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Abstract
Different topical hemostatic materials are used to achieve effective hemostasis. High hemostatic activity,
biocompatibility, bioresorbability, and easy manipulation are to be expected in such a developed product. In the surgical
world with these speci c requirements, nding a proper hemostatic agent is very di cult. The study compared several
materials of various construction properties, which were assessed for structural and related properties by morphological
analyses and assessed in vivo for their e ciency and behaviour using a model of rat partial nephrectomy. New sodium
salt of carboxymethyl cellulose (CMC) sponge with the lowest porosity and free swell absorptive capacity contained the
highest amount of hydroxyl and carboxyl groups. Results revealed that this CMC material in the form of a bioresorbable
sponge may ensure the necessary hemostatic effects, while also providing a positive in uence on the reaction of the
local tissue. The CMC material also needed signi cantly less time to achieve hemostasis (p < 0.001). Moreover, the
sponge reached satisfactory results in the histopathological evaluation with the lowest destruction score and favorable
healing reaction. This modi ed product proved itself to be a promising bioresorbable hemostat, which, according to its
design, matches with its surgical applications. In general, the obtained data elucidated the dependency of the total effect
on its structure and composition.

Introduction
In the eld of surgery, different techniques are used to achieve fast and e cient hemostasis, particularly in urological
surgical procedures requiring new mechanisms for controlled bleeding (Samudrala 2008). Physical methods are not
always successful in these cases. Thermal modalities may increase the risk of infection, causing an undesirable
in ammatory reaction as well as tissue necrosis (Hassouna and Manikandan 2012; Ikehara et al. 2015). That is why
many new hemostats have come to the fore in surgical research. Various hemostatic materials have different speci c
features, therefore they cannot be used universally (Achneck et al. 2010). New local hemostats are continuously
developed and it is necessary to prove their potential effect on a suitable model. It is important to stop any bleeding and
to in uence positively the regeneration of the damaged tissue as well as to contribute to the fast healing of the wound
without any complications. There is a strong effort to create a safe bioresorbable material with all above-mentioned
features, and which would be easy to manipulate. The most commonly used local hemostats have been the same for
several decades: gelatine foam, bone wax, brillar collagen, and several derivatives of cellulose (Schonauer et al. 2004).
Oxidized regenerated cellulose has been traditionally used as a hemostat for more than 60 years (Zhang et al. 2020). Its
biodegradability and antibacterial properties represent the main advantage (Spangler et al. 2003; Wu et al. 2018).
However, hemostatic materials based on carboxymethyl cellulose (CMC) have recently been introduced to the market as
well. Current studies describe also other new types of hemostatic materials that are being used, e.g. modi ed sodium
starch glycolate (Panwar et al. 2020); a new tissue factor-based topical hemostat TT-173 (Centeno et al. 2020);
recombinant topical thrombin with a gelatine sponge carrier (Slezak et al. 2020). Until now, there has been a recent trend
to innovate and improve upon standard dressings and techniques. Composite materials based on carboxymethyl
cellulose and collagen are not widespread yet. Exploration of collagen properties and different types of cellulose may
enable the creation of other medically useful materials.
This study aimed to evaluate newly modi ed hemostatic materials using a nephrectomy model in rats. Experiments
focused on the local reaction of the renal parenchyma to hemostatic materials that have the ability to effectively stop
extensive bleeding and that contribute to the normal healing process, with special consideration for the required
histopathological parameters.

