polymers

GO nanolayers were produced from natural graphite (Sigma Aldrich,
Milwaukee, WI) after oxidation and exfoliation using an improved
Hummers’ method [50,51]. Phosphorene nanolayers were obtained
from black phosphorous powder (ACS Material LLC, Pasadena, CA) by
liquid exfoliation [52,53]. Poly(caprolactone fumarate) (PCLF), a
crosslinkable polymer for 3D printing, was synthesized using poly-
caprolactone diol (M;, ~2000) according to previous reports [54].

2.2. 3D-printing of scaffolds

PCLF polymer (7 g) and polycaprolactone (average M, 80,000, 3 g)
were dissolved in 20 mL dichloromethane with constant stirring. After
dissolving, the solution was added with 0.5 wt% of photo-initiator
bisacrylphosphrine oxide (BAPO, Ciba Specialty Chemicals, Tarry-
town, NY), then air-dried under protection from light in a large area
container. Scaffolds with dimensions around 30 mm x 30 mm x 1 mm
(width x length x height) were printed using a BIO X 3D Bioprinter
(CELLINK, Boston, MA). After printing, scaffolds were cured under 365
nm UV light for 2 h, then ammonolyzed in 100 mL isopropyl alcohol
ammonolysis solution containing 6.0 g of hexamethylenediamine
(Sigma Aldrich) for 10-20 min at 37 °C. The obtained 3D-scaffolds were
washed in excessive de-ionized (DI) water for 2-4 days to remove excess
photoinitiator and residues, then air-dried to obtain 3D-scaffolds.

2.3. Functionalization of 3D-scaffolds with 2D hetero-nanostructures

The 3D-printed scaffolds were punched into round disks using a bi-
opsy punch (diameter 4.5 mm), then immersed in BP solution (1 mg/
mL), GO solution (1 mg/mL), or GOBP solution (1 mg/mL BP and 1 mg/
mL GO), respectively. After 1 h, the samples were taken out, and dried
under vacuum to obtain 3D-Scaf-BP, 3D-Scaf-GO, and 3D-Scaf-GOBP
scaffolds, respectively.

2.4. Material characterizations

Scanning electron microscopy (SEM). After sputter coating with
gold-palladium, phosphorous nanosheets, GO nanosheets, GOBP hetero-
nanostructures, and 3D-scaffolds were imaged on a Scanning electron
microscope (S-4700, Hitachi Instruments, Tokyo, Japan).

Transmission electron microscopy (TEM). The morphology of
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phosphorous nanosheets and GO nanosheets was imaged using a trans-
mission electron microscope (1200-EX II, JEOL Inc., Japan).

Atomic force microscopy (AFM). The obtained GO and BP nano-
sheets were tested on a Nanoscope IV PicoForce Multimode AFM
(Bruker, Santa Barbara, CA) to determine the morphology and height of
the nanosheets [55].

Protein adsorption on 3D-printed scaffolds. The 3D scaffolds were
immersed in a cell culture medium containing Dulbecco’s modified
Eagle’s medium (DMEM, Gibco) supplemented with 10% fetal bovine
serum (FBS, Gibco) for 2 h at 37 °C. After being rinsed 3 times with
phosphate-buffered saline (PBS), the total proteins on the 3D-scaffolds
were washed off using 1% sodium dodecyl sulfate (SDS, Bio-Rad Labo-
ratories, Hercules, CA) and tested by a microBCA protein assay kit
(Pierce, Rockford, IL).

Phosphate release from 3D-scaffolds. The 3D-scaffolds were
immersed in 1 mL of DI HyO in a vial. At designated time points, 0.4 mL
of released solution was taken out, and the phosphate concentration was
tested using a phosphate assay kit (ab65622, Abcam, Cambridge, UK).
The vial was refilled with the same amount of fresh DI H,0.

2.5. Cytotoxicity of functioned 3D-scaffolds

Live/dead staining. The 3D-scaffolds were sterilized under UV
irradiation for 2 h in a tissue culture hood and then attached to the
bottom of wells of 48-well tissue culture polystyrene (TCPS) plates using
high vacuum grease (Dow Corning, Midland, MI). After seeding with rat
bone marrow mesenchymal stem cells (rBMSCs, Fisher Scientific), the
scaffolds were cultured in low glucose DMEM supplemented with fetal
bovine serum (FBS, 10%, Gibco) and penicillin—streptomycin (Pen-
Strep, 0.5%, Gibco) for 3 days, then stained with a LIVE/DEAD® Cell
Imaging Kit (Thermo Fisher Scientific) and imaged on an inverted laser
scanning confocal microscope (Carl Zeiss, Germany).

Cytotoxicity of 3D-scaffolds leaching medium. The sterilized 3D-
scaffolds were placed in transwells (mesh size 3 pm) and co-cultured
with rBMSCs for 3 and 7 days. The medium was then replaced by MTS
solution (CellTiter 96, Promega, Madison, WI), and the optical density
value at 490 nm was read by UV-vis absorbance microplate reader
(SpectraMax Plus 384, Molecular Devices, Sunnyvale, CA).

2.6. Stem cell proliferation and osteogenesis

The rBMSCs were seeded on sterilized 3D-scaffolds and cultured for
1, 3, and 7 days. The proliferated cell numbers on each scaffold were
tested by the MTS assay, and the absorbance at 490 nm was read using
the UV-vis absorbance microplate reader. For immuno-fluorescence
staining, rBMSCs on the 3D-scaffolds were fixed using para-
formaldehyde (PFA, 4% solution) and permeabilized with 0.2% Triton
X-100. Cells were then stained with anti-vinculin—FITC antibody (1:50
dilution; Sigma-Aldrich) and rhodamine-phalloidin (1:200 dilution;
Cytoskeleton Inc, Denver, CO, USA) at 37 °C for 1 h. After staining with
4',6-diamidino-2-phenylindole (DAPI) for 2 min, the immune-
fluorescence labeled cells on the functionalized 3D-scaffolds were
imaged using an inverted laser scanning confocal microscope (Carl
Zeiss).

To determine the osteogenic potential, the rBMSCs were co-cultured
with the sterilized 3D-scaffolds placed in transwells for 14 days. The
alkaline phosphatase (ALP) activity in the cell lysates was measured
using ALP Assay Kit (QuantiChromeTM, BioAssay Systems, Hayward,
CA). After fixation and permeabilization, the rBMSCs were stained with
rabbit polyclonal anti-osteopontin (OPN) antibody (1:100 dilution;
Abcam, Cambridge, UK) overnight. After washing, the cells were further
stained with goat anti-rabbit IgG Alexa Fluor® 488 secondary antibody
(1:1000 dilution), rhodamine-phalloidin (1:200 dilution), and DAPI,
then observed using the confocal microscope.
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2.7. Immuno-functionalization of 3D-scaffolds

The 3D-printed scaffolds (3D-Scaf) and 2D material-functionalized
3D-Scaf-BP, 3D-Scaf-GO, and 3D-Scaf-GOBP scaffolds were immersed
in rat IL-4 solution (1 pg/mL; Sigma Aldrich) overnight to allow protein
adsorption. The scaffolds with IL-4 cytokines were then dried under
vacuum to obtain 3D-Scaf-Immuno, 3D-Scaf-BP-Immuno, 3D-Scaf-GO-
Immuno, and 3D-Scaf-GOBP-Immuno scaffolds, respectively. Loading
amounts and release kinetics from these immuno-functioned scaffolds
were performed using the rat IL-4 ELISA Kit (Sigma Aldrich, Milwaukee,
WI) following the manufacturer’s instructions.

