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Abstract Biomacromolecule has been widely used as
biomedical material. Because different biomacromolecules
possess different properties, how to exhibit the respective
advantages of different components on one type of bio-
material becomes the hot spot in the field of biomaterial
studying. This work reported a type of complex film that
consisted of hyaluronic acid (HA), type I collagen (Col-I),
and chitosan (CS) (HA-Col-I/CS, HCC). Then, a series of
experiments were performed, such as inverted microscopic
observation, atomic force microscopic (AFM) imaging,
flow cytometry (FCM) measurement, MTT assay, and MIC
assay. In the present work, we observed the growing con-
dition of 3T3 fibroblasts on the surface of the HCC
complex film, visualized the morphological changes of
platelets during the coagulation process, and discovered
microparticles on the platelet membrane. Moreover, we
confirmed the microparticles are the platelet-derived
microparticles (PMPs) using the FCM. In addition, the
minimal inhibitory concentration (MIC) of HCC against
Escherichia coli (E. coli) 8099 was 0.025 mg/ml, against
Staphylococcus aureus (S. aureus) ATCC 6538 was
0.1 mg/ml. The results together indicated that the HCC
film possessed promising coagulation property, cell com-
patibility and anti-bacteria property, and the potential in
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future clinical application such as wound healing and
bandage.

1 Introduction

Biocompatible and biodegradable biomaterial such as
hyaluronic acid (HA), type I collagen (Col-I), and chitosan
(CS) have been widely used as biomedical engineering
materials [1]. HA is a glycosaminoglycan with anti-
inflammatory and anti-edematous properties, and it is the
main component of cellular matrix (CM). HA interacts
with proteins such as CD44, RHAMM, and fibrinogen, and
plays an important role in many natural processes such as
cell motility, cell adhesion, and wound healing [2, 3].
However, HA, as a biomaterial, possessed a disadvantage
of easy degradation, therefore, to decrease the degradation
rate, the modifications such as crosslinking with other
biomolecules become imminent in application.

Collagen (including Col-I) is a glycoprotein and also a
component of CM, and could promote wound healing [4].
Collagen is mainly used as coagulation material, and there
are many reports about its clinical application. The coag-
ulation mechanism of collagen mainly includes (a)
coagulation factors activation, (b) inducing platelets
adhering, activation, and accumulation, and (c) blocking
the bleeding wound [5, 6]. As the ideal coagulation mate-
rial, natural collagen possesses the optimal efficiency;
however, collagen modification is necessary due to its low
stability and weak mechanical strength [7] and fast deg-
radation speed [8, 9].

CS is a kind of unique natural alkalescence polysac-
charide molecule that consists of double helix structure. CS
film is easily prepared due to its physicochemical
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properties such as adhesion property, permeability, and
tensile strength. In our previous work, the molecular chains
and self-assembly structures of CS have been studied in
detail [10]. Up to now, biocompatible CS film has been
extensively applied as biomedical materials [11, 12] and
there have many related reports, for example, used it as
coagulation and anti-bacteria material. CS film possesses
favorable hygroscopic property and air permeability due to
its mesh structures [10]. However, CS itself is not an ideal
coagulation material, and it is often blended with collagen,
coagulation factors or CaCl, in application.

Platelets play a very important role in coagulation and
could promote hemostasis and thrombosis. Morphological
and functional changes of platelets could help us evaluate
the properties of coagulation material. Membrane space
configuration will change and the platelet-derived micro-
particles (PMPs) will be released in the activated platelets,
then the exposed platelet glycoprotein IIb—IIla receptor
complex will interact with fibrinogen and result in platelet
accumulation [13-16], and ultimately the chain reaction of
coagulation will be initiated. Up to now, platelets were
studied mainly based on flow cytometry (FCM) [17-21]
and electron microscope (EM) however, there is rare high-
resolution image data to locate where the PMPs released
from platelet membrane. Atomic force microscope (AFM),
a powerful tool of bio-imaging [22-24], has been exten-
sively applied in biomaterial studying [25-27]; however,
there are only a few AFM studies on platelets [28, 29].

