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Zein/gelatin/nanohydroxyapatite nanofibrous
scaffolds are biocompatible and promote
osteogenic differentiation of human periodontal
ligament stem cells¥
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In bone tissue engineering, it is important for biomaterials to promote the osteogenic differentiation of
stem cells to achieve tissue regeneration. Therefore, it is critical to develop biomaterials with excellent
cytocompatibility and osteoinductive ability. In our previous study, we found a zein/gelatin electrospinning
scaffold with good biocompatibility, but low ostecinductive ability for human periodontal ligament stem
cells (hPDLSCs). Therefore, herein, we fabricated novel zein/gelatin/nanohydroxyapatite (zein/gelatin/
nHAp) nanofibrous membranes to overcome the drawbacks of the zein/gelatin scaffold. The results
showed that the surface wettability of the zein/gelatin/nHAp nanofiber membranes was increased.
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Moreover, the inclusion of nHAp facilitated the attachment, proliferation, and osteogenic differentiation of
hPDLSCs. Overall, the zein/gelatin/nHAp nanofiber membranes showed good biocompatibility and
osteoinductive activity for hPDLSCs in vitro and in vivo; this suggested potential applications of these
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Introduction

Periodontitis is a chronic inflammatory disease that invades
the gums and the supporting periodontal tissues, leading to
an irreversible loss of attachment and alveolar bone resorp-
tion. It is difficult to restore the destroyed tissue in terms of
structure and function once it is damaged. Conventional thera-
pies currently applied to treat periodontal diseases have shown
limited potential for complete periodontal regeneration." The
regeneration of a functional tooth-supporting attachment
apparatus, especially osseous tissue, is of significant impor-
tance.>® Human periodontal ligament stem cells (hPDLSCs)
have characteristics similar to those of mesenchymal stem
cells (MSCs) and are a type of stem cell discovered by Seo.*
hPDLSCs have become a hotspot in periodontal tissue engin-
eering because of their ease of access, low immunogenicity,
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membranes in bone tissue engineering.

multi-directional differentiation ability, and cementum-period-
ontal ligament complex formation.”® However, only a few
studies have been reported on biomaterials with osteoinduc-
tive abilities for hPDLSCs. Therefore, it is urgent to develop
biomaterials that facilitate the cytocompatibility and osteo-
genic differentiation of hPDLSCs.

The extracellular matrix (ECM) is a complex interconnected
structure composed of mucopolysaccharides and fibrin that
provides mechanical strength and structural support for cells.’
Electrospinning is a popular technique for generating fibres
ranging from the nanometre to the micrometre scale to mimic
the characteristics of the ECM to some extent.”** Thus, electro-
spun nanofibers have been extensively applied in tissue engin-
eering, wound repair, and drug delivery.'>"* Zein and gelatin
are natural polymers with excellent biocompatibility and biode-
gradability, which have been extensively investigated.'*® In our
previous study, zein/gelatin membranes were fabricated by
electrospinning, and their compatibility with hPDLSCs was eval-
uated."” The electrospun zein/gelatin membranes enhanced the
attachment and growth of the hPDLSCs. However, hPDLSCs cul-
tured on the electrospun zein/gelatin membranes showed weak
alkaline phosphatase (ALP) activity. Therefore, it is necessary to
incorporate a component with osteoinductive activity into the
zein/gelatin nanofibres.

Hydroxyapatite (HAp) [Ca;o(PO,)s(OH),] is the main in-
organic substitute of alveolar bone with high mechanical
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strength, good biocompatibility, and osteoinductive
ability.>'®'® Natural crystalline hydroxyapatite in the needle
form is about 15-200 nm in length, 10-80 nm in width, and
2-7 nm in thickness.?® Therefore, compared to apatite, nano
hydroxyapatite (nHAp) is more similar to natural bone in
terms of crystallinity and morphology. The nHAp component
is believed to promote the formation and deposition of
calcium phosphate in the human body. It can enhance the
intrinsic strength and biological activity of other biological
materials and thus reduce their negative effects.>'>* Thus,
nHAp is considered to be the most promising material in bone
regeneration.