2.8. Macrophage adhesion to the 3D-Immuno scaffolds

Rat bone-marrow-derived macrophages (rBMDMs, Cell Biologics,
Chicago, IL) were expanded in complete macrophage medium added
with supplement kit (Cell Biologics) containing granulocyte-
macrophage colony-stimulating factor (GM-CSF), fetal bovine serum
(FBS) and penicillin-streptomycin. When reaching 80% confluency, the
macrophages were scratched off and seeded onto sterilized immuno-
functioned 3D-scaffolds at a density of 100,000 per scaffold. The
adhered rBMDM numbers on these scaffolds at 12, 24, and 72 h post-
seeding were tested by MTS assay with absorbance read at 490 nm.
For immuno-fluorescence staining, rBMDMs on the immuno-functioned
3D-scaffolds were fixed, permeabilized, stained with rhodamine-
phalloidin and DAPI, then imaged on the confocal microscope.

2.9. Flow cytometry

For flow cytometry analysis, the macrophages were seeded onto
sterilized immuno-functioned 3D-scaffolds. After 3 days of culture, the
rBMDMs were collected and stained with rabbit polyclonal anti-CD206
(Abcam, Cambridge, UK) and mouse monoclonal anti-CD68 (Abcam)
for 1 h. Then the cells were centrifuged to remove extra antibodies, and
stained with Alexa Fluor 488 anti-rabbit IgG secondary antibody
(Abcam) and Alexa Fluor 647 anti-mouse IgG secondary antibody
(Abcam) for 30 min. The expression of CD68 and CD206 on the rBMDMs
growing on the immuno-functioned 3D-scaffolds was analyzed by a flow
cytometer.

2.10. Immunofluorescence staining of macrophage phenotypic markers

For phenotype analysis, the macrophages were co-cultured with the
sterilized immuno-functioned 3D-scaffolds placed in transwells for 3
days. After fixation and permeabilization, the rBMDMs were stained
with anti-iNOS antibodies (Abcam), anti-CD68 antibodies (Abcam), and
DAPI, then observed on the confocal microscope to determine M1
phenotypic ratio. With the same process, rBMDMs were stained with
anti-CD206 antibodies, anti-CD68 antibodies, and DAPI to determine
the M2 phenotypic ratio. Inmunofluorescence images were obtained on
a confocal microscope, and the ratios of CD206* macrophage and iNOS™
macrophages were analyzed.

2.11. Macrophage medium on vascularization and osteogenesis induction

For vascularization induction ability analysis, primary human um-
bilical vein endothelial cells (HUVEC, ATCC, Manassas, VA) were
expanded in vascular cell basal medium (ATCC, Manassas, VA) supple-
mented with 2% fetal bovine serum, 0.5% penicillin—streptomycin, 50
pg/mL ascorbic acid, recombinant human insulin-like growth factor
(thIGF-1, 15 ng/mL), recombinant human epidermal growth factor
(rhEGF, 5 ng/mL), recombinant human vascular endothelial growth
factor (thVEGF, 5 ng/mL), recombinant human fibroblast growth factor
(thFGF, 5 ng/mL) basic, r-glutamine (10 mM), hydrocortisone (1 pg/
mL), and heparin sulfate (0.75 units/mL). The macrophages were first
co-cultured with the released medium from immuno-functioned 3D-
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scaffolds placed in transwells, and the supernatants were then
collected and further co-cultured with HUVECs (1:1 medium to super-
natants ratio). After 7 days of co-culture, the vascular marker mRNA
expressions in the HUVECs were analyzed by real-time PCR using
human-specific gene primers (Table S1). The intracellular expression of
vascular marker protein CD31 was visualized by immunofluorescence
staining using goat anti-CD31 polyclonal primary antibody (Novus Bi-
ologicals, CO) and bovine anti-goat IgG CF™633 secondary antibody
(Sigma Aldrich).

For osteogenesis analysis, the rBMSCs were added with supernatants
from macrophages co-cultured with the released medium from immuno-
functioned 3D-scaffolds placed in transwells. After 14 days of co-culture,
the osteogenic markers mRNA expressions in the rBMSCs, including
osteopontin (OPN), osteocalcin (OCN), runt-related transcription factor
2 (Runx2), and osterix (OSX), were analyzed by real-time PCR using rat-
specific gene primers (Table S2). The ALP activity in the cell lysates was
tested using ALP Assay Kit. After fixation and permeabilization, the
rBMSCs were stained with rabbit polyclonal anti-Runx2 antibody (1:100
dilution; Abcam) overnight. After washing, the cells were further stained
with goat anti-rabbit IgG Alexa Fluor® 488 secondary antibody (1:1000
dilution), rhodamine-phalloidin (1:200 dilution), and DAPI, then
imaged using the confocal microscope.

2.12. Rat calvarial defect model

All animal work in this study was conducted in compliance with the
Institutional Animal Care and Use Committee (IACUC) at Mayo Clinic. A
Sprague Dawley rat critical-sized cranial defect model was used for in
vivo bone regeneration evaluation of the 3D-scaffolds. Two full-thickness
defects with 5-mm diameter were created. The calvarial defects were
either left untreated (control groups) or implanted with one of eight 3D-
scaffolds (experimental groups). The skin was then closed with 4.0 vicryl
sutures. Each group in the study was explored by three replicates. At 4
weeks post-surgery, the rats were euthanized, and the skull pieces were
cut off and soaked in 10% PFA solution for 1 day before scanning on a
p-CT system (Bruker Skyscan 1276, Germany). 3D reconstruction of
bone images with quantitative analysis of the bone volume to tissue
volume (BV/TV) ratio, bone mineral density (BMD), and new bone area
were calculated using the micro-CT system software.

2.13. In vivo osteogenesis and neovascularization

For immunohistochemistry (IHC) analysis, the skull specimens were
decalcified using histological decalcifying solution containing EDTA and
hydrochloric acid. Tissue sections were sliced after embedding in
paraffin, and stained with H&E, Masson trichrome, and toluidine blue.
Histological images of bone defect tissue slices were obtained by a slide
scanner. To exam the in vivo osteogenesis and neovascularization in the
rat calvarial defect site, immunofluorescence double-staining was con-
ducted by incubating tissue slices with anti-ALP-Alexa Fluor 488 (1:200
dilution, Novus Biologicals) and anti-CD31-Alexa Fluor 594 (1:200
dilution, Novus Biologicals) for 4 h at 37 °C with protection from light.
After final staining with DAPI for 5 min, the immune-fluorescence
labeled tissue slices were imaged using a slide scanner.

2.14. In vivo M2 macrophage phenotype

To explore the in vivo M2 macrophage phenotypes in the rat calvarial
defect site, the bone slices were immunofluorescence double-stained
with rabbit polyclonal anti-CD206 and mouse monoclonal anti-CD68
overnight at 4 °C. The slices were then washed 3 times to remove
extra antibodies, and stained with anti-rabbit IgG-Alexa Fluor 488 sec-
ondary antibody and anti-mouse IgG-Alexa Fluor 647 secondary anti-
body for 1 h at 37 °C. After final staining with DAPI for 5 min, the images
of immune-fluorescence labeled tissue slices were acquired using a slide
scanner. The intensity of CD206 and CD68 in the defect sites was
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analyzed using the ImageJ software (National Institutes of Health).
2.15. Statistical analysis

The statistical differences among experimental groups were tested by
one-way analysis of variance (ANOVA) with further Tukey post-test
when necessary. Two experimental groups with p-value tested lower
than 0.05 was noted as significantly different.