To exert the advantages and avoid disadvantages, HA
was firstly mixed with type I collagen (Col-I) and then
assembled on the CS film. The properties of prepared HCC
complex film (HA-Col-I/CS) were characterized by AFM,
inverted microscope and FCM, and MTT assay and MIC
assay were also performed. The results indicated that HCC
complex film possessed promising cell compatibility,
coagulation property and anti-bacteria efficiency, which
determined the extensive applications of HCC complex
film, such as curing the injured skin tissue, wound healing,
and bandage. In addition, the convincing PMP images of
this work provided complementary data for the studies of
the process and mechanism of platelet activation and
coagulation.

2 Materials and methods

2.1 Preparation of biomacromolecule film

2.1.1 Type I collagen film

The newly peeled mica was firstly treated with 0.1 M

NiCl, solution to make mica electropositive, and then type
I collagen (Col-I, 1 mg/ml, Sigma) solution was assembled
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on the surface of mica by electrostatic interaction, and air
dried at room temperature.

2.1.2 HCC complex film

In our experiments, the concentration of CS (low molecular
weight, Sigma) was 10 mg/ml, and that of HA (Sigma),
Col-I (Sigma) were 2 mg/ml, respectively. CS polycation
(dissolved in 2% acetic acid solution) was assembled on
the surface of the newly peeled mica (without NiCl,
treatment) and air dried at room temperature; and then the
fully mixed and crosslinked solution of Col-I and HA
(V:V = 1:1) was assembled on the surface of CS film
(HA—-Col-I/CS), and air dried at room temperature.

To determine the superiority of cell growth and prolif-
eration of HCC complex film, we prepared six types of film
(including HCC) in the six-well plates for the next step cell
culture (the prepared film have similar structure to that
prepared on mica). The procedure (including the concen-
tration of samples) was similar to the preparation of HCC,
and these films are also a two-layer system similar to the
HCC-film. To improve the stability of films that prepared for
cell culture, glutaraldehyde was used as crosslinker in some
groups. After the pH value of the CS film was adjusted to 7.4
using 1 M NaOH and air-dried, glutaraldehyde was dropped
on CS film and then washed with PBS, and then the
other components of complex film were assembled on CS
film. These prepared films were film 1, CS; film 2, Col-I/CS
(without crosslinker: glutaraldehyde); film 3, Col-I/CS (con-
taining crosslinker glutaraldehyde); film 4, HA—Col-I/CS
(without crosslinker); film 5, HA—Col-I/CS (containing
crosslinker); film 6, HA/CS (containing crosslinker). Further-
more, to further examine the superiority of HCC on promoting
the cell proliferation, the MTT assay was performed: film 2
(designated as film b); film 4 (designated as film c); film 1
(designated as film d); film e, CS + HA.

2.2 Platelet isolation

Venous blood was drawn from healthy, aspirin free adult
donors. The whole blood was drawn into 3.8% sodium
citrate anti-coagulant (Sigma) in the volume ratio of 1:9.
After centrifuging at the speed of 800 rpm for 10 min at
21°C, we pipette the upper 75% of the yellow supernatant
fraction of platelet-rich plasma (PRP) from the polyethyl-
ene tube, and transfer it to another polyethylene tube, and
the platelets were washed by centrifuging the PRP at
3,000 rpm for 10 min, then removed the supernatant and
resuspended the platelets in PBS. The platelet washing
procedure was repeated triple. After the whole washing
process, the platelets were left resting for 20 min at room
temperature (21°C) to allow them to return to their resting
shape: discoid shape.
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2.3 Platelet activation and membrane protein labeling

Platelet activation and membrane protein labeling were
performed by the following processes. Briefly, five samples
of 100 ul PRP were firstly added into five centrifugated
tubes, and then HCC (10 ul), HA (10 pl), and CS (10 ul)
solution were added into three tubes, respectively, and
gently mixed them up together, then incubated in the dark
at room temperature for 5 min, and the tubes for the control
group and isotype IgGl group were resting. Twenty
microliter solution from each tube of the control and test
groups was added into another five new tubes, respectively;
10 pl FITC-anti-CD41 and 10 pl PE-anti-CD62P were
added into control group, 10 pul PE-anti-IgG1 was added
into isotype group; 10 pul FITC-anti-CD41 and 10 pl
PE-anti-CD62P were added into three test tubes, respec-
tively (FITC-anti-CD41, PE-anti-CD62P, and PE-anti-IgG1
were from JingMei Co., China). Then gently mixed them up
together and incubated in the dark at room temperature for
15-20 min. Then 500 pl paraformaldehyde was added into
every tube and incubated at 2—-8°C for 30 min. The prepared
samples were analyzed by FCM (FACSCalibur, Becton
Dickinson, USA) at 24 h.