In this study, we fabricated zein/gelatin/nHAp nanofiber
membranes by electrospinning. The cytocompatibility of the
zein/gelatin/nHAp membranes was evaluated by in vitro cell
attachment and proliferation assays. The effects of the zein/
gelatin/nHAp membranes on the osteogenic differentiation of
hPDLSCs were investigated by in vitro and in vivo experiments
(Scheme 1). The results of this study may provide useful infor-
mation for scaffold selection in periodontal tissue
regeneration.

Materials and methods
Materials

Alpha-minimum essential medium was purchased from Gibco
(Grand Island, NY, USA). The osteogenic medium consisted of
a standard culture medium supplemented with 100 pM
L-ascorbic-2-phosphate, 20 pM dexamethasone, and 2 M
B-glycerophosphate purchased from Sigma-Aldrich. Adipogenic
medium was purchased from Cyagen Biosciences Inc.
(Sunnyvale, CA, USA). The CellTiter 96 AQueous One Solution
Cell Proliferation Assay (MTS) kit was obtained from Promega
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Corporation. Zein (Z3625), gelatin from porcine skin (gel
strength = 300 g Bloom, Type A), and collagenase type I were
purchased from Sigma. 1,1,1,3,3,3-Hexafluoro-2-propanol
(HFIP, 99%) was purchased from Energy Chemical. Nano
hydroxyapatite (nHAp, >97%, <100 nm particle size) was pur-
chased from Aladdin.

Preparation of the nanofibrous membranes

Fabrication of the nanofibrous membranes. To fabricate
zein/gelatin and zein/gelatin/nHAp scaffolds, 0.50 g of zein
and 0.17 g of gelatin were dissolved in 5.0 mL of HFIP, and
different amounts (0.05 g, 0.10 g, or 0.17 ) of nHAp were
added to this solution, as presented in Table 1. During the
electrospinning process, the homogeneously mixed solution
was put in a syringe with a diameter of 5 mm, and the collector
distance was 15 cm. The electrospun nanofibrous matrices of
zein/gelatin, zein/gelatin/nHAp-1, zein/gelatin/nHAp-2, and
zein/gelatin/nHAp-3 were prepared by applying a voltage of 20
kV and a solution flow rate of 0.6 mL h™". All these membranes
were cut and placed in 48-well and 96-well plates. After the
front and back of the membranes were subjected to UV
irradiation for 2 h, the membranes were placed in tissue
culture plates and washed three times with PBS. All samples
were soaked in a standard medium for 12 hours before the
cells were seeded for subsequent experiments.

Characterisation of the nanofibrous matrix. Surface mor-
phologies of the electrospun zein/gelatin, zein/gelatin/nHAp-1,
zein/gelatin/nHAp-2, and zein/gelatin/nHAp-3 fibre mem-
branes were observed using scanning electron microscopy
(SEM, JSM-6330F, Tokyo, Japan). The electrospun nanofibrous
matrices were sputter-coated with gold and imaged by SEM at
the accelerating voltage of 20 kV. The fibre diameters were ana-
lysed using an image analysis software (Image Plus 6). The
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Scheme 1 The fabrication of electrospun membranes from zein, gelatin and nanohydroxyapatite (hnHAp), and the effects of the membranes on the
osteogenic differentiation of human periodontal ligament stem cells (hPDLSCs).

Table 1 Preparation conditions for the electrospun zein/gelatin/nHAp nanofibers with different compositions

Sample Zein/gelatin (g/g) nHAP (g) HFIP (mL) Zein ratio (w/w) Gelatin ratio (w/w) nHAp ratio (w/w)
Zein/gelatin 0.50/0.17 0 5.0 74.63% 25.37% 0
Zein/gelatin/nHAp-1 0.50/0.17 0.05 5.0 69.44% 23.61% 6.94%
Zein/gelatin/nHAp-2 0.50/0.17 0.10 5.0 64.94% 22.08% 12.98%
Zein/gelatin/nHAp-3 0.50/0.17 0.17 5.0 59.52% 20.24% 20.24%
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average fibre diameter was determined by randomly selecting
300 fibres from each sample.