3. Results
3.1. Hetero-nanostructures synthesis

TEM and SEM microscopy confirmed the production of small BP
nanosheets with size ranges in the nanometer scale after sonication
(Fig. 2a and Fig. Sla). Detailed view of these images clearly demon-
strated the exfoliated layers on the BP nanosheets, consistent with pre-
vious references. [52,56] Further AFM test detected a layer height in a
range of 30-40 nm after exfoliation (Fig. 2b), indicating a multi-layer
structure for the exfoliated BP nanosheets, as previously reported [52,
56]. TEM images confirmed the generation of GO nanosheets after
oxidation and exfoliation (Fig. 2¢). Further AFM test detected a height
around 1-2 nm (Fig. 2d), which is close to the thickness of a single GO
layer [50], indicating that single layer of GO was obtained after oxida-
tion and exfoliation.

After mixing the GO nanosheets and BP nanosheets, hetero-
nanostructures containing both layers of the two 2D materials were
obtained. As shown in Fig. 2e, TEM images demonstrated that BP
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nanoflakes were homogeneously distributed with the GO nanosheets.
Detailed visualization of GOBP hetero-nanostructures showed that BP
nanoflakes were thoroughly wrapped by a large area GO layers. These
characterizations indicated that the two types of 2D materials, BP
nanosheets, and GO nanosheets, are not exclusive of each other and thus
can be successfully applied to form hetero-nanostructures (Fig. 2f).

3.2. 3D printing and functionalization of polymer scaffolds

Polymeric 3D scaffolds in the dimension of 30 x 30 x 1 mm (length
x width x height) were printed on a Bio-X printer, with infill density set
as 50% and ink diameter at 400 pm, as shown in Fig. 2g. In order to make
suitable scaffolds for cell study and animal implantation, round 3D-scaf-
fold specimens were further punched out using a biopsy punch with 4.5
mm in diameter. The obtained 3D-scaffolds were immersed in solutions
with various 2D materials, i.e., GO nanosheets, BP nanosheets, and
GOBP hetero-nanostructures for surficial functionalization (Fig. 2h).
After drying, the scaffolds with sole 2D BP nanosheet materials showed
slight grey to light dark colors, while the scaffolds with 2D GO nanosheet
had a darker appearance (Fig. 2i). The 3D-scaffolds with 2D GOBO
hetero-nanostructures showed essential 2D materials on the surface with
dark color (Fig. 2i). Schematic demonstration of the 4 types of scaffolds
were shown in Fig. 2j, namely 3D-Scaf, 3D-Scaf-BP 3D-Scaf-GO, and 3D-
Scaf-GOBP, respectively.

SEM microscopy of the 3D-scaffolds showed the corresponding fea-
tures of 2D materials on the surface of polymer scaffolds at the nanoscale
(Fig. 2k-1). For 3D-printed scaffolds without deposition of 2D materials,
the scaffold surface is smooth without debris. After coating with a layer

wem  Fig. 2. Scaffolds Characterization. a) TEM images
o and b) AFM characterization of BP nanosheets. ¢)
o TEM images and d) AFM characterization of GO
B nanosheets. e) TEM images and f) schematic demon-
stration of 2D hetero-nanostructures formed by GO
nanosheets and BP nanosheets. g) Photograph of a 3D
printed polymer sheet and h) the punched 3D scaf-
folds immersed in pure DI H,O solutions and solu-
tions containing 2D BP nanosheets, GO nanosheets, or
GOBP hetero-nanostructures for surficial functioning.
i) Photographs and j) schematic demonstrations of the
resulting 4 types of 3D scaffolds: plain scaffolds (3D-
Scaf), scaffolds functionalized with 2D BP nanosheets
(3D-Scaf-BP), GO nanosheets (3D-Scaf-GO), and
GOBP hetero-nanostructures (3D-Scaf-GOBP). k) SEM
images of the 3D scaffolds and scaffolds functional-
ized with 2D materials. 1) Enlarged view of the sur-
face morphology of the 4 types of 3D scaffolds with
detailed indication of the polymer surface (cyan), BP
nanosheets (green), and GO nanosheets (pink). m)
Cumulative phosphate ion release profile and n)
protein adsorption ability for the various functional-
ized 3D scaffolds. (*: p < 0.05; ns: not significant).
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of 2D BP nanosheets, the obtained 3D-Scaf-BP scaffolds had a coating of
BP nanoflakes dispersed randomly on the surfaces, as indicated by the
green color in Fig. 21. After coating with a layer of 2D BP nanosheets, the
obtained 3D-Scaf-GO scaffolds were fully covered with a thin layer of GO
nanosheets on the top of all the scaffolds surfaces. For 3D-Scaf-GOBP
scaffolds coated with GOBP hetero-nanostructures, the surfaces were
fully covered in abundance GO layer with BP nanoflakes randomly
embedded within the layer. These results indicate that GO has a larger
area and higher affinities for the 3D-scaffolds as compared to BP nano-
flakes. The application of GOBP hetero-nanostructures allows better
deposition of BP nanoflakes onto the 3D-scaffolds by encapsulating them
within 2D GO layers with large surface areas.

The BP nanosheets can be oxidated slowly by reacting with oxygen
and water to release phosphate ions continuously. As shown in Fig. 2m,
the phosphate ions were intensively released from 3D-Scaf-BP scaffolds
by oxidation in the first 6-8 days after immersion in the releasing me-
dium. Afterwards, the release profile reached a plateau, with no signif-
icant release of phosphate ions was observed till 28 days. For 3D-Scaf-
GOBP scaffolds, the burst release occurred in the first 8-10 days, with
a slow continuous release of phosphate ions throughout the observation
time period. This difference may be originated from the reduced
oxidation of phosphates after they are encapsulated within the GO layer,
which may diminish the access of H;O and O to embedded BP nano-
sheets, thus attenuating the oxidation process [57]. Water contact angle
measurements showed that the functioning with 2D materials slightly
altered the substrate surface hydrophilicity, potentially due to the hy-
drophilic natures of graphene oxide and oxidated phosphate ions from
black phosphorus (Fig. S1b).

Protein adsorption tests showed that the 3D-scaffolds functionalized
with 2D GO nanosheets or GOBP hetero-nanostructures adsorbed
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significantly higher amount of proteins to the surface, as compared with
the other two groups (Fig. 2n). The robust adsorption of proteins was
widely reported for GO nanosheets in previous reports [58,59]. The
possible mechanism may be due to the exceptionally large surface area
of the GO nanosheets, as well as possible ionic bonding between the
amino acids and the -OH and -COOH functional groups of GO nano-
sheets [60,61].

3.3. Stem cell proliferation and osteogenesis

The biocompatibility of the 2D material functionalized 3D-scaffolds
is pivotal for in vivo implantation. As shown in Fig. 3a, the live/dead
staining indicated most of the rBMSCs attached to the four types of 3D-
scaffolds were kept in a live state after 3 days. In comparison to the
unfunctionalized pure 3D-scaffolds, the 3D-Scaf-BP and 3D-Scaf-GO,
which functionalized with 2D BP nanosheets or GO nanosheets,
showed denser cell adhesion on the surface. For 3D-Scaf-GOBP coated
with GOBP hetero-nanostructures, the highest cell numbers were
observed and the cells covered largely the entire scaffold surface. Along
with the direct contact adhesion of cells onto the scaffolds, the cyto-
toxicity of leaching media from the 3D-scaffolds were also evaluated. As
can be noted from Fig. 3b, no significant influence of leaching media on
the viability of co-cultured stem cells was noted after 3 and 7 days. These
results indicate that the functionalized 3D-scaffolds are not cytotoxic to
stem cells and not releasing toxic substances to the media and therefore
biocompatible and applicable for in vitro cell study and in vivo
implantation.

