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Highlights

e PCS and SCS, two chitosan derivatives with opposite charge were

synthesized.
e Adhesion force and charge force were used to prepare composite membranes.

e The functional membranes showed excellent hydrophilicity and favored

MC3T3-E1s proliferation and osteogenesis.

Abstract

In this study, a poly(D,L-lactide) (PDLLA) membrane was prepared by the solution
casting method, then the surface of the membrane was modified by polydopamine
(PDOPA) as a substrate, followed by adsorption of different chitosan derivative
sulfonated chitosan (SCS) or/and phosphorylated chitosan (PCS) to obtain different
functionalized membranes, and two kinds of chitosan derivatives characterized by
FTIR, elemental analysis and zeta potential. And different membranes were evaluated
through surface potential, hydrophilicity, surface morphology and chemical
compositions. In vitro, the cell culture results showed that the membrane
functionalized by chitosan derivative could promote the proliferation of MC3T3-E1s
and enhance the osteogenic differentiation by up-regulating the expression level of
osteogenic genes compared to the PDLLA and P1/PDOPA membranes. Especially,
when the outermost layer was SCS, the effect of promoting cell proliferation was
better than that of PCS. However, for osteogenic differentiation, PCS had better
guantitative experimental results than SCS. Therefore, SCS has superiority in
promoting proliferation than PCS, but PCS is opposite in promoting osteogenic
differentiation for MC3T3-E1s. The results suggested that PCS and SCS have the
potential value to be used as a functional modified materials applied in bone tissue

engineering.
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1. Introduction

Tissue engineering, an important emerging area in biomedical fields to creat
biological alternatives for harvested tissues and implants, has attracted wide attention
in recent years. As one of the biomaterials with good biocompatibility,
biodegradability, nontoxicity, excellent mechanical properties and processibility
(Giannoudis, Dinopoulos, & Tsiridis, 2005; Rozalia Dimitriou, Elena Jones, Dennis
McGonagle, & Giannoudis, 2011), polylactide (PLA) has been approved by Food and
Drug Admin-istration (FDA) of USA and widely utilized in biomedical fields such as
bone tissue engineering, absorbable bone screws, surgical sutures and drug delivery
device (Arud C. da Silva, Michael J. Higgins, & Susana |. Cordoba de Torresi, 2019;
Yuhao Deng et al., 2019). However, despite its advantages. Poly(D, L lactide) (PLLA))
has insufficient biological activity and is far from meeting the strict requirements of
bone regeneration. Besides, the hydrophobicity and poor osteogenic activity of PLLA
also severely limit its application in bone tissue engineering field (Heqging Fu, Yin

Wang, Weifeng Chen, & Xiao, 2015; Wenjun Liu et al., 2019).

Chitosan (CS), the deacetylated derivative of chitin, is a naturally occurring amino
polysaccharide with favorable biological characteristics such as antibacterial activity,
hemostasis, antitumor and healing the wound (Dimassi, Tabary, Chai, Blanchemain, &
Martel, 2018). However, this natural polysaccharide exhibits a limitation in its
reactivity and process ability because of a high density of hydrogen bonds between
polymer chains in the solid state, and high viscosity due to the presence of
intramolecular repulsive electrostatic forces that extend the polymer coil in solution

(Wang & Liu, 2013). In literature, chemical modification, such as phosphorylation



(Shanmugam, Kathiresan, & Nayak, 2016), quaternization (Yizhuo Ren, Xin Zhao,
Xiaofeng Liang , Peter X. Ma, & Baolin Guoa, 2017), carboxyalkylation (Wahid,
Wang, Lu, Zhong, & Chu, 2017) and hydroxyalkylation (Shao et al., 2015), were
utilized to produce new biofunctional materials in order to tailor the raw polymer

properties.

It is reported that the sulfated CS (SCS) have been used as delivery systems for
tissue repair and regeneration due to their capacity for binding to protein growth
factors (Cao, Wang, Hou, Xing, & Liu, 2014; Cao, Werkmeister, et al., 2014), and
showed to be the most efficient sulfated derivatives to direct neural differentiation
(Doncel-Perez et al., 2018). In addition, SCS stimulated the proliferation of both
human primary osteoblasts (OB) and the OB like stromal cell component of the giant
cell tumor of bone (GCTB) at a concentration of 100 pg.mL %, while it inhibited it at
higher concentration (1000 pg.mL™) (T. Tang et al., 2011). Thus, sulfated CS could
be used as bone repair biomaterials with the dual properties of bone induction and
bone tumor inhibition. For the development of a new fibrous tissue, it is important
that neovascularization occurs at the site of bone defect. It was proven by Yu et al.
that 2,6SCS could promote revascularization for tissue regeneration and thus could be
used as promising angiogenic biomaterial (Yu et al., 2018). Phosphorylated CS (PCS)
exhibits much better hydrophilicity, solubility, protein adsorption and mineralization
than unmodified chitosan (Pallab Datta, Dhara, & Chatterjee, 2012; P. Datta et al.,
2013). Meanwhile, in comparison to CS scaffold, the PCS scaffold significantly
enhances the in vitro osteogenic differentiation, indicated by the higher alkaline
phosphatase (ALP) activity, denser mineralization deposition (Liu et al., 2018). Thus,
it is helpful to immobilize SCS or/and PCS on PLLA material surface effectively to

best take advantage of its bone regeneration ability.

