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ARTICLE INFO ABSTRACT

Keywords: The development of an excellent, bioabsorbable hemostatic material for deep wound remains a challenge. In this
PLLA work, a biodegradable cotton-like biomimetic fibrous mat of poly (i-lactic acid) (PLLA) was made by melt
Melt spinning spinning. Subsequently, SD composite was prepared by cross-linking sodium alginate (SA) with dopamine (DA).
Sodium alginate It was immobilized on the fibre surface, which inspired by mussel byssus. Finally, Fe>* was loaded onto the

Fe**
Heemostasis 0.5SD/PLLA composite by chelation with the carboxyl of alginate and phenolic hydroxy of dopamine. The
Antibacterial haemostasis experiment found that the hemostatic time 47 s in vitro. However, the bleeding volume was 0.097 g

and hemostatic time was 23 s when 20Fe>*-0.5SD/PLLA was applied in the haemostasis of the rat liver. As a
result of its robust hydrophilicity and bouffant cotton-like structure, it could absorb a large water from blood,
which could concentrate the component of blood and reduce the clotting time. Furthermore, the addition of Fe>*
in the 0.5SD/PLLA had a significant effect on improve hemostatic property. It also displayed excellent anti-
bacterial property for Escherichia coli and Staphylococcus aureus. Notably, it possesses superior hemocompati-
bility, cytocompatibility and histocompatibility. Hence, 20Fe>*-0.5SD/PLLA has high potential application in
haemostasis for clinical settings due to its outstanding properties.

1. Introduction

Excessive haemorrhage is a matter of concern for military traumas,
surgical operations and other civilian accidents [1,2], and uncontrolled
haemorrhage is the main reason of pre-hospital death [3]. Reducing
suffering and mortality of patients is an urgent need that needs to be
addressed immediately [4]. In addition, an ideal clinical hemostatic
agent should have effective antibacterial property to resist infection.
Currently, various hemostatic materials, including hemostatic micro-
particles [5], cellulose—halloysite nanocomposite fibers [6], gauze [7]
and hemostatic hydrogel [8], have been studied for rapid and effective
haemostasis. For example, hemostatic microparticles are commonly
used in the treatment of venous, capillary and arteriolar bleeding by
pressure [5,9]. Thus, many traditional hemostatic agents fail to meet the
design requirements for deep wounds, abdominal surgery and punctured

Peer review under responsibility of KeAi Communications Co., Ltd.

wound haemorrhage. It is difficult to achieve haemostasis because
plenty of microparticles are needed to fill the wound, which obviously
wastes treatment time. Though silica foams decorated with silver ions
achieved significant result of haemostasis for deep wound haemorrhage
and antibacterial properties, which causes severe rejection reactions due
to its poor biocompatibility and degradability if any residues remain in
the body [10]. On the other hand, collagen sponge has been reported to
possess excellent hemostatic effect [11-13]. However, it is costly, and
patients cannot easily afford high medical costs. Therefore, the prepa-
ration of biocompatible, antibacterial and economical hemostatic ma-
terials for deep wounds is a major challenge.

Bioresorbable and non-toxic synthetic biopolymers are often used as
hemostatic scaffolds [14-16]. For example, Hu et al. reported that poly
(i-lactic acid) (PLLA) braided wires coated with chitosan have super
pro-hemostatic activity [17]. While, the mini-type braiding method is
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complicated and the production process is slow, making it difficult to
meet high demand. In addition, PLLA nano-fabric membrane containing
fibrinogen is prepared by electrospinning, which detects excellent he-
mostatic effects [18]. However, residual organic solvents in fibres by
electrospinning are toxic to cellular activity, which restricts the appli-
cation of electrosping fibrous scaffolds in clinical [19,20]. Melt spinning
of polymers is the most popular used method for manufacturing fibres
[21-23]. This melt spinning has several important advantages compared
with electrospinning. The fiber made by melt spinning overcome the
residual organic solvent in fibres of traditional electrospinning. Elec-
trospinning technology can only produce fibre membrane. Whereas,
melt spinning technology can produce fibre mat with similar
three-dimensional structure of cotton, which can be used to fill deep
wounds. The melt spinning technology is simple and can avoid the
pollution caused by volatilization of organic solvents compared with
electrospinning  technology. The fibre mat with similar
three-dimensional structure of cotton is a good choice for the hemostasis
of deep wounds, but it has not been applied to the study of hemostatic
properties.

Hemostatic materials require excellent hydrophilicity, water ab-
sorption property and the ability to quickly absorb blood exudate so that
clotting factor, platelet and red blood cells can gather quickly to pro-
mote thrombus formation [24]. Alginate (Alg) is an excellent hemostatic
material because of its excellent biocompatibility, hydrophilicity and
relatively low cost; Furthermore, the active group of carboxyl can be
grafted with other materials [25,26]. when Alg microspheres are
introduced into the chitosan (CS) sponge, blood coagulation can be
significantly improved, and the bleeding time of CS/Alg 10 was obvi-
ously reduced compared with CS sponge [27]. A sodium alginate (SA)
coated three-dimensional silica hemostatic sponge shows that hemo-
stasis is achieved and the amount of bleeding is significantly reduced
compared with silica nanofibers [28]. Moreover, to further improve the
hemostatic effect, some inorganic ions with hemostatic property are
usually added to hemostatic materials for synergistic effects. In 1943,
the hemostatic effectiveness of FeCls in the brain, viscera and superior
sagittal sinus was studied and good hemostatic effect was obtained [29,
30]. Nechipurenko et al. reported that the translocation of procoagulant
platelet by using FeCls to promote thrombosis [31]. Furthermore, the
quinone groups formed by Fe>* oxidation with the catechol group have
superior antibacterial property [32]. Hence, how to modify sodium
alginate and Fe>* on the surface of fibrous of PLLA cotton mat with
synergistically hemostatic and antibacterial property is a challenge.

