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Purpose: To enhance the osteoinductive effect of Hydroxyapatite (HA) in bone tissue engineering, this study manufactured
polycaprolactone (PCL)/gelatin (GEL)/HA nanofibrous scaffolds incorporated with different ratios of attapulgite (ATP): HA (0:3,
0:0, 1:1, 2:1 and 3:0) by high-voltage electrospinning. The synergistic effect exerted by ATP and HA on bone formation was explored
both in vivo and in vitro.

Methods and Results: First, we determined the group composition and crystal structure of the nanosheets by Fourier transform
infrared (FTIR) and X-ray diffraction (XRD) analyses. Then, the physical properties of the scaffolds, including the modulus of
elasticity, porosity and water absorption were evaluated. Moreover, the surface microstructure of the nanofibrous scaffolds was
captured by Scanning electron microscopy (SEM) and Transmission Electron Microscope (TEM). The biocompatibility of the
fabricated scaffolds represented by cell counting kit 8 (CCK-8) and phalloidin staining was also assessed. Next, in vitro osteogenesis
was evaluated. Real-time PCR, alkaline phosphatase (ALP) staining and Alizarin red S (ARS) staining results showed that the
materials incorporated with HA and ATP at a ratio of 2:1 synergistically promoted more osteoblastic differentiation and extracellular
mineralization than scaffolds doped with HA and ATP alone. Last, in vivo, Hematoxylin-Eosin staining (HE staining) and Masson
staining showed that groups treated with HA and ATP acquired optimal patterns of bone regeneration.

Conclusion: This study clarified for the first time that the combination of HA and ATP orchestrated biomaterial-induced osseointe-
gration, and the synergistic effect was more significant when the ratio of ATP/HA was 2:1. This conclusion also provides new ideas
and a scientific basis for the development of functionalized nanomaterials in bone tissue engineering.
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Introduction
In current clinical practice, many large-scale bone injuries are caused by tumors, traumas, infections and other reasons.'
Autologous bone grafting is the gold standard for the treatment of bone defects. However, the methods are relatively
limited for these large-scale defects and a series of specific cases, such as autoimmune disease, bone infection, tumors,
and insufficient bone mass.>® Therefore, new treatment methods are urgently needed to address these serious bone
injuries.*>

In recent years, bone tissue engineering (BTE) has played an increasingly important role in the reconstruction and
treatment of bone defects. BTE is an organic combination of cells, growth factors, and struts, which are necessary in
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hard tissue reconstruction to provide solid support of the defect site, accommodation for recruiting cells, and
a micromilieu for metabolic waste/nutrient exchange. Bone substitutes, theoretical scaffolds to successfully rebuild
BTE, are not only required to mimic the structural characteristics of the natural bone tissue matrix but are also supposed
to have good biocompatibility, high osteoinductivity/conductivity, and appropriate biodegradation that match tissue
ingrowth.”*®

In recent years, numerous strategies have emerged in which dozens of advanced technologies have been applied to
manufacture bone substitutes in BTE.”'' Among these approaches, electrospinning technology is one of the most
extensively used methods to produce continuous nanofibers ranging from microns to nanometers. Compared with
techniques such as solvent casting, freeze drying, selective laser sintering and 3D printing, electrospinning technology is
simply operated, relatively economical, and accessible all the time.'* '® However, sometimes a single polymer ingredient
cannot meet the mechanical strength, hydrophilicity and degradation rate requirements of a perfect biomaterial at the same
time; therefore, the incorporation of several ingredients to form a composite can improve the performance of the ultimately
synthesized biomaterial.'”'® Gelatin (GEL), as a hydrophilic macromolecular colloid, is derived from the degradation
product of collagen and is almost nonimmunogenic with host tissues. Moreover, gelatin retains the arginine-glycine-aspartic
acid (RGD) sequence of collagen, which can promote cell adhesion, differentiation and proliferation.'®*' However, its
mechanical properties are not strong enough, and it degrades quickly, which hinders its application in BTE. In addition,
polycaprolactone (PCL) has intense biomechanical properties, high histocompatibility, and relatively slow degradation,
characteristics that make it a potentially supplementary component for GEL to construct an implant complex. Furthermore,
it has been reported that the combination of PCL/GEL has significantly enhanced biomechanical intensity and can promote
cell adhesion and proliferation, indicating the integration of these two ingredients.*