Characterisation of the contact angle of the nanofibrous
matrix. The contact angles of the nanofibrous matrices were
measured with deionised water using KRUSS DSA10-MK
(KRUSS, Hamburg, Germany). Deionised water was automati-
cally dropped onto the scaffold, and the contact angle was
determined via triplicate measurements.

hPDLSC isolation and culture. Disease-free premolars were
obtained from patients with orthodontic demands in the
Affiliated Stomatological Hospital of Sun Yat-sen University.
The research was approved by the ethics committee at the
Affiliated Stomatological Hospital of Sun Yat-sen University
(ERC-[2016]-46). Informed consents were obtained from the
human participants in this study. The periodontal ligament
tissues were scraped from the middle section of the root and
enzymatically digested with 3 mg mL™" collagenase type I and
4 mg mL ™" dispase for 1 hour. Subsequently, the tissues in the
culture medium were placed on a tissue culture plate. After
8-10 days, the cells gradually migrated from the tissue blocks,
and all the cells were obtained when they reached 80% conflu-
ence. The cells were then seeded at the density of 1200 cells
per cm?® on a culture plate. After 12 days, the cells were fixed
with 4% paraformaldehyde and stained with 1% crystal violet.
The colony-forming ability of the cells was observed by
microscopy. A group of cells with higher than 50 cells was
characterised as a colony, and images of single colonies were
obtained by microscopy. The colony-forming cells were
obtained, and cells at the passage 3-5 were used for sub-
sequent experiments.

hPDLSC identification

Immunofluorescence staining. Cells were seeded at 2000
cells per cm? on a 24-well plate. After two days, the cells were
fixed with 4% paraformaldehyde and permeabilized by 0.1%
TritonX-100 at room temperature. Subsequently, the cells were
incubated in 1% bovine serum albumin (BSA) for 30 min to
block the non-specific binding sites. The cells were then incu-
bated with primary antibodies against cytokeratin and vimen-
tin (1:200, Abcam) for 1 hour followed by incubation with sec-
ondary antibodies (1:300, Abcam) for 45 min in the dark.
After this, Hoechst 33342 (1:10000; 1 mg mL™") was applied
for nuclear staining. The results were observed, and images
were obtained using fluorescence microscopy.

Flow cytometry. After collection, the cells were incubated
with antibodies against CD34, CD44, CD45, CD90, CD105, and
CD166 (FITC-labelled) for 1 h in the dark. After centrifugation
at 800 rcf for 3 min, the cells were resuspended in 300 pL PBS.
Fortessa flow cytometry was performed to detect the expression
of the surface markers on the cells, and the results were ana-
lysed by the FlowJo software.

Osteogenic differentiation assay. For osteogenic differen-
tiation, hPDLSCs were seeded at the density of 1 x 10° cells per
cm? on a 24-well plate. After the cells reached 80% confluence,
the medium was replaced by an osteogenic medium and
changed every 2-3 days. After 28 days, the cells were fixed with

This journal is © The Royal Society of Chemistry 2019
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4% paraformaldehyde for 15 min at room temperature and
stained with 2% Alizarin red (pH 4.2). After three times
washing with PBS, calcium nodules were observed via a micro-
scope and imaged.

Adipogenic differentiation assay. For adipogenic differen-
tiation, hPDLSCs were seeded at the density of 1 x 10° cells per
cm’® on a 24-well plate. After the cells reached 100% conflu-
ence, the medium was replaced with the adipogenic medium,
and the medium was changed every 2-3 days. After three
weeks, the cells were fixed with 4% paraformaldehyde and
stained with Oil red O at room temperature for 15 min. The
lipid droplets were observed using a microscope, and images
were obtained.

Biocompatibility and osteogenesis in vitro and in vivo

Cell adhesion and proliferation. Cell adhesion and prolifer-
ation were evaluated by an MTS assay. The hPDLSCs were
seeded at the density of 8 x 10° cells per cm* on membranes in
96-well plates and cultured. Cell adhesion and proliferation
were evaluated according to the manufacturer’s instruction.
After being rinsed with sterilized PBS, the cells were incubated
with the MTS reagent for 3 hours at 37 °C under a 5% CO,
atmosphere. The values of the optical density (OD) at 490 nm
were determined for data analysis.

