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Abstract 

Anticoagulants have been extensively employed in in vitro medical therapies and therapeutic procedures. In clinical applications, heparin is 

most frequently used, but regrettably, it has specific adverse effects, including bleeding and other drawbacks (heterogeneity and fluctuation of 

anticoagulant action). In addition, the isolation of heparin from animal sources increases the possibility of contamination by animal infections. 

Thus, the creation of heparin substitutes is a crucial area of study. One of the better options is a structurally well-defined, nonmammalian 

source of heparin derivative, polysaccharide sulfates being of particular interest. The most prevalent polysaccharide on Earth is cellulose. The 

discovery of novel uses for this adaptable material is facilitated by its inherent abundance. Cellulose can exist in different morphological 

forms: fiber, micro/nanocrystalline, and microfibril/nanofibril cellulose. This review extensively surveys sulfated cellulose preparation and its 

potential anticoagulation agent use. 
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1. Introduction 

Anticoagulants are commonly utilized in in vitro medical treatments and therapeutic processes. They are thought to be 

necessary for 2-4 people out of every 1000 who have pulmonary embolism or symptomatic deep vein thrombosis each year. 

Natural heparin is one of the most frequently utilized anticoagulants in clinical settings [1]. Heparin was the first 

anticoagulant found at the turn of the 20th century. It is sulfated glucosaminogly (linear) built of alternating uronic acid and α-

D-glucosamine linked via α-(1-4) bonds and produced by the animal tissues mast cells (Figure 1). The anticoagulant 

mechanism revealed that heparin sped up the suppression of serine proteinases that are part of the blood clotting cycle. Due to 

its high efficiency, it is the most commonly used anticlotting drug in vascular surgery. Using heparin has adverse side effects, 

such as increased platelets functional activity, induced thrombocytopenia, osteoporosis, and hemorrhagic complications [2]. 

Furthermore, isolating heparin from animal sources increases the possibility of contamination by infections originating from 

animals, including BSE and AIV, among others [3]. 

Consequently, researchers focused on standardizing heparin preparations and searching for analogs in the 1980s. A low 

molecular weight heparin, which displayed lower heterogeneity and improved characteristics, started to be used, followed by 

fractionated heparin such as fraxiparin, dalteparin, etc. Another research focused on creating and detecting a practical 

anticoagulant free of undesirable side effects [4]. Heparin analogs, which are polyanions and display a heparin-like activity 

(anticoagulant), are referred to as heparinoids. 

Heparin's anticoagulant effect is caused by Antithrombin III (ATIII)'s 1000-fold increased affinity for thrombin and factor Xa 

[5, 6]. Furthermore, heparin changes ATIII's conformation as needed and creates a catalytic surface to which thrombin and 

ATIII bind [7]. Positively charged amino acids in ATIII's heparin-binding pocket interact electrostatically with negatively 

charged sulfate residues to produce the particular interaction between ATIII and heparin [8, 9]. It has been demonstrated that 

the anticoagulant effect of modified heparin is increased when low-affinity heparin is chemically sulfated [10]. The 

mechanisms of the anticoagulant activity of heparinoids differ from that of heparin but give the same effect, which involves 

interaction with the anticoagulation proteinases. In particular, high plant sulfated polysaccharides like cellulose [11], 

amorphophallus glucomannan [12], oat xylans [13], and legume galactomannans [14]; chitin and chitosan [15]; pullulan [16], 

carrageenan [17], and curdlan [18] were synthesized. These sulfated polysaccharides show anticoagulant activity due to the 

pentasaccharide sequence with N- and O-sulfate groups forming the binding sites for antithrombin III (ATIII) [19, 20]. The 

most abundant sulfated polysaccharides is cellulose sulfate, a half-ester of cellulose that is water-soluble and has 

anticoagulant, antivirus, and antibacterial properties; accordingly, it can be used for several biotechnological and medical 

applications [21]. Also, it is a polyelectrolyte, so it can be used to encapsulate enzymes and cells [22].
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Figure 1. Uronic acid, α-D-glucosamine and heparin structures. 

 

Groth et al. compare the anticoagulation activity of different cellulose derivatives by estimating the standard clotting assays, such 

as thrombin time and partial thromboplastin time, by introducing sulfate, quaternary ammonia, or phosphate groups in the C2, 

C3, and C6 of the anhydroglycose unit. By comparing the efficiency of these three derivatives,  it was found that the 

anticoagulant activities mainly depend on the type of the substituent and the negative charge. The sulfated cellulose yielded 

superior activity than phosphated cellulose. Also, they discovered that anticoagulant activity was achieved with a sulfate degree 

of substitution above 1.0. The optimum activity was with a sulfate degree of substitution = 1.5 and decreased by increasing this 

degree. Furthermore, it was shown that sulfation in the C2-position of cellulose has a high anticoagulant effect [23]. 