Dopamine (DOPA), a critical functional element in mussel adhesive protein, can
create a stable polydopamine (PDOPA) adherent layer on all kinds of substrates via
oxidative self-polymerization (Lee et al., 2012). According to the literature (Haeshin,
Dellatore, Miller, & Phillip B. Messersmith, 2007), the PDOPA layer can bind fibers

4



together to increase the strength of fibrous membrane. On the surface of materials,
DOPA can form a thin PDOPA film in alkaline solution, which displays potential
reactivity toward amine and thiol groups. So far, there have been a lot of relevant
reports. Li, et al., utilized PDOPA as a spacer to immobilize bovine serum albumin
(BSA) into porous polyethylene membranes (Nae Gyune Rim et al., 2012). Poh et al.,
studied the effect of Vascular endothelial growth factor (VEGF) functionalization of
titanium by PDOPA coating on endothelial cells in vitro (Hua Liu , Wenling Li,
Binghong Luo, Chen, & Zhou, 2017). Besides, our research group previously reported
that surface functionalization of PLA membrane with chitooligosaccharide based on
PDOPA coating can enhance the growth and osteogenic differentiation of

MC3T3-Elcells (Li et al., 2016) .

Inspired by previous studies, this study mainly aimed at surface modification of
Poly(d,I-lactide) (PDLLA) with SCS or/and PCS to endow the material with positive
effects on osteogenesis. For this purpose, SCS or/and PCS were designed to be
immobilized onto PDLLA membrane surface via a facile approach based on the
intermediate layer of PDOPA. Then, the effects of PDOPA coating and SCS or/and
PCS immobilization on PDLLA membranes surface chemical composition,
morphology, hydrophilicity and surface energy were studied in detail. Cell behaviors
of the mouse embryo osteoblast precursor (MC3T3-E1) cells on different membranes
surface were studied in terms of the proliferation, alkaline phosphatase activity,

calcium deposition and gene expression level.

2. Materials and methods

2.1. Materials and reagents

Chitosan (Mw = 200 kDa), the degree of deacetylation was 80%, and was
purchased from Golden-Shell Pharmaceutical Co. Ltd., Zhejiang, China and used

without further dialyzed. Poly(D, L-lactide) (PDLLA, Mw = 150,000) was obtained
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from Jinan Daigang Biological Engineering Co. Ltd and used as received.
Tris(hydroxymethyl) aminomethane (Tris) and 3,4-dihydroxyphenethylamine
(dopamine, DOPA) were purchased from Sigma-Aldrich and used as received. Cell
test kit mainly include CCK-8 (Cell Counting Kit-8, Dojindo, Japan), ALP assays kit
(Jiancheng Biotech, Nanjing, China), BCA protein assay kit (KeyGEN Biotech,
Nanjing, China), Rhodamine phalloidin (Molecular Probes, USA) and
4,6-diamidino-2-phenylindole (DAPI, Molecular Probes, USA). All other reagents

were of analytical grade and used without further purification.

2.2. Synthesis of the PCS and SCS

In this paper, Sulfonated chitosan (SCS), specifically referred to 2-N, 6-O-Sulfated
chitosan (2,6-SCS) was synthesized according to the similar method as reported
before (Ronge Xing, 2005). In brief, 1.5 g CS was dissolved in 60 mL DMF and 1.2
mL dichloroacetic acid (DCAA) under stirring overnight. 5 mL HCISO3z was added
dropwise slowly to 20 mL DMF at 0 - 4 °C, which was then warmed to room
temperature and added to the CS solution under magnetic stirring and N2 atmosphere.
The reaction was maintained at 60 °C for 2 h. Afterwards, 100 mL deionized water
was added, and pH was adjusted to neutral with 2 M NaOH. Following, EtOH was
added to precipitate the products, and the precipitation was washed with EtOH for 3
time, then was dissolved in water and dialyzed against water for 3 d with an 8000 Da
Mw cut-off dialysis membrane. Consequently, 2,6-SCS was obtained by

lyophilization.

Phosphorylated chitosan (PCS) was prepared according to a similar procedure
reported elsewhere (A., N.M., V.M., & E., 2001; Yu Ji Yin, 2004). Briefly, CS solution
was prepared by dissolving 2 g of CS powder into 100 g of 1 wt. % HAc solution.
Phosphoric acid agueous solution was added dropwise to the CS solution under
stirring for 1 h. Then the temperature was raised to the designated temperature 70 °C
and formaldehyde aqueous solution was incorporated drop-wise over 1 h with reflux.

Heating was protracted for 8 h at the same temperature. The product was dialyzed
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against distilled water for 72 h and freeze-dried for further use.

2.3. Preparation of modified PDLLA membranes

In brief, 0.5 g of PDLLA was dissolved to 20 mL chloroform solution under
uniform stirring. After that the solution was cast on a petri dish at room temperature
and let the solvent evaporate slowly. Then, PDLLA membrane was obtained by

removing the residual solvent thoroughly in vacuum oven at 40 °C.

A certain amount of PDLLA membrane which has been ultrasonically cleaned with
ethanol was immersed in Tris-HCI buffer solution (10.0 mM, pH 8.5) with 2.0 g/L of
DOPA under magnetic stirring at room temperature for 24 h. Afterwards, the
membrane was taken out and cleaned with ethanol and deionized water, and dried in a
vacuum oven at 40 °C for 24 h. The PDOPA coated PDLLA membrane was named as

P1/PDOPA.