Materials And Methods
Hemostatic Materials
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Hemostatic materials of three different textile structures (spunlace, needle-punched, and knitted) were prepared for the
assessment. Needle-punched textiles and spunlace textiles, as representatives of nonwoven fabrics, differ in the
reinforcement of bers. Needle punching is mediated by mechanical needle reinforcement. The spunlace textile,
characterized by a web of entangled bers, is prepared during the process of hydroentanglement that uses a high
pressure water jet. These two above-mentioned textiles are created from separate bers, contrary to knitted structures
made of yarns formed into loops. Each material offers speci c capabilities and therefore is designed for different
medical applications. Spunlace materials possess very good strength. Nonwoven textiles, mainly of needle-punched
type, should be more reactive. Their structure based on free bers is easily accessible and can therefore absorb more
medium. On the other hand, knitted materials have lower absorption capacity. Their advantage is in the exibility of such
a material. Sponges, such as freeze-dried three-dimensional structures, were also evaluated in the experiment. The
process of lyophilization improves the absorption ability and therefore enables combining different polymers.
Carboxymethyl cellulose can be processed into all aforementioned structures.
All tested materials were based on different cellulose derivatives. Oxidized regenerative cellulose was chosen as the
control agent (ORC bril, areal weight 37 g.m-2). The rst evaluated preparation consisted of sodium salt of
carboxymethyl cellulose from Tencel bers in the form of needle-punched nonwoven textile (CMC Na needle-punched,
areal weight 138.3 g.m-2). The degree of substitution of the textile was 0.335 and the pH was 6.13. Another material was
based on acidic carboxymethyl cellulose (CMC H-spunlace, areal weight 80 g.m-2). The form was prepared by
carboxymethylation of cotton spunlace textile. The material was characterized by the degree of substitution 0.39 and the
pH was 3.5. As the next agent, we assessed another needle-punched nonwoven textile prepared by mixing polypropylene
and viscose bers (PP/Vis needle-punched, 15% PP and 85% Vis, areal weight 330 g.m-2). Another tested material was a
commercial sample of soluble hemostatic gauze, knit based on the sodium salt of regenerated carboxymethyl cellulose
with a degree of substitution 0.725 (CMC Na knit, areal weight 331.7 g.m-2). So called biosoluble hemostats made of
sodium salt of carboxymethyl cellulose represent relatively new products coming from China. Contrary to the oxidized
regenerated cellulose, which is commonly used in its acidic form, these hemostats have neutral pH creating a sticky
gelling substances in contact with blood. The knit was also modi ed and used in its acidic form of carboxymethyl
cellulose (CMC H knit, areal weight 312.6 g.m-2). The lyophilized sodium salt of the carboxymethyl cellulose version of
the mentioned soluble hemostatic gauze - prepared as a sponge by freeze-drying (Christ Epsilon 2 10D LSCPlus, -35 °C,
15 Pa, 48 h) was also assessed (CMC Na sponge, areal weight 360.2 g.m-2). Lastly, we evaluated lyophilized
carboxymethyl cellulose sodium salt with the addition of 5% collagen in sponge form prepared by combining soluble
hemostatic gauze and bovine collagen type I (CMC Na/Coll sponge, areal weight 409 g.m-2). For better clarity, all tested
materials are described in Table 1.
Table 1 Summary of all tested materials, their composition and form
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Sample

Base

Structural design

CMC Na sponge

Carboxymethyl cellulose sodium salt

Sponge

CMC Na/Coll sponge

Carboxymethyl cellulose sodium salt +
collagen

Sponge

CMC Na knit

Regenerated carboxymethyl cellulose sodium
salt

Knitted structure

CMC H knit

Carboxymethyl cellulose acidic form

Knitted structure

PP/Vis needlepunched

Polypropylene + viscose

Needle-punched nonwoven textile

CMC Na needlepunched

Carboxymethyl cellulose sodium salt

Needle-punched nonwoven textile

CMC H spunlace

Carboxymethyl cellulose acidic form

Spunlace form of nonwoven textile

ORC bril

Regenerated oxidized cellulose

Fibrillar structure (similar to needlepunched)

