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Abstract The development of chitosan-based constructs
for application in large-size defects or highly vascularized
tissues is still a challenging issue. The poor endothelial cell
compatibility of chitosan hinders the colonization of vas-
cular endothelial cells in the chitosan-based constructs, and
retards the establishment of a functional microvascular
network following implantation. The aim of the present
study is to prepare chitosan films with different neutral-
ization methods to improve their endothelial cell compat-
ibility. Chitosan salt films were neutralized with either
sodium hydroxide (NaOH) aqueous solution, NaOH etha-
nol solution, or ethanol solution without NaOH. The
physicochemical properties and endothelial cell compati-
bility of the chitosan films were investigated. Results
indicated that neutralization with different solutions
affected the surface chemistry, swelling ratio, crystalline
conformation, nanotopography, and mechanical properties
of the chitosan films. The NaOH ethanol solution-neutral-
ized chitosan film (Chi-NaOH/EtOH film) displayed a
nanofiber-dominant surface, while the NaOH aqueous
solution-neutralized film (Chi-NaOH/H,O film) and the
ethanol solution-neutralized film (Chi-EtOH film) dis-
played nanoparticle-dominant surfaces. Moreover, the
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Chi-NaOH/EtOH films exhibited a higher stiffness as
compared to the Chi-NaOH/H,O and Chi-EtOH films.
Endothelial cell compatibility of the chitosan films was
evaluated with a human microvascular endothelial cell line,
HMEC-1. Compared with the Chi-NaOH/H,O and Chi-
EtOH films, HMECs cultured on the Chi-NaOH/EtOH
films fully spread and exhibited significantly higher levels
of adhesion and proliferation, with retention of the endo-
thelial phenotype and function. Our findings suggest that
the surface nanotopography and mechanical properties
contribute to determining the endothelial cell compatibility
of chitosan films. The nature of the neutralizing solutions
can affect the physicochemical properties and endothelial
cell compatibility of chitosan films. Therefore, selection of
suitable neutralization methods is highly important for the
application of chitosan in tissue engineering.

1 Introduction

Chitosan, o (1 — 4)-2-amino-2-deoxy-f-p-glucan, is a
cationic natural polysaccharide obtained by the N-deacet-
ylation of chitin under alkaline conditions. Chitosan has
been considered a promising biomaterial in tissue engi-
neering for cartilage [1], bone [2], peripheral nerves [3],
etc., due to its good biocompatibility and biodegradability.
However, the development of chitosan-based constructs for
application in large-size defects or highly vascularized
tissues is still a challenging issue. A major limitation is
associated with the inability to supply sufficient oxygen
and nutrients to the inner part of the cell-chitosan con-
structs in the early stage after implantation [4]. If located
more than a few hundred microns away from the nearest
capillaries, the cells in the constructs become hypoxic
and enter apoptosis, resulting in poor cell survival.
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To resolve this problem, a number of strategies are being
developed. One of the promising approaches is to pre-
colonize the matrices with vascular endothelial cells [5].
The pre-vascularization is expected to contribute to the
establishment of a functional capillary network able to
deliver oxygen and nutrients throughout the constructs
following implantation. Successful formation of a func-
tional microvasculature relies on the ability of the matrices
to allow adhesion and proliferation of the vascular endo-
thelial cells, as well as to support the endothelial phenotype
and function. Unfortunately, the feasibility of chitosan
material to be colonized by endothelial cells in vitro is not
evident. It is reported that endothelial cells seeded on
chitosan two-dimensional (2-D) films [6, 7] and three-
dimensional (3-D) scaffolds [8] exhibited poor cell adhesion,
spreading, and proliferation. Therefore, the endothelial cell
compatibility of chitosan needs to be improved. The effects
of chitosan physicochemical characteristics on the endo-
thelial cell behavior should be further investigated.
Chitosan is a semicrystalline polysaccharide and is nor-
mally insoluble in aqueous solutions with pH value above 7.
However, the free amino groups are protonated and the
molecules become soluble in dilute acids (pH < 6). This
pH-dependent solubility of chitosan provides a convenient
method for its processing under mild conditions. Generally,
chitosan is dissolved in acidic solution to form chitosan
solution. With this solution chitosan films and porous
scaffolds are fabricated by air drying and freeze drying,
respectively. Then, the samples are commonly neutralized
in either sodium hydroxide (NaOH) aqueous solution [6, 7,
9] or ethanol solution [8, 10]. The neutralization is a nec-
essary step before the rehydration of the chitosan matrices.
However, there is still very limited information about the
effects of the different neutralization methods on physico-
chemical properties and cytocompatibility of chitosan.
This study is aimed to prepare chitosan films with good
endothelial cell compatibility. The chitosan films were
neutralized with either NaOH aqueous solution, NaOH
ethanol solution, or ethanol solution without NaOH. For the
first time, the effects of different solutions used for
neutralization on the physicochemical properties and
endothelial cell compatibility of chitosan films were
investigated. The possible mechanisms were discussed.

