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ABSTRACT

Herein, a series of hydroxyapatite (HAp)/zein biocomposite membranes, with
different inorganic/organic weight ratios, are fabricated by solvent casting
method by using ultra-long hydroxyapatite nanowires as the reinforcement. The
FTIR spectra and XRD analysis of HAp/zein composite membrane confirm the
structure of HAp nanowires and zein in composite membranes. When the HAp
nanowires content increased from 50 to 90 wt%, the morphology of HAp/zein
composite membrane transformed from the rough plane into the fibrous and
porous structure, both Young’s modulus and tensile strength exhibited about
40% of the increase, and the water absorption showed about 80% of improve-
ment. Moreover, higher content of HAp nanowires improved the adhesion,
proliferation and osteogenic differentiation of mouse bone marrow mesenchy-
mal stem cells according to the examination of 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide assay, alkaline phosphatase activity, calcium
deposition and gene expression. The prepared HAp/zein 9/1 composite
membrane is shown as a promising candidate for the bone repair and regen-
eration applications.

Received: 10 May 2018
Accepted: 10 August 2018
Published online:

17 August 2018

© Springer Science+Business
Media, LLC, part of Springer
Nature 2018

physiological activities of the tissues or organs in
their structure and function, such as immune

Introduction

The extracellular matrix (ECM), composed of a
number of polysaccharides, proteins, proteoglycans
and other substances, constitutes a complex network
of cells attachment and growth [1-3]. In addition, the
ECM plays a vital role in defining cell shape, struc-
ture, function, survival, proliferation, differentiation
and migration, while maintaining all the
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response and wound healing [4]. Therefore, the
effective simulation of ECM with appropriate mate-
rials is an eternal research topic in the area of tissue
repair and reconstruction.

The hydroxyapatite (HAp) is the main component
of hard tissues, such as bones and tooth, and offers
excellent biocompatibility, osteoconduction and
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osteoinduction. Hence, a number of HAp-containing
materials have been used as a substitute for bone
tissue repair and regeneration, which can be sum-
marized in three categories: HAp-based ceramics,
HAp-based coatings and HAp/polymer hybrids
[5-10]. In particular, the HAp/polymer composites
have garnered significant research attention due to
the diverse nature of polymers. The synthetic poly-
mers, such as PLGA and PCL, have excellent
biodegradability, but lack of active sites and
hydrophobicity limit their practical applications
[11, 12]. In comparison, the natural polymers, such as
collagen and chitosan, exhibit enhanced bioactivity
and result in improved cell attachment, proliferation
and growth [13, 14]. However, the composites of
HAp and natural polymer demonstrate poor
mechanical performance. Although the addition of a
small amount of HAp nanocrystals improves the
mechanical properties to a certain extent, there is still
a considerable gap compared with the mechanical
properties of hard tissues. The higher content of HAp
results in aggregated nanocrystal and reduced
mechanical performance [15, 16]. Therefore, the
optimal amount of HAp crystals is required to obtain
the desired level of mechanical performance.

Recently, a novel HAp nanowire, synthesized by a
calcium oleate precursor solvothermal method, has
been reported by Zhu's group [17-20]. The HAp
nanowires have exhibited the length of hundred
microns, excellent flexibility, biocompatibility and
ability to form a paper with a certain strength [17].
The HAp nanowires, as reinforcement, are consid-
ered advantageous over other nanostructures due to
the content-independent enhancement of mechanical
properties and fibrous structure, which is similar to
the ECM of bone tissue [18]. Therefore, we aimed to
improve the mechanical properties of HAp/polymer
composites by using HAp nanowires.

The selection of natural polymer is also important
in designing optimal HAp/polymer hybrids. The
protein as a natural polymer has been widely applied
in bone repair and regeneration [21-23]. In compar-
ison with those animal-sourced proteins, zein is a
low-price plant-sourced protein, which is being
rapidly developed in the biomedical field [24, 25].
Moreover, zein has shown favorable biocompatibil-
ity, resistant to microbial attack and biomineraliza-
tion [26-28]. Hence, several zein-based composites
have been explored and demonstrated enhanced
attachment, proliferation and osteoblastic
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differentiation of marrow mesenchymal stem cells
[29-31]. For instance, zein electrospun nanofibers,
containing 5% HAp nanoparticles, were fabricated by
Zhang et al. and exhibited excellent biocompatibility
[31]. The HAp nanoparticles in the fiber contribute to
the proliferation of human mesenchymal stem cells.

