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A heparin-like composite membrane was fabricated through electrospinning chitosan nanoparticles (CN)
together with an ethylcellulose (EC) ethanol solution onto a bacterial cellulose sulfate membrane (BCS).
Scanning electron microscopy images revealed that there were no chitosan particles in the obtained
composite CN-EC/BCS membranes (CEB), indicating CN had been stretched to nanofibers. X-ray
photoelectron spectroscopy verified the existence of —NH, from chitosan and -SOs~ from BCS on the
surface of CEB membranes. Positively charged CN in the electrospinning solution and negatively
charged BCS on the collector increased the electrostatic force and the electrospinning ability of the EC

was increased. The membrane was hydrophobic, with a water contact angle higher than 120°. CEB
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Introduction

Blood compatibility is one of the key properties of biomaterials in
contact with blood." When blood touches a foreign material,
blood proteins absorb onto the surface and trigger biological
responses, such as thrombin formation, platelet activation, blood
coagulation, thrombosis, etc. To avoid potential adverse effects
on patients, especially thrombosis, a blood-contacting biomate-
rial should be blood compatible.” The structural characteristics of
a material's surface (including chemical components, topog-
raphy, morphology, surface charge, and surface wettability) are
the key factors affecting the blood compatibility due to the clot-
ting cascade of blood (adsorption of plasma proteins (mainly
serum albumin, globulin, fibrinogen, and prothrombin), platelet
activation, platelet adhesion and aggregation) is triggered and
regulated by the characteristics.® Materials exhibiting specifically
design surfaces, especially those with nanofibrous membranes
having similar chemical structures and nanofibers (ranging from
50 to 150 nm in diameter) with the native extracellular matrix
(ECM, including proteoglycans, glycosaminoglycans and fibrous
proteins) demonstrate good blood compatibility.*
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membranes. Macrophages seeded on CEB membranes are not activated after 24 h incubation.

Heparin is a naturally occurring anticoagulant, which has
been widely used to treat and prevent many diseases, such as
deep vein thrombosis, pulmonary embolism, and arterial
thromboembolism. Heparin is a mixture of sulfated poly-
saccharide chains composed of repeating units of p-glucos-
amine and either r-iduronic or p-glucuronic acids.” The ionic
functional groups, including sulfate, sulfamide, and carbox-
ylate groups, are the key groups of anticoagulant activity of
heparin.®” Therefore, many blood-contacting materials have
been modified to introduce similar structures onto the surface
through chemical grafting, plasma deposition, self-assembly to
mimic the structure and properties of heparin.®**® In recent
years, many natural polysaccharides, such as chitosan, cellu-
lose, and their derivatives have been modified to mimic
heparin. Bacterial cellulose (BC) is an unbranched polymer of -
1,4-linked glucopyranose residues same as plant cellulose
(PC),"* which is an exocellular polysaccharide of microbial
fermentation production.”> BC is a natural nanofibrous
membranes, having ultrafine reticulated fiber structure (3-4 nm
(thickness) and 370 + 80 nm (width))."*** BC has been widely
used in blood-contacting materials, such as artificial blood
vessels, artificial skin, and wound healing materials."”® BC is
a good candidate to prepare blood compatible membrane. BC
sulfate (BCS) can be utilized as a potential raw blood-contacting
biomaterial to mimic heparin owing to the presence of -SO; ",
and natural nanofibrous structure of BC.'*"*

Electrospinning is an effective methodology for preparing
nanofibrous materials with specific chemical structure and

This journal is © The Royal Society of Chemistry 2018
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morphology," which has been used to mimic the surface of
blood vessel walls, including chemical structure and
morphology. Chitosan is the partly N-deacetylated derivatives of
chitin (poly(2-(acetylamino)-2-deoxy-B-(1 — 4)-p-glucose)) which
is the second most abundant natural polysaccharide after
cellulose.” Chitosan has been widely investigated as a potential
biomaterial due to its biocompatibility, biodegradability, and
multiple biological properties.”* Electrospinning of chitosan
has been investigated in recent years.” Owing to the strong
molecular interaction between the highly charged density and
high viscosity of chitosan solutions, it is very difficult to elec-
trospin chitosan solely.>*** Usually, chitosan should be elec-
trospun in special solvents (such as 90% acetic acid,”
trifluoroacetic acid,* 1,1,1,3,3,3-hexafluoro-2-propanol, etc.) or
electrospun with the assistant of other polymers (such as poly
(vinyl alcohol) (PVA), polyethylene oxide, poly (lactic acid) (PLA),
etc) after dissolving in a dilute acid and blending with the
assistant polymer solution. In our previous research, we found
a new process to electrospin chitosan nanoparticles into
nanofibers together with another polymers having flexible
polymer chains, such as PLA and PVA.*”*® Ethyl cellulose (EC) is
a cellulose derivative which can be dissolved in a variety of
organic solvents and have flexible polymer chain.>® Therefore, it
is possible to electrospin EC and chitosan nanoparticles
together.