2 Materials and methods

2.1 Materials

Chitosan (MW 500 kDa, deacetylation degree 85%) was
supplied by Qingdao Haisheng Co., Ltd. (Qingdao, China).

Mouse anti-human CD31 (MAB2148) and mouse anti-
human E-selectin (MAB2150) were obtained from
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Millipore. Rabbit anti-human von Willebrand Factor
(VWF) (A0082) was obtained from Dako. Tumor necrosis
factor-oo (TNF-o) and recombinant human vascular endo-
thelial growth factor (VEGF,¢5) were obtained from Pep-
roTech. Acetylated low density lipoprotein labeled with 1,
’-dioctadecyl-3, 3, 3’, 3'-tetramethylindo-carbocyanine
perchlorate (Dil-Ac-LDL) was purchased from Biomedical
Technologies Inc. (Stoughton, USA). Matrigel was
obtained from BD Biosciences (Bedford, USA). All other
reagents were of analytical grade.

2.2 Preparation of chitosan films

Chitosan was dissolved at 2% (w/v) in 1.2% (v/v) acetic
acid solution. The resulting chitosan solution was cast on
glass cover slips or culture dishes, and then was dried at
50°C for 24 h to form thin films. After drying, the films
were neutralized with either NaOH aqueous solution,
NaOH ethanol solution, or ethanol solution without NaOH.
For the first method, NaOH was dissolved at 2% (w/v) in
deionized water. Chitosan films were immersed in this
solution for 30 min and then washed with deionized water
for three times. The films neutralized with this method
were abbreviated as Chi-NaOH/H,O. For the second
method, ethanol was mixed with deionized water to make
an 80% (v/v) ethanol solution, and then NaOH was dis-
solved at 2% (w/v) in the ethanol solution. Chitosan films
were immersed in this solution for 30 min and then washed
with 80% (v/v) ethanol solution for three times. The films
neutralized with this method were abbreviated as Chi-
NaOH/EtOH. For the third method, chitosan films were
washed with 80% (v/v) ethanol solution without NaOH for
four times (10 min each). The films neutralized with this
method were abbreviated as Chi-EtOH. All the films were
washed with phosphate buffer solution (PBS, pH 7.2)
before cell seeding.

2.3 Attenuated total reflection fourier transform
infrared (ATR-FTIR) spectrometry

FTIR spectra of chitosan films neutralized in different
solutions were collected with a fourier transform infrared
spectrometer (Spectrum GX, Perkin Elmer, USA) in the
reflection mode. An attenuated total reflection accessory
was used for all IR spectral acquisitions.

2.4 Swelling ratio measurement

Chitosan films were immersed in deionized water at room
temperature until equilibrium was achieved. The films were
then blotted with filter paper and weighed. Subsequently,
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the films were dried at 60°C to a constant weight.