Herein, we developed a series of novel composite
membranes, consisting of zein and HAp nanowires,
to mimic the composition and microstructure of
extracellular matrix, and characterized the morphol-
ogy, thermal degradation, water absorption and
mechanical properties. In addition, the influence on
biocompatibility and osteogenic differentiation of
marrow mesenchymal stem cells was investigated by
ALP activity, calcium deposition and gene expres-
sion. The HAp/zein composite membranes have
shown potential as a substitute for bone repair and
regeneration.

Materials and methods
Materials

Zein, oleic acid, calcium chloride, sodium hydroxide,
sodium dihydrogen phosphate dihydrate, oleic acid
and N-hydroxysuccinimide (NHS) were purchased
from Maya Chemical Reagent Co., Ltd (China). 1-[3-
dimethylaminopropyl]-3-ethyl-carbodiimide hydrochlo-
ride (EDC) was obtained from Shanghai Haoran
Biotechnology Co., Ltd (China).

Fabrication of composite membranes

The synthesis of hydroxyapatite nanowires was car-
ried out by using a calcium oleate-based solvother-
mal method [17]. In a typical reaction, 7 mL of oleic
acid, 4 mL of methanol and 9 mL of deionized water
were mixed by stirring for 30 min. Then, 10 mL of
CaCl, (0.16 M) aqueous solution, 10 mL of NaOH
(1.75 M) aqueous solution and 10 mL of NaH,PO,
(0.22 M) aqueous solution were dropwise added into
the above mixture and kept under continuous stirring
for 30 min. The mixture was transferred into a
Teflon-lined stainless steel autoclave (100 mL), which
was sealed and heated at 180 °C for 24 h. After
cooling down, the product was collected, washed,
with ethanol and deionized water for three times, and
dispersed in ethanol aqueous solution (70%) at 2
wt%.
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Zein was dissolved in 70% ethanol solution, at a
concentration of 2 wt%, and EDC/NHS (1:1) was
added, as a cross-linking reagent, with 6 wt% of zein.
Then, a series of composites with different ratios of
HAp nanowires suspension and zein solution (9/1,
7/3 and 5/5) were mixed by ultrasonic dispersion
and stirring. The HAp, zein and composite mem-
branes were cast by separately transferring the HAp
nanowires suspension, zein solution and mixtures
into the Teflon dish, followed by drying at room
temperature for 48 h.

Characterization

The HAp, zein and HAp/zein composite membranes
were all coated with a thin layer of gold, and the
morphology was observed by a scanning electron
microscopy (SEM) (FE-SEM Model JSM-7011F,
Japan). The structural analysis of membranes was
carried out by FTIR and X-ray diffraction (XRD). The
FTIR spectra were recorded by a Fourier transform
infrared spectrophotometer (Nicolet iS5, USA), in the
range of 400-4000 cm~ !, with a resolution of
4.0 cm™'. The XRD spectra were collected by X-ray
diffractometer (Bruker D8 Advance, Germany),
equipped with the Cu-K, source, at a scan rate of 4°/
min.

Thermal behavior was studied by using a thermal
gravimetric analyzer (TG 209 F1 Libra, Germany),
ranging from room temperature to 800 °C, at a heat-
ing rate of 10 °C/min, under nitrogen flow.

For mechanical properties evaluation, the samples,
conditioned in 50% humidity for 3 days, were cut
into rectangular pieces (40 x 5 mm?) and tested by
using a uniaxial testing machine (Instron 3365), with
a 100-N load cell at a crosshead speed of 5 mm/min.
The thickness of the sample was measured with a
micrometer having a precision of 1 pm. At least five
samples were tested for each condition, and value
was averaged out and reported here.