The biofunctions and properties of nanostructured materials can be modified by adjusting the electrospinning para-
meters, including the voltage applied and the nozzle diameter, conjugating bioactive agents, and adding specific functio-
nalized coatings to enhance stem cell adhesion, infiltration, and differentiation and modulate the immunomicroenvironment,
antitumor recurrence, and anti-infection expansion in situ.”*** Hydroxyapatite (HA), a natural inorganic component existing
in bone, is widely applied in BTE due to its high bioaffinity and osteoinductivity/conductivity.”> For example, Nilza
Ribeiro’s research on skin regeneration and repair confirmed that the calcium ions provided by nanohydroxyapatite
significantly increased the growth and proliferation rates of human fibroblasts and human mesenchymal stem cells,
preventing the adhesion of pathogenic strains commonly found in human skin flora.”® However, its biobrittleness and
low mechanical properties have limited its application.””*® Jong Ho Lee’s study reported that osteoblast proliferation and
differentiation are very low in the presence of HAp compared to other bone substitutes, although hydroxyapatite could
accelerate new bone deposition.””*° In addition, attapulgite (ATP) is a type of hydrated silicate with a porous structure and
structural formula of (Al,Mg,)SigO,0(OH),(OH,)44H,0. ATP is usually employed as an adsorbent, decolorizer and
catalyst in the environmental industry because of its high adhesion, surface area and water absorption, and many studies
have proven that it has bone bioactivity both in vitro and in vivo.>'* In this study, we fabricated PCL/GEL nanofibrous
scaffolds by electrospinning, and different proportions of HA and ATP were added to the prepared scaffolds to explore
whether the combination of ATP and HA is capable of exerting a synergistic osteogenic effect and potentiating bone

regeneration after large defects.

Materials and Methods

Materials

PCL (Mw, 80,000) was purchased from Aladdin Reagents LTD. Gelatin (Gel, ~250 g Bloom, Aladdin Chemical Inc.,
Shanghai, China), hexafluoro-isopropyl alcohol and hydroxyapatite (Mw, 502.31; <100 nm particle size) were purchased
from Shanghai Aladdin Biochemical Technology. Attapulgite (150-500 nm) was provided by the Lanzhou Institute of
Chemical Physics, Chinese Academy of Sciences. Dulbecco’s-modified Eagle’s medium (DMEM basic, Gibco, Thermo-
Fisher Biochemical Products, Beijing, China) was supplemented with 5% v/v fetal bovine serum (FBS, Biological
Industries, Israel) and 1% v/v penicillin/streptomycin (Life Technologies Corporation, USA) for the complete medium
for use with BMSCs.
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Preparation of PCL/GEL/ATP/HA Electrospinning Nanomaterials

Gelatin (0.67 g) and PCL (1.33 g) were added to 20 mL hexafluoro-isopropanol solution under constant stirring at room
temperature. Then, ATP/HA in different proportions (0:0, 0:3, 1:1, 2:1, 3:0) was added after the PCL/GEL mixture became
homogenous. Finally, a uniform mixed solution of 30 wt% ATP/HA was obtained. Then, the solution was added into the
propeller and installed in the propulsion system. The propulsion speed was adjusted to 0.0050 cm/s, and the voltage was
stabilized at 20 kV. A flat 20 mm needle was used, and the 16 cm distance between the needle tip and the plate was covered
with aluminum foil. After finishing spraying, the nanosheets were placed into the oven at 37 °C overnight to remove any
possibly remaining solvent and stored at 4 °C. Pristine PCL/GEL nanostructured scaffolds were referred to as the PG group,
PCL/GEL nanostructured scaffolds contained ATP alone, HA alone, ATP/HA (2:1) and ATP/HA (1:1) were named the PG-A,
PG-H, PG-A2H1 and PG-A1HI1 groups, respectively.

Morphology and Characterization of the Composite Nanofibrous Scaffold

Scanning Electron Microscopy (SEM) and Transmission Electron Microscope (TEM)

The nanofibrous materials were cut into a square with a size of 1 cm x 1 cm and uniform thickness. After drying, the
materials were fixed on a copper column and sprayed with Pt powder on the surface of the material for 1 hour. Scanning
electron microscopy was used to observe the surface morphology and microstructure of the nanofibers, meanwhile,
Energy Dispersive Spectrometer (EDS) was used to observe the elemental composition. The distribution and diameter of
nanofibers and the pore size were measured by Imagel software (National Institutes of Health, USA). TEM images
captured by a high-resolution transmission electron micro-scope (Tecnai G2 F20, FEI, USA) after the nano-ATP powder
was dispersed in anhydrous ethanol by sonication and dropped onto a micro grid.

XRD Patterns and FTIR Analysis
X-ray diffraction (XRD) patterns of scaffolds from each group were collected with an X’ Pert PRO diffractometer (XRD,
X’Pert-MPD, Philips, Holland) in a fixed time mode at a stepping interval of approximately 0.167°.

Fourier transform infrared (FTIR) spectroscopy was used to measure the functional group composition of nanoma-
terials. PCL/GEL/ATP/HA electrospun films were cut into samples with a size of 1 cm X 1 cm and loaded onto

a Nicolette NEXUS spectrometer with a resolution of 4 cm™'

results ranging from 400 to 4000 cm .