Cell morphology. The cell morphology was observed by
F-actin staining using the Zeiss Axio Observer Z1 fluorescence
microscope (Carl Zeiss, Oberkochen, Germany). The hPDLSCs
were seeded at the density of 3500 cells per cm” on the mem-
branes in 96-well plates. The cells were fixed with 4% parafor-
maldehyde, permeabilized by 0.1% Triton X-100, and blocked
with 1% BSA for 30 min. The Actin-Tracker Green working
agent was used to stain F-actin. After this, Hoechst 33342 was
applied for nuclear staining, and the cells were washed three
times with PBS. Cell spreading was observed, and images were
obtained using a fluorescence microscope.

ALP activity. ALP activity was evaluated to investigate the
osteogenic differentiation ability of the hPDLSCs cultured on
membranes. The cells were seeded at the density of 6000 cells
per cm” in 48-well plates, and the medium was changed every
2-3 days. Then, the cells were lysed, and the ALP activity was
evaluated following the instructions of the ALP assay kit
(Nanjing Jiancheng Bioengineering Institute, China).
Absorbance was measured at the OD value of 520 nm.

Alizarin red staining. The hPDLSCs were seeded at 6000
cells per ecm? on four different membranes in 48-well plates.
After 14 days of culture, Alizarin red staining was applied to
evaluate the formation of calcification nodules and performed
as abovementioned. After all the images were obtained,
calcium salt deposition in each group was determined using
the hexadecyl pyridine semi-quantitative method. The OD
values were obtained at 562 nm using a spectrophotometer for
data analysis.

The real-time polymerase chain reaction. The levels of osteo-
genic differentiation-related genes (ALP, osteocalcin (OCN),
and Runx2) in hPDLSCs cultured on scaffolds were assessed
using the real-time polymerase chain reaction (RT-PCR). All

Biomater. Sci, 2019, 7, 1973-1983 | 1975


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8bm01653d

Open Access Article. Published on 27 February 2019. Downloaded on 12/4/2025 4:35:50 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Table 2 Real-time polymerase chain reaction (RT-PCR) primers

Gene Predicted

target Sequence size (bp)

ALP Forward: 5-GTGAACCGCAACTGGTACTC-3' 81
Reverse: 5-GAGCTGCGTAGCGATGTCC-3'

OCN Forward: 5-CACTCCTCGCCCTATTGGC-3' 112
Reverse: 5-CCCTCCTGCTTGGACACAAAG-3’

RUNX2 Forward: 5-TGGTTACTGTCATGGCGGGTA-3' 101
Reverse: 5-TCTCAGATCGTTGAACCTTGCTA-3'

GAPDH Forward: 5-AGCCACATCGCTCAGACAC-3' 67

Reverse: 5-GCCCAATACGACCAAATCC-3'

primer sequences were designed according to Table 2. The
hPDLSCs were seeded onto the zein/gelatin/nHAp membranes
at 8000 cells per cm?, and the cells were obtained. The total
RNA was extracted by Trizol. The residual DNA was removed,
and the total RNA extraction was followed by ¢cDNA reverse-
transcription. The PCR was performed using LightCycler 480
SYBR Green I Master, and the conditions were set as follows:
initial denaturation at 95 °C for 10 min, 40 cycles of amplifica-
tion at 95 °C for 15 s, 60 °C for 20 s, and 72 °C for 20 s. Data
were analysed using the LightCycler 480 Software Version 1.5
and calculated using the comparative 274*“* method. GAPDH
was set as the reference gene, and all the reactions were per-
formed in triplicate.