Many electrospun nanofibrous membranes have expressed
good blood compatibility due to the similarity of the membrane
with the ECM.?**%3* However, there is no report on preparing
heparin-like membrane from polysaccharide sulfate through
electrospinning up to now. And the electrospinning of positively
charged chitosan and negatively charged BCS in one solution is
not easy to be carried out due to the aggregation of the solution.
Therefore, in this paper, we planned to fabricate a composite
membrane from chitosan nanoparticle (CN), EC, and BCS
through electrospinning CN/EC emulsions onto a surface
modified BCS membrane. The composite membrane was
supposed to be blood compatible due to the similar chemical
structure and morphology with ECM. The membranes were
characterized with Fourier transform infrared spectroscopy
(FTIR), X-ray photoelectron spectroscopy (XPS), scanning elec-
tron microscopy (SEM), and water contact angles instrument.
The blood compatibility of CEB membrane was measured
through coagulation times and platelet adhesion.

Experimental
Ethical statement

All experiments were performed in compliance with the ethics
guidelines of Hainan University, Haikou, China. And all exper-
iments were approved by the ethics committee at Hainan
University. Informed consent was also obtained from human
participant of this study.

Materials

Chitosan was purchased from Zhejiang Golden Shell Biological
Chemical Co., Ltd. (M, 5 x 10° g mol~", DD 90%, particle size
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2.2 pm). EC (M,, 2.5 x 10° g mol ') was purchased from Sino-
pharm Group Chemical Reagent Co., Ltd. NaH,PO, and
NaH(PO,), were purchased from Guangzhou Chemical Reagent
Factory. All the reagents were used as received. Bacterial cellu-
lose (M,, 6.4 x 10° g mol™") was purchased from Hainan Yide
Food Co., Ltd. and processed according to our previous
publication.*

Preparation and characterization of BCS

After vacuum dried at 100 °C overnight, a piece of BC membrane
was immersed in 100 mL pyridine for 1 h. Then a certain
amount of SO3/Py (6 mol SO;/Py per mol AGU) was put into
above solution with magnetic stirring for 3 h at room temper-
ature to get surface modified BCS membrane. The obtained
membrane was washed 3 times with anhydrous ethanol and
then immersed in 1 mol L ™" sodium hydroxide solution for
30 min. Afterwards, the membrane was immersed in distilled
water and washed until the filtrate became neutral. Finally, the
product was freeze-dried. The sulfate content of BCS was
measured using elemental analysis. Fourier transform infrared
spectroscopy (FTIR) of BCS membrane was measured with

a TENSOR 27 spectrometer in the range of 500-4000 cm ™.

Preparation of electrospun CEB membrane

4.8 g EC was put into 30 mL mixture solution of ethanol and
deionized (volume ratio 4 : 1). 16 wt% EC solution was obtained
after stirring for 2 h. A certain amount of CN (200 mg, 400 mg)
obtained by ball milling for 4 h was added into above EC
solution with magnetic stirring to prepare the solution for
further electrospinning. The electrospinning experiment was
carried out on an electrostatic spinning instrument (DT-200,
Dalian Dingtong Technology Development Co., Ltd.). In
a typical procedure, the electrospinning solution was put into
a 25 mL syringe and then pumped into the spray nozzle with
a propulsion speed of 0.001 mm s '. A positive voltage was
applied to the polymer solution via a stainless steel syringe
needle. The distance between the tip of the needle and the
collector was maintained at 10-22 cm. The electrospun polymer
fibers were collected on an aluminum foil which was covered
with a BCS membrane.