Animal Model
The work described has been carried out in accordance with all required guidelines for animal experiments. At rst, the
Scienti c Committee for the Protection of Animals at university approved the whole in vivo concept. A partial
nephrectomy model in rats was then performed (Chalupová et al. 2012; Suchý et al. 2020). 80 male Wistar laboratory
rats (AnLab, Czech Republic) with an average weight of 265 ± 62 g were randomly divided into 8 groups of 10 animals.
The rats were placed in an air-controlled room with free access to water and standard laboratory feed. These animals
were anesthetized by i.m. administration of a mixture composed of tiletamine and zolazepam (Zoletil 100, Virbac S A.,
France). A dose of 65 mg.kg-1 was applied. Next, the peritoneum was surgically opened and a partial-nephrectomy of the
left kidney’s caudal pole was undertaken. Immediately after this intervention, 1 cm2 pieces of the tested hemostatic
materials were applied directly to the bleeding wound and the time for hemostasis completion was measured. The hilar
structures were not ligated. Once hemostasis was achieved, the hemostatic agent remained on the wound. The injured
kidney was placed back in the peritoneal cavity. Both the peritoneum and skin were then sutured. One half of the animals
from each group were euthanized 3 days after the intervention using inhalation anesthesia iso urane (Forane, Aesica
Queenborough Ltd., Kent). The remaining half was euthanized after 30 days in the same manner. The condition of the
peritoneal cavity was evaluated during the necropsy and one section of the left kidney was collected for
histopathological evaluation. Prepared tissue samples were xed in formalin, embedded in para n, and stained with
hematoxylin and eosin.
Monitored Parameters
The morphology of all aforementioned materials was analyzed by a scanning electron microscope (SEM), Tescan MIRA3
(Tescan, Czech Republic). In order to achieve better resolution, the samples were covered by a 20 nm gold/palladium
layer. All samples were measured using secondary emission mode and depth regime with 10 kV acceleration mode.
Studying the SEM images, the porosity of all tested materials was calculated by using ImageJ software (Java version).
The free swell absorptive capacity was determined gravimetrically according to the standard ČSN EN 13726-1 for
medical devices. As a liquid medium, 8.3 g of sodium chloride and 0.28 g of calcium dichloride in 1000 ml solution were
used. Free swelling capacity was calculated using eq. 1:
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where w0 is the weight of dry sample and wt is the weight of wet sample after 30 min. Materials were also assessed by
their attenuated total re ection – Fourier transform infrared spectroscopy (ATR-FTIR spectroscopy). It was used to
compare the chemical structure of the hemostatic agents. Samples were measured as they were received in the original
hemostatic form. ATR-FTIR spectra were obtained with a Hyperion 3000/Vertex 70V (Bruker) with an average of 64 scans
in the spectral range of 4000 – 400 cm–1 using software Opus 7.5.
The hemostatic agent was applied to the open wound during the in vivo experiment. Time to hemostasis completion was
measured in seconds. A complete histopathological evaluation provided information about the local tissue reaction. A
histological examination followed several parameters: tissue destruction at the site of damage (D), extent of
broproduction (F), reaction of the surrounding tissue (R) and in ammatory in ltration (I). These parameters were
evaluated on the following scale: 0 (insigni cant or just a light presence of the given parameter), 1 (medium presence), 2
(very signi cant presence). For more accuracy, half points on the scale were used. The total destruction score was
calculated as the sum of the detected values. The lowest score showed the best result. For the rst parameter (D), mainly
the extent of necrosis and destructive bleeding were viewed. For the second parameter (F), excessive broproduction,
which appears as an indication of undesirable irritation, was monitored. The tissue surrounding the wound was
examined for any reaction, as per the third parameter (R). In particular, dystrophic changes of the epithelium of the renal
tubules and the presence of protein and hemoglobin cylinders in them were observed for the intensity and extent of
in ammatory in ltration (I).
Statistical Analysis
Hemostatic data showed heterogeneous variances. Data were subjected to a nonparametric Kruskal-Wallis statistical
test for multiple comparisons using Statistica 10 software (StatSoft, Czech Republic) accordingly. Statistically
signi cant differences were compared between all analyzed groups. Data were expressed as means ± standard
deviation.

