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Abstract 
To prevent clotting during dialysis, heparin is used to line the tubing which blood flows 

through. Unfortunately, many side effects arise from taking heparin, especially when it is used 

for an extended period of time. As such, long-term exposure for individuals undergoing dialysis 

every day is unavoidable. To prevent the solubilized heparin from entering the bloodstream, a 

polymer-based natural material is being investigated. This materials properties include reduction 

of coagulation and elimination of the long-term effects of heparin such as heparin induced 

thrombocytopenia and osteoporosis.  

Cellulose nanocrystals (CNCs) contain the same 1,4 linked pyranose backbone structure 

as heparin along with desirable mechanical properties, like high stiffness and anisotropic shape. 

By altering the functionalization on the surface of CNCs to closely mirror that of heparin, it 

should be possible to make a biomimetic material that counteracts blood clotting, while not 

introducing soluble small molecule anticoagulants into the body. Through blood assays and 

platelet fixing analysis, we have been able to show that this change in functionalization does 

reduce coagulation. Surface chemistry of CNCs were modified from ‘plain’ CNCs (70 mmol 

SO3
-/kg residual from hydrolysis) to 500 mmol COO-/kg (TEMPO oxidized) and 330 mmol SO3

-

/kg CNC (sulfated CNCs). We will show that by utilizing CNCs reactive functional groups and 

incredible mechanical properties we are able to create a material that reduces clotting while 

maintaining the tubing’s mechanical strength as well as eliminating heparin’s side effects 

associated with it being a soluble anti-coagulant.  
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General Audience Abstract 
To prevent clotting during dialysis, heparin is used to line the tubing which blood flows 

through. Heparin, an anticoagulant, is more commonly known as a ‘blood thinner’ which is a 

misnomer because it does not actually thin blood. Heparin works by inhibiting clotting factors in 

the coagulation cascade pathway which in turn limit the formation of blood clots and create the 

‘thinning’ effect mentioned earlier. When dialysis is performed the interaction between blood 

and the dialyzer tubing initiates the formation of a blood clot. This is where heparin use comes in. 

Unfortunately, many side effects arise from taking heparin, especially when it is used for an 

extended period of time. As such, long-term exposure for individuals undergoing dialysis every 

day is unavoidable. To prevent heparin or its mimics from entering the bloodstream, a polymer-

based natural material is being investigated. The properties of this material will include reduction 

of coagulation and elimination of the long-term effects of heparin. 

The polymer-based natural material being investigated is cellulose nanocrystals (CNCs). 

CNCs contain the same ring structure and chemical linkage sites as heparin along with desirable 

mechanical properties. By altering the surface chemistry on the CNCs to closely mirror that of 

heparin, it should be possible to make a biomimetic material that counteracts blood clotting, 

while not introducing a solution based small molecule anticoagulant to the body. Through blood 

assays and platelet fixing analysis, we have been able to show that this change in 

functionalization does reduce coagulation. The ‘plain’ CNCs used contained an initial charge 

density of 70 mmol SO3
-/kg. This residual charge density was a result from the acid hydrolysis 

performed to acquire CNCs from cellulose. Chemically modified CNCs contained many more 

negatively charged functional groups with TEMPO oxidized and sulfated CNCs having 500 

mmol COO-/kg and 330 mmol SO3
-/kg, respectively. 

We will show that by utilizing CNCs reactive functional groups and incredible 

mechanical properties we are able to create a material that reduces clotting while maintaining the 

tubing’s mechanical strength as well as eliminating heparin’s side effects associated with it being 

a soluble anti-coagulant.  
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Purpose 
Current anticoagulation treatment for end-stage renal disease (ESRD) patients during 

hemodialysis (HD) includes intravenous administration and/or lining dialysis tubing with heparin. 

An estimated 1.5 million people in the world undergo dialysis treatment with about 90% using 

hemodialysis.8 These patients’ kidneys function at 15% or less of an average individual’s kidney 

function. With half of heparin metabolized in the kidneys, lower function creates a build up of 

heparin in the body. HD patients often undergo the procedure three times a week for four hours 

with heparin being administered several times during the procedure. This constant heparin use 

can cause several negative side effects including hemorrhage, heparin induced thrombocytopenia 

(HIT), hypersensitivity, elevations of aminotransferase, and osteoporosis. Patients with HIT are 

at high risk for venous or arterial thrombosis and the osteoporosis that is caused by heparin is 

irreversible. Unfractionated heparin (UFH) and low-molecular-weight heparin (LMWH) can 

cause HIT, with UFH patients at an increased risk. Ultra-low-molecular-weight heparin 

(ULMWH) does not cause HIT, showing this form of heparin relies on the molecular weight of 

the sample. Osteoporosis caused by heparin hinders the differentiation and function of 

osteoblasts while also increasing the number of osteoclasts resulting in a loss of bone density.9 

The change in bone density is unable to be mitigated after the patient stops taking heparin. 

Medical grade heparin is manufactured through animal by-products, often porcine or 

bovine intestine. This creates a situation in which heparin is at a high risk of contamination. 

When bovine spongiform encephalopathy, or mad cow disease, infected cows in 2014, concerns 

arose about a risk of the prion entering the heparin supply. This event generated a recall of all 

heparin manufactured from bovines. A similar event has the potential to reoccur, potentially 

leading to a recall of  UFH and LMWH. It is possible that the world supply of heparin could be 

suspect if such an outbreak occurred. By converting some of the heparin supply from animal 

based to synthetic based, the negative effects of an outbreak on heparin supplies could be greatly 

mitigated.   

