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Background: Natural clay nanomaterials are an emerging class of biomaterial with great
potential for tissue engineering and regenerative medicine applications, most notably for
osteogenesis.

Materials and Methods: Herein, for the first time, novel tissue engineering scaffolds were
prepared by 3D bioprinter using nontoxic and bioactive natural attapulgite (ATP) nanorods as
starting materials, with polyvinyl alcohol as binder, and then sintered to obtain final scaf-
folds. The microscopic morphology and structure of ATP particles and scaffolds were
observed by transmission electron microscope and scanning electron microscope. In vitro
biocompatibility and osteogenesis with osteogenic precursor cell (hBMSCs) were assayed
using MTT method, Live/Dead cell staining, alizarin red staining and RT-PCR. In vivo bone
regeneration was evaluated with micro-CT and histology analysis in rat cranium defect
model.

Results: We successfully printed a novel porous nano-ATP scaffold designed with inner
channels with a dimension of 500 um and wall structures with a thickness of 330 pm. The
porosity of current 3D-printed scaffolds ranges from 75% to 82% and the longitudinal
compressive strength was up to 4.32+0.52 MPa. We found firstly that nano-ATP scaffolds
with excellent biocompatibility for hBMSCscould upregulate the expression of osteogenesis-
related genes bmp2 and runx2 and calcium deposits in vitro. Interestingly, micro-CT and
histology analysis revealed abundant newly formed bone was observed along the defect
margin, even above and within the 3D bioprinted porous ATP scaffolds in a rat cranial defect
model. Furthermore, histology analysis demonstrated that bone was formed directly follow-
ing a process similar to membranous ossification without any intermediate cartilage forma-
tion and that many newly formed blood vessels are within the pores of 3D-printed scaffolds
at four and eight weeks.

Conclusion: These results suggest that the 3D-printed porous nano-ATP scaffolds are
promising candidates for bone tissue engineering by osteogenesis and angiogenesis.
Keywords: attapulgite, 3D-printing, porous scaffold, bone regeneration, nanomaterial, bone

tissue engineering

Introduction

Bone defects remain a medical concern for orthopedists all over the world, bone
graft has been performed and tissue engineering scaffolds have been utilized in
order to achieve a good therapeutic effect. Bone graft is the most common
therapeutic method applied in clinic, which can be categorized in autogenous
and allogenic grafts. Autogenous bone graft is considered the “gold standard”
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when treating bone defects, however, significant draw-
backs still exist, such as limited amount of materials
that can be safely removed, long-term donor site mor-
bidity, longer operation time and secondary traumatic
stress.'? Thus, artificial bone substitutes became another
optional solution for bone repair, and drew attention

both of researchers and of clinicians.’”

Currently
hydroxyapatite, calcium sulfate, calcium phosphate,
bioactive glasses, bioceramics and metal implants®®
are widely used in clinic for bone defect repair, which
are being developed as a promising strategy to enhance
the biological performances of implants.” '

Recently, the safety, biocompatibility, and potential
bioactivity of nanoclays has drawn increasing attention to
fabricate biomedical materials for bone tissue
engineering.'*'> Nanoclays have been proposed as sub-
strates and matrices to enhance stem and progenitor cell
proliferation and differentiation.'* They are also consid-
ered an innovative platform for tissue regeneration and
biomaterial design.''® The development of nanoclay-
based inorganic-organic nanocomposites could generate
renewed interest in the particular properties of nanoclays
and their utility to fabricate novel functional biomaterials,
with unique mechanical properties.'®*° Increasingly, clay-
protein interactions, clay-polymer and clay-cell interac-

tions are being tried for their potential in various

therapeutic strategies, and these interactions and their
combination can be applied in the design of biomaterials
for tissue engineering and regenerative medicine.?'>*
Attapulgite (ATP) is a naturally abundant nanoscale
hydrated magnesium-rich clay mineral with a rod-like
crystalline morphology and the structural formula of
(Al,Mg5)Sis0,0(0H),(OH,),-4H,0.2>*¢  ATP also has
a special crystal structure, stacking mode and nanometric
dimension, which endows it with plentiful pores, higher
aspect ratio, better ion-exchange capacity and affluent
surface group, and enables it to be a candidate to fabri-
cate various biological scaffolds.”>?’° Furthermore,
ATP possesses special nanoscale structure and micropore-
forming capability, which indicates that ATP is suitable
for osteoblast ingrowth and neovascularization.*'** ATP
nanorods could form colloidal network structure with
high viscosity due to the interaction among rods, and
also form physical entanglement with other polymer
chains to form stable blend.'®** Inherent basic viscidity
of ATP enables it to prepare a regular model or scaffold
that displays certain compressive capacity. However, a lot
of silanol groups on the surface of ATP leads to poor
water resistance, which makes it hard to be directly used
for bone repair.**** It is difficult for ATP to form applic-
able tissue engineering scaffold itself merely with inor-
ganic compound, therefore, an appropriate amount of