Considering this survey, cellulose has been widely used in industry, with less early interest in the biomedical field, but it has 

considerable promise for use in many other fields. Thus, this review highlights recent advancements in the sulfonation of 

cellulose and its application as an anticoagulant agent. 

2.Cellulose 

The most prevalent polysaccharide on Earth is cellulose. Numerous things can provide it, including the cell walls of plants and 

wood, certain types of bacteria, algae, and tunicates, the only known mammal with cellulose. About 8 % of global cellulose 

production is based on agricultural wastes. 92 % of world production depends upon wood whether softwood or hardwood [24]. 

Accordingly, cellulose can be classified according to its source, which is wood-based, plant-based, bacterial, algae-based, and 

tunicate-based (Figure 2). Throughout the lengthy history of cellulose use, wood and plant-based cellulose as opposed to 

bacteria, tunicate, and algae-based cellulose have become the most well-known forms of cellulose due to their abundance and 

affordability. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Sources of cellulose (Adapted from reference [25]). 
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The content and structure of wood and plant-derived fibers are similar, containing biodegradable carbohydrate polymers such as 

cellulose, hemicellulose, and lignin. The intricate, multi-level structure of cellulose molecules is found in wood and plants; they 

are connected to other biopolymers such as hemicellulose and lignin [25]. While cellulose derived from wood and plants has the 

same chemical composition as cellulose derived from different sources, its microstructural organization is distinct. Hemicellulose 

and the lignin matrix hold the cellulose chains in wood- and plant-based cellulose together as they are arranged in layers as 

nanofibrils. Cotton fiber cellulose is plant-based but lacks significant amounts of lignin and hemicellulose. Wood and plants 

generally have a cellulose content of 40–50 and 30–75 %, respectively. There are differences in chemical compositions between 

hardwood and softwood (Table 1) [26]. 

Table 1. Chemical composition (wt. %) of wood and plant fibers [25]. 

Source Cellulose Hemicellulose Lignin 

Plant fibers* 30–75 10–35 0–20 

Softwood 45–50 18–35 23–35 

Hardwood 40–50 24–40 18–25 

                                             (*except cotton) 

Cellulosic materials span from nanoscale to macroscopic dimensions as nanoscale, nanocrystallite, fibrils, and fibril aggregates 

(Figure 3). Cellulose is built of bundles of superfine fibrils that contain several cellulose chains. Depending on the source, each 

fibril comprises repeated crystalline (large ordered) and amorphous (small disordered) domains. Cellulose units are linked by a 

strong β-(1→4) glycosidic bond with intra-hydrogen bonding between hydroxyl groups and oxygen of the adjoining ring. This 

bond stabilizes the linkage and leads to unbranched cellulose chain conformation [27]. Cellulose is a semi-crystalline with 

crystallinity degree ranging from 40 – 60 and 80 – 100 % for wood/plant and bacteria/tunicin cellulose, respectively [28]. 

According to origin and treatments, cellulose has a degree of polymerization based on glucose units, ranging from 1000 to 

15,000. The hydroxyl groups and oxygen of the adjacent ring of cellulose molecules produce an intra-chain hydrogen bond that 

stabilizes the linkage and causes the cellulose chains to assume an unbranched shape [27]. Basic fibrils are formed when 

organized parallel layers of cellulose molecules come together. These fibrils, which have a lateral diameter of 3-5 nm, are closely 

aggregated together due to strong intra-and/or intermolecular hydrogen bonds and van der Waals forces. Every elementary 

filament consists of alternating disordered domains and cellulose crystals along the filament axis. Depending on where they 

originate, bundles of primary filaments can also be classified as cellulose microfibrils, which have a length of several 

micrometers and a cross-sectional width of 5–20 nm [29]. The intra-and/or intermolecular hydrogen bonds and hydrophobic and 

electrostatic interactions inside the integrated fibrils creating robust bundles lead to cellulose insolubility in water and regular 

solvents [30]. Also, due to the high crystallinity and intermolecular interactions between cellulose chains, cellulose has high 

strength and specific modulus, e.g., the elastic modulus of cellulose I has been reported to be 124–155 GPa [31]. Cellulose has a 

low wet strength due to its inherent hygroscopic characteristics forming hydrogen bonding with water, but water penetration is 

limited due to the disordered domains. Cellulose disposed to significant swelling due to absorption of liquid water or moist air 

along its hydrophilic surface, and due to the higher surface area of nanocellulose, it can take up more water and swell much more 

compared with cellulosic fiber [32]. 