2.4 3T3 fibroblast culture

The 3T3 fibroblast used in the study was provided by
(Biopharmaceutical R&D Center of Jinan University, Gu-
angzhou). Cells were cultured in RPMI 1640 medium with
20% fetal bovine serum (FBS) (Sijiging Bio Co., China) in
a humidified incubator under 5% CO,. The cell prolifera-
tion curve of 3T3 fibroblasts that cultured on bio-complex
film was measured with the cytometry.

2.5 MTT assay

Methylthiazolyl tetrazolium (MTT) assay could deter-
mine the level of cellular energy metabolism and
indicate the condition of cell proliferation indirectly. The
cellular concentration of 3T3 cells in logarithmic growth
period was adjusted to 5 x 10* using culture medium
(RPMI 1640) containing 10% FBS, then transferred the
cellular solution into 96-well plate (100 pl every well),
whose wells were covered by different types of complex
films prepared beforehand, and then the cells cultured at
37°C (5% CO,) for 24 h. Fifteen microliters of MTT
(5 mg/ml, Sigma) was added into every well and incu-
bated for 4 h, then culture medium was discarded;
150 pl DMSO was added into every well and incubated
at room temperature for 40 min. The optical density
(OD) was measured at 570 nm wavelength. Then the
condition of cell proliferation could be determined
according to the OD value.

2.6 MIC assay

Minimal inhibitory concentration (MIC) assay was per-
formed at Guangdong Detection Center of Microbiology.
E. coli 8099 and S. aureus ATCC 6538 in logarithmic
growth period were diluted with 0.01 M PBS—10° CFU/ml.
Fifty microliters of E. coli and S. aureus were mixed with
50 pl double diluted HCC solution (10 mg/ml CS, 2 mg/ml
type I collagen, 2 mg/ml HA), respectively, and transferred
them into 96-well plates and cultured at 37°C for 20 h.
Then the OD value was measured at 600 nm wavelength.

2.7 AFM observation

The prepared samples were observed using AFM
(CP-Research, Veeco, USA). Images were acquired at
room temperature in the tapping mode in air. The curvature
radius of the silicon tip is less than 10 nm and the force
constant about 3 N/m, the length, width and thickness of
tip cantilever are 215-235 pm, 30-40 pm, 3.5-4.5 pm,
respectively, and the oscillation frequency of tip is
72-96 kHz (manufacturer offered). Scan rate is 0.6—1 Hz
and the scanning range of scanner is 100 um. The acquired
images (256 x 256 pixels) were processed with the pro-
vided software (Image Processing 2.1, IP 2.1) to eliminate
low-frequency background noise in scanning direction, and
statistical analysis of data was based on the software IP 2.1,
and presented as average £ SD. As for platelet observa-
tion, several microlitres of isolated platelet was dropped on
the surface of the prepared film, then fixed using 2.5%
glutaraldehyde (Sigma) for 10 min, and then washed three
times using ultrapure water, air dried at room temperature
in air for AFM observation.

2.7.1 3T3 cell observation

3T3 fibroblast cultured on the bio-complex film was fixed
using 2.5% glutaraldehyde for 10 min and then observed
directly.

3 Results and discussion

3.1 Characterization of cell compatibility of HCC
complex film

To determine the superiority of cell growth and prolifera-
tion on HCC complex film, cellular growth condition on
films was observed using Inverted Microscope (Leica,
Germany) after cultured for 24 h, and cell were further
visualized using AFM (Fig. 1).