To evaluate the proliferation of stem cells, rBMSCs were seeded on to
these 3D-scaffolds. As can be seen from Fig. 3c, stem cells showed a
growing trend on all 4 types of 3D-scaffolds, similar to the TCPS control.

Fig. 3. Stem cell behavior on the scaffolds. a) Live/
dead staining of rBMSCs after 7 days of growing on
the pure 3D scaffolds and scaffolds functionalized
with GO nanosheets, BP nanosheets, and 2D hetero-
nanostructures formed by GO and BP nanosheets. b)
Stem cell viability after co-culture with leaching me-
dium from these functionalized 3D scaffolds. ¢) Pro-
liferation of stem cells at 1, 3, 7 days post-seeding on
these 3D scaffolds (*, $, #: p < 0.05 to control group;
&: p < 0.05). d) Immunofluorescence imaging (red: F-
actin; green: vinculin; blue: DAPI) and e) SEM imag-
ing of stem cells on these 3D scaffolds after 7 days. f)
Confocal imaging of immunofluorescence-stained
osteogenic marker OPN (green: OPN; red: F-actin;
blue: DAPI), g) quantified OPN intensities, and h) ALP
activities in stem cells after 14 days of culture in
leaching medium from functionalized 3D scaffolds (*:
p < 0.05).
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After 7 days, the 2D material functionalized 3D-scaffolds showed a
significantly higher number of cells proliferated than the pure 3D-scaf-
folds. For visualization of morphological features on the 3D-scaffolds,
stem cells were stained with immunofluorescence anti-vinculin—FITC
antibody, rhodamine-phalloidin, and DAPI, then imaged by confocal
microscope. As presented in Fig. 3d, the reconstructed 3D-scanning
confocal images showed abundant of stem cells adhered to the top and
inside ridges of 3D-scaffolds that were functionalized with 2D GO
nanosheets or GOBP hetero-nanostructures. In contrast, for unfunc-
tionalized pure 3D-scaffolds and the 3D-Scaf-BP functionalized with 2D
BP nanosheets, cell densities were remarkably lower. After critical point
drying, the SEM images of the stem cells showed a consistent trend with
abundant cells on the 2D nanosheets, and hetero-nanostructures func-
tionalized 3D-scaffolds as compared to the unfunctionalized pure 3D-
scaffolds (Fig. 3e, Fig. S2).

This result implies that the function of GO layers distinctly facilitates
the cell adhesion ability to the 3D-scaffold surfaces, consistent with
previous reports of improved cell proliferation after carbon material
functionalization [24]. Among the four groups, the most robust adhe-
sion and proliferation of stem cells were observed on the 3D-Scaf-GOBP
scaffolds functionalized with GOBP hetero-nanostructures. An enlarged
view of single scaffolds ridges revealed stem cells covering almost the
entire surface areas of the 3D-Scaf-GOBP scaffolds. These results denote
that the function of GOBP hetero-nanostructures may receive a syner-
gistic enhancement effect from the two nanomaterials, taking advantage
of the large surface area of 2D GO nanosheets and the desired continuous
release of phosphate ions from the 2D BP nanosheets.

To confirm the effect of 3D-scaffolds in inducing osteogenesis of stem
cells, the releasing media from the different scaffolds were collected and
co-cultured with the stem cells at the same seeding density and culture
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conditions. After 14 days of culture, the expression of osteogenic maker
protein OPN was visualized by immunofluorescence staining. As shown
in Fig. 3f, the stem cells all showed expression of OPN protein after 14
days. The cells cultured with releasing media from 3D-Scaf-GOBP scaf-
folds, however, displayed a relatively higher OPN content (green fluo-
rescence). The quantification of fluorescence intensities of OPN protein
confirmed significantly higher values for cells cultured with releasing
media from 3D-Scaf-GOBP scaffolds (Fig. 3g). In addition, the relative
ALP activity tests showed significantly higher levels in cells cultured
with 3D-scaffolds functionalized with 2D materials, as compared to the
unfunctionalized pure 3D-scaffold (Fig. 3h). These results indicate that
the 2D GO nanosheets and the phosphate ions released from the func-
tionalized scaffolds could facilitate cell osteogenesis.

3.4. Immuno-function of 3D-scaffolds and macrophage response

The unfunctionalized pure 3D-scaffolds and the 2D material func-
tionalized 3D-scaffolds were all immersed in rat IL-4 solution to allow
adsorption of IL-4 cytokines (Fig. 4a). After drying, 3D-scaffolds with
immunological IL-4 cytokines were obtained, namely 3D-Scaf-Immuno,
3D-Scaf-BP-Immuno, 3D-Scaf-GO-Immuno, and 3D-Scaf-GOBP-Immuno
scaffolds. As shown in Fig. 4b, the IL-4 loading content was significantly
higher on the 3D-Scaf-GO-Immuno and 3D-Scaf-GOBP-Immuno scaf-
folds pre-functionalized with GO layers or GOBP hetero-nanostructures,
respectively, as compared to 3D-Scaf-Immuno without pre-
functionalization and 3D-Scaf-BP-Immuno pre-functionalized with BP
nanosheets. Release kinetics study showed that the 3D-Scaf-Immuno and
3D-Scaf-BP-Immuno had burst release of IL-4 cytokines in the first 2
days, then reached a plateau, and no large-scale release was detected
thereafter (Fig. 4c). For 3D-Scaf-GO-Immuno and 3D-Scaf-GOBP-

Fig. 4. Immuno-functionalization and macrophage
phenotype shift. a) Schematic demonstration of the
immuno-functionalization of IL-4 cytokines to the 3D
scaffolds. b) IL-4 loading content and c) IL-4 release
profiles of the 3D scaffolds functionalized with 2D
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materials. d) Macrophage adhesion rates and e)
immunofluorescence imaging of macrophages
attached to the 3D scaffolds after immuno-
functionalization. f) Flow cytometry analysis of
macrophage phenotypes after staining with CD68 and
CD206 antibodies. Confocal imaging of macrophages
after immunofluorescence staining with g) M1
phenotypic marker antibodies (iNOS) and h) M2
phenotypic marker antibodies (CD206), together with
a pan-macrophage marker (CD68) and DAPI. Quan-
titative analysis of i) iNOS™ cell ratio and j) CD206™"
cell ratio after co-culture with leaching medium from
immuno-functionalized 3D scaffolds. (*: p < 0.05).
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Immuno scaffolds, the release profile was determined to have a smaller
burst release in the first 4 days, then slow continuous release of the IL-4
cytokines throughout the 10-day period.

The adhesion of bone marrow derived macrophages (rBMDMs) to the
sterilized immuno-functioned 3D-scaffolds was tested at 12, 24, and 72 h
post-seeding. As presented in Fig. 4d, at 12 h post-seeding, the 3D-Scaf-
GO-Immuno and 3D-Scaf-GOBP-Immuno scaffolds showed immediately
higher attraction of macrophages to the surface. After 72 h, all three
scaffolds pre-functionalized with 2D materials, i.e., 3D-Scaf-BP-
Immuno, 3D-Scaf-GO-Immuno, and 3D-Scaf-GOBP-Immuno scaffolds,
all had significantly higher adhesion of macrophages as compared to the
non-pre-functionalized 3D-Scaf-Immuno scaffolds (Fig. 4d). The 3D-
Scaf-GOBP-Immuno scaffolds had the highest number of macrophages,
demonstrating the best properties for macrophage attraction and
proliferation.