Additionally, the P1//PDOPA membrane was further immersed into a 4.0 g/L SCS
solution or PCS solution at room temperature for 24 h. Then the membrane was
moved out and thoroughly rinsed with deionized water to remove unreached PCS or
SCS, with following drying in a vacuum oven at 40 °C for 24 h. The membranes were

named as P1/P2/PCS and P1/P2/SCS, respectively.

To obtain double-layer modified membranes, the P1/P2/PCS and P1/P2/SCS were
immersed in SCS and PCS solution, respectively, similar to the above procedures. The
outmost layer of PCS or SCS were immobilized mainly by electrostatic interaction,
and were named as P1/P2/P3-S and P1/P2/S-Ps, respectively. The composition of the

membranes was shown as Table. 1.

Table 1

Composition of PDLLA, P1/PDOPA, P1/P2/PCS, P1/P2/SCS, P1/P2/P3-S, P1/P2/S-P3
membranes films.



Samples PDLLA PDOPA PCS SCS

PDLLA \ / / /
P1/PDOPA v V / /
P1/P,/PCS \ \ V /
P1/P2/SCS v V / v
P1/P2/P5-S V \ © @
P1/P2/S-P3 v V @ ©

P1, P2 and P3represented PDLLA, PDOPA and PCS respectively. (Dand (2) they both
represented the chitosan derivative on the surface, and the number represents the

order of PCS and SCS.

2.4. Characterization of PCS and SCS

The chemical composition of PCS and SCS was analyzed by an Fourier transform
infrared spectra (FTIR, Bruker EQUINOX 55 FTIR, Germany). Zeta potential was
measured by Nanometer (Nanobrook Omni, USA). Element content was quantified by
an elemental analyzer (Vario EL, Germany). And the degree of substitution (DS) was

calculated according to percent.
2.5. Characterization of modified membranes

Attenuated total reflectance-Fourier transformation infrared (ATR-FTIR, Bruker
EQUINOX 55 FTIR, Germany) spectroscopy was utilized to analyze the surface
compositions of the original and modified PDLLA membranes. The spectra was
measured in a wavenumber range of 3500-500 cm™. The surface chemical
compositions of the membranes were further analyzed by an X-ray photoelectron
spectroscopy (XPS, Thermo ESCALAB-250 System, Australia) with an aluminum
(mono) Kasource (1486.6 eV). The aluminum (mono) Ko source was operated at
15 kV and 150 W. For all the samples, the whole scan spectrum of all the elements of

a high-resolution survey (pass energy = 20 eV) was performed. The binding energy of
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C 15 (284.8 eV) was used as a reference.

Field emission scanning electron microscopy (FESEM, XL30 FESEM FEG,
PHILIPS) was used to characterize the surface morphologies of the membranes. The
root mean square (RMS) of different membrane materials was used to estimate the
surface roughness by atomic force microscope (AFM, IX51, Olympus) image based

on 5.0 pum x 5.0 pm scan area.

Furthermore, the surface static contact angle of the different membranes was
measured by contact angle meter (Drop Shape Analysis System, KRUSS, Germany)

to characterize materials wettability and surface energy (SE).

And surface electric intensity of all films was measured by solid surface potential

instrument (Surpass 3, Austria).
2.6. Cell culture

Mouse embryo osteoblast precursor (MC3T3-E1) cells were cultured in
a-minimum essential medium (a-MEM, Gibco) supplemented with 10% fetal bovine
serum (FBS, Gibco) and antibiotics (penicillin 100 U/mL, streptomycin 100 pg/mL,
Sigma) in 5% COz atmosphere at 37 °C. The culture medium was changed every 2
days until the cells reached confluence. Then, cells were detached with 0.1% trypsin
containing 0.02% EDTA (Gibco). Cells were rinsed and resuspended in the fresh «

-MEM culture medium. A density of 1x10* cells/mL was obtained.

All the membranes samples were soaked in 75% alcohol overnight, and then
UV-sterilized for 1h on each side. After membrabnes washing twice with sterile PBS,
placed in a 24-well culture plate at a density of 1x10*cells/well in triplicate, in which
cells were seeded and cultured for different periods. After 1, 4 and 7 days seeding, a

series of relevant tests were operated.

2.7. Cell metabolic activity

Cell Counting Kit-8 (CCK-8) assays were used to measure the metabolic activity of
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MC3T3-E1s that were cultured on membrane samples for 1, 4 and 7 days according to
the manufacturers' instructions. The cell metabolic activity results were presented by
optical density (OD) measured at 450 nm via an enzyme-linked immunosorbent assay
plate reader (Multiskan MK3, Thermo electron corporation, USA). For each test,

three repetitions were performed.
2.8. Alkaline phosphate (ALP) activity

ALP assays kit (Nanjing Jiancheng Bioengineering Institute, China) and
bicinchoninic acid (BCA) protein assay kit (Nanjing KeyGEN Biotech. Co., Ltd.)
were applied to ALP activity. After being cultured for 1, 4 and 7 days, respectively,
membrane samples were washed with sterile PBS to remove any debris and ensure
that only viable adherent cells were on the materials. Then, 0.1% Triton X-100 lysis
buffer was added, and cracked in incubator for 30 to 40 min. According to the
manufacturer’s instruction, corresponding optical density (OD) at 520 and 562 nm
were measured using an enzyme-linked immunosorbent assay plate reader. The
qualitative analysis was performed according to the specification (Nanjing Jiancheng
Bioengineering Institute, China). Briefly, MC3T3-Els were dyed, then marked
images were observed under a stereomicroscope (Carl Zeiss Microscopy GmbH