Animal model. Herein, thirty male Sprague-Dawley rats
(200-250 g) were used in the animal model. All animal pro-
cedures were performed in accordance with the Guidelines for
Care and Use of Laboratory Animals of Sun Yat-Sen University
and approved by the Institutional Animal Care and Use
Committee of Sun Yat-Sen University (SYSU-IACUC-2018-
000029). Under general anaesthesia, the cranium of the rats
was exposed after medical incision. Then, two full-thickness
bone defects of 5 mm diameter in symmetry were created by a
dental machine. Both sides were implanted with the same type
of membranes in three layers with/without hPDLSCs (2 x 10°
cells). The groups were divided into (1) the zein/gelatin
scaffold group, (2) the zein/gelatin/nHAp-1 scaffold group, (3)
the zein/gelatin/nHAp-2 scaffold group, (4) the zein/gelatin/
nHAp-2 + hPDLSCs group and (5) the zein/gelatin/nHAp-3
scaffold group. The incisions in all the animals were closed
with surgical sutures in the fascia layer and skin layer.
Postoperatively, all animals were kept in a warm area until they
were awoken and allowed free activity in a cage. The animals
were sacrificed after 6 and 12 weeks, and the whole calvarias
were harvested. All specimens were washed three times with
PBS and fixed in a 4% paraformaldehyde solution for 48 h at
4 °C.

Micro-computed tomography (CT) examination. A micro-CT
scanner (SCANCO pCT50, Muttenz, Switzerland) was applied
to detect the newly formed bone in the cranial defects of the
rat animal model. A Mimics software (Mimics 17.0,
Materialise, Leuven, Belgium) was applied to obtain three-
dimensional images and calculate the bone mineral density of
the new bone-like tissue.

1976 | Biomater. Sci., 2019, 7, 19731983
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Histological evaluation. After pCT scanning, the specimens
(12 weeks) were subjected to histological evaluation. Briefly,
the specimens were decalcified with a 10% EDTA solution (pH
7.4) for 1 month. Then, the samples were embedded for hema-
toxylin and eosin (HE) and masson trichrome (Masson) stain-
ing. All the samples were scanned by a tissue scanner equip-
ment (Aperio, ScanScope XT, USA).

Statistical analysis

Statistical analyses were performed using the SPSS 20.0 soft-
ware (SPSS, Chicago, IL, USA). Values are expressed as the
mean + SD. One-way-analysis of variance was used for compari-
son among the groups. P < 0.05 was considered as the statisti-
cal significance level, and P < 0.01 was considered as the
higher significance level.

Results
Characterisation of the zein/gelatin/nHAp scaffolds

SEM of zein/gelatin/nHAp scaffold morphology. SEM images
of the electrospun nanofibres are shown in Fig. 1. The mor-
phology was not affected after the introduction of nHAp;
however, the nHAp particles could be observed. All scaffolds
presented highly porous networks, and the nHAp-containing
groups had relatively rough surfaces. The incorporation of
nHAp did not affect the obvious tensile strength of zein/gelatin
nanofibers (Fig. S1 and Table S1t). The degradation rate of the
zein/gelatin membranes was faster than that of the zein/
gelatin/nHAp membranes (Fig. S27). The increase in the con-
centration of nHAp caused the degradation rate to slow down
in the zein/gelatin/nHAp-1, zein/gelatin/nHAp-2, and zein/
gelatin/nHAp-3 membranes (Fig. S2+).

Ilh.m

I 1um

Fig.1 SEM images of the electrospun zein/gelatin (A), zein/gelatin/
nHAp-1 (B), zein/gelatin/nHAp-2 (C), and zein/gelatin/nHAp-3 (D)
nanofibers.