The immuno-fluorescence images showed consistent results, with
3D-Scaf-GO-Immuno and 3D-Scaf-GOBP-Immuno scaffolds gathering a
higher number of macrophages to the surface compared to the other
scaffolds (Fig. 4e). Enlarged view of the polymeric ridges in the 3D-scaf-
folds showed much denser macrophage distribution on the 3D-Scaf-GO-
Immuno and 3D-Scaf-GOBP-Immuno scaffolds, covering large areas of
the ridges. In addition, the macrophages were visualized to have better-
spread morphology. As a comparison, the macrophages on the 3D-Scaf-
Immuno and 3D-Scaf-BP-Immuno showed sparse distribution profiles
with round dot-shaped morphology, demonstrating non-optimized sur-
faces for these 3D-scaffolds (Fig. 4e).

Macrophage phenotype changes in response to immuno-functioned
3D-scaffolds were characterized. Macrophages growing on the
immuno-functioned 3D-scaffolds were collected and immunolabeled
with CD68 and CD206, an M2 macrophage-specific marker. Flow
cytometry analysis showed CD206" macrophages were detected on all
four types of immune-functionalized 3D-scaffolds, indicating the IL-4
loading induced the polarization of macrophages toward M2 pheno-
type (Fig. 4f). Furthermore, the ratio of CD206 " macrophages on the 3D-
Scaf-GOBP-Immuno scaffolds was higher than the other three types of
scaffolds (Fig. 4f), demonstrating that the improved IL-4 cytokine
loading and release via hetero-nanolayers could achieve potent pheno-
type polarization of macrophages after adhering to the 3D-scaffolds.

In addition to direct co-culture, the phenotype shifts in macrophages
in responding to the leaching media from the immune-functionalized
3D-scaffolds were also characterized. After co-culture with the steril-
ized immuno-functioned 3D-scaffolds placed in transwells for 3 days,
macrophages were immune-labeled with either CD68 with iNOS, an M1
phenotypic marker, or CD68 with CD206, an M2 phenotypic marker. As
presented in Fig. 4g, the immunolabeling of M1 phenotypic marker iNOS
showed more notable fluorescence from the macrophages co-cultured
with the 3D-Scaf-Immuno scaffolds. For 3D-Scaf-GO-Immuno and 3D-
Scaf-GOBP-Immuno scaffolds that were pre-functionalized with GO
layers and GOBP hetero-nanostructures, respectively, and loaded with a
significant content of IL-4 cytokines, the iNOS fluorescence was reduced,
indicating a lowered polarization of macrophages into M1 phenotype
(Fig. 4g, Fig. S3). On the contrary, for M2 phenotypic marker CD206
staining, more robust fluorescence was observed for 3D-Scaf-GO-
Immuno and 3D-Scaf-GOBP-Immuno scaffolds (Fig. 4h, Fig. S4).
Enlarged view of single macrophages also visualized the distribution of
CD206 fluorescence across the macrophage cell body.

Quantitative analysis of iNOS" cell ratio showed a decreased trend
for M1 phenotypes for macrophages cultured with 3D-Scaf-GO-Immuno
and 3D-Scaf-GOBP-Immuno scaffolds, while the quantification of
CD206" cell ratio showed an increasing trend for M2 phenotypes for
macrophages cultured on these two types of scaffolds. In correlation
with the highest IL-4 loading content and robust macrophage attraction
on the 3D-Scaf-GOBP-Immuno scaffolds, this macrophage M2 pheno-
type polarization may be originated from the dense gathering of mac-
rophages followed by potent polarization induced by a large amount of
IL-4 cytokines. Taken together, all these results imply that the 2D
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materials with a large surface area for macrophage affinity could
effectively enhance the attraction of macrophages to 3D-scaffolds, and
further improve the loading of phenotypic modulation markers to
induce macrophages into the desired phenotype.

3.5. Macrophage effect on vascularization and osteogenesis

To explore whether macrophages in response to immuno-functioned
3D-scaffolds could influence the vascularization and osteogenesis of
adjacent cells, the releasing medium from macrophages was co-cultured
with HUVECs and rBMSCs. The macrophages were co-cultured with
releasing medium from immuno-functionalized 3D-scaffolds, and the
supernatants were then further cultured with either HUVEC or rBMSCs,
as schematically demonstrated in Fig. 5a.

After co-culture for 7 days, the vascular markers mRNA expressions
in the HUVECs, including angiopoietin-1 (ANG1), basic fibroblast
growth factor 2 (bFGF2), endothelial nitric oxide synthase 3 (eNOS3),
vascular endothelial growth factor A (VEGFA), vascular endothelial
growth factor C (VEGFC), were analyzed by real-time PCR. As presented
in Fig. 5b-f, the relative mRNA expressions varied for different genes.
However, a general trend with higher expressions of vascular genes was
detected in HUVECs co-cultured with supernates from macrophages
induced by IL-4 cytokines from immuno-functionalized 3D-scaffolds.
This is especially obvious for the 3D-Scaf-GOBP-Immuno scaffolds that
were pre-functionalized with hetero-nanostructures and loaded with
high content of IL-4 cytokines, which showed the highest expression of
these vascular genes.

The intracellular CD31 protein, a vascular marker, was visualized by
immunofluorescence staining. As shown in Fig. 5g, the fluorescence
intensities of the CD31 were quantified to have the highest values in
HUVECs co-cultured with supernates from macrophages induced by 3D-
Scaf-GOBP-Immuno scaffolds leaching medium. Typical confocal im-
ages with the staining of CD31 marker protein showed CD31 protein was
distributed sparsely in HUVECs co-cultured with supernates from mac-
rophages induced by leaching medium from pure 3D-Scaf-Immuno
scaffolds (Fig. 5h, Fig. S5). As a comparison, CD31 was observed to be
expressed and distributed across the cytoplasm of HUVECs co-cultured
with supernates from macrophages induced by leaching medium from
3D-Scaf-GOBP-Immuno scaffolds.

For osteogenesis analysis, rBMSCs were added with macrophage
supernatants after co-culture with releasing medium from immuno-
functioned 3D-scaffolds. After 14 days, the mRNA expressions of oste-
ogenic markers, including osteopontin (OPN), osteocalcin (OCN), runt-
related transcription factor 2 (Runx2), and osterix (OSX), were
analyzed by real-time PCR. Results showed a similar trend to the
vascular markers where the highest value was detected for rBMSCs co-
cultured with supernates from macrophages induced by leaching me-
dium from 3D-Scaf-GOBP-Immuno scaffolds (Fig. 5i-1). The ALP activ-
ities in the cell lysates were detected to be significantly higher in rBMSCs
co-cultured with macrophage supernates induced by 3D-Scaf-BP-
Immuno scaffolds, 3D-Scaf-GO-Immuno scaffolds, and 3D-Scaf-GOBP-
Immuno scaffolds, as compared to that of the pure 3D-Scaf-Immuno
scaffolds (Fig. 5m).

Runt-related transcription factor 2 (Runx2) is a transcription factor
that plays critical roles in cell osteogenesis, bone matrix protein
expression, cartilage, and bone development [62-64]. The expression of
Runx?2 osteogenic protein was labeled by immunofluorescence staining.
As compared with rBMSCs exposed to macrophage supernates induced
by pure 3D-Scaf-Immuno scaffolds, all other three groups showed higher
fluorescence intensities of the Runx2, an osteogenic marker protein
(Fig. 5n). Typical confocal images showed OPN marker protein were
intensively expressed in rBMSCs after exposure to macrophage super-
nates after induction with leaching medium from 3D-Scaf-GOBP-Im-
muno scaffolds (Fig. 50).
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3.6. In vivo bone regeneration of 3D-Immuno scaffolds

At bone defect site, the injury microenvironment niche involves
various cells and factors (Fig. 6a). The in vivo behavior of the various
types of 3D-scaffolds in response to the bone injury microenvironment
niche and their capability to support bone repair was studied using a rat
calvarial defect model. Full-thickness bone defects with a diameter of 5-
mm were created and the 3D-scaffolds were implanted into the defect
(Fig. 6b). After 4 weeks, the skull pieces were harvested for analysis of
bone formation (Fig. 6¢-d). As shown in Fig. 6e, the micro-CT images
indicated more notable new bone formation within defect sites that were
implanted with 3D-scaffolds, as compared to the empty control, which
had minimal new bone formation. A detailed view of the defect sites
showed that the 3D-scaffolds formed disconnected small bone pieces
sparsely disturbed within the bone defect.