Current materials used during HD do not actively inhibit clots from forming. This is 

why patients need heparin administration during their HD treatments. The different material 

characteristics of HD tubing stimulate clots to form, forcing patients to take heparin or 

anticoagulant free HD which is much more complicated. To reduce or eliminate the need for 

heparin therapy a material would either need to have the characteristics similar to a blood vessel 
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and/or inhibit the coagulation cascade. Factors that limit coagulation are surface free energy and 

wettability, surface chemistry and functional groups, and topography and roughness.6 

Hydrophilic surfaces, negatively charged functional groups, and topography mimicking that of 

blood vessels has the potential to create the ideal ex vivo material environment for blood flow. 

The functionalization and purity of the heparin mimic will also be able to be better 

controlled through synthesis. This production method also eliminates the risk of animal derived 

contamination and the negative side effects that come with it. This is because the side effects 

caused by heparin are only induced by solubilized heparin in vivo that interact with elements in 

the system. CNCs create suspensions, not solutions, and so when added to a CNC material made 

to mimic heparin the material will not release any compounds into the blood stream, removing 

any unintentional compound interaction. Creating a CNC material that mimics heparin will 

reduce the cost, side effects, and dependability on an animal derived product. Focusing on HD, if 

a material with the properties proposed is produced then the 1.35 million HD patients would not 

have to worry about how their treatment could affect their health.   
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1 Introduction 
1.1 Heparin  
1.1.1 Background 

Anticoagulants are chemically synthesized, naturally occurring, or semi-natural substances 

that reduce coagulation through the suppression of clotting factors. Coagulation, i.e. blood 

transforming from a liquid to a gel, results when the endothelium lining of a blood vessel is 

damaged or external trauma affects the vascular system. This damage and repair process, called 

hemostasis, is regulated by anticoagulant and procoagulant concentrations kept balanced to 

maintain equilibrium. The reduction of coagulation can reduce, treat, or prevent the risk of blood 

clots breaking off and traveling through the bloodstream to organs and prevent blood from 

clotting during surgeries or dialysis treatment. Diverse anticoagulant compounds reduce 

coagulation by distinct methods, but most inhibit the coagulation cascade.  A wide range of 

blood-related operations and devices can be accomplished now by using anticoagulants. Medical 

treatments that utilize anticoagulants range from thrombosis, embolisms, kidney dialysis, 

cardiopulmonary bypass, and the prevention of clotting in surgery.10-11  

One of the most widely used and efficient anticoagulants is heparin, with thirty percent of 

hospital patients being exposed to it in the United States.12-14 Heparin is a linear, sulfated, and 

negatively charged polysaccharide biosynthesized in the Golgi of mast cells within the 

glycosaminoglycan (GAG) class.9, 15-18 The basic structure of heparin is composed of α-1,4 

linked uronic acid and D-glucosamine. The principal use of heparins has been for anticoagulation, 

but its interactions with more than 400 proteins are starting to be investigated.19 These 

interactions include, but are not limited to, binding and inhibiting cellular adhesion molecules20-

21, enhancing stimulation of fibroblast growth factor receptor signal transduction22-23, binding to 

inflammatory cytokines24-25, and stimulating anti-inflammatory activity through the reduction of 
LPS-induced nuclear translocation of NF-κβ 20-21.  

The average molecular weight of pharmaceutical grade heparin is 15,000-19,000 Da with a 

polydispersity index of 1.1-1.6.11, 26-27 To restrict coagulation, a heparin chain, with a minimum 

length of 18 residues, interacts with the serpin plasma cofactor antithrombin III (AT).12, 15, 28-30 

This interaction causes a conformational change in AT that inhibits the clotting factors Xa and 

thrombin (IIa).  
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The anti-thrombin binding region (ATBR) is a pentasaccharide sequence within AT that 

heparin binds to in order to initiate the inhibition of the clotting pathway.13, 26 Roughly 1% of 

vessel-wall heparin and one-third of mast cell heparin contains the ATBR.26, 28, 30-31 This binding 

sequence, shown in Figure 1, is composed of GlcNAc6SO3 - GlcA-GlcNSO3-3-6SO3 - 

IdoA2SO3 - GlcNSO36SO3. Of these groups, the most important to AT binding is GlcNSO3-3-

6SO3.15  

 
The anticoagulant properties of heparin are due to its high negative charge. Compared to 

other naturally derived biomolecules, heparin has the highest negative charge density with a total 

charge of approximately 75 mmol negative charge density/kg.9 The main functional groups that 

provide this charge are the carboxyl, O-sulfation, and N-sulfation groups. These groups interact 

with biomolecules through electrostatic interactions derived from positively charged amino acids 

in the target proteins binding site.9, 26, 32 Electrostatic interactions are characterized as any non-

covalent bonds, which all biological structures and processes rely on. The sulfur content of 

heparin, which contains most of the negative charge density, corresponds to about 2.5-2.7 sulfate 

groups per disaccharide unit.9, 16, 29 

 Current heparins used are unfractionated heparin (UFH), low molecular weight heparin 

(LMWH), and ultra-low molecular weight heparin (ULMWH). Each activates the cascade 

pathway uniquely and is administered differently. UFH is taken intravenously while LMWH and 

ULMWH are taken subcutaneously. Drugs taken intravenously are administered directly into the 

blood stream making them immediately available, but also immediately metabolized. When 

administered subcutaneously, the lack of blood vessels in the area results in a slow release into 

the system. Heparin can be administered subcutaneously but the activity is initiated after 20-60 

minutes.33 Often, when anticoagulation of the blood is needed immediately UFH will be 

administered,. LMWH and ULMWH are taken subcutaneously and have near 100% 
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Figure 1: Antithrombin binding region within heparin 
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bioavailability. This is partially because of the subcutaneous administration method and the fact 

that larger chains, like UFH, are cleared from the system faster.34-36 Subcutaneous delivery 

benefits patients by producing less discomfort at the injection site as well as generating a longer 

onset of activation, which then creates a longer half-life. 