37081 Gottingen, Germany).

2.9. Cell morphologies and cytoskeleton organization

FESEM and confocal laser scanning microscopy (CLSM; Zeiss-LSM710; Carl
Zeiss Jena, Germany) were employed to investigate the morphology and cytoskeleton
organization of cells that adhered to different membrane surfaces after cultured for 1
day, respectively. For CLSM analyzing, the samples were washed twice with PBS,
fixed with 3.7% formaldehyde solution in PBS for 10 min and then washed two or
more times with PBS, subsequently permeabilized with 0.1% Triton X-100 in PBS for
3 to 5 min at room temperature. Non-specific binding was blocked with 3% BSA for 1

h. Then incubated with rhodamine phalloidin for 30 min and DAPI for 5 min in the
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dark. Samples were rinsed several times with PBS. Finally, drain excess PBS buffer

solution from the samples and mount for further CLSM observation.

In brief, samples were washed twice with sterilized PBS and then fixed with 4%
paraformaldehyde for 30 min, followed dehydrated with an ascending series of
ethanol at room temperature. The acquired samples were lyophilized and

sputter-coated with gold for FESEM observation.

2.10. Calcium deposition assay

After cultured for 14 and 21 days, samples were washed with sterile PBS to remove
any debris and ensure that only viable adherent cells were on the materials. Fixed with
4% paraformaldehyde for 15 min at room temperature, then the calcium deposition
was stained with alizarin red (AR) solution for 30 min at 37 °C and examined by
stereomicroscope. The stained cells were desorbed with 10% cetylpyridinium chloride

(CPC) in PBS and the OD values were measured at 540 nm.

2.11. Quantitative Real-Time PCR assays

The gene expression was measured via real-time (RT) polymerase chain reaction
(PCR) assay. MC3T3-E1 cells were seeded on each sample surfaces. After being
cultured for 7 and 14 days, the total RNA from each samples was extracted using
Trizol reagent (TaKaRa) according to the manufacturer’s protocol and collected by
ethanol precipitation. The amplifications were performed using the following protocol:
40 cycles of 95 °Cfor 15 s and 60 °C for 60 s. The genes included ALP, COL-I, Runx2
and OCN. To assess the target genes expression associated with osteogenic
differentiation, RT-PCR was carried out using SYBR Green supermix. The AAcT
method was used to calculate relative gene expression with 3-actin as reference gene
(housekeeping gene). All reactions were run in triplicate for three independent

experiments.
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2.12. Statistical analysis

All quantitative data were expressed as the mean+ SD and were analyzed with
Origin 8.5 (OriginLab Corp, Northhampton, MA, USA). A value of P < 0.05 or P <

0.01 was considered statistically significant.

Entire process of the experiment is shown in Scheme 1 below

Dopamine HQ O 0
Oxidation m\/\
——

o NH, j| Reverse dismutation }\:{H 050 foDH H O
i e | g b
I R ) \,~~  RyReH,~C-P=0
Ho:©/\,hﬂg 2, .::fng, éﬂ o m i
HO l 25eca ’
NH. NH. . . b, .
HQ oM : HQ oM ' soaking chitosan derivative 24h
PH=8524h T Wi L l g
— = 3} — M N (PCS or/and SCS)
H H

Morphology .

Proliferation
Differentiation b 4

U0 b

- — O tHyw @

PDLLA PDOPA PCSorSCS PCSand SCS  MC3T3-Els

Scheme 1. The preparation route of the whole process of the experiment.

3. Results and discussion

3.1. Characterization of the PCS and SCS

To confirm the successful synthesis and provide basic parameters of the PCS and
SCS, FTIR, zeta potential and elemental analysis were carried out, respectively.
Changes in the functional groups after phosphorylation and sulfonation were
characterized by FTIR spectroscopy. In Fig. 1A, the spectrum of CS depicted
characteristic absorption bands at 3425, 2890, 1649 and 1580 cm™, which were
assigned to —OH, —CH2, -C=0 and —NH; stretching vibration respectively. The
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presence of significant peak at 1649 cm™ confirmed that CS was a partially
deacetylated product. For PCS, the characteristic peak attributed to -NH> deformation
has disappeared while a strong peak appeared at 1536 cm™, which might be assigned
to the characteristics of amide Il (-NH-). Meanwhile, the spectrum exhibited
absorption bands at 902 cm™ corresponding to the stretching vibration of P-O group
(Yu Ji Yin, 2004). SCS has the best similarity with heparin and two novel absorption
peaks appeared at 1224 cm™ derived from O=S=0 asymmetrical vibration, and 795

cm™* for C-O-S bond stretching, respectively (zhou et al., 2009).

The detailed value of element percentage of CS as well as chitosan derivative used
in later experiments were listed in Table 2. From the element analysis table, it may be
inferred that PCS and SCS chitosan derivatives had been successfully synthesized
after characteristic elements of P and S were detected. And the degree of substitution

(DS) is given according to the following formula. (Mamuti, 2012).

_ MeDy
162+Y oD,

X --- The percentage of characteristic element.

M --- Relative atomic mass of characteristic element.

Y --- The change in the relative molecular weight of a monomer.
162 --- Relative molecular weight of CS monomer.