The swelling ratio was determined by Eq. 1:

W s Wd

——— x 100% 1
Wa ’ M)

Swelling ratio =

where W is the weight of the swollen film at equilibrium
and Wy is the weight of the dried film.

2.5 X-ray diffraction (XRD) spectrometry

XRD patterns of chitosan films were measured using an
X-ray diffractometer (Model D8 Advance, Bruker,
Germany) with Ni-filtered Cu radiation operated at 30 kV
and 30 mA as the X-ray source. The diffraction patterns were
recorded over a range of diffraction angle 20 = 6 to 40° at a
scanning rate of 1° (20) per min and a step size of 0.1° (26).

2.6 Surface topography characterization by atomic
force microscopy (AFM)

Topographies of chitosan films were observed with an
atomic force microscope (PicoScan, Molecular Imaging,
USA). Measurements were performed in contact mode
under ambient conditions with silicon tips (CSC11, Sili-
con-MDT, Russia) at a scanning rate of 3 lines/s. For each
sample, three random regions were examined with a scan
size of 4 x 4 um”. And at least three samples were mea-
sured for each kind of chitosan film. The obtained AFM
images were analyzed by the free software WSxM 4.0
(Develop 8.6).

2.7 Mechanical properties measurement

The mechanical properties of chitosan films were evaluated
by a tensile test using a Universal Testing Machine (model
AG-1, Shimadazu, Japan) equipped with a load cell of
50 N. The films were cut to 5 x 1 cm and immersed in
deionized water until equilibrium before testing. All tests
were performed at room temperature and the tensile speed
was 0.5 cm/min. The elastic modulus, elongation-at-break,
and tensile maximum strength were calculated from the
stress—strain curves. The reported data was the average of
five samples.

2.8 Endothelial cell compatibility of chitosan films
2.8.1 Cell culture

Human microvascular endothelial cell line (HMEC-1) used
for this study was donated from Shanghai Institute of
Materia Medica (Shanghai, China). The cell line was
established by Ades et al. [11] through transfection of
human dermal microvascular endothelial cells with a

simian virus (SV) 40 T antigen for immortalization. The
cell line retains the morphological, phenotypic, and func-
tional properties of normal human microvascular endo-
thelial cells [11, 12], and has been used as an in vitro model
to test the cytocompatibility of biomaterials in previous
studies [12-14]. For experiments, HMECs were cultured
in Dulbecco’s minimum essential medium (DMEM,
HyClone) supplemented with 10% (v/v) fetal bovine serum
(FBS, HyClone) under a 5% CO, atmosphere, at 37°C. The
cells between passages three and eight after thaw were used
for the experiments.

2.8.2 Cell adhesion

HMECs were seeded on chitosan filmsat 7 x 10* cells/cm>.
After incubation for 2 or 4 h, the films were rinsed twice
with PBS to remove the unattached cells. Then, the cell
adhesion was evaluated by MTT assay. The MTT assay is a
measure of the cellular metabolic state, but the activity
measured in a culture can be used as an approximation of
cell number.

2.8.3 Cell proliferation and morphology

HMECs were seeded on chitosan films at 1 x 10* cells/cm?.
Proliferation after 1, 3, and 7 days was determined by
MTT assay. After culturing for 2 and 7 days, the cell
morphology on the films was observed with an inverted
phase contrast microscope (Axiovert 10, Zeiss-Opton,
Germany).