This journal is © The Royal Society of Chemistry 2019
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Water contact angle measurement. The water contact angles
of the zein/gelatin, zein/gelatin/nHAp-1, zein/gelatin/nHAp-2,
and zein/gelatin/nHAp-3 nanofibrous matrices were 109.6 +
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Fig. 2 Contact angles of the electrospun zein/gelatin, zein/gelatin/
nHAp-1, zein/gelatin/nHAp-2, and zein/gelatin/nHAp-3 nanofibers.
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1.6°, 84.1 + 1.5°, 74.1 + 1.3°, and 65.2 + 0.9°, respectively. As
the content of nHAp increased from 0 to 20%, the water
contact angle decreased from 109.6° to 65.2° (Fig. 2). The
results demonstrated that nHAp inclusion improved the
surface wettability of the zein/gelatin membranes.
Characterisation of the hPDLSCs. The primary cultured
hPDLSCs gradually migrated from tissue blocks. Fig. 3A shows
the formation of clonogenic clusters with plastic-adherent
characteristics. Subsequently, the colony-forming cells were
obtained and resuspended in a flask. The cells gradually
extended from a spherical shape into the classic fusiform mor-
phology displayed in Fig. 3B. The hPDLSCs positively
expressed the MSC marker vimentin, but negatively expressed
the epithelium marker cytokeratin (Fig. 3C and D, respect-
ively); this indicated that the hPDLSCs were derived from the
mesenchymal tissues. In terms of the multi-differentiation
potential, the hPDLSCs exhibited Alizarin red-positive minera-
lised nodules and Oil Red O-positive lipid droplets after induc-
tion (Fig. 3E and F, respectively). Flow cytometry demonstrated
that the hPDLSCs highly expressed the MSC surface markers
CD44 (100%), CD90 (99.2%), CD105 (99.8%), and CD166
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Fig. 3 Characteristics of hPDLSCs. The morphology of a single-colony-forming unit of hPDLSCs (A). hPDLSCs adhered on a tissue culture plate in a
spindle shape (B). hPDLSCs expressed vimentin (C), but not cytokeratin (D). Alizarin red staining (E) and Oil Red O staining (F) of the hPDLSCs.

Surface markers of the hPDLSCs detected by flow cytometry (G).

This journal is © The Royal Society of Chemistry 2019
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(99.7%); on the other hand, low expression of the haemato-
poietic stem cell surface markers CD34 (1.22%) and CD45
(1.08%) was observed (Fig. 3G). Overall, the isolated hPDLSCs
of mesenchymal origin were indeed successfully obtained.

Biocompatibility and osteogenesis in vitro

The cellular attachment and proliferation assay. The MTS
assay was performed to evaluate the attachment and prolifer-
ation of hPDLSCs cultured on electrospun fibrous membranes
at different times. The attachment of cells in the zein/gelatin/
nHAp-2 group was significantly higher than that in the zein/
gelatin group (Fig. 4A). Compared with the case of the zein/
gelatin group, the proliferation of the hPDLSCs in the zein/
gelatin/nHAp-2 group was significantly increased (P < 0.01,
Fig. 4B). These results demonstrated that the zein/gelatin/
nHAp-2 membrane was more beneficial for cell attachment
and proliferation than the zein/gelatin membrane.

Cell morphology. The attachment and morphology of the
hPDLSCs cultured on scaffolds were investigated by fluo-
rescence staining. The cells tightly anchored on the surface of
the scaffolds and exhibited an incompletely spread mor-
phology on the first day (Fig. 5). This suggested that the cells
were in the process of spreading. With a prolonged culture
time, the cells continually stretched and eventually maintained
a fully spread appearance. Furthermore, the number of
attached cells on the nHAp-containing membranes was
obviously higher than that on zein/gelatin (Fig. 5). The results
indicated that zein/gelatin/nHAp facilitated the cell adhesion
and growth.

Alizarin red staining. Alizarin red staining was applied to
evaluate mineralisation in the hPDLSCs on the scaffolds. Fig. 6
shows that the positive staining of Alizarin red in terms of
both area and density on the zein/gelatin/nHAp groups is
higher than that on the zein/gelatin group. Zein/gelatin/nHAp-
2 showed the highest amount of mineralised nodule for-
mation. The results demonstrated that nHAp inclusion pro-
moted the mineralisation of hPDLSCs.

ALP activity. The osteogenic differentiation of cells on the
scaffolds was assessed by the ALP activity at 7 and 14 days. As
shown in Fig. 7, the nHAp-containing membranes showed
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higher ALP expression than the zein/gelatin membrane; this
indicated stronger osteogenic differentiation ability of the
former membranes. Notably, the difference between the ALP
activities of the zein/gelatin/nHAp-2 and zein/gelatin mem-
branes was statistically significant (p < 0.05) at 7 and 14 days.
The results suggested that the zein/gelatin/nHAp membranes
provided a more beneficial environment for the osteogenic
differentiation of hPDLSCs.