Inspired by mussel-adhesion phenomena in nature [33]. Dopamine
(DA) can form a polydopamine (PDA)-coating on the surface of poly-
mers, metals and metal oxides [34] when the materials are simply
immersed in alkaline solution of DA. In this work, the amino group of DA
is chemically cross-linked with the carboxyl group of sodium alginate
(SA), then form a sodium alginate/dopamine composite (SD), which
provides a method to bind SA to the surface of the PLLA fibre mat.
Finally, Fe>* was cross-linked with SA and PDA. Moreover, the cat-
echol-Fe**-catechol key is stable under acid, alkali and neutral envi-
ronments [35], thus it can form a stable coating on the surface of PLLA
fibre. Its physical/chemical structure, hydrophilicity, water absorption
ability, in vitro and vivo hemostatic property, cytocompatibility,
hemocompatibility and antibacterial activity were systematically
characterised.

2. Experimental section
2.1. Materials

Iron chloride hexahydrate (98%; FeCls*6H20) was purchased from
Beijing Chemical Works (Beijing, China). DA was bought from Adamas
Reagent Co, Ltd. L-lactic (LA) was procured from Purac (Netherlands).
SA was obtained from Sinopharm Chemical Reagent Co (Shanghai,
China). 4-Morpholineethanesulfonic acid (MES), N-hydroxysuccinimide
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(NHS) and carbodiimide hydrochloride (EDC-HCI) were purchased from
Energy Chemical. Triton X-100 was bought from Aladdin Industrial
Corporation. Details of other materials used are available in Materials
and Methods, Supporting Information (SI).

2.2. Synthesis of polymer

PLLA polymer was synthesised in our laboratory according to a
previous method (see the SI). The average molecular weight of PLLA was
43,000, and DSC revealed that the melting temperature of the PLLA
polymer was 174 °C.

2.3. Preparation of PLLA melt spinning mat

The dried PLLA powder was added into the preheated heating tube
with the temperature 10 °C higher than the melting temperature of PLLA
polymer and heated for 5-8 min. Subsequently, nitrogen was injected
via the top of heating tube charged at a high voltage. When the melt
flowed out uniformly, hot air (450 °C, which was higher than the
melting temperature of polymer) was added on the lower end of the
spinning nozzle. The melt of PLLA was elongated by high-speed hot air,
and the melt travelled to the collector that was wire mesh (Fig. 1(1)).

2.4. Preparation of polydopamine-alginate composite (SD)

The SD composite was prepared based on published methods [36]. In
brief, the solution with different concentrations of SA (0.1%, 0.3% and
0.5%; w/V%) was obtained by dissolving SA in deionised water at room
temperature. When the SA powders were completely dissolved, the
EDC/NHS (the ratio of EDC to NHS monomer was 1:1) was added to SA
solution with the molar ratio of EDC to SA repeating unit of 1:2.5 to
activate the carboxyl groups of SA. MES (a buffer agent, 29 mM) was
added, and the blending solution above was stirred for about 10 min to
form a uniform solution. Finally, the pH of the uniform blending solution
was adjusted to 5.5. After 2 h, DA was added to activate the SA solution
with the mass ratio of DA to SA of 1:10, and the resulting solution was
stirred at room temperature for 12 h. To remove the unreacted coupling
reagents and micro-molecule, the obtained solution was dialysed with a
dialysis bag (molecular weight cut off = 3500 Da) for 72 h, and deion-
ised water was replaced every 3 h (see Scheme 1(2) and Scheme 2(1)).

2.5. Preparation of SD/PLLA and Fe>*-SD/PLLA composite

The SD composite was coated on the PLLA melt spinning mat ac-
cording to our previous study [37]. As shown in Scheme 2 (2), the PLLA
melt spinning mat was soaked in SD solution (2 mg/mL in 50 mM,
Tris-HCI, pH 8.0) for 2 h under ambient temperature (SD/PLLA). Sub-
sequently, the SD/PLLA composite was placed on the barbed wire to
leach the excess SD solution and rinsed three times with deionised water
to remove free SD. Finally, the SD/PLLA composites were stored in the
refrigerator (—80 °C) for 10 min and freeze dried for 2 days.

FeCl3-6H20 was dissolved in deionised water with different con-
centrations (5, 10 and 20 mM) at room temperature. The 0.5SD/PLLA
composites were immersed in FeCl3-6H20 solution for 18 h (Fe3t-
0.5SD/PLLA) and then rinsed three times with deionised water (Scheme
2 (3)). Subsequently, the composite materials were placed in the
refrigerator (—80 °C) for 10 min and then dried for 2 days by using a
freezer dryer.

2.6. Characterization

The chemical structure was measured by Fourier transform infrared
spectroscopy (FT-IR; PerkinElmer, FTIR-2000). X-ray photoelectron
spectroscopy (XPS; Thermo ESCALAB 250) was utilised to detect the SD/
PLLA composites. The morphology of all the composites was observed
by scanning electron microscopy (SEM; Philips XL30 ESEM FEG, Japan),
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Fig. 1. (1) Melt spinning system. (2) a. Images of PLLA fibrous captured by a digital camera, scale bar = 1 cm. b. SEM micrographs of PLLA fibrous, scale bar = 200

pm. c. The diameter distribution of PLLA fibrous.

and the elemental composition of the samples was determined by
energy-dispersive X-ray energy spectrometry (EDX; Philips, XL-30 W/
TMP, Japan). The diameter distribution of the PLLA melt spinning fibre
was analysed by NIH ImageJ software (national institutes of health). The
mechanical properties of the PLLA fibre were acquired using a universal
mechanical testing machine (Instron 1121, UK). The water contact angle
was measured by a contact angle system (VCA 2000, AST).