2.8.4 Expression of endothelial phenotypic markers

The expression of characteristic endothelial cell markers
was investigated by immunofluorescent staining of CD31,
vWE, and E-selectin. The immunofluorescent studies were
performed on HMECs cultured for 4 days on chitosan
films. For investigation of the proinflammatory marker
E-selectin, samples were further incubated for 12 h either
in the absence or in the presence of TNF-a (1,000 U/ml).
The TNF-o was added to induce the E-selectin expression.
Briefly, the cells were rinsed with PBS, fixed in 4% (w/v)
paraformaldehyde solution for 30 min, permeabilized in
0.1% (v/v) buffered Triton X-100 solution for 20 min, and
then blocked in 5% (v/v) normal goat serum for 1 h. The
cells were subsequently incubated with mouse anti-human
CD31, rabbit anti-human vWEF, or mouse anti-human
E-selectin for 1 h, and then incubated with the corre-
sponding FITC-conjugated secondary antibodies (YaTai
Biotechnology, China) for 1 h. The cell nuclei were
counterstained by DAPI (Dojindo, Japan) for 5 min.
Finally the samples were observed with a confocal laser-
scanning microscope (FV 500, Olympus).
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Fig. 1 A schematic diagram for the in vitro angiogenesis assay used
in the current study

2.8.5 Uptake of Dil-Ac-LDL

HMECs were cultured on chitosan films for 3 days. Then
the cells were incubated in culture medium containing Dil-
Ac-LDL (10 pg/ml) for 4 h. After the incubation period the
cells were washed with PBS and fixed with 4% (w/v)
paraformaldehyde solution. Finally, the cells were coun-
terstained by DAPI (Dojindo, Japan) and visualized with a
confocal laser-scanning microscope (FV 500, Olympus).

2.8.6 In vitro angiogenesis assay

HMECs were cultured on chitosan films for 3 days. Then
the cells were covered with Matrigel. Culture medium
containing VEGF 45 (30 ng/ml) was carefully added on top
of the gel and incubation was continued (Fig. 1). After
24 h, the cells were fixed in situ with 2% (w/v) parafor-
maldehyde solution and observed with an inverted phase
contrast microscope (Axiovert 10, Zeiss-Opton, Germany).
Cell-seeded films cultured without Matrigel under the same
conditions were used as controls.

3 Results
3.1 Surface chemistry of chitosan films

ATR-FTIR spectroscopy was used to investigate the sur-
face chemistry of chitosan films. As shown in Fig. 2a, all
spectra showed the characteristic peaks of chitosan. The
absorption peak at 1,645 em™! can be assigned to the
amide I band, the peak at 1,377 cm™' can be assigned to
the amide III band, and the peaks at 1,150 cm~! and
893 cm™ ' can be assigned to the saccharine structure of
chitosan [9, 10, 15]. Both the spectra of Chi-NaOH/H,0O
and Chi-NaOH/EtOH films presented a peak at
1,588 cm ™!, assigned to the N-H bending vibration of
primary amines (amino (—NH,) characteristic peak) [9].
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In comparison, the amino characteristic peak of Chi-EtOH film
was shifted to the lower wavenumber (observed at 1,582
cm "), indicating partial protonation of the chitosan [16].

Previous studies indicated that the characteristic peak of
protonated amino groups (-NH3") on chitosan was at
around 1,514 cm™! [17, 18]. Herein, the ratio of absor-
bance at 1,514 cm™! to that at 1,588 cm ™! (A1.514/A1 588)
was used to evaluate the protonation degree (-NH; /-NH,
ratio) of the chitosan films. As shown in Fig. 2b, the ratio
A1 514/A; 588 of Chi-EtOH film was obviously higher than
those of Chi-NaOH/H,O and Chi-NaOH/EtOH films, sug-
gesting that the proportion of -NH;" groups in the Chi-
EtOH film was higher than those in the Chi-NaOH/H,O
and Chi-NaOH/EtOH films.

3.2 Swelling ratios of chitosan films

Figure 3 shows the swelling ratios of chitosan films. Chi-
NaOH/EtOH films had the lowest swelling ratio, while
Chi-EtOH films had the highest swelling ratio. This result
suggests that the structure of the Chi-NaOH/EtOH films
was more rigid and compact compared to the Chi-NaOH/
H,0 and Chi-EtOH films [10, 19].