1.1.2 Biochemistry  

The numerous pathways used for various complexes can be ascertained by different 

anticoagulant tests.9 Heparin interacts through secondary hemostasis, commonly known as the 

coagulation pathway, shown in Figure 2, through two methods. The first is by creating a tertiary 

complex between AT, heparin, and thrombin (shown in figure 3). This complex is able to be 

formed when a complex is 18 residues long, shorter chains utilize a binary complex method. This 

binary method forms when the ATBR in heparin interacts with AT to undergo a conformational 

change which creates a heparin/AT complex.37-38 This complex allosterically activates the 

pathway and exposes arginine residues on AT which covalently bind to specific serine residues 

on serine proteases to inhibit their function.11 Serine proteases, also known as coagulant enzymes, 

that can be inhibited are factors IX, X, XI, XII, and prothrombin (factor II).18, 39 Thrombin (IIa) 

and factor Xa are the most sensitive to inhibition, with thrombin being 10-fold more sensitive, 

and effect coagulation the greatest so these will be focused on.15 
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To form the bridging ternary complex, heparin chains must be greater than 18 residues 

long.40 Without bridging, thrombin inhibition is unable to be catalyzed and only factor Xa is 

inhibited through the binary complex. Fibrin formation (the process that forms clots along with 

platelets) and inhibition of thrombin-induced activation of factor V and VIII will take place if 

thrombin is inhibited.41 
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Even without bridging, as long as there is the ATBR that binds to AT, heparin is still 

able to reduce coagulation.39 The loss of the bridging mechanism is utilized in 50-75% of 

LMWH and all of ULMWH.27 We are focusing on the loss of bridging and heparin-Xa binding 

in our anticoagulant material because it will not be in the system and thus be able to ‘wrap’ 

around to form a ternary complex. Figure 3 shows how chain length can affect the bridging 

process. Loss of bridging also changes the ratio of anti-IIa and anti-Xa activity because with no 

bridging there is no anti-IIa activity. LMWH’s ratio of anti-IIa to anti-Xa activity vary from 

3.9:1 to 1.6:1 depending on the depolymerization, while in UFH the ratio is about 1:1.39-40 This 

lowered binding affinity to create the AT/thrombin complex has a benefit; with lower thrombin 

activity comes a lower risk of hemorrhaging.42 The different levels of this ratio for different 

heparin derivate is shown in Table 1. 

 

 

 d) 

Figure 3: a) Inactivated antithrombin b) Activated AT-thrombin complex formed by an 18 residue or longer 
heparin chain c) Activated AT-Xa complex formed by a heparin chain with functional groups similar to the 

ATBR d) Chain length of ultra-low-molecular-weight heparin, low-molecular-weight heparin, and 
unfractionated heparin compared to the heparin chain imaged in b and c  

Antithrombin 

Inactivated AT 

UFH / LMWH 

- 
- 

- - 

Antithrombin 

��

- 

�� �� ��
��

Xa 

- 
- - - 

- 

UFH / LMWH / ULMWH 

- 

- 
- 

- - 

+ 

+ 

+

Antithrombin 

��

- 

- 

- 

�� �� ��
��

- 
- - - - - 

- 

- - - 

Thrombin 
(IIa) 

 a) 

 c) 

 b) 



   8 

 
Table 1: Comparison of commonly used anticoagulants 

 

Type Brand 

Avg 

Molecu

lar 

Weight 

(Da) 

Half-

Life 

(hour

s) 

Ratio 

Anti 

Xa/Anti-

thrombin 

Activity 

Administration 
Price per 

Dose (USD) 

Approved 

Market 
References 

Unfractionated 

Heparin 
--- 

15,000-

19,000 
1.5 1 Intravenous 1-2  Worldwide 43, 44, 45 

Low-Molecular-

Weight Heparin 

Enoxaparin 

(Lovenox)  
4,500 4.5-7 3.9 Subcutaneous 3-13 

USA, 

Germany, 

Spain 

44, 46, 47 

 
Dalteparin 

(Fragmin)  
6,000 2-5 2.5 Subcutaneous 152-157  

USA, Germany 

Japan, UK 
44, 45, 46 

 
Tinzaparin 

(INNOHEP)  
6,500 3-4 1.6 Subcutaneous Unavailable 

Germany, 

Denmark 
44, 46, 48 

Ultra-Low-

Molecular-

Weight Heparin 

Fondaparinux 

(Arixtra) 
1,700 17-21 0 Subcutaneous 3,000-7,000  USA 

43, 44, 46, 

49 

Vitamin K 

Antagonists 

Warfarin 

(Coumadin)  
308 36-42 n/a Orally 0.15-0.5 Worldwide 50 

 