. Each sample was scanned three times to obtain spectral

Swelling Rate and Porosity Measurement

Swelling rate: Three samples from each group were cut into square nanofilms with a size of 2 cm x 2 cm, and the
thickness was controlled at approximately 1 mm. The samples were soaked in distilled water at 37 °C for 4, 8, 12, 16 and
24 hours. At each timepoint, samples were extracted, dried and weighed again, and the swelling rate was calculated as
follows:

w2 —-wi
Swelling(%) = % 100%

where W1 is the initial weight of the material and W2 is the weight of the material after soaking in distilled water.

Porosity: A certain volume (30 mL, V1) of ethanol was added to the measuring cylinder, and the total volume (V2)
was measured after the nanometer film material was fully infiltrated. After 24 hours, the ethanol-containing material was
discarded, and the volume of the remaining ethanol in the measuring cylinder (V3) was measured. The porosity of the
material was calculated using the following formula:

V1i-—"V3
POI'OSity(%) = m X 100%

Evaluation of Degradation
All samples were freeze-dried before the in vitro degradation evaluation and weighed (WO0). Then, these samples were
soaked in PBS (0.1 M, pH = 7.4) solution at 37 °C for 1, 2, 3, 4, 5, and 6 weeks and other different time periods. At each
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time point, the samples were taken out, freeze-dried, and weighed (W1). The measurement was repeated 3 times. The
weight loss was calculated using the following formula:

w1—-wo
Degredation(%) = 0 x 100%

Water Contact Angle Analysis

The hydrophilicity of nanosheets was determined by the OCA-20 Contact Angle system (Data physics Instruments,
Filderstadt, Germany). The sheets from each group were placed on a test board, and 0.01 mL of deionized water was
dropped onto the surface of the tested sample. After 10s, the water contact angle (WCA) was recorded by a video
monitor. These tests were repeated three times (n = 3).

Mechanical Performance Test

The nanosheets were trimmed to a length of 6 cm and a width of 1 ¢cm, and the mechanical properties of the nanofiber
membranes were tested under dry and wet conditions (samples were soaked in PBS for 24 hours). An MTS 4204
universal testing machine (MTS system (China) Co., LTD, China) was used for tensile performance testing. In brief, the
two ends of the test sample were equipped with a 20 kN load cell and inserted between two clamps exposing a surface
area of 4 cm”. The upper clamp was raised at a 10 mm/min crosshead speed until the breaking point, and a stress—strain
curve was obtained. Stress—strain was applied to analyze the Young’s modulus (E), ultimate tensile strength (UT) and
elongation at break of the nanomembranes.

Thermogravimetric Analysis

A TGA analyzer (TG 209 F3, Tarsus, Netzsch, Germany) was used to test the thermogravimetry of the electrospun
nanomembrane. Samples from each group weighing 10 + 0.1 mg were placed on a platinum pan for thermal analysis and
then heated at 30 °C with an increasing temperature of 10 °C/min up to 1000 °C. The analysis was performed under
a nitrogen atmosphere with a flow rate of 100 mL/min. In TG analysis, the relative sample weight was continuously
recorded with a mass accuracy of + 0.1%.

AFM Measurement

The tapping mode of the atomic force microscope (NanoWizard II AFM, Berlin, Germany) was used to analyze the
surface roughness of the electrospun membrane. The measurement was performed after placing the sample on the
scanning surface, and all conditions were kept the same: the scan rate and scan size were 1 Hz and 15%15 pm,
respectively.

In vitro Biocompatibility

Extract Preparation and Cell Proliferation

Extracts of PCL/GEL/ATP/HA nanofilms were collected after these nanofilms (thickness < 1 mm) were soaked in
DMEM at a ratio of 3 cm?*/mL for 24 hours in accordance with the protocol of the Chinese National Standard
(GB/T 169886.12). Afterward, the extracts were filtered with a 0.22 pm strainer and stored. Mouse-sourced bone
mesenchymal stem cells (BMSCs) were acquired from ATCC (ATCC, CRL-12424) and incubated at 37 °C and
5% CO,.

The proliferation of BMSCs affected by nanofilms was evaluated by a cell counting kit 8 (CCK-8, Dojindo Kagaku,
Japan). BMSCs were inoculated in 96-well plates at a density of 4x10° cells/well. After the cells attached, the medium
was switched to nanofilm extracts from each group. At 1, 3, and 5 days after incubation, CCK-8 tests were carried out
according to the manufacturer’s instructions. Finally, a microplate reader was used to detect the absorbance at
a wavelength of 450 nm in the wells of 96-well plates.

Morphological Structure of Cell Culture on the Material
BMSCs were inoculated on 2x2 cm? nanofilm in a six-well plate (1.6 x 10° cells/well) for 3 days. After that, scaffolds
with adherent cells were fixed for 30 minutes with 4% glutaraldehyde. Then, the nanofilms were dehydrated in a serial
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gradient alcohol solution (75%, 80%, 90% and 100%). Subsequently, they were freeze-dried in a vacuum lyophilizer for
24 h. The morphology of the adherent cells was examined by SEM.

