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Abstract Carboxymethyl chitosan was pulverized to
nanopowder (NCMC) with a diameter of 483 nm through
ball-milling. 400 mg NCMC was successfully electrospun to
nanofibers with the assistant of 4 g poly (lactic acid) (PLA) to
prepare NCMC/PLA nanofibrous composite mats. Scanning
electron microscope images revealed that there were no
NCMC particles in the NCMC/PLA mats, indicating NCMC
had been stretched to nanofibers. NCMC/PLAmats with differ-
ent morphology could be prepared through adjusting the
electrospinning voltage at 12–30 kV and the distance at 10–
22 cm. The presence of NCMC increased the spinnability of
PLA according to the electrospinning parameters. X-ray photo-
electron spectroscopy and Fourier transform infrared spectros-
copy verified the existence of NCMC in the mats. Crosslinking
with glutaraldehyde increased the stability of NCMC/PLA in
water. Crosslinked NCMC/PLA mats expressed good blood
compatibility according to the results of blood clotting time
and platelet adhesion experiment. The methodology of prepara-
tion nanofibers from polymer nanopowders through
electrospinning could be used to prepare more composite nano-
fibers while adopting different raw materials.
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Introduction

Biomaterial is a substance used to fulfill medical purposes,
therapeutically or diagnostically. Up to now, many kinds of
biomaterials, such as metallic components, polymers, ce-
ramics, and composite materials have been applied in clinic
[1]. A successful biomaterial should be biocompatible, not
eliciting local or systemic responses from a living system or
tissue [2]. For many biomaterials, blood is the first body fluid
they contact in human body. When a foreign material gets
contact with blood, plasma proteins (mainly serum albumin,
globulin, fibrinogen, prothrombin) are rapidly absorbed onto
the material surface. Those adsorbed proteins will bind to
platelets and induce platelet adhesion and aggregation, which
leads to blood clotting [3, 4]. To achieve good blood compat-
ibility, the characteristics of material surface(such as chemical
components, morphology, surface charge, surface wettability,
etc.)are usually designed to modulate the process of protein
adsorption and platelet activation.

Chitosan (poly-β-1,4-D-glucosamine) is the N-deacetylated
derivative of chitin. Chitosan is the only natural basic polysac-
charide, which has good biocompatibility, biodegradability, an-
tibacterial and antifungal activities, and many biological prop-
erties [5]. Moreover, the structural similarity with glycosamino-
glycans, one of the natural extracellular matrixes (ECM), en-
ables chitosan potential to be used as biomaterials. However, up
to now, the blood compatibility of chitosan is still controversial.
On one hand, positively charged chitosan is easy to adsorb
negative proteins which cause platelets activation and thrombus
formation. Moreover, chitosan could activate the complement
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system and the intrinsic pathway of coagulation [6]. On the
other hand, chitosan prefers binding human serum albumin,
which reduces platelet attachment and activation [7]. To in-
crease the blood compatibility of chitosan, chitosan derivatives,
composites, and chitosan with different visual structure have
been prepared [6–8]. It is revealed that chitosan deriva-
tives with negative –SO3

− or –COO− group have good
blood compatibility due to their negative charges de-
crease the adsorption of negative plasma proteins [7, 9, 10].
Carboxymethyl chitosan (CMC) is the most popular deriva-
tive of chitosan, which has been widely researched in bioma-
terials. It has been reported that CMC had no significant
effects on the blood system of rats and can be used
safely [11]. CMC has been used to modify other polymers to
improve the blood compatibility [12]. However, more details
on the blood compatibility of CMC with different structure
and morphology have not been reported. It is necessary to
investigated it to develop the application of CMC in blood-
contacting materials.