2.7. Measurement of absorption rate in vitro

The water absorption rate of samples was measured in PBS (pH 7.4)
solution. In brief, the PLLA melt spinning mat and SD/PLLA composites
were cut into squares of 3 cm x 3 cm. The mass of each sample was
weighed and recorded as my. The prepared PBS solution was placed in a
constant temperature instrument (37 °C). The samples were immersed in
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PBS solution for 1, 3, 5 and 7 min. After the specified times, the samples
were removed and held air for 1 min with tweezers to remove the un-
absorbed PBS. The samples were weighed again, and their weights were
recorded as mj. Three parallel samples were tested for each sample.
Formula (1) Wg is the water absorption rate per square metre, my is the
initial weight of the sample and m1 is the weight of the samples after
water absorption.

ml — mO

wi(%) = x 100% )}

2.8. Hemolysis ratio

The haemolysis ratio was determined following a previously re-
ported method [38]. About 10 mg of sample was immersed into 4.5 mL
of normal saline at 37 °C for 24 h to yield the leaching solution.
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Scheme 2. The specific reaction process of nonwoven fiber styptic cotton.

Subsequently, 125 pL of leaching solution was injected into 875 pL of (Triton X-100, 0.8%) and positive control (normal saline), respectively.
fresh anticoagulant erythrocyte solution (2%) and fully mixed. The
mixed solution was centrifuged (2000 rpm for 10 min) after incubation
for 1 h (37 °C). The absorbance of the supernatant was finally measured
at 540 nm. Three parallel samples were tested for each sample. The
haemolysis ratio was determined as follows:

2.9. Antibacterial activity

The antibacterial properties of the material were studied using the
method of a previous report [38]. In brief, 8 mL of bacterial suspension
Bs=Bn  1oo% 2 (Escherichia coli ATCC 8739 and Staphylococcus aureus ATCC 29213) in
Bp — Bn medium (1 x 10* CFU mL 1) was incubated with 20 mg of material for 8
h at 37 °C. The OD at 600 nm of a bacterial culture was then measured.
Those without added materials were used as the negative control group.

Hemolysis ratio (%) =

B, By, and B, are the absorbance of the samples, positive control
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Three parallel samples were tested for each sample.

In addition, 100 pL of bacterial suspension in sterilised PBS (1 x 10*
CFU mL™!) was incubated with sample (0.5 cm planchet on agarose
culture plate, five parallel samples) for 24 h at 37 °C. Colony-forming
units on the agarose culture plate were observed, and the antimicro-
bial ring size was measured by Image J. Four parallel samples were
tested for each sample.

2.10. In vitro hemostasis performance

The effect of composites on blood clot compared with medical gauze
was evaluated according to previous studies [39,40]. In brief, fresh
blood (9:1 whole blood to 3.2% sodium citrate) was collected from
healthy rabbit (from Liaoning Provincial Laboratory Animal Resources
Centre). Blood clot formation was initiated by adding 200 pL of citrated
blood to the pre-weighed materials (W), which were already placed in a
24-well plate at 37 °C. After 1 h of incubation, the sample was rinsed
with distilled water three times, and water was carefully dropped into a
24-well plate to avoid blood clot disruption. The blood clot formed was
fixed by 37% formaldehyde solution for 10 min. The samples were dried
in the oven at 50 °C, and their weight was recorded as (W;). Three
parallel samples were tested for each sample. The thrombogenicity of
samples was calculated based on the following formula (3):

W1 -Wo0

Wo x 100%

Blood Clot (%)= 3)

The platelet and erythrocyte adhesion test was processed based on
published methods [5]. In brief, 200 pL of citrated whole rabbit blood
was added to a 24-well plate with 5 mg of samples and incubated at
37 °C for 30 min. Subsequently, the non-adhesive blood was rinsed three
times with PBS solution and fixed with 2.5% formaldehyde for 3 h. The
sample was washed three times with PBS solution to remove formal-
dehyde, followed by gradient dehydration with 20%, 40%, 60%, 80%
and 100% aqueous ethanol and dried at 30 °C. The adherence of RBCs on
the sample surface was observed by SEM after the samples were coated
with gold.

The whole blood coagulation ability of composites was measured
following a method adopted from Shih et al. [41] In brief, 5 mg samples
were placed in a 24-well plate at room temperature. Subsequently, 200
pL of rabbit blood was dropped slowly. The reaction was triggered by
adding 10 pL of CaCl; (0.2 M) solution. The reaction was incubated for
approximately 30 min with shaking 30 rpm at 37 °C, and unstable blood
clots were dissolved by rinsing with distilled water three times. The
absorbance values of the suspension at 544 nm [42] were measured by
using a microplate reader (Infinite M200; Tecan, Switzerland). Three
parallel samples were made for each sample.

About 10 mg of the sample was weighed and transferred into a 2 mL
disposable plastic tube that was placed in a 37 °C incubator for about 10
min. Fresh blood was obtained from the rabbit with a medical vacuum
collective tube containing sodium citrate anticoagulant and placed in
the 37 °C incubator for about 10 min. About 200 pL of the blood was
added into the 2 mL sample tube, and the time was recorded after the
addition of CaCly solution (10 pL, 0.1 M). The disposable plastic tube
was inverted every 10 s. When the blood was completely stagnant, the
time was recorded. Every sample was tested three times.

2.11. Cytocompatibility

For the following experiments, the materials were placed into a 24-
well plate and sterilization by UV-light irradiation for 3 h. Subse-
quently, 2 x 10* cells NIH-3T3 were seeded into the 24-well culture
plate containing materials and cultured using DMEM in a humidified
atmosphere of 95% air and 5% CO- at 37 °C. The culture medium was
changed every 2 days. Cell viability was measured by CCK-8. After the
fibroblasts were cultured on different kinds of materials for 1, 3 and 7
days, CCK-8 solution (100 pL/mL) was added to each well. The cells
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were continually cultured for another 2 h, and 150 pL of the reaction
solution was transferred into a new 96-well plate. Three parallel samples
were made for each sample.