Heparin is cleared from the system by two methods, a primary and a secondary. The 

primary method involves heparin binding to receptors on membranes of endothelial cells and 

macrophages.41 The heparin is recognized by cell surface receptors, which stimulate the cell to 

internalize then depolymerize the heparin. Longer chains have a higher affinity to the cell surface 

receptors. The second method involves heparin eliminated through renal clearance. This is a 

much slower process, so the half-life of heparin depends on the dose. At a small dosage, only the 

primary method is used, giving it a low half-life. At a high dosage, the primary method is 

saturated making both methods used, therefore producing a longer half-life.39  

1.1.3 Isolation 

Heparin can be found in the mast cells of a wide range of animal’s intestines, lungs, 

liver, and skin.46 Suitable animals range from turkeys to zebra fish. The first heparin sources 

were derived from canine and bovine livers. Later, canine livers were phased out, and porcine 

mucosa was introduced. Currently, heparin is isolated and extracted from porcine intestine, 

bovine lung, bovine intestine, and ovine intestine. 16, 26, 43 In the US the only FDA approved 
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source of heparin is porcine mucosa because of the risk of contamination with bovine 

spongiform encephalopathy, which causes mad cow disease.44 Porcine mucosa has also been 

found to requires less degradation.38 Additionally, bovine and ovine heparin have approximately 

half the enzymatic activity compared to porcine heparin.11, 45  

Each year 24 tons of heparin is administered in the US with the concentration of heparin 

in its starting material being ~160-260 mg/kg.26 To meet the annual need of heparin the intestines 

of ~1 billion pigs  (1 pig can produce ~3 doses of UFH or ~1 dose of LMWH) are collected from 

slaughterhouses.38, 43 Focusing on porcine mucosa, the process of recovering heparin is 

performed by removing the matter containing glycosaminoglycan’s within the intestines then 

soaking them in a salt solution. Once soaked, the mucosa is scraped out and hydrolyzed to create 

primary heparin. This heparin is then added to an anion exchange resin to filter out the 

hydrolysate. A preservative is added, and the heparin is shipped for primary testing to make sure 

no prion antigens are present, the heparin is derived from the animal species indicated, and if 

there is any over-sulfated chondroitin sulfate (OSCS) in the batch. This testing is due to the 2008 

heparin contamination mentioned later. After this screening process has been completed and the 

product is found to meet standards, additional chemical processing is carried out to create 

purified, pharmaceutical-grade heparin.46 This processing includes an oxidation step, which 

removes possible endotoxins, bacteria, mold, viruses and prions from the system.38 The final 

heparin product is acquired by taking the chemically processed heparin and diluting it with water 

then filtering it through a 1000 molecular weight membrane and a 0.22 micron membrane, and 

then lyophilizing it. This is a broad overview on the procedure; the exact techniques, 

concentrations, and solvents used during the extraction of heparin are tightly guarded industrial 

secrets. 

1.1.4 Heparin Derived Drugs 

1.1.4.1 Unfractionated Heparin 

The most common and preferred form of heparin is unfractionated heparin (UFH). 

Before LMWH was produced, UFH was the most common source of heparin, but it now 

accounts for only approximately 4% of the the anticoagulation market.11 Each year 100 tons of 

UFH is produced around the world.43 The use of heparin is less than that of other anticoagulants 

due highly to its heterogeneous nature from it being assembled in a non-template directed 

method in the body. The non-uniform structure results in heterogeneous interaction with proteins 
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and AT.38 Studies show, that a variable heparin dose is required for different patients making 

outpatient treatment more difficult.47  

  
Removal of UFH from the body utilizes both the primary and secondary method. Those 

with kidney failure are advised to use UFH over other forms of heparin so heparin does not 

accumulate in their kidneys (1.1.4.3 Low-Molecular-Weight Heparin).  

Reversal of UFH can be done by adding protamine sulfate (PS) into the system 

intravenously.35 PS is a strongly basic, highly cationic, peptide derived from fish sperm that 

reduces heparin’s activity through direct binding interaction.48 The amino acid sequence of PS is 

ARYRC CRSQS RSRYY RQRQR SRRRR RRSCQ TRRRA MRCCR PRYRP RCRRH.49 

Arginine, a positively charged amino acid, makes up the majority of PS’ amino acid 

composition.50 PS dissociates the heparin-AT complex and the guanidino group within arginine 

interacts with heparin to create a complex through electrostatic interactions and ion pairing.51-52 

This lowers the bioavailability of heparin to bind to AT and creates a stable salt.53 Protamine has 

a half-life of seven minutes with the ability to dissociate heparin from AT within five minutes, 

eliminating the anticoagulant effect .54 

 
1.1.4.2 Heparin Sulfate 

 Heparin sulfate (HS) is a GAG that is biosynthesized from heparin sulfate proteoglycans 

(HSPGs), which are expressed and secreted by almost all mammalian cells.55 HS contains the 

same backbone structure as heparin, but the components within it are proportionally different. 

Compared to heparin, HS has a much higher average molecular weight, larger polydispersity 

index, and distribution of undersulfated domain as seen in Figure 6.  In vitro the functions of HS 

Figure 4: Basic structure of unfractionated heparin 
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are linked to HSPGs. These functions include but are not limited to anticoagulation, playing a 

key role in angiogenesis, cell adhesion, regulation of cellular growth and proliferation, inhibition 

of blood coagulation, and cell surface binding of lipoprotein lipase and other proteins.55 HSPGs 

have a half-life of 2-24 hours with complete elimination from the body in 48 hours.56 With a 

degree of sulfation value of 0.5-1.5 sulfate groups per disaccharide, HS is unable to limit 

coagulation effectively compared to heparin.7 Only about 1-10% of HS isolated from tissues are 

able to bind to AT.57 This low yield and anticoagulation efficiency limits HS from entering the 

anticoagulant market and being a viable alternative to heparin. 