Results
Prior hemostasis evaluation, both the chemical structure and morphology of the used hemostatic materials were
analyzed since these parameters are crucial for the hemostasis e ciency.
Chemical Composition
The results of ATR-FTIR spectroscopy spectra comparing the chemical structure of the used hemostats are shown in Fig.
1. The ATR-FTIR spectrum of the controlled ORC bril (blue line) displayed a small broad absorption band of approx.
3600 to 3000 cm−1 that belonged to the stretching vibration of the hydroxyl –OH groups. This broad band was more
visible in CMC samples, while the largest was represented by the CMC Na sponge (pink line). Interestingly, no band was
visible in this region in the PP/Vis needle-punched sample (black line). However, this sample did show the largest bands
at 2918 and 2848 cm-1, con rming the C–H stretching vibration of the –CH2 polypropylene groups. The band that
resulted from the ring stretching of glucose appeared at 1611 cm−1 at CMC samples. The bands at 1434 and 1340 cm−1
included –CH2 scissoring and C–OH bending vibrations, respectively. The band at 1160 cm−1 was assigned to the
asymmetric vibration of the glycosidic bonds in cellulose molecules. Very strong absorption bands at 1058 and 1028
cm−1 were attributed to skeletal vibrations involving the stretching of C–O and C–C bonds, respectively, that are attached
to the glucose rings. The weak bands at approximately 720 cm−1 were due to ring stretching and ring deformation of α-D(1–4) and α-D-(1–6) linkages (El-Sakhawy et al. 2000; Fukuzumi et al. 2010; Wang et al. 2005). To conclude, the highest
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variant was the PP/Vis needle-punched sample affected by the polypropylene network. The largest number of both
hydroxyl and carboxyl groups showed samples CMC (CMC Na sponge - pink line and CMC Na/Coll sponge – orange
line), while CMC H spunlace (violet line) was the most chemically similar to control ORC bril (blue line).
Morphology of Hemostats
In addition to the chemical composition, the size and shape are other important factors that determine the properties of
functional materials. As shown SEM images in Fig. 2, the structure of used hemostatic materials was very different.
Samples a) (CMC Na sponge) and b) (CMC Na/coll sponge) were porous foams prepared by freeze-drying.
Interconnected pores permitted fast liquid absorption. Very similar was the structure of knitted fabrics of sample c) (CMC
Na knit) and d) (CMC H knit) - CMC H knit was actually acidic form made of CMC Na knit, where sample c) was scanned
from the top and sample d) from the bottom. Other samples e) (PP/Vis n-punched), f) (CMC Na n-punched) g) (CMC H
spunlace) and h) (ORC bril) yielded very similar brilar morphology, where just sample e) had a signi cant PP network
on the surface of viscose, probably due to better mechanical properties and manipulation. Porosity of the materials was
determined and the results are shown in Table 2. The highest porosity was found out for CMC Na/Coll sponge followed
by CMC Na knit. Other materials revealed lower porosity. Interestingly, the absolutely lowest porosity of all materials was
calculated at CMC Na sponge. Absorption capacity was determined as well. Results are shown in Fig. 3. Sponges
followed by knits had the lowest free swell absorptive capacity.
Table 2 Porosity of hemostatic materials
Sample

Porosity (%)

CMC Na sponge

7.6

CMC Na/Coll sponge

72.8

CMC Na knit

49.9

CMC H knit

22.1

PP/Vis needle-punched

11.8

CMC Na needle-punched

27.6

CMC H spunlace

20.3

ORC bril

20.6

Time to Hemostasis
The bleeding was completely stopped before the peritoneum was closed again. No animal bled to death immediately