Cellulose I, II, III, and IV are the allomorphs of crystalline cellulose; in the crystalline structure, cellulose I contains parallel 

chains and forming sheets stacked together by Van der Waals interactions and hydrogen bonds. Cellulose I can be converted into 

either II or III. Cellulose II is obtained from I by an alkali treatment; it is typically obtained by mercerization (aqueous NaOH 

treatment) or regeneration (dissolution and recrystallization) of native cellulose. During this treatment, the cellulose I parallel 

chain changes into an antiparallel chain of cellulose II. Cellulose I or II can be converted onto cellulose III by treatment with 

liquid ammonia. Cellulose IV can be obtained by thermal treatment of cellulose III [33]. 

Since materials toxicity is considered for biomedical applications and sources of cellulosic particles are low or no toxicity, the 

aggregation, dimension, hydrophobization, hydrophilization, and surface modification might influence their biocompatibility and 

cytotoxicity. However, particle nanoscale has been known as the main factor for generating material toxicity composed by this 

particle [34]. There are conflicting reports on geno-, cyto-, and immunotoxicity vitro studies for cellulosic nanoparticles. Also, 

after exposure to cellulosic nanoparticles, an inflammation occurs as a typical physiologic reaction to an alien substance, but it 

may disappear [35].  
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Figure 3. Schematic illustration of the microstructure of a cellulosic fiber (Adapted from reference [25]).  

 

2.1. Cellulose Modifications 

Functionalization or chemical treatment of cellulose has been developed to increase cellulose's worth or adaptability. The 

properties of modified or cellulose derivatives are determined by the degree and type of substitution, as well as the 

functionalization pattern along the cellulose chain. Cellulose has three hydroxyl groups in each glucose unit, depending on 

treatments and the cellulose origin. Cellulose can be modified chemically by substituting its hydroxyl groups with functional 

groups, such as chlorides, specific acids, and oxides, to develop new characteristics. The stiff and bulky main cellulose chain and 

its poor solubility in organic solvents pose a significant steric hindrance to the regioselective synthesis of cellulose derivatives. 

The hydroxyl group is the reactive component most often targeted on the cellulose chain. Taking advantage of the minor 

reactivity differences between the C2, C3, and C6-OH groups is complex since cellulose hydroxyl groups are not strongly 

nucleophiles and require strong reactions. Thus, regioselective replacement is one of the outstanding difficulties in synthesizing 

cellulose derivatives. The relationship between cellulose derivatives' regiochemical structure and characteristics must be 

understood to synthesize them under more general and realistic circumstances for commercial use.  

Cellulose functionalization can be performed homogeneously or heterogeneously. To obtain cellulose derivatives with a high 

degree of substitution through heterogeneous functionalization, cellulose needs to be pretreated (activated) to decrease the 

interfiber bonding caused by hydrogen bonds. The most common activation procedure for cellulose for heterogeneous reactions 

is swelling in polar liquids such as ethanol, dimethyl sulfoxide, NH3, or aqueous NaOH [36].  

Etherification and esterification are two standard processes used in the chemical derivatization of cellulose based on the hydroxyl 

group. The derivatives may differ in essential properties such as chemical structure, water interaction, moisture sorption, 

solubility, and surface activity [37]. Acids and acid anhydrides are used as reagents in heterogeneous reactions to create 

commercial cellulose esters and ethers. The hydroxyl groups of cellulose can be totally or partially etherified by different 

reagents, e.g., halogenoalkanes, epoxides, and alpha-halogenated carboxylic acids. While cellulose esters are the main class of 

commercially thermoplastic biopolymers, they melt before decomposition and have good solubility in common solvents. Due to 

less complicated production processes, they can be utilized in biomedical applications. Esterification can be carried out using 

mineral, organic acids, or their anhydrides in the presence of a dehydrating agent so that esters can be either organic or inorganic 

[38]. In the case of the esterification of cellulose by organic acids, at a significant excess, the organic acid reactivity is 

insufficient for performing the esterification reaction. Therefore, acids chlorides or anhydrides are used as esterification reagents 

under acidic conditions; these conditions lead to backbone cleavage. The irreversible saponification of cellulose ester can take 

place under highly alkaline conditions. Accordingly, various cellulose esters have been synthesized like cellulose acetate, 

cellulose format, esters of high aliphatic acids, esters of mono-, di- and tricarboxylic aliphatic acids, esters of aromatic acids, 

esters of phosphonic or sulfonic acids [39]. The p-toluenesulfonyl cellulose (tosyl cellulose) is an imported ester that forms 

versatile intermediates in the synthesis of cellulose derivatives. Also, the tosyl group is considered a protective group, leaving the 

group for nucleophilic substitution reaction [40]. The homogenous or heterogeneous synthesis of tosyl cellulose introduces the 

tosyl group onto C6 [41]. The heterogeneous synthesis of tosyl cellulose is prepared by reacting suspended cellulose with 

excesses of p-toluenesulfonyl chloride (40 mol) to 1 mol of anhydroglucose in the presence of pyridine for a long time at 80 C. 