Figure | (A) Digital photograph of 3D printer, (B) digital photograph of green 3D-printed scaffold, SEM image of 3D-ATP scaffolds (C) %25, (D) %5000, (E) % 10,000 and (F) %40,000.
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binder plays a vital role for bonding ATP nanorods, and

also generating certain pores in the model after

calcination.'®

Three-dimensional (3D) printing, one of additive
manufacturing techniques, is seen as a potential solution
for bone biofabrication in recent years. It is a state-of-
the-art technology to fabricate biological constructs with
their

counterparts.®®> Furthermore, its inherent capability for

hierarchical architecture similar to native
reproducibility, accuracy and customization of scaffolds
make 3D-printing a promising and innovative biofabri-
cation strategy in bone tissue engineering.’* >’ In addi-
tion, compared with conventional materials, nanoscale
materials may be more efficient materials at stimulating
new bone formation due to large specific surface area
ratios and special topological conformation, which influ-
ence cellular differentiation and functions.*®>%4%4! By
combining 3D-printing, nanotechnology, and materials
science, bone tissue engineering exhibits enormous pro-
spects for future development.

Herein, natural ATP was efficiently disaggregated
by a high pressure homogenization technology to
obtain highly dispersed ATP nanorods, which were
employed as a starting material to fabricate novel
bone repair scaffolds.”*** A new type of tissue engi-
neering scaffold was prepared by 3D bioprinter using
nano-ATP with a polyvinyl alcohol (PVA) as a binder,
and then sintered to obtain final scaffolds. After a final
prototype of ATP scaffold was determined, its superior
characters in mechanical strength, biocompatibility,
bone studied both

biosafety, conductivity were

in vitro and in vivo.

Materials and Methods

Materials

Natural attapulgite (ATP, Huangnishan Mine, PRC) was
crushed and pretreated with 2 wt% aqueous sulfuric acid
solution (H,SOy, analytical grade, Xilong Scientific Co.,
Ltd, PRC) at a solid/liquid ratio of 1:10 to remove the
associated carbonates, then the purified ATP powder was
passed through a 200-mesh sieve. These powders were
further disaggregated by combination of extrusion treat-
ment and high-pressure homogenization technique.**

Preparation of Nano-ATP Porous Scaffolds
10wt% PVA, type-1799, (Shanghai Macklin
Biochemical Technology Co., Ltd, PRC) solution was

Firstly,

prepared at 95~100°C for three hours in a water bath.
Secondly, 50, 60, 70, 80, and 90 wt% of ATP powder
was mixed with 10%wt PVA solution respectively to
make the mixtures containing different concentration of
ATP powder, each of which then was molded into scaf-
folds of 7 mm diameter and 3 mm thickness at a pressure
of 10 bar to explore the optimal ATP content. Then the
mixture with the optimal solid content of ATP powder was
loaded in 3D Discovery bioprinter (Figure 1A) (RegenHu
Ltd, Switzerland), and 3D scaffolds were printed with
a DD135-N spray nozzle of ® 0.33 mm, at the speed of
2 mm/s and under pressure of 0.4MPa. The dimension of
the obtained 3D nano-ATP scaffolds was 7 mm (diameter,
®)x3 mm (height, h) in order to fit the size of defect for
animal model. The scaffolds were designed to be printed
into a square-perforated structure with an approximate
0.5 mm in size for each square. In addition, the mixture
was also used to prepare ATP scaffolds by squash techni-
que. Next, the intermediate scaffolds by both 3D-printing
and squash techniques were dehydrated respectively by
ethanol gradient (50, 60, 70, 80, 90, 95, and 100% ethanol
solution, 30 min for each gradient), the scaffolds were
placed overnight in an oven at 37°C and sintered at
500°C for two hours in an open atmospheric furnace.
Finally, the scaffolds were soaked in PBS for 24 h, oven
dried at 60°C for one hour and sterilized for further use.

Characterizations

The surface morphology was observed on a field emission
scanning electron microscope (FESEM, JSM-6701F,
JEOL, Ltd, Japan) after the samples were fixed on copper
stubs and coated with a gold film. TEM images were
taken using a high-resolution transmission electron micro-
scope (Tecnai G2 F20, FEI, USA) after the sample was
dispersed in anhydrous ethanol by sonication and dropped
onto a micro grid. XRD patterns were collected using an
X’Pert PRO diffractometer (PANnalytical, Netherlands)
equipped with a Cu-Ka radiation source (40 kV, 40 mA)
in a fixed time mode, with a step interval of about 0.167°.
Two milligrams of ATP powder was mixed with 200 mg
of dried potassium bromide, then compressed into pellets
which were loaded on a Nicolet NEXUS spectrometer to
obtain Fourier Transform infrared (FTIR) spectra with
scanning range of 4000—400 cm .

ATP scaffolds with different ATP additions were sepa-
rately tested for their compressive strength with a New
SANS universal material testing system (CMT4304,
Yinfei Co., Ltd, PRC). For each test, a crosshead speed
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of 2 mm per min and an initial gauge length of 8 mm were
operated while stress-strain curve was monitored, and the
test was terminated as the stress value starts to decline or
the linear deformation reaches 40%. The ATP scaffolds
were tested six times, and the average was recorded. The
porosity value of the 3D-printed scaffolds was measured
with the liquid displacement method.