In Fig. 1B, we could unambiguously discover the tendency that the zeta potential of
both PCS and SCS used in this study were 35,5 £ 1.5 mv and -39.2 + 2.2 mv

respectively. Charge difference also provided ideas for later multiple modifications.
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Fig. 1. ATR-FTIR spectra of CS, PCS, SCS (A), pure membrane and modified

PDLLA membranes (C); Zeta potential of PCS, SCS with deionized water as a solvent
(B); XPS spectra of pure membrane and modified PDLLA membranes (D)

Table 2

Surface elemental percentages of C, O, N, P, S, H of CS, PCS and SCS

Sample  C (%) H (%) N (%) 0 (%) P (%) S (%) DS
CS 37.40+212 6.93+024 667006 47.36+3.12 0 0 -
PCS 27.15+198 6.63+041 492+0.08 51.23+2.78 5.99+0.82 0 0.38 £ 0.01
SCS 2039+1.46 4124018 3.99+0.10 55.04+1.86 0 1256 +1.03 1.67 £0.02

DS: Degree substitution of materials.
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3.2. Surface compositions of the membrane

The surface chemical structures of the original and modified membrane were
analyzed by ATR-FTIR spectroscopy, and the result was shown in Fig. 1C. For pure
PDLLA membrane, the strong peak around 1750 cmwas assigned to the stretching
vibration of C-O, and peaks at 2957 cm™ were attributed to C-H stretching vibrations
of -CHz and -CH-. Compared to the pure PDLLA, some new absorption peak
appeared after modified with PDOPA. The absorption peak at 1615 cm™ was ascribed
to the over-lap of C=C stretching vibration in aromatic ring and N-H bending
vibration of PDOPA (Wufeng Yang, 2016). After surface modification with PCS or
SCS, several characteristic absorption peaks were observed at 842 cm*and 1224 cm™,
corresponding to the P-O stretching vibrations and O=S=0 asymmetric vibration. The
results suggested that PDOPA, PCS and SCS have been immobilized onto the PDLLA
membrane surface, respectively. A few subtleties need to be explained here.
According to literature reports (Wenjun Liu et al., 2019), dopamine owns excellent
ability to adhere to nearly all kinds of substrates, and a thin PDA layer can be formed
on the surface of the substrate via the oxidative selfpolymerization. Moreover, the
PDA layer can be used as a secondary reaction platform to react with compounds
containing nucleophilic groups such as amino, imino or sulfhydryl group by covalent
and non-covalent interactions including Michael addition reaction, hydrogen and Van
der Waals force. Therefore, the good stability of the PCS or SCS layer on the surface
of the modified membranes may be reasonably attributed to the interactions between
the amino, imino and hydroxyl groups of PDA and CS derivatives by the formation of

covalent or noncovalent bonds.

The surface chemical compositions of the membrane materials were further
analyzed by XPS, and the results were shown in Fig. 1D and Table 3. In Fig. 1D, the
characteristic peaks of Cisand Oss can be observed for pure PDLLA, indicating the
main surface composition of carbon and oxygen on the PLLA surface. Compared to
original PDLLA membrane, new peaks were observed of Nis at 400.16 eV appeared

in the spectra of all modified membranes, which was ascribed to the nitrogen element
15



in the top layer of PDOPA and PCS and SCS. Besides, P2y at 130.0 eV and Sy, at
168.2 eV were observed in the XPS spectra for P1/P2/PCS, P1/P./SCS composite
membrane, respectively. However, since surface-attached PDOPA, PCS and SCS can
be easily removed by ultrasonic washing with deionized water (Li et al., 2016). So, it
can be concluded that PDOPA, PCS and SCS have been covalently immobilized on
PDLLA membrane surface successfully. Furthermore, there was observed all element
mentioned above for multiple-embellished membrane P1/P2/P3-S and P1/P2/S-Pa.
These results indicate that PDOPA, PCS, and SCS were immobilized on the PDLLA
membrane surfaces. It aslo can be proved by the content of N, P and S element (Table
3). N element content in the modification layer of P1//PDOPA membranes was 4.80%,
and then decreased to 4.37%, 3.84%, 1.82% and 2.01% after further modification with
PCS or/and SCS in P/P/PCS, P/P/SCS, P/P/P-S and P/P/S-P membranes, respectively.
Since the molecular structural units of DOPA (CgHgNO2)n, PCS
(CeH12NO4)m(C7H14NPO7)n and SCS (CsH12NO4)x(CsH10NS2010)y, the result can be
reasonably expected since the percentage composition of N element in DOPA
molecule was higher than that in PCS and SCS molecule. The content of P element
in the P1/P2/PCS, P1/P2/P3-S and P1/P2/S-Ps membranessurface was 0.76%, 0.49% and
0.43%, respectively. The values were lower in P1/P2/P3-S and P1/P2/S-Pz membranes
due to the second layer modification. The content of S element in P1/P./SCS,
P1/P2/P3-S and P1/P2/S-P3 membranes was 2.85%, 0.49% and 2.13%, respectively.
Similarily, the P elment was partly covered by the outmost layer of SCS in P1/P2/Ps-S.
Combining P and S element in the double-layer modified surface, we can summarized
that the absorbed content in the inner layer exceed the outer layer. This
immobilization consequence is attributed to electrostatic interaction, group reaction
and molecular specificity. But the absorption in inner layer is mainly attributed to the
adhesion of PDOPA, and in the outer layer mainly due to the electrostatic adsorption

between polymer with opposite charges.
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Table 3

Surface elemental percentages of C, O, N, P, S of PDLLA, P1/PDOPA, P1/P,/PCS,

P1/P2/SCS, P1/P2/P3-S, P1/P2/S-P3 membranes films.