So, the disadvantages of this method are the high reagent amounts, long reaction times, aminodesoxy group formation, 
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chlorination, and poor product solubilizes. All of these can be avoided by synthesis in a homogenous system. Rahn et al. prepared 

tosyl cellulose with a degree of substitution 0.4 - 2.3 by dissolving cellulose in dimethyl acetamide/LiCl and using 0.6-9.0 mol of 

tosyl chloride/mol of anhydroglucose unit in the presence of triethylamine as the base for 24 h at 8 °C [42]. The available 

inorganic cellulose esters are few compared with the large number of available inorganic acids. The oxygen-containing inorganic 

acids of the elements phosphorus, nitrogen, boron, and sulfur produce several cellulose esters such as cellulose phosphate, 

cellulose nitrate, cellulose borates, and cellulose sulfates [43].Since this review aims to highlight the application of cellulose 

sulfate as an anticoagulant agent, the following section will focus on the sulfonation of cellulose as a selected cellulose ester. 

 

 

Cellulose Ethers (R = H or) 

Methyl Cellulose, CH3 

Ethyl Cellulose, CH2CH3 

Hydroxyethyl Cellulose, CH2CH2OH 

Hydroxypropyl Cellulose, CH2CH(OH)CH3 

Carboxymethyl Cellulose, CH2COOH 

Cellulose Esters (R = H or) 

Cellulose Acetate, (C=O)CH3 

Cellulose Nitrate, NO2 

Cellulose Sulfate, SO3H 

 

Figure 4. Chemical structure of cellulose derivatives. 

 

1.1Sulfonation of Cellulose 

During the preparation of cellulose nanowhiskers by H2SO4, a negative charge is formed on the surface due to the esterification 

of OH groups by sulfate ions. The negative charge leads to a more stable suspended nanowhisker in an aqueous solution, and the 

esterification levels are highly dependent on acid concentrations and hydrolysis time [44]. Most inorganic and organic acids can 

be esterified with cellulose using techniques similar to simple alcohol use [45]. Cellulose sulfate refers to cellulose sulfuric acid 

half-ester, and it can be obtained by esterification of OH groups according to the following equations: 

Cell-OH + SO3  Cell-OSO3H 

Cell-OH + XSO3H  Cell-OSO3H + XH                      (X = H2N, HO, Cl) 

The half-ester can be converted to its sodium salt, which is soluble in water with a sulfate degree of substitution  0.2-0.3, 

depending on the ester moieties distribution. Also, it can be synthesized by using various sulfating agents to displace the nitrite 

group from its position in the anhydroglucose unit [46]. This allows cellulose to be directly sulfated without the need to isolate 

the cellulose trinitrite in a reaction system consisting of dissolved cellulose with an excess of N2O4 in dimethyl formamide and 

comprising an excess of N2O4 and HNO3 as other components [46]. Another method for sulfating cellulose is combining sulfur 

trioxide and dimethyl sulfoxide to achieve a substitution degree up to 2 [47]. In general, sulfuric acid, sulfur trioxide, and 

chlorosulfonic acid are the most often utilized sulfating agents. They can be employed alone in reactions, with cellulose, or in 

inert mediums such as chlorinated hydrocarbons. An agent's molar ratio, temperature, and reaction time can all be adjusted to 

anhydroglucose, adjusting the sulfate group's degree of substitution range (0 – 3). The hydrolytic breakage of the glycosidic 

linkages during sulfation frequently results in the degradation of the cellulose chain [48]. Three methods can synthesize 

synthesize sulfate: homogeneously beginning with partially substituted cellulose derivatives, heterogeneously employing an 

activated cellulose solution, and by dsplacement reaction of an ether or ester group that already occurs on the macromolecule 

[49]. For the scaling up of the manufacture of cellulose sulfate, the sulfonation is carried out using a mixture of H2SO4 and n-

propanol; the yield and conversion ratio is increased with increasing H2SO4 concentration in the reaction solution. The reaction 

mixture contains n-C3H7OH, H2SO4, H2O and n-C3H7OSO3H as follows: 

H2SO4 + βCH3CH2CH2OH 
𝑡<20C

  βCH3CH2CH2OSO3H + ( - β)H2SO4 + βH2O 

The presence of H2O and H2SO4 leads to undesired reactions during the sulfonation process, such as hydrolysis or carbonization. 

The undesired reactions can be reduced by controlling the experimental conditions as T = –5C, t<5 h, H2SO4 conc. 20–35% 

(w/w) and H2O content <11% (w/w) according to Yao et al [50]. 