The water absorption was determined as follow:
the samples (30 x 30 mm) were dried, weighed (W)
and immersed in PBS (pH ~ 7.4) at room tempera-
ture for 24 h. Then, the samples were taken out, and
surface water was removed. The samples were
weighed (W,) again, and the water absorption was
calculated according to given formula:

Water absorption (%) = (W, — Wy)/W; x 100% (1)

Cell culture

The green fluorescent protein (GFP)-positive mouse
bone marrow mesenchymal stem cells (MSCs) (Si-
dansai Biotechnology Company, China) were cul-
tured in a o-modified minimum essential medium
supplemented with 10% fetal bovine serum, 100
U/mL penicillin and 100 pg/mL streptomycin, in a
humidified incubator at 37 °C with 5% CO,. Then,
HAp/zein composite and zein membranes were cut
into small pieces (10 x 10 mm?) and placed in the
culture plate for sterilizing (UV irradiation for 48 h).
The cells from the third passage were trypsinized and
seeded in the plate with a density of 1 x 10* cell/
well. The morphology of cells, on day 2, was
observed by fluorescence microscopy (Mingmei
MF30, China).

Cell proliferation

The proliferation of cells on the samples was mea-
sured by 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenylte-
trazolium bromide (MTT) assay. The cells were
incubated in MTT (5 mg/mL) for 4 h, in 5% CO,, at
37 °C on day 1, 3, 5 and 7. Then, 100 pL of sodium
dodecyl sulfate (10% w/w SDS in 0.01 M HCI) was
added in each well to dissolve the internalized purple
formazan crystals. The absorbance was measured at
570 nm with a reference wavelength of 630 nm by a
microplate reader (Bio-RAD 680, Bio-rad Co., USA).

Calcium deposition quantification

The cellular mineralization was measured as follows:
Briefly, a series of calcium solution was added with
ortho-cresolphthalein complexone and measured at
575 nm by using a microplate reader (Bio-RAD 680)
to establish a standard curve. Then, the cells cultured
for 7 and 14 days were separated and shaken in the
dilute HCl solution for 6 h to dissolve the deposited
mineral. Subsequently, the supernatant after cen-
trifugation was taken out for measurement at
575 nm, and the calcium quantification was obtained
from the standard curve.

Alkaline phosphatase (ALP) activity

The cells were washed by PBS (pH 7.4) for three times
and detached with trypsin-EDTA. After lysing in
0.1% Triton X-100 by freezing and thawing for two
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cycles, the reaction was started by adding p-nitro-
phenyl phosphate (pNpp) reaction solution for
30 min incubation at 37 °C and quenched by the
addition of 1 M NaOH. The absorption was mea-
sured at 410 nm by using a microplate reader (Bio-
RAD 680), and total protein content was measured by
using a BCA protein assay kit (Sigma).

Gene expression

The associated osteogenic genes of collagen type I
(COL D), runt-related transcription factor 2 (Runx2),
osteocalcin and osteonectin of MSCs were measured
on day 14. Total RNA was extracted from the cells
cultured on HAp/zein composite membranes and
reverse transcribed as per manufacturers’ instruc-
tions. Then, the RT-PCR assays were carried out by a
Real-Time PCR Systems (Applied Biosystems® 7500)
as per given protocol: incubation at 95 °C for 2 min,
40 amplification cycles at 95 °C for 2 s, and annealing
and extension at 60 °C for 5 s. The glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as the
internal control, gene expression was evaluated by
the 27*4“T method, and primers are listed in Table 1.
At least five species per sample were tested.

Statistical analysis

A software of origin 8.0 (Origin Lab Inc., USA) was
used to analyze the obtained data. Values were
averaged and expressed as mean =+ standard devia-
tion (SD).

Results
Morphology

The morphology of HAp nanowires, zein and HAp/
zein composites is shown in Fig. 1. The zein mem-
brane had a smooth surface, exhibiting an excellent
film-forming property. In comparison, the HAp

Table 1 RT-PCR primers for

nanowires were easy to agglomerate in the cleaning
process, so the surface roughness of the formed film
after suction filtration was relatively large. The HAp
nanowires, in HAp/zein 9/1 composite membrane,
were randomly arranged and formed porous struc-
tures. The HAp/zein 7/3 composite membrane had a
similar morphology to that of HAp/zein 9/1 com-
posite membrane, but the porosity was obviously
decreased due to the presence of higher zein content,
which filled part of the pores among the nanowires.
When the zein content reached 50 wt%, the HAp
nanowires were all covered by zein without any
pores and only traces of nanowires were observed on
the membrane surface.