Characterization of CEB membranes

The surface morphology of CEB was observed with a S-3000 N
scanning electron microscope after gold coating, with the
voltage of 10 kV. FTIR spectra were obtained on a TENSOR 27
spectrometer in the range of 500-4000 cm™'. The water contact
angle of the film was measured on a SL200K contact angle
measurement instrument at 20 °C. A drop of deionized water
was dropped onto the sample membranes. The contact angles
were calculated using the image processing software CAST™
2.0. The measurement was reproduced 10 times and the average
value was adopted. The surface chemical components of the
membranes were analyzed using a X-ray photoelectron spec-
troscopy (Thermo Scientific Escalab 250Xi, England) equipped
with a Al K Alpha X-ray source (powered at 10 mA and 15 kV).
The spot size was 400 um. The pass energy was set at 50 eV for
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the survey spectrum and the energy step size was 0.100 eV. The
pressure in the analysis chamber was around 10”7 Pa. The
elemental compositions were determined on the basis of peak
areas and sensitivity factor from the C1s, N1s, and O1s peaks by
the software CasaXPS (Casa Software, Teignmouth, UK).

Blood compatibility measurement

Fresh human blood (whole human fresh blood was collected by
venipuncture from a healthy volunteer (man, 23 years old))
mixed with sodium citrate was centrifuged at 3000 rpm for
10 min to obtain platelet-poor plasma (PPP) and platelet-rich
plasma (PRP). The specimens (1 cm x 1 cm) were incubated
in 800 puL PPP at 37 °C for 20 min. Then, 200 uL PPP was taken to
measure in vitro coagulation times, including activated partial
thrombin time (APTT), prothrombin time (PT), and thrombin
time (TT). The measurement was carried out on a CA-50 blood
coagulation analyzer (Sysmex, Japan). To investigate the platelet
adhesion of the membranes, 250 pL. PRP was poured onto the
membrane (0.5 cm x 0.5 cm) and allowed to maintain at 37 °C
for 2 h. Then the samples were carefully washed with saline to
remove the non-adhered blood cells. The adhered blood cells
were fixed by immersing the films into 20 mL 2.5 wt% solution
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Fig.1 FTIR spectra of BC and BCS.
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of glutaraldehyde for 1 h at room temperature. The membranes
were washed with PBS and then subsequently dehydrated by
immersing into a series of ethanol-water solutions (50, 60, 70,
80, 90, 95, and 100% (v/v)) for 30 min each and allowed to
evaporate at room temperature. The samples were dried and
then observed with a JSM-7100F field emission scanning elec-
tron microscopy (JOEL, Japan) after gold coating.

Morphology of macrophages by fluorescence microscopy*

Firstly, the electrospun membranes were cut into small round
flakes with average diameters of nearly 12 mm, and then ster-
ilized by UV radiation with a power of 20 W for 12 h. The model
mouse macrophage cells were obtained from the Sichuan
University (China). The cells were cultured in DMEM media
containing i-glutamine and 10% fetal bovine serum. The
macrophages cells were grown in 24-well tissue culture-treated
slides (BD Biosciences) at a concentration of 1 x 10* cells per
mL, incubated at 37 °C for 24 h. Non-attached cells were
removed by aspiration. Then the samples were put into the 24-
cell culture plate and co-cultured with macrophages for 24 h at
37 °C. In order to be observed by fluorescence microscopy
(DMIL, Leica, Germany), the macrophage were first fixed with
2.5% glutaraldehyde, and stained by Rodmine123 (Sigma
America) and 2-(4-amidinophenyl)-6-indolecarbamidine dihy-
drochloride (DAPI) (Sigma America) for cytoskeletal structure
and nuclei, respectively.

Results and discussion

Preparation and characterization of BCS

BC was surface sulfated with SO3/Py (6 : 1 mol : mol to AGU) in
pyridine at room temperature for 3 h. The degree of sulfation
was 0.14 based on the elemental analysis results. The FTIR
spectra of BC and BCS were shown in Fig. 1. In both of the
spectra, there are characteristic absorbances of polysaccharides
at3430 cm™ %, 2910 cm™}, 1160 cm ™!, and 1070 cm™* due to the
stretching vibration peak of O-H, stretching vibration peak of
C-H, stretching vibration peak of C-0O, and stretching vibration
peak of C-O-C, respectively. In the spectrum of BCS, two new
peaks at 1257 cm ' and 815 cm ' appeared, which were

