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Abstract: Chitosan, a natural polysaccharide, has been widely used as a biomaterial, especially for
hemostasis. However, hemostatic materials processed from pure chitosan have limited hemostatic
effect and are extremely unstable in some cases; chemical modification is therefore needed to improve
the hemostatic properties of chitosan. Through chemical reactions with hydroxyl and amino groups
in chitosan macromolecules, such as alkylation, carboxylation, quaternization, etc., different groups
can be introduced into the repeating units. Moreover, the introduction of different substituents
can endow chitosan with more functions. For example, the introduction of long alkyl chains can
improve its hydrophobic property, and greatly improve its hemostatic property. However, there is
still no review of alkylated chitosan for hemostasis. Therefore, we introduce in detail several methods
(direct alkylation, reductive alkylation and acylation reaction) for preparing alkylated chitosan and
its applications for hemostasis.
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1. Introduction

Massive bleeding often leads to death, so it is essential to develop dressings with
strong hemostatic effect. Natural macromolecules, such as gelatin, alginate, oxidized
cellulose, chitosan, etc., are often used as hemostatic materials.

Gelatin and collagen have a very strong coagulation ability, but some individuals
have immune reactions, so the actual production should be strictly controlled. Alginate
hemostatic materials have poor adhesion, which can prevent secondary damage. Oxidized
cellulose is acidic, enabling platelet activation and aggregation to stop bleeding, but it can
also cause inflammation of surrounding tissues [1], and damage the nervous system when
the carboxyl content is too high [2].

Chitosan is a linear, semi-crystalline natural polysaccharide, composed of the repeat-
ing units N-acetylglucosamine and glucosamine residues. It is partially deacetylated from
chitin, which is one of the most abundant carbohydrates in nature [3–5]. It has excellent
biological properties, such as biocompatibility, biodegradability, mucosal adhesion, and
so on [6–10]. It also has anti-tumor, antioxidant and antibacterial properties. Therefore,
chitosan and its derivatives are widely used in biomaterials [11–14], food preservation [15,16],
cosmetics [17–19], water treatment [20,21], and textile engineering [22,23]. However, chi-
tosan also has some disadvantages. For example, its effect on severe bleeding is limited
and extremely unstable in some cases [24]. Therefore, its hemostatic properties should be
improved by chemical modification.

There are hydroxyl and amino groups in chitosan macromolecules. Through chemical
reaction, such as alkylation, carboxylation, and quaternization [25], different groups can be
introduced into the repeating units. Moreover, the introduction of different substituents can
endow chitosan with more functions (Table 1). For example, the introduction of long alkyl
chain can improve its hydrophobic properties, increase its solubility in organic solvents,
and greatly improve the hemostatic of chitosan. Alkylated chitosan can be synthesized by
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reductive alkylation, acylation and other methods, and the degree of substitution (DS) can
be adjusted by changing the proportion of raw materials to give alkylated chitosan more
different properties. However, there is still no review of alkylated chitosan. Therefore, we
introduced in detail several methods for preparing alkylated chitosan and its applications
for hemostasis.

Table 1. Different kinds of chitosan derivatives and their synthetic methods, physical properties
and applications.

Chitosan Derivatives Synthesis Physical Properties Applications

Alkylated chitosan
with Aldehyde Amphiphilicity Hemostasis

with Haloalkane Antibacterial [26]
Acylation

Carboxymethyl chitosan [27]
Hydrophilicity Cosmetic

Schiff base reaction Drug delivery
pH responsiveness Miscellaneous

Quaternary ammonium salts
of chitosan [28]

Directly quaternary
ammonium at the amine units Water solubility Gene therapy

Drug delivery
Side chain quaternary

ammonium Positive charge Wound healing

Tissue engineering

NIPAAm-chitosan [29] Acylation Temperature sensitivity DNA delivery

2. Synthesis of Alkylated Chitosan
2.1. Reductive Alkylation by Using Aldehyde

Alkylated chitosan with aldehyde was produced via the following procedure [30]:
firstly, chitosan was completely dissolved in acetic acid aqueous solution, and then different
volumes of aldehyde were added. The nitrogen atom with lone pair electrons in the primary
amino group of chitosan attacks the positively charged carbon atom in the aldehyde group,
and removes a molecule of H2O to obtain the Schiff base structure. Then, the sodium
borohydride alkaline solution is added to reduce the unstable C=N double bond, so as
to form a stable CN single bond. After stirring the mixture for 12 h at 25 ◦C, the pH was
adjusted to 5 and NaBH4 was added. Before adjusting pH to 7, the mixture was stirred
for 3 h. Then the precipitate was washed with ethanol, and the product was freeze-dried
(Figure 1a).