FTIR spectrum

The FTIR spectra of HAp nanowires, zein and HAp/
zein composite membranes are shown in Fig. 2. The
characteristic peaks of HAp nanowires, such as the
asymmetric and symmetric stretching vibration of
phosphate at 1088 and 1015 cm ™' and the bending
vibration of the O-P-O bond of the phosphate at 630,
598 and 556 cm™!, were observed in the spectra of
HAp/zein composites [32, 33]. The amide I
(1651 cm™") and amide I (1546 cm ™) of zein protein
were also present in the composite membranes [34].
The intensity of these peaks was proportional to the
composition of HAp nanowires and zein protein.

XRD patterns

Figure 3 presents the XRD patterns of HAp/zein
composite membranes, which are similar to HAp
nanowires. The prominent diffraction peaks at 10.7°,
29.0°, 31.8°, 33.0°, 39.9°, 50.4°, 51.4° and 59.9° corre-
spond to the crystal faces of (100), (210), (211), (300),
(310), (321), (410) and (420) of HAp, respectively
(JCPDF file No. 09-0432). However, the weak peaks,
present at 42.0° and 46.7°, corresponding to the HAp
crystal faces of (311) and (222), were decreased with

indicated genes Gene Primer sequence (5'-3")
Forward Reverse
COL I AGCGAAGAACTCATACAGCCG TGCCCGTCTCCTCATCCA
Runx2 CTTCACAAATCCTCCCCAAGT AGGCGGTCAGAGAACAAACTA
Osteocalcin AAGCAGGAGGGCAATAAGGT TTTGTAGGCGGTCTTCAAGC
Osteonectin AGGTATCTGTGGGAGCTAATC ATTGCTGCACACCTTCTC
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Figure 1 The morphology of HAp nanowire membrane (a), HAp/zein composite membranes (b: 9/1, ¢: 7/3, d: 5/5), and zein membrane (e).
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Figure 2 FTIR spectrum of HAp nanowires, zein and HAp/zein
composite membranes.

the increase in zein protein [35]. Furthermore, the
(200) peak of HAp was greatly influenced by the
broad peak of zein protein (~ 22°), when the zein
content reached 50 wt%.

Thermal analysis

The thermal degradation of the composites was
measured by thermo-gravimetric analysis (TGA), and
results are presented in Fig. 4. The weight loss of
HAp nanowires was about 1.36%, which might be
due to the adsorbed water from the air or residual
organic matters. The curve of zein membrane

A —— HAp
~| 8 ——HAp/zein (9/1)
= C  —— HAp/Zein (7/3)
~Z|/ e HAp/Zein (5/5)
g ® Zein

Intensity

10.20.30 40-50.60
2Theta (degree)

Figure 3 XRD patterns of HAp nanowires, zein and HAp/zein
composite membranes.

exhibited two steps, separated by about 220 °C,
similar to the published reports [36, 37]. The first
stage (room temperature ~ 220 °C) corresponds to
the water evaporation, and the second stage
(220-600 °C) indicates the decomposition of zein. The
HAp/zein composites had shown the similar trend,
and the residue weight was 87.22, 68.24 and 49.59%
for HAp/zein 9/1, 7/3 and 5/5 membranes, respec-
tively. The residue of the HAp/zein composite
membrane has shown a small increase with higher
zein content, which is attributed to the fact that
higher zein content has filled the pores of the
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Figure 4 TGA curves of HAp nanowires, zein and HAp/zein
composite membranes.

composite membrane and reduced water absorption
(Fig. 1b—d).

Water absorption

The result of water absorption of zein and HAp/zein
composite membranes is shown in Fig. 5. It can be
readily observed that the zein membrane has shown
the water absorption of only 22%. However, the
addition of HAp nanowires has increased the water
absorption ability, and the HAp/zein 9/1 composite
membrane has absorbed five times more water than
pure zein.
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Figure 5 Water absorption of zein and HAp/zein composite
membranes.
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Mechanical property

The mechanical performance is critical in determin-
ing the practical utilization of these membranes in
bone tissues. The Young’s modulus, tensile stress and
elongation at breakage point are listed in Table 2.
Among tested membranes, the HAp/zein composite
membrane of 9/1 exhibited the maximum Young's
modulus and tensile strength of 1.01 £ 0.13 GPa and
89.17 + 4.52 MPa, respectively.