Electrospinning is an effective methodology for preparing
materials with designed chemical structure and morphology
[13, 14]. Electrospun mats have been widely researched in the
field of blood-contacting biomaterials, such as would healing
materials, drug delivery, medical textiles, tissue engineering
scaffolds, etc. [15]. During the process of electrospinning, a
high voltage is first applied to the solution droplet at the nozzle.
The droplet is charged and undergoes an electrostatic repulsion
force. At a critical point which is called Taylor cone, the elec-
trostatic repulsion force overcomes the surface tension of the
solution, and then the solution is ejected out the nozzle. The
solution flies to and finally deposits onto the grounded collec-
tor. Very fine fibers (in the scale of micrometers or nanometers)
are obtained on the collector after the solvent evaporating dur-
ing solution flying [16]. Electrospun mats with designed sur-
face structure could be prepared while adjusting the polymer
properties (components, molecular weight, viscosity, solution
concentration, etc.), electrospinning parameters (voltage, flow
rate, distance, collector type, etc.), and electrospinning mode
(single spinning fluid or multiple spinning fluids, coaxial
electrospinning, etc.) [17, 18]. Electrospinning of chitosan
and carboxymethyl chitosan has been investigated in recent
years. Owing to the strong molecular interactions between the
highly charged density and high viscosity of chitosan and CMC
solutions, it is very difficult to electrospin chitosan or CMC
solely [19]. Other polymers which have flexible polymer chains
and could be electrospun easily, such as poly (lactic acid), poly
(vinyl alcohol), polyethylene oxide, etc., have been used to
facilitate the electrospinning of chitosan and chitosan deriva-
tives to prepare nanofibers [20–23]. Usually, chitosan or its
derivatives should be dissolved in specific solvent and blended
with the polymer solution before electrospinning. The process
is still affected by polymer dissolution and the solution proper-
ties. And the use of additional solvent increases the risk of

environment pollution. New electrospinning technology for
chitosan and its derivatives are still in demand.

Poly (lactic acid) (PLA, −[CH(CH3)COO]n–) is a linear
biodegradable aliphatic polyester, which could be prepared
from renewable bioresources through fermentation and poly-
merization. PLA has been approved by FDA to be applied in
biomaterials, such as sutures, bone plates, abdominal mesh,
and drug delivery [24, 25]. However, the blood compat-
ibility of PLA is not good enough to meet the require-
ments of many blood-contacting materials [26]. Many
methodologies have been tried to increase its blood
compatibility, such as surface modification, endothelial
cell seeding, surface morphology fabrication, etc.
[27–29]. Electrospinning with other chemicals (such as chi-
tosan derivatives) is one of the methodologies to fabricate
blood compatible PLA material with specific chemical com-
ponents and morphology [30, 31].

Ball-milling is one kind of ultrafine milling, which is widely
used to grind materials, such as coal, pigments, ores, food fi-
bers, etc., down to very small sizes (1 μm–100 μm, sometimes
even in nanoscales). Chitosan has been successfully micronized
by ball-milling to prepare nanopowders [32], while CMC has
not been reported to be ball-milled. Nanopowders, mostly in-
organic nanopowders have been applied in electrospinning to
prepare composites, in which the nanopowders still keep
the shape of powders [33]. Up to now, there has no report
on electrospinning of polymer nanopowders. Direct
electrospinning of CMC powders has not been reported, ei-
ther. CMC is a highly negtively charged polymer. It is possible
to stretch CMC nanopowder (NCMC) to threads or even
nanofibers through electrospinning in a high voltage electro-
static field. Therefore, in this paper, CMCwas first ball-milled
to prepare NCMC. Then NCMC was electrospun together
with PLA solution to prepare CMC/PLA nanofibrous mats
(NCMC/PLA). The mats were characterized with X-ray pho-
toelectron spectroscopy (XPS), Scanning electron microscopy
(SEM), Fourier transform infrared spectroscopy (FTIR), and
water contact angles. The blood compatibility of NCMC/PLA
mats was measured through clotting times and platelet adhe-
sion experiment. The APTT of PLA was prolonged by
NCMC. The new methodology supplied here could be used
to prepare polymer composites with designed structure and
morphology through electrospinning.

Experimental

Materials

CMCwas purchased from Bomeibo Co., Ltd. (Mw 3.4 × 105 g/
mol, DD > 90%,particle size 2.3 μm). Poly (lactic acid)
(PLA4032D, Mw 1.67 × 105 g/mol) was purchased from
Nature Works LLC. NaH2PO4, NaH(PO4)2, and 50%
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glutaraldehyde solution were purchased from SinopharmGroup
Co., Ltd. (China). All the reagents were used as received.