 
1.1.4.3 Low-Molecular-Weight Heparin  

Low-Molecular-Weight Heparin (LMWH), also sometimes called fractionated heparin, 

include enoxaparin, finixaparin, tinzaparin, and five other clinically approved LMWH, makeup 

50% of the heparin market.11, 58 LMWH is composed of 16-20 monosaccharide units per heparin 

with and is derived by chemical or enzymatic controlled depolymerization from UFH.59 

Compared to UFH, LMWH has better bioavailability, a longer half-life, and dose-dependent 

clearance.27, 40, 60  

The different types of LMWH are created by different depolymerization reactions of 

UFH. Since the ATBR is only present in one-third of heparin, LMWH is formulated to be one-

third the weight of heparin giving it a molecular weight range of 3,500-6,000 Da with an average 

of 4,500 Da.35, 58 By reducing the length of UFH and concentrating the ATBR, LMWH has 

greater, more specific binding to factor Xa than to thrombin as well as reduced binding to plasma 

proteins and endothelium. Due to the primary clearance pathway having a higher affinity to 

longer heparin chains, the secondary clearance pathway mainly dictates the removal of LMWH 

from the body. The lower binding along with using mainly the secondary clearance method 

increases the half-life from UFHs 1.5 hours to 4.5-7 hours.39-40 The LMWH of choice is 

enoxaparin, with a half-life of 4.5 hours.58 The doses do not need monitoring or adjustments 

Figure 6: Difference in structure of heparin and heparin sulfate7 
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because binding is predictable and the risk of bleeding does not increase, so it is a safe at home 

alternative.  

 

 
The binding of LMWH is predictable because it is depolymerized to create a more 

homogeneous structure with less nonspecific plasma protein binding than that of UFH. This 

predictability as well as its ability to be subcutaneously administered allows LMWH to be used 

in an outpatient setting. Similar to UFH, in case of an overdose the antidote, protamine, can be 

administered. It should be stated that not all LMWH's react with protamine to stop 

anticoagulation. Unlike UFH, only factor Xa activity can be reversed when using protamine on 

LMWH.61 The main reason behind LMWH not being fully neutralized is due to reduced 

sulfation.62 LMWH’s that have higher sulfonation can be neutralized more than those with lower 

sulfation. 

LMWH has reduced binding to platelet factor 4 (PF4) and osteoclasts. The reduced 

binding to osteoclasts decreases the incidence of osteoporosis (1.1.8 Drawbacks of using 

Heparin).27 The use of LMWH with patients with kidney impairment is not recommended 

because reduced binding with cellular receptors for clearance from the body increases releasing 

heparin through the kidneys. Instead, UFH is recommended because of its higher binding with 

cellular receptors.27, 60 

a) 

b) 

c) 

Figure 7: Structure of several common low-molecular-weight heparins a) 
Enoxaparin b) Bemiparin c) Tinzaparin 
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1.1.4.4 Ultra-Low-Molecular-Weight Heparin  

 Ultra-low-molecular-weight heparins are heparin derivatives or mimics having an 

average molecular weight of less than 3,000 Da. Examples of this are AVE5026, RO-14, and 

fondaparinux sodium (Arixtra). AVE5026 and RO-14 are synthesized by selective chemical 

depolymerization through β-elimination from UFH. Synthesis of AVE5026 is a six-step 

process.35 Fondaparinux is chemically synthesized by block synthesis that yields about 0.1% and 

takes about 55 steps.63 The result is a pentasaccharide sequence that mimics the ATBR other than 

a residue on the reducing end. Although AVE5026 and RO-14 are promising ULMWH’s, only 

fondaparinux has been approved after going through thorough testing and is available in the 

market.  

 
Due to its extremely low molecular weight, ULMWH inhibits factor Xa with little 

interaction with thrombin. This inhibition also contributes to ULMWH to having the lowest rate 

of bleeding, compared to LMWH and UFH.42 The binding of ULMWH is specific to AT, so 

unlike UFH, it will not bind to other proteins. The amount administered is used principally in 

anticoagulation. Weight or age do not affect ULMWH's dose rate, and the pharmacological 

effects are predictable, so they can be administered at home with no risk.  

ULMWH is cleared primarily in the kidneys and can build up, so those with renal 

impairment are advised not to take it.35 It should also be warned that those without renal 

impairment still have the potential for ULMWH to build up in the kidneys. Concentrations in the 

body can be monitored using the half-life. Fondaparinux has a half-life of 17-21 hours, which is 

much greater than that of LMWH and UFH as seen in table 1. 42, 64  

ULMWH seems to be a viable option within the heparin product market, though it does 

have some drawbacks such as low yield and high cost. These characteristics have kept ULMWH 

comsumption below that of LMWH and UFH. The synthesis of FDA-approved ULMWH has 

many complex steps, with little yield, which makes it difficult to synthesize at low costs. 

However, ULMWH offers an alternative that comes without a contamination risk that 

characterizes animal-derived heparin UFH and LMWH. Should animal-derived heparin be 
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affected by an outbreak among animal hosts and removed from the market, ULMWH would 

remain available because of its synthetic origins, creating a potentially indispensible product. 