Cell adhesion and proliferation

The cells were seeded on the surface of HAp/zein
composite membrane, and the cell adhesion and
proliferation are shown in Fig. 6. We have not
observed a significant difference during first 3 days.
However, the cell number on HAp/zein 9/1 and 7/3
composite membranes was higher than that of HAp/
zein 5/5 composite membrane and zein membrane
(p < 0.05). The fluorescent photographs showed that
the cells were evenly distributed on the membrane
surface, normal in shape, and showed a spreading
state (Fig. 7).

ALP activity

The ALP activity of MSCs on the HAp/zein com-
posite and zein membranes was measured, on day 7
and day 14, to examine the osteogenic differentiation
of cells (Fig. 8). It has been observed on day 7 that the
ALP level decreased with the addition of zein and a
significant difference existed between the four
groups. However, on day 14, quite obvious differ-
ences were observed between the five groups, and
ALP activity of cells on HAp/zein 9/1 was still the
highest in the groups.

Cellular mineralization

The calcium ions came from the minerals deposited
on the cell surface, which was also an indicator of
osteogenic differentiation of MSCs. Figure 9 shows
the calcium ion concentration to characterize the
cellular mineralization of cells on HAp/zein com-
posite membranes. The significant difference occur-
red between the groups on both day 7 and 14, and the
calcium minerals from cells on HAp/zein composite
membrane were increased with increasing of HAp
nanowires.
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Table 2 Mechanical property
of zein and HAp/zein
composite membranes

725

Sample

Young’s modulus (GPa)

Tensile stress (MPa)

Elongation at break (%)

HAp/zein 9/1 1.01 £ 0.13 89.17 &+ 4.52 476 £ 1.02
HAp/zein 7/3 0.89 £+ 0.16 79.26 + 6.01 7.11 £ 1.98
HAp/zein 5/5 0.66 &+ 0.42 51.02 £+ 4.71 12.25 &+ 2.38
Zein 0.54 4+ 0.09 39.58 & 8.09 18.26 &+ 6.42
1.0 30
E . .
e L omnme
< [ HAp/Zein (515) \ . o B HApiZein (5/5) % s
§ 06} %ézl:trol ’—\ﬁ “ E 201 % *
< i g % |
| £ /
L= = 4 /
8 > 10 %
02} 5 %
e é ;
e 3 5 7 7 R

Culture time (day)

Figure 6 Cell adhesion and proliferation on zein and HAp/zein
composite membranes (*p < 0.05).

Gene expression

Figure 10 displays the expression of gene related to
osteogenic differentiation of MSCs. COL I, Runx2,
osteonectin and osteocalcin were evaluated by RT-
PCR on day 14. The cells on HAp/gelatin 9/1 com-
posite membrane always showed highest level of
gene expression; however, the lowest level of gene
expression appeared on zein membrane.

Discussion

In this paper, we intend to mimic the extracellular
matrix of the bone, both in composition and struc-
ture, to fabricate a novel substitute for bone repair

Culture time (day)

Figure 8 ALP activity of the MSCs cultured on HAp/zein
composite membranes for 7 and 14 days (*p < 0.05).
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Figure 9 Cellular mineralization of the MSCs cultured on HAp/
zein composite membranes for 7 and 14 days (*p < 0.05).

Figure 7 Fluorescent images of MSCs on HAp/zein composite membranes (a: 9/1, b: 7/3, ¢: 5/5, d: zein).
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Figure 10 Gene expression of MSCs cultured on HAp/zein
composite membranes for 14 days (*p < 0.05).

and regeneration with suitable components, struc-
ture, mechanical performance and osteoinductive.
The ECM was a network for cell adhesion and pro-
liferation, so the fibrous microstructure of the sub-
stitute is favorable. In our previous works, we have
utilized nanofibrous membrane, prepared by elec-
trospinning, as a matrix to mimic the ECM structure
for bone cells [38, 39]. However, the major drawback
was that the composition of electrospun nanofibrous
membranes could not simulate the composition of the
bone. The main component of bone was hydroxyap-
atite (70 wt%), but HAp nanocrystal incorporated
into electrospun fibers could not reach this level [38].
Additionally, the satisfactory surface mineralization
and optimum mechanical performance were still not
obtained [39].