Cellulose sulfate with range of substitution degree (0.28–0.77) and (2%, w/v) viscosity (115–907) mPa s were produced by using 

anhydrous Na2SO4 as water absorbent, sulfuric acid/ethanol solution as sulfonating agent and changing the parameters such as 

temperature, the reaction time, Na2SO4 amount, liquid/solid ratio and sulfuric acid/ethanol ratio. The 13C NMR analysis indicated 

that the sulfonation was produced at the C6 position. This process was eco-friendly and could be applied to scale production 

instead of traditional systems such as sulfuric acid/N-propanol [51]. 
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Cellulose sulfate was homogenously prepared from partially functionalized cellulose ester such as tosyl cellulose (Figure 5). 

This sulfation is regioselective sulfation in which the tosyl group acts as a protecting group during the sulfation process, as it is 

stable under the sulfating process using a sulfur trioxide/ pyridine system. The tosylation occurs at C6 of the anhydroglucose unit 

and acts as a good leaving group for subsequent nucleophilic displacement reactions at C6 [52].  

Figure 5. Schematic synthesis path of tosyl cellulose sulfate. (Adapted from reference [53]). 

 

As mentioned before, the distribution and type of substituents in cellulose play an essential role in the anticoagulant activity of 

cellulose derivatives, cellulose phosphate, sulfate, and quaternary ammonia groups were prepared [23]. The preparation was 

performed with cellulose acetates with different degrees of substitution (1.9, 2.4, and 2.9). For regioselective deacetylation, 

cellulose triacetate was prepared in dimethylsulfoxide at 100C; after cooling to 80C hexamethylene diamine was added, giving 

cellulose acetate with a degree of substitution between 2.4 and 0.7. After neutralization, the product was precipitated in water, 

and in case of degree of substitution ≤1, ethanol was used to create the precipitation to prevent the precipitate from expanding too 

much. After this, sulfation of the partially substituted cellulose acetates, dissolved or suspended in dry dimethylformamide 

(Figure 6a). For cellulose phosphates, tri-n-butylamine was added to the dimethylformamide solution of partially substituted 

cellulose acetate, followed by the addition of tetrapolyphosforic, and the polymer was precipitated using ethanolic NaOH. Also, 

cellulose sulfate was prepared via trimethylsilyl cellulose as an intermediate (Figure 6b). In the case of quaternary ammonium 

groups, an aqueous solution of the half ester was reacted with (3-chloro-2-hydroxypropyl)-trimethylammonium chloride and the 

product was precipitated in methanol and neutralized with acetic acid (Figure 6c). 

Cellulose sulfate is the one ester of cellulose produced by nucleophilic substituting one hydroxyl group in cellulose. The degree 

of sulfonation depends on the sulfonating agent, reaction components' molar ratio, medium, reaction temperature, and reaction 

time. According to organic chemistry rules, the primary hydroxyl groups are the most reactive species; thus, the substitution 

occurs first at position C6 in the cellulose. Prior research on cellulose sulfation has been done in homogeneous systems beginning 

with a partly substituted cellulose derivative in an aqueous solution or heterogeneous systems starting with an activated cellulose 

suspension [49, 54].  

Two routes introduced carboxyl and sulfate groups regioselectively into anhydroglucose units of cellulose-given carboxyl 

cellulose sulfates. The first route was sulfonation of cellulose followed by 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO) 

oxidation, and the second was 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO)  oxidation followed by sulfonation [55].  

Synthesis of cellulose sulfate has been developed in the last three decades; one of these is the formation of nitrite ester groups by 

dissolving of cellulose in N2O4/N, N-dimethylformamide, the nitrite ester groups can be easily substituted by sulfate groups using 

chlorosulfonic acid or  SO3 as sulfating agents (Figure 7) [56]. 

Using LiCl/N, N-dimethylacetamide, or N–methylmorpholine-N-oxide as a homogeneous medium for sulfation of cellulose 

yields partially water soluble cellulose sulfate due to coagulation of the reaction system [57]. Although the heterogeneous 

synthesis, like a mixture of isopropyl alcohol and sulfuric acid of cellulose sulfate, is water soluble, the acidity of the reaction 

medium leads to chain degradation and uncontrolled substituent distribution [58]. However, water-soluble with homogeneous 

sulfation is associated only with low cellulose degradation [57]. Also, it can be prepared quasi-homogeneously through 

acetosulfation or direct sulfation, in which the cellulose suspension turns into a transparent solution during the reaction, and the 

cellulose is dissolved in the reaction mixture [59]. 
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Figure 6. Schematic synthesis of (a) cellulose sulfates and phosphates via cellulose triacetate, (b) cellulose sulfates via 

trimethylsilyl cellulose, and (c) cellulose ampholytes by cationization of cellulose sulfates (Adapted from reference [23]). 

