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Abstract: Considering the great harm to the human body caused by severe and massive bleeding,
in this study, chitosan-grafted norfloxacin (CTS-NF) composites were prepared with chitosan (CTS)
and norfloxacin (NF) as raw materials by a 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide-medi-
ated coupling method to solve the limitations of slow hemostatic and poor anti-infective effects of
current dressings on the market. The effects of the mass ratio of CTS to NF (Mcrs/Mnr), reaction
temperature T and reaction time t on the grafting rate (n%) of the products were investigated
through single factor tests. The preparation process was optimized with the n% as an evaluation
index by means of the Box-Behnken test design and response surface analysis. The antimicrobial
activity was evaluated by inhibition zone assay, and the hemostatic activity of the prepared compo-
sites was evaluated in vitro and in vivo. The results suggested that the optimum preparation condi-
tions were the mass ratio of CTS to NF( Mcrs/Mnk) 5:3, reaction temperature 65 °C, and reaction time
4 h. Under this condition, the n% of CTS-NF was 45.5%. The CTS-NF composites displayed signifi-
cant antimicrobial activities. Moreover, in vitro hemostasis results revealed that the CTS-NF com-
posite had a lower blood clotting index and absorbed red blood cells to promote aggregation. In
vivo ear and live hemostasis, the CTS-NF groups showed short hemostatic time (49.75 + 3.32 s and
50.00 + 7.21 s) and more blood loss(0.07 + 0.010 g and 0.075 + 0.013 g). The results showed that CTS-
NF reduced the bleeding time and volume, exhibiting a significant coagulation effect. Therefore, the
CTS-NF sponge is expected to be a new, effective hemostatic and antibacterial material in the future.

Keywords: chitosan; norfloxacin; optimization; anti-bacteria; hemostasis

1. Introduction

Bleeding is one of the most critical issues in war, emergency accidents and surgical
operations. Wound infection is one of the reasons for slow hemostasis [1]. The hemostatic
and antibacterial dressings are more efficient in hemostasis and bacteriostasis [2,3], which
allows wounds to heal more rapidly and thus relieve the patient’s pain. Traditional gauze
dressings can no longer meet modern wound healing requirements. It is extremely urgent
to develop an ideal combined hemostatic and antibacterial dressing based on the medical
needs.

Chitosan (CTS), a deacetylated product of chitin, is a polymeric biomaterial of wide
origin. In addition to excellent biocompatibility, biodegradability, antibacterial proper-
ties, and adsorption and film-forming properties [4,5], CTS also exhibits a significant he-
mostatic effect [6,7]. Rapid hemostatic agents such as HemCon Bandage and Celox, which
use CTS as the primary hemostatic material, are applied in clinical practice [8].

Fluoroquinolone antibacterial agents have been effectively used in hemostatic mate-
rials [9,10]. It was found that the addition of NF significantly improved the hemostatic
process by inhibiting bacterial infection [11,12]. As a fluoroquinolone broad-spectrum an-
tibacterial agent [13], norfloxacin (NF), which can effectively inhibit gram-negative and
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gram-positive bacteria and has antibacterial activity against Bacillus dysenteriae and Esch-
erichia coli (E. coli) [14,15], among others, can be used as a bacteriostatic agent during
wound treatment [16,17]. However, because NF is degraded rapidly in vivo and has poor
bioavailability [18,19], its bacteriostatic effect cannot be fully exerted if directly applied to
the hemostasis process alone because of its limited permeation rate resulting from low
biocompatibility, thereby greatly reducing the bacteriostatic effect of NF in the hemostasis
process.

The bacteriostatic effect of single CTS hemostatic material is significantly insufficient
in the process of hemostasis [20-22], which reduces the hemostatic effect of CTS hemostatic
material, while NF is less biocompatible. In previous studies, chitosan and norfloxacin
were physically added or hydrogen bonded, which were not stable enough. To solve the
above limitations, a new hemostatic and antibacterial composite material was prepared
by grafting chitosan, which has good biocompatibility, and NF, which has a significant
antibacterial effect under aqueous phase conditions, using 1-ethyl-3-(3-dimethylaminopro-
pyl) carbodiimide (EDC) as catalysts via chemical modification [23,24]. Its hemostatic effect
was evaluated by whole blood clotting index (BCI) measurement and coagulation in vitro
and in vivo, so as to provide a theoretical basis for the application of CTS-NF composites
in the pharmaceutical field in the future.