after the surgery or during the convalescence period. We recorded signi cantly shorter time to hemostasis in the CMC Na
sponge (6.1 ± 3.7 s), the CMC Na/Coll sponge (6.8 ± 3.5 s) and the CMC Na knit (9.5 ± 4.2 s) compared to the control
ORC bril (34.6 ± 9.5 s). Both sponges also reached signi cantly less time than the CMC Na needle-punched (28.5 ± 7.8
s), the CMC H spunlace (28.6 ± 9.5 s) and the PP/Vis needle-punched (23.8 ± 7.3 s). The CMC Na knit proved to have
signi cantly better hemostatic effect compared to the CMC Na needle-punched and the CMC H spunlace. The results
with the observed statistically signi cant differences are summarized in the graph in Fig. 4.
Necropsy and Macroscopic Findings
One half of the animals from each group were evaluated after 3 days. The remaining half was evaluated after 30 days.
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In the CMC Na sponge, the material was completely absorbed in one case. Other cases revealed remnants of material
with traces of blood in one rat. After 30 days, the material was completely absorbed. There was a pale-coloured kidney in
one case and a substantial amount of fat around the intestine.
In the CMC Na/Coll sponge, the remaining material with traces of blood was observed on the wound at the 3-day
evaluation. The 30-day assessment con rmed the bioresorbability of the material.
In the CMC Na knit, the material remained attached to the wound in one case. Other cases revealed bioresobability after 3
days. The kidney had a pale appearance in 3 rats. After 30 days, the kidneys looked healthy and there was no material
remaining.
In the CMC H knit, the material transformed into a gel and remained on the wound after 3 days. After 30 days, the
material was completely absorbed.
In the PP/Vis needle-punched, the material was stuck to the wound at the 3-day evaluation. The kidney had a pale look in
one case. Although after 30 days the material remained on the wound, there were no signs of granulomatous reaction.
In the CMC Na needle-punched, the used material was stuck to the wound at both evaluation periods. Granulomatous
reaction prevailed in most cases of the 30-day evaluation. There was a signi cant abscessing in ammation, particularly
in one rat in this assessment.
In the CMC H spunlace, the material was still on the wound at the 3-day evaluation. There was one pale kidney and a
trace amount of ascites. After 30 days, the material remained in the rat’s body. There were signs of granulomatous
reaction in most cases. An icteral colour of fat around the kidney was registered in one rat.
In the ORC bril, the remaining material was observed on the wound after 3 days. The tested material adhered to the
wound and revealed traces of blood. The manufacturer has guaranteed the bioresorbability after 7-14 days. Therefore,
the assessment after 30 days was a decisive aspect for us and it con rmed the bioresorbability of the material. One pale
kidney was detected in a tested rat. The nding may be attributed to a more extensive blood loss. The remaining kidneys
retained a healthy appearance.
Histopathological Evaluation
All monitored histopathological features are summarized in Table 3. The total destruction score revealed a direct
in uence on the healing tissue. The group with the lowest number was thus considered the most suitable material of this
study.
Table 3 Histopathological evaluation after 3(a) and 30(b) days. Followed parameters: D, tissue destruction; F, extent of
broproduction; R, reaction of the surrounding tissue; I, in ammatory in ltration
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Evaluated parameters
Resorbability