In vitro Biocompatibility and

Osteogenesis Evaluation

Cells Culture and Reagents

African green monkey kidney cells (Vero cells) were
obtained from National Institutes for Food and Drug
Control (NIFDC, P127, 3115CNCB00351), then cultured at
37°C in a humidified atmosphere of 5% CO, with the growth
medium (low glucose DMEM, (Hyclone, USA) with 10%
FBS (Gibco, USA), 1% penicillin-streptomycin solution
(Gibco)) that was changed every three days. Human bone
marrow mesenchymal stem cells (hBMSCs, Cyagen
Biosciences, USA) were cultured at 37°C in a humidified
atmosphere of 5% CO, with the growth medium DMEM
with 10% FBS, 1% penicillin-streptomycin solution and the
medium was changed every other day, and all experiments
were performed with cells within five passages.

According to the International Organization for
Standardization (ISO 10,993-12), briefly, the extracts
with sterile ATP powder or 3D ATP scaffolds were pre-
pared respectively at concentration of 100 mg/mL into
serum-free DMEM. After incubation at 37°C for 24 h,
the mixture was centrifuged and the supernatant was col-
lected. Then, the extract was filtrated with 0.2 pm filter
membranes and stocked.

MTT Assay

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide (MTT) colorimetric assay was employed to evaluate
the biocompatibility of sintered ATP powder with Vero
cells and ATP scaffolds with hBMSCs. In short, Vero
cells were seeded in 96-well plates at 5x10° cells/well
for 24 h, then were cultured with extracts of various ATP
powder concentrations (100, 50, 25, 12.5, 6.25, and

Table | Primer Design

3.125 mg/mL). hBMSC were seeded in 96-well plates at
5x10° cells/well for 24 h, then were cultured with extracts
of 3D ATP scaffolds of 100 mg/mL described above. After
cultured for one, four, and seven days, the cells at each
time point were dyed with supplement MTT (Jiancheng,
Nanjing, PRC) according to instructions (aliquots of 100
pL were pipetted into 96-well plates). Finally, 96-well
plates were measured at 570 nm by ELX Ultra
Microplate Reader (BioTek, USA). All experiments were
performed in triplicate.

Live/Dead Cells Staining

To investigate the cells’ proliferation and death, a Live/
Dead Cell Staining Kit (Abnova, Taiwan, KA0901) was
used for the discrimination between live and dead cells.
Briefly, different cells were seeded in six-well plates at
2.0x10° cells/cm?, after being cultured for 24 h, the med-
um of six-well plates were substituted with ATP powder
or scaffold extracts at a concentration of 100 mg/mL
respectively. After culturing for one, four, and seven
days, the cells at each time point were dyed with Live-
Dye (a green fluorescent dye for live cells, Ex/Em=488/
518 nm) and propidium iodide (PI, a red fluorescent dye,
Ex/Em=488/615). After incubation for 15 min at 37°C,
stained live and dead cells in six-well plates can be visua-
lized by fluorescence microscopy using a band-pass filter.

Alizarin Red (AR) Staining and Quantitative Analysis
hBMSCs were seeded in six-well plates at 3.0x10* cells/cm?
and cultured in ordinary medium for 24 h and then medium
was switched with nano-ATP scaffolds extracts (100 mg/
mL), and supplemented with the culture medium containing
10% FBS, 1% penicillin-streptomycin solution, 10 mM f-
glycerophosphate (Sigma), 0.1 uM dexamethasone (Sigma),
and 50 uM ascorbate 2-phosphate (Sigma). At the same time
a blank control was prepared without extracts. The medium
was replaced every three days for two weeks. Calcium
deposition (mineralization) was assessed by alizarin red
staining. After culturing for 14 days, cells were fixed with
4% paraformaldehyde for 15 min at 37°C prior to being
stained with a 1% (w/v) alizarin red solution for 45 min.
Then the samples were washed with PBS to remove

Gene Forward Primer Reverse Primer

runx2 GAAATGCTGGAGTGATGTGG GTTTGGTAAGGCTGGTTGGT
bmp2 GCCTTGCCCGACACTGAGAC CATTGAAAGAGCGTCCACAT
18srRNA GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG
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nonspecific staining and directly observed by optical micro-
scopy. For the quantitative analysis, 10% acetic acid was
added and neutralized with 10% ammonium hydroxide.
Then, 100 puL of the supernatant was added to 96-well plates
and measured at 405 nm with a plate reader.

Gene Expression by Real-time RT-PCR

The hBMSCs were seeded in six6-well plates at 2.0x10° cells/
well, after culturing for 24 h, the medium of six-well plates
was substituted with extracts at a concentration of 100 mg/mL
described above. The cells were harvested after culture of 7
sevendays using TRNzol (Qiagen, Germany) to extract the
total RNA. After extraction, samples were centrifuged at
12,000 g for 15 min at 4°C. Then, RNA was reverse tran-
scribed into complementary DNA for 20 min at 46°C, then for
one minute at 95°C and combined with the RT-PCR mixture
(Bio-Rad, California, USA). The qRT-PCR assay was con-
ducted within the mixture using SYBR Green PCR Master
Mix (Roche Diagnostics, Basel, Switzerland). In this study,
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18srRNA was selected as the housekeeping gene used to
standardize mRNA levels. The primers used in this study
were listed in Table 1.