Petit et al. [31] produced alkylated chitosan by using aldehyde via microwave irra-
diation. In order to choose a more suitable microwave heating method, pulsed power
mode (SPS) and dynamic mode (DYN) are compared. DYN mode was defined by a high
initial microwave power and reached the set reaction temperature in less than ten seconds.
Once the target temperature was reached, the microwave power dropped or was turned
off completely to maintain it. Therefore, most reactions were carried out at very low or no
microwave radiation. The SPS mode allowed the irradiation power to change the target
reaction temperature. The reaction mixture was irradiated with the set power to maintain
the target temperature. The irradiation time of SPS is longer and the irradiation power is
more stable. Lastly, the temperature distribution of the SPS reaction process was compared
with that of conventional heating (i.e., water bath heating). Even when the irradiation
power was as low as 30 W, it took about 100 s to reach 40 ◦C under microwave irradia-
tion, while it took almost 600 s in preheated water bath to achieve the same effect. The
yield under microwave radiation was higher than that under conventional heating, and
its specific value was related to temperature, raw material ratio and reaction time. For
example, when the raw material ratio with 10% alkylation as the target was heated at 25 ◦C
for 1 h, the yield of conventional heating was 63%, while that of microwave heating was
72%. Microwave radiation might realize “green chemistry” from the perspective of energy.
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Figure 1. Scheme of alkylated chitosan through different chemical reactions: (a) reductive alkylation, 
(b) alkylation through haloalkanes and amino reaction, (c) alkylation with acyl chlorides, (d) alkyl-
ation with anhydrides and (e) alkylation with fatty acids. 
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Figure 1. Scheme of alkylated chitosan through different chemical reactions: (a) reductive alky-
lation, (b) alkylation through haloalkanes and amino reaction, (c) alkylation with acyl chlorides,
(d) alkylation with anhydrides and (e) alkylation with fatty acids.

2.2. Alkylation through Haloalkanes and Amino Reaction

Alkali/urea aqueous solution as a new type of solvent was developed to directly
dissolve chitosan at a low temperature, which is a more sustainable alternative than acidic
solvent [32–34]. It has been proved that chitosan was mainly dissolved by breaking the
original hydrogen bonds in the alkaline solution [35,36]. Sun et al. attached bromohexane,
bromododecane and bromooctadecane to the amino group of chitosan, respectively [37].
The specific synthesis method is as follows: chitosan was first dissolved in acetic acid
solution and then neutralized with NaOH solution. After separating the white chitosan
flocs, NaOH solution was added to adjust pH = 9. It was settled overnight, rinsed with
deionized water 1 or 2 times and freeze-dried. The purified chitosan was dissolved in an
alkaline solution at -20 ◦C with a KOH/urea/water ratio of 16/8/76 and stored at 4 ◦C for
future use. The haloalkane and chitosan solutions were mixed in a molar ratio of 3:1, and
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the reaction mixture was stirred for 12 h at 25 ◦C; the product was then neutralized with
50% (v/v) HCl, dialyzed with distilled water and freeze-dried.

In order to make the reaction more environmentally friendly, Pei et al. reported a novel
method to synthesize alkylated chitosan with 1-butyl-3-methylimidazolium hydroxide
[Bmim]OH basic ionic liquid as an alkaline reagent [38]. Chitosan was added in 2-propanol
at room temperature and the mixture was stirred. [Bmim]OH was then added. The mixture
was heated to 40 ◦C and alkalized under stirring for 1 h before haloalkanes (bromoethane,
1-chlorobutane, bromododecane, or bromohexadecane) were added. The mixture was
heated to 80–100 ◦C and reacted at this temperature for 8–10 h. After the reaction, the
reactants were filtered, and the filter residue was washed with ethanol and anhydrous
dichloromethane in turn, and dried at 50 ◦C. The effects of alkalizing agents such as
NaOH, [Bmim]OH and [Bmim]Cl on the DS of alkylated chitosan were compared. When
[Bmim]OH was used as an alkalizing reagent, the DS value of dodecyl chitosan was the
largest (58.4%), while that of using NaOH was 48.5%, and that of using [Bmim]Cl was
15.9%. The reusability of the ionic liquid was also investigated, and the experimental results
indicated that there was no noticeable change in the DS of the alkylated chitosan after the
ionic liquid was used three times (Figure 1b).

