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Abstract

Emergencies often result in uncontrollable bleeding, which is thought to be the leading cause of death at the scene
of the injured. Among various hemostasis scenarios, collagen fiber (CF) is gradually replacing traditional hemostatic
materials due to its superior properties and ease of sourcing from animals. Herein, we use CF and the natural herba-
ceous Bletilla striata as raw materials to prepare a collagen fiber-oxidized Bletilla striata composite hemostatic sponge
(CFOB). During the cross-linking process, the triple helix structure of collagen stays intact, and its porous three-
dimensional network structure brings excellent bulkiness and water absorption properties. Experiments show that
the optimal amount of sponge CFOB-10, namely oxidized Bletilla striata polysaccharide 0.5 mg/mL and CF 5 mg/mlL,
only needed 25 +4.06 s for hemostasis time in the rat liver hemorrhage model. In addition, CFOB meets the safety
performance requirements of cytotoxicity classification standard 0. Therefore, the optimal amount of CFOB is an excel-
lent new hemostatic material with application potential.
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Graphical Abstract

1 Introduction

Emergency accidents that occur in various situations,
such as car accidents and warfare, are often difficult
to control. According to multidisciplinary statistics,
about 39% of the deaths in accidents are caused by
bleeding, so wound bleeding is also considered to be
the leading cause of death at the scene [1]. Thus, the
quick and effectual hemostasis of the wounded is sig-
nificant. Shortening the time and improving the qual-
ity of hemostasis may be the best strategy to reduce
the mortality of the wounded. At present, in-depth
researches on various hemostatic materials have been
widely carried out [2]. Among them, collagen stands
out for its superior performance, which has gradually
been attracting the attention of researchers.

Collagen is readily available and abundant in animal
bodies. With hemostatic properties, superior biocom-
patibility, low antigenicity, and degradability, collagen
has gradually replaced traditional hemostatic mate-
rials, applied to various hemostatic scenarios [3, 4].
Collagen fiber (CF) is a fiber woven fabric formed by

stacking, gathering, arranging, and entwining collagen
molecules, and the hemostatic performance of CF is
enhanced with the increasing number of layers. Com-
pared with collagen, although CF performs better in
hemostasis, pure collagen materials can only meet the
basic requirements of hemostatic agents and cannot be
applied to more complex conditions.

Unlike other cross-linking agents with cytotoxicity and
inflammation, natural hemostatic derivatives show good
biocompatibility and absorbable degradability. At the
same time, the extraction technology of natural products’
effective components is becoming more mature.

Bletilla striata is a kind of terrestrial herbaceous plant
belonging to Orchidaceae. Bletilla striata polysaccharide
(BSP), a natural macromolecular polysaccharide with
a major component of mannose and glucose (ratio of 1:
4), an average molecular weight of around 2.8 million,
is the active component in Bletilla striata. BSP may be
employed as a range of drug-loaded dressings and bio-
logical hemostatic materials because of its high hemo-
static capabilities and great biocompatibility. Zhang and
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colleagues created a BSP hydrogel using BSP [5], and
their results showed that the BSP hydrogel not only had
hemostatic function but also promoted wound repair and
inhibits scar formation. Zhao and coworkers modified
BSP with stearic acid to form micelles of tumor-targeted
drugs [6], and analysis results showed that this micelle
was pH-sensitive and had the potential to become a drug
carrier for anti-rabies.

To further improve the properties of collagen materials,
particularly the hemostatic performance, we extracted
the active ingredient BSP and selectively oxidized it into
oxidized Bletilla striata polysaccharide (OBSP). Then,
OBSP was used to modify the CF, and finally, a hemo-
static sponge compounded with collagen fiber (CFOB)
was obtained, and its related properties were studied.

2 Experiments and methods

2.1 Experimental instruments and equipment

GL-20G-II high-speed refrigerated centrifuge, Shanghai
Anting Scientific Instrument Factory; Freeze6 refrig-
erated dryer, Labconco, USA; EA1004 high-precision
electronic balance, Beijing Sartorius Co., Ltd.; SK5200H
ultrasonic cleaner, Shanghai Branch Guide Instrument
Co., Ltd; 200SXV-IR Fourier Infrared Spectrometer,
Nicolet, USA; DSC Differential Scanning Calorimeter,
GE, USA; Model 400 Circular Dichromatometer, AVAYV,
USA; Model S520 Scanning Electron Microscope, Japan
Electronics Co., Ltd; SHB-III circulating water multi-
purpose vacuum pump, Zhengzhou Dufu Instrument
Factory.

2.2 Main reagents and materials

Medical grade Bletilla striata, Western Biotech; Fresh
bovine Achilles tendon; filtered pure calf serum (BCS),
Hyclone; AR absolute ethanol, Chengdu Jinshan Reagent
Co., Ltd;; AR sodium citrate, Chengdu Jinshan Reagent
Co., Ltd;; AR glacial acetic acid, Chengdu Jinshan Rea-
gent Co., Ltd.; AR RPMI1640 medium, Gibcobrl, USA;
AR CCK-8, Sigma, USA; AR Papain, Chengdu Kelon
Chemical Reagent Factory; AR Lead Nitrate, Chengdu
Jinshan Reagent Co., Ltd.

