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Chitosan derivatives are reported as anticoagulants in the literature. This work was undertaken to
develop novel chitosan derivatives as anticoagulants. The sulfonated derivatives of chitosan were formed
by the reaction of chitosan derivatives with chlorosulfonic acid in N,N-dimethylformamide. The struc-
tures of these derivatives were established by FTIR and "H NMR spectra. The prepared derivatives were
evaluated for their in vivo anticoagulant effects by the tail bleeding method in Wistar rats utilizing nicou-
malone as a standard drug. The results revealed that the sulfonation of the chitosan increases its antico-
agulant activity. The developed compounds exhibited faster onset of action and potency than
nicoumalone after one hour of the drug administration. The sulphated N-alkyl derivatives of chitosan
were more potent anticoagulants than sulfated quaternary derivatives/sulfated chitosan. It is also sug-
gested to develop analogs of Ethyl chitosan sulfate (4b) and Benzyl chitosan sulfate (4c), which may pro-
vide some more fruitful anticoagulants having faster onset of action as well as longer duration of action
and possessing a balanced hydrophilic/lipophilic character.
© 2019 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Many drugs have been developed for the treatment of medical
conditions related to blood coagulation process, including saccha-
rides like heparin (Fig. 1) and fondaparinux. However, anticoagula-
tion therapies with these drugs need continuous monitoring to
avoid bleeding side effects and the allergic adverse events
(Franchini et al., 2016). Anticoagulants are clinically used in differ-
ent medical conditions like thrombosis and have the maximum
annual growth rate among the top ten treatment area. This is
because of the increased elderly population and the increased risks
of cardiovascular events (Fan et al., 2018). This prompts the
researchers to strive to develop new and better anticoagulants.
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Chitosan (Fig. 2) is a natural polyaminosaccharide with a non-
toxic, non-allergenic, biocompatible, and biodegradable character-
istic. These properties of chitosan make it a good pharmaceutical
excipient and a carrier for the preparation of prodrugs, as an accel-
erator of wound healing, and as a physiological substance due to its
anticancer, antimicrobial, immune-modulator, anti-
cholesterolemic, and antioxidant properties (Mustafa et al., 2015;
Szymanska and Winnicka, 2015; Yadu et al., 2017; Cheung et al.,
2015; Ngo and Kim, 2014; Szymanska and Winnicka, 2012;
Vladimir et al., 2006; Avadi et al., 2004). Also, chitosan is a polymer
having a primary amino group, which is a possible site for substi-
tution in the chitosan and N-alkyl chitosan had previously been
reported to have antibacterial activity (Avadi et al., 2004). The chi-
tosan has a similar close structure like heparin (Heise et al., 2018).
Based on this feature, many chitosan derivatives as anticoagulants
have been synthesized (Vongchan et al.,, 2002; Vonghan et al.,
2003; Vikhoreva et al.,, 2005; Huang et al.,, 2003; Xiong et al.,
2011; Baumann and Faust, 2001; Shagdarova et al., 2016;
Subhapradha et al., 2013; Yang et al., 2013; Drozd et al., 2019;
Song et al., 2018; Ouerghemmi et al., 2018; Drozd et al., 2017;
Skorik et al., 2017; Park et al., 2004; Ragab et al., 2018). Recently
(Heise et al., 2018), it has been stated that incorporation of the sul-
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Fig. 1. Heparin.

fate groups in the structure of chitosan improve its compatibility
with blood and increase its anticoagulation effects by its complex-
ing ability with the blood. This makes the sulfonated chitosan
derivatives a good template to develop newer anticoagulants.
Encouraged by the anticoagulant potential of the sulfonated chi-
tosan derivatives, the authors aimed to synthesize sulfonated chi-
tosan derivatives (Fig. 3) having expected anticoagulant activity
(see Table 1).