2.3. Alkylation by Acylation Reaction

Le Tien et al. processed acylated chitosan using palmitoyl chloride, caproyl chloride,
octanoyl chloride and myristoyl chloride [39]. Chitosan was added to the acetic acid
aqueous solution, and the mixture was fully stirred. Then, NaOH was slowly added under
strong stirring to adjust the pH to 7.2. Acyl chloride was then added, and the mixture
was diluted with distilled water. After a period of time, the mixture was neutralized,
precipitated with acetone, washed with methanol, and dried.

Rodrigues prepared acylated chitosan using stearoyl and lauroyl chloride (Figure 1c) [40].
Chitosan was dissolved in the acetic acid aqueous solution, and triethylamine and the
acyl chloride were added, under continuous stirring at 18 ◦C for 1 h. The mixture was
precipitated in ethanol, filtered, and washed with ethanol and hexane. The product was
extracted with hexane to ensure the elimination of unbound acyl chloride. The DS was
controlled by the acyl chloride amount.

Anhydride can also be used to prepare acylated chitosan. Hu et al. prepared
acylated chitosan with acetic anhydride, propionic anhydride and hexanoic anhydride
(Figure 1d) [41]. Chitosan was dissolved in the acetic acid aqueous solution; the anhydrides
ethanol solution was added slowly with stirring. After continuous stirring for 4 h, the
reaction solution was neutralized. Finally, the products were washed with water and
ethanol repeatedly and dried under vacuum.

Zhang et al. used lauric anhydride to prepare O-acylated chitosan nanofibers [42].
Chitosan nanofibers were dispersed in a premixed solution of pyridine and lauric anhy-
dride. The mixture was gently stirred at 50 rpm for 2 h at 80 ◦C. After acylation, the
nanofibers were washed repeatedly with excess distilled water and methanol to remove
unreacted reagents and hydrolyze trifluoroacetate. The nanofibers were then freeze-dried.
Because trifluoroacetic acid added during the formation of chitosan nanofibers has a
protective effect on the amino group, the acylation reaction was carried out only on the
hydroxyl group.

Wang et al. used capric acid to synthesize acylated chitosan (Figure 1e) [43]. Chitosan
was dissolved in the acetic acid aqueous solution, and the mixture was fully stirred until
the chitosan was completely dissolved. The capric acid was dissolved in anhydrous ethanol
and then EDC (1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride) and NHS
(N-hydroxy succinimide) were added under continuous stirring to activate carboxyl groups
on the fatty acid. The acid solution was added dropwise into the chitosan solution and
reacted under stirring for a period of time, and then anhydrous ethanol was added into
the reaction solution to precipitate the product. Finally, the product was obtained by
centrifugation, washed with ethanol, and dried.
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3. Applications of Alkylated Chitosan for Hemostasis
3.1. Hemostatic Mechanism of Alkylated Chitosan and Effect of Molecular Structure on Hemostatic
Properties