2.3 Preparation method
2.3.1 Extraction of CF
CF was extracted according to the literature [7].

2.3.2 Purification of Bletilla striata polysaccharide (BSP)

A specific amount of Bletilla powder was accurately
weighed at room temperature and dissolved in deionized
water with a liquid ratio of 1:50. To thoroughly dissolve
the solution, it was magnetically agitated for 1 h. A spe-
cific amount of papain was accurately weighed and added
to the Bletilla striata crude polysaccharide solution and
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stirred magnetically for 1 h. After thoroughly dissolv-
ing the solution, 1 mol/L NaOH was added to retain the
pH at 7, and the solution was enzymatically hydrolyzed
at 48 °C for 120 min. Anhydrous ethanol was added to
the solution after the reaction at a liquid ratio of 1:9 to
precipitate the BSP in a flocculent condition. After cen-
trifugation at 8000r/min for 5 min, the precipitate was
collected and redissolved in water. During this period,
the insoluble matter was removed by suction filtration.
The collected filtrate was centrifugated again at 8000r/
min for repeating 4-5 times. The final product was dried
to constant weight in a constant temperature drying oven
to obtain purified BSP [8].

2.3.3 Preparation of OBSP

An appropriate amount of purified BSP was taken and
dissolved in deionized water with a liquid ratio of 1:50.
Sodium periodate was added in a ratio of 1:1.3, and
wrapped with tin foil to protect it from light, and oxi-
dized under magnetic stirring for 24 h at room tempera-
ture. After the reaction, ethylene glycol was added and
reacted for 0.5 h, and the product was put into a dialysis
bag, dialyzed in distilled water for three days and freeze-
dried to obtain OBSP.

2.3.4 Preparation of CFOB

Separately, CF and OBSP were dissolved in 0.5 mol/L of
acetic acid and prepared into 5 mg/ml solutions. OBSP
solution dropwise was added to the CF solution so that
the amount of OBSP in varying samples was 2%, 6%,
10%, 15%, 20% of the CF content respectively, and they
were stirred slowly for 24 h at a constant temperature of
4 °C. After freeze-drying, the CFOB was obtained, which
were denoted as CFOB-0, CFOB-2, CFOB-6, CFOB-10,
CFOB-15, and CFOB-20.

2.4 Characterization method

2.4.1 Fourier-transform infrared (FT-IR)

1 mg CFOB, 1 mg BSP, and 1 mg OBSP were scraped
into the mortars successively, and separately 100 mg of
potassium bromide (KBr) were added to obtain FT-IR
spectra of them on an FTIR spectrophotometer. The
transmission mode was 4 cm™! intervals and within the
wavelength range of 4000-400 cm™! in a dry atmosphere.
Relative humidity was less than 65%, at room tempera-
ture (23+1 °C), and scanning was repeated 32 times.

2.4.2 Circular dichroism (CD) spectral analysis

Diluted the CFOB solution to 0.1 mg/mL. The solution
was injected into a quartz cell with a 1 mm optical path,
and the solution was scanned using a Circular Dichro-
ism Spectrometer. The scanning range was 190-260 nm,



Yan et al. Collagen and Leather 2022, 4(1):5

and scanning rate was 100 nm/min, and scanning was
repeated 3 times.

2.4.3 Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) can detect the
heat flow difference between the sample and the refer-
ence during the process of temperature increase, char-
acterizing the thermal stability of the sample on the
Differential scanning calorimeter. Six groups of CFOB
samples (2 mg) were respectively taken and sealed in a
DSC crucible. An empty crucible was used as a reference,
and nitrogen was used as the protective gas in the sam-
ple chamber. The temperature was heated from 20 °C to
180 °C at the speed of 10 °C min ™.

2.4.4 Atomic force microscopy (AFM) and scanning electron
microscopy (SEM)

CFOB was cut into small pieces with a thickness of 9 um

by frozen sectioning. Then atomic force microscopy was

used to analyze the samples at a fixed scanning rate of

1 Hz at room temperature.

The morphology of the different amounts of CFOB
was observed using a scanning electron microscope. All
samples were sputter-coated with gold and imaged at an
accelerating voltage of 5 kV.

2.4.5 Porosity ratio determination

An ethanol substitution method was used to test the
porosity of sponges [9]. A preweighed empty bottle (M)
was first filled with ethanol, then measured (M,). Then,
the pre-weighed CFOB (M) was put to the bottle, where
some ethanol spilled out of the bottle and treated with
ultrasound for 10 min. Afterward, ethanol was added
into the bottle until it was filled with ethanol again and
measured (Mj;). Finally, the ethanol in the bottle was
drained and residual ethanol was absorbed by cotton
swabs, before weighing the bottle and CFOB (M,). Aver-
aging three measurements were performed. Formula 1 is
used to calculate porosity (P).