The control group was shown in Figs. la and 3, T3
fibroblasts spread well and connected with each other, it is
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Fig. 1 The optical and AFM images of 3T3 fibroblasts. (a) Control
group, (b—g) cells cultured on film 1 (CS), film 2 (Col-I + CS,
without crosslinker: glutaraldehyde), film 3 (Col-1 + CS, containting
crosslinker), film 4 (HA + Col-I1 + CS, without crosslinker), film 5
(HA + Col-I 4 CS, containing crosslinker), and film 6 (HA + CS,
containing crosslinker). The cellular growth condition of (a—d) was

shown that cellular growth condition was good. Figure 1b
showed cells cultured on CS film, cellular growth condition
was good, whereas cells did not spread fully, which was
due to the smooth surface and/or the single chemical
composition of CS film. Figure 1c showed cells cultured on
CS + Col-I film (without crosslinker), the results indicated
that cellular growth condition was good, cells spread fully
and presented spindle-shape, which meant that the
CS + Col-I film could promote cell proliferation and
growth of 3T3 fibroblasts. The difference between Fig. 1d
(film 3) and c (film 2) was that in Fig. 1d, glutaraldehyde
was added as a crosslinker to crosslink the CS and Col-I
components. Figure le (film 4) showed cells cultured on
HA + Col-I + CS (without crosslinker), and cells spread
fully and presented spindle-shape, which elucidated the
better growth conditions of cells, but cells only grew
locally. This phenomenon could attribute to the fact that:
HA, as a component of extra cellular matrix (ECM), could
provide nutrition for cell growth, however, it is unsuitable
for cell adhesion. Therefore, in our following MTT
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Cell Proliferation Curve

good, cells connected each other and even presented spindle-shaped
(c); however, cells of (e) and (f) only grew locally. Cellular growth
condition of (g) was bad and cells could not adhesive to the film
surface. (h) Showed the cell proliferation curve on different film.
Scanning range of AFM images were 60 pm (a), 90 um (b), 90 um
(¢), 70 pm (d), 80 pum (e), 80 pum (f), respectively

experiment, HA and Col-I were mixed fully and then
assembled on the CS film to improve the cell compatibility
of HCC complex film. Figure 1f (film 5) showed cells
cultured on HA + Col-I + CS film containing glutaralde-
hyde, cellular growth condition was worse than that of
Fig. le (film 4). Figure 1g (film 6) showed cells cultured
on CS 4+ HA film containing glutaraldehyde, the results
indicated that cells could not adhere to the complex film at
all, which supported the results of Fig. le (film 4) that HA
is not suitable for cellular adherence, and these observed
results were accordant with the result of cell proliferation
curve (Fig. 1h). The results (Fig. lc, e, h) seemed that the
HCC film did not promote the cell proliferation effectively.
This phenomenon could be ascribed to the fact that: HA, as
a component of ECM, could provide nutrition for cell
growth, however, it is unsuitable for cell adhesion.
Therefore, in our following MTT experiment, HA and Col-
I were mixed fully and then assembled on the CS film to
improve the cell compatibility of HCC complex film. In
addition, according to the results of cell growth, though the
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Fig. 2 The MTT assay result of 3T3 fibroblasts incubated on
different films for 24 h. The OD value of the control group was set
as 100% and the percentages of different films was figured out
correspondingly, and vertical ordinate and horizontal ordinate repre-
sent percentage value of OD and the film notations, respectively
(n =6, P <0.05)

crosslinker glutaraldehyde did not affect cell growth
obviously, in the following experiment we did not use
crosslinker because of the potential negative effects such as
cytotoxicity.

To further determine the superiority of cell growth and
proliferation on HCC complex film, a comparative analysis
of MTT assay was performed, including four types of film
(b—e) (see Sect. 2.1). Figure 2 showed the MTT assay
results of 3T3 fibroblasts incubated on different films,
which indicated that the OD value of cells cultured on film
b and film ¢ were higher than that of other groups. Though
the OD value of film c is slightly lower than that of film b,
however, biocompatible HA was still used as one compo-
nent of the HCC complex film, because HA could be the
nutrition in the process of cell growth and proliferation.
Together, the results of microscopic observation and
MTT assay indicated that the prepared HCC complex film
possessed favorable cell compatibility due to the biocom-
patible components [30-33].