2. Materials and Methods
2.1. Materials

High-density CTS (Mw 100 kDa, degree of deacetylation = 95%, density = 0.6 g/mL)
and NF were both analytical grade (purity > 98%) and purchased from Shanghai Macklin
Biochemical Co., Ltd. (Shanghai, China). EDC was purchased from Shanghai Yuanye Bio-
Technology Co., Ltd. ((purity = 99%), Shanghai, China). The prothrombin time (PT) (ly-
ophilized type), activated partial thrombin (APTT) (injected flower acid), thrombin time
(TT) (Iyophilized type) and fibrinogen (FIB) (Iyophilized) assay kits were purchased from
Shanghai Sun Biotechnology Co., Ltd. (Shanghai, China), SEM(S-4800) was purchased
from Hitachi, Japan. Microplate reader(DNM-9602) was purchased from Beijing Planck
New Technology Co., Ltd., China.

2.2. Preparation of CTS-NF

The CTS-NF composite sponges were prepared with chitosan (CTS) and norfloxacin
in a similar way to our previous work [7]. NF was dissolved in 2% acetic acid solution and
the crosslinker EDC was added and activated by stirring at room temperature. In addition,
a given amount of CTS was dissolved in 2% acetic acid solution and the resulting solution
was added slowly into the above reaction system. The mixed solution was continuously
stirred for a given period of time at a specific temperature. The reaction product was dia-
lyzed against purified water and freeze-dried to obtain CTS-NF composite sponge (Figure
1).
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Figure 1. Preparation of the CTS-NF composite sponge.

2.3. Morphology Observation of CTS-NF

The appearance of the sponges was recorded using a DSC-TX10 digital camera and
the micromorphology was observed after the gold sputtering treated by scanning electron
microscopy (SEM).

2.4. X-Ray Diffraction (XRD) Characterization

The XRD patterns of the samples were measured by an X-ray diffractometer with Ka
radiation (wavelength = 0.15405 nm), a voltage of 40 kV and a current of 45 mA, the 20
range of 10-80° and a scanning speed of 10°/min.

2.5. Measurement of the Grafting Ratio of CTS-NF

The grafting ratio of CTS-NF (n%) was determined using a method in the literature
[25]. The UV-Vis spectra of chitosan, norfloxacin, and CTS-NF are presented in Figure 2.
NF solutions at the concentrations of 1.0, 2.0, 3.0, 4.0, 5.0 and 6.0 pg/mL were prepared
and their absorbance was determined at 277 nm, and the calibration curve formula (1) of
NF was obtained using the concentration of NF as the abscissa. After obtaining the sample
concentration, the nN% of the composite was calculated based on Formula (2).

0.8

1 ; — TS
] —— CTS-NF

!
200 211 400 600 800

nm

Figure 2. UV-Vis spectra of CTS, NF, and CTS-NF.

A =0.11261c + 0.00232, R? =0.99903 (1
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CVM
T]% = T X 100% (2)

where A is the UV absorbance, C is the NF concentration, V is the volume of NF, M is the
NF molar mass, m is the mass of sponge, and 1(%) is the grafting ratio.

2.6. Single-Factor Tests

Three factors, the mass ratio of CTS to NF (Mcrs/Mne), reaction temperature (T) and
reaction time (t), were selected for single factor tests and Mcrs/Mnr of 5:1, 5:2, 5:3, 5:4, and
5:5, T of 50, 55, 60, 65, and 70 °C, and t of 2, 3, 4, 5, and 6 h, respectively, were adopted for
single factor tests. When one factor was examined, the other factors were fixed as follows:
Mcrs/Mnr 5:3, reaction temperature 65 °C, and reaction time 4 h. To obtain the grafting
conjugate with the maximum 1%, response surface methodology was used to optimize
the reaction process based on the results of the single-factor tests.