In vivo Osteogenesis Evaluation

Animal Experiment

All experimental protocols (Laboratory animal—Guideline
for ethical review of animal welfare, GB/T 35,892-2018,
General Administration of Quality Supervision, Inspection
and Quarantine of the PRC) were approved by the Animal
Research Committee of Shanghai Jiaotong University School
of Medicine. Thirty 16-week-old male Sprague Dawley rats
weighing 250-300 g were randomly divided into three groups
(10 for each group) for in vivo bone regeneration evaluation.
Group I served as blank controls and just for bone defect
model, which did not receive any therapy; Group II (s-ATP)
were implanted with nano-ATP scaffold prepared with squash
technique at the bone defect; Group III (3D-ATP) were
implanted with nano-ATP scaffold prepared with 3D

Transmission (%)

o
&
S

L L L L L L L L
4000 3600 3200 2800 2400 2000 1600 1200 800 400
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Figure 2 Microscopic morphology and phase analysis of nano-ATP powders. (A) SEM image and (B) TEM image of nano-ATP rods. (C) XRD patterns (*For characteristic

peaks of ATP, oFor characteristic peaks of quartz), (D) FTIR spectra.
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bioprinting technique. The surgery was operated under general
anesthesia by intraperitoneal injection of 3% chloral hydrate
(1 mL/100 g). Briefly, an incision of approximately 1.8 cm
was made over the scalp with a scalpel to expose the calvar-
ium. Subsequently, underlying bone was exposed by carefully
splitting periosteum. A S5-mm-diameter cranial defect was
created on the bilateral sides of the midline using a trephine
drill under continuous sterile saline irrigation. Scaffolds were
then implanted into the defects, and the soft tissue and skin
were successively sutured over the implant. No complications
were reported after operation. After being housed for four and
eight weeks, the animals were sacrificed, and craniums were
aseptically retrieved without soft tissues. Then, these samples
were fixed in 10% neutral buffered formalin for seven days
and saved for further use.

Microcomputed Tomography (Micro-CT) and
Histological Analysis

Samples described above were scanned using a uCT 50
micro-CT scanner (SCANCO Medical AG, Switzerland)
with a 10 pm isotopic resolution at 70 kV. Three-
dimensional models of the samples were also constructed
using pCT Evaluation and Visualizer Programs (SCANCO
Medical AG). The percentage of newly formed bone
volume within each defect was calculated. The extent of
bony bridging and union within the defect was scored
according to the grading scale.** When micro-CT scan
finished, these samples were decalcified with 15% ethyle-
nediaminetetraacetic acid for one month. After dehydra-
tion by ethanol gradient, samples were embedded in
paraffin and sliced into sections for histological analysis
(H&E staining). Finally, the slices were mounted for
examination by light microscopy. Density of neo-vessels
within the macro pores in 3D ATP scaffolds was

Statistical Analysis

The data are expressed as the mean +SD. Statistical ana-
lysis was carried out using one-way or two-way analysis
of variance (ANOVA) followed by a post hoc method as
recommended loaded in the GraphPad (v8.3.0.538,
GraphPad Software, USA) to test difference between var-
ious groups or time points. P value <0.05 was considered
to indicate a statistically significant difference.

Results

Characterization of ATP Scaffolds

The ATP particles with
different technologies were shown in Figure 2, by
SEM it was observed the ATP nanorods with length of
0.5~1.0 um and diameter of approximately 30 nm

characterization of the

(Figure 2A and B); as for the IR spectrum, the charac-
teristic bands at 3440 cm ™'
sponding to free —OH and H-O-H groups, 1032 cm™
and 471 cm ' were ascribed to, Si-O stretching vibra-

and 1630 cm ! were corre-
1

tions and Mg—O groups respectively (Figure 2D). The
characteristic reflections of ATP at 20 values of 8.4°
(110 plane, d=1.05 nm), 14.1° (200 plane), 19.6° (040
plane), 27.7° (400 plane) and 34.4 (102 plane) were
found in the XRD pattern (Figure 2D). The reflection
at 20 of 26.6° was related to the quartz (Figure 2D). All
characteristic peaks of the XRD and IR spectra of ATP
scaffolds observed in present study were consistent with
those in previously reported studies.****

Green porous scaffolds (Figure 1B) were success-
fully printed with the overall dimensions similar to the
corresponding dimensions of the 3D computer models.
A slight shrinkage of the wet species was observed after
dehydration by ethanol gradient. No obvious sintering

calculated. shrinkage was observed. The final scaffolds (Figure 1C)
20 95% Confidence Intervals (Tukey)