3.3 Crystalline conformation of chitosan films

XRD result indicates that neutralization of chitosan films in
different solutions resulted in different crystalline confor-
mations (Fig. 4). Chi-NaOH/H,O film showed a diffraction
peak at around 10°, which is the characteristic of
“Tendon” (hydrated) polymorph of chitosan [20, 21]. In
contrast, Chi-NaOH/EtOH film exhibited a peak at around
15°, which is the characteristic of “Annealed” (anhydrous)
polymorph of chitosan [20, 21]. Previous studies indicated
that chitosan acetate formed hydrated crystals (called
“Type II” crystals) and showed diffraction peaks at 8 and
11°[17, 22]. Herein, Chi-EtOH film exhibited a weak peak
at around 8° and a broad peak centered at around 13°. The
peak at 8° is attributed to the diffraction of the “Type II”
crystals. The peak at 13° can be regarded as a combination
of two peaks at 11 and 15°, corresponding to the “Type II”
crystals of chitosan acetate and the “Annealed” crystals of
chitosan, respectively.

3.4 Surface topography of chitosan films

AFM result shows that chitosan films neutralized in
different solutions displayed surface topographies with
different nanoscaled features (Fig. 5 and Table 1).
Chi-NaOH/H-O film and Chi-EtOH film had the surfaces
consisting of tightly packed particles. Interestingly, for
Chi-NaOH/EtOH film, the surface topography was changed
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Fig. 4 XRD patterns of chitosan films

to be nanofiber dominant, which was quite different from
the Chi-NaOH/H,0 and Chi-EtOH films.

3.5 Mechanical properties of chitosan films

Table 2 indicates that mechanical properties of chitosan
films were significantly affected by the neutralizing

bation time for all samples (Fig. 6). The adhesion of the
cells on Chi-NaOH/EtOH films was significantly higher
than on Chi-NaOH/H,O and Chi-EtOH films (Fig. 6).

3.6.2 Cell proliferation

Result shows that the proliferation of HMECs was signif-
icantly greater on Chi-NaOH/EtOH films than on Chi-
NaOH/H,O and Chi-EtOH films after 3 and 7 days of
culture (Fig. 7), consistent with the result of cell adhesion.

3.6.3 Cell morphology

HMECs exhibited distinctly different morphologies on
chitosan films neutralized with different solutions. On Chi-
NaOH/H,O and Chi-EtOH films, the cells retained a
spherical shape after a 2-day culture (Fig. 8a, e). Floating
cell aggregates were formed by further incubation (Fig. 8b,
f). In contrast, cells cultured on Chi-NaOH/EtOH films for
2 days were well spread and showed a fibroblastic mor-
phology (Fig. 8c). After 7 days of culture, these cells grew
to confluence and exhibited a typical cobblestone-like
morphology on the Chi-NaOH/EtOH films (Fig. 8d).
HMEC:s cultured on the Chi-NaOH/EtOH films showed
significantly improved adhesion and proliferation. More-
over, the cells grown on these chitosan films maintained
their endothelial morphology. Therefore, in the following
sections, we further analyze the endothelial phenotype and
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Fig. 5 AFM topographic
images of chitosan films. About
4 x 4 pm? size images are
shown with z-axis maximum
heights of 50 nm. a Chi-NaOH/
H,O film, b Chi-NaOH/EtOH
film, ¢ Chi-EtOH film. Notice
that the Chi-NaOH/H,O and
Chi-EtOH films displayed
particle-dominant surface, while
the Chi-NaOH/EtOH film
displayed fiber-dominant
surface. Bar = 800 nm

Table 1 Topography of chitosan films

Sample Topography Average Average Average
length (nm) width (nm) height (nm)

Chi-NaOH/  Particle ~265 ~ 180 ~32.6
H,O0 film

Chi-NaOH/  Fiber ~740 ~45 ~21.2
EtOH film

Chi-EtOH Particle ~200 ~115 ~26.0
film

Table 2 Tensile mechanical properties of chitosan films (n = 5)