Preparation of NCMC

After vacuum dried at 90 °C overnight, 400 mg CMC was put
into a MM400 ball mill (Retsch GmbH, Germany). CMC was
micronized by 2 steel balls with a diameter of 10 mm for 4 h at
20 Hz to get NCMC. NCMCwas taken out and characterized.
The nanopowder were measured with FTIR on a TENSOR 27
spectrometer in the range of 500 ~ 4000 cm−1. Particle size
distribution of NCMC was determined using the laser scatter-
ing method on a Zetasizer Nano S90 laser diffractometer
(Malvern Instrument Co., Southborough, UK) equipped with
a He-Ne laser (wavelength 633 nm). Before the measurement,
the NCMC sample was ultrasonically dispersed in ethanol.

Preparation and crosslinking of the electrospun
NCMC/PLA mats

4 g PLAwas put into 50mLmixture of N,N-dimethylformamide
and dichloromethane (7: 3 (v: v)). 8 wt% PLA was
obtained after stirring for 2 h. 400 mg of NCMC was put into
50 mL 8 wt% PLAwith magnetic stirring to prepare the solu-
tion 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 delivered to the tip of the syringe
needle by the syringe pump at a constant feed rate. A positive
voltage was applied to the polymer solution via a stainless steel
syringe needle. The distance between the injector and the col-
lector was maintained at 10–22 cm. The electrospun polymer
fibers were collected on a collector covered with aluminum foil.

The NCMC/PLA mats were crosslinked in 50% glutaral-
dehyde aqueous solution at 80 °C for 12 h. After crosslinking,
the mats were treated with a 0.1 mol/L glycine aqueous solu-
tion to block unreacted aldehyde groups. And then the mats
were put in an oven at 60 °C for 2 days. The dried mats were
put into distilled water in a 50 mL beaker. Put the beaker in a
water bath at 37 °C for 30 min. The mats were taken out and
dried in a vacuum oven at 60 °C for 2 days.

Characterization of NCMC/PLA mats

The surface morphology of the NCMC/PLA mats was ob-
served with a S-3000 N scanning electron microscope
(Hitachi, Japan) after gold coating at the voltage of 10 kV.
The water contact angle of the mats was measured on a
SL200K contact angle measurement instrument at 20 °C. A
drop of deionized water was dropped onto the sample surface.
The contact angles were calculated using the image processing

Fig. 1 Structure characterization
of the original CMC (a) and
NCMC (b) (FTIR spectra a;
GPC curves b; particle size
distribution c; visual images d)
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software CAST™2.0. The measurement was reproduced 10
times and the average value was adopted. The original PLA
and NCMC/PLA mats were analyzed using a X-ray photo-
electron spectroscope (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 μm. The pass
energy was set at 50 eV for 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, N1 s, and O1s peaks by the software
CasaXPS (Casa Software, Teignmouth, UK). The FTIR spec-
tra were obtained on a TENSOR 27 spectrometer in the range
of 500 ~ 4000 cm−1 through KBr pellet technology.

Blood compatibility measurement

Fresh human blood mixed with sodium citrate was centrifuged
at 3000 r/min for 10 min to obtain platelet-poor plasma (PPP)

and platelet-rich plasma (PRP). The specimens (1 cm × 1 cm)
were incubated in 800 μL PPP at 37 °C for 20 min. Then,
200 μL PPP was taken to measure the in vitro coagulation
times, including activated partial thrombin time (APTT) and
thrombin time (TT). The measurement was carried out on a
CA-50 blood coagulation analyzer (Sysmex, Japan). To inves-
tigate the platelet adhesion of NCMC/PLA mats, 250 uL PRP
was poured onto the NCMC/PLA mats (0.5 cm × 0.5 cm) and
allowed to maintain at 37 °C for 2 h. Then the samples were
carefully washed with saline to remove the nonadhered blood
cells. The adhered blood cells were fixed by immersing themats
into 20 mL 2.5 wt% solution of glutaraldehyde for 1 h at room
temperature to fix the platelets. Themats werewashedwith 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 for further operation. The surface of the
mats was observed with a JSM-7100F field emission scanning
electron microscope (JOEL, Japan) after gold coating.