Cytoskeleton Actin Staining and LIVE/DEAD Staining

BMSCs were seeded on the surface of sterilized nanosheets (Go60 irradiation) in a 6-well plate (1.6x10° cells/well).
Then, the nanosheets were treated with 0.01% Triton X-100 for 10 min of cell membrane permeabilization. After
washing with PBS 3 times, staining with 1 mL phalloidin (50 pg/mL) (Yeasen, Shanghai, China) for 30 min, and
counterstaining with 1 mL DAPI (5 pg/mL) (Dojindo Laboratories, Kumamoto, Japan) solution, the images of cells
spreading out on the nanosheets were observed under a fluorescence microscope (1X71-22FL/P, Olympus, Japan).

Cell viability was evaluated using a LIVE/DEAD staining kit (L-7011; Invitrogen, Eugene, OR, USA). The cells were
cultured with the extract solution for 3 days, and 600 pL of LIVE/DEAD reagent was added to each well. The images
were observed under a fluorescence microscope (IX71-22FL/P, Olympus, Japan). The red fluorescence and green
fluorescence represent dead cells and live cells, respectively.

Osteogenesis Evaluation
Alizarin Red S Staining and Alkaline Phosphatase (ALP) Staining
BMSCs were seeded in a 12-well plate at a density of 2x10* cells/cm®. Then, extracts of the PCL/GEL/ATP/HA
nanomembrane were exchanged for cell culture to induce osteogenesis. Calcium deposits were detected using an Alizarin
Red S Staining kit. After 14 days of cell culture, the culture medium was removed and washed with PBS 2-3 times,
followed by fixation with 4% paraformaldehyde at 37 °C for 15 min and then staining with 1% (W/V) Alizarin Red
S solution for 45 min. Finally, the samples were washed again with PBS (0.1 M, pH = 7.4) and observed directly under
an optical microscope.

Similarly, after coculturing BMSCs with extracts for 14 days, BCIP/NBP reagent (Beyotime, China) was applied to
visualize ALP activity, and the samples were also observed under an optical microscope.

Expression Level of Osteogenic Genes Detected by Real-Time PCR (RT-PCR)

To evaluate the osteogenic properties of nanostructured scaffolds incorporated with HA, ATP, and both combined,
BMSCs were seeded on nanostructured scaffolds in a 6-well plate. At each timepoint (1, 3, and 7 days), total RNA was
extracted using a NucleoZol kit (Macherey-Nagel, Germany) according to the instructions. After that, reverse transcrip-
tion was carried out to synthesize cDNA using the HiScript II Q RT SuperMix reagent Kit (Vazyme, China). Then, gene
amplification was performed using the SYBR Premix Ex Tag-TM Real-time PCR kit (Vazyme, China), and the
osteogenesis-related primers (alkaline phosphatase (4LP), osteocalcin (OCN), osteopontin (OPN), Osterix (OSX), and
Runt-related factor 2 (Runx2) used in this study are listed in Table 1.

Table | Primer Sequences Applied to RT-PCR Analysis

Gene Forward Primer Reverse Primer

GAPDH 5’-CACCACCAACTGCTTAGC-3’ 5-TTCACCACCTTCTTGATGTC-3’

ALP 5’-GCAGTATGAATTGAATCGGAACAAC-3’ 5-ATGGCCTGGTCCATCTCCAC-3’

OPN 5’-TACGACCATGAGATTGGCAGTGA-3’ 5-TATAGGATCTGGGTGCAGGCTGTAA-3’
Runx2 5-CTGCAAGCAGTATTTACAACAGAGG-3 5-GGCTCACGTCGCTCATCTT-3’

0OSX 5-AGGCCTTTGCCAGTGCCTA-3’ 5’-GCCAGATGGAAGCTGTGAAGA-3’

Abbreviations: GAPDH, glyceraldehyde-3-phosphate dehydrogenase; ALP, alkaline phosphatase; OPN, osteopontin; OSX, osterix; Runx2, runt-related
transcription factor 2.
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In vivo Evaluations

Study of Skull Defect Repair in Rats

To explore the synergistic osteogenic effect of nanostructured scaffolds incorporated with ATP/HA in vivo. We used
a 5 mm rat skull defect model. In brief, 15 male SD rats (4 weeks old, 150 g/rat) were used in the study. All rats were
anesthetized by intraperitoneal injection of 3% pentobarbital (100 mg/kg). Then, the rat scalp was disinfected, a 1.8 cm
incision was made in the middle of the scalp, the soft tissue was carefully separated to expose the cranium, and two 5 mm
symmetrical cylinder defects were drilled. The bone fragments were washed with normal saline and implanted with
nanostructured scaffolds. Then, the soft tissue and skin were sutured layer by layer. Four million U of penicillin was
injected daily for seven consecutive days to prevent postoperative infection. At 12 weeks after the operation, the rats
were sacrificed with pentobarbital, and the skull specimens were removed. The soft tissues around the skull were kept
and fixed with 10% formalin for subsequent evaluation. All experimental protocols were approved by the Animal
Research Committee of the Affiliated Changzhou No.2 People’s Hospital of Nanjing Medical University. The animal
experiments comply with Animal Care and Use Committee (IACUC) guidelines.