2. Experimental
2.1. Materials and methods

Chitosan was a gift from the Central Marine Fisheries Research
Institute. All the chemicals were obtained from Central Drug House
(CDH), SD Fine and Rankem, India. Synthetic work for the derivati-
zation of the chitosan was carried in the following steps:

2.2. Synthesis of N-alkyl/aryl chitosan (1a-c)

Synthesis of N-alkyl/aryl chitosan was two-step reaction proce-
dure. The first step of N-alkyl/aryl chitosan synthesis involved Schiff

base formation as an intermediate. In the second step, the reduction
of the Schiffbase (R—CH=N—) provided N-alkyl/aryl chitosan. The N-
methyl chitosan (1a) was prepared by the following procedure. Chi-
tosan (500 mg)was dissolved in 20 ml of 1% acetic acid solution (pH =
3.8-3.9),and 5 ml of formaldehyde (37%) was added to the solution.
The pH of the solution was adjusted to 4.5 with 5% sodium hydroxide
solution after 1 h stirring. Sodium borohydride solution (10%, 2 ml)
was added for the reduction of the Schiff base, and the mixture was
stirred for 1.5 h. A precipitate of N-methyl chitosan was obtained
after adding 1 M sodium hydroxide solution by adjusting the pH to
10. The precipitate was washed with distilled water and dried in an
oven at 60 °C. The N-ethylchitosan (1b), and N-benzylchitosan (1c)
were prepared with similar reaction conditions using acetaldehyde
and benzaldehyde, respectively (Avadi et al., 2004).

2.3. Quaternization of N-alkyl/aryl chitosan (2a-e)

2.3.1. Synthesis of N-trimethyl chitosan (2a)

Synthesis of trimethyl chitosan was one step reaction proce-
dure. The chitosan was alkylated with methyl iodide to obtain N-
trimethyl chitosan. This reaction was based on the principle of
nucleophilic substitution reaction, wherein the amine protons
were substituted with the methyl group of the methyl iodide in
the presence of sodium iodide in basic water/NMP medium. Chi-
tosan (750 mg) was dispersed in 8 ml of N-Methyl-2-pyrrolidone
(NMP) and stirred for 4 h. Sodium hydroxide (20% w/v, 1 ml),
3 ml of methyl iodide and 400 mg of sodium iodide were added
to the dispersion. The reaction mixture was stirred for 5 h at
60 °C. The precipitate of N-trimethyl chitosan iodide was obtained
by the addition of acetone. The I~ salt was converted to the CI” salt
by adding 10% NaCl. The CI” salt was isolated and dried at 60 °C.

2.3.2. Synthesis of dimethyl ethyl chitosan (2b)

N-ethyl chitosan (300 mg) was dispersed in a water/NMP sol-
vent system (20 ml). Methyl iodide (3 ml) and sodium iodide
(0.5 g) were added, and the mixture was stirred for four hours at
60 °C. A precipitate of dimethyl ethyl chitosan iodide was obtained
by adding acetone, which was converted to the Cl” salt by adding
10% NaCl. The CI” salt was isolated and dried at 60 °C.

OH OH OH
HO
(@] O (@]
/O
LO
OH
HO NH, HO NH, HO NH,
| _|n
Fig. 2. Chitosan.
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Fig. 3. General structure of the synthesized sulfonated chitosan derivatives.
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Table 1
The general structure of N-alkyl/aryl chitosan derivatives.
OH
(0]
(0] o-‘JJ\
\;\‘J HO
®
CI® N—R,
R \
1 R2

Compounds Code Ry R, R3 %Yield
Chitosan - H H H -
Methyl Chitosan 1a CH3 H H 88%
Ethyl Chitosan 1b CHs H H 80%
Benzyl Chitosan 1c CH,Ph H H 85%
Trimethyl Chitosan 2a CHs3 CH3 CHs3 90%
Diethyl Methyl Chitosan 2b CH3 CyHs CyHs 92%
Dimethyl Ethyl Chitosan 2c CHs CH3 CH3 86%
Dimethyl Benzyl Chitosan 2d CH,Ph CHs3 CHs3 83%
Diethyl Benzyl Chitosan 2e CH,Ph CyHs CyHs 91%

2.3.3. Synthesis of diethyl methyl chitosan (2c)

N-methyl chitosan (200 mg) was dispersed in NMP (20 ml) and
stirred for 4 h. Sodium hydroxide (20% w/v, 1 ml), ethyl iodide
(3 ml) and sodium iodide (400 mg) were added to the dispersion.
The mixture was stirred for 5 h at 60 °C. A precipitate of diethyl
methyl chitosan iodide was obtained by adding acetone, which
was converted to ClI” salt using 10% NaCl. The CI” salt was isolated
and dried at 60 °C.