Fig. 2 SEM images of
NCMC/PLA prepared at differnt
conditions and SEM images of
CP4 at different mangnification
(CP4, 1500; CP4-a, ×10,000;
CP4-b × 20,000)

Table 1 Electrospinning parameters and the morphology of NCMC/PLA mats

Samples CMC (mg) PLA (g) Voltage (kV) Distance (cm) Morphology

PLA 0 4 30 22 Fibers 200 nm - 1 μm, in three dimensions

CP1 400 4 12 10 Fibers 200 nm - 2 μm, in three dimensions

CP2 400 4 12 16 Fibers 200–800 nm, in three dimensions

CP 3 400 4 18 10 Fibers 200–700 nm, some fibers in curve

CP 4 400 4 18 16 Fibers 200–500 nm, some fibers in curve

CP 5 400 4 18 22 Fibers 200–400 nm, some fibers in curve

CP 6 400 4 30 16 Violently distributed fibers
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Results and discussion

Preparation and characterization of NCMC

CMC was ball-milled at 20 Hz in a MM400 ball mill (Retsch
GmbH) for 4 h to prepare NCMC. The structure characteriza-
tion results of the original CMC (a) and NCMC (b) (FTIR
spectra (A), GPC curves (B), particle size distribution (C), visual
images (D)) were shown in Fig. 1. As shown in Fig. 1a, the
FTIR spectra had no change after ball milling, which indicated
that there was no obvious structure change during ball-milling.
Ball-milling caused depolymerization of CMC. After ball-mill-
ing, the molecular weight of CMC decreased from 1.4 × 105 to
0.5 × 105 according to the GPC results (Fig. 1b), and the particle
size of chitosan decreased from 2.3 μm to 483 nm (Fig. 1c).
Compared with the original CMC powder before ball-milling
(Fig. 1d), NCMCbecame lightly brown. During the ball-milling
process, Maillard reaction might happen between the amino
groups of chitosan and the carbonyl groups of the reducing
ends, which resulted in the browning of NCMC [34].

Electrospinning conditions and the morphology
of the NCMC/PLA mats

400 mg NCMC obtained after ball-milled for 4 h were added
into 50 mL 8 wt% PLA solution for further electrospinning.
The electrospinning parameters (electrospinning voltage and
the distance from the injector to the collector) and the mor-
phology of NCMC/PLA mats were shown in Table 1.

As shown in Table 1 and Fig. 2, NCMC/PLAwith only fibers
could be obtained at different voltages and distances. The mor-
phology of NCMC/PLA varied in some degree with the
electrospinning parameters. In the process of electrospinning,

the polymer solution at the nozzle of the spinneret becomes
highly electrified and gets an electrostatic force when a high
voltage is applied to the system [35]. Once the electrostatic force
overcomes the surface tension of the polymer solution, the liq-
uid is ejected as a jet from the nozzle. When the jet comes out
from the nozzle, it is firstly accelerated and stretched smoothly
by electrostatic forces. Then, a Bbending instability^ occurs, and
the jet follows a bending, spiraling, and looping path in three
dimensions with large, irregular loops before it reaches the col-
lector [35, 36]. The fibers with diameters from micrometers to
nanometers are obtained on the collector. The electrospinning
voltage and distance affect the process of stretching and bending
[37]. Usually, higher voltage supplies higher electrostatic force
and more stretching power, causing smaller fibers. And longer
distance enables enough time for the solution to stretch and the
solvent to evaporate, leading to smaller fibers. Therefore, keep-
ing the voltage at a constant level, increasing the distance from
10 cm to 16 cm leads to fibers with smaller and evener distri-
bution (CP1 vs. CP2 at 12 kV, CP3 vs. CP4 and CP5 at 18 kV).
Keeping the injector at the same distance to the collector, while
increasing the voltage from 12 kV to 18 kV, the diameters of
fibers decreased and some fibers were curved (CP1 vs. CP3 at
10 cm, CP2 vs. CP4 at 16 cm). However, when the voltage is
too high, there are too many charges on the surface of Taylor
cone, which leads to uncertain injecting, high bending instability
of the jet, and disorderly distributed fibers. Therefore, while
further increasing the voltage (CP6) to 30 kV at 16 cm, the
distribution of the fibers became violent, not in typical
three dimensions.