Histological and Immunohistochemical Staining

The skull samples were demineralized with 15% EDTA (37 °C, pH = 7.0) for 6 weeks, dewaxed with serial gradient
ethanol, embedded in paraffin, and then sectioned into 5-pm-thick slices. Histological staining (H&E staining, Masson’s
trichrome (MT) staining and Van Gieson staining) was performed, and the staining results were observed under an optical
microscope (Olympus, Japan). The percentage of new bone area relative to defect area was assessed using Image-Pro
Plus 6.0 software (Media Cyber-netics, Rockville, MD, USA).

To detect osteogenesis-related protein expression in vivo, immunohistochemical staining was performed. Briefly, after
the slices were dewaxed, they were permeabilized with 5% Triton X-100 and blocked with 5% BSA solution. Mouse
monoclonal antibodies against Col-1 (1:200, Abcam, USA), Runx2, OCN (1:200 dilution, Santa Cruz, USA) and OPN
(1:100, Abcam, Britain) were employed to detect the corresponding antigens overnight at 4 °C. Then, the slices were
treated with biotinylated goat anti-mouse secondary antibody and SABC for 30 minutes at 37 °C. Subsequently, sections
were treated with 3,3’-diaminobenzidine tetrahydrochloride (DAB), counterstained with dehydrated hematoxylin, and
observed by optical microscopy (Olympus, Japan).

Statistical Analysis

Data in this study are presented as the mean + standard deviation, GraphPad Prism version 7.0 (San Diego, CA, USA)
was used for data analysis. One-way analysis of variance (ANOVA) was used to determine statistical significance
between groups. P < 0.05 was considered statistically significant.

Results

Surface Morphology of Nanofiber Membranes

As shown in Figure 1A, continuous nanofibers were observed in all groups, with no obvious difference in the surface
microstructure of these fabricated nanoscaffolds. In general, these nanofibers largely ranged from 200 pm to 900 um and
were evenly distributed, forming pore structures. As the ATP content increased, the diameter of the nanofibers decreased
slightly (Figure 1B). The roughness of the scaffold surface at the nanoscale was further observed by AFM (Figure 1C).
As the proportion of ATP increased, the surface of the nanofiber membrane became rougher than other samples,
especially the PG-A2H1 group, which had the toughest surface topology.

Morphological Characteristics of ATP and Composition Analysis of Electrospun

Nanofiber Membranes

The morphological characteristics of ATP at the microscale were measured by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). ATP presents a rod-like crystal structure, and the length of the nanorods was
approximately 300-500 nm with a diameter range from 15 to 50 nm (Figure 2A and B). Figure S shows the element content
results of attapulgite, it can be seen that ATP is composed of elements such as Si, Mg, Al, Si, etc. To determine the
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Figure | The microstructures of the scaffold surfaces. (A) SEM images. (B) The diameter distributions of the nanofiber membranes. (C) AFM images of different
nanomembranes. The diameters of the nanofiber are expressed as the mean * standard deviation.
Abbreviations: SEM, scanning electron microscopy; AFM, atomic force microscope.

composition of the scaffolds, FTIR (Figure 2C) and XRD (Figure 2D) analyses were carried out. The FTIR results show that
the characteristic peaks of gelatin (amide 1, 1650 cm ' and amide 2, 1540 cm ') and the characteristic peaks of PCL
(asymmetric -CH2 stretching and symmetric -CH2 stretching) appeared in all groups, indicating that each group of
nanomembranes contains both gelatin and PCL. Moreover, with the change in the ratio of ATP and HA, the peak at
350 cm ™" also changed correspondingly. In addition, XRD patterns clearly showed that the peaks of different groups changed
correspondingly at 8.4° and 31.7° with the change in ATP/HA content (Figure 2D), which demonstrates that ATP and HA
were successfully incorporated into the nanosheets. These results were also consistent with those of an earlier study.*

Characterization of Nanofiber Membranes

Figure 2E shows the results of the thermal weight loss analysis of the nanofiber membrane. The mass loss of the
nanomembrane mixed with different ratios of ATP/HA was lower than that of the PG group below 450 °C, and PG-
A2H1's mass loss was minimal among the groups. At 900 °C, the mass loss of the PG-A1H1 group was the lowest,
indicating that ATP increased the thermostability of the nanostructured scaffolds.

Figure 2F displays the water absorption rate of the nanomembranes. The water swelling rate increased after adding
different proportions of ATP/HA and was the highest in the PG-A2H1 group. As shown in Figure 21, the porosity of the
different groups was no significant difference.