For the three types of 3D-scaffolds functionalized with 2D materials,
i.e., 3D-Scaf-BP, 3D-Scaf-BP, and 3D-Scaf-GOBP, there were small-scale
intact bone pieces formed along the edge of the defect (Fig. 6e). In
addition to the intact bone pieces, several disconnected small bone
pieces sparsely disturbed within the bone defect were observed, mostly
within the pores of the 3D-scaffolds. In comparison, for the four types of
immuno-functionalized 3D-scaffolds, i.e., 3D-Scaf-Immuno, 3D-Scaf-BP-
Immuno, 3D-Scaf-GO-Immuno, and 3D-Scaf-GOBP-Immuno, substantial
intact bone pieces were observed within the defect. For 3D-Scaf-GO-
Immuno and 3D-Scaf-GOBP-Immuno scaffolds pre-functionalized with
GO layers and GOBP hetero-nanostructures, respectively, and loaded
with large content of IL-4 cytokines, the bone defect was largely filled
with new bones. There were obvious empty channels within the newly
formed bone pieces, which were believed to be the polymer ridges of the
3D-scaffolds.

A quantitative analysis was further conducted based on the micro-CT
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Fig. 5. The in vitro vascularization and osteogenesis.
a) Schematic demonstration of the co-culture of
macrophages in IL-4 released medium from the

3

immuno-functionalized 3D scaffolds and the subse-
quent induction of vascularization for HUVEC cells or
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sions of b) ANG1, ¢) bFGF2, d) eNOS3, e) VEGFA, and
f) VEGFC vascular marker genes in HUVECs. g)
Fluorescence intensities of the CD31 vascular marker
and h) confocal images of HUVECs stained immuno-
fluorescent with CD31 (pink), F-actin (red), vinculin
(green), and nuclei (blue: DAPI) after co-culture with
macrophage supernatant. Relative mRNA expressions
of i) OPN, j) OCN, k) Runx2, and 1) OSX osteogenic
marker genes in rBMSCs. m) Relative ALP activities,
n) fluorescence intensities of Runx2, and o) confocal
images of rBMSCs stained with immunofluorescent F-
actin (red), Runx2 (green), and nuclei (blue: DAPI)
after co-culture with microphage supernatant. (*: p <
0.05).
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100 um

data to calculate the bone volume to tissue volume (BV/TV) ratio, bone
mineral density (BMD), and new bone area. As presented in Fig. 6f-h,
these characterizations showed a consistent trend with the micro-CT
image analysis. A significantly higher value of BV/TV ratio, BMD, and
new bone area, were determined for the 3D-scaffolds, as compared to the
empty defect. The highest values for BV/TV ratio, BMD, and new bone
area, were tested in the bone defects implanted with 3D-Scaf-GOBP-
Immuno scaffolds, which were pre-functionalized with hetero-
nanostructures and loaded with high content of IL-4 cytokines. These
results indicated that the functionalization of 2D materials on the 3D-
scaffolds could enhance new bone formation after in vivo implanta-
tion. Supplemental immunoregulative cytokine loading could further
expedite bone formation.

The H & E staining of major organs (heart, kidney, liver, lung, and
spleen) showed no obvious cytotoxicity in rats implanted with pure 3D-
scaffolds, 3D-scaffolds with 2D materials, and 3D-scaffolds with 2D
materials and IL-4 cytokines, similar to the empty control (Fig. 6i). These
results indicated that the 3D-scaffolds used in this study was biocom-
patible under in vivo conditions, consistent with the in vitro cell evalu-
ation. The 2D materials used for 3D-scaffold surface functionalization,
including BP nanosheets, GO nanosheets, and GOBP hetero-
nanostructures, as well as the IL-4 cytokines, were all biocompatible.
These functionalized 3D-scaffolds are therefore suitable for in vivo im-
plantation without tissue toxicity.

3.7. In vivo neovascularization and osteogenesis

To evaluate bone repair with the implanted 3D-scaffolds in the cal-
varial defect site, the harvested bone tissue was decalcified and sliced
after embedding in paraffin. Histological analysis by staining with H&E,
Masson trichrome, and toluidine blue were conducted. Fig. 7a—c showed
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the 3D-scaffolds bridged the bone defect gaps with thick layers of tissue
developed on the surface. Further, tissue layers were also observed to
penetrate within the pores of the scaffolds. These results indicate that
the 3D-scaffolds could bridge the bone defect and provide excellent
tissue conductivity for cells to proceed and allocate in the bone defect
area.

Within the formed tissues, essential new bone or new bone-like tis-
sues was observed to be developed underneath or on the surface of the
3D-scaffolds in varied patterns. For 3D-Scaf-GO-Immuno and 3D-Scaf-
GOBP-Immuno scaffolds pre-functionalized with GO layers and GOBP
hetero-nanostructures, respectively, and loaded with large content of IL-
4 cytokines, the bone content was noticeably higher than the other
groups. In addition, for these two groups, bone pieces were observed
within the penetrated tissues and scattered across the 3D-scaffolds. Most
of these bone pieces were detected to be allocated within the porotic
spaces of the scaffolds. As a comparison, the empty bone defect, which
lacks 3D-scaffolds implantation, was observed to be covered with only a
thin layer of fibrous tissue, and no essential bone segments were
detected across the defect area. These results indicated that the immuno-
functionalized 3D-scaffolds could bridge the bone defects and support an
osteoconductive environment for cells to allocate, infiltrate, proliferate,
and differentiate.

To explore the in vivo neovascularization and osteogenesis pattern in
the bone defect, the calvarial bones were sliced and immunofluorescent
double-stained with CD31 (vascularization marker protein) and ALP
(osteogenic marker protein). As presented in Fig. 7d, obvious empty
pores were observed for the bone slices implanted with 3D-scaffolds,
which were believed to be the polymeric ridges of the scaffolds. In
addition, the immunofluorescence images visualized a thicker tissue
layer growing on the defects implanted with 3D-scaffolds as compared to

3D-Scaf-BP
-Immuno
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Fig. 6. In vivo bone formation of immuno-
functionalized scaffolds. a) Schematic demonstration
of bone injury microenvironment and cells that will
interact with immuno-3D scaffolds after implanta-
tion. The photographs of b) initial in vivo implanta-
tion into the rat calvarial defect and harvest after 4
weeks implantation in the defect sites viewed from
the c) top side and d) interior side. e) Micro-CT
reconstruction images of the empty rat calvarial
defect control and the defects implanted with various
scaffolds after 4 weeks of implantation. Quantitative
analysis of f) new bone area, g) BV/TV ratio, h) bone
mineral density (BMD) in these defects. i) Histological
H & E staining of various organs harvested from the
rats. (*: p < 0.05).
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the empty bone defect control, demonstrating that scaffold implantation
facilitated cell recruitment and tissue formation (Fig. 7d).