Chen et al. obtained alkylated chitosan with a different graft chain length by reacting
hexanal aldehyde, dodecanal aldehyde and octadecyl aldehyde with chitosan [30]. The
hemolysis rate of all samples was less than 5%, and there was no significant difference
between chitosan and alkylated chitosan. When the DS is the same, the longer the alkyl
chain, the better the coagulation performance. And the smaller the DS when using the same
aldehyde, the more obvious the coagulation performance. Activated partial thromboplastin
time (APTT) is generally considered to be an effective method to evaluate the endogenous
coagulation system. Prothrombin time (PT) is the most sensitive and commonly used
screening test, which mainly reflects the exogenous coagulation state. Thrombin time
(TT) is used to measure the ability of fibrinogen to form fibrin (common pathway). The
difference in the APTT, PT and TT results of each material was very small, which shows
that alkylated chitosan hemostasis does not play a role through traditional endogenous,
exogenous and common ways. Therefore, they predicted that thrombosis is caused by the
action of alkylated chitosan on platelets and red blood cells. Chitosan and each alkylated
chitosan can adhere, deform and aggregate a large number of cells, indicating their excellent
efficiency in stimulating and activating platelets. However, the number of normal and
deformed platelets adhered to chitosan was almost the same as that on alkylated chitosan.
Alkylated chitosan did not cause a significant increase in intracellular Ca2+ concentration,
nor could it promote the release of CD62p, which indicated that alkylated chitosan did
not significantly improve platelet adhesion and aggregation; Liu et al. obtained similar
results [44]. The number of red blood cells adsorbed by alkylated chitosan was significantly
higher than that of chitosan, and the number of active red blood cells increased significantly
with the increase in the carbon chain length of grafted alkanes (Figure 2). Combined with
the results of the platelet analysis, they concluded that the acceleration in blood coagulation
may be related to the effect of the alkylated chitosan on red blood cells rather than platelets.
Their hypothesis of the alkylated chitosan coagulation process is shown in Figure 3. When
the blood contacts with alkylated chitosan, all elements in the blood work together in
chronological order through traditional ways until the fibrinogen is decomposed into fibrin,
and then forms a fibrin network. At the same time, the alkylated chitosan can promote the
activation and aggregation of platelets and red blood cells. On this basis, the preliminary
packaging of materials and blood cells can be developed. In this process, the length of the
alkyl carbon chain in the alkylated chitosan affects its activation of erythrocytes. The carbon
chain of alkyl in the alkylated chitosan is longer, which makes more red blood cells adhere
and aggregate, so more red blood cells can be fixed in the package. Finally, the previous
alkylated chitosan platelet erythrocyte package may be combined with fibrin polymer to
form a thrombus. In this way, the alkylated chitosan, especially those with long-chain
alkane groups, may significantly promote thrombosis.
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As mentioned above, Chen et al. believed that modified chitosan did not affect the
path of endogenous coagulation and ordinary blood coagulation, which was somewhat
different from the conclusion of Huang et al. [45]. Huang et al. prepared hydrophobic chi-
tosan with different grafting rates (0.24, 2.1, 5.1 and 8.4%) from lauraldehyde and chitosan.
Compared with unmodified chitosan samples, the APTT value of modified samples was
higher and greater than that of PBS samples, which indicates that hydrophobic chitosan
affects the path of endogenous coagulation and ordinary blood coagulation, and prolongs
the time of fibrin blood clot formation; that is, chitosan and hydrophobic chitosan can affect
the activity of plasma coagulation factors. One explanation is that cationic polymers and
negatively charged plasma proteins are attracted by static electricity, which changes the
structure of the protein. The APTT value of the hydrophobic chitosan sample was higher
than that of the blank control group, but increasing the concentration of hydrophobic
chitosan had no significant effect on the APTT value. However, when the hydrophobic
chitosan concentration increased, the PT value increased significantly. The electrostatic and
hydrophobic forces of hydrophobic chitosan molecules in solution and the electrostatic
force of chitosan molecules in solution affect the structure of the fibrinogen and change
its function in the coagulation system. The FT value is less affected by hydrophobic chi-
tosan concentration. Compared with the PBS control group, chitosan and hydrophobic
chitosan groups prolonged FT time. Thromboelastographic (TEG) assays showed that
chitosan affected the coagulation process of autologous blood, prolonged the time required
to form fibrin, and reduced the cross-linking speed of fibrin. However, the formation time
of fibrin and thrombus in the alkylated chitosan group was significantly shortened, and
the higher the grafting rate was, the more obvious the shortening was. In general, chi-
tosan and hydrophobic chitosan have negative effects on endogenous and common blood
coagulation pathways.

Huang et al. obtained amphiphilic alkylated chitosan by reacting lauraldehyde with
chitosan, which can convert whole blood into gel [46]. As for the hemostatic mechanism,
they speculated that the hydrophobic long chain of the alkylated chitosan is anchored to
form a 3D network on red blood cells. Chen et al. found that the number of normal and
deformed platelets adhered to the chitosan is almost the same as that on alkylated chitosan.
Wang et al. reported that most platelets in the chitosan group were non-activated [47]. In the
chitosan(6C), chitosan(12C) and chitosan(18C) nanofiber membrane groups, most platelets
adhered to nanofibers showed activation because they almost all stretched irregularly and
formed pseudo-feet. The self-assembly of the hydrophobically modified chitosan chain
hydrophobically anchored on the blood cell membrane, so as to bridge the cells into a
3D network. In addition, due to the nano size, voids and curls in alkylated fibers, fibrin
networks and nanofiber networks intercept platelets in a similar way. The thrombus fibrin
and thrombus formation time of the alkylated chitosan group decreased significantly, and
chitosan(18C) decreased the most, indicating that it had the most significant coagulation
properties in vitro.