Figure 2G shows the in vitro degradation of scaffolds from each group for 6 weeks. All groups had a fast degradation
rate at three weeks. The PG group degraded the fastest among all the groups. The PG-A2H1 group still had 84% of its
initial mass at 6 weeks, while the PG group degraded the fastest and had approximately 78% of its initial mass remaining.
In addition, the degradation rate of PG-A2H1 was slower than that of any other group after three weeks. Therefore,
adding ATP could slow the degradation of the biomaterials.
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Figure 2 Morphological characteristics and composition analysis of electrospun nanofiber membranes. (A) SEM image of nano-ATP. (B) TEM image of nano-ATP. (C) FTIR
spectra. (D) XRD patterns. (E) TGA. (F) Swelling and (G) degradability of the scaffolds. (H) Water contact angle. (I) Porosity. Data are expressed as the mean * standard
deviation. *p< 0.05, **p < 0.0 compared to the PG group. #p < 0.05 compared to the PG-H group.

Abbreviations: SEM, scanning electron microscopy; nano-ATP, nano-attapulgite; TEM, transmission electron Microscope; FTIR, Fourier transform infrared spectroscopy;
TGA, thermogravimetric analysis.

Figure 2H shows the water contact angle (WCA) results. Groups containing ATP exhibited deceased WCA compared
with other groups, demonstrating that the hydrophilicity of the nanoscaffold was improved after integration with ATP.

Bone defect implantation requires good biomechanical properties of bone substitutes (Figure 3). Figure 3A and B depict
the stress—strain curves of the biomaterials under dry and wet conditions. The elastic moduli of the control group were 7.59
+0.47 MPa and 14.97 +£0.58 MPa in the dry state and wet states, respectively, which indicated that the modulus of elasticity
improved under wet conditions. Moreover, the elastic modulus of the nanofibrous membranes improved with increasing
attapulgite content in the dry state. However, the change was reversed under wet conditions (Figure 3C). The strain at break
of the scaffolds decreased with increasing ATP in both the dry and wet states (Figure 3D). The tensile strength of
attapulgite-added scaffolds was higher than the control group in the dry state; however, the tensile strengths of the PG-H
and PG-A groups were lower than that of the control group in the wet condition (Figure 3E).

Evaluation of Scaffold Biocompatibility
Figure 4A shows the cell attachment on scaffolds after 3 days of incubation as observed by SEM. The BMSCs adhered to
the scaffolds from each group grew well, spread out evenly, and exhibited a favorable morphology. Moreover, Figure 4B
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shows Live/dead-stained images of cells after coculture with the extract of scaffolds after 3 days. BMSCs in each group
proliferated well, and few dead cells were observed. Figure 4C shows the cytoskeletal staining in which BMSC nuclei
were stained with Hoechst (blue), and F-actin was stained with rhodamine phalloidin (green). After three days of
adherence, BMSCs showed more outstretched filopodia-like extensions than the control group. These results demon-
strated that BMSCs can adhere and proliferate well on the scaffolds, indicating that the nanomembranes possess
favorable biocompatibility for BMSCs.

The cytotoxicity of the nanomembrane was tested by CCK-8 in vitro. Figure 4D shows that the proliferation of
BMSCs was affected by the extracts of each group. At 1, 3, and 5 days, the groups incorporated with ATP had the same
proliferation rate as the negative control group. Notably, the PG-A1H1 and PG-A2H1 groups had more proliferative
effects on Day 5 than the control group (*p < 0.05).

Expression of Osteoblast Molecular Markers in in vitro Experiments and Evaluation of
Osteogenic Induction Performance

Figures 5SA-D show the expression of specific osteogenic molecular marker mRNAs, which were measured by
quantitative real-time PCR assay (RT-qPCR). The gene expression levels of ALP, OPN, OSX, and Runx2 were
significantly upregulated after incorporating different proportions of ATP/HA in the scaffolds on Days 1, 3, and 7.
ALP and OPN expression levels were increased in the PG-A1H1 group compared with the PG-H group on Day 1
(* p < 0.05). The expression levels of ALP and OSX in the PG-A2H1 group were increased compared with those
in the PG-H group after 3 days of culture (*** p < 0.001). On Day 7, the expression levels of OPN and Runx2 in
the PG-A1H1 groups were significantly higher than those in the PG and PG-H groups (*** p < 0.001).

BMSCs were cultured in the DMEM, control group and incorporated ATP/HA groups, which were cultured in their
extract media for 14 days. Figure S5E shows the results of Alizarin Red S staining, which verified the mineralized calcium
nodules, which were most prominent in the PG-A1H1 and PG-A2H1 groups compared with the control group and the pure
HA group (PG-H). Figure 5F shows the results of ALP staining, which revealed that the groups that incorporated ATP had

higher activity than the control group. Moreover, the staining gradually deepened after the attapulgite content increased.
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Abbreviations: SEM, scanning electron microscopy; BMSCs, Mouse-sourced bone mesenchymal stem cells; CCK-8, cell counting kit-8.