 

 

Figure 7. Mechanism of the cellulose sulfate formation via cellulose nitrite intermediate. 
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Bhatt et al. prepared water-soluble cellulose sulfate with a substitution degree of 0.392 by the sulfation of -cellulose extracted 

from stems of Lantana camara in a heterogeneous medium using sulfuric acid  [60]. The reaction was at 8 C for 60 min and 40 

mL of an aqueous sulfuric acid (34.2N)/ 1 g of -cellulose. The sulfating agent, hydrogen sulfate ion (HSO-
3), is produced by 

dissociation of sulfuric acid in water (1). So, sufficient water is needed in the reaction mixture to produce the sulfate agent. The 

hydrogen sulfate ion reacts with the OH group of cellulose, forming cellulose sulfate, and by adding NaOH, the sodium salt of 

cellulose sulfate was produced  

H2SO4 + H2O  HSO4
- + H3O+         (1) 

(C6H7O2)x (OH)3x  
HSO4− 

  (C6H7O2)x (OH)3x-a (OSO3H)a          (2) 

Cellulose                                                   Cellulose sulfate 

(C6H7O2)x (OH)3x-a (OSO3H)a   
NaOH 

 (C6H7O2)x (OH)3x-a (OSO3Na+)a           (3) 

 

Ragab et al. sulfated cellulose extracted from different sources, such as rice husk, rice straw, bagasse, and wheat straw, using 

sulfuric acid and 4-(Dimethylamino) pyridine as the sulfation agent and catalyst, respectively. The highest anticoagulation 

activities were observed in sulfated cellulose of bagasse, rice straw, rice husk, and wheat straw. They confirmed the formation of 

sulfated cellulose using  FT-IR spectra by comparing the OH absorption intensity; due to the substitution of the sulfate group at 

OH, the OH intensity of sulfated cellulose should be less than that of cellulose (Figure 8) [61].  

 

 

Figure 8. FT-IR spectra of crude cellulose, α-cellulose, and sulfated cellulose from rice straw, rice husk, wheat straw, and 

bagasse (Adapted from reference [60]). 

 

Sodium cellulose sulfate with substitution degree ranged (from 1.1 to 1.7), and the average molecular weight (1.1 and 3.5 × 104 

Da) was prepared by sulfation with chlorosulfonic acid/dimethylformamide as a sulfating agent. At room temperature, 

dimethylformamide (anhydrous) suspended microcrystalline cellulose was stirred overnight. The chlorosulfonic acid in 

dimethylformamide was added to the suspended solution with vigorous stirring. After 3 h, the mixture was poured into a 

saturated ethanolic solution of anhydrous sodium acetate. Using a centrifuge, the precipitate was collected and washed with 

anhydrous alcohol. It was water dissolved and neutralized with NaOH; the sodium salt was dialyzed against water and dried. The 

elemental analysis, FT-IR, and NMR spectroscopy analysis confirmed no substitution at C3, while sulfation mainly occurred at 

C6 and partially at C2 [62]. Cellulose sulfates with different degrees of substitution (0.21 and 2.59, attributed to sulfate groups) 
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and degrees of polymerization (59 and 232) were prepared by Zhang et al. It was found that the degree of polymerization had an 

inverse relationship between the amount of sulfur agent and the sulfur temperature [63]. 

Using ionic liquids as non-derivatizing cellulose solvents to prepare water-soluble cellulose sulfate leads to homogeneously 

direct sulfation of cellulose. The preparation of cellulose sulfate using 1-butyl-3-methylimidazolium chloride/dimethyl 

formamide led to a product with a degree of substitution ranging from 0.14 to 1.46. The NMR spectroscopy found that the 

sulfonation in ionic liquid leads to C-6-O-sulfated cellulose with minor polymer degradation. In addition, the used ionic liquids 

can be recycled and reused for sulfation of cellulose [57]. 

Zhang et al. prepared carboxyl- or carboxymethyl- and sulfated cellulose to study the effect of reaction conditions on the 

substitution degree of sodium cellulose sulfates through quasi-homogeneous direct sulfation or acetosulfation. Also, this study 

aimed to control the reaction conditions to regulate the substituents' distribution and molecular weights of the prepared cellulose 

sulfate. It was found that the sodium cellulose sulfate properties depend on starting materials and reaction parameters like 

reaction duration and temperature, e.g., with less acetic anhydride and high chlorosulfonic acid, a high substitution degree was 

obtained. Comparing direct Sulfation, the Sulfation at O-6- and O-2-positions was preferred, and no sulfation at O-3-position 

through acetosulfation was preferred. The -OH groups at C6 of cellulose sulfate could be converted into -COOH through 2,2,6,6-

tetramethylpiperidine-1-oxyl radical (TEMPO) oxidation. Also, the -OH groups could be carboxymethylated with chloroacetic 

acid, but it was not selective, and the -COOH groups were found at all three positions (Figure 9) [59]. Table 2 summarizes 

recent studies on synthesizing cellulose sulfate from various materials and its applications in the medical field.  