Sample Tensile mechanical property
Elastic Elongation-at- Tensile
modulus (MPa) break (%) strength (MPa)
Chi-NaOH/ 3.65 £ 0.48 63.74 £ 493 1.14 £ 0.10
H,O film
Chi-NaOH/ 12.86 + 1.47* 41.07 £ 6.11*  2.73 £+ 0.13*
EtOH film
Chi-EtOH film  1.42 £+ 0.19 68.03 £ 5.21 0.62 £ 0.03

* P < 0.001 relative to the Chi-NaOH/H,0 and Chi-EtOH films

@ Springer

function of HMECs on the Chi-NaOH/EtOH films. The
Chi-NaOH/H,O and Chi-EtOH films showed poor cell
adhesion and proliferation and so will not be further
studied here.

3.6.4 Expression of endothelial phenotypic markers

The expression of characteristic endothelial cell markers in
HMECs cultured on Chi-NaOH/EtOH films was investi-
gated by immunofluorescent staining of CD31, vWF, and
E-selectin. Results show that CD31 was abundantly
expressed on the cells (Fig. 9a) [11, 23]. A few of these
cells exhibited the typical staining of CD31 located at the
intercellular junctions (Fig. 9a, indicated by the arrows)
[24]. The cells also revealed the characteristic staining of
vWEF in the perinuclear region (Fig. 9b) [8]. HMECs cul-
tured in the absence of TNF-o exhibited little or no
expression of E-selectin (Fig. 9¢), indicating that chitosan
induced no inflammatory activation of the endothelial cells,
as expected [8]. In contrast, upon incubation with TNF-a,
the expression of E-selectin was upregulated (Fig. 9d).
Therefore, HMECs cultured on the Chi-NaOH/EtOH
films maintained their endothelial phenotype, in terms of
expression of these constitutive and inducible markers.
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Fig. 6 Adhesion of HMECs on chitosan films. n = 4, * P < 0.001
relative to the Chi-NaOH/H,O and Chi-EtOH films
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Fig. 7 Proliferation of HMECs on chitosan films. n = 4, * P < 0.05
relative to the Chi-NaOH/H,O and Chi-EtOH films, ** P < 0.001
relative to the Chi-NaOH/H,O and Chi-EtOH films

Previous studies have indicated that CD31 is a trans-
membrane protein constitutively expressed at intercellular
junctions on confluent endothelial cells [24, 25]. However,
from Fig. 9a, it is noted that not all the HMECs exhibited
the concentrated distribution of CD31 at the cell-cell
borders. We propose that the CD31 distribution is affected
by immortalization of the cells. HMEC-1 cells are
immortalized with SV40 T antigen [11]. The T antigen
inhibits tumor suppressor proteins p53 and pRb [26, 27],
and promotes the activation of mitogen-activated protein
kinase (MAPK) pathways [28-32]. The activated MAPKs
can phosphorylate cytoskeletal proteins and CD31, leading
to disruption of the CD31-cytoskeleton connections and
redistribution of the CD31 away from the intercellular
junctions [33, 34].

3.6.5 Endothelial function assay

To study the endothelial function of HMECs grown on
Chi-NaOH/EtOH films, the capacity of the cells to take up
Dil-Ac-LDL and to form capillary-like structures in
Matrigel was investigated. Ac-LDL is taken up by endo-
thelial cells through the “scavenger cell pathway” of LDL
metabolism, and this metabolism in endothelial cells is
shown to be at an accelerated rate compared to other cell
types [35]. As shown in Fig. 10a, b HMECs on the Chi-
NaOH/EtOH films exhibited a typical punctate fluorescent
staining pattern in the perinuclear region, indicating uptake
of Dil-Ac-LDL by these cells.