This benefit though is limited because the production of ULMWH cannot be relied upon to 

mitigate a crisis if today's heparin production were removed. Its high cost and low production 

could not meet the global need of the projected $16.3 billion heparin market in 2025. The limited 

value, because its clearance is through the kidneys, of ULMWH for kidney dialysis patients also 

creates a large gap in patients’ anticoagulant needs.43 Another shortcoming of FDA approved 

ULMWH is that if hemorrhaging or an overdose occurs there is no antidote to stop the 

anticoagulation. This poses a threat to patients whether they are administered in a hospital or at 

home.36 The creation of various types of heparin mimics through synthesis, like ULMWH, would 

provide an important alternative to prevailing, existing drugs while lowering the likelihood that a 

contamination crisis steming from animal impurities could fundamentally upend the viability and 

availability of treatments available.    

1.1.5 Heparin Mimics 

 Many variations of heparin mimics have been synthesized, ranging from polyureas with 

sulfated carbohydrates to polyaromatic anionic compounds.9, 63 These mimics have varying 

structures, but all contain a organosulfate. The next most abundant functionalization added was a 

carboxyl group. Several mimics contain the N-sulfation group. But many do not, likely because 

it is much more difficult and chemically hazardous to synthesize. A review of many different 

heparin mimics can be seen in Heparin-Mimicking Polymers- Synthesis and Biological 

Applications.9 

1.1.5.1 Chitosan 

 Chitosan, a deacetylated analog of chitin, is composed of D-glucosamine and N-acetyl-

D-glucosamine residues. Chitin is the most abundant natural polymer in the world after cellulose. 

It is found in the exoskeleton of crustaceans and insects as well as the cell walls of fungi. 

Chitosan is a desirable compound because of its biocompatibility, biodegradability, and natural 

antibacterial properties. Before sulfation, chitosan contains coagulation properties that stimulates 

platelet formation and erythrocyte aggregation.65 Yang’s study on chitosan shows that, after 

sulfation, chitosan limits coagulation in blood clotting assays relatively well, but not as well as 

heparin itself.66 It shows that the greatest anticoagulation effect the sulfated chitosans have is on 

the activated partial thromboplastin time (aPTT) assay. The thombin time (TT) assay has an 
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extended clotting time compared to the control, but is far from the anticoagulation level of 

heparin. Between heparin and sulfated chitosan the TT assay show no change. Another study by 

Suwan showed that the anticoagulation effect of sulfated chitosan is dictated by the molecular 

weight.67 The lower the molecular weight of the sample, the longer the aPTT anticoagulation 

activity and shorter the TT anticoagulation activity. These results show that sulfated chitosan 

anticoagulation can be tuned by molecular weight for either the intrinsic or extrinsic pathway. 

Sulfated chitosan is a versatile, cheap, and abundant resource that shows potential to be the next 

widely used heparin mimic.  

 
1.1.5.2 Chondroitin Sulfate 

 Chondroitin sulfate is found on cell surfaces in the extracellular matrix attached to 

proteins that are part of a proteoglycan. It is a GAG composed of alternating D-glucuronic acid 

and N-acetyl D-galactosamine residues. Each disaccharide unit contains an average of one 

sulfate group at the C-4 or C-6 position on the N-acetylated D-galactosamine residude.68 Similar 

to heparin, chondroitin sulfate has a very heterogeneous structure. Alone, chondroitin sulfates do 

not have any appreciable anticoagulation activity because their degree of sulfation is so minimal. 

To increase their anticoagulation effects Maruyama ‘oversulfated’ the chondroitin sulfate by 

adding two to three sulfate groups to each disaccharide.68 These results proved promising in vitro 

but the 2008 hepatin contamination where heparin was cut with oversulfated chondroitin sulfate 

proved that it is harmful when administered to humans. The chondroitin sulfate that was used in 

the contamination contained a tetrasulfated glucuronic acid, similar to Maruyama’s work. 69 

Section 1.1.8 Drawbacks of Using Heparin talks further about the lethal contamination. 

1.1.5.3 Dermatan Sulfate 

 Dermatan sulfate (DS) is an epimerized chondroitin sulfate where the carboxyl groups 

are converted from D-glucuronic acid residues into L-iduronic acid resides. This may prove 

beneficial for creating a heparin mimic, because heparin is composed of iduronic acid residues. 
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Although the structure of DS is closer to heparin than chondroitin sulfate, the degree of sulfation 

of DS if still much lower than heparins. This is because its structure consists of mainly N-

acetylated residues and nonsulfated uronic acid residues.70 With fewer sulfate groups on DS, it 

has fivefold less affinity to AT than heparin. DS still has the ability to bind to AT and create a 

complex, but only 5% of DS obtained from porcine skin has this binding ability. Other than 

anticoagulation, DS can bind with other molecules in the body like matrix molecules, growth 

factors, protease inhibitors, cytokines, chemokines, and pathogen virulence factor.71  

 
1.1.5.4 Alginates 

 Alginate is a linear polysaccharide found in the cell walls of brown seaweed. It is made 

up of D-mannuronic acid (M) and α-L-gluteronic acid (G) units. Each unit of alginate contains a 

carboxyl group, which makes it the only natural polysaccharide with this feature.72 After 

sulfation of hydroxyl groups, alginate chemically looks similar to heparin with carboxyl and 

sulfate functional groups along with uronic residues. Ronghua’s study on sulfated alginates show 

that they increase the anticoagulation effects on aPTT assays, but had a minimal effect on TT or 

PT assays.72 The aPTT results showed a prolonged anticoagulant effect compared to heparin. 