Real-time PCR analysis. To further determine the osteogenic
differentiation of hPDLSCs on zein/gelatin/nHAp membranes,
the osteogenesis-related genes were analysed. Fig. 7 presents
the relative expression levels of ALP, OCN, and Runx2 of
hPDLSCs on the scaffolds. After 7 and 14 days of culture, the
gene expressions of ALP, OCN, and Runx2 were significantly
elevated in the zein/gelatin/nHAp-2 and zein/gelatin/nHAp-
3 groups as compared to those in the zein/gelatin group.

Biocompatibility and osteogenesis in vivo. Fig. 8 shows the
formation of a new bone after the scaffolds were implanted for
6 and 12 weeks. The images showed that at 6 weeks, the defect
area in the zein/gelatin scaffold was still large, and only a
small amount of new bone was regenerated. However, the
bone defect areas in the nHAp-containing scaffolds were
smaller than those in the zein/gelatin scaffold. Moreover, the
composite of hPDLSCs and zein/gelatin/nHAp-2 exhibited an
obvious reduction in the bone defect area as compared to the
zein/gelatin/nHAp-2 scaffold; this revealed that the environ-
ment provided by the zein/gelatin/nHAp membranes was con-
ducive to the osteogenic differentiation of hPDLSCs. At 12
weeks, bone repair in the cranial defects was consistent with
the trend observed at 6 weeks. Bone formation in vivo at 12
weeks was further analysed by histological staining. Similarly,
the group of zein/gelatin/nHAp-2 seeded with hPDLSCs
showed more new bone formation than the other scaffold
groups (Fig. 9 and 10).

Discussion

Bioactive scaffolds are an indispensable element of bone
tissue regeneration. Ideally, a biomaterial scaffold should best
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Fig. 4 Characterisation of cell attachment (A) and proliferation (B) on electrospun membranes containing zein/gelatin with different nHAp ratios at

different times (*P < 0.05).
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Fig. 6 The mineralisation ability of hPDLSCs cultured on zein/gelatin,
zein/gelatin/nHAp-1, zein/gelatin/nHAp-2, and zein/gelatin/nHAp-3
nanofibers for 14 days. Semi-quantitative result of Alizarin red staining
(**P < 0.01).

mimic the natural ECM in terms of compositional and struc-
tural features.>">* In this study, the electrospinning technique
was applied to produce three-dimensional zein/gelatin/nHAp
nanofibrous membranes with a porous interconnected nano-
structure. The water contact angle of the membranes had a

This journal is © The Royal Society of Chemistry 2019

direct correlation with the mass ratio of nHAp, and the surface
wettability was improved after the nHAp content was increased
because of the hydrophilic nature of nHAp.>® In a similar
finding, it was reported the contact angle of poly (i-lactide)
nanofibres was reduced by nHAp inclusion.>®

The biocompatibility of biomaterials is one of the prerequi-
sites for medical therapy and is closely related to the biological
behaviour of cells when they are in contact with the biomater-
ials. The first interaction is cell attachment, followed by the
natural process of cell spreading. Thus, the quality of the
initial cell adhesion will affect the proliferation capacity as
well as the directional differentiation of cells.”’>° The attach-
ment of the cells on the scaffolds increases the survival time
and viability of the cells; the zein/gelatin/nHAp membranes in
this study enable better cell adhesion in the early stages and
better cell proliferation when compared with the zein/gelatin
membranes because of multiple factors. First, the gelatin and
nHAp components enhanced the surface wettability of the
membrane, providing a hydrophilic microenvironment to
promote cell affinity. Second, gelatin with short RGD oligopep-
tide sequences provided various integrin binding sites for
cells.*® Moreover, nHAp could adsorb adhesion proteins, such
as fibronectin and vitronectin, on its surface; this led to a
better binding of integrins to nHAp.>" Third, the rough surface

Biomater. Sci., 2019, 7, 1973-1983 | 1979
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of zein/gelatin/nHAp also favoured cell attachment.*?
Therefore, it takes a very short time for the hPDLSCs to adapt
to the zein/gelatin/nHAp membranes.