When overlaid with a layer of Matrigel, HMECs
migrated from the chitosan film into the gel matrix and
formed capillary-like networks within 24 h (Fig. 10c). This
indicates the retention of angiogenic potential of the seeded
endothelial cells, which is very important for the formation
of functional microvasculatures in the cell-chitosan con-
structs following implantation [8]. As expected, in the
absence of Matrigel, capillary-like structures were not
observed (Fig. 10d), regardless of VEGF supplementation.
Laminin is the major component of Matrigel. When the
apical surface of endothelial cells is overlaid with Matrigel,
laminin interacts with integrin receptors and promotes
migration and angiogenesis [36—38]. Taken together, these
results suggest that HMECs grown on Chi-NaOH/EtOH
films maintained their endothelial functional properties.

4 Discussion

This study is aimed to prepare chitosan films with good
endothelial cell compatibility. For the first time, the effects
of different solutions used for neutralization on the physi-
cochemical properties and endothelial cell compatibility of
the chitosan films were investigated. Results show that the
physicochemical properties and endothelial cell compati-
bility of the chitosan films were altered by the different
neutralizing methods.

NaOH is a strong alkali and it can react with acids
completely. Therefore, the amino groups in Chi-NaOH/
H,0 and Chi-NaOH/EtOH films were mainly unprotonat-
ed. On the other hand, chitosan acetate was hydrolyzed
when treated with ethanol solution without NaOH. The
generated acetic acid molecules diffused into the ethanol
solution and then were removed. However, this hydrolysis
reaction is reversible and incomplete; therefore, the amino
groups in Chi-EtOH films were partially protonated.

Chitosan is a semicrystalline polysaccharide with inter-
and intra-chain hydrogen bonds in polymer matrix. During
neutralization in NaOH aqueous solution, incorporation of
water molecules into the crystal lattice of Chi-NaOH/H,O
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Fig. 8 Micrographs of HMECs
cultured on chitosan films for

2 days (a, c, e) and 7 days (b, d,
f). a, b Chi-NaOH/H,O films,
¢, d Chi-NaOH/EtOH films,

e, f Chi-EtOH films.

Bar = 40 um

films gave rise to hydrated “Tendon” polymorph, which is
the most abundant polymorph of chitosan [21]. In contrast,
water molecules were removed when neutralized with
NaOH ethanol solution, thereby leading to the formation of
anhydrous “Annealed” polymorph in Chi-NaOH/EtOH
films. Chi-EtOH films were partially protonated, and con-
tained “Annealed” crystals of chitosan and “Type II”
crystals of chitosan acetate. The “Annealed” crystals were
formed by simultaneously removing the acetic acid and
water molecules from the films by washing with ethanol
solution [39]. The presence of the “Type II” crystals was
due to the incomplete acid removal. XRD result herein
indicates that different neutralizing solutions affected the
crystalline conformation of chitosan films; therefore, the
chitosan chain arrangements and hydrogen bond patterns
are different among these films [39, 40].

One important finding in this study is that different
solutions used for neutralization significantly altered the
surface nanotopography of chitosan films. Chi-NaOH/
EtOH film displayed a nanofiber-dominant surface, while
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Chi-NaOH/H,O film and Chi-EtOH film displayed nano-
particle-dominant surfaces. This finding, to our knowledge,
has never been reported before in the literature. The change
of the surface topography, we assume, can be explained by
the above-mentioned differences of the crystalline behav-
ior. Neutralization in different solutions leads to changes in
the arrangement and packing of polymer chains, and
thereby alters the surface topography of chitosan films
[9, 39]. However, further studies are still needed to clarify
the exact mechanism.