2.3.4. Synthesis of DialkylBenzyl chitosan (2d & 2e)

The dimethylbenzyl chitosan (2d) and diethyl benzyl chitosan
(2e) were prepared by reacting N-benzylchitosan with methyl
iodide and ethyl iodide, respectively, by following the same proce-
dure of dimethyl ethyl chitosan (2b) and diethyl methyl chitosan
(2c).

2.4. Sulfonation of chitosan and chitosan derivatives (3a, 4a-c & 5a-e)

Synthesis of sulfated chitosan and its derivatives was one step
reaction procedure. The mechanism of the reaction was the elec-
trophilic substitution reaction in which proton was substituted
by —SOsH group (Morrison and Boyd. 1997). All the quaternary
derivatives of chitosan and the chitosan were sulfonated with
chlorosulfonic acid. Chitosan or chitosan derivatives (1 g) were dis-
persed in dimethylformamide (DMF). The sulfonating complex
(4.5 ml chlorosulphonic acid in 30 ml of DMF) was added fraction-
ally, and the mixture was stirred at room temperature for 5 h. The
reaction mixture was neutralized with 20% NaOH solution,
wherein a precipitate of sulfated chitosan was obtained. Sulfated
chitosan and sulphated chitosan derivatives were dissolved in
water and reprecipitated with methanol twice (Cristiane, 2003).

3. Spectroscopic evaluation
3.1. Chitosan sulfate (3a)

IR (KBr) v max/cm~': 872 & 1140 (Saccharide structure), 1245
(—N—C str), 810 (—C—0—S str), 1240 (—S=0), 3350 (2° amine);
'"H NMR (500 MHz, DMSO dg/CDCl3) & in ppm: 2.1 (—NH, singlet),
2.6 (CH at 1 position, 3-CH at C-1 & C-3 position), 5.4-5.5 (—CH
at C-2 & C-4).

3.2. Methyl chitosan sulfate (4a)

IR (KBr) v max/cm~!: 872 & 1140 (Saccharide structure), 1245
(—N—C str), 810 (—C—0—S str), 1240 (—S=0), 3350 (2° amine),
2960 (—CH5 group); 'H NMR (500 MHz, DMSO dg/CDCl3): 2.1
(—NH attached at C-3 position), 2.5 (—CH3 at —NH group), 3.0
(CH at C-1 and C-3 position), 3.5 (—CH, at C-6 position side chain),
4.2 (—CH at C-1).

3.3. Ethyl chitosan sulfate (4b)

IR (KBr) v max/cm~': 872 & 1140 (Saccharide structure), 1245
(—N—C str), 810 (—C—0—S str), 1240 (—S=0), 3350 (2° amine),
2960 (—CH5 group), 2862 (—CH, group); 'H NMR (500 MHz,
DMSO ds/CDCl3): 2.1 (—NH attached at C-3 position), 3.0 (CH at
C-1 and C-3 position), 3.5 (—CH, at C-6 position side chain), 4.2
(—CH at C-1).

3.4. Benzyl chitosan sulfate (4c)

IR (KBr) v max/cm~': 872 & 1140 (Saccharide structure), 1245
(—N—C str), 810 (—C—0—S str), 1240 (—S=0), 3350 (2° amine),
2862 (—CH, group), 3100 (Aromatic ring); 'H NMR (500 MHz,
DMSO ds/CDCl3): 2.0 (—NH at C-3 position), 3.0 (—CH at C-1 and
C-3 position), 3.9 (—CH, at NHCH,Ph & C-6 CH;) 5.5 & 5.6 (—CH
at C-2 & C-4 position), 7.1 (—CH of benzene).