2.7. Response Surface Methodology Optimization

On the basis of the results of the single-factor tests, DesignExpert response surface
software was applied for analysis using the 1% as the response value to explore the three
factors of Mcrs/Mnr, T and t to optimize and prepare CTS-NF composites of different n%.

2.8. In Vitro Antimicrobial Activity Evaluation by MIC Assay

The MIC values were determined using a broth dilution method [26] against gram-
negative E. coli ATCC 25922 and gram-positive S. aureus ATCC 29213. The starting con-
centrations of tested compounds were 64 mg/mL. The solution of compound 150 uL was
added to 150 pL of bacterial culture (106CFU/mL) at the first well of flat bottomed 96-well
tissue culture plates. The solution was then double diluted. Bacterial culture solution con-
taining appropriate compound (150 uL) was discarded at the last well in order to ensure
150 uL volume of bacterial culture in every well. The plate was incubated at 37 °C over-
night in electro-heating standing-temperature cultivator before the measurement of the
absorbance value. The optical density values at 600 nm were measured using a multifunc-
tion microplate reader .

2.9. Whole Blood Clotting and Red Blood Cell Aggregation Assays

Fresh rabbit blood was drawn using a blood collection tube containing a sodium cit-
rate anticoagulant and set aside. A sample of 10 mg was added into a beaker and incu-
bated at 37 °C for 5 min, to which was subsequently added 200 pL fresh anticoagulated
rabbit blood followed by 20 puL 0.2 M CaCl: solution and incubated at 37 °C for 5 min.
Subsequently, 25mL deionized water was added and shaken at 37 °C in a constant-tem-
perature shaker. The supernatant was filtered, and the absorbance of the supernatant ob-
tained by UV scanning at 545 nm. In addition, a medical gauze group and a blank control
group were established, and each group was subject to three tests and the mean value was
taken. The BCI [27] was obtained using the following formula (3):

BCI = Abssample/Absblank X 100% (3)

where Abs of sample and Abs of blank refer to the absorbance of the solution with and
without the sample, respectively.

For aggregation of red blood cells, these cells were collected by centrifugation of fresh
anticoagulated at 3000 rpm for 15 min and diluted 10 times in phosphate buffered saline
(PBS). The sponge of 10 mg was transferred into a tube and incubated at 37 °C for 5 min,
to which was subsequently added 200 pL red blood cell solution, and incubated at 37 °C
for 0.5 h. The red blood cell solution on the surface of the sample was removed, and the
sample was washed with a PBS solution to remove free red blood cells. Subsequently, the
samples were treated with 2.5% V/V glutaraldehyde solution for 0.5 h to fix the adherent
red blood cells and washed with ethanol solution in a gradient concentration between 70
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and 100%. The aggregation of red blood cells in the freeze dried samples was observed by
SEM.

2.10. Blood Plasma Coagulation Assay In Vitro

Fresh anticoagulated blood was centrifuged at 3000 rpm for 15 min, and the platelet-
poor plasma was collected for plasma coagulation analysis. The APTT, PT, TT, and FIB
were determined using a semi-automatic coagulation analyzer (HF6000-4, Jinan Hanfang
Medical Instrument Co., Ltd.) according to the respective kit instructions and physiologi-
cal saline was used as blank control.

2.11. Animal Hemostasis Experiments

Twenty New Zealand rabbits, half female and half male, were purchased from
Guangdong Medical Laboratory Animal Center (Foshan, China). All rabbits were ran-
domly divided into 2 groups, including CTS-NF and medical gauzegroup (as control). All
animal experiments were approved by the Animal Care and Use Committee of Guang-
dong Ocean University, China(SYXK20180147).

2.11.1. Hemorrhage Model of Ear Artery

The rabbits were anesthetized with 3% sodium pentobarbital (30 mg/kg) and the ears
were dehaired. The ear artery and vein were cut horizontally. When the blood from the
wound covered the wound surface, a hemostatic agent was immediately placed on the
bleeding site with sterile medical gauze, followed by manual compression to stop the
bleeding. The bleeding was observed every 30 s until it stopped, and the hemostatic time
was recorded.