10,001 w0000 10 200

Fig. 3 Morphology of Col-I film (a), HCC film (b), and single resting
platelet (c). The average roughness (Ra) of films is 1.401 nm (a) and
8.838 nm (b). (d) Platelets on the surface of Col-I film, (e) the

3pgem 0

3.2 The evaluation of coagulation property of HCC
complex film

3.2.1 AFM analysis of platelets on HCC complex film

The morphological changes of platelets and adsorptive
capacity of platelets adhered to biomaterial surface were
important parameters of coagulation property of biomate-
rial [34]. The process of fibrinogen secreted from the
activated platelets induced by Col-I film had been studied
[11] prior to the evaluation of coagulation property of HCC
complex film, AFM observation indicated that the o par-
ticles and fibrinogen secreted from the activated platelets
could result in platelets aggregation. Here, HA and Col-I
were firstly mixed fully, and then assembled on the surface
of CS film, therefore, the promising procoagulant property
and anti-bacteria efficacy of the prepared HCC (HA—Col-I/
CS) complex film could be expected.

Figure 3 showed the morphology of Col-I film (3a), HCC
film (3b), and platelets (3c—f). The average roughness (Ra) of
filmsis 1.401 nm (3a) and 8.838 nm (3b). Figure 3c showed a
resting platelet with typical disk-like shape, whose diameter is
2.683 pum, heightis 189.3 nm, and Rais 84.74 nm. Moreover,
the statistical results indicated that the size of resting platelets
is 2.44 £ 0.51 pm in diameter and 112.37 £ 46.11 nm in
height. Figure 3d—f showed platelets interacted with Col-I
film. Macroscopic image (3d) indicated that platelets were in
dispersing state, and there were no pseudopodium between
platelets, however, microscopic image (3e) of single platelet
indicated that platelets were in dendrite shape and pseudo-
podium were obvious (white arrows in 3e). Figure 3f was the
enlarged view of the square frame in Fig. 3e, in which the
cluster particles could be observed (black arrows), and the Ra
of platelet surface was 72.14 £ 5.12 nm according to the
statistical results of 25 platelets.

Large-scale images indicated that the great majority of
platelets accumulated after interacted with HCC film.
Microscopic images of AFM further visualized the
spreading and accumulating behavior of platelets (Fig. 4).
Figure 4a, d was the error signal mode images (some

2000 M 4000 0 200 400pm o 400 200 nm

enlarged view of the square frame in (d), (f) the enlarged view of the
square frame in (e)
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Fig. 4 AFM images of platelets on the HCC film. Dendritic,
spreading and accumulated platelets (a—e) on the HCC film, there
are a lot of microparticles (PMPs) on the whole body of the platelets;

details can be more easily distinguished in this image
mode). The results of AFM imaging indicated that the
great majority of platelets were in dendrite and spreading
state (4c, e), in which the pseudopodium were obviously
presented, and some platelets were in accumulation state
(4a, b). It was more important that there were large
numbers of microparticles on the surface of spreading
platelets (4c—e), and the ultrastructural images (4f—j) of
Fig. 4¢ more obviously visualized these microparticles

T
6.00 um

(f-j) enlarged views of the respective square frames in (e), and the
scan range is 2 pm (f-j); (a, d) is the error signal mode image

with various sizes. AFM observation indicated that the
particle density of the center was larger than that of the
edge, which suggested that the microparticles were dif-
fusing from the center to the edge. According to AFM
analysis, these microparticles were PMPs, and our further
data supported this view (see below). Moreover, the sta-
tistical results of PMPs size were showed as Fig. Sa,
which indicated that PMPs size mainly distributed
between 60 and 110 nm.

a b i ] Platelets Height Comparing
' E
50 § g
] - 5
40 §
g ] a
% = -‘ § §§ Platelots on HCC Film  Platelots on COL= | Film  Resting Pltelels
TE c Platelets D c
'S 20-. \ \ §§ E
0 L+ \P RRRES S S
40 60 80 100 120 140 160 180 %