=20-
z = omAr BAT s e ATe] o

scaffold - 809 - —e
et EE 60% ATP 90% ATP - 80% ATP e
215+ 3D ATP scaffold - 70% ATP+ —
: 0% ATP waTSLAE THATE] i
= scaffold - o 1 e
S 10- 80% ATP 90% ATP - 60% ATP D e
o 70% ATb 107 ATP 7y

o ‘o - —e—i

o S0 AT R

% ATI % - Do—e—i
$ 5- BEE 3D ATP scaffold 80% ATP - 50% ATP- e
5 70% ATP - 50% ATP e
g 60% ATP - 50% ATP— —e—i
S o4 20 10 0 10 20

Difference between group means

Figure 3 (A) Compressive strength of ATP scaffolds with various amounts of ATP and 3D-ATP scaffold, (B) multicomparisons following one-way analysis of variance
(ANOVA) using a post hoc Tukey method as recommended in the GraphPad software to test differences between various groups. P value <0.05 was considered to indicate
a statistically significant difference. The 95%ClI reveals that the result is statistically significant when “0” is not included in the interval, and vice versa.
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demonstrated the good preservation of the shape as well
as the inner structure. It is interesting to note that the
staggered arrangement of ATP nanorods in the scaffolds,
and carbonized PVA molecules give rise to vacancies in
the scaffolds (Figure 1D). It was seen that the long-
itudinal section possesses a certain microporous struc-
ture (Figure 1D and E). The micropore size within wall
structure of the scaffold in the present study was in the
range of 20-50 um. In addition, the ATP nanorods
remain intact after high-temperature sintering treatment,
the staggered arrangement of ATP nanorods present
a pattern to form large gaps (Figure 1F).

Figure 3 displays the effect of ATP contents on the com-
pressive capacity of ATP scaffolds. The compressive capacities
increased continually along with the increase of ATP content.
The compressive strength of ATP scaffolds are shown to be
0.49+0.35 MPa, 2.33+1.04 MPa, 4.17+£1.26 MPa, 5.57+2.43
MPa, 11.23+3.74 MPa and 4.32+0.52 MPa for the ATP scaf-
folds by squash technique with 50, 60, 70, 80, and 90 wt% of
ATP and 3D-printing of 90 wt% ATP, respectively. In particu-
lar, the compressive capacity increased by 21.92-folds with the
ATP contents increased from 50% to 90%. Ninety percent of
ATP content was chosen for preparing 3D-printed scaffolds,
which still showed good performance of compressive capacity
with interconnected channels within the scaffolds.

In vitro Biocompatibility and

Osteogenesis Assay

As shown in Figure 4, Vero cells proliferation assay and
Live/Dead staining reveal that ATP powders possess ideal
biocompatibility. The results of MTT test demonstrated that
at each of three time points, there is no significant difference
in the OD values among all groups respectively (Figure 4B).
A significant difference of proliferation was observed in all
(Figure 4C),
between days one and seven (Figure 4C). In groups with

groups between days one and four

relatively higher concentration of extracts (more than
25 mg/mL), a
between days four and seven with a slight difference in

significant difference was observed

groups with relatively lower concentration of extracts (less
than 25 mg/mL). Meanwhile, the result of Live/Dead stain-
ing also demonstrated that Vero cells cultured in 100 mg/
mL extract and control groups were of similar proliferation
(P <0.05). The live cells utilized Live-Dye and stained
green, while dead cells stained by PI appeared red
(Figures 4D and 5D), the extract and the control groups
show similar cell growth trend. Similar results of MTT
assay and Live/Dead staining of hBMSCs were seen
between the two groups (Figure 5). However, significant
increase of hBMSCs was observed in nano-ATP and control
groups as culture time increased (Figure 5C). The

25 95% Confidence Intervals (Dunnet) 95% Confidence Intervals (Tukey)
Con-3.125 —_— R4-R7
g’ Bl e ;o I T .
g Sonigd —_— " Dayd BB  —e—g = 50
= Con- 3125 —_— 4 Day7 Bi:B? ¢ A 25
8 : [ e em—1 7 :
- —_ :
o Con" 100 — Ri:R7 —— 6.25
cém.agzs —_————— Bi:ba —_— :
12 e Bi:B3 . —— ® 3125
Eon- 20 b ——e—— R4-D7 ; m Con
Con- 1004 E - N . i Bi:Bi —
06 -04 -02 02 04 06 15 10 05 o0 o5

nano ATP

Diff. between OD means

Diff. between OD means

Figure 4 (A) MTT assay of vero cells cultured with various extracts from nano 3D-ATP scaffolds at three time points (“ns” represents no statistical difference). (B)
Multicomparisons following two-way analysis of variance (ANOVA) using a post hoc Dunnet method as recommended in the GraphPad software to test differences between
various ATP groups and control. (C) Multicomparisons following two-way analysis of variance (ANOVA) using a post hoc Tukey method as recommended to test differences
between various time points within the given group. The 95%ClI reveals that the result is statistically significant when “0” is not included in the interval, and vice versa. (D1
for day I, D4 for day 4, D7 for day 7), (D) Live/Dead staining of Vero cells between extract and control group at three time points of days one, four, and seven.
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Figure 5 (A) MTT assay of hBMSCs cultured with extract from nano 3D-ATP scaffolds at three time points. (B) Multicomparisons following two-way analysis of variance
(ANOVA) using a post hoc Sidak method as recommended to test differences between various groups. (C) Multicomparisons following two-way analysis of variance
(ANOVA) using a post hoc Tukey method as recommended to test differences between various time points within the given group. The 95%ClI reveals that the result is

statistically significant when “0” is not included in the interval, and vice versa. (D) Live/Dead staining of hBMSCs between extract (100 mg/mL) and control group at three
time points of days one, four and seven.