Samples Cls (%) O1s (%) N1s (%)  P2p (%) S2p (%) o/C

PDLLA 70.11+2.12 29.89+0.89 0.00 0.00 0.00 42.60 £2.12%
P./PDOPA 68.12+221 27.09+0.92 4.80+0.51 0.00 0.00 39.26 £ 1.65%
P1/P2/PCS 67.32+352 2755+1.23 4.37+1.00 0.76+0.03 0.00 40.90 + 1.87%
P1/P2/SCS 65.99+3.48 27.32+0.87 3.84+0.36 0.00 285+£0.12 41.40+2.01%
P1/P2/P3-S  7095+4.82 2586+256 1.82+042 0.49+0.02 0.29+0.04 36.44+1.53%
P1/P2/S-P3  70.72+4.32 26.38+1.89 2.01+023 043+001 213+0.08 37.30+0.96%

The values were obtained by XPS.

3.3. Morphology and hydrophilicity of the membrane

FESEM was used to observe the surface morphologies of the membranes. The

results were given in Fig. 2A. The original PDLLA membrane showed a smooth

surface, while a rougher surface with a visibly convex layer was acquired for the

P1/PDOPA composite membrane due to PDOPA coating, leading to the embossment

on the surface of the membrane. In addition, the fluctuation on the surface became

weaker with further surface immobilization by single modified PCS or SCS. After

immobilized by modified SCS and PCS, there were a lot of ups and downs on the

membrane surface, and the surface roughness further increased to some extent.

The surface morphology of the unmodified membrane and modified membranes

could be observed more visually in the two- and three-dimensional AFM micrographs
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shown in Fig. 2B. The RMS value, as an indicator of surface roughness, was
calculated accordingly. Higher RMS value means the rougher surface. The RMS
values of PDLLA, P1/PDOPA, Pi1/P2/PCS, P1/P2/SCS, P1/P2/Ps-S, P1/P2/S-P3
membranes were 2.29 nm, 10.80 nm, 5.01 nm, 2.91 nm, 5.90 nm and 9.26 nm,
respectively, which were supported by the SEM results. Both SEM and AFM results
suggested that the surface modification with DOPA and modified PCS or/and SCS
enabled the PDLLA membrane to have a rougher surface, which will be more
favorable to cells adhesion and differentiation compared to the original PDLLA
membrane. Because materials surface topography as well as surface roughness can

influence cellular response (Groessner-Schreiber & Tuan, 1992; K. et al., 1996).

P/PDOPA

P/P/SCS

Fig. 2. FESEM (A); 2D and 3D AFM images of pure membranes and modified
PDLLA membranes(B).
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Surface hydrophilicity of the membranes is governed by both chemical
composition and topographic structure (Jianhao Zhao et al., 2012). In this study, the
contact angle (CA) values and surface energy (SE) of membranes were tested by using
water and diiodomethane as the probe liquids. As is shown in Table 4, PDLLA
membranes showed CA values of 87.6 £ 0.02° and 50.8 + 0.06° against water and
diiodomethan. After introducing PDOPA, PCS and SCS, the CA of the membranes
declined firstly and then increased slightly, but still obviously lower than that of the
original PDLLA membranes. The hydroxyl groups in the PDOPA molecular structure
lead to the decrease of CA, while the sugar ring structure of PCS and SCS lead to the
increase of CA slightly. Another reason may be the increasing in the roughness of
membranes surface and the contact area with the droplets after surface modification

by PDOPA, PCS and SCS.

The Owens-Wendt method is the most commonly used method for determiniation
of SE. It has been shown that the Owens—Wendt method with a pair of nonpolar liquid
and polar liquids gave minimum errors (D.K. & R.C., 1969; Jinhong Jiang, Liping
Zhu, Lijing Zhu, Baoku Zhu, & Xu, 2011). SE, which mainly affected by the material
surface composition and hydrophilicity, is often used to evaluate the surface
adhesivity, wettability and biocompatibility, etc. The higher SE, the smaller contact
angle and higher hydrophilicity of the membrane surface. In this research, SE of
different membranes, and polar and disperse parts of SE were obtained according to

the Owens—Wendt method, and the results are shown in Table 4. Here, ys refers to the
total SE of the membranes, 7 and »¢ represent the disperse and polar parts,

respectively, yso refers to the total surface energy of pristine PDLLA membranes, (yso
— ys0)/ yso represents the changes in ys of the PDOPA and PCS or/and SCS modified
PDLLA in comparison with that of the pristine PDLLA membrane. The SE of PDLLA
membrane was 33.90 mN/m due to the weak interaction of Van der Waals force. But
when coating with PDOPA, PCS or/and SCS layers, the SE of the membranes
increased to 49.16, 43.31, 42.79, 41.85 and 38.64 mN/m, respectively. Moreover, the

value of the polar component y!” increased remarkably, but the dispersion component
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¢ changed very little, indicating the polar component plays the main role in

contributions to the increase of the SE. The introduction of the PDOPA, PCS and SCS

layers with abundant polar groups resulted in the strong hydrogen interaction between

the molecules and the increase of the polar component y! value.

Table 4

Surface energy components of the PDLLA,

P1/P»/P3-S and P1/P2/S-P3 membranes.