The appearance of ultra-long HAp nanowires
provided a new choice for the preparation of substi-
tute for bone tissue [17-20]. In this case, we have
chosen ultra-long HAp nanowires, as the main inor-
ganic component, and zein, as the organic compo-
nent, to prepare a novel substitute for bone repair
and regeneration. The HAp nanowires possess
excellent flexibility and form a fibrous structure with
high porosity, which was similar to the ECM of the
bone [17]. In addition, the HA nanowires were bun-
dled, overlapped and intertwined with each other,
leading to a higher interaction between the HAp
nanowires and thus enhancing the mechanical
property of the substitute. As a hydrophobic protein,
zein has a low water absorption rate and degradation
rate and can maintain the shape and mechanical
property for a long time. In addition, it is positive to
the mineralization of phosphorus and calcium ions,
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so it has recently developed rapidly in bone tissue
engineering [40-42].

In order to find optimal composition, we have
prepared a series of HAp/zein composite mem-
branes consisting of ultra-long HAp nanowires and
zein. It was shown that the HAp/zein 9/1 and 7/3
exhibited fibrous and porous microstructure in the
membranes (Fig. 1), whereas the pores were filled up
when zein content reached up to 50 wt%. Therefore,
the HAp/zein 9/1 and 7/3 composite membranes are
suitable candidates from the compositional and
structural viewpoint. It has been observed that the
zein had a low swelling ratio in comparison with
other natural materials, such as collagen, silk and
chitosan (Fig. 5), which is beneficial for a bone sub-
stitute because the higher swelling leads to the larger
deformation and inferior mechanical performance.
The mechanical performance had always been a key
concern for porous materials because the presence of
pores undermines the continuity of the material and
increases the crack initiation and propagation sites
[43]. Hence, a compromise between the porosity and
mechanical properties of biomaterials remained a
challenging task to the researchers so far. Herein, the
porous HAp/zein composite membrane exhibited
higher tensile strength and Young’s modulus than
that of zein membrane, owing to the self-assembled,
intertwined and bundled HAp nanowires combined
with the interaction of zein chains. In addition, the
elongation of the composite was still higher than
natural bone (> 2%) [44]. Therefore, the HAp/zein
9/1 composite membrane demonstrated desired
morphological, structural and mechanical behavior.

As a substitute for bone tissue, the cell response
also plays a critical role because the substitute would
provide an environment for cell attachment, prolif-
eration and differentiation. Currently, the induction
of osteogenic differentiation of MSCs drew more
attention because the MSC, as a seed cell, can dif-
ferentiate into osteoblasts under different inducing
conditions [45-48]. In this work, we have evaluated
the ALP activity, calcium deposition and gene
expression of MSCs on different HAp/zein compos-
ite membranes, which are typical markers during the
osteogenic differentiation of MSCs. The results indi-
cated that the content of HAp nanowires contributed
to the osteogenic differentiation of MSCs and HAp/
zein 9/1 composite membrane had shown excellent
osteogenic differentiation performance among the
composites. It has been reported that the composition
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and structure of the material have a certain influence
on the osteoinduction [47, 48]. The HAp/zein 9/1
composite exhibited fibrous and porous structure
which was similar to that of ECM of bone, which
would attribute to the cell proliferation. In addition,
the release of Ca and P ions from HA nanowires is
the important factor in the control of osteogenesis
[49, 50]. The concentration of Ca and P ions increased
with increasing HA nanowire content and culture
time, leading to greater osteogenic differentiation of
MSCs on composites with a higher HA nanowire
content. Based on above results, the HAp/zein 9/1
composite membrane is a suitable candidate for bone
repair and regeneration applications due to its
enhanced both cells proliferation and differentiation.

Conclusions

In this study, we have developed a novel HAp/zein
composite membrane, which is a potential substitute
for hard tissue in bone repair and regeneration
applications. The higher content of HAp nanowires
contributed to improve fibrous microstructure,
enhance mechanical properties and stimulate the
osteogenic differentiation of MSCs, according to the
results of ALP activity, calcium deposition and gene
expression. The HAp/zein 9/1 composite membrane
exhibited excellent morphological, structural and
mechanical properties.
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