3.5. Trimethyl chitosan sulfate (5a)

IR (KBr) v max/cm~': 872 & 1140 (Saccharide structure), 1245
(—N—C str), 810 (—C—0—S str), 1240 (—S=0), 3350 (Disappear
due to quternatisation), 2960 (—CH3 group), 3100 (aromatic CH
str), '"H NMR (500 MHz, DMSO dg/CDCl5): 2.0 (Due to un-
quaternized amino group), 2.9 (—CH at C-1 position), 3.1 (—CH;
of quaternary amino group), 3.6 (—CH, at C-6 side chain), 4.1
(—CH at C-6 and C-3), 5.4-5.5 (—CH at C-2 and C-4).

3.6. Dimethyl ethyl chitosan sulfate (5b)

IR (KBr) v max/cm~': 872 & 1140 (Saccharide structure), 1245
(—N—C str), 810 (—C—0—S str), 1240 (—S=0), 3350 (Disappear
due to quternatisation), 2960 (—CH5 group); 'H NMR (500 MHz,
DMSO dg/CDCl3): 1.0 (—CH,CH3 from quaternary amino group),
2.9 (due to un-quaternized amino group), 3.0 (—CH,CH3 and CH;
at C6 side chain), 3.6 (—CH, at C-6 side chain), 4.0 (CH at C-6
and C-3), 5.5-5.6 (—CH at C-2 & C-4).

3.7. Diethyl methyl chitosan sulfate (5c)

IR (KBr) v max/cm~': 872 & 1140 (Saccharide structure), 1245
(—N—C str), 810 (—C—0—S str), 1240 (—S=0), 3350 (Disappear
due to quternatisation), 2960 (—CH3 group), 2862 (—CH, group);
TH NMR (500 MHz, DMSO dg/CDCls): 1.0 (CH,CHj; from quaternary
amino group), 2.0 (due to un-quaternized amino group), 3.1 (CH,
at C-6 side chain), 3.5 (—CH; at C-6 side chain), 4.0 (C-6 and C-
3), 5.5-5.6 (—CH at C-2 & C-4 position).

3.8. Dimethyl benzyl chitosan sulfate (5d)

IR (KBr) v max/cm~': 872 & 1140 (Saccharide structure), 1245
(—N—C str), 810 (—C—0—S str), 1240 (—S=0), 3350 (Disappear
due to quternatisation), 2960 (—CH3 group), 3100 (aromatic str);
TH NMR (500 MHz, DMSO dg/CDCl5): 2.0 (Due to un-quaternized
amino group), 3.0 (—CHs; at a quaternary amino group), 3.3
(—CH, at the C-6 side chain), 4.5 (-CH,Ph), 5.4-5.5 (—CH at C-2 &
C-4), 7.1 (—CH from the benzene ring).
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3.9. Diethyl benzyl chitosan sulfate (5e)

IR (KBr) v max/cm': 872 & 1140 (Saccharide structure), 1245
(—N—C str), 810 (—C—0—S str), 1240 (—S=0), 3350 (Disappear
due to quternatisation), 2960(—CHs3 group), 2862 (—CH, group);
'"H NMR (500 MHz, DMSO dg/CDCl5): 2.0 (due to unquaternized
amino group), 3.0 (—CH,; at C-6 side chain), 5.4-5.5 (—CH at C-2
and C-4), 7.1 (—CH from benzene ring).

4. Animals and experimental procedure

Mature Wistar rats weighing 150-250 g were procured from
Laboratory Animal Resource, Division of Animal Genetics, IVRI,
Izatnagar, (Reg. No. CPC-196) and acclimatized to laboratory con-
dition at Animal House of IFTM, Moradabad (India) at room tem-
perature (24 * 2 °C) with a 12 h/12 h/light/dark cycle and 70%
relative humidity). All rats were treated following the guideline
for the Care and Use of Laboratory Animals (NIH Publication
No0.86-23, revised 1985) with the permission of the institutional
ethical committee (Proposal No.11). The animals were kept in
polypropylene cages and maintained on a balanced ration provided
by the Feed Technology Unit, Division of Animal Nutrition, IVRI,
Izzatnagar, India.

4.1. Tail bleeding method

For the pharmacological study, 55 animals were divided into 11
groups and each group comprised of five rats. Following treatment
was given to each group of animals.

Group I: Distilled water (Normal control) was given.