3.2. Different Forms of Alkylated Chitosan Hemostatic Materials

Dowling et al. synthesized hydrophobic chitosan by attaching benzene-n-octadecyl
tails to the chitosan backbone via a reaction with 4-octadecylbenzaldehyde [48]. They
evaluated the hemostatic properties of the alkylated chitosan solution with animal injury
models. First, they assessed the damage to a small animal. Femoral vein injury was caused
in Long–Evans adult rats by scalpel, and then the solution (0.5 wt% alkylated chitosan
solution, saline buffer, and 0.5 wt% chitosan solution) was applied to the wound through a
syringe. The hemostatic time of the alkylated chitosan solution was 5.6 s, while those of the
normal saline and chitosan solutions were 50 s and 47 s, respectively. Next, they evaluated
alkylated chitosan bandages for the treatment of high pulsatile injury in the pig femoral
artery injury model. In this model, the femoral artery was severed, and free bled, which
could be fatal within 15 min without treatment. The alkylated chitosan bandage was able
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to stop bleeding after 2 min of compression. When the bandage was removed after 3 h, the
arterial injury was successfully coagulated, and all the pigs survived the experiment.

Alkylated chitosan could transform whole liquid blood into gel, which could quickly
stop bleeding from both minor and severe injuries in small and large animals. The mech-
anism of gelation was based on self-assembly of the alkylated chitosan chain. The self-
assembly method made their hydrophobicity anchored in the blood cell membrane, so as
to connect the cells into a three-dimensional network. Therefore, these cells were active
components (nodes or junction points) in the network, rather than physically trapped in
the polymer network. As shown in Figure 4, the polymer is shown schematically with
its hydrophilic backbone in blue and the grafted benzyloctadecyl hydrophobes in purple.
When added into the liquid blood, the components assemble into a three-dimensional
network (gel), as shown on the right. This is driven by the insertion of hydrophobes into
blood cell membranes (as depicted in the top inset); thereby the polymer chains connect
(bridge) the cells into a self-supporting network. The gelling ability of alkylated chitosan
was similar to that of the fibrin-based sealant, but the cost was much lower. Another
important aspect of alkylated chitosan as a hemostatic agent was that its gelling effect on
blood could be reversed by adding supramolecular α-cyclodextrin (α-CD) by isolating
hydrophobic molecules and preventing them from attaching to blood cells.
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Alkylated chitosan foam could also be used as a hemostatic adjunct or solitary hemo-
static intervention [49]. Alkylated chitosan foam showed no significant toxicity, and immo-
bilized blood cells into clusters between adjacent bubbles in the foams, while the chitosan
controls did not immobilize the blood cells. And the alkylated chitosan concentrates can
be packaged and sprayed as expanding foams. In the severe liver injury model, spraying
alkylated chitosan foam directly on the damaged liver surface could significantly reduce
the blood loss, and improve the survival rate. Alkylated chitosan was obtained by reacting
chitosan with dodecaldehyde or 4-octadecylbenzaldehyde through reductive alkylation,
and the DS was 1%, 2.5% and 5%. They performed non-lethal hepatectomy tests on rats for
each hydrophobic chitosan formulation, and added unmodified chitosan control group and
no treatment control group (NT). In order to cause injury and bleeding, a segment of the
medial lobe of the liver, representing 14 ± 3% of the initial liver weight, was removed with
surgical scissors. This injury was fatal, and the average survival time was 17.2 ± 0.84 min.
When the carbon canister is activated, the foam can be easily applied to the body cavity. The
survival rates of NT and chitosan control groups were 0%. In sharp contrast, the survival
rate of all injuries treated with alkylated chitosan improved, and reached 100% within
60 min.
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Alkylated chitosan foam synthesized by grafting N-palmitoyl tail onto the chitosan
chain through the reaction with palmitic anhydride, and the animal experiments were
divided into four groups: NT, chitosan, alkylated chitosan, a fibrin-based agent-TISSL
(FS) [50]. After the liver injury, all hemostatic agents successfully induced thrombosis,
and the hemostatic foam was able to repair the liver injury. Six weeks after treatment,
the residual FS showed obvious adhesion between the liver injury site and the surround-
ing tissue. In contrast, slight adhesion was observed in the chitosan and alkylated chi-
tosan groups. Histopathology of the alkylated chitosan group showed a tissue repair
phenotype similar to that of the control group, which was different from the other two
hemostatic agents.