For the defects implanted with pure 3D-scaffold, weak ALP and CD31
fluorescence was detected. For the three groups implanted with 2D
material functionalized 3D-scaffolds, i.e., 3D-Scaf-BP, 3D-Scaf-GO, and
3D-Scaf-GOBP, relatively stronger ALP and CD31 fluorescence were
observed across the top and interior pore areas of the 3D-scaffolds. In
comparison, for the four types of immuno-functionalized 3D-scaffolds, i.
e., 3D-Scaf-Immuno, 3D-Scaf-BP-Immuno, 3D-Scaf-GO-Immuno, and
3D-Scaf-GOBP-Immuno, noticeable ALP and CD31 fluorescence was
detected within the bone defect site (Fig. 7d). It is worth to note that the
fluorescence distribution pattern was unique for these 3D-scaffolds.
Robust ALP fluorescence was visualized to be surrounding the ridges
of the implanted 3D-scaffolds. In parallel, the CD31 fluorescence were
largely distributed on the top or bottom of the 3D-scaffolds, as well as in
the interior pore areas of the 3D-scaffolds. These results imply that the
bone formation was initiated by the cells that were allocated on the
ridges of the 3D-scaffolds. Meanwhile, neovascularization was largely
developed surrounding the 3D-scaffolds, as well as in the interior part of
the scaffolds where large spaces exist.

The immunofluorescence intensities of both ALP and CD31 markers
were analyzed. As presented in Fig. 7e, significantly higher ALP in-
tensities (p < 0.05) were detected in the bone defects implanted with 3D-
scaffolds than the empty defect control. For the three groups implanted
with 2D material functionalized 3D-scaffolds, i.e., 3D-Scaf-BP, 3D-Scaf-
BP, and 3D-Scaf-GOBP, the ALP fluorescence intensities were stronger
than the pure 3D-scaffold. The strongest fluorescence was detected in
bone defects implanted with 3D-Scaf-GOBP-Immuno scaffolds pre-
functionalized with GOBP hetero-nanostructures and loaded with
large content of IL-4 cytokines.
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Quantification of CD31 fluorescence showed a similar trend with
enhanced values for defects implanted with 2D material functionalized
3D-scaffolds, as compared to the empty defect and pure 3D-scaffolds
(Fig. 7f). After immuno-functionalization, the CD31 intensities
elevated slightly. Bone defects implanted with 3D-Scaf-GO-Immuno and
3D-Scaf-GOBP-Immuno scaffolds showed higher CD31 intensities as
compared to the 3D-Scaf-Immuno and 3D-Scaf-BP-Immuno scaffolds.
The highest CD31 intensity was tested on the bone defects implanted
with 3D-Scaf-GOBP-Immuno scaffolds pre-functionalized with GOBP
hetero-nanostructures and loaded with large content of IL-4 cytokines.
These results indicated that the 3D-scaffolds could bridge the bone
defect site and facilitate in vivo cell recruitment and osteoconduction. In
addition, 3D-scaffolds that were pre-functionalized with 2D hetero-
nanostructures and loaded with IL-4 cytokines could further enhance
neovascularization and osteointegration and expedite new bone devel-
opment in the defect area.

3.8. In vivo M2 macrophage phenotype modulation

To determine the in vivo macrophage recruitment and M2 phenotype
polarization in the bone defect, the calvarial bones were immunofluo-
rescent double-stained with CD68 (pan-macrophage marker) and CD206
(M2 macrophage marker). As presented in Fig. 8a, weak CD68 and
CD206 immunofluorescence were detected for the empty bone defect. As
a comparison, for the bone defect with implanted with pure 3D-scaffold,
noticeable fluorescence dots were observed, indicating that the im-
plantation of 3D-scaffolds improved macrophage recruitment (Fig. 8a).
For the bone defects implanted with 2D material functionalized 3D-scaf-
folds, i.e., 3D-Scaf-BP and 3D-Scaf-GO, the CD68 and CD206
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Fig. 7. Immunohistological analysis and in vivo neo-
vascularization and osteogenesis in rat calvarial
defect model. a) H & E staining, b) toluidine blue
staining, and c¢) Masson’s trichrome staining of the
empty bone defects and defects implanted with 3D-
printed scaffolds. d) Immunohistochemical staining
of ALP and CD31 proteins in the empty bone defects
and defects implanted with 3D-printed scaffolds.
Quantitative analysis of in vivo e€) ALP and f) CD31
fluorescence intensity in the defect sites. (*: p < 0.05).
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30sScaf-GOBP.

3D-Scaf-Immuno

3D-Scaf.BP-Immuno
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fluorescence was observed at low levels, similar to the empty defects and
pure 3D-scaffolds (Fig. 8a). For 3D-Scaf-GOBP, a wide distribution of
CD68 and CD206 fluorescence was observed within the tissues, indi-
cating the function of hetero-nanostructures could enhance the recruit of
macrophages to the 3D-scaffolds.

After immuno-functionalization, recruit and polarization of macro-
phages were enhanced in general, however, varied for different types of
scaffolds. For the 3D-Scaf-Immuno scaffolds that were non-pre-
functionalized with 2D materials, the CD68 and CD206 fluorescence
did not receive a significant increase. In comparison, for the three types
of scaffolds that were pre-functionalized with 2D nanolayers and then
immuno-functionalized with IL-4 cytokines, i.e., 3D-Scaf-BP-Immuno,
3D-Scaf-GO-Immuno, and 3D-Scaf-GOBP-Immuno, robust CD68 and
CD206 fluorescence was detected within the bone defect site. For the
3D-Scaf-GO-Immuno and 3D-Scaf-GOBP-Immuno scaffolds pre-
functionalized with GO layers and GOBP hetero-nanostructures,
respectively, and loaded with large content of IL-4 cytokines, the
CD68 and CD206 were detected to be the strongest among all the groups.

The immunofiluorescence intensities of both CD68 and CD206 pro-
teins were analyzed. As can be noticed from Fig. 8b-c, significantly
higher CD68 and CD206 intensities (p < 0.05) were detected in bone
defects implanted with 3D-Scaf-GOBP than the empty defect and defects
implanted with pure 3D-Scaf, 3D-Scaf-GO, 3D-Scaf-BP, consistent with
the fluorescence images (Fig. 8b—c). The highest intensities for both
CD68 and CD206 protein among all the groups were tested for bone
defects implanted with 3D-Scaf-GO-Immuno and 3D-Scaf-GOBP-
Immuno scaffolds pre-functionalized with GO layers and GOBP hetero-
nanostructures, respectively, and loaded with large content of IL-4 cy-
tokines, consistent with the above fluorescence images.
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Fig. 8. In vivo macrophage phenotype characteriza-
tion. a) Immunohistochemical analysis of macro-
phages stained with M2 phenotypic marker
antibodies (CD206, green), pan-macrophage marker
(CD68, red), and nuclei (DAPI, blue) in tissue slices
from the rat defect sites. Quantitative analysis of
overall b) CD68™ cell ratio and ¢) CD206™" cell ratio in
tissue slices. d) Fluorescence intensities of CD206
markers at varying distances to the 3D-scaffold
ridges. e) Schematic representation of accelerated
bone repair via osteo-immunomodulation with the
cytokine immuno-functionalized 3D scaffolds. (*: p <
0.05).
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The in vivo distribution of CD206 fluorescence, which indicates the
location of polarized M2 macrophages, was unique for these 3D-scaf-
folds (Fig. 8a). Potent CD206 fluorescence was observed to encircle
the implanted 3D-scaffolds ridges. The CD206 fluorescence intensities in
relation to the distance to scaffold ridge surfaces were characterized. As
shown in Fig. 8d, the CD206 intensities were tested to be the strongest at
the tissue-scaffolds interfaces. The intensities reduced in tissues as the
distance to the scaffold ridges increased. For tissue layers with a distance
greater than 60 pm to the ridge surface, the CD206 intensity dropped
noticeably. This outcome may have resulted from the local IL-4 cytokine
release from the scaffolds, which induced primarily the adjacent mac-
rophages to polarize into M2 macrophages.