Group II: Standard drug (Nicoumalone) was given at 10 mg/ml.
Group III: Sulfated chitosan (3a) was given at 10 mg/ml.
Group IV: Sulfated methyl chitosan (4a) was given at 10 mg/ml.
Group V: Sulfated ethyl chitosan (4b) was given at 10 mg/ml.
Group VI: Sulfated benzylchitosan (4c) was given at 10 mg/ml.
Group VII: Sulfated trimethyl chitosan (5a) was given at 10 mg/ml.
Group VIII: Sulfated dimethyl ethyl chitosan (5b) was given at

Group XI: Sulfated diethyl benzyl chitosan (5e) was given at
10 mg/ml.

The hemorrhagic activity was measured by the tail bleeding
model (Saito et al., 2016). The total bleeding time is defined as
the sum of the duration of all the bleeding episodes from the injec-
tion of the drug until termination of the study. Blood loss was
determined by the measurement of the accumulated amount of
haemoglobin in the saline from the time of injection of the drug.
The haemoglobin measurement was performed by the addition
of haemoglobin reagent, and the resulting cyanomethhemoglobin
was measured spectrophotometrically at 540 nm. Haemoglobin
content, clotting time and the total bleeding time were measured
after 1 h and 3 h of the treatment. Data were analyzed by compar-
ing with the control and standard drug (Nicoumalone). Clotting
time was measured in open capillary (Hoover-Plow et al., 2006).
The SPSS software was used to determine statistically significant
values (p-value < 0.05).

5. Results

The structures of the synthesized chitosan derivatives (Schemes
1, 2a-b, and 3a-c) were established based on their FTIR and 'H
NMR analysis, which is provided in the experimental section of
these compounds. Table 2 provides the clotting time, bleeding
time, and the Hb content analysis of the sulphated chitosan deriva-
tives (3a, 4a-c, 5a-e), and the standard drug (nicoumalone).

6. Discussion

The sulphated polysaccharides possess varied physiological
effects. Heparin is one of the best examples due to its medical
application as an anticoagulant. Heparin exerts its anticoagulant
effect by its sulphated pentasaccharide moiety, which is supposed
to inhibit factor Xa (Rabenstein, 2002; Weitz & Weitz, 2010). Chi-
tosan has structural similarity with heparin and fondaparinux.
The incorporation of the sulfate groups in the structure of chitosan
improves its compatibility with blood by its complexing ability

10 mg/mll. ) ] with the blood components (Heise et al., 2018). The anticoagulant
Group IX: Sulfated diethyl methyl chitosan (5¢) was given at activity of the chitosan and its derivatives is also greatly influenced
10 mg/m!. ] ) by many factors such as degree of sulfonation (Xiong et al., 2011;
Group X: Sulfated dimethyl benzyl chitosan (5d) was given at Shagdarova, et al., 2016; Subhapradha et al., 2013; Yang et al.,
10 mg/ml. 2013; Drozd et al., 2019; Song et al., 2018; Ouerghemmi et al.,
OH
OH
R-CHO (0] ° ;
(e}
5 Ho 0 1% CH,COOH N /R
NaOH ¢
NH, H
NaBH,/ NaOH
OH
la) R=-H = N-Methy]l chitosan
1b) R =-CH; = N-Ethyl chitosan 0
1c) R =-C4Hs = N-Benzyl chitosan \;\;\YOHO o
HN—_
C
H, ~R

Scheme 1. Synthesis of N-alkyl/aryl chitosan derivatives (1a-c).
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Scheme 2a. Synthesis of N-trimethyl chitosan (2a).
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2b) R'=-CH;, R
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=-H = Diethylmethyl Chitosan
2¢) R'=-H, R =-CH; = Dimethylethyl Chitosan
= Dimethylbenzyl Chitosan
= -Ph = Diethylbenzyl Chitosan
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CH, R
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Scheme 2b. Synthesis of quaternized N-alkyl/aryl chitosan derivatives (2b-e).

2018; Drozd et al., 2017; Skorik et al., 2017; Ragab et al., 2018).
Further, the N-alkylation of chitosan to primary or secondary chi-
tosan derivatives and finally to quaternary chitosan derivatives
increase the water solubility of the chitosan derivatives (Mustafa
et al., 2015; Szymanska and Winnicka. 2015; Yadu et al., 2017;
Cheung et al.,, 2015; Avadi et al., 2004). Based on the literature,
the authors developed newer chitosan derivatives as anticoagu-
lants. The titled chitosan derivatives (3a, 4a-c, and 5a-e) were pre-
pared by the processes described in Schemes 1, 2a-b, and 3a-c.