P =My —M; — M)/ (Mg — M1 + My — M3) x 100
1)

2.4.6 Determination of water absorption

To measure the water absorption ratios, CFOB were cut
into the same size of 2 cm: 2 cm square. Then the pre-
weighed sponge (W) was put into one beaker filled with
abundant normal saline solution. After CFOB absorbed
liquid to saturation, it was taken out using tweezers
and suspended in the air for 1 min. Finally, the sponge
with effectively absorbed liquid was weighed (W) and
captured using a digital camera. The experiment was
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repeated at least three times. The calculation Formula 2
of water absorption (W) is:

W = (W3 — W1)/W7 x 100 2)

2.4.7 Hemolysis assay

The experiment was carried out according to the reported
hemolysis assay method [10]. The solution with differ-
ent amounts of CFOB were prepared, which was mixed
with 5 mL of diluted blood, which was normal saline 0.9%
NaCl containing 2% rat blood. After incubation at 37 °C
for 60 min, the blood cell suspension was centrifuged at
1000 rpm for 10 min, and then the hemolysis rate was
measured at 545 nm by ultraviolet spectrophotometer.
0.2 mL of diluted blood with 10 mL deionized water was
performed as the positive control group (100% hemoly-
sis), whereas, 0.2 mL of diluted blood with 10 mL normal
saline was regarded as the negative control group (0%
hemolysis). The calculation Formula 3 of hemolysis rate
(X) is as follows:

X = (A — B)/(C—B) x 100 (3)

In the formula: A means absorbance of the experimen-
tal sample; B means absorbance of the negative control; C
means absorbance of the positive control.

2.4.8 Determinations of activated partially thromboplastin
time (APTT), prothrombin time (PT) and thrombin time
(TT)
According to the practice of Eren [11], the APTT, PT
and, TT were evaluated in vitro. Mix fresh rat blood with
a 3.8% (v/v) sodium citrate solution in a volume ratio of
1:9. The anticoagulated rat blood was centrifugated at
1500 r/min for 15 min at 37° C to obtain platelet-poor
plasma (PPP). Subsequently, 0.2 g of CFOB samples with
different contents were crushed and dispersed in 100 mL
of physiological saline to prepare a physiological saline
suspension with a sample concentration of 0.2 mg/ml.
0.5 mL of the sample physiological saline suspension was
mixed with 1 ml of the above platelet-poor plasma and
shaken. Then Actin reagent, Thromborel S reagent and,
Thrombin reagent were added respectively to the sus-
pension of samples with different contents. With nor-
mal saline as a blank control group, the APTT, PT and,
TT of each sample were measured on an automatic
coagulometer.

2.4.9 Whole-blood clotting assay

0.02 g each of CFOB in different dosages was taken in a
test tube, 0.02 mL of 0.025 mol/L calcium chloride and
0.2 mL of fresh rat blood were added in the test tube and
mixed after 20 min of incubation in a 37 °C water bath.
After mixing, samples were put in a 37 °C water bath
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again and started recording the time with a stopwatch
until the blood was completely coagulated. 3 parallel
samples were tested in each group and the average value
was taken.

2.4.10 Blood clotting index (BCl)

The coagulation properties in vitro of materials are often
evaluated by the blood clotting index (BCI), according
to the report [12]. 0.1 mL fresh blood was dropped into
0.5 cm? sample placed in a beaker at 37 °C. 0.02 mL of
0.2 mol/L CacCl, solutions were added and incubated for
5 min at room temperature, and then the absorption and
coagulation promoting effect of different sample mate-
rials on blood were observed. After adding 25 mL of
ultrapure water and shaking slightly for 5 min, the mix-
ture solution was analyzed at wavelength 545 nm for the
ultraviolet absorbance test. 0.1 mL of blood with 25 mL
of ultrapure water was set as the control group. The
absorbance of the sample was recorded as Abs,, and the
absorbance of the blank group was Abs, then the blood
clotting index (BCI) can be calculated by Formula 4:

BCI = 100 x (Absg)/(Absp) (4)

2.4.11 Interaction between blood cells and the materials
According to the literature [10], the interaction between
the surface of materials and blood cells, mainly plate-
lets and red blood cells, was observed via SEM. 0.1 mL
fresh blood containing anticoagulant (sodium citrate)
was added to CFOB (1 x 1 x 0.5 cm®). After incubation at
37 °C for 1 min, 3 min, and 5 min respectively, then wash-
ing physical adhesion cells with PBS buffer for 10 min
and three times, the cleaned sample composite was
fixed with 2.5% glutaraldehyde, dehydrated with ethanol,
and finally, freeze-dried. The adhesion of blood cells on
the material was observed by SEM.

2.4.12 Evaluation of cell compatibility

The fibroblasts (L929) cultured to the logarithmic phase
were used as model cells, and the cytocompatibility of
CFOB was evaluated by the CCK-8 method. Before cell
inoculation, CFOB samples were sterilized in an auto-
clave at 120 °C for 30 min. Then, it was transferred to the
sample in a 96-well plate to dispense a cell suspension
(200 pL) with a density of 5 x 10* cells/mL. After 24 h, the
CFOB sample was transferred to another 96-well plate,
and 200 pL of fresh medium, and 20 pL of Cell Counting
Kit-8 (CCK-8, Dojindo Laboratories, Kumamoto, Japan)
solution were added, and then incubated at 37 °C for 3 h.
Finally, 100 pL of the medium was distributed to another
96-well plate, and a spectrophotometer was used to
measure the formazan dye colorimetrically, and the OD
reading was recorded.
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2.4.13 Evaluation of in vivo hemostatic performance

A hemostasis test was carried out on the rat liver hem-
orrhage model suffered from scratch on the left lobe of
the liver (length 1.0 cm x depth 0.5 ¢cm x width 0.2 c¢cm)
by scalpel. After bleeding, the wound was covered
with hemostatic materials to stanch bleeding, includ-
ing CFOB, CF sponge, and medical gauze, respectively.
Hemostatic time and blood loss, were recorded. Medical
gauze was used as the negative control, and an unmodi-
fied CF sponge was used as the positive control.