These studies show that alginates specifically inhibit the intrinsic pathway of the coagulation 

cascade, similar to heparin. Along with anticoagulation, alginate has shown to have several other 

functions such as heparinase inhibition, anti-oxidation, anti-HIV, anti-inflammation, and 

preventing calcium phosphate crystal formation in the urinary tract.73 

 

Figure 10: Chondroitin sulfate and its epimerized derivative dermatan sulfate 
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1.1.5.5 Sulfated Carbohydrates and Polysaccharides 

 Sulfated carbohydrates and polysaccharides used as heparin derivatives range from 

monomer saccharides that are polymerized to naturally occurring polysaccharides, like pullulan 

and sulfated dextran. The degree of anticoagulation these substances are able to achieve is 

directed by their degree of the sulfation, molecular weight, and position of sulfate groups. To 

have the potential ability to induce anticoagulation all saccharide structures must contain clusters 

of negatively charged sulfate groups.74 After further investigation and understanding of what 

stimulates anticoagulation chemically synthesized polysaccharides over naturally derived 

polysaccharides began being developed.75 

 Several different methods have gone into studying sulfated polysaccharides. Huang 

looks at chemically altering polyurethane by attaching lactose, mannose, and glucose residues 

then sulfating the hydroxyl groups on the cabohydrates.63 This research proved that by altering 

polyurethanes structure through the addition of sulfated carbohydrates the hemocompatibility can 

be improved. Another study looks at sulfonating pullulan, an exopolysaccharide that is produced 

by the black yeast Aureobasidium pullulans.76 This study looks at the effect of degree of 

sulfation, reaction time and temperature, and location of sulfation on sulfated pullulan’s 

anticoagulation effects. The results are similar to other studies where higher temperatures and 

longer amounts of time gave a higher degree of sulfation. The location of sulfate groups bound 

did not seem to have an effect on the sulfated pullulan’s anticoagulation. Unlike chitosan, the 

higher the molecular weight the longer the anticoagulation activity. This has been found with 

pullulan as well as other sulfated polysaccharides such as fucoidans, sulfated dextran derivatives, 

glycosaminoglycans from sea cucumber ︎Suzuki, and β-1,3-glucan sulfates.76 

Another method to create a carbohydrate mimic was creating a polymer composed of 

sulfated lactose-based glycopolymers.77 Similar to the saccharide attachment to polyurethane, 

this method uses the disaccharide peracetyl-lactose, but instead of sulfating after attachment this 

procedure sulfates before polymerization. After sulfation the lactose is synthesized to be a 

monomer with unsaturated bonds able to be radically polymerized. Polymerization is then 

induced to create a polymer with a carbon chain backbone and sulfated lactose branches. The 

sample that produced the best anticoagulation effect had the highest molecular weight and 

degrees of sulfation.  
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These different studies show that heparin mimics can be synthesized from a variety of 

carbohydrates and polysaccharides and in many different ways. So long as the product contains a 

high degree of sulfation, in vitro studies show that the sample will produce a similar response to 

heparin. No study of these reactants has been able to synthesize a mimic that can reduce 

coagulation at the same concentration as heparin. Further research in different and more specific 

functionalization should be done in this field to possibly create a mimic comparable to 

fondaparinux. 

 
1.1.6 Vitamin K Antagonists 

1.1.6.1 Warfarin 

 In the anticoagulant market, warfarin is the most common medication prescribed. 

Warfarin manages clotting by reducing the action of vitamin K. Clotting factors II, VII, IX, and 

X need vitamin K to be synthesized. Without its presence these factors cannot be synthesized. 

Warfarin interfers with the cyclic interconversion of vitamin K by inducing the inhibition of the 

Figure 12: Several derivatives of sulfated polysaccharides a) Sulfated pullulan b) 
polyurethane modified with lactose then sulfated c) sulfated peracetyl-lactose glycopolymer 
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γ carboxylation step of vitamin K synthesis.78-79 Warfarin is administered orally. With a half-life 

of 40 hours, the substance is active for a long period in the body, the effects start 12-24 hours 

after the initial dose. Heparin on the other hand has a rapid response time of 20-60 minutes, but 

only lasts 9-12 hours. The benefits of having a long active period and the ability to take it orally 

are why warfarin is so prevalent in the anticoagulant market. Similar to UFH, warfarin can be 

reversed by administering vitamin K, fresh frozen plasma, or prothrombin complex 

concentrates.79 

  
With all of the benefits from warfarin use there are also side effects. Because of its low 

molecular-weight, warfarin can cross the placental barrier and be a teratogenic, an agent that 

causes developmental malformations in an embryo or fetus.80 Fetal bleeding is also increased 

because of the placental crossing of the drug. A study on pregnant women taking warfarin 

showed that 42% of 71 pregnancies had poor outcomes, with 32% of the patients experiencing 

the death of the fetus.81  

1.1.7 Clotting Assays 

1.1.7.1 Activated Partial Thromboplastin Time Assay 

 Activated partial thromboplastin time (aPTT), also known as kaolin-cephalin clotting 

time, is a clotting test used to measure the clotting time of the intrinsic pathway, which includes 

the conversion of factor X to Xa. LMWH and ULMWH principally employ this conversion, 

whereas UFH employs both the intrinsic and extrinsic pathway, which converts factor II to IIa. A 

normal aPTT clotting time would be 28-30 seconds.63 A therapeutic concentration of heparin 

should have a clotting time of 75-115 seconds.17 Dosage of heparin is often measured using the 

assay against the patient’s anticoagulant free blood and multiplying its normal clotting time by 

1.5-2 times through the addition of heparin.82 

Figure 13: Structure of Warfarin 
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1.1.7.2 Prothrombin Time Assay 

 Prothrombin time (PT) looks at clotting initialized through the extrinsic pathway. The 

blood factors analyzed in the PT assay are factors I, II, V, VII, and X.83 Often, this test is done to 

check for the blood clotting results of patients taking warfarin because vitamin K is needed to 

make the clotting factors. Heparin often does not change the clotting time of PT assays. Normal 

prothrombin times range from 8-11 seconds.83 Similar to heparin and aPTT assays the time is 

adjusted to 1.5-2 times the anticoagulant free blood clotting time for warfarin dosage calculation.  