D

F

R

I

Destruction
score

CMC Na
spongea

no

1,1,1,0.5,1

1,0.5,0.5,0.5,0.5

1,0.5,0.5,0.5,0.5

1,0.5,0.5,0.5,1

14

CMC
Na/Coll
spongea

no

1.5,1,1.5,1,1.5

1,0.5,1,1,1

1.5,1.5,1.5,1,0.5

1.5,1,1.5,1,1

23

CMC Na
knita

yes

0.5,1.5,1.5,1.5,1

0.5,1,1,1,1

0.5,1.5,1.5,1,1

0.5,1,1,1,1

20.5

CMC H
knita

no

1,1,1,1,0.5

1,1,1,1,1

1,1,1,1,1

2,1.5,1.5,1,0.5

21

PP/Vis
needlepuncheda

no

1,1,1,1,1

1,0,0,1,1

1,2,1,1,1

1,1,1,1,2

20

CMC Na
needlepuncheda

no

1,1,1,2,1

1,1,1,1,1

1,2,2,2,1

1,1,1,1,1

24

CMC H
spunlacea

no

2,1,1,1,2

1,1,1,1,0

2,1,2,2,2

2,1,1,1,1

26

ORC
brila

no

2,1,2,2,1

1,1,1,1,1

1,1,1,1,2

1,1,1,1,2

25

CMC Na
spongeb

yes

1,0.5,0.5,0.5,0.5

0.5,0.5,0.5,0.5,0

1,0.5,0.5,0.5,0.5

1,0.5,0.5,0.5,0.5

11

CMC
Na/Coll
spongeb

yes

0.5,1,0.5,1,1

0.5,1,0.5,1,1

0.5,0.5,0,1,1

0.5,1.5,0.5,2,1.5

17

CMC Na
knitb

yes

1,0.5,1.5,1,0.5

1,1,0.5,1.5, 0.5

0.5,0.5,1,1,0

0.5,0.5,2,2,0

17

CMC H
knitb

yes

0.5,0.5,0.5,0.5,1

0.5,0.5,0.5,
0.5,1

0.5,1,0.5,0.5,1.5

1,1,0.5,1,2

15.5

PP/Vis
needlepunchedb

no

2,1,1,0,1

1,0,1,0,0

1,1,1,1,1

1,0,1,0,1

15

CMC Na
needlepunchedb

no

1,2,0,1,1

2,2,2,2,2

1,2,1,1,1

2,2,0,2,2

29

CMC H
spunlaceb

no

1,2,2,1,1

2,2,2,2,2

1,1,2,2,1

2,2,2,2,2

34

ORC
brilb

yes

1,2,1,1,1

1,2,1,1,2

1,2,2,1,1

1,2,2,2,2

29
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In the CMC Na sponge samples revealed small clear zones of in ammation and necrosis after 3 days (Fig. 5a). The
destruction score was 14. A relatively favorable healing reaction appeared after 30 days. Almost clear cutting line with
only a slight in ammatory reaction still occurred (Fig. 6a). The destruction score was 11. The CMC Na sponge had the
best result considering both destruction scores.
In the CMC Na/Coll sponge samples showed massive in ammation and presence of necrosis after 3 days (Fig. 5b). The
total destruction score was 23 after 3 days and 17 after 30 days. The evaluation after 30 days revealed the presence of
granulomas, bleeding, and a clear area of in ammation (Fig. 6b).
In the CMC Na knit, samples were characterized by necrotic tissue. Renal tubules with massive in ammation around
appeared in the preparations (Fig. 5c). The destruction score was 20.5 after 3 days. This score decreased after 30 days
to number 17. After a longer period, the parenchyma showed very signi cant in ammation and the presence of
granulomas (Fig. 6c).
The CMC H knit material caused complete destruction of the tissue by necrosis after 3 days. There was massive
in ammation and signs of bleeding (Fig. 5d). The total destruction score was 21. The number decreased after 30 days to
15.5. A relatively narrow area of in ammation appeared after a longer period (Fig. 6d).
In the PP/Vis needle-punched, samples showed a smooth cutting line with the hematoma after 3 days. There were
protein cylinders with signi cant reaction (Fig. 5e). The total destruction score was 20. The score decreased after 30
days to number 15. There was just a slight in ammatory reaction and subsequent scarring (Fig. 6e).
In the CMC Na needle-punched, samples were characterized by damaged tissue with protein cylinders and the clear sign
of broproduction after 3 days (Fig. 5f). There was also the presence of a hematoma and thrombotic blood vessels in
one case. The total destruction score was 24. The evaluation after 30 days revealed the rest of the material and
in ammatory reaction with signi cant scarring (Fig. 6f). Finally, the total destruction score was 29.
In the CMC H spunlace, samples were characterized by broproduction after 3 days. The assessment revealed necrosis
and in ammatory reaction around (Fig. 5g). The total destruction score was 26. The parenchyma was quite similar to the
CMC Na needle-punched after 30 days. There was the rest of the material with signi cant formation of scar tissue (Fig.
6g). The total destruction score was 34. This material showed the worst effect on the tissue at all
After 3 days, in the ORC bril, necrosis and dispersed in ammatory cells were revealed (Fig. 5h). The total destruction
score was 25. After 30 days, the parenchyma showed signs of granulomatous reaction around the foreign material and
chronic in ammatory in ltration (Fig. 6h). The total destruction score increased to 29.