3 Results

3.1 FT-IR spectra measurements

To investigate the specific information of the molecu-
lar structure of BSP after oxidation, a Fourier transform
infrared spectrometer was used to detect the molecu-
lar structure of BSP and OBSP. As shown in Fig. 1a, the
infrared spectrum of BSP shows that it has the absorp-
tion peak of polysaccharides. The absorption peak
between 3600 cm™' and 3200 cm™! is O-H stretching
vibration, and the absorption peak between 3000 cm™!
and 2750 cm™! is C—H stretching vibration in —CH,—
or —CHj. The absorption peak between 1725 cm™! and
1500 cm ™! indicates the presence of acyl groups, and the
absorption peak at 1380 cm™! is the bending vibration
of C-H in —CH(CHj,),. The absorption peaks between
1063 cm ™! and 1032 cm ™! and at 920 cm™! indicate the
pyranosylation of BSP, and 810 cm™' and 870 cm ™ are
the characteristic absorption peaks of mannose. Com-
pared with BSP, the increased absorption peak of OBSP
at 1729 cm™! is attributed to the characteristic absorp-
tion peak after the o-dihydroxy is oxidized to dialdehyde
[13].

The triple helix structure of collagen is particularly
important for its maintenance of functional properties.
The characteristic absorption peaks of amide A, B, L, II,
and III bands can reflect the triple helix structure of nat-
ural type I collagen to a certain extent [14, 15]. It can be
seen from Fig. 1b that the absorption peaks of the amide
band I and band II appear at 1654 cm™! and 1544 cm ™Y,
respectively. This is due to the synergy of C=0 stretching
vibration, N-H bending vibration, and C-N stretching
vibration in the collagen molecular skeleton. The amide
III band appears at about a 1236 cm™! absorption peak.
This is caused by the C-N stretching of the amide bond
in the collagen molecular chain, the N-H in-plane bend-
ing vibration, and the swing vibration of the main chain
—CH, group and the side chain glycine and proline. The
absorption peaks of the amide A band and the amide B
band appear at about 3342 cm™! and 2965 cm™}, respec-
tively. This is due to the characteristic peaks of the —-OH
and —NH, groups of the molecular side chain, which are
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Fig. 1 aInfrared spectra of BSP and OBSP, b infrared spectrum detection diagram of CFOB with different OBSP dosages, ¢ CD spectral analysis
diagram of BSP and OBSP, d DSC detection chart of CFOB with different OBSP dosages

mainly caused by the stretching vibration of N—H. The
infrared spectrum of CFOB still retains the five charac-
teristic absorption peaks of collagen, which shows that
CFOB has not lost the natural triple helix structure, so
its biological activity will not be affected. It is not difficult
to find from Fig. 1a that after the introduction of OBSP,
the absorption peaks of the amide I, II, and III bands of
the CF decreased slightly. This indicates that the Schiff
base cross-linking reaction of OBSP and CF formed a
more stable C=N cross-linked bond, which has a cer-
tain destructive effect on the hydrogen bond between
the CF molecular chains. OBSP with a flexible molecu-
lar chain can form multi-molecular scale cross-links with
CF molecules, and more adjacent CF molecules can be
covalently bonded through Schiff bases to enhance the
structural stability of CF molecules. This was also con-
firmed in subsequent DSC tests. It is worth noting that
after the OBSP cross-linked modified CF, the peak shapes

of the amide A band and the amide B band broadened
to varying degrees, and a slight blue shift occurred. This
means that collagen molecules may have self-aggregated
to a certain extent [16].

3.2 CD spectral analysis

The circular dichroism (CD) detection can more accu-
rately analyze the three-dimensional structure of
a-helix, B-sheet, p-turn, and random coil in the second-
ary structure of collagen (Fig. 1c). Collagen generally
has a strong negative absorption peak around the wave-
length of 197 nm, which is mainly caused by the transi-
tion of the formula -r amide bond. The strong positive
absorption peak around the wavelength of 225 nm is
caused by the transition of the n-r amide bond. In cir-
cular dichroism detection, the ratio of the positive peak
intensity to the negative peak intensity (Rpn) is usually
used to characterize the conformation of the collagen
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solution. When the collagen triple helix structure is
significantly damaged, the Rpn value will drop to 0 or
even a negative number. It can be seen from Fig. 1c
that there are typically positive and negative charac-
teristic absorption peaks at 220 nm and 197 nm before
and after the CF modification. According to calcula-
tions, the Rpn values of CF and CFOB-10 are 0.183 and
0.161 respectively, indicating that they retain a com-
plete triple helix structure. It is worth noting that the
intensity of the positive absorption peak after modifi-
cation is slightly reduced, the intensity of the negative
absorption peak is slightly increased, and the Rpn value
is reduced, but the change is not large compared with
the overall peak intensity. This may be due to the Schiff
base reaction between the active groups on the side
chain of collagen and the aldehyde groups on OBSP.