Cell morphology was investigated by fluorescence microscopy after
2 x 10* cells were seeded in 24-well culture plate containing materials
that were sterilised for 3 days using DMEM. The culture medium was
changed after 2 days. After 3 days, DMEM was removed from the orig-
inal culture wells, rinsed with PBS (pH 7.4) solution for three times and
stained with Calcein-AM (Aladdin, China) for 10 min at 37 °C. Subse-
quently, the samples were rinsed three times with PBS. Cell morphology
was observed using an Axio Imager A2 (Zeiss, Germany) fluorescence
microscope.

2.12. Experiment animals

We used 10-12 weeks old male BALA/c mice to study in vivo he-
mostatic performance and 6 weeks old male SD rat to study tissue
compatibility of materials in this research. The animal experiments were
carried out according to the NIH Guide for the Care and Use of Labo-
ratory Animals, provided by Jilin University, Changchun. All mice were
fed cages in the animal facility for at least 1 week for acclimation prior to
experimental use. We used CO, inhalation followed by cervical dislo-
cation to euthanize the animals.

2.12.1. In vivo hemostatic performance

The samples were cut into squares (1 x 1 cm?). Before the experi-
ment, samples were sterilised by UV-light irradiation for 3 h. The liver
and tail injury models (BALA/c male rat, 21-23 g, 10-12 weeks old)
were used to investigate the hemostatic properties of the material in
accordance with a previously reported method [43,44]. Briefly, the mice
were anesthetized and fixed on the surgical corkboard, which was dis-
infected in abdomen with Iodine and 75% alcohol. The abdominal skin
was cut and the hepatic anterior was exposed. The blood and tissue fluid
of incision site was cleaned by medical sterile gauze. Then the
pre-weighted (W) filter paper was placed under hepatic. A wound was
made by 26 G (outer diameter: 460 pm) sterile needles so that the blood
out from the wound rapidly. The hemostatic cotton was put on the
bleeding until the bleeding stopped. Finally, the blood loss time (s) were
recorded and the filter paper was weighted (W5). Three parallel samples
were made for each sample.

Blood loss (g) =W2—-WI (©)]
2.12.2. Histocompatibility

Muscles of the rat back implantation model were used to study tissue
compatibility (SD rat, 200 g, 6 weeks, male rats). Male were anes-
thetized and 2 mg (0.5 cm diameter disc) of sample was inserted into the
back muscles of the rats (n = 5). At given time intervals (days 0, 7 and 14
days), the rat was sacrificed to isolate materials and surrounding tissues
and fixed with glutaraldehyde (4%). The fixed tissues were embedded in
paraffin to cut into sections. After gradient dehydration, tissue sections
were stained with H&E and tissue compatibility was observed.

2.13. Statistical analyses

All data were analysed through Origin 8.0 (Origin Lab Corporation,
USA) and shown as the mean +standard deviation. One-way analysis of
variance was used for statistical comparison. p < 0.05 was considered
statistically significant.
3. Results and discussion

3.1. Characterization

3.1.1. Morphology and diameter distribution analysis of PLLA fibre
Fig. 1(2) and Fig.S2 showed the PLLA melt spinning mat exhibited a
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cotton-like bouffant state with massive un-melted PLLA polymers on the
fiber surface in the groups of 33.7 cm and 44.8 cm and less bulk polymer
on the fibre surface was observed in the group 41.5 cm when the 840 pm
spinneret were used. While, there was no bulk PLLA polymer on the fibre
surface and the fibres were uniform when the receiving distance was
41.5 cm and 400 pm spinneret was used. The morphology and diameter
distribution of PLLA fibre was characterized by SEM and analysed by
image J software. An interconnected mesh structure was observed with
the fibre surface smooth and the size distribution was mainly from 5 to
15 pm in group of 41.5 cm when the spinneret was 400 pm (Fig. 1(2c)).
In the groups of 33.7 cm, 41.5 cm and 44.8 cm (840 pm), the
morphology of PLLA fibre was similar that of the group of 41.5 cm (400
pm) showing interconnected structure. The diameter of PLLA fibre
decreased with the receiving distance increased when 840 pm spinneret
was used.

From the above results PLLA fibre mat was prepared using different
spinning spinneret and receiving distance, it was found that the fibre
surface had some un-melted polymer when the spinneret was 840 pm.
However, when the spinneret was 400 pm, the un-melted polymer on
fibre surface was disappeared. It might be attributed to the temperature
of the 400 pm spinneret was kept at 190 °C for both the core and sheath
[45]. Therefore, the polymer of PLLA was melted uniformly and the melt
flow rate of PLLA achieves stability [46,47]. However, the melt of PLLA
polymer would be cooled agglomeration as it flow to the end of the 840
pm spinneret due to its temperature of the 840 pm spinneret lower glass
conversion temperature of PLLA polymer [48]. We can observe that the
diameter of fibre became tiny with receiving distance increased when
840 pm spinneret was used. The reason might be that the stretching time
of fiber increased at the high flux hot wind environment as the receiving
distance increased. In addition, under the same receiving distance, the
diameter of fibre made by 400 pm spinneret was smaller than that of
fibre made by 840 pm spinneret. It might be related to the orifice of
spinneret and the orifice of 400 pm spinneret was smaller than the 840
pm spinneret.

3.1.2. Mechanical property of PLLA fibre

The mechanical properties of a scaffold used to filling deep wound is
important paremeters [49]. The tensile strength of PLLA fibre made in
different preparation conditions displayed in Fig S3. In the groups of
33.7 cm, 41.5 cm and 44.8 cm (840 pm), the tensile strength of PLLA
fibres was 7.0, 3.8 and 6.4 Mpa, respectively. At the same time, the
breaking strain was 8.3%, 12.0% and 7.9%, respectively. When the PLLA
fibre made by 400 pm spinneret and the receiving distance is the same
(41.5 cm), the tensile strength and breaking strain were reduced to 1.5
Mpa and 8.3%. The diameter distribution measurements showed that
the diameter of fibre influence tensile strength of fibre. These results are
consistent with previous report, suggesting that the mechanical prop-
erties were found to be dependent on fibre diameter [50].