FWHM of PMPs (nm)

Fig. 5 (a) Statistical results of PMPs size (full wave at half
maximum, FWHM). (b, ¢) The statistical height and diameter value
of platelet after interacted with HCC film and Col-I film, respectively.
The diameter and height of resting platelets were 2.44 + 0.51 pm and
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Platelots on HCC Film  Platelets on COL- | Film  Resting Flatelets

130.19 £ 39.33 nm, and that of platelets interacted with Col-Ifilm
were 2.28 £ 0.58 um and 592.62 £ 169.06, and after interacted with
HCC film were 4.85+ 1.08 pum and 1039.16 £ 148.43 nm,
respectively
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Fig. 6 The illustration map of
activation process of the human
Release PMPs
platelet E:) E:) Platelet
f@e PMPs Accumulation

Resting
Platelet

To clarify the difference of platelets respectively inter-
acted with Col-I film and HCC film, a comparative analysis
was performed (Fig. 5b, ¢), which indicated that HCC film
could activate platelets more effectively than pure collagen
film. This result might relate to the larger Ra of HCC film
(Fig. 3) and more suitable for platelets adherence, which
induced the larger contact area between HCC film and
platelets. Moreover, the different chemical composition at
the interface might also influence the platelet activation. To
our knowledge, according to the changes of diameter,
height, and morphology, the activated state of platelets
could be divided into five stages: rotundity, dendrite shape,
transition, spreading, and accumulation. The majority of
platelets on Col-I film were in the activation stage of den-
drite shape (Fig. 3e), and there were no PMPs on the surface
of platelets. However, on the HCC film, the majority of
platelets were at transition and spreading stage and some
were at the stage of accumulation, and there were large
numbers of PMPs on the surface of platelets (60—110 nm),
and meanwhile, a few PMPs were also observed on material
surface (black arrow in Fig. 4g). Figure 6 illustrated the
activation process of the human platelet. In addition, the Ra
of platelet surface (on HCC film) was 215.20 4+ 22.74 nm
according to the statistical results of random 25 platelets.

Together, according to the results of AFM visualization,
HCC film possessed promising coagulation property.
Moreover, HCC film possessed the locus for platelets
adherence and could induce the release of platelet o
granule to form microparticles (PMPs) on the platelet
surface. On the other hand, previous studies [35] indicated
that PMPs were the result of the budding of pseudopodium,
and the PMPs formation was closely related to unique
morphological changes in activated platelets, especially
pseudopod formation, which might be the results of intra-
cellular cytoskeletal reorganization. However, our AFM
images indicated that PMPs were released not only from
near the tip of pseudopodium [35], but also from the whole
platelet surface, which narrated that PMPs were the result
of the budding of the whole platelet body.

3.2.2 Flow cytometry (FCM) analysis of platelet
membrane protein

Activated platelets could release PMPs, which possess
integrated membrane structure and express platelet

Dendritic Platelet in Activation

Spreading Platelet in Activation

membrane glycoprotein such as GPIIb/IIla complex and P
selectin. The released PMP is the indicator of the activated
platelet.

To testify the released microparticles of activated
platelets in Fig. 4 were the PMPs, we examined the
expression of platelet surface glycoprotein CD 41 and CD
62P (P selectin). Both resting and activated platelets would
express GP CD41, however, only the activated platelets
would express CD62p, which could be the specific and
sensitive marker of activated platelets.

The results of FCM indicated that expression of FITC-
anti-CD41 in resting platelets (blank control group) was
99.46%, however, resting platelets did not express PE-anti-
CD62P. Then, an isotype control analysis (PE-anti-mouse
IgG1) was performed to exclude the background interfer-
ences of non-specific recognition, such as T and B cells,
and the results in Fig. 7 indicated that there were no non-
specific interferences because of the negative expression of
PE-anti-mouse IgG1.