3.3 Differential scanning calorimetry (DSC)

The thermal denaturation temperature of collagen
can reflect the stability of its triple helix structure
to a certain extent and has an important influence
on the subsequent processing and molding of colla-
gen and the storage and transportation of products.
This temperature is usually measured by differen-
tial scanning calorimetry (DSC). Generally, there are
two characteristic peaks in the DSC detection graph
of collagen, as shown in Fig. 1d. As the temperature
gradually increased, the microstructure and mac-
roscopic properties of collagen gradually changed.
When the thermal denaturation temperature of col-
lagen was reached, the three-strand helix structure
of collagen was completely untwisted and dissociated
into three randomly coiled o polypeptide chains, and
the many excellent biological properties of collagen
would also be weaken or even disappear completely
[17]. It can also be seen from Fig. 1d that with the
increasing amount of OBSP, the thermal denaturation
temperature of CF increases from 71.6 °C to 82.7 °C,
which indicates that the Schiff base reaction between
CF and OBSP can significantly improve the stability
of CF. In addition, due to the formation of hydrogen
bonds between a large number of carboxyl groups on
the molecular chain of OBSP and amino groups and
carboxyl groups on the collagen side chain, this is also
conducive to the improvement of the thermal stability
of CF. Although the original intention of the synthe-
sis of OBSP is to improve the hemostatic performance,
the increase in the thermal denaturation temperature
shown by DSC proves that CFOB has better thermal
stability than CF. Therefore, CFOB has a wider appli-
cation potential and can be applied to more complex
and extreme hemostasis scenarios.
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3.4 AFM and SEM

An anatomic force microscope was used to observe the
morphological structure of CFOB, as shown in Fig. 2.
The fiber of pure collagen is uniform in thickness and has
a neatly arranged structure, which is arranged in a net-
work as a whole, but the woven structure between the CF
is relatively loose. The cross-linked collagen fiber struc-
ture is relatively rough, and the order of the fiber is sig-
nificantly reduced, and with the increase of the amount
of OBSP, it becomes rougher and more chaotic. OBSP
introduced a dialdehyde structure, but still retained most
of the structure of the BSP main chain, with a relatively
large molecular weight. The aldehyde group of OBSP
reacts with the side chain amino group of collagens to
form a Schiff base covalent bond, thereby inserting the
main chain structure of BSP into the collagen fiber. The
introduction of OBSP enables the secondary bonds that
maintain the regular arrangement of collagen molecules,
such as hydrogen bonds, to be replaced by Schiff base
covalent bonds with stronger reactivity. The more OBSP
dosage, the more significant this effect will be. Due to the
longer molecular chains of CF and OBSP, they form an
intertwined structure, and its complexity is proportional
to the amount of OBSP, which ultimately turns the fiber
network structure of pure collagen into an irregular floc-
culent structure. The loose network structure formed by
this two-component entanglement is conducive to pro-
moting cell adhesion and material transmission.

It can be seen from Fig. 3 that as the amount of OBSP
increases, the pore size of CFOB becomes smaller and
the pores become more uniform. A large number of
sheet-like and filamentous structures in the pure col-
lagen sponge are changed to a more uniform pore-like
structure, which enhances the absorption capacity of
the composite sponge to blood. While better adhering to
the wound surface, the sponge can absorb and aggregate
platelets, provide an aggregation platform for platelets,
and activate platelets to release coagulation factors and
thrombin. The release of the two will induce the conver-
sion of fibrillin to form fibrin, and further promote the
aggregation of fibrin monomers to form stable fibrin pol-
ymers, and finally produce clots, achieving the purpose of
rapid and effective hemostasis.

3.5 Determination of water absorption and porosity ratio

The larger porosity can provide more space for the hemo-
static material to absorb the blood on the wound surface
so that CFOB can better play a hemostatic effect. At the
same time, the larger porosity makes the sponge have
stronger physical adsorption and can better adhere to the
wound surface. Therefore, as an ideal hemostatic sponge,
the porosity of CF is usually required to reach more than
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Fig.2 AFM image of CFOB with different OBSP dosages: a CFOB-0, b CFOB-2, ¢ CFOB-15, d CFOB-20

90%. It can be seen from Fig. 4a that no matter how the
content of OBSP changes, the porosity of CFOB is always
maintained above 97%, and the extremely high bulkiness
meets the requirements of ideal hemostatic materials.

It can be seen from Fig. 4b that as the content of OBSP
increases, the water absorption of CFOB first increases
and then decreases. This may be because a small amount
of OBSP consumes fewer hydrophilic groups of CF
while OBSP provides a large number of hydrophilic
groups, which increases the water absorption of the
sponge. However, when too much OBSP is introduced,
a large amount of the hydrophilic groups of the CF itself

is consumed, and the porosity of the sponge decreases,
resulting in a decrease in water absorption. Compre-
hensive analysis shows that when the content of OBSP
is 10% of CF, the sponge has the best water absorption.
On the whole, no matter how the amount of OBSP is
changed, the CF sponge has a superior water absorption
rate and can show a satisfactory liquid absorption effect.