Another finding of this study is that Chi-NaOH/EtOH
films exhibited a higher stiffness than Chi-NaOH/H,O and
Chi-EtOH films. The structure of “Annealed” chitosan
polymorph is more compact than that of “Tendon” poly-
morph because additional inter-chain hydrogen bonds are
formed in the “Annealed” crystals upon removal of the
water molecules [40-44]. These added inter-chain hydro-
gen bonds restricted the swelling and enhanced the stiff-
ness of the Chi-NaOH/EtOH films. The Chi-EtOH films
also had the “Annealed” crystals. However, the swelling of
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Fig. 9 Immunofluorescent
analysis of endothelial
phenotypic markers in HMECs
grown on Chi-NaOH/EtOH
films. Images were collected

4 days after cell seeding.
Staining of CD31 (a), vWF (b),
and E-selectin in the absence
(¢) and in the presence (d) of
TNF-o. Arrows indicate
localized CD31 staining along
the intercellular junctions.

Bar = 20 pm

Fig. 10 Functional analysis of
HMECsS cultured on Chi-NaOH/
EtOH films. a, b Uptake of
Dil-Ac-LDL by the cells.

a Bar = 50 pm. b Bar =

20 pm. ¢, d In vitro
angiogenesis assay in Matrigel.
The cells were incubated with
VEGF (30 ng/ml) for 24 h in
the presence (c) and in the
absence (d) of Matrigel.

¢ Bar = 50 pm.

d Bar = 50 pm
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the Chi-EtOH films was promoted by ionic repulsion
between the protonated amino groups [45], therefore
leading to a lower stiffness than the Chi-NaOH/EtOH
films.

Cell culture experiments suggest that Chi-NaOH/EtOH
films had better endothelial cell compatibility than Chi-
NaOH/H,O and Chi-EtOH films. HMECs cultured on the
Chi-NaOH/EtOH films fully spread and exhibited signifi-
cantly higher levels of adhesion and proliferation. More-
over, the cells grown on the Chi-NaOH/EtOH films
maintained their endothelial phenotype and function. It has
been reported that cell behavior on biomaterials depends on
the physicochemical properties of the substrates [9, 46—49].
Results herein indicate that both surface nanotopography
and mechanical properties contributed to determining the
endothelial cell compatibility of the chitosan films.

It is reported that fiber-dominant surface mimics the
nanoscaled structure of protein fibers in native extracellular
matrix (ECM) [9, 50, 51]. In vivo, the ECM structure
provides an intricate web of protein nanofibers to support
cells and presents an instructive background to guide their
behaviors [52-55]. Previous studies indicated that nanofi-
ber matrix could promote the adhesion and proliferation of
endothelial cells in vitro [56, 57]. Therefore, the nanofiber
topographical cue may produce a driving force for the
HMEC adhesion, spreading, and proliferation on the Chi-
NaOH/EtOH films. However, the detailed mechanism
needs to be further investigated. Substrate stiffness is
another important factor in regulating cell behavior. Cells
have an integrated mechanotransductory pathway to link
the substrate stiffness to the cytoskeletal tension and bio-
chemical signaling pathways. Stiff substrates support cell
spreading whereas compliant ones promote rounding, since
the substrates with sufficient rigidity can withstand the cell
tractional forces generated by cytoskeleton assembly
[58, 59]. Therefore, HMECSs exhibited enhanced adhesion
and spreading on the Chi-NaOH/EtOH films.

5 Conclusions

In this study it is showed for the first time, to our knowl-
edge, that neutralization in different solutions significantly
altered the physicochemical properties and endothelial cell
compatibility of chitosan films. Chitosan films neutralized
with NaOH ethanol solution displayed a nanofiber-domi-
nant surface and exhibited higher stiffness and improved
endothelial cell compatibility than the films neutralized
with NaOH aqueous solution and the films neutralized with
ethanol solution without NaOH. Our findings suggest that
the surface nanotopography and mechanical properties
contribute to determining the endothelial cell compatibility
of the chitosan films. This study provides a further insight

@ Springer

into the interactions between chitosan and endothelial cells.
The selection of suitable neutralization methods will
therefore be highly important for the use of chitosan in
tissue engineering.
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