2.11.2. Liver Hemorrhage Model

The ear hemorrhage experiment did not have any severe effects on important organs.
Thus, after the ear wounds had recovered, 20 rabbits were used to establish a hepatic
hemorrhage model. After anesthesia, the abdomen was cut open with a surgical knife and
the liver was carefully pulled out. A“+” wound of 1 cm (length) x 1 cm (width) x 0.3 cm
(depth) was made in the hepatic lobe. The bleeding was stopped by manual compression
as described in Section 2.10. The hemostatic samples were weighed and the blood loss was
calculated.

2.12. Statistical Analysis

Data were processed with an IBM SPSS Statistics v22 and analyzed using independ-
ent sample t tests. Numerical data are expressed as the means + standard deviations (SDs),
and the differences among groups were analyzed using a one-way analysis of variance
(ANOVA). Here, p < 0.05 and p < 0.01 indicate statistically significant and highly signifi-
cant differences, respectively.

3. Results and Discussion
3.1. Characterization of CTS-NF

As shown by the image of the CTS-NF sponge photographed with a digital camera
(Figure 3a), the sample overall is a white sponge with a relatively flat and elastic surface
and many obvious small holes. The porous fluffy structure with a certain thickness allows
the sample to have a good adsorption of blood as well as sufficient space to contain the
blood at the wound, which contributes to accelerating hemostasis. As shown in the image
of the CTS-NF sponge under the electron microscope at 80x (Figure 3b) and at 200x(Figure
3c), the pore structure of the composite sponge can be clearly observed and the pores are
arranged regularly and densely.
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Figure 3. Morphology of the CTS-NF sponge (a) SEM micrograph of the cross-section(80x) (b). the
internal section(200x) (c).

3.2. XRD Analysis
As illustrated in Figure 4, the XRD curve of CTS indicated typical peaks at 20 values

of 20.1°. Chitosan has obvious crystal reflection characteristics. As shown in the CTS-NF
spectrum, when imine bonding was formed between CTS and NF, the crystalline peaks
belonging to CTS disappeared, indicating that the crystallinity of CTS was better than that
of CTS-NF.
5000 -
4000 4

3000

2000 4

Intensity(cps)

1000

‘ ‘ w CTS
0 CTS-NF

20(degree)

Figure 4. XRD patterns of CTS-NF and CTS.

3.3. Single-Factor Analysis
3.3.1. Effect of the Mass Ratio Mcrs/Mnr on the Grafting Rate 1%

As shown in Figure 5, the % increased from 23.1 + 1.08 to 35.4 = 1.34 as the Mcrs/Mnr
was raised from 5:1 to 5:3. However, the n% gradually decreased as the Mcrs/Mnr was
further increased, which was probably because the grafting reaction gradually reached a
dynamic equilibrium as the ratio of NF increased. However, the combined effects of elec-
trostatic repulsion and steric hindrance of NF and CTS inhibited the reaction rather than
the mass ratio of NF as this was further enhanced [28].
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Figure 5. Effect of the mass ratio of Mcrs/Mnr on the grafting rate.

3.3.2. Effect of the Reaction Time on the Grafting Rate

According to Figure 6, the % of CTS-NF increased from 37.2 + 1.21 to 39.8 + 0.98
when the reaction time was extended from 2 to 4 h, while the n% decreased to 37.4 = 1.92
and 36.2 + 1.31, respectively, when the reaction time was further extended to 5 and 6 h.

30 1 1 1 1 1 J

1 2 3 4
time (h)

Figure 6. Effect of the reaction time on the grafting rate.

3.3.3. Effect of the Reaction Temperature on the Grafting Rate

According to Figure 7, the % of CTS-NF increased from 31.6 + 2.12 to 40.0 + 3.25
when T was increased from 50 to 65 °C, while the nN% instead decreased to 37.1 +1.96as T
was increased further, which was probably because the dissolution rate of the reactants
increased as the temperature increased at the initial stage of the reaction, allowing the
reaction to reach the desired reaction entropy more rapidly, thereby accelerating the reac-
tion rate. However, as the temperature continued to rise, the intermediates produced from
NF activation with EDC were less stable and hydrolyzed, resulting in a decrease in the
n%.
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Figure 7. Effect of the reaction temperature (°C) on the grafting rate.