3.6 Hemolysis assay

The hemolysis rate is related to the safety of the mate-
rial. Hemolysis is a phenomenon in which red blood
cells are destroyed and hemoglobin is released. When
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Fig. 3 SEM image of CFOB with different OBSP dosages: a CFOB-0, b CFOB-2, ¢ CFOB-6, d CFOB-10, e CFOB-15, f CFOB-20

intense hemolysis occur, it will certainly harm the organ-
ism. Generally, the hemolysis rate of hemostatic materi-
als below 5% stay in the safety. It can be seen from Fig. 4c
that as the amount of OBSP increases, the hemolysis rate of
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CFOB grows to a certain extent, but even the sample with
the highest hemolysis rate does not exceed 1.4%. Generally
speaking, CFOB all possesses extremely low damage to red
blood cells, meeting the requirements of medical materials.
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Fig. 4 a Porosity determination chart of CFOB with different OBSP dosages, b water absorption determination chart of CFOB with different OBSP

dosages, ¢, d hemolysis rate of CFOB with different OBSP dosages

3.7 Activated partially thromboplastin time (APTT),
prothrombin time (PT) and thrombin time (TT)

APTT, PT, and TT are indicators of in vitro clotting.
Among them, TT is mainly related to comprehensive fac-
tors such as plasma fibrinogen level, coagulation activity,
and fibrin content, and its length can reflect the level of
the common pathway of material-inducing coagulation
factors. PT is an important indicator of the exogenous
coagulation system. The length of PT is closely related
to the levels of fibrinogen, prothrombin, and coagula-
tion factor V, factor VII, and factor X in plasma. APTT
is the phospholipid plasma recalcification time, which
can describe the levels of fibrinogen, prothrombin, and
coagulation factor V and factor X in the common path-
way of coagulation factors of the endogenous coagulation
system in plasma.

According to the APTT, PT, and TT detection dia-
grams shown in Fig. 5, it is not difficult to find that with
the addition of OBSP, the APTT and TT values gradu-
ally decrease, which indicates that CFOB play an sig-
nificant role in the physiological coagulation system:
OBSP not only activates the expression of coagulation
factor VI, factor IX, factor XI, and factor XII, accelerat-
ing the initiation of the endogenous coagulation system,
but also promotes the activation of coagulation factor
IIT and factor VII in the exogenous coagulation system.
On the contrary, there is no obvious rule and no signifi-
cant difference in the reaction time of PT. That is, during

the whole coagulation process, it is through endogenous
coagulation that hemostasis of CFOB is to shorten the
blood coagulation time, not the exogenous coagula-
tion system. In this process, CF and BSP can promote
the release of coagulation factor XII from platelets, and
activate factor XII to factor XII-a, thereby starting the
entire endogenous coagulation and shortening the clot-
ting time.

3.8 Evaluation of cell compatibility

Good biocompatibility is one of the necessary condi-
tions for medical materials. It can be seen from Fig. 6 that
CFOB has almost no effect on the proliferation of fibro-
blasts. When the dosage of OBSP was increased from 0
to 15% of CF, the cells relative proliferation rate of the
samples was all above 80%, and they met the require-
ments of level 0 in the cytotoxicity classification stand-
ard. Due to the limited number of free amino groups on
CF, when the amount of OBSP is less than 10% of CF, a
large number of amino groups in CF can react better with
aldehyde groups. The greater the consumption of alde-
hyde groups are, the lower the residual amount is. When
the dosage of OBSP is increased continuously, the amino
group of CF gradually reacts completely. Excessive alde-
hyde groups cannot react with amino groups, resulting
in an increase in the number of free aldehyde groups and
unfavorable for cell growth. Especially when the amount



Yan et al. Collagen and Leather 2022, 4(1):5

(@

&
T

()
=
T

20

Activated partially thromboplastin time/s
= g
T

CFOB-0

CFOB-2

CFOB-6
APTT

CFOB-10  CFOB-15  CFOB-20

Page 11 of 15

®)

>
T

&~
T

Prothrombin time/s

(5
T

0
CFOB-0 CFOB-2 CFOB-6 CFOB-10 CFOB-15 CFOB-20
PT

©

20

Thrombin time/s

Fig.5 a APTT, b PT,and ¢ TT of CFOB with different OBSP dosages

120 k- [=JcroB-0 [TJcroB-2 [_]CFOB-6
[_JcroB-10 [ CFOB-15 [ CFOB-20
100 I _I_ T

80

60

40

Relative Proliferation/%

20

0
Day | Day 3 Day 5

Fig. 6 CCK-8 experiment results of CFOB with different OBSP
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of OBSP is more than 15% of CF, the free amino groups
on the CF have reacted completely. Excessive OBSP leads
to a relative growth in the dosage of residual aldehyde

0
CFOB-0 CFOB-2 CFOB-6 CFOB-10 CFOB-15 CFOB-20

T

groups, and they greatly reduce the cell proliferation rate.
Therefore, when the cell activity of OBSP-10 is the best.

3.9 Whole-blood clotting assay (CT)

Whole-blood clotting time (CT) is mainly related to the
content and function of various types of coagulation fac-
tors in the blood, coagulation factors, and the activity
of anticoagulation factors, and can directly reflect the
hemostatic properties of materials in vitro [18].