These compounds were characterized based on their FTIR and 'H
NMR analysis. Results from the tail bleeding method of the sul-
phated chitosan derivatives showed that the sulphates of the chi-
tosan have anticoagulant activity. The synthesized chitosan
derivatives are supposed to bear similar anticoagulant mechanism
of action like heparin and fondaparinux due to similarity in their
structures (Rabenstein, 2002; Weitz & Weitz, 2010). Table 2 men-
tions the clotting time, bleeding time, and the Hb content of stan-
dard (nicoumalone) and the synthesized chitosan derivatives. The
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Scheme 3a. Synthesis of sulfated chitosan (3a).
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Scheme 3b. Synthesis of N-alkyl/aryl sulphated chitosan derivatives (4a-c).
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L
-
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= Sulfated trimethyl chitosan
= Sulfated dimethylethyl chitosan

-H = Sulfated diethyl methyl chitosan

5d) R, R, = -CHj3, R; = -Ph = Sulfated dimethylbenzyl chitosan
5e) R, R, = -C,Hs, Ry = -Ph = Sulfated diethylbenzyl chitosan

Scheme 3c. Synthesis of quaternized N-alkyl/aryl sulphated chitosan derivatives (5a-e).

clotting time, bleeding time, and the Hb content of nicoumalone
taken in the experiment increased at 3 h at its peak. This indicates
the slow onset of action and longer duration of action of nicouma-
lone in comparison to the synthesized compounds. From the
results of the clotting time, bleeding time and the Hb content anal-
ysis, it is evident that the chitosan sulfate (3a), secondary amino
chitosan sulphates (4a-c), and the quaternary chitosan sulfates
(5a-e) caused a remarkable and better increment of the clotting
time, bleeding time, and the Hb content than nicoumalone after
one hour of the drug administration. The order of potency of the
compounds followed the pattern as 4c > 4b > 4a > 5e > 5d > 5¢
> 5b > 5a > 3a > nicoumalone after one hour of the drug adminis-
tration. This indicated that all the synthesized derivatives had a

faster onset of action and potency than nicoumalone. This may
be because of the expected higher water solubility of the synthe-
sized derivative because of the presence of sulphate group and
the quaternary ammonium group (Heise et al., 2018; Shagdarova
et al., 2016; Drozd et al., 2019; Song et al., 2018). However, after
3 h of drug administration the potency of compounds was less than
nicoumalone. This indicated that the duration of action of the syn-
thesized compounds was less than nicoumalone. This may be
because the synthesized compounds have more prevalent hydro-
philic groups and less prevalent hydrophobic groups. The preva-
lence of the hydrophilic groups might be responsible for the
increased rate of elimination of these compounds. Among the qua-
ternary chitosan derivatives (5a-e), 5e was the most potent, and