Table 1 Electrospinning parameters and the morphology of EC, CE and CEB membranes

Samples CN (mg) EC (g) BCS® Voltage (kV) Distance (cm) Morphology

EC1 0 4.8 - 30 10 Droplets with fibers
EC2 0 4.8 - 30 16 Droplets with fibers
CE1 200 4.8 - 30 10 Fibers, 30-1600 nm
CE2 200 4.8 - 30 16 Fibers, 100-800 nm
CE3 400 4.8 - 30 10 Fibers, 150-700 nm
CE4 400 4.8 - 30 16 Fibers, 100-1000 nm
CEB1 200 4.8 + 30 10 Fibers, 200-1000 nm
CEB2 200 4.8 + 30 16 Fibers, 200-500 nm
CEB3 400 4.8 + 30 10 Fibers, 150-500 nm
CEB4 400 4.8 + 30 16 Fibers, 150-800 nm

“ -: The fibers were spun onto an aluminum foil; +: the fibers were spun onto a BCS membrane.
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corresponded to the stretching vibration peak of 0O=S=0 and
the symmetrical stretching vibration peak of C-O-S, respec-
tively.**** The FTIR spectra indicated that partial -OH groups of
BC were successfully substituted by -SO; ™ after sulfation.

Electrospinning conditions and the morphology of CEB
membranes

CN (200 mg, 400 mg) obtained after ball-milled for 4 h was
added into 30 mL 16 wt% EC solution for further electro-
spinning onto BCS membrane at the voltage of 30 kV. Three

View Article Online
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types of membranes were obtained, including EC membranes
having only EC molecules, CE membranes with both EC mole-
cules and CN, and CEB membranes with EC, CN and also BCS.
The electrospinning parameters (chemical components and the
distance from the nozzle to the collector) and the morphology of
the membranes were shown in Table 1 and the SEM images of
membranes were shown in Fig. 2.

As shown in Table 1 and Fig. 2, in the EC membranes, only
droplets with fibers were obtained at the electrospinning
conditions of 30 kv, 10 cm and 30 kV, 16 cm. When 200 mg CN
was added to EC solution to obtain a mixer spinning solution

Fig. 2 SEM images of EC, CE, and CEB membranes prepared at different electrospinning conditions (the bar of the images was 10 pm).

This journal is © The Royal Society of Chemistry 2018
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(EC/CN), the droplets disappeared and nanofibers were ob-
tained in CE1 and CE2. In CE1, the fiber diameters distributed
in 30-1600 nm were obtained. There were two kinds of fibers,
very thin fibers with diameter around 30-50 nm and wide fiber
with diameters of 1600 nm. When the spinning distance
increased to 16 cm (CE2), the diameters of the fibers became
more even, being in the range of 100-800 nm. When 400 mg CN
was used (CE3, CE4), nanofibers with diameters of 150-700 nm
and 100-1000 nm were obtained, respectively. CEB were ob-
tained through electrospinning EC/CN solution onto BCS
membranes at the same conditions with CE membranes.
Comparing with CE membranes, fibers of CEB had smaller
diameters and the diameters distributed narrower. And the
distribution of the fibers was more compact in CEB than in CE
membranes.

CN is a positively charged polymer. When CN was added to
the spinning solution, the electrostatic force of the solution in
the electric field increased and overcame the surface tension of
the solution more easily.*® Therefore, EC could be stretched to
nanofibers at the same spinning conditions after adding CN,
and the distribution of the fiber diameters became more even
with the increase of CN amount. Furthermore, when negatively
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BCS was used on the collector, the executing voltage and then
the stretching force was increased further.®” The electrostatic
forces between EC/CN solution and charged BCS induced the
polymers fly to the collector, which resulted in more compact
distribution of the fibers in CEB membranes. The results indi-
cated that increasing the charge of the spinning solution®**° or
putting a charged membrane on the collector could help to
adjust the spinning executing voltage and modify the
morphology of the membrane. Other polymers could be elec-
trospun with this technique to prepare a composite membrane
with designed structure.