It can be seen from Fig. 7a that when 0.2 ml of fresh
anticoagulated rat blood was added, all-composite
hemostatic materials with different contents achieved
hemostasis within 1 s. When 0.4 ml of fresh antico-
agulated rat blood was added, there were some differ-
ences, but sponges with OBSP content of 10% of CF or
above still stopped bleeding in 1 s. Yet, 1 s bleeding time
was helpless in reflecting the hemostatic effect of the
contents of CFOB, so we involved an increased experi-
mental blood volume to 0.6 mg. When 0.6 ml of fresh
anticoagulant rat blood was added, the hemostatic per-
formance of CFOB was significantly better than that of
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100

Blood clotting index(BCl)/%

cells andmaterial interaction via electron microscope: ¢ at 1 min, red blood cells adhere to the surface of CFOB, 10,000 x , d At 3 min, red blood
cells expand and expand pseudopodia accompanied by aggregation and adhesion to CFOB sponge, 10,000 x , e at 5 min, blood cells begin to
aggregate in large numbers, 1000 x

pure CF, which indicated that the endogenous coagula-
tion factors of CF modified by OBSP were activated to
a higher degree. And as the content of OBSP increased,
the hemostatic performance also became superior, and
CFOB-20 showed the shortest hemostatic time at about
20 s. Compared with pure CF, there are more hydrophilic
groups on OBSP, so fresh anticoagulated rat blood is eas-
ier to penetrate the material faster. In addition, materi-
als with smaller pore diameters are also easier to adsorb
platelets, thereby forming thrombus and promoting the
release of clotting factors. In the traditional method,
the physical and chemical properties of collagen cross-
linked with glutaraldehyde have been greatly improved,
but the introduction of cross-linking agents reduces
the hydrophilic groups of the collagen molecular chain,
and an ultimately decrease in the hydrophilicity and sig-
nificant elongation of the hemostatic time confirm this
point. The biocompatibility modified by glutaraldehyde
is difficult to meet clinical requirements. Therefore, in
terms of hemostasis and biocompatibility, the new OBSP
crosslinker is superior to the traditional glutaraldehyde
crosslinker.

3.10 Blood clotting assay in vitro

The blood-clotting index (BCI) can reflect the in vitro
coagulation performance of the material. Different from
the total clotting time, BCI can reflect the ability of the
hemostatic material to form a thrombus after contact
with blood. The lower BCI stands, the better hemostatic
performance shows. Figure 7b demonstrates that the
effect of different OBSP dosages brings huge influence to
the BCI of the composite hemostatic material. It can be
found that the hemostatic effect of CFOB is beyond med-
ical gauze. The modified CF has a stronger ability to form
thrombus after contact with blood, and the main compo-
nent of thrombus is platelets, which can predict that its
ability to promote platelet adhesion and aggregation may
be stronger. As the dosage of OBSP continues to increase,
the number of BCI continues to decrease, that is, CFOB-
20 expresses the best hemostasis ability among them, and
the average coagulation index remains 9.41 42.02%. It is
worth mentioning that the BCI of CFOB with an OBSP
content of more than 10% of CF is lower than 20%, which
is better than some hemostatic materials reported in the
literature [19].
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Scanning Electron Microscopy was used to observe the
adhesion and morphological changes of blood cells as
well as platelets on the surface of the material. At 1 min
after adding blood into CFOB like Fig. 7c shows, it was
observed that red blood cells and platelets were distrib-
uted on the material surface with good morphology,
and adsorbed by material, which showed the beneficial
internal blood compatibility and spatial structure of the
material. The morphology change of red blood cells was
occurred with the appearance of stretched pseudopodia
among cells at 3 min, implying the physiological changes
of cells including aggregation and deformation like
Fig. 7d shows. At 5 min, Blood cells continue to accumu-
late in CFOB in large numbers like Fig. 7e shows.

3.11 Evaluation of in vivo hemostatic performance

Therefore, to visually compare the hemostatic effect,
the bleeding time and blood loss of the wound were
used as indicators to analyze and compare the hemo-
static performance of the following three materi-
als in animals: medical gauze, unmodified collagen
fiber sponge (CF), and CFOB. After considering the
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hemostatic performance and cytotoxicity, CFOB-10 was
selected for animal experiments. Figure 8a, b show the
hemostatic time, hemorrhage volume, and hemostatic
effect of these materials in the rat liver trauma hemor-
rhage model. It can be seen that the amount of bleed-
ing decreased from 126.67+19.11 mg of the blank
control group to 23.5+4.95 mg of self-made CFOB-10,
which is also less than the hemostatic volume of medi-
cal gauze 70.33+15.51 mg and the hemostatic volume of
CF 35.67£10.505 mg. The clotting time of each mate-
rial was 150.4 £ 29.555 s for blank control, 73419 s for
medical gauze, 50.33+4.51 s for CF, and 254+4.06 s
for CFOB-10. The hemostatic time of CFOB was also
greatly reduced. Figure 8¢, d, e also shows the hemo-
static effect and time comparison of the blank group and
CFOB. When the wound with CFOB was used for hemo-
stasis, there was no blood to ooze out, the blank group
continued to ooze blood. According to Liu [20], CF is
woven into CF through the accumulation, aggregation,
arrangement, and entanglement of collagen molecules.
The hemostatic properties of CF are enhanced with the
increase in the number of layers. Therefore, CFOB is

clotting time/s

80

60

HH

40

20

No treatment Medical gauze CF CFOB-10

Fig. 8 Comparison of a blood loss and b dottlng time in animal experiments with different materlals The comparison of the hemostatic effect of
c the blank control group and d and e CFOB at the same time is shown. There was no oozing in the CFOB wound when hemostasis, and the blank
group continued to ooze
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significantly better than collagen fiber sponge, colla-
gen sponge, and medical absorbable gauze in terms of
bleeding volume and hemostasis time. At the same time,
CFOB can specifically recognize and adhere to platelets,
and it can promote the activation of related coagulation
factors and have better hemostatic performance.