In addition, they also compared the therapeutic effects of an alkylated chitosan gauze,
a chitosan gauze and a combat gauze on the model of fatal bleeding in sows [51]. Chitosan
was modified by n-decanal. The two chitosan-based gauzes are more viscous than the
combat gauze. In addition, the tissue adhesion of the alkylated chitosan gauze was signif-
icantly higher than that of the chitosan gauze (15.3 ± 4.2 kPa vs. 8.4 ± 3.5 kPa). During
the treatment, there was no significant difference in the overall survival time, hemostasis
duration and the number of dressings used in each experimental group, but the blood
loss after treatment in the hm-c gauze group was significantly lower than that in other
treatment groups. All animals in the alkylated chitosan gauze treatment group survived,
while only three of the four animals in the combat gauze and chitosan gauze control
groups survived.

In order to integrate the microchannel structure into a chitosan sponge, Du et al.
designed hemostatic microchannel alkylated chitosan sponges (MACSs) with different
porosity and highly interconnected microchannels by combining 3D printing microfiber
leaching, freeze-drying and surface activity modification, as shown in Figure 5 [26]. The DS
of the dodecanal was 27.86 ± 18.99%. There was a layered porous structure in the MACS, in-
cluding microchannels and micropores, while only micropores were randomly distributed
in the whole alkylated chitosan. With the increase in the polylactic acid (PLA) microfiber
filling rate, the porosity of the MACSs gradually increased from 73.2 ± 2.9% to 88.8 ± 1.6%,
which was significantly higher than 32.1 ± 1.9% of the alkylated chitosan. When the chi-
tosan concentration was lower than 4%, the sponge could not maintain its shape. Chitosan
solution with concentration higher than 4% had high viscosity, and it is difficult to inhale
the gap in the PLA microfiber template under negative pressure. Therefore, 4% chitosan
solution was selected to prepare the MACS. The filling rate of the PLA microfiber tem-
plate increased from 20% to 60%, and the compressive stress decreased from 46.2 ± 8.0 to
8.1 ± 0.9 kPa. The MACS sponge had strong mechanical strength after blood suction.
Compared with the alkylated chitosan, the MACS had higher mechanical strengthening
folding. In addition, the mechanical strengthening fold of the MACS gradually increased
with the increase in porosity. This is because MACSs with high porosity and a large specific
surface area can absorb more blood, promote full contact between blood and the matrix and
form more blood clots. The MACS had the lowest BCI value compared with gauze, gelatin
sponge and celox used clinically™, CELOX™-G, alkylated chitosan and microchannel
chitosan by the in vitro coagulation experiment. The MACS also has stronger procoagulant
and hemostatic ability in the lethal normal and heparinized rat- and pig-liver perforation
wound models.



Macromol 2022, 2 355Macromol 2022, 2, FOR PEER REVIEW 11 
 

 

 
Figure 5. Fabrication and characterization of the MACS with different porosity. (a) Schematic illus-
tration of the fabrication process of the MACSs; (b) Stereomicroscopic images of the PLA microfiber 
template, PLA composite, micro channeled chitosan sponge, and micro channeled alkylated chi-
tosan sponge; (c,d) Micro-CT and SEM images showing the macro and microstructure of the akyl-
ated chitosan and MACS-1/2/3 (the filling ratios of PLA microfiber template is 20, 40, or 60%); (e) 
The pore size of the alkylated chitosan and MACS-1/2/3 in cross-section and longitudinal-section 
(pore size, n = 16); (f) The pore size of the alkylated chitosan and MACS-1/2/3 in longitudinal-section 
(pore size, n = 16); (g) The porosity of the alkylated chitosan and MACS-1/2/3 (porosity, n = 25); (h,i) 
Compressive stress-strain curves and compressive stress of the MACSs with different CS concen-
trations (1, 2, and 4% (w/v)) and PLA microfiber diameter (200 and 400 μm) (n = 3 independent 
samples); (j–m) Compressive stress-strain curves and compressive stress of the alkylated chitosan, 