Pure PLA could be electrospun to mats with only fibers at
30 kV and 22 cm. The voltage and the distance of PLAwere
larger than those of NCMC/PLA, indicating NCMC increased
the spinnability of PLA due to negatively charged NCMC

Fig. 3 XPS spectra of PLA and
CP4

Table 2 The attribution of the
XPS peaks of PLA and CP4 Sample PLA CP4

C-H C-N C-O C = O C-H C-N C-O C = O

Area (%) 35.54 0 31.30 33.16 38.27 2.45 30.07 29.21

Binding energy (eV) 284.89 0 286.89 288.96 284.84 285.42 286.87 288.95
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increased the electric conductivity and the electrostatic force
of the solution. The electrospinning parameters were similar
with the solution electrospinning of CMC together with other
polymers (including PVA, PEO, PAA, etc.) [21]. As shown in
Fig. 2 (CP4, CP4-a, and CP4-b), no NCMC particles were
observed in the SEM images at different magnification
(×1500, 10,000, and 20,000). CMC is a highly negatively
charged polymer. It could be stretched in high electric field.
The results indicated that CMC particles with a size of 483 nm
were stretched to nanofibers during electrospinning.
Comparing the electrospinning technologies with dissolved
CMC in literatures [19, 21], the present methodology sim-
plifies the electrospinning process of CMC.

Structure characterization of NCMC/PLA mats

CP4 and the pure PLA mat were measured by XPS. The XPS
spectra were shown in Fig. 3. In the spectrum of PLA, the C1s

peak showed only three components: (1) carbon bound to car-
bon and hydrogen [C–(C, H)] at 284.89 eV; (2) carbon making
a single bond with oxygen C–O near 286.89 eV; (3) carbon of
the carbonyl group [C = O] near 288.96 eV [38]. There was no
N1s contribution in the spectrum of PLA. Besides those peaks
of C-O, C = O, C-H, there was a new peak near 285.42 eV
which was attributed to C-N in the spectrum of CP4 [39]. The
peak of C-N indicated that NCMC had been successfully
blended with PLA in the NCMC/PLA mat. The percentages
of individual peaks were determined using the peak areas of
individual peaks, which were shown in Table 2. As shown in
Table 2, the contents of C-O and C = O decreased and the
content of C-H increased, which further proved the existence
of NCMC in the electrospun NCMC/PLA mat.

Figure 4 expressed the FTIR spectra of NCMC (a), PLA(b),
NCMC/PLA(c), and glutaradehyde crosslinked NCMC/PLA
(d). In the spectrum of NCMC, the peak at 3410 cm−1 was
due to the unbounded and hydrogen bonded O-H stretching
vibration and amine N-H symmetrical vibration. The peaks at
2890 cm−1 and 2865 cm−1 were assigned to the C–H stretching
bands. The peaks at 1590 cm−1 and 1410 cm−1 were from the
asymmetric stretching of –C =O (−COONa) and the symmetry
stretch vibration of COO−, respectively [40]. The peaks at
1320 cm−1, 1137 cm−1 and 1050 cm−1 were from C-H bending
vibration, glycosidic bond C-O-C and C-O stretching vibration
of NCMC, respectively [41] . In the spectrum of PLA, besides
the absorption of O-H, C-O, C-H appeared at the similar places
of NCMC, the C = O of the ester group appeared at 1755 cm−1.

Fig. 5 SEM images of CP5 and
crosslinked CP5 before and after
water processing (a CP5 before
water processing; b CP5 after
water processing; c crosslinked
CP5 before water processing; d
crosslinked CP5 after water
processing)

Fig. 4 FTIR spectra of NCMC a, PLA b, NCMC/PLA c, and
glutaradehyde crosslinked NCMC/PLA d
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The methyl asymmetric deformation and C-H bending vibra-
tion appeared at 1454 cm−1 and 1363 cm−1, and the symmetric
C–O–C stretching vibration of the ester group appeared at1220
cm−1 and 1186 cm−1. The methyl rocking and C–CH3

stretching vibration were at 1129 cm−1 and 1086 cm−1 were
attributed to [42]. NCMC/PLA had the characteristic peaks of
both NCMC and PLA, while the spectrum of NCMC/PLA
looked more similar with that of PLA owing to much higher
content of PLA in the membrane. The differences in the range
of 1000–1400 cm−1 were owing to the overlap of peaks of
NCMC and PLA. The doublets at 1383 and 1358 cm−1 were
due to the C-H bending vibrations from PLA and NCMC. The
intensity of C-O-C and C-O absorptions increased owing to the
overlap of the same peaks from NCMC and PLA. The FTIR
spectra of NCMC, PLA, and NCMC/PLAverified the blending
of NCMC and PLA. As shown in Fig. 4b, compared with the
spectrum of NCMC/PLA, the intensity of C–H stretching
bands at 2890 cm−1 and 2865 cm−1 increased obviously after
crosslinking, which was caused by the -CH2CH2CH2 from
glutaradehyde. The intensity of the peak at 1634 cm−1 also
increased owing to C = N formed by Schiff reaction between

carbonyl group of glutaradehyde and –NH2 of NCMC. These
changes verified the crosslinking of NCMC/PLA with
glutaradehyde [43].