Pore size is connected with the attachment, proliferation
and infiltration of cells in tissue scaffolds.’*> The optimal

pore size approximates the diameter of cells.>®> A small pore

1980 | Biomater. Sci., 2019, 7, 1973-1983

size limits the infiltration and ingrowth of cells into the nano-
fibers, whereas a large pore size prevents cell attachment due
to an insufficient surface area.**” Nowadays, there are many
novel techniques for optimizing the pore size to improve the
effectiveness of biomaterials such as the sacrificial fibres and

the 3D gradient pore scaffolds.>®*® The sacrificial fibres

This journal is © The Royal Society of Chemistry 2019
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support infiltration, colonization and maturation of MC3T3-E1
pre-osteoblasts.>® The 3D gradient pore scaffolds are beneficial
for cell infiltration depth, which are promising biomaterials
for tissue engineering with gradient pore sizes.*® Therefore, we
will focus on optimizing the pore size of the zein/gelatin/nHAp
membranes in future research.

The osteoinductive bioactivity of a scaffold is essential for
bone defect construction. In the zein/gelatin/nHAp nanofiber
membranes, osteogenic biomarker genes (including ALP,
OCN, and Runx2) were highly expressed. The results indicated
that the addition of nHAp could effectively promote the differ-
entiation of hPDLSCs towards the osteoblastic lineage.
Calcium ions released from the partial dissolution of nHAp
can promote osteogenic differentiation and bone mineralis-
ation.”® Moreover, nHAp could “cross-link” the fibres by
mechanical interlocking or forming calcium ion bridges, thus
having an osteoinductive function.*' ALP is a widely recog-
nised marker of early osteoblastic differentiation associated
with undifferentiated pluripotent stem cells.”>** Runx2 is
the key transcription factor that initiates and regulates early
osteogenesis and late mineralisation of bone.***® The high
expression of ALP and Runx2 at 7 and 14 days illustrated
that the zein/gelatin/nHAp membranes had positive effects on
the differentiation of hPDLSCs into osteoblasts at the early

This journal is © The Royal Society of Chemistry 2019

stage. OCN, a non-collagenous protein exclusively
synthesised by osteoblasts in the process of bone matrix min-
eralisation, is an important marker reflecting osteogenic
activity in the late stage of maturation.*>*® In addition, OCN is
considered effective in controlling the nucleation of Hap
crystals.””

During the process of stem cell differentiation into osteo-
blasts, osteoblast precursor cells could bind to nHAp via
surface adhesion proteins.>' Rat bone marrow stem cells cul-
tured on silk fibroin fibres with 20 wt% HAp showed the best
osteogenic differentiation ability.*® However, polycaprolactone/
HAp scaffolds with 15 wt% HAp content exhibited higher ALP
activity.*® In our study, the zein/gelatin/nHAp scaffolds with
13% nHAp facilitated robust osteogenesis. We speculate that
the different results may be influenced by the cell phenotype,
nHAp content, and constituents of the biomaterials and are
worthy of further investigation.

To assess the ability of zein/gelatin/nHAp as scaffolds for
hPDLSCs to promote bone repair in vivo, a rat cranial defect
model was established. Micro-CT, HE staining and
Masson staining showed new bone formation in the zein/
gelatin/nHAp scaffolds and the composites of hPDLSCs
and zein/gelatin/nHAp. These findings illustrated that both
zein/gelatin/nHAp and hPDLSCs contributed to bone

Biomater. Sci., 2019, 7, 1973-1983 | 1981
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regeneration in vivo. Zein/gelatin/nHAp facilitated osteogenesis
in vivo likely owing to the topography and components that
mimic the ECM as well as the osteoinductive function of
nHAp. The hPDLSCs may directly differentiate into osteocytes
by secreting diverse soluble molecules to modulate the micro-
environment because they have similar characteristics as
MSCs.”®*" Thus, further investigation is necessary to clarify
the mechanism of zein/gelatin/nHAp in affecting the hPDLSC
osteogenesis.

Conclusions

This study demonstrated that the electrospun zein/gelatin/
nHAp nanofibres could facilitate the attachment, proliferation,
and osteogenic differentiation of hPDLSCs. Moreover, the elec-
trospun zein/gelatin/nHAp nanofibers had good biocompat-
ibility and osteogenic activity in vivo. Hence, the electrospun
zein/gelatin/nHAp membranes are a good candidate for appli-
cations in human bone tissue engineering.
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