3.4. Response Surface Analysis

The Box-Behnken design was used, and the response surface analysis factors and
levels used are shown in Table 1, the test results are shown in Table 2, and the regression
quadratic model equation (4) is given as:

Y =45.50 - 1.25A - 0.45B + 0.20C - 0.035AB + 0.51AC - 0.076BC — 12.83A2 - 3.77B2 — 5.59C2 4)

The regression equation was subject to ANOVA and the results are presented in Ta-
ble 3. The R? of the secondary model equation was 0.9693 with p <0.01, indicating that the
model was highly significant. Additionally, the misfit term was 0.0838 (p > 0.05), which
was not significant, indicating that the model equation was reliable and could be used to
predict the % of CTS-NF. The strength order of the three factors affecting grafting rate
was: Mnre/Mcrs>T>t. At the significance level (p < 0.05), the single factor A (p = 0.0365) was
significant, the secondary terms A2 (p < 0.0001), B2 (p = 0.0008) and C2 (p < 0.0001) exhib-
ited high significance, while all other factors were not significant.

According to the contour plots and three-dimensional (3D) effect surface plots of the
effect of A and B, A and C, and B and C on the n% (Figure 8), the contour plots of A-B and
A—C are clearly elliptic and the curvature of the 3D effect surface plots are clear. These
indicate that the interaction of A-B and A—C has a clear impact on the n%. By contrast, the
contour plots of B-C are inclined to be circular, and the curvature of the 3D effect surface
plot is not as obvious as the former, which suggests that the interaction of B-C has little
effect on the n%.

Table 1. Factors and levels of the response surface analysis.

Standard
Fact
actor Code 1 0 1
Mcrs/Mnr A 0.4 0.6 0.8
Reaction time (h) B 3 4 5
Temperature (°C) C 60 65 70
Table 2. Response surface experimental data results.
A B C
R %
un Mcrs/MNnF Reaction Time (h) Temperature (°C) n(%)
1 1 -1 0 28.6
2 1 1 0 26.2

3 -1 0 -1 27.3
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4 0 0 0 45.4
5 0 0 0 45.5
6 0 0 0 45.5
7 1 0 -1 24.3
8 0 0 0 44.9
9 0 -1 -1 37.0
10 0 -1 1 35.5
11 0 1 -1 37.0
12 -1 -1 0 30.9
13 -1 1 0 29.9
14 0 0 44.5
15 1 0 1 27.8
16 -1 0 1 28.8
17 0 1 1 35.1

LR
¥

2 f “"‘*—a,__;,_"/"b i e r'\“"""m,_ﬁ_/"ﬁ{
BReaction time () AMaz  Mers C:Temperature (°C) "' AMwr/Mers C:Temperature (°C) !

n (%) N (%) B:Feaction tme (h)

BReaction
CrTemperat H

AMr/ Mers AMyr/ Mers BReaction tme (b}

Figure 8. Three-dimensional effect surface plots of the dependent variable (%) and three independ-
ent variables (Mnr/Mcrs, T and t).

Table 3. Analysis of variance.

Source of Sum of Degrees of Mean F p
Variance Square Freedom Square Value Value
Model 972.61 9 108.07 57.16 <0.0001
A 12.58 1 12.58 6.66 0.0365
B 1.60 1 1.60 0.85 0.3883
C 0.33 1 0.33 0.18 0.6865
AB 0.50 1 0.50 0.26 0.6231
AC 1.02 1 1.02 0.54 0.4865
BC 0.023 1 0.023 0.012 0.9153
A? 693.50 1 693.50 366.83 <0.0001
B2 59.78 1 59.78 31.62 0.0008
C 131.63 1 131.63 69.63 <0.0001

Residual 13.23 7 1.89

Lack of fit 10.32 3 3.44 4.73 0.0838
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Pure error
Total deviation

291 4 0.73
985.84 16

Coefficient of determination R2=0.9693

The optimal value was predicted using the response surface methodology and the
results revealed that the n% was 45.5% when Mcrs/Mnr was 5:3, T was 65 °C, and t was 4
h. The n% of CTS-NF was validated to be 45.8% by tests, which was close to the simulated
value, demonstrating the goodness of the fit of the model.