Mohd. Imran et al. /Saudi Pharmaceutical Journal 28 (2020) 25-32 31

Table 2
Clotting time, bleeding time, and the Hb content of the sulphated chitosan derivatives (3a, 4a-c, 5a-e).
Treatment Clotting time in sec Bleeding time in sec Absorbance
After 1 h After 3 h After 1 h After 3 h After 1 h After 3 h
(% Activity™) (% Activity™) (% Activity™) (% Activity™) (% Absorbance) (% Absorbance)
Control 69.33 £ 531" 67.33 + 7.02* 190.50 + 6.70* 188.66 + 8.71* 1.17 £ 0.067* (100%) 1.18 £ 0.058*
(100%) (100%) (100%) (100%) (100%)
Nicoumalone 98.66 + 6.31" 133.16 £ 5.67" 225.67 £ 5.83" 283.50 + 7.42* 1.24 + 0.052* 1.79 + 0.075*
(142.30%) (197.77%) (118.46%) (150.27%) (105.9%) (151.69%)
3a 102.30 £ 6.31" 85.66 + 5.23" 236.66 + 5.68" 232.66 + 6.50" 1.34 + 0.063* 1.23 + 0.073*
(147.55%) (127.22%) (124.23%) (123.32%) (114.52%) (104.23%)
4a 116.66 + 5.04* 102.6 £ 6.12* 261.50 £ 6.33* 250.83 + 7.35" 1.59 + 0.067* 1.51 + 0.055"
(168.26%) (152.38%) (137.27%) (132.95%) (135.89%) (127.96%)
4b 117.50 £ 5.68" 105.0 + 7.23* 275.50 + 4.98* 262.66 + 6.77* 1.75 + 0.070* 1.56 + 0.066*
(169.47%) (155.94%) (144.61%) (139.22%) (149.57%) (132.20%)
4c 123.66 + 3.77* 110.83 £ 6.5* 277.50 £ 5.23" 265.33 + 4.63* 1.82 + 0.056* 1.72 + 0.048*
(178.36%) (164.60%) (145.66%) (140.63%) (155.55%) (145.76%)
5a 104.33 + 5.03" 94.33 £ 5.34" 240.67 £ 6.12" 210.66 + 7.12* 1.28 + 0.040" 1.22 £ 0.06"
(150.48%) (140.10%) (126.33%) (111.66%) (109.40%) (103.38%)
5b 105.30 + 5.24" 95.83 + 6.23" 246.50 + 535 218.66 + 5.70* 1.38 + 0.046* 1.30 + 0.055*
(151.88%) (142.32%) (129.39%) (115.90%) (117.94%) (110.16%)
5¢c 110.30 £ 4.85" 98.16 £ 6.51" 248.33 £ 5.68 224.66 +5.71" 1.42 + 0.053* 1.39 + 0.054"
(159.09%) (145.78%) (130.35%) (119.08%) (121.36%) (117.79%)
5d 112.0 £ 4.24" 100.83 £ 7.11" 255.67 £ 5.90" 240.33 + 5.64" 1.44 + 0.046" 1.41 £ 0.067*
(161.54%) (149.75%) (134.20%) (127.38%) (123.07%) (119.49%)
5e 116.30 £ 5.46" 103.50 + 5.98* 258.30 + 6.50* 249.30 + 5.60* 1.45 + 0.052* 1.46 + 0.054*
(167.74%) (153.72%) (135.59%) (132.14%) (123.93%) (123.72%)
“p<oo.
# % Activity with respect to control.
among the secondary amine chitosan derivatives (4a-c), 4c was Acknowledgements

most potent. This may be because of the presence of lipophilic phe-
nyl moiety in their structure plus hydrophilic quaternary ammo-
nium/sulfate groups, which might be providing a balance in the
hydrophilic and the lipophilic character of 4c and 5e. The
dimethylbenzyl chitosan sulphate (5d), and diethyl benzyl chi-
tosan sulfate (5e) were more potent in comparison to other quater-
nary chitosan derivatives but were not more potent as secondary
chitosan derivatives (4a-c). This may be because of the better
complex-forming ability of the secondary chitosan derivatives
(4a-c) with the blood components, for example, factor Xa (Heise
et al., 2018). It is expected that the development of the similar
compounds like 4b and 4c may provide some more fruitful antico-
agulants having faster onset of action, potency, and longer duration
of action by their complex-forming ability with the blood compo-
nents, for example, factor Xa, and having a balanced hydrophilic/
lipophilic character. Accordingly, further the work is in progress
in our laboratories.

7. Conclusion

Sulfonation of the chitosan increases its anticoagulant activity.
The N-alkyl derivatives of chitosan were more potent than its
sulfated quaternary derivatives and the sulfated chitosan. Quater-
nization of the chitosan increase its water solubility but also
decreases its anticoagulant effect. The better anticoagulation
effects of the secondary sulfated chitosan derivatives (4a-c) might
be attributed to their better complex-forming ability with the
blood components, for example, factor Xa. Because of the biocom-
patible and non-allergenic nature of chitosan, it may provide an
interesting template to provide heparin and fondaparinux like
anticoagulants with better potency and lesser side effects. Special
emphasis should be given to developing secondary sulfated chi-
tosan derivatives rather than their sulfated quaternary derivatives.
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