3.12 Analysis of coagulation mechanism and synergy

The hemostasis process of the body is achieved through
the triple physiological reactions of vasoconstriction,
hemostasis thrombosis, and blood coagulation system,
all of which impact and control each other. Blood vessels
are prompted to release angiotensin and other chemicals
to speed up vasoconstriction when the body is injured.
After that, the vascular wall tissue factor specifically
recognizes platelet membrane integrin GPVI, activates
platelet adhesion, aggregation, and release of procoagu-
lant factors, forming preliminary hemostasis of throm-
bosis. At the same time, the blood coagulation system is
activated, various types of coagulation factors are acti-
vated hierarchically, and the coagulation factors activate
prothrombin. The activated prothrombin can catalyze
the conversion of fibrinogen into aggregated fibrin to
strengthen the thrombus to achieve secondary hemosta-
sis. According to the electron microscope observation
picture in Fig. 7c, d, e, the aggregation and adhesion pro-
cess of blood cells can be seen.

However, severe bleeding often occurs in emergen-
cies, the time for hemostasis is tight and the conditions
are limited, resulting in the body’s inability to complete
the hemostasis process, which often affects life safety. CF
has good biocompatibility and hemostatic properties and
is often made into a sponge hemostatic agent with easy
operation and good water absorption to respond to emer-
gencies. CF locally stimulates the adhesion and aggrega-
tion of platelets and activates the coagulation system
to produce coagulation factors and thrombin, thereby
inducing the conversion of fibrillin into fibrin and fur-
ther aggregation to form fibrin polymer, and finally pro-
duce a clot to achieve a rapid and effective hemostatic
effect [2]. The complexity of the coagulation mechanism
determines that the hemostatic performance of CF can
only meet the basic requirements, but still cannot cope
with more changes. BSP, extracted from a natural herb
Bletilla striata, has a blood clotting mechanism similar
to CF. According to the report of Kaplani and colleagues
[21], BSP was able to promote platelet aggregation and
activate the coagulation factors of the endogenous and
exogenous coagulation pathways to achieve hemostasis.
Therefore, the two should have synergy on wound hemo-
stasis. However, only the mechanically mixing of CF and
BSP has shortcomings such as easy delamination, which
cannot fundamentally improve the material properties.
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Therefore, we used the natural herbaceous plant
Bletilla striata as the raw material to extract the effec-
tive ingredient BSP and oxidize it. FT-IR detection
proved that BSP was successfully oxidized to OBSP by
sodium periodate under dark conditions. The extracted
beef tendon source CF and OBSP underwent Schiff
base reaction to obtain CFOB. CD detection and FT-IR
detection together proved that the modification process
did not destroy the triple helix structure of collagen. In
the characterization experiment, AFM, SEM, and DSC
tests jointly proved that the adsorption, material trans-
port capacity, and thermal stability of CFOB increase
with the increase of OBSP dosage. The porosity test and
hemolysis rate test proved that all amounts of CFOB
had good porosity and blood compatibility. Through
water absorption test, cytotoxicity test, and in vitro
coagulation index APTT, PT, TT, CT, BCI, etc., CFOB-
10 with the best hemostasis performance was screened,
that is, the optimal dosage was OBSP 0.5 mg/mL, CF
5 mg/mL. Applying the best-performing CFOB-10
to the rat liver hemorrhage model, it could be seen
that CFOB-10 had a better hemostatic performance
than medical gauze and CF. The bleeding volume and
hemostasis time were reduced to 23.5+4.95 mg and
25+4.06 s, respectively. It also indirectly proved the
hemostatic synergistic effect of OBSP and CF.

4 Conclusions

The freeze-dried sponge CFOB was created by cross-
linking CF and OBSP, and it preserved the outstanding
structure and biological properties of CF. The vari-
ous features of CFOB were superior to CF, especially
DSC findings and in vitro coagulation experiments,
which demonstrated that CFOB’s thermal stability and
coagulation ability had been improved. In the cyto-
toxicity test, the biocompatibility of CFOB below the
specific OBSP dosage met the 0 level requirements of
the cytotoxicity classification standard. Finally, in vivo
animal experiments proved that CFOB had good hemo-
static characteristics. Based on the above experimen-
tal results, the best ratio of CFOB with good thermal
stability, biocompatibility, and excellent hemostatic
properties, shows extremely high clinical application
potential.

Abbreviations

CF Collagen fiber

BSP Bletilla striata Polysaccharide

OBSP Oxidized Bletilla striata polysaccharide

CFOB Collagen fiber-oxidized Bletilla striata composite hemostatic
sponge

FT-IR Fourier-transform infrared

(@b) Circular dichroism



Yan et al. Collagen and Leather 2022, 4(1):5

DSC Differential scanning calorimetry
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PT Prothrombin time

T Thrombin time

BCI Blood clotting index

CCK-8 Cell Counting Kit-8
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