3.5. Antibacterial Activity

The antimicrobial activity of CTS-NF was assessed by a broth dilution method
against gram-negative E. coli ATCC 25922 and gram-positive S. aureus ATCC 29213. As
shown in Table 4, the results indicate that CTS-NF exhibits a high activity againsgram-
negative E. coli ATCC 25922 and gram-positive S. aureus ATCC 29213. The MIC values of
CTS-NF are 0.3125mg/mL against E. coli ATCC 25922, The MIC values of CTS-NF are
0.1562mg/mL against S. aureus ATCC 29213. Compared with CTS, the MIC of the two
bacteria was significantly reduced by CTS-NF. The antimicrobial activity of CTS has been
well proven in past studies but the mechanism is yet to be discovered. The most acceptable
interpretation is that the anionic cell surface of the microbes interacts with the cationic
CTS, causing extensive cell surface alterations and damage. Norfloxacin inhibits the syn-
thesis and replication of DNA by acting on the A subunit of bacterial DNA helicase, re-
sulting in bacterial death. It is clear that grafting NF into CTS molecules can significantly
improve the antibacterial activity of CTS-NF, thus making up for the low antibacterial
activity of CTS.

Table 4. In vitro antimicrobial activity of CTS-NF.

. . MIC (mg/mL)
Microorganism
CTS-NF CTS NF
E. coli ATCC 25922 0.3125 2.5000 0.0008
S. aureus ATCC 29213 0.1562 1.2500 0.0003

3.6. Whole Blood Clotting and Red Blood Cell Aggregation

The BCI results of the samples are presented in Figure 9. The BCI of medical gauze
was 91.1 + 1.1 % (Figure 9A), which was not significantly different from that of the blank
group (p > 0.05). The BCI of CTS-NF was 62.5 + 0.7%, which was significantly different
from that of medical gauze (p <0.01). The results revealed a significant coagulation effect
of CTS-NF. Red blood cell adsorption tests were performed to better understand the co-
agulation-promoting mechanism of CTS-NF sponges, and the results of electron micro-
scope observation are presented in Figure 9B. As observed, red blood cells were absorbed
onto CTS-NF sponge in the form of clumps, because positively charged CTS can attract
negatively charged red blood cells, and the hemostatic mechanism is not associated with
the coagulation cascade [29]. Additionally, the high porosity of the CTS-NF sponge facil-
itated the aggregation of red blood cells on its surface, thus promoting the aggregation of
red blood cells and accelerating the coagulation reaction.
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Figure 9. BCI of the samples (A); the SEM micrographs of the adsorption of red blood cells on the
CTS-NF sponge surfaces (B), (a) the electron microscope of 2.00 kx; (b) the electron microscope of
1.00 kx). ** p <0.01 indicates significant difference from the control group.

3.7. Blood Plasma Coagulation

Among the four in vitro coagulation assays of prothrombin time(PT), activated par-
tial thromboplastin time(APTT), thrombin time(TT) and (fibrinogen)FIB [30] are the most
commonly used screening tests to reflect the exogenous and endogenous coagulation
pathways, respectively, while TT is used to detect the contribution of prothrombin to
thrombin production and FIB is used as a fibrinogen assay.

As shown in Table 5, the PT, APTT, TT, and FIB values were statistically significantly
reduced in the CTS-NF group compared to that of the blank control group (p <0.05). These
results revealed that CTS-NF may stimulate the production of a series of coagulation fac-
tors through prothrombin activation to produce thrombin [31], which act together
through both, the exogenous coagulation and endogenous coagulation pathways, to ac-
celerate the conversion of fibrinogen to insoluble fibrin in the blood, thus exhibiting a
significant coagulation effect.

Table 5. Measurement results of four coagulation indicators.