3.1.3. Chemical characterization

The chemical structures of SD/PLLA and Fe>'-0.5SD/PLLA com-
posites were characterized by FTIR. As shown in Fig. S4, a strong single
absorption peak was observed in the PLLA absorption band at 1749
cm !, which belonged to the C=0 stretching vibration absorption of
PLLA. The absorption peak at 1182 cm ! was due to the C-O-C asym-
metric stretching vibration or the out-of-plane bending vibration of
-CH3. The absorption band at 1087 cm™! was attributed to C-O—C
symmetric stretching vibration [51,52]. In the spectrum of the SD/PLLA
composite, the broad absorption peak at 3000-3600 cm ™' was due to
the symmetric stretching vibration of ~-OH and -NH, [53]; -OH was
derived from SA and pDA, while -NH, belonged to pDA. The typical
absorption peaks of SA observed at 1600 and 1415 cm ™! were assigned
to the stretching vibration absorption peaks of -COO- [54]. The peak
strength increased with the increase in the SD concentration. The pri-
mary changes for SD were the shifts in amide. To our satisfaction, the
-C=O0 stretching vibration, -CONH- bond vibration and C-N bond
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vibration bands were observed at 1602.7, 1546.8 and 1278.7 cm ™%,
respectively. In Fig. 2(2), the absorption peak strength of -COO- at 1600
and 1415 cm ™! and the absorption peak strength of ~OH at 3000-3600
ecm™! were reduced when Fe®* was introduced compared with
0.5SD/PLLA. This reduction was due to the chelation of Fe>* with
—COO- and -OH [55,56]. At the same time, a weak absorption peak
appears around 600-700 cm! on 5Fe3-&, 10Fe®-& and 20Fe3-&
absorption curve, which show that there is iron oxide phases formation
[57]. The results indicated that the amidation reaction successfully
occurred between the carboxyl of SA and the amino of pDA and the
chelation was formed among Fe3*, COO- and —~OH.

Fig. 2 (3) and Fig S5 showed the wide scan spectra of PLLA, pDA and
0.5 SD/PLLA. Two peaks corresponding to Cls (285 eV) and Ols (532
eV) were observed in all the samples. Additionally, a distinct N1s peak at
400 eV was observed in pDA and 0.5 SD/PLLA samples. Fig. S5 (a)
showed that a symmetrical single peak was observed at 406.6 eV on the
spectrum of pDA belonging to C-NH, on pDA. When the absorption
band of pDA was compared with the absorption band of 0.5 SD/PLLA
(Fig. S5 (b)), two peaks appeared at 401.3 and 399.5 eV, corresponding
to N-C=0 and N-C- of 0.5 SD/PLLA, respectively [58]. The data further
demonstrated that the formation of amide bonds between SA and pDA.

3.1.4. Surface morphology of composite

As shown in Scheme 2(1, 2), the SD composite was formed by ami-
dation and then modified (0.1%, 0.3% and 0.5%; w/V%) onto the sur-
face of hydrophobic PLLA fibre through DA, which was inspired by
mussel byssus [59]. To further improve hemostatic performance, Fe>*
(5, 10 and 20; mM) was introduced into the 0.5SD/PLLA composite, as
shown in Scheme 2(3). Compared with PLLA fibre, the surface colour of
the fiber deepened when the SD polymer was immobilized on the surface
of the PLLA fibre, and the colour of the composite further deepened with
the increase of Fe>* concentration (Fig. 2(1a)). Compared with PLLA
fiber, there were microfibers on the surface of the fibre composite.
Furthermore, the white reticular material on the surface of the PLLA
fibre became denser, and the clearance between the fibres became
smaller with the increase of SD concentration (Fig. S6(1b)). Meanwhile,
the surface of the fibers also had a layer of white material (Fig. 2(1b)).
The white reticulated was disappeared but deposited on the surface of
the fibre, which may be caused by a chemical reaction between SD and
Fe3t.

The concentration of Fe*' released in PBS on Fe>*-0.5SD/PLLA
composite was measured by ICP and the elemental distribution of was
observed using EDX mapping. From the result of Table 52, we find that
the Fe®* content is being increase in PBS solution before 4 min for 5Fe3*-
0.5SD/PLLA, 10Fe®*-0.5SD/PLLA and 20Fe*-0.5SD/PLLA composites.
The Fe3* content in PBS solution for 20Fe®*-0.5SD/PLLA material is still
increasing at 8 min compared at 2 min and 4 min. However, the Fe*
content for 5Fe®-0.5SD/PLLA and 10Fe®'-0.5SD/PLLA composites
become decrease in PBS solution at 8 min compared at 2 min and 4 min.
The above result indicated that more Fe>* carried on 20Fe3*-0.5SD/
PLLA material and the Fe>* can be continuously released into PBS so-
lution. The Fe3* ions could hydrolysis in water solution and generate
precipitation [60], which might be the reason for the decrease of Fe®t
content in the PBS solution for 5Fe®™-0.5SD/PLLA and
10Fe3*-0.5SD/PLLA material at 8 min. In addition, we speculated that
there are no excess Fe>' jons released on 5Fe3*-0.5SD/PLLA and
10Fe®*-0.5SD/PLLA composite. EDX mapping over a representative 20
Fe3+.0.5SD/PLLA composite in Fig. 2(1c) shown a homogeneous dis-
tribution of the elemental C, N, O, Na and Fe elements.

3.1.5. Water contact angle analysis

After confirming the immobilized of SD on the surface of PLLA fibre.
The static hydrophilic measurements of samples are shown in Fig. 3(1).
The water contact angle of the PLLA fibrous was 116°. However, when
0.1% SD was modified on the PLLA fibre mat, the water contact angle of
the 0.1SD/PLLA composite declined rapidly from 116° to 0°, which
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illustrated that SD greatly improved the hydrophilic property of the fibre
surface. This SD/PLLA melt spinning fibrous mat composite demon-
strated high hydrophilicity and wetting ability with the increase in the
SD (0.1, 0.3 and 0.5, w/V%) concentration.