nano ATP

o o
R '19°
Alizarin red (pM)

Figure 6 Alizarin red (AR) staining and quantitative analysis. (A and B) AR staining of BMSCs cultured with osteogenic medium for 14 days. (C) Quantitative analysis of the
AR staining. *P <0.05.
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Figure 7 mRNA expression of BMP2 and Runx2 by real-time RT-PCR. *P <0.05.
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morphology of Vero cells in the nano-ATP group was simi-
lar to that in the control group at every time point
(Figures 4D and 5D).

The calcium nodules generated by hBMSCs were
observed by alizarin red staining, and the amount of calcium
deposition was quantitatively analyzed. As shown in Figure 6,
when hBMSCs were cultured for 14 days, the stained calcium
deposits appeared as red spots obviously in both groups.
Compared with control group, the nano-ATP group demon-
strated a greater number of red spots and the red calcium
nodules were

much bigger in nano-ATP  group.

MIP

Surface

A quantitative analysis of the mineralized products based on
the dissolved dyes is displayed in Figure 6C. It was observed
that hBMSCs cultured in the nano-ATP group showed
a significant increase in the amount of calcium deposition
(1643+92.92 pum) compared with that of cells cultured in
control group (250.3+16.50 um) (P <0.001).

To further investigate the osteogenic differentiation
of hBMSCs induced by nano-ATP, we examined the
expression levels of runx2 and bmp2 by real-time PCR
(Figure 7). runx2, an early marker of osteoblast differ-
commitment of

entiation, is essential for the

Coronal

Blank

Sagittal

Coronal

s-ATP

Sagittal

Coronal

3D-ATP

Sagittal

Figure 8 Micro-CT images of the bone defects in rats after implantation of ATP scaffolds for four weeks. (A-D) Blank group, (E-H) squashed ATP scaffold group and (I-L)
3D-ATP scaffold group. MIP is short for maximum intensity projection. Surface refers to outside appearance of cranium. Coronal plane is vertical to sagittal suture of rat’s

cranium. Sagittal plane is parallel to sagittal suture of rat’s cranium.

International Journal of Nanomedicine 2020:15

submit your manuscript

6953

Dove


http://www.dovepress.com
http://www.dovepress.com

Wang et al

Dove

multipotent mesenchymal cells into the osteoblastic
lineage. There was significant difference in runx2
expression between the two groups of control and
nano-ATP at different time points (P <0.05), and the
difference was more obvious as the culturing time
increased. The highest levels observed on day seven.
Meanwhile, bone matrix proteins (such as bmp?2), one
target gene of runx2, possess potent osteoinductive
capacity for bone formation. bmp2 was significantly
upregulated in cells cultured with nano-ATP compared
to the control group at different time points (P <0.05).

MIP

Surface

But the highest levels of bmp2 expression were
observed on day four.

In vivo Osteogenesis Evaluation

Micro-CT Analysis

In rats’ cranial defects model study, micro-CT was taken
to analyze new bone formation in the defect regions. At
four and eight weeks postimplantation, the 3D images of
micro-CT reconstruction indicated that new bone forma-
tion within the bone defect regions in the 3D-ATP group
were significantly more than that in s-ATP and blank

Coronal

Blank

Sagittal

Coronal

s-ATP

Sagittal

Coronal

3D-ATP

Sagittal

Figure 9 Micro-CT images of the bone defects in rats after implantation of ATP scaffolds for eight weeks.(A-D) Blank group, (E-H) squashed ATP scaffold group and (I-L)
3D-ATP scaffold group. MIP is short for maximum intensity projection. Surface refers to outside appearance of cranium. Coronal plane is vertical to sagittal suture of rat’s

cranium. Sagittal plane is parallel to sagittal suture of rat’s cranium.
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groups (Figures 8 and 9) and at four weeks postimplan-
tation, the difference in new bone formation between
s-ATP and blank groups was not significant (Figure
10A—C). Maximum intensity projection of each group
was used (Figures 8 and 9) for the evaluating extent of
bony bridging. Figure 10 showed the results of this
scoring for groups at four and eight weeks (Figure
10D-F). At four weeks, the 3D-ATP group was also
significantly higher than the blank group (Figure 10E)
while slight difference was observed between the 3D-
ATP and s-ATP groups. 3D-ATP groups showed signifi-
cantly higher scores for union compared with s-ATP and
blank groups at eight weeks (Figure 10E). However, no
significant difference of micro-CT score was observed
between four and eight weeks in all groups respectively
(Figure 10F).