Figure 5. Fabrication and characterization of the MACS with different porosity. (a) Schematic illustration



Macromol 2022, 2 356

of the fabrication process of the MACSs; (b) Stereomicroscopic images of the PLA microfiber template,
PLA composite, micro channeled chitosan sponge, and micro channeled alkylated chitosan sponge;
(c,d) Micro-CT and SEM images showing the macro and microstructure of the akylated chitosan and
MACS-1/2/3 (the filling ratios of PLA microfiber template is 20, 40, or 60%); (e) The pore size of
the alkylated chitosan and MACS-1/2/3 in cross-section and longitudinal-section (pore size, n = 16);
(f) The pore size of the alkylated chitosan and MACS-1/2/3 in longitudinal-section (pore size, n = 16);
(g) The porosity of the alkylated chitosan and MACS-1/2/3 (porosity, n = 25); (h,i) Compres-
sive stress-strain curves and compressive stress of the MACSs with different CS concentrations
(1, 2, and 4% (w/v)) and PLA microfiber diameter (200 and 400 µm) (n = 3 independent samples);
(j–m) Compressive stress-strain curves and compressive stress of the alkylated chitosan, MCS-2, and
MACS-1/2/3 before and after absorbing blood; (n) Mechanically reinforced folds of the alkylated
chitosan, MCS-2, and MACS-1/2/3 before and after absorbing blood (n = 3 independent samples).
Data are expressed as mean ± SD. The significant difference was detected by one-way ANOVA with
Tukey’s multiple comparisons test. The “ns” indicated no significant difference, * p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001 [26].

3.3. Alkylated Chitosan Hemostatic Material Compounded with Other Materials

To improve the hemostatic properties of alkylated chitosan, researchers combined it
with other materials. Based on the positive charge of chitosan and the negative charge
of mesoporous silica nanoparticles (MSNs), Chen et al. combined alkylated chitosan and
MSNs to develop a rapid hemostatic agent with the advantages of both materials and
minimal side effects [52]. Alkylated chitosan was obtained by alkylation of chitosan and
4-octadecylbenzaldehyde, and the DS is 5%. Alkylated chitosan and MSN were mixed
by ultrasonic. In order to improve the hydrophilicity of the material, glycerol (G) was
added to produce mesoporous silica nanoparticle-glycerol alkylated chitosan (MSN–GACS).
The hemostatic effect was best when the molar ratio of alkylated chitosan: G: MSN was
1:1:0.25, which was better than MSNs and alkylated chitosan. TEG results showed that
alkylated chitosan, MSN, MSN–GACS and kaolin (the main component of combat gauze)
significantly promoted blood coagulation. Alkylated chitosan performed the worst in the
four experimental groups, and MSN–GACS performed the best. After incubation in PRP for
15 minutes, alkylated chitosan and NAC–GACS attracted more platelets than the combat
gauze and MSN. By quantifying the adhesion of platelets to each material, it can be found
that combat gauze, MSN, alkylated chitosan and MSN–GAC attract more platelets than
the control group (standard gauze). At the same time, compared with alkylated chitosan,
MSN or the combat gauze, platelets adhered to MSN–GACS increased significantly. In
addition, there was no significant difference between MSN and combat gauze during the
first 15 minutes of incubation. However, after 30 min, more platelets were observed on
MSN than on combat gauze, indicating that MSN showed better hemostatic efficiency than
the combat gauze. In addition, compared with alkylated chitosan or MSN, the platelet
adhesion of MSN–GACS increased, indicating that MSN–GACS has the best hemostatic
efficiency, and its performance is much better than that of the combat gauze. The same
conclusion was obtained in the whole blood absorption experiment. Compared with the
combat gauze, MSN–GACS can absorb more blood cells in the rabbit femoral artery and
liver injury model, induce less cytotoxicity in vitro, and show better hemostatic effect.