XPS characterization of CEB membranes

CEB4 and EC2 were measured by XPS. The elemental compo-
sition of C1s was given in Table 2 and the representative C1s
peaks were presented in Fig. 3. For EC, the C1s peak showed
only two components®”: (1) carbon only bound to carbon and
hydrogen [C-(C, H)] at 284.45 eV; (2) carbon making a single
bond with oxygen C-O near 286.62 eV. There was no group of
C=0 appeared in the spectrum of EC. The C-H/C-C and C-O
peak on the surface had an experimentally determined area

Table 2 XPS analysis of EC2 and CEB4 defined by the binding energy of peak component

EC2 CEB4
Components C-C/C-H C-N Cc-0 C=0 C-C/C-H C-N/C-S C-O0 C=0
Area% 9.57 0 90.4 0 4.51 4.92 67.78 22.79
Binding energy (eV) 284.85 0 286.62 0 284.75 285.5 286.64 287.95
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Fig. 3 XPS spectra of CEB4 and EC2.
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ratio of 9.57% and 90.43%, respectively. In the spectrum of
CEB4, there were two new peaks near 287.95 eV and 285.5 eV,
which was attributed to C=0 and C-N/C-S, respectively. And
the contents of C-C/C-H, C-O, C=0, and C-N/C-S were 4.51%,
67.78%, 22.79%, and 4.92%, respectively.** Comparing CEB4
with EC2, the existence of C=0 and C-N/C-S in CEB4 revealed
that there were chitosan molecules and -SO;~ groups in the
surface of CEB4 membrane. -SO; group from BCS was
supposed to be buried by the fibers of EC or chitosan due to CN/
EC was sprayed onto BCS membrane attached to the collector.
The existence of -SO;~ groups on the surface indicated that
some BCS polymer chains had shifted from the bottom to the
surface. During the process of electrospinning, polymer solu-
tion moves forward to the cathode collector in the high voltage

CE1

136.3+1.0°

CE2 137.2+1.3°

137.2+0.7°
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electric field.*® Simultaneously, high electrostatic force
stretched the negatively charged BCS molecules toward the
anode in the direction of the nozzle, which introduces BCS
molecules to the surface. The methodology has not been
previously reported elsewhere, which demonstrates that a suit-
able collector could be adopted to prepare an electrospun
membrane with tailored structures.

Wettability of CE and CEB membranes

Wettability plays a great role in the application of a biomaterial.
To determine whether CE and CEB membranes are suitable to
be used in biological conditions, the wettability of CE and CEB
membranes was measured. As shown in Fig. 4, the water contact

124.3+1.0°

CEB1

CEB2 130.9£0.9°

CEB3 126.9+1.7°

CE4 137.2+1.3°

Fig. 4 Water Contact Angles of CE and CEB membranes.

This journal is © The Royal Society of Chemistry 2018
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angles (WCA) for all the membranes were higher than 120°,
indicating that the samples were all highly hydrophobic.** The
WCA of CE1 and CE2 was 136.3 and 137.2°, respectively. The
difference might be due to the amount of CN and the
morphology of the two membranes were different.** Generally,
fibers containing 400 mg NCTS (CE3) had higher water contact
angles than containing 200 mg NCTS (CE1). This might be
owing to hydrophobic -CH, of chitosan exposed on the surface
of CEB.*” CE3 and CE4 had same WCA due to their CN amount
and the morphology were similar (shown in Table 1).
Comparing CE and CEB membranes, the WCA of CEB was lower
than CE membranes, indicating CEB had better hydrophilicity.
According to XPS results, there were -SO;~ groups on the
surface of CEB, which resulted in better hydrophilicity and then
lower water contact angle. CEB4 had higher WCA than CEB3
though they had same chemical components. The difference
might be due to the morphology difference. As shown in Fig. 1,
CEB4 had more pores among the fibers than CEB3, which
allowed more hydrophobic air existing in the membrane and
resulted in higher hydrophobicity of the membrane.*

Blood compatibility of CE and CEB membranes

To elucidate the blood compatibility of CE and CEB membranes,
in vitro coagulation times and platelet adhesion experiments
were carried out. The coagulation times of CE and CEB
membranes were shown in Table 3. The results indicated the
coagulation times of all samples were within the normal limits®
and essentially same with those of human plasma (the negative
control), indicating good blood compatibility of CE and CEB
membranes. The blood compatibility might be due to the

Table 3 Coagulation times of CE and CEB membranes

Samples Water contact angle (°) APTT(s) PT(s) TT(s)
Control — 31.8 11.0 19.8
CE1 136.3 31.5 11.0 19.9
CE4 137.2 31.4 11.0 20.4
CEB1 124.3 32.4 11.0 18.8
CEB4 130.9 31.8 11.2 19.6
Reference” — 25-35 10-14 14-21

“ The coagulation times of normal healthy people.