Histological Evaluation of Bone Regeneration

At 12 weeks after the operation, the rat skull tissue was removed, and the new bone tissue was evaluated after 2 months
of decalcification. The results are shown in Figure 6A-D. In the control group, most of the bone defect area was still
connective tissue, and there was no obvious new bone tissue growth. After mixing different proportions of the ATP/HA
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Figure 5 Osteogenic gene expression and mineralization of different groups. (A—D) Expression of the osteogenic gene-specific markers at day |, day 3, and day 7: (A) ALR,
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Abbreviations: ALP, alkaline phosphatase; OPN, osteopontin; OSX, osterix; Runx2, runt-related transcription factor 2.

materials, new bone tissue growth was observed at the edge of the scaffolds. Masson staining (Figure 6A) revealed blue-
stained collagen fiber tissues in the pores of the nanomembrane material, and as the ratio of different groups of ATP/HA
changed, the area of new bone tissue also changed. While changes occurred there, the area of new bone tissue was the
most significant in the PG-A1H1 and PG-A2H1 groups.

Immunohistochemical Evaluations

Twelve weeks after planting, immunohistochemical (IHC) staining was performed (Figures 7A-D and 8A-D). Runx2,
OCN, OPN, and Col-1 were expressed to varying degrees in each group, and when the ATP/HA content gradually
increased, their expression levels showed a tendency to increase first and then decrease, indicating that the expression
levels of osteogenic-related proteins were affected by the dynamic change in the ATP/HA ratio. The protein expression
levels of Runx2, OCN, OPN, and Col-1 were significantly increased in the PG-A1H1 and PG-A2H1 groups. The
expression levels of Col-1 and OPN in the PG-A1HI1 group were higher than those in the PG-H group (*p < 0.05),
indicating that ATP can enhance the role of hydroxyapatite in the direction of osteogenic induction, and there is a certain
relationship between the enhancement effect and its ratio.

Discussion

HA is the primary inorganic component in bone tissue and has biocompatibility, bioactivity and osteoconductivity;
therefore, synthesized hydroxyapatite has been broadly used in tissue engineering applications, such as bone transplanta-
tion and drug carriers.>> However, the effects of hydroxyapatite on BMSC differentiation and osteogenic induction are
weak.”> Moreover, its biobrittleness and low fracture toughness have limited its application.’®” By incorporating
different trace elements, such as magnesium, zinc, and strontium, and incorporating other materials, the scaffolds’
physicochemical properties and osteogenic effects can be enhanced.®® Shiao-Wen Tsai’s acquired strontium-substituted
hydroxyapatite nanofiber (Sr-HANF) matrices were fabricated by electrospinning, which proved that HA-incorporated Sr
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Figure 6 Histological staining results of electrospun nanofibrous membranes with different ratios of ATP and HA after 12 weeks of implantation in rat skull defects. (A)
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jons could enhance the differentiation of MG63 osteoblast-like cells.>® Therefore, combining hydroxyapatite with other
materials to improve its physicochemical properties and osteoinductive effects has become a potential research
direction.?® In the process of this research, we successfully acquired PCL/GEL nanostructured scaffolds doped with
nano-ATP and HA in different proportions for bone tissue engineering by using electrospinning technology.

After adding different contents of ATP/HA, the diameter of the nanofibers was reduced, which could be because the
incorporation of ATP/HA increased the charge density of the solution. Son et al’s approach indicated that the addition of
cationic and anionic polyelectrolytes could enhance the conductivity of the solution and acquire a fibrous structure with
a smaller diameter.***' In addition, many studies have shown that cell proliferation and cell spreading in electrospun
scaffolds could be enhanced by decreased fiber size***>.

Changes in the surface topography of implantable materials, such as surface modification, porosity, roughness, and
water contact angle, could affect cell adhesion, proliferation and migration by influencing actin cytoskeleton reorganiza-
tion and filopodia formation through integrin receptor signaling.***> Numerous physical and chemical properties of the
biomaterial change after the addition of ATP. The surface roughness of electrospun nanomembranes is increased after
incorporation with ATP, which may be changed by the unique rod-like or fibrous morphology of ATP crystals.*® Molly
M. Stevens’ approach suggested that the enhanced nanoscale roughness of scaffolds could increase cell attachment,
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Figure 7 Immunohistochemical staining after implantation of nanofibrous materials for 12 weeks. (A) Runx2. (B) OCN. (C and D) Quantitative analysis of protein
expression from (A and B). Data are shown as the mean * standard deviation (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 between groups. Scale bar = 200 pm.
Abbreviations: Runx2, runt-related transcription factor 2; OCN, osteocalcin.

proliferation, and the expression of matrix components.*” Meanwhile, the hydrophilicity presented by the water contact
angle and swelling rate is improved, which could facilitate the adhesion and growth of BMSCs on the surface of the
material.*?