Previous research has reported that the PLLA fibrous had strong
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hydrophobicity [51]. SINGH et al. had reported that SA was used as a
hydrophilic coating to enhance the water absorption ability [61]. The
sharp increase in surface hydrophilicity of the composite was possibly
due to the presence of the hydroxyl group on pDA and SA and the
carboxyl group on SA outwards to the hydrophilic environment
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present a significantly

difference about PLLA fiber and SD/PLLA composite with different concentration of SD at P < 0.05, respectively.

(hydroxyl and carboxyl groups have hydrophilicity) as manifested. The
decrease in the water contact angle led to higher wetting ability on the
surface of the fibrous mat composite.

3.1.6. PBS absorption rates analysis

As illustrated in Fig. 3(2), the PBS absorption property of the PLLA
fibrous presented nearly no water absorption property compared with
that of the SD/PLLA composite. However, the PBS absorption rates of
the PLLA fibrous were greatly improved after the modification of the SD
composite on the fibre surface. The maximum PBS absorption rates of
SD/PLLA reached 2116% after the 0.1% SD polymer was modified on
the PLA fibre mat. The PBS absorption rates of the SD/PLLA composite
decreased with the increase in the SD composite concentration at the
same time frame. This phenomenon may be due to the slight decrease in
the porosity between fibres with the introduction of SD polymer into the
PLLA fibrous, thereby preventing water entering the composite. Such a
result could also be explained by the reaction between ~-COOH of algi-
nate and —-NH> of dopamine groups. Hence, these groups could not form
hydrogen bonds with water molecules [62]. Under the modification of
SD at the same concentration, the PBS absorption rate of the fibrous mat
hardly changed significantly in different time periods. The hydrophi-
licity of the fibre surface was greatly improved after the modification of
the SD composite, and the fibrous mat composite quickly reached
saturation state after immersed into PBS. This state is conductive to the
rapid absorption of wound exudate and acceleration of hemostasis.
Additionally, the unreacted carboxyl groups on the alginate and the
unreacted hydroxyl and amino groups on dopamine on the surface of the
fibre material rapidly formed hydrogen bonds with the water molecules
to keep water inside the fibre.

3.2. In vitro hemostasis property analysis

3.2.1. Whole blood clotting

The hemostatic property of melt spinning hemostatic fibrous mat
was studied by calculating the percentage of blood clot formed. The
results in Fig. S6 (2) indicated that more blood clots formed on the
surface of SD/PLLA composite than on the medical gauze. The blood clot
ratio could up to 75% when the concentration of SD was 0.5%. As shown
Fig. 4 (2), the blood clot ratio was 162%, 183% and 213% for 5Fe3t-
0.5SD/PLLA, 10Fe3*-0.5SD/PLLA and 20Fe®*-0.5SD/PLLA composites.
The result showed that blood clot ratio increased with Fe>' content
increase on 0.5SD/PLLA material. It increased nearly threefold
compared with the 0.5SD/PLLA composite when the Fe>" concentration
was 20 mM. Meanwhile, Fig. S6 (1a) and Fig. 4 (1a) also confirmed the
results of the blood clot experiment. We find that trivalent iron indeed
played a vital role in blood clot formation. The results corroborate the
finding of the previous work [63,64]. It may be due to dense matted
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deposits and red blood cell aggregates (Scheme 1 B) be induced in
normal blood by the additions of trivalent iron. The Fe>* can causes
major oxidative stress through free radical generation, which leads to
lipid peroxidation and destruction of endothelial cells and leading to
occlusive thrombus formation.

To verify the above results, the blood clotting behaviour was further
investigated by determining haemoglobin absorbance at 544 nm
(ODs44). ODs44 was used as a coagulation activity index. Lower hae-
moglobin absorbance at 544 nm value indicates a better blood clotting
ability. As shown in Fig. S6(4), the ODs44 values of medical gauze was
1.770 + 0.012. The haemoglobin absorbance on 0.1SD/PLLA, 0.3SD/
PLLA and 0.5SD/PLLA was 0.016 + 0.006, 0.400 + 0.003 and 0.300 +
0.014, respectively. However, the ODs44 values of Fe3+-0.5SD/PLLA,
which had much lower absorbance of haemoglobin than medical gauze
and 0.5SD/PLLA composite. The absorption capacity at 544 nm for
5Fe®"-0.5SD/PLLA, 10Fe>*™-0.5SD/PLLA and 20Fe>™-0.5SD/PLLA were
0.230 + 0.002, 0.100 + 0.003 and 0.080 + 0.003, respectively. These
results indicated that the concentration of SD and Fe>" had an influence
on the hemostatic property. The hemostatic mechanism of SD/PLLA was
that the strong hydrophilicity and PBS absorption ability promote
platelet adhesion, clotting factors binding and lead to clot formation
rapidly [65], due to the blood clot was aggregate of platelet, erythro-
cytes and fibrin. Furthermore, the Fe>* can promote the formation of
thrombosis [31]. The trivalent ions can react with blood form coagulum
of blood proteins. The proteins agglutinate to form plugs that occlude
the capillary orifices. Thus, the trivalent ions effective hemostasis
through a chemical reaction with blood [66,67]. Specifically, free Fe3*t
functioned as a thrombogenic agent via generation of hydroxyl radicals,
which modified fibrinogen molecules to make them resistant to fibri-
nolysis and stimulated the blood coagulation cascade [63]. Therefore,
the blood clot formed rapidly under the synergistic effects of Fe>* and
SD.