P1/PDOPA, P1/P2/PCS, P1/P2/SCS,

Contact angle (deg)

Surface energy (mN/m)

Samples - ) ;
Water  Diiodomethane Vs Vs Vs (s —7s0) ! Vso
PDLLA  87.6x0.02 53.2+0.72 31.18+£6.0 276+09 33.90+£5.1 —

Pi/PDOPA 53.2+0.72 47.0+0.44 2583+3.0 2330+16 49.16+4.6 0.45
P1/P2/PCS  66.7 £1.66 42.0x0.22 31.38+1.1 1193+23 433111 0.28
Pi/P2/SCS  68.0£0.10 42.2+4.78 31.73+13 11.06+28 4279+15 0.26
Pi/P2/P-S  70.8+0.14 44.0+0.30 28.14+34 1371+45 4185%1.1 0.23
P1/P2/S-P3  71.4+0.27 51.8+0.65 27.08+0.1 1156+1.0 38.64+1.0 0.14

p d
7s : Total surface energy; Vs . Polarity component of surface energy; Vs, Dispersion

component of surface energy
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3.4. Surface potential of membranes

Surface potential of the unmodified membrane and modified membrane was
acquired by solid surface potentiometer. As shown in Fig. 3A, the average surface
potential of PDLLA, P1/PDOPA, P1/P2/PCS, P1/P2/SCS, P1/P2/P3-S, P1/P2/S-P3 were
measured to be -35.04 £ 1.52 mv, -25.43 + 0.30 mv, 7.64 + 0.85 mv, -34.55 £ 0.25 myv,
-35.93 £ 1.14 mv and -8.68 + 0.25 mv, respectively. The result indicated that the
amino of PDOPA increased the potential of pure PDLLA membrane. As is shown in
Fig. 1A, PCS with positive charge increased the surface potential and (Yuefei Song,
2018) SCS with negative charge decreased the surface potential of the modified
membrane, severally. Surface potential of biomaterials can dramatically influence
cellular osteogenic differentiation (B. Tang et al., 2018). Uncharged surface, induce
the weak osteogenic differentiation, overhigh surface potential, cause enhanced
osteogenic differentiation and suitable surface potential, result in the strong

osteogenic differentiation.

(A) B LA B P/P/SCS (B) [ gmmroiia g
2 - P]-’mPA Pl-’P_;’Pj-b - - 131 /PDOPA .
Brrrcs PRSP, Il e /pcs

[=]
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S

e
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Fig. 3. Surface potential of pure membrane and composite membrane (A);
Proliferation of MC3T3-E1 cells seeded on the PDLLA, composite membranes
surfaces (B).
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3.5. Cell metabolic activity

In the present study, the metabolic activity of MC3T3-E1 cells on different
membrane surfaces was analyzed by CCK-8 assay, and the OD value of cells after 1,
4 and 7 days seeding on different membrane surfaces was obtained and displayed in
Fig. 3B. It shows that the OD values of cells on all membrane surfaces generally
increased with prolong culture time. However, notable differences could be detected
between modified and unmodified PLLA membranes after 4 and 7 days seeding,
especially in PSC or/and SCS modified membranes. Part of the reason could be that
rough structures can promote cells proliferation (Azadeh Ghaee, 2017). The other
reason may be the coated functional materials. The surface with hydroxyl and amine
groups often exhibits good cytocompatibility, and is conducive to cells adhesion,
spreading and proliferation (Altankov, Richau, & Groth, 2003; Becker et al., 2002). In
addition, according to our research results, the modified layer with sulfonic acid group
or/and phosphate radical group can better promote cell proliferation than that with
hydroxyl and amine groups only. Furthermore, for the OD values of P1/P>/SCS and
P1/P2/P3-S, which film had SCS in the outlayer, had statistically significant difference
from other groups. Surface potential of biomaterials can dramatically influence
cellular proliferation (Altankov et al., 2003; Cai et al., 2006). But in this study, the
value of different membranes surface zeta potential might be a critical parameter for
cellular interactions, but the modified functional groups played an more important

role in cell proliferation.
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(A)

P,/PDOPA P,/P,/PCS

P,/P,/SCS P /P,/P;-S P,/P,/S-P,

(B) P,/PDOPA

Fig. 4. CLSM (A) and FSEM (B) images of MC3T3-E1 cells on the materials surface
after one day.

3.6. Cell morphologies and cytoskeleton organization

To gain a better understanding of the cellular response to the membranes, cell
adhesion and spreading on membranes surface was studied. Cell cytoskeleton
organization of MC3T3-E1s seeded on films by staining with Rhodamine phalloidin
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for cytoskeleton and DAPI for nucleus, were further observed by CLSM (Fig. 4A).
Cells on PDLLA surfaces tended to adopt an elongated morphology, unlike
MC3T3-E1s on modified surfaces, which adopted bigger loose shape, especially those
on the P1/P2/PCS, P1/P2/SCS membranes. Cell morphology, which is indirectly
associated with cell viability, it can be included that PCS or SCS modified films
energetic undergone general cell adhesion processes, such as substrate attachment,
spreading and cytoskeleton development. FESEM micrographs of MC3T3-E1 cells
after 1 day seeding on the different membranes were observed and presented in Fig.
4B. As expected, the spreading areas of MC3T3-E1 cells on modified membranes
increased, especially in the groups of P1/P2/SCS and P1/P2/P3-S membranes, which
compared with others, owed more cells, suggesting that PCS, especially SCS

modified substrates favored cell attachment and spreading.