Histology Analysis

Gross examination of the sections was performed for all
samples. For all conditions with a scaffold implant, the scaf-
fold material exhibits varying degrees of dissolution.
Scaffold fragmentation was visible both at four and eight
weeks. At four weeks, a thin fibrous capsule was observed as

at interfaces between scaffolds and host bone (Figure 11B, C,
E and F). A majority of the samples showed infiltration of
immature fibrous tissue within the scaffold in (Figure 11B, C,
E, F, H and I). There was little new bone formation in the
blank group at four and eight weeks in Figures 11A and 12A.
The 3D-ATP group (Figures 11 and 12) showed visibly
higher amounts of bone formation near the interface within
the scaffold compared with the s-ATP group at four and eight
weeks. Interestingly, the new bone was formed along the
defect margin, even above and within inner surface of ATP
scaffolds (Figure 13). Intramembranous ossification was
apparent within scaffolds and characterized by osteoid secre-
tion and mineralization (Figure 13). In these cases, the new
bone was often in close or direct contact with the scaffold,
without presence of an intermediate fibrous layer. But the
inflammatory response was minimal, with only a few inflam-
matory cells (neutrophils, macrophages) present at the inter-
face between material and tissue and within the scaffolds
(Figures 11 and 13). In addition, at eight weeks postimplan-
tation, the 3D-ATP group (Figure 14) showed a notable
amount of new vessel formation compared to that at four

weeks.
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Figure 10 (A) Micro-CT quantitative analysis of new bone formation among various groups at 4 and 8 weeks; (D) Micro CT score for the evaluating extent of bony bridging
among groups at 4 and 8 weeks along with, (B and E) multicomparisons following two-way analysis of variance (ANOVA) using a post hoc Tukey method as recommended
to test differences between various groups at the given time points for newly formed bone percent and micro CT score respectively. (C and F) multicomparisons following
two-way analysis of variance (ANOVA) using a post hoc Sidak method as recommended to test differences between various time points within the given group for newly
formed bone percent and micro CT score respectively. The 95% Cl reveals that the result is statistically significant when “0” is not included in the interval, and vice versa.
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Figure |1 Histology evaluation of blank, s-ATP scaffold and 3D-ATP scaffold groups under magnifications of (A-C) 4x, (D-F) 10x and 40x (G-l) using H&E staining
examined at four weeks. (“B” for host bone, “M” for muscle, “D” for bone defect zone, “V” for blood vessel, blue triangle for newly formed bone, yellow arrow for
osteoblasts) (blank represents the group that served as negative control and did not receive any therapy, s-ATP for the group of squashed ATP scaffolds, 3D-ATP for the

group of 3D-printed scaffold).

Discussion

In our current study, we successfully designed a novel 3D
nano-ATP scaffold and demonstrated the possibility of using
the 3D bioprinting process chain to build porous scaffolds for
bone tissue engineering. The bioactivity of osteogenesis was
measured in vitro and in vivo. Firstly, nano-ATP scaffolds
possess excellent biocompatibility for osteogenic cell of
hBMSCs; secondly, the nano-ATP scaffolds could upregulate
the expression of osteogenesis related genes and calcium
deposits in vitro; thirdly, the 3D bioprinted porous ATP
scaffolds demonstrated good performance of bone regenera-
tion in a rat cranium defect model. These results suggest that
the novel 3D bioprinted nano-ATP scaffolds are promising
candidates for bone tissue engineering.

For bone tissue engineering, interconnecting channels
and porosity of the scaffolds are very important. New
fabrication techniques, such as 3D bioprinting, can poten-
tially be used to generate scaffolds with morphological and
mechanical properties more selectively designed to meet
the specificity of bone repair needs. The porous trabeculae

provide a high surface area which allows for nutrient
diffusion and exposure to circulating growth factors. This
access allows cancellous bone tissue to be metabolically
active and can be remodeled more frequently than that of
cortical bone."* Based on Hulbert’s study, the minimum
pore size is considered to be 100 um due to cell size,
migration requirements and transport.*> However, pore
sizes >300 pm are recommended, due to enhanced new
bone formation and the formation of capillaries.*> Results
of Gauthier et al demonstrated a mean pore diameter of
565 um of inner channels in a scaffold showed more
abundant newly formed bone both in peripheral and deep
pores than those with 300 um pore size.*® Good osteointe-
gration was seen in our 3D-printed nano-ATP scaffold
with internal channels about 500 um, and thus is close to
the mentioned optimum channel size. Small pores favored
hypoxic conditions and induced osteochondral formation
before osteogenesis, while large pores, that are well-
vascularized, lead to direct osteogenesis. This is consistent
with our findings that new bone is directly formed within
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4X

Figure 12 Histology evaluation of blank (A, D and G), s-ATP scaffold (B, E and H) and 3D-ATP scaffold (C, F and I) groups under different magnifications using
H&E staining examined at eight weeks. (“B” for host bone, “D” for bone defect zone, blue triangle for newly formed bone, yellow arrow for osteoblasts) (blank represents
the group that served as negative control and did not receive any therapy, s-ATP for the group of squashed ATP scaffolds, 3D-ATP for the group of 3D-printed scaffold).