 

  

Figure 9. 13C-NMR spectra of sulfated cellulose and oxidized sulfated cellulose in D2O at room temperature (Adapted from 

reference [56]). 

 

Table 2. Synthesis of cellulose sulfate from various materials and its applications in the medical field. 

Cellulose source Sulfonating agent Application  Reference 

Birch Cellulose Sulfamic acid/ graphite-like catalyst 
Anticoagulant and hypolipedemic 

substance 
[64] 

Cellulose sulfate 
Sulphuric acid or sulphur trioxide or 

chlorosulfonic acid 

Antiviral, antibacterial, anticoagulant, 

tissue engineering, and drug delivery 
[65] 

Bacterial cellulose Cholorosulfonic acid Tissue engineering [66] 

Cotton cellulose Sulphuric acid Antimicrobial  [67] 

Tunicate cellulose Sulphuric acid Bone tissue engineering  [68] 

Microcrystalline cellulose Cholorosulfonic acid Tissue engineering  [69] 

Carboxymethyl cellulose  
Chlorosulfonic acid/ N, N-

Dimethylformamide 
Osteoarthritis [70] 

2.Manifestation of Anticoagulant Activity 

Cellulose sulfate is a water-soluble cellulose derivative with antibacterial, antiviral, and anticoagulant properties due to the 

sulfate groups' high degree of substitution. Due to the simplicity of its preparation, large-scale production and affordable cost, 

biocompatibility, biodegradability, and film-forming ability, cellulose sulfate is the frontrunner for potential biomedical 

applications like anticoagulant [25]. As was already noted, anticoagulants are widely used in many clinical applications. Certain 

anticoagulants are needed for specific medical disorders or application fields. For instance, an anticoagulant with a long-lasting 

impact is necessary to prevent venous thromboembolism, and an agent with the ability to prevent bleeding is needed for pre- and 

post-surgery administration [71]. The sulfate groups have a high negative charge, so sulfated cellulose nanocrystals have been 
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used as anticoagulant surfaces that mimic the heparin action [72]. By comparing the prepared sodium cellulose sulfate by Wang 

et al. from microcrystalline cellulose with heparin, it was found that heparin was discovered to be absent from the blood three 

hours later, sodium cellulose sulfate prolonged clotting time to three times that of the control until 12 h after subcutaneous 

treatment. Because of this, sodium cellulose sulfate has a longer half-life than heparin, meeting the need to prevent venous 

thromboembolism. 

Furthermore, compared to heparin, sodium cellulose sulfate had less action in mice, as determined by the thrombin time assay 

and clotting time determination (Figure 10). In the in vivo test, a slight dose-response activity was triggered by sodium cellulose 

sulfate rather than a dramatic effect caused by heparin. Therefore, sodium cellulose sulfate can replace heparin in clinical settings 

[62]. Cui et al. found that the important factors in determining the anticoagulation efficiency of polysaccharides are their 

monosaccharide composition, sulfate ester, and molecular weight [73]. The anticoagulant activity of the sulfated cellulose 

increases with an increasing degree of sulfation. 

 

 

Figure 10. Optical microscopy images of blood contacted with branched polyethyleneimine (a),  sulfated cellulose nanocrystal 

(b), and the Quartz Crystal Microbalance with Dissipation monitoring (c) (Adapted from reference [64]). 

 

A study determined the relationships between sodium cellulose sulfate's chemical properties, blood anticoagulant action, and 

toxicity. Different samples of cellulose sulfate ranging in number-average molecular weights (800 - 36.8 x 104) and total degree 

of substitutions (0.5 - 2.75) were prepared. The way in which substituent groups are distributed on the C2, C3, and C6 in a 

glucopyranose unit was determined by the NMR method [74]. Figure 11 shows the relation between anticoagulant activity and 

total cellulose sulfate substitution degree. Qualitatively, by increasing the degree of substitution, anticoagulant activity tends to 

approach the good equivalent or superior grade. In samples with a degree of substitution less than 1.94, the anticoagulant activity 

was of neither good equivalent nor superior grade. It is noted from the Figure that the degree of substitution is not the only 

controlling factor for anticoagulant activity because when the degree of substitution is 1.88-2.05, anticoagulant activity covers all 

grades. All cellulose sulfate samples having a degree of substitution 1.88 showed a degree of substitution of the superior or 

good equivalent grade, but samples with a degree of substitution of 1.97 showed anticoagulant activity of the non-active grade. 