As for test groups (Fig. 8), we performed three testing
groups that included HCC (tube 1), CS (tube 2), and HA
(tube 3). Tube 1, after platelets interacted with 0.1 mg/ml
HCC solution, the expression of FITC-anti-CD41 was
87.70% and that of PE-anti-CD62P was 12.09%, which
suggested that activated platelets released o granule that
occupied the protein locus of CD41 and resulted in
expression decreasing of CD41. After platelets interacted
with 2 mg/ml CS (tube 2), the expression of FITC-anti-
CD41 was 99.33% and that of PE-anti-CD62P was 0.46%,

Control IeG

$SC-A
$SC-A
g

7. T T T S 7. T BT BT SRS
FL2-A FL2-A

PE (FL2)

Fig. 7 The representative dot plots result. (a) The control group, FL2
represented the fluorescence intensity of mouse anti-human CD62P/
PE; (b) The isotype control group, FL2 represented the fluorescence
intensity of mouse IgG1 isotype control/PE. (n = 3, P < 0.05)
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Fig. 8 The representative FITC/PI double staining dot plots result.
(a) The control group, in which platelets were in their resting stage,
showed that the platelet rich plasma (PRP) could express mouse anti-
human CD41/FITC by 99.46%, while there was no expression of anti-
human CD62P(P-selectin)/PE (0.37%); (b) the experimental group
showed that when the PRP was interacted with the HCC fluid, the
percentage of platelets that could express mouse anti-human CD41/

which indicated that CS could not activate platelets. As for
HA (tube 3), the expression of FITC-anti-CD41 was
98.74% and that of PE-anti-CD62P was 0.46%, which
indicated that HA could not activate platelets by itself too.
Because type I collagen is a natural coagulant, and CS and
HA cannot induce platelet activation, these results alto-
gether confirmed that Col-I component of HCC complex
film played a key role in procoagulant process. Further-
more, the results of FCM also supported the results of AFM
observation (Figs. 3 and 4), HCC complex film could
effectively induce platelets to release PMPs, and on the
other hand, the microparticles that AFM observed on the
surface of activated platelets (Fig. 4) were PMPs.

A series of variation such as morphological changes,
pseudopodium formation, PMPs release and CD62P expo-
sure were closely related to platelet activation, and the PMPs
were the result of the release of inner o granule in activated
platelets. Up to now, PMPs assay were mainly based on FCM
[20, 36-39], however, the direct image data were not enough.
Siedlecki et al. [40] only observed the PMPs on the material
surface; Cauwenberghs et al. [41] observed the PMPs on the
surface of fibrinogen substrate and at the tip of platelet
pseudopodium, however, there is rare image data to locate
where the PMPs released from platelet membrane. Yano’s
study [35] indicated that the size of most of the PMPs was
less than 0.5 um, our AFM results further quantified the size
of the PMPs, 60-110 nm. Thanks to the high resolution of
AFM images, we determined the release location and the size
range of PMP particles on the platelet membrane.

3.3 The evaluation of anti-bacteria property of HCC
complex film

To provide experimental data for future application, we
further evaluated the anti-bacteria property of HCC
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FITC is 87.70%, while the expression of anti-human CD62P(P-
selectin)/PE increased to 12.09%; (¢, d) when the PRP was interacted
with two main components of the HCC complex film: CS and HA
solution, respectively, the expression ratios of mouse anti-human
CD41/FITC and anti-human CD62P(P-selectin)/PE showed no sig-
nificant difference compared with the control group by statistic
evaluation (n = 3, P < 0.05)

complex film. Previous studies had proved the promising
anti-bacteria efficiency of CS [42-44]. The assay results
indicated that HCC complex film possessed favorable anti-
bacteria property, the MIC of HCC against E. coli 8099 was
0.025 mg/ml, against S. aureus ATCC 6538 was 0.1 mg/ml.

4 Conclusion

In the present study, a type of multi-function biomacromol-
ecule complex film, whose components included HA, Col-I,
and CS (HA—Col-I/CS, HCC) and could be used to promote
wound healing, was prepared. The experimental results
indicated that HCC complex film possessed promising
coagulation capability, cell compatibility and anti-bacteria
property. Moreover, the PMPs in activated platelets were
visualized and analyzed in detail based on AFM and FCM,
the PMPs size was 60—110 nm. Our results provided the
necessary and valuable data for the next experiments and
future application of HCC film as a type of procoagulant
material.
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