Sample PT (s) APTT (s) TT (s) FIB (g/L)
Control 21.32+4.20 45.07 £10.71 24.67 +5.77 718 +1.45
CTS-NF 14.33 +2.37 % 33.08 + 6.68 * 13.17+391*  3.07+0.53*

* p <0.05, compared to the control group.
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3.8. Animal Hemostasis Experiment
3.8.1. Ear Artery Bleeding

The results of the hemostasis tests at the ear artery in rabbits are presented in Figure
10A,B. During the hemostatic treatment, the medical gauze adhered poorly, whereas the
CTS-NF sponge adhered well to the wound (Figure 10C). The hemostasis time in the med-
ical gauze and CTS-NF groups was 127.55 + 0.21 and 49.75 + 3.32 s, respectively (Figure
10A), thus the hemostasis time in the NF group was statistically significant reduced by
156% compared with the medical gauze group (p <0.01). By contrast, the amount of bleed-
ing in the CTS-NF group of 0.07 + 0.010 g was not significantly different compared with
the gauze group of 0.233 + 0.029 g (p < 0.01). In summary, the hemostatic time in the CTS-
NF group was significantly less than that in the medical gauze group.

A C Ear artery model

60

40

Hemostatic time (s)

204

CTS-NF

vs)

0.30 4

0.25

0.20 4

0.15

Quantity of bleeding (g)

CTS-NF Gauze

Figure 10. (A) The hemostasis time of the ear and (B) the amount of bleeding. (C) Ear artery hemo-
stasis: bleeding (a), CTS-NF sponge hemostasis (b), medical gauze hemostasis (c), CTS-NF sponge
wound (d). * p <0.05, ** p <0.01 indicates significant difference from the control group.

3.8.2. Liver Bleeding

Figure 11C displays a New Zealand rabbit liver hemorrhage model, and the results
of hemostatic tests on rabbit liver are presented in Figure 11A,B. As shown in Figure 11C,
the CTS-NF sponge adhered well to the wound, whereas the medical gauze adhered
poorly. The hemostasis time in the medical gauze group was 62.20 +2.13 s and that in the
CTS-NF group was 50.00 + 7.21 s (Figure 11A), which was statistically significantly 24.4%
shorter compared to the medical gauze group (p < 0.05). The amount of blood absorbed in
the medical gauze group was 0.287 + 0.020 g compared with the CTS-NF group of 0.075 +
0.013 g, which was statistically significantly different (p < 0.01). In conclusion, because of
the good adhesion of CTS-NF to the trauma site, the hemostatic time in the CTS-NF group
was significantly less than that in medical gauze group, with a good hemostatic effect on
the liver.
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S
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Figure 11. (A) The hemostasis time of the liver and (B) the amount of bleeding. (C) The liver model:
Liver model bleeding (a), CTS-NF sponge hemostasis (b), medical gauze hemostasis (c), CTS-NF
sponge wound (d). All data are expressed as the mean + SD, n = 6). * p <0.05, ** p < 0.01 indicates
significant difference from the control group.

The test results of hemostasis in vitro and in vivo indicated that due to a better he-
mostatic effect, the hemostasis time of the composite was significantly reduced compared
with that of the medical gauze on the market. This was probably because of the high den-
sity of positive charge of CTS that can interact with the receptors containing cytosine res-
idues on the surface of red blood cells, thus causing the red blood cells to coagulate on the
material surface to form a thrombus [32,33]. Furthermore, CTS can also adsorb negatively
charged plasma proteins and adhere to and activate platelets through electrostatic force,
which allows platelets and other blood substances to gather on the surface to form a
thrombus, thus playing a blood coagulation role [34,35]. Grafting NF can enhance the an-
tibacterial properties of the sponge because it can effectively inhibit gram-positive cocci
and gram-negative bacteria. Therefore, CTS-NF can enhance the antibacterial ability of
sponge to resist bacterial infection during the hemostasis process [36].

4. Conclusions

On the basis of previous work, CTS-NF composite sponges with different grafting
rate were prepared using a freeze-drying technique to obtain an excellent hemostatic ma-
terial. The factors affecting the synthesis process were analyzed by single-factor tests, and
the synthesis process was optimized using the response surface methodology. It was con-
cluded that the optimal synthesis conditions were an Mcrs/Mnr of 5: 3, a T of 65 °C, and a
t of 4 h, hereby achieving a maximum n% of 45.5% under these optimal reaction condi-
tions. This study revealed that the CTS-NF composite sponge has strong inhibitory effects
on both, E. coli and SA in the antibacterial tests. Additionally, the CTS-NF composite
sponge exhibited good hemostatic activity in both, in vitro and in vivo hemostatic tests,
but the specific mechanism of action requires further investigation.
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