3.2.2. Hemostatic time study

Hemostatic time was the most direct method to evaluate the hemo-
static ability of materials. From the results shown in Fig. S6(3), the he-
mostasis time of medical gauze 0.1SD/PLLA, 0.3SD/PLLA and 0.5SD/
PLLA were 417 + 19,353 + 6,201 + 8 and 120 + 6 s, respectively. Fig. 4
(5) shows the hemostasis times of 5Fe>*-0.5SD/PLLA, 10Fe>*-0.5SD/
PLLA and 20Fe>*-0.5SD/PLLA were 119 + 6,96 + 15 and 48 + 28 s,
respectively. The hemostatic time shortened from 417 s to 120 s when
0.5SD/PLLA was used and the hemostatic property was improved with
SD concentration increased. The reason might be that the hydrophilicity
allowed the material to absorb water at a rapid rate, which made its
initial blood absorption time shorten [68]; hence, the material could
control bleeding quickly and effectively. In addition, the hemostatic
time was much faster than those SD/PLLA composite when Fe>* added
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to 0.5SD/PLLA composite. There was carboxyl on SA and phenolic hy- Moreover, the formation of the fibrin aggregate could be accelerant by
droxyl on DA, which would form hydrogen between water molecules in substance carrying a positive charge. The aggregation of fibrin monomer
the blood. What’s more, Emiliya M et al. [69] reported that hydrogen was an important stage in hemostatic process.

and electrostatic bonds take part in the formation of the fibrin aggregate.
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3.2.3. Platelet and erythrocytes adhesion

The morphology of blood clot formed on the surface of materials was
observed by SEM. As shown in Fig. S6(5), the numerous platelets that
adhered on the surface of SD/PLLA materials increased as the SD con-
centration increased. There was a small increase in the adhesion of
platelets after Fe®* addition but it was independent of the Fe>* con-
centration (Fig. 4(6)). These results were due to the fact that the material
morphology was found to have a greater effect on platelet adhesion and
activation [70]. The mechanism of blood clot formation is shown in
Fig. 4(1b). With the increase in the SD concentration, more nanofibers of
SD formed on the surface of the PLLA fibre (Fig. S4(1b)) and the
nanofibers were reported to contribute to platelet adhesion [71]. By
contrast, a large number of erythrocytes gathered on the surface of
Fe3"-0.5SD/PLLA materials, and the number of erythrocytes increased
with the Fe>* concentration. In previous report that the iron-induced
modification of fibrinogen molecules is responsible for enhanced inter-
action with erythrocytes and lead to erythrocytes gathered [63]. The
experiment results (Fig. 4(1a)) also confirmed the above mechanism
that the amount of blood clot formation increased with the increase in
Fe3* concentration.

3.3. In vivo hemostatic performance

3.3.1. The liver hemostasis property of rat

Fe®*- 0.5SD/PLLA styptic cotton with different concentration of Fe>*
had been proved to exhibit preferable hemostatic properties through in
vitro hemostatic experience, so its hemostatic behaviour was further
demonstrated by the liver hemostasis model and tail rupture of rat
(Scheme 1 C). PLLA fibrous and 0.5SD/PLLA was selected as the control
groups. However, bleeding from the rat liver was affected by many
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factors, such as the size of the liver and constitution of the rat. To
minimise experimental error, three rats for each material were used. A
pinhole was made on the rat liver by using a 25 G sterile needle (0.26
mm). The hemostasis steps of rat liver are shown in Fig. 5(1a). After liver
damage was initiated, the material was covered until the bleeding
stopped. The results of hemostasis are summarised in Fig. 4(3) and Fig. 4
(4). The hemostatic time of control was 121 s, and the amount of blood
loss reached 0.33 + 0.17 g. The hemostatic time of 0.5SD/PLLA (55 +
6.24 s) was less than that of the PLLA fibrous (63 & 2 s), and the blood
loss showed no noticeable change. After adding Fe®>" on 0.5SD/PLLA,
the hemostasis time was further reduced, and the shortest hemostasis
time reached 23.33 = 3.51 s at an Fe>" concentration of 20 mM. How-
ever, blood loss slightly decreased, and the blood loss amounts were
about 0.125 + 0.020, 0.070 + 0.053 and 0.097 =+ 0.030 g for 5Fe>*-
0.5SD/PLLA, 10Fe®-0.5SD/PLLA and 20Fe®*-0.5SD/PLLA, respec-
tively. In the hemostasis process, the PLLA fibrous applied certain
pressure on the wound and resulted in less blood flow than the control
group. By contrast, the composite material could absorb the outgoing
blood and cause the accumulated blood to form a thrombus; large
quantities of erythrocytes and platelets gathered on the surface of the
wound to form a physical barrier [38]. Furthermore, Fe3" resists fibri-
nolysis and triggers a coagulation cascade that speeds haemostasis. The
synergistic effect of the above properties makes styptic cotton had better
hemostasis effect for incompressible wound.

3.3.2. The tail hemostasis property of rat

The hemostatic time was further quantified in the rat tail amputation
model (Fig. 5(1b)). The results are shown in Fig. 5(2). The hemostasis
times were 118 + 3 and 87 + 6 s for the control and PLLA fibre mat,
respectively. The hemostasis time decrease to 56 + 11 s when 0.5SD was
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combine to the surface of PLLA fiber. Specifically, the Fe>*-SD/PLLA
material showed significant hemostasis property and different with
0.5SD/PLLA (p < 0.05). The hemostasis time was 15 + 2 s when the Fe®t
concentration was 20 mM. Both in the liver and tail of rats, the 20Fe>*-
0.5SD/PLLA showed excellent hemostatic performance. In addition, as
an ideal hemostatic material, it should exhibit blood compatibility,
cytocompatibility and excellent antibacterial property.