Also, it is noted that the anticoagulant activity is related not only to but also to the average distribution of the substituent groups 

in C2, C3, and C6. Figure 11 shows the anticoagulant activity of cellulose sulfate as a function of substitution in C2, C3, and C6. 

Substitution in C2, C3, and (C2 + C3) show good correlation with anticoagulant activity, but C6 does not. All cellulose sulfate 

samples with C2  0.75 or C3 < 0.48 have anticoagulant activity of the non-active grade, and (C2 + C3) has the best correlation 

with anticoagulant activity. It is also found that the average molecular weight significantly affects the anticoagulant activity, as 

the anticoagulant activity tends to increase with a decrease in the average molecular weight. 

At the same average molecular weight, acute toxicity decreases as substitution in (C2 + C3) increases. So, it is challenging to 

obtain cellulose sulfate with suitable acute toxicity and high anticoagulant activity under these conditions. In particles, the 

cellulose sulfate is non-toxic, but its anticoagulant activity is of the non-active grade. 

From the study also, it was found that cellulose sulfate has an acute toxicity more significant than heparin, which is found in the 

arterial walls of both humans and animals, so no cellulose sulfate sample with anticoagulant activity and acute toxicity 

comparable to heparin can be predicted. Except for coagulation factor VIII (antihemophilic globulin), the action of cellulose 

sulfate on all coagulation factors is the same as that of heparin, and it inhibits factor VIII much more effectively than heparin. 

Consequently, factor VIII appears to be the primary target of cellulose sulfate, with a minor effect on factor IX (plasma 

thromboplastin component), which heparin was discovered to inhibit. 
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Figure 11. Effect of substitution in C2, C3, and C6 and the total degree of substitution of cellulose sulfate on anticoagulant 

activity (I = inferior, G = good equivalent, N = non-active, and S = superior grade) (Adapted from reference [66]). 

 

In rabbit experiments, increased plasma clotting times in some coagulation tests and plasma anticoagulant activity were seen 

when cellulose sulfate prepared from wheat straw with a dynamic viscosity of 3.4 cP and sulfur content of 14.1% was given 

intravenously. The plasma clotting time in the presence of the anticoagulant (five minutes after delivery) was approximately three 

times longer after cellulose sulfate (1 mg/kg) than after saline administration [75]. 

Carboxymethyl cellulose was reacted with an aqueous sodium bisulfite/sodium nitrite solution, giving a sulfate derivative. Their 

anticoagulant activity was investigated by the thrombin time (TT), activated partial thromboplastin time (APTT), and 

prothrombin time (PT). The results indicated that the sulfate groups improved the anticoagulant activity, and the activity relates 

to molecular weight, degree of substitution, and concentration; the low molecular weight promotes anticoagulant activity, and the 

high degree of substitution and concentration prolongs the activated partial thromboplastin time (APTT) (Figure 12) [76]. In 

another study, ethanolic solution of chitosan nanoparticles with ethylcellulose was electrospined onto a membrane of bacterial 

cellulose sulfate. The resulting membrane had good blood compatibility with non-adhere platelets; the anticoagulation times were 

the same as those of human plasma, and the inflammation was safe for application in the bioenvironment [77]. 

 

 
Figure 12. Effect of substitution degree (DS), concentration, and molecular weights on anticoagulant activity of carboxymethyl 

cellulose sulfates (Adapted from reference [68]). 

 

3. Conclusions, Future Prospects and Outlook 

 Numerous studies have been reported on modifying and using cellulosic materials over the past few decades. Because of their 

superior physical and biological qualities, biocompatibility, biodegradability, and low cytotoxicity, cellulosic materials 
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unquestionably hold great promise for applications in biological implants. This review summarizes the preparation of cellulose 

derivatives, focusing on cellulose sulfate. It also highlights their adaptability for use as an anticoagulant. 

 Even though cellulose sulfate is non-toxic, further investigation is required to assess its cytotoxicity profile and possible 

pharmacological side effects. 

 Because cellulose hydroxyl groups are not highly nucleophiles and hence require strong reactions, it is challenging to capitalize 

on the slight reactivity differences between the C2, C3, and C6-OH groups.  

 The main issue in scaling up the manufacture of cellulose sulfate is recycling the reaction solution and other byproducts. 

Consequently, the regeneration approach is a fruitful step in achieving this objective. 

 From the perspective of anticoagulant action, it is highly desirable to prepare cellulose sulfate with higher C2 + C3 and lower 

average molecular weight. This suggests that the mobility of cellulose sulfate in solution is a minor factor in its anticoagulant 

activity. 

 By studying the relationships between sodium cellulose sulfate's chemical properties, blood anticoagulant action, and acute 

toxicity. It was discovered that cellulose sulfate had a far more potent inhibitory effect on coagulation factor VIII than heparin. 
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