Nanofibrous sheets should have good toughness and adequate mechanical strength when applied to bone tissue
implants to better match the host bone tissue defect. Our results showed that the tensile properties of the material were
improved after adding attapulgite. The ideal BTE scaffold should be degradable, and the biodegradation rate should
match the growth velocity of new bone tissue.'* All of the groups degraded quickly in the first three weeks. The PG-
A2HI1 group had 84% of its initial mass at 6 weeks, while the PG group merely had approximately 78% of its initial mass
remaining, which was the most mass loss among all the groups. In addition, the degradation rate of PG-A2H1 was slower
than those of the other groups after the third week. Therefore, adding attapulgite can slow down the degradation of the
biomaterial, and it will provide favorable mechanical support when the new bone tissue grows slowly.

In BTE, biocompatibility is essential to assess whether a material can provide a suitable microenvironment for cell
survival, proliferation and differentiation.*® The results of SEM, live/dead staining and cytoskeleton actin staining
showed that the BMSCs grew well on the material, and the cytoskeleton spread well, indicating that the nanofiber
membrane can provide a favorable microenvironment for cell growth. The CCK-8 results further showed excellent
biocompatibility and cell proliferation function when ATP/HA was incorporated into the materials. Lucie Bacakova’s
study reported that the attachment of cells to the surface of biomaterials is mediated by extracellular or temporary matrix
molecules such as fibronectin, vitronectin, collagen, laminin or fibrin.** Attapulgite has strong adsorption properties and
can spontaneously adsorb bioactive molecules from body fluids and other body fluids to the material, which could build
up a benign microenvironment for adherent cells. A series of consequences indicated that the material incorporating
different ATP/HA ratios acquired favorable histocompatibility and could match the requirements of BTE scaffolds.

The ALP activity of BMSCs increased after seeding for 14 days, which indicated that PCL/GEL/ATP/HA nanofiber
membranes could induce osteogenic responses in BMSCs in vitro. In addition, ARS staining showed that osteoblasts in
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the PCL/GEL/ATP/HA group secreted significant extracellular calcium deposits compared with the groups without nano-
ATP. These results indicate that the incorporation of nano-ATP can effectively induce the differentiation and mineraliza-
tion of BMSCs due to ATP being rich in various ions, such as Si*', Ca* and Mg®". Werner EG Miiller’s approach proved
that biosilica can induce expanded biomineralization of Sa0S-2 cells in vitro.*

The osteogenic expression levels of ALP, OCN, OPN, Runx2, OSX and other genes changed after mixing different
contents of ATP/HA. As the proportion of attapulgite increased, the expression levels revealed that the osteogenic gene
expression in the PG-A1H1 group and PG-A2H1 group was significantly improved. The specific mechanism by which
attapulgite can promote the differentiation of BMSCs into osteoblasts is still unclear. Its osteoinductive effect is probably
related to its silicon and magnesium contents. It has been reported that silicon and magnesium ions have osteoinductive
effects.’™! Many studies have proven that silicon ions can improve the synthesis of type 1 collagen to enhance
osteogenic differentiation, and a small amount of Si*" also enhances synthetic apatite materials such as bioapatite and

HA due to its stability and biological activity.’>* Si*"

can also induce the production of bone extracellular matrix (ECM)
by enhancing prolyl-4-hydroxylase (prolyl-4-hydroxylase).>* Magnesium ions also have a certain osteoinductive
effect.>*>® In addition, ATP has a large specific surface area and strong adsorption capacity and can absorb growth
factors and nutrients in the surrounding tissues, which is beneficial for promoting the regeneration of defective
tissues.™>* ¢! The physical and chemical properties and structural characteristics of ATP make it a potential material
for bone tissue repair.*> Our previous experiments confirmed that nanoattapulgite has good biocompatibility and
promotes bone formation.®*

The results of the rat skull defect model showed that a large amount of new bone tissue was observed in the groups
that incorporated attapulgites at 12 weeks; furthermore, the PG-A1H1 and PG-A2H]1 groups expressed more new bone

than the control group. Immunohistological staining also indicated that the expression levels of Runx2, Col-1, OCN and
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OPN in the A1H1 group and PG-A2H1 group were significantly better than those in the other groups. These results
further confirmed that ATP is a substance that could exert synergetic effects with HA to enhance osteoinductive
properties. Therefore, it may have broad application prospects in the field of BTE.

Conclusion

Electrospinning technology is an effective method for preparing porous nanofiber membranes. In this study, we
successfully fabricated nanofiber membranes containing different proportions of PCL/GEL/ATP/HA using electrospin-
ning technology. Compared with materials without ATP, the composite nanomaterials showed good biocompatibility. In
addition, ATP was able to produce a synergistic effect on bone formation. The histological staining results after 12 weeks
further proved its synergistic effect. Therefore, the PCL/GEL/HA nanofiber membrane mixed with different proportions
of ATP has a synergistic osteogenesis effect.
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