4. Discussion

Overall, these results showed that the 3D-scaffolds could help bridge
the bone defect site and assist in vivo cell recruitment and tissue for-
mation. In addition, pre-functionalization of the 3D-scaffolds with 2D
material layers or 2D hetero-nanostructures could further enhance the
neovascularization and osteointegration in the bone defect area,
benefitting from the large surface area of GO nanosheets as well as the
continuous phosphate release from BP nanosheets. These 2D materials
significantly elevated the loading capacity of immuno-active cytokines,
e.g., IL-4, to the 3D-scaffolds. After implantation in vivo, the IL-4 cyto-
kines could be released from the surface of 3D-scaffolds and delivered to
adjacent tissues and stimulate in vivo osteo-immunomodulation by
polarizing macrophages into a pro-regeneration M2 phenotype. The
synergistic effect of continuous phosphate release, which stimulates cell

Osteogenesis &
Neovascularization

Macrophage
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Accelerated Bone
Injury Heal

M2 Macrophage

growth, and IL-4 cytokine release, which immune-modulates the injury
site into a regeneration-friendly microenvironmental niche, effectively
induced neovascularization and osteogenesis in the bone site and
expedited bone repair.

3D printing is gaining extensive popularity for the pre-modeling of
complex biomaterials and for creating patient-specific implants for
biomedical applications [65,66]. With the rapidly growing interest, the
functionalization of these 3D-printed devices or implants to achieve
desired bioactivity in response to the specific application, becomes
critical. Surface coating with a layer of materials or biomacromolecules
that has the required bioactivity properties, is one of the easiest and
most effective solutions to grant bioactivities to the 3D-scaffolds [67].
After coating, the 3D-scaffolds can acquire the desired functions while
retaining their original geometrics and mechanics. For bone regenera-
tion, the surface coating may enhance cell adhesion, differentiation,
mineralization, as well as osteoconductivity of 3D printed scaffolds,
which is essential for new bone formation. As a direct contact between
the bone tissue and the implant surface, coatings may also help to inhibit
bacterial infection and boost osseointegration after implantation.
Depending on the biological requirements of the surrounding tissue,
various biomaterials or biomolecules may be applied to 3D-printed
scaffolds. These include bioceramics (hydroxyapatite, tricalcium phos-
phate), nanomaterials (metal-organic frameworks, covalent organic
framework), cell-affinity biopolymers (chitosan, collagen), RGD (Arg--
Gly-Asp) peptides, anti-infection drugs, and growth factors (BMP-2,
VEGF) [67-69].

In this study, we present a promising strategy to enhance the
bioactivity of the scaffolds by coating GOBP hetero-nanostructures. The
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2D hetero-nanostructure materials are rising stars in the biomedical field
[70]. However, the application of 2D hetero-nanostructures in regen-
erative medicine is rarely explored. Our study provides a pioneering
exploration in the field and demonstrates that the specific 2D
hetero-nanostructures with cell-affinities, e.g., GOBP
hetero-nanostructures, could be utilized for 3D-scaffolds functionaliza-
tion to enhance in vitro stem cell adhesion, proliferation, differentiation,
and in vivo bone regeneration. After implantation, the coated thin layer
of 2D hetero-nanostructures will immediately contact the defect site and
release the encapsulated growth factors or immune-regulatory cyto-
kines, to help build a pro-healing environment and facilitate new tissue
regeneration [71]. With the ingrowth of tissue, the 3D-printed scaffolds
that consist of biodegradable polymers or bioabsorbable ceramics will
gradually be degraded and adsorbed in situ, making space for complete
tissue regrowth [38,71]. The surface coating will either be biodegraded
or incorporated into the newly formed tissue, depending on its chemical
nature.

Immuno-modulation is an emerging topic for bone regeneration [72,
73]. However, limited methods were developed for the facile and
effective immuno-function of 3D-scaffolds. Here, we present a promising
strategy to enhance the loading of immunoregulative factors to 3D-scaf-
folds using 2D GOBP hetero-nanostructures. Taking advantage of the
large surface area of the 2D materials, these hetero-nanostructures
significantly increased the loading content for immuno-regulative IL-4
cytokines to the 3D-printed scaffolds. After implantation in vivo, the
3D-scaffold surfaces could release IL-4 cytokines, polarizing macro-
phages into the pro-regenerative M2 phenotype and promoting
osteo-immunomodulation. The combined impact of phosphate release,
which fosters cell growth, and IL-4 cytokine’s osteo-immune modula-
tion, which generates a microenvironment conducive to regeneration,
thereby stimulating neovascularization and osteogenesis in the bone site
and accelerating bone healing.

Based on this strategy, future studies may broaden the scope of 2D
hetero-nanostructures from GOBP to various types of carbon or
phosphorene-based heterostructures. In addition, a large variety of
immuno-regulative or immuno-active cytokines or biomolecules, e.g.,
interleukin 10 (IL-10), type I interferons (IFN-a and IFN-f), and tumor
necrosis factor-alpha (TNF-a), may also be applied to the 3D scaffolds by
adsorbing onto the 2D hetero-nanostructures. These factors may not
only regulate the macrophages, but can be extensively designed for
directing other types of immune cells, e.g., T cells and B cells, toward a
pro-healing immune environment for bone regeneration [40,74,75].

Taken together, this strategy provides a facile and versatile meth-
odology for the immune-functionalization of 3D-printed scaffolds using
2D hetero-nanostructures. It is a cost-effective method for enhancing the
bioactivity of bone tissue scaffolds produced by 3D printing. The 2D
hetero-nanostructures may be easily adapted to a large variety of bio-
materials, e.g., biodegradable polyesters, bioabsorbable ceramics,
inorganic bioglasses, and bioactive natural polymers. With these ad-
vantages, the immuno-functionalization of 3D-scaffolds with 2D hetero-
nanostructures combined with supplementary immuno-regulative cy-
tokines provides a promising strategy for bone tissue engineering as well
as a wide variety of other regenerative medicine applications.

5. Conclusions

In summary, we successfully constructed the immuno-functionalized
3D-scaffolds via combining the 2D hetero-nanostructures and immuno-
regulative IL-4 cytokines and optimized in vivo bone injury repair by
creating a pro-healing immuno-microenvironment. In vitro tests showed
that the 2D hetero-nanostructure consisting of GO and BP nanosheets
could improve cell adhesion with continuous release of phosphate ions
to stimulate cell proliferation and osteogenesis. The 2D hetero-
nanolayers also increased the loading content for immuno-regulative
IL-4 cytokines and modulated the polarization of macrophages into
M2 phenotype to build a pro-healing immunological microenvironment
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for better angiogenesis and osteogenesis. The in vivo implantation results
showed that the immuno-functionalized 3D-scaffolds bridged the injury
defect, enhanced cell recruitment, and stimulated in vivo neo-
vascularization and osteogenesis by continuous release of phosphate.
The loaded IL-4 cytokine further facilitated the polarization of macro-
phages into M2 phenotype, which may help in establishing a pro-healing
microenvironment for expedited bone injury recovery. Therefore, the
immuno-functionalization of 3D-scaffolds with 2D GOBP hetero-
nanostructures with secondary loading of immuno-regulative cyto-
kines could provide a promising strategy for 3D-printed scaffolds to
support fast bone injury recovery.
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