Discussion
Various surgical procedures require speci c hemostatic agents to get bleeding under control. In renal surgery especially,
the requirements are more exacting and it is desirable to nd a material that would be able to stop bleeding and improve
tissue regeneration. All new hemostatic materials possess different characteristics. It is important to verify their
therapeutic activity with a proper animal model even if it is just a new derivative of a previously introduced agent.
Different animal models have been using for in vivo testing of hemorrhage. Parenchymatous organs such as the liver,
spleen, and kidney are frequently used; one, because they bleed very easily and two, it is very di cult to control their
bleeding, which may result in a serious life-threatening complication (Song et al. 2010).
One of the most common models is renal hemorrhage. The kidney accepts 1/5 of the cardiac output, so the renal
parenchyma can easily bleed once it is injured and this accompanying bleeding can lead to serious consequences.
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Therefore, in renal surgery it is necessary to use adequate hemostats (Huri et al. 2009; Ozgor et al. 2016).
The rat model of renal hemorrhage is still the simplest and appropriate method for the basic assessment of a hemostatic
agent’s effect together with its features and qualities. We also chose this model for testing. In the study, six materials
based on carboxymethyl cellulose (CMC), derivatives with different types of structural modi cation (CMC Na needlepunched, CMC H spunlace, CMC Na/Coll sponge, CMC Na sponge, CMC Na knit, CMC H knit), and one noncarboxymethylated viscose derivative (PP/Vis needle-punched) were compared with the reference oxidized regenerated
cellulose material (ORC bril). In general, the ORC textile has a kind of privileged reputation among hemostats, so it can
be considered as a better hemostatic agent than carboxymethyl cellulose materials (MacDonald et al. 2017). However, in
this testing, the CMC fabric showed better hemostatic performance than the reference ORC material. Our experiment
revealed the effective hemostatic activity of some newly developed materials. Carboxymethyl cellulose is a modi ed
cellulose derivative. The process of carboxymethylation results in good water solubility or gelling properties depending
on the degree of substitution (Aoshima et al. 2012; Ohta et al. 2015). Materials composed of sodium salt of
carboxymethyl cellulose absorb blood, dissolve in it and affect the viscosity of blood. After this process, they interact
with blood constituents and promote clotting (Ohta et al. 2015). CMC also speci cally incorporates itself into the brin
structure and increases the mechanical strength of the clot (Aoshima et al. 2012). The type of a material
(regenerated/native cellulose), the degree of polymerization (DP - size of molecule), and the degree of substitution (DS)
are essential for the hemostatic effect. Generally, the DS together with the molecular weight and porosity of a material
play a main role towards nal results. The water absorption may be decreased with a growing DS. Contrary to this fact,
the increase of the DS may re ect a better dissolution. It is necessary to optimize the DS and thus achieve the best
hemostatic effect. There are studies that suggest a moderate degree as the most appropriate (Ohta et al. 2015). Results
of our study highlight the hemostatic e ciency of materials with DS around 0.7. These materials had more carboxyl
groups, which in the presence of sodium salts dissociated, the materials gelled faster; they easily dissolved and could
react with the blood. Materials of the same DS in their acidic form were more stable and did not dissociate. They only
created dimers, which re ected in slower hemostasis. Fabrics based on CMC with lower DS were less soluble and less
effective in hemostasis. As it turned out, the hemostatic ability went down also with the increasing free swell absorptive
capacity. In the form of sponges, materials had the lowest free swell absorptive capacity. They gelled immediately and
dissolved more rapidly. Free carboxyl groups were then more accessible for a possible interaction. On the other hand,
more stable materials, which kept the shape longer, gelled only partly. The blood diffused through them and less of the
functional groups reacted.
Speci cally, the newer sponges and the knit consisting of carboxymethyl cellulose sodium salt showed required
hemostatic potential; the other knit, in its acidic form, and nonwoven textiles were less effective. CMC Na sponge, CMC
Na/Coll sponge and CMC Na knit effectively stopped the bleeding in less than 10 seconds. Time to hemostasis for the
reference material was 3-4 times longer. The time necessary to stop blood loss was shorter also compared to the
materials of other accessible studies (Chalupova et al. 2012; Yucel et al. 2016). A solid look on the oxidized cellulose and
carboxymethyl cellulose processed into different forms enabled the complex evaluation of these derivatives. CMC Na
sponge and CMC Na/Coll sponge reached the best hemostatic effect of all assessed groups. We attribute this fact to
their structure. Both materials were lyophilized and prepared as sponges. One of the sponge’s many bene ts is its easy
handling, so many surgeons prefer them (Fontes et al. 2018). Lyophilized products can dissolve more rapidly due to the
faster liquid diffusion and after that, they actively facilitate clotting (Yan et al. 2017). The addition of collagen did not
signi cantly improve the hemostatic effect. The ability to stop the bleeding of the two tested sponges was almost
comparable. The product with collagen was a little less effective in hemostasis, because unlike the sodium salt of CMC,
collagen was not that well soluble. Besides, the fabric with collagen was more irritable, which re ected in the worse