Fig. 5 SEM images of CE4 and CEB4 after contacting with PRP.
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similarity of the membranes with ECM (chemically and
morphologically). However, the anticoagulation times did not
prolonged, revealing the membranes had no anticoagulant
ability. Though the membrane had similar structure with
heparin due to the existence of -SO;~ and -OH, the low content
of -SO;~ groups and their spatial orientation on the surface
limited its interactions with the particular proteins in the PPP.*
Therefore, the membranes did not express anticoagulant
property.

Platelet aggregation experiment is usually carried out to
elucidate the blood compatibility of the sample due to platelet
adhesion and activation facilitates thrombosis and coagulation.
A material with low platelet adhesion and activation means
good blood compatibility, while with high degree of platelet
adhesion and activation usually is not safe to be used as blood
contacting material.*® Therefore, platelet adhesion experiment
was carried out to measure the blood compatibility of CE and
CEB membranes. Due to the morphology, wettability, and
coagulation times were quite similar for CE and CEB
membranes, CE4 and CEB4 were chosen to carry out the platelet
adhesion experiment. The SEM images of CE4 and CEB4 after
contacting with PRP for 2 h were shown in Fig. 5. As shown in
Fig. 5, there were no adhered platelets on both of the two
membranes, indicating good blood compatibility. There were
-SO;~, -OH, -NH,, and -NHOCCH; groups on the surface due
to the existence of chitosan, BCS, and EC in the composite
membrane, which ensure the nanofibrous membrane having
similar chemical structure and also morphology structure with
ECM (with fibers of diameters 50-500 nm).** The chemical
structure enables low absorption of platelets, and the fibers and
voids among the fibers form channels which are similar to the
microgrooves on the inner blood vessel surface. Blood flows
following the direction of microgrooves, resulting in low adhe-
sion of blood cells.”” Therefore, CE and CEB membrane
expressed good blood compatibility.

Inflammatory response

The inflammatory response of macrophages on the membranes
was investigated to elucidate the probable safety of the membrane
in vivo. A foreign material would motivate inflammation response
immediately after implanting. During the response processes,

This journal is © The Royal Society of Chemistry 2018
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Fig. 6

macrophages may fuse into foreign-body giant cells to concentrate
phagocytic properties which might cause structural and chemical
damage of the implanted material.*®* Therefore, inflammatory
response of macrophages incubated on the membrane was
observed by immunofluorescence photography. The images of
CE4 and CEB4 after 24 h in vitro incubation with macrophages
were shown in Fig. 6. As shown in Fig. 6, the nucleus morphology
of macrophages had no obvious difference on CE4, while a much
more spreaded skeleton of macrophages was observed. However,
the macrophages were mostly in rounded shape and less pseu-
dopods extended on CEB4 surface. And the number of macro-
phages on CE4 surface was larger on the surface of CEB4. The
results indicated that macrophages on CE4 were more activated
than those on CEB4. The different inflammatory response of CE4
and CEB4 might be due to the surface chemistry differences of the
two membranes. Hydrophilic and anionic substrates provided
decrease rates of macrophage adhesion and fusion.**** The surface
of CEB4 was more anionic than that of CE4 due to the existence of
-SO; "~ and more hydrophilic according to the WCA in Table 3. The
results indicate CEB membrane was safer to be used in bio-
environment than CE membrane.

Conclusions

CN prepared from ball-milling was successfully electrospun to
the surface sulfated BCS membrane with the assistant of EC.
Charged CN and BCS increased the electrostatic force and the
spinnability of EC/CN solution. CE and CEB membranes had
good blood compatibility. No platelets adhered onto the
membranes after contacting with PRP and the anticoagulation
times were essentially same with those of human plasma.
Inflammatory response to macrophages revealed that CEB
membrane with anionic -SO;~ was safer than CE membrane for
application in bioenvironment. The fabrication methodology
for composite membrane through electrospinning could be
applied in other system to prepare versatile membrane with
designed structure by adjusting the components of electro-
spinning solution and the membrane on the collector.
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