Hydrophilicity of NCMC/PLA mats

CMC is water soluble. To make sure whether NCMC/PLA
mats are suitable to be used as blood-contacting material, the
images of CP5 and glutaraldehyde crosslinked CP5 after im-
mersing in water at 37 °C for 30 min were observed with SEM.
The SEM images were shown in Fig. 5, where a was CP5
before water processing; b was CP5 after water processing; c
was crosslinked CP5 before water processing; d was
crosslinked CP5 after water processing). As shown in Fig. 5a
and b, the fibers dissolved after processing with water before
crosslinking owing to the good solubility of NCMC in CP5.
The image of crosslinked CP5 (c) had no obvious difference
from the CP5 (a). And the morphology of crosslinked CP5 had
no change after processing with water. The results indicated
crosslinking with glutaraldehyde decreased the solubility
of NCMC. NCMC/PLA mats kept the morphology after
crosslinking with glutaraldehyde when contacting with
water. The crosslinked NCMC/PLA is potential to be used
in biosystem.

The water contact angles of CP2, CP3, CP4, and CP6 before
and after crosslinking with glutaraldehyde were measured and
shown in Fig. 6 and Table 3. The water contact angle of PLA
was 126.4o due to its hydrophobic chemical structure. After
crosslinking, the water contact angle of PLA increased to
128.3o owing to the existence of aliphatic chains, −C = C-
groups from glutaraldehyde [44]. The water contact angles of
NCMC/PLA were 118.4–137.4 o before crosslinking, which
indicated that the mats were hydrophobic [45]. After
crosslinking, the water contact angles of NCMC/PLA all de-
creased. The wettability of membrane is affected by both the
surface chemical components and the roughness of the surface.
CP1-CP6 contained same amount of NCMC and PLA, while

Fig. 6 Water contact angle of PLA and NCMC/PLA mats before and after crosslinking

Table 3 Water contact angle and blood clotting times of NCMC/PLA
mats

Samples WCA −1 (°)a WCA-2 (°)b APTT(s) TT(s)

control 31 ± 0.5 20.1 ± 0.3

PLA 126.4 ± 0.7 128.3 ± 1.8 28.6 ± 0.5 19.5 ± 0.2

CP2 132.6 ± 0.5 130.6 ± 0.6 31 ± 0.3 19.3 ± 0.3

CP3 137.4 ± 0.5 129.5 ± 0.6 33.3 ± 0.4 20.3 ± 0.4

CP4 132.4 ± 0.4 132.5 ± 0.5 31.2 ± 0.6 19.4 ± 0.4

CP6 118.4 ± 0.0 91.2 ± 1.8 32 ± 0.5 19.6 ± 0.4

Reference* 25--35 14--21

a water contact angle of NCMC/PLA before crosslinking
bwater contact angle of NCMC/PLA after crosslinking

*the coagulation times of normal healthy people
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the contents of specific groups (hydrophilic –OH, −COOH,
−C = O, −NH2 and hydrophobic –CH, −CH2) on the surface
might vary owing to the difference of the electrospinning pa-
rameters. And different morphology of NCMC/PLA (shown in
Fig. 2) resulted in different roughness and uneven surface of the
mats. Therefore, CP1-CP6 had different water contact angles.
After crosslinking, the water contact angles were supposed to
increase due to more hydrophobic groups (aliphatic chains,
−C = C- groups) from glutaraldehyde were introduced [44].
However, the water contact angles of CP1-CP6 decreased.
The phenomena might be caused by the change of morphology

after crosslinking. According to the images in Figs. 7 and 2, the
morphology of NCMC/PLA mats had changed after
crosslinking. The gaps among the fibers increased after
crosslinking, which was most obvious for CP6. During
crosslinking, the amino group of NCMC took Schiff reaction
with one aldehyde group of glutaraldehyde. The hydrophobic
interaction among the remained aliphatic chains of glutaralde-
hyde pushed the fibers away, which resulted in larger gaps
among the fibers. On a micro/nano-structured surface, water
droplet has three different wetting states when contacting with
the surface: Wenzel state (liquid completely penetrating the