3.4. Cytocompatibility, hemocompatibility and antibacterial activity

3.4.1. Cytocompatibility

As an ideal hemostatic material, materials with good cytocompati-
bility are extremely important to the human body. As shown in Fig. 6(1),
no obvious differences in cell viability were found among medical gauze
and other materials at day 1, and the cell activity of the material was
higher than that of medical gauze at 3 days. However, at 7 days, there
was a slight decrease in cell activity of Fe3*-0.5SD/PLLA than that of
medical gauze, and the cell viability value was 78%. Furthermore, the
morphology of NIH-3T3 cells grown on materials at 3 days was observed
by using a fluorescence microscope after Calcein-AM live cell staining
and nuclear staining with DAPI. As shown in Fig. 6(2), all NIH-3T3
mouse fibroblasts exhibited excellent cell spreading pattern in medical
gauze and all materials, and a large number of cells grew in the mate-
rial’s surface as revealed by DAPI staining. These results indicated that
the 0.5SD/PLLA and Fe®'-0.5SD/PLLA materials exhibited good
cytocompatibility.

3.4.2. Hemocompatibility

Hemocompatibility is an important indicator for hemostatic mate-
rial. As shown in the insets of Fig. 4(4), after blood cells were co-cultured
with material suspension, the colour of the obtained supernatant was
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slightly yellow similar to the negative control group (PBS) and different
from the positive control group (bright red). Furthermore, all samples
revealed a low haemolysis ratio (<4%), which met international stan-
dards [9]. The above results indicated that styptic cotton featured good
hemocompatibility.

3.4.3. Antibacterial activity

During haemostasis, bacterial infection poses a threat to human life
[72]. Therefore, antimicrobial properties are important for hemostatic
materials. The OD value (600 nm) was used as a bacterial activity index.
When the bacteria had a low OD value, then the materials had high
antibacterial ability. The results of the quantitative analysis of anti-
bacterial properties of materials for Escherichia coli and Staphylococcus
aureus are shown in Fig. 6(3) and Fig. 6(4), respectively. The OD values
of 0.5SD/PLLA were 0.85 + 0.053 and 0.69 + 0.017 for E. coli and
S. aureus, respectively. The OD values of 20Fe>*-0.5SD/PLLA were 0.66
+ 0.03 and 0.34 + 0.08 for E. coli and S. aureus respectively. From Fig. 6
(3) and Fig. 6(4), we find that the OD values of E. coli and S. aureus
decreased when adding Fe>* on 0.5SD/PLLA material, and the survival
rate of the bacteria had slight decrease with the increase in the Fe3*
concentration. As shown in Fig. S4, there was less bacterial growth
around the material. Fig. 6(5) shown that the quantitative analysis re-
sults of antibacterial ring size of 0.5SD/PLLA were 21.2 + 1.1 and 24.24
+ 4.9 mm for E. coli and S. aureus, respectively. When the concentration
of Fe3* was 20 mM, the antibacterial ring size of E. coli and S. aureus
were 38.3 + 1.7 and 42.5 + 2.5 mm, respectively. While, the Fe3t
exhibit slight effect for the size of antibacterial ring size for both E. coli
and S. aureu with the increase in the Fe>* concentration. The results of
quantitative analysis of antibacterial ring size were consistent with the
findings in Fig. S7. The above results indicating that the
20Fe3-0.5SD/PLLA exhibit better antibacterial than other group
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materials for both E. coli and S. aureus. The cause of antibacterial is due
to the catechol groups of poly (dopa) on the surface of the PLLA fibre can
capture bacterial cells once it is close to the surface and then killed by
the quinone groups formed by Fe®' oxidation [73]. Meanwhile,
20Fe®*-0.5SD/PLLA showed a slightly lower antibacterial ability for
E. coli than for S. aureus because the cytoderm structure of E. coli is much
more complicated than that of S. aureus [74].
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3.5. Histocompatibility of composite in vivo

To estimate the histocompatibility of styptic cotton, it was trans-
planted into the dorsal muscles of mice. Melt spinning PLLA fibre mat, a
widely used biocompatible fibre mat, was used as negative control. The
results of histological staining with H&E at 1, 7 and 14 days after the
material immigrated into muscle are shown in Fig. 7(2). On the 1 day,
post-injection, many inflammatory cells were observed, indicating slight
inflammation around the material. On day 7, the number of

gy &
i

10Fe’*-& 20Fe**-&

Fig. 7. (1) The procedure of inserting the material into the back muscles of rat, scale bar = 1.5 cm (2) The hematoxylin-eosin staining of muscle tissue for 0, 7, 14
days. M for material, M’ for muscle, neutrophils marked with yellow star, eosinophilic granulocyte marked with green arrows, fibroblasts marked with blue aarows,

scale bar = 50 pm & representative 0.5SD/PLLA.
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inflammatory cells was significantly reduced and some fibroblasts
appeared, suggesting that this material could promote the growth and
proliferation of fibroblasts. On day 14, only trace amounts of neutrophils
were observed and more fibroblasts appeared. These results indicated
that this material could recruit a large number of inflammatory cells and
fibroblasts, effectively promote the formation of granulation tissue and
play an important role in wound healing.

4. Conclusion

In summary, a novel hemostatic fibrous mat was fabricated. The
cotton-like structure, robust hydrophilicity and highly porous structure
of SD/PLLA composite led to high water absorption in 0.5SD/PLLA.
Furthermore, the nanofibre structure formed by the SD composite on the
PLLA fibrous surface promoted platelet adhesion. Hence, benefiting its
super water absorption and nanofibre structure on the PLLA fibre sur-
face, 0.5SD/PLLA could quickly cause platelets and blood cells to gather
and promote the formation of blood clot to accelerate haemostasis. After
Fe3" combined with 0.5SD/PLLA, the hemostatic performance was
further improved due to the ability of Fe3* to resist fibrinolysis and
trigger the coagulation cascade. In addition, the quinone groups formed
by Fe*' oxidation of catechol on pDA presented superior antibacterial
properties. When the haemorrhage model of rat liver and rat tail rupture
was treated, 20Fe>"-0.5SD/PLLA showed excellent hemostasis perfor-
mance. Moreover, 20Fe®-0.5SD/PLLA revealed an improvement in
cytocompatibility, hemocompatibility and histocompatibility. These
results demonstrated that 20Fe®>*-0.5SD/PLLA is a suitable hemostatic
product for future clinical and first aid applications.
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