In order to improve the mechanical strength of alkylated chitosan and overcome the
possible toxicity of graphene oxide (GO), Zhang et al. prepared a series of composite
sponge ACGSs with different proportions (GO/alkylated chitosan, 0%, 5%, 10% and 20%)
through dilute solution freezing phase separation and drying, in which alkylated chitosan
was obtained by the reaction of the dodecanal (the molar feed ratio of the amine group
to aldehyde was 1:0.8) [53]. The water absorption and blood absorption capacity of the
sponge was higher than that of the gauze, and the water absorption and blood absorption
capacity of ACGS20 was higher than that of ACGS0. ACGSs had good blood compatibility
(hemolysis <5%) and had no obvious cytotoxicity. ACGSs had the best hemostatic effect
in the rabbit femoral injury model, which was better than GO, celox and the gauze. By
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evaluating the expression level of CD62p, it was found that the expression level of CD62p
in ACGSs increased with the addition of GO; that is, GO could activate platelets (Figure 6).
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Sun et al. prepared alkylated chitosan with different alkyl chain lengths (obtained
by the reaction of chitosan with bromohexane, bromodecane or bromooctadecane, and
the molar ratio of amino group to bromoalkyl is a 1:0.2, b 1:0.4 and c 1:0.6), and prepared
an alkylated chitosan-diatom biomass silicon (AC-DB) sponge by dispersing different
concentrations of (0.5%, 1%, w/v) diatom biomass silicon (DB) in alkylated chitosan so-
lution [37]. The hemolysis rate of alkylated chitosan grafted with different alkyl groups
and different DS was less than 5%. Alkylated chitosan (18C/c) had the best hemostatic
effect, so it was selected for further experiments. The BCT of all AC-DB sponges was
shortened, the hemostasis time was shorter than alkylated chitosan (18C/c), and the co-
agulation time was shortened with the increase of DB. In the rat tail transection model,
the AC-DB sponge had the best hemostatic effect, the shortest coagulation time (106.2 s)
and the lowest blood loss (328.5 mg), while the coagulation time of alkylated chitosan
(18C/c) was 199 s, and the blood loss was 989.6 mg. The addition of DB enabled the AC-DB
sponge to activate the inherent coagulation pathway, so as to improve the coagulation rate
and enhance the intensity of thrombosis. In other words, the addition of DB enabled the
AC-DB sponge to activate coagulation factors XI and XII, further effectively activating the
endogenous coagulation pathway, and having the ability of rapid coagulation. Moreover,
the electrostatic interaction between alkylated chitosan and the DB made the sponge form
a three-dimensional network structure with high mechanical strength. Combined with the
hydrophobic alkylated chitosan, the internal structure of the composite sponge would be
in full contact with the blood to achieve faster hemostasis.

Wang et al. constructed porous sponges (C-ODs) with decanoic acid modified chitosan
(CSCA) and oxidized dextran (ODs) [43]. The DS of the CSCA was 33.39%. C-ODs
had extremely high hemostatic ability, and that was related to the oxidation degree of
the dextran. The higher the oxidation degree, the stronger the hemostatic ability. The
hemostatic time of C-ODs applied to mouse tail amputation, rat liver injury and rat leg
artery injury models was 325, 185 and 79 s, respectively, which was significantly shorter
than that of the gauze (592, 288 and 290 s) and the commercial gelatin sponge (556, 285 and
215 s). C-ODs porous sponges had better hemostatic ability than gauze and commercial
gelatin sponges.
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4. Conclusions

Chitosan is a non-toxic polycationic polymer. With the in-depth study of chitosan,
researchers found that it has weak hydrophobicity and low plasticity. Alkylation can solve
this problem to some extent. Alkylated chitosan was synthesized by reductive alkylation,
direct alkylation, or acylation reaction. After joining the alkyl chain, the hydrophobicity of
chitosan was enhanced, and the hemostatic properties were improved. Moreover, it can be
made into composites with other materials to further improve its hemostatic properties.

Alkylated chitosan as hemostatic material still has some problems to be explored,
such as the effect of alkylated chitosan on integral activation and the formation time of
the thrombus. Chitosan itself has a positive charge; whether the positive charge will
be weakened after alkylation, and whether it is related to the length of the graft chain,
also need to be further studied. And the synthesis of alkylated chitosan usually uses a
lot of organic solvents, which is very unfriendly to the environment and hinders sub-
sequent industrialization. There is, therefore, an urgent need for a greener and non-
pollution method to prepare alkylated chitosan. Moreover, many literatures on alkylated
chitosan almost tend to discuss its hemostatic effects, and rarely discuss its possible appli-
cations in other aspects, which is also an area that needs to be paid more attention to in
future research.
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