pores and interface between host bone and scaffolds. In
addition, the achieved wall thickness of the grid (330 pum)
is close to exactly mimic natural trabeculae of cancellous
bone (75-200 pum). Furthermore, our novel scaffolds are
highly porous because of 10 wt% PVA (as a binder)
assisted preparation of the green scaffolds. After sintering,
the microporosity was formed and the macroporosity
within scaffold was still preserved. The micro- and macro-
porosity of the scaffolds is supposed to enhance bone
ingrowth as well as to improve the biodegradability of
the fabricated scaffolds.*’
amounts of new bone in a 3D-printed scaffold that con-

Previous study found large

tained pores less than 20 pum in size.*® The pore size of the
scaffolds in the present study was in the range of 20-50
um. However, newly formed bone was also seen within
these micropores. The above findings suggest that the
scaffolds of the present study offer a promising environ-
ment for cell adhesion and cell proliferation.

Higher porosity and pore size result in greater bone
ingrowth. However, this trend results in compromised

mechanical properties. Thus, a balance must be kept
between osteconductibility and biomechanical property of
the scaffold. The porosity of current 3D-printed scaffolds
ranges from 75-82% and the longitudinal compression
strength was measured to 4.32+0.52 MPa, which is similar
to mechanical properties of cancellous bone (porosity
75-90%; compressive strength 2—5 MPa)."?

Bone is a nanomaterial composed of organic and inor-
ganic components, with a hierarchical structure ranging
from nanoscale to macroscale. Nanomaterials provide
some new strategy in bone regeneration. Nanostructured
scaffolds provide a closer structural support approximation
to native bone architecture for the cells and regulate cell
proliferation, differentiation, and migration, which results in
the formation of functional tissues.”***° Attapulgite is
a naturally occurring clay material, a kind of magnesium
aluminium phyllosilicate with formula (Al,Mg,)SigO,
0(OH),(OH,)4-4H,0. ATP has special rod crystal structure,
which may therefore act directly as focal adhesion sites
through the provision of reactive functional groups for cell
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Figure 13 Histology evaluation of interface of 3D-ATP scaffolds using H&E staining examined at eight weeks. (“B” for host bone, “NB” for newly formed bone, yellow arrow
for osteoblasts.) (A) Interface between host bone and scaffold, (B) superior surface of 3D-ATP scaffolds, (C) within scaffold, (D) inferior surface of 3D-ATP scaffolds.

EA 4weeks
B 8weeks

Figure 14 Neovessel density analysis within 3D-ATP scaffolds at four and eight weeks. (“B” for host bone, “NB” for newly formed bone, yellow arrow for newly formed
vessels.) (A) Four weeks after surgery, (B) eight weeks after surgery, (C) statistical analysis. *P <0.05.

attachment.'” Another possible mechanism could be
increased local concentrations of divalent cations such as
Ca*" or Mg®" which exchange on ATP particle surfaces
preferentially over monovalent ions given their increased
charge density. Such divalent ions are essential for the
function of integrins, the transmembrane receptors that
mediate cell interactions with ECM.’' The mechanism
underlying that ATP promote osteogenic differentiation of
osteogenic precursor cell remain poorly understood. The
known osteogenic effects of ATP are partially ascribed to

Mg*" the upregulated expression of calcitonin gene-related
peptide (CGRP) in the periosteum.’” The increase of CGRP
level could enhance osteogenic differentiation of precursor
cell such as MSC.”* Furthermore, angiogenesis is a key
component of bone repair. New blood vessels bring oxygen
and nutrients to the highly metabolically active regenerating
callus and serve as a route for inflammatory cells and
cartilage and bone precursor cells to reach the injury
site.”® Magnesium ions are involved in activating HIF-1la
signaling pathway, which is primary signal that directly
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increases VEGF gene expression.'” As seen obviously in
our nano-ATP scaffolds at the fourth and eighth weeks,
there were a plenty of neovessels within the pores. This is
in agreement with the aforementioned potential mechanism.
The highlights of our study include its comprehensive
design combing in vitro and in vivo experiments. Several
limitations must be considered in the present study. Firstly,
the possible further mechanisms under osteogenic effect of
ATP were not explored in vitro such as immunohistochemical
staining. Secondly, a well-accepted positive control group such
as nanohydroxyapatite should be considered for more exactly
evaluating the bone regeneration of the 3D-printed nano-ATP
scaffolds. Thirdly, evaluation of angiogenesis in vivo (such as
microfil perfusion) in the present study is not mentioned for
comprehensively assessing repair effect of the scaffolds.

Conclusion

For the first time, our current findings demonstrate that
nano-ATP powder assisted with PVA is able to achieve
a remarkable printability for 3D-printed scaffold fabrica-
tion, and the novel 3D-printed nano-ATP scaffolds possess
excellent mechanical property and compatibility. 3D-
printed nano-ATP scaffolds could directly induce bone
formation by membranous ossification and promote revas-
cularization of defect zone. Above all, 3D-printed porous
nano-ATP scaffolds are promising candidates for bone
tissue engineering by osteogenesis and angiogenesis.
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