histopathological evaluation. Carboxymethyl cellulose sodium salt in the form of a sponge was the most hydrophilic
material in this assessment and had advantageous opportunity to stop bleeding, preferably by the formation of clotting
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as well as by the interference with the attraction and aggregation of platelets. Its ability to combine both a physical and
chemical mechanism guaranteed a signi cant effect. Moreover, the successful bioresorbability of the material was an
essential and desirable nding. This further attribute allows the surgeon to leave the hemostatic dressing inside the
body. Several materials with great hemostatic potential are inapplicable in surgery because of the non-bioresorbability
(Achneck et al. 2010). Some manufacturers recommend the removal of the applied preparation once hemostasis is
achieved. In fact, most of the materials are left on the wound to prevent postoperative bleeding (Lemoy et al. 2016). In
case of non-bioresorbability, this solution may cause an undesirable irritation of the tissue and impair its regeneration.
The extent of irritation may be in uenced by the amount of material that has been used (Badenes et al. 2017).
Favorable hemostatic results and suitable structure properties re ected in the histopathological determination as well.
Results of the 3-day assessment re ected the hemostatic ability. Results of the 30-day assessment were in uenced by
the structure, properties and behaviour of materials. Presence of in ammation is natural at the beginning of the healing
process. After 30 days, an extensive in ammatory reaction represents an unfavorable aspect. The irritability of a material
results in the creation of granulomas in the wound. The presence of a hematoma is common in the wound after surgery.
These hematomas are usually absorbed within two weeks. Granulation accompanied by tissue formation, adequate scar
formation and angiogenesis are desirable indications of healthy healing. Scarring is a natural part of the healing
process. If some material impedes the normal process of healing, it may result in excessive scarring and the creation of
dysfunctional tissue. Necrosis is also common after such an intervention, but the extent of necrosis is ultimately
decisive. If the material does not work properly as a hemostatic tool, it causes extensive hemorrhaging, dystrophic
changes, and tissue necrosis. The rate of destruction should correspond to the exact e cacy of the material. In the
histopathological evaluation, the CMC Na sponge demonstrated the most favorable effect in each period of time. After
30 days, developed healing, characterized by regenerative and reparative processes in the renal parenchyma with only a
light presence of in ammation, was noticed. On the other hand, the CMC Na/Coll sponge with similar hemostatic
characteristics showed signi cant in ammatory response at the site of injury after 30 days. The reference ORC bril had
an undesirable effect on the tissue after a longer period of time. This could be a consequence of its brous structure.
Fibers could be easily released into the wound and irritate the surroundings.
Very similar results could be seen in comparing the CMC H knit and PP/Vis needle-punched by looking at their quite
favorable hemostatic activity and the nal histopathological evaluation. Both materials were great hemostats in
comparison with the reference material. Nevertheless, there was not such a signi cant difference that we could notice by
using the above-mentioned sponges or CMC Na knit. The main difference between the CMC H knit and the PP/Vis
needle-punched was in bioresorbability, which is derived from their structure. The knit was completely absorbed within 30
days. The viscose textile was not bioresorbable at all.
Contrary to the auspicious ndings, two materials, the CMC Na needle-punched nonwoven textile and the CMC H
spunlace, were less effective in the overall assessment. Materials proved perceptible hemostatic ability, but they were not
bioresorbable, because of the lower DS and higher molecular weight. The acidic form of carboxymethyl cellulose in the
CMC H spunlace, which should predetermine better hemostatic potential, did not live up to this potential. Nor did the
histopathological evaluation turn out well for this material. The adverse effect on the tissue was most likely caused by
loose bers as well as the structural design as a whole.

Conclusions
In vivo experiments enabled the comparison of different structural materials based on carboxymethyl cellulose, oxidized
cellulose, or viscose. Materials with higher degree of substitution provided faster hemostasis. When comparing the same
DS, materials based on the sodium salt of carboxymethyl cellulose gelled faster and were more reactive than materials in
their acidic form. When comparing the porosity and structure of materials with the same DS, sponges were more
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effective in hemostasis than knits. Overall, nonwoven textiles of spunlace or needle-punched structure were less
effective. Generally, the CMC proved better e ciency than oxidized cellulose or viscose. All in all, speci cally, the CMC Na
sponge proved to be a signi cantly more e cient hemostatic preparation in the overall assessment by reaching better
results in all monitored parameters. The new preparation needed a shorter time to achieve hemostasis and showed itself
to be bioresorbable and e cient in the regeneration of renal parenchyma. The nal effect was in uenced by the
composition and structure together as a whole. In conclusion, we have brought forth a new material for human and
veterinary use, which offers su cient hemostatic activity, biocompatibility, bioresorbability, and easy manipulation. With
such a valuable potential, it can be further re ned and improved.
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