Fig. 8 SEM images of
NCMC/PLA after processing
with the PRP

Fig. 7 SEM images of
crosslinked NCMC/PLA mats
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valleys among the peaks), Cassie-Baxter state (only air existing
in the valleys of the rough surfaces), and mixed Cassie-Wenzel
state (partly penetrated by the liquid). The wetting state of liq-
uid with the surface varied with the surface morphologies. For
NCMC/PLA mats, the increasing of gaps among the fibers
resulted in the increasing of solid-liquid contact area, and then
more liquid filled the gaps between the fibers and therefore
contact angles decreased [46].

Blood compatibility of NCMC/PLA mats

The blood clotting times, including APTT and TT, are widely
used to evaluate the in vitro antithrombogenicity of biomate-
rials. APTT indicates the inhibited efficacy of both the intrin-
sic and the common plasma coagulation pathways. TT reflects
the time of fibrinogen converting into fibrin in the PPP [47].
The in vitro clotting times APTT and TT of the samples were
measured to evaluate the antithrombogenicity of NCMC/PLA
mats, which were shown in Table 3. The clotting times of
NCMC/PLA mats were essentially same with those of human
plasma (the negative control), indicating good blood compat-
ibility of NCMC/PLA mats [48]. The APTT of PLA (28.6 s)
was shorter than that of the control (31 s), while the APTT of
NCMC/PLA mats varied within 31–33.3 s. The results indi-
cated the addition of NCMC increased the blood compatibility
of PLA. This might be owing to the negative structure of
NCMC decreased the adsorption of negative protein. The dif-
ference among the NCMC/PLA mats might be caused by the
morphology and wettability of the mats [49].

Platelet aggregation and activation are the key factors that
facilitate thrombosis and coagulation. The amount and the
morphologies of the adhering platelets on material surface
indicate the blood compatibility of the material [50].
Therefore, platelet adhesion experiment was carried out to
measure the blood compatibility of crosslinked NCMC/PLA
mats. The SEM images of NCMC/PLA mats after contacting
with PRP for 2 h were shown in Fig. 8. As shown in Fig. 8,
there were very few platelets absorbed on NCMC/PLA mats
expect CP4 and the platelets expressed a rounded morphology
with nearly no pseudopodium and deformation. There were
several platelets dispersed and aggregated on the surface of
CP4, while the platelets had no deformation. Many character-
istics of material surface affect the interactions between the
platelets and the material, such as the chemical components,
morphology, hydrophilicity, etc. Platelets are regarded to have
negative charges on their surfaces due to the presence of neg-
atively charged sugar sialic acid [51]. The negatively charged
NCMC in NCMC/PLA mats had electrostatic repulsion with
platelets, which resulted in less absorption of platelets. CP4
had higher water contact angles and higher hydrophobicity.
The hydrophobic interaction between the material surface and
proteins leads to more non-specific adsorption of proteins and
more platelets absorption [52]. And according to the clotting

time in Table 3, CP4 is blood compatible. Therefore, though
CP4 absorbed more platelets on its surface, the platelets had
no activation and deformation. The platelets adhesion experi-
ments results further verified good blood compatibility of
NCMC/PLA mats.

Conclusion

A novel electrospinning method of CMC was supplied in this
paper. Ball-milled CMC nanopowder was successfully
electrospun to nanofibers with the assistant of PLA and the
presence of NCMC increased the spinnability of PLA. This
methodology supplied another option to prepare nanofibers of
polymers which are difficult to be electrospun solely. More
composite nanofibers could be prepared directly from
nanopowders while adopting different raw materials. Owing
to the good solubility of NCMC in water, crosslinking is nec-
essary to increase the stability and application possibility of
NCMC/PLAmats in biosystem. The crosslinked NCMC/PLA
expressed good blood compatibility according to the results of
blood clotting time and platelet adhesion experiment.
NCMC/PLA is potential to be used in biomaterials, especially
as blood-contacting materials.
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