3.7. ALP activity, ALP staining and calcium deposition

ALP is an early marker associated with osteoblast differentiation toward the
osteocytic phenotype. And it was recognized as one of the key roles in the early stage
of matrix mineralization (Becker et al., 2002). The quantitative analysis of ALP
activities in MC3T3-EL1 cells grown on the different PDLLA membranes after 1, 4 and
7 days seeding were measured and shown in Fig. 5A. The activities of all samples
show a time-dependent pattern. At the beginning, there were no significant difference
between the PCS or/and SCS modified PDLLA membranes groups, but P/P/PCS
sample has a statistically significant difference (P < 0.05) to the PDLLA or P1//PDOPA
samples. At day 7, the ALP activities in each groups have similar tendency to that at
day 4, but the difference became bigger between PCS or/and SCS modified films and
PDLLA, P1/PDOPA films, and there are statistical significant difference even between
the P1//PDOPA and PDLLA groups. Similar results were obtained by ALP qualitative
detection as shown in Fig. 5C. The cell proliferation at day 7 on the P/P/SCS and

P/P/P-S membrane surface is higher than on the other membranes surface (Fig. 3B),
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but on the P1/Po/PCS and P1/P2/SCS samples, the ALP activity was higher than that on
the other samples, especially on the P/P/PCS sample which was the highest (Fig. 5A).
This indicates that when the outside layer is SCS, it is beneficial for MC3T3-E1s cell
proliferation, but the outside layer of PCS benefits for ALP activity. In another word,

PCS can promote the preosteoblast MC3T3-E1s to differentiate into osteoblasts.

In addition, calcium deposition, which is known to occur after ALP activation,
was evaluated by alizarin red (AR) staining (Fig. 5B). Compared to PDLLA
membrane, more mineralized nodules appeared on modified PDLLA membranes.
Especially, more orange-red nodules were observed in the P/P/PCS and P/P/SCS
groups compared to other groups. In addition, the results of quantification of AR
staining dissolved in 10% CPC solution was shown in Fig. 5C, which further verified
the conclusion mentioned above. Combined the result of ALP and AR staining
together, it can be concluded that no matter which ingredient we introduced, coated
PDOPA, SCS or/and PCS, especially the latter two, can increase the MC3T3-E1s
osteogenic differention on PDLLA membranes. And for the modification with
chitosan derivatives, PCS and SCS, the effect of single component modification is

better than that of double component modification.
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Fig. 5. ALP activities in MC3T3-EL1 cells (A) and ALP staining (C) on day 1, 4 and 7,
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3.8. Quantitative Real-Time PCR assays

In order to explore the differentiation effects of the membranes on MC3T3-E1 cells,
the expression of osteogenesis related genes was evaluated by real-time PCR
(Haishan Shi, 2019), as shown in Fig. 6. Generally, the expression levels of
osteogenic markers (Runx2, ALP, Col-l1 and OCN) of MC3T3-Els on PCS or/and
SCS modified membrane were significantly up-regulated than that on PDLLA or
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P/PDOPA membranes. Although on the day 14, the relative expression of Runx2 and
COL-1 were down-regulated compared with that on the day 7, the valus of the PCS
or/and SCS modified PDLLA membranes was higher than that on the PDLLA or
P1/PDOPA membranes (B. Tang et al., 2018). And in PCS or/and SCS modified
groups, the effect of single component modification is better than double layer
modification. In particular, when PCS was coated at the outer layer, the effect of
functional materials up-regulated osteogenesis-related genes was better than that of
SCS. In before, our research group had done similar work (Li et al., 2016). We
prepared similar membranes (PDLLA/PDLLA-PDOPA/PDLLA-PDOPA-CQOS) and
used them to enhance the growth and osteogenic differentiation of MC3T3-E1s. The
morphology and hydrophilicity of the membrane were studied and the results of in
vitro cell culture experiments revealed the PDOPA and COS layer especially the latter
can significantly upregulate the ALP activity, and promote the osteogenic
differentiation of MC3T3-E1 cells. All these seem to prove that surface functional
group is more important for osteoblast differentiation than other related factors, such

as surface zeta potential, surface roughness etc.

27



PDLLA P/PDOPA P,/P,/PCS P,/P,/SCS P,/P,/P;-S P,/P,/S-P,
ALP ® Col-1

I

Reletive gene expression

7 days 14 days

B X 88 8

-
bl

Relative gene expression &
]

L= 5 |
I 1

7 days 14 days 7 days

14 days

Fig. 6. The gene expressions of ALP (A), Col-lI (B), Runx2 (C) and OCN of
MC3T3-E1 cells on films.

4. Conclusion

In this work, we reported a series of functional PDLLA membranes modified by
PCS or/and SCS by the intermediate of PDOPA layer for the growth and
differentiation of MC3T3-E1s. These functional PDLLA membranes possess higher
hydrophilicity than PDLLA membrane, and benefit the MC3T3-E1 cells adhesion,
proliferation, alkaline phosphate activity and osteogenic differentiation. Specially,
SCS has superiority in promoting MC3T3-E1s proliferation than PCS, but PCS has an
advantage over SCS in promoting MC3T3-E1s osteogenic differentiation. In addition,
the effects of single component of PCS or SCS are better than that of double
component modification in the promotion of MC3T3-E1s proliferation and osteogenic

differentiation. In summary, PCS and SCS can be expected to be practically used as
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functional modified materials for bone tissue engineering, such as surface coating

materials, 3D printing additive, hydrogel composition and so on.
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