1.1.7.3 Thrombin Time Assay 

Thrombin time (TT) measures the conversion of fibrinogen to fibrin through the 

addition of bovine thrombin. Heparin use prolongs the assay result as well as abnormal 

fibrinogen production.84 Other tests observing heparins impact on clotting are more commonly 

used than the TT assay. 

1.1.8 Drawbacks of using Heparin 

1.1.8.1 2008 Heparin Contamination 

 As discussed earlier, heparin is derived from animal tissue. This sourcing can cause 

impurities and lead to complications including death. In 2008 an oversulfated chondroitin sulfate 

(OSCS) contaminated batch of heparin affected thousands of patients in the Americas, Europe, 

and Asia and caused more than 200 deaths.85 OSCS along with heparin is a GAG giving them a 

very similar structure (see Figure 14). Most tests conducted on heparin after manufacturing at 

that time were not able to differentiate OSCS from heparin, allowing the impurity to go 

undiscovered and into the market.  

Complications caused by OSCS include low blood pressure, shortness of breath, racing 

heart, as well as other severe symptoms.26, 86 The mechanism by which OSCS works is by 

activating the kinin-kallikrein pathway which produces anaphylatoxins and bradykinin. 

Anaphylatoxins generate reactions similar to anaphylaxis like facial swelling, tachycardia, and 

hypotension. Bradykinin, a potent vasoactive mediator, results in hypotensive side effects.  

China produces more than 50% of the heparin in the world.34 Problems like the 2008 

crisis demonstrate the problems of relying disproportionately on China to manufacture the 

world's supply of heparin. China has low regulatory control in the food and drug industry 

allowing tainted drugs enter the world market. The 2008 contamination was found to be 

purposeful contamination to cut costs.87 The price gap between OSCS and heparin is vast, with 
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OSCS only being $20 per kg and heparin $2000 per kg.88 The creation of cheap, synthetic 

heparin alternatives, could generate production in the United States. U.S. production 

accompanied by stringent FDA regulation could also help prevent incidences like the 2008 

contamination. 

 
1.1.8.2 Belief Limitation 

 Porcine and bovine tissues are the most common tissues used to supply heparin.11, 85 

Sourcing heparin from animals introduces regulatory concerns, as demonstrated by the outbreak 

of mad cow disease in the 1990s, the heparin shortage of the 2000s, and the OSCS contamination 

crisis of 2008.18 The derivation from animal tissue also poses religious concerns. According to 

the Pew Research Center in 2015 24.3% of the world is Muslim and Jewish, and 22% of the 

world is Hindu and Buddisht.89 Muslims and Jews are forbidden from consuming porcine 

byproducts, while Hindus may not consume bovine products. Brahman Hindus and many 

Buddhists are vegetarians, restricting devout belivers from accepting animal based medicines. 

This religious conflict between drugs and belief creates a high a demand for synthetically derived 

heparin.  

1.1.8.3 Biological Effects 

  Studies show that treatments using heparin can induce hemorrhage, heparin induced 

thrombocytopenia (HIT), hypersensitivity, elevations of aminotransferase, and osteoporosis.11, 16, 

60, 90 HIT is caused by binding to PF4, which creates a series of reactions that cause a lower 

platelet count and, potentially, thrombosis. Incidences of HIT are lower when patients use 

LMWH and almost nonexistent when using ULMWH because the shorter chain lengths have less 

binding affinity to PF4.91 By controlling the molecular weight and concentration of heparin doses, 

HIT can be avoided.  

Heparin induced osteoporosis results from heparin hindering the differentiation and 

function of osteoblasts, bone forming cells, as well as increasing the number of osteoclasts, bone 

resorbing cells.92-94 Low bone mineral density (BMD), a value that measures the bone health and 
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Figure 14: Structure of oversulfated chondroitin sulfate, the compound that contaminated the 
2008 heparin supply 
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identifies if a patient has osteoporosis, is dose and duration dependent with heparin.94 UFH 

patients have more incidences of osteoporosis than patients taking LMWH and ULMWH. This is 

because LMWH does not decrease the amount of osteoclasts, just osteoblasts. With only bone 

forming cells being inhibited, the BMD remains the same in patients.95 ULMWH have not been 

observed to reduce osteoblast or osteoclast activity, so they do not generate osteoporosis.93 The 

mechanism behind why these compounds give this effect is not fully understood yet. 

Women’s blood coagulability increases while pregnant.96 This drives women who are at 

a risk of blood clots to go through anticoagulant therapy during pregnancy. As mentioned earlier, 

the risk of miscarriages and fetal deformities increases when taking warfarin because it crosses 

the placenta. This influences women to take heparin for an extended period of time, which has 

the adverse effect of causing osteoporosis. Despite the young age of patients, one-third of 

heparin-treated pregnant women have a decrease in their BMD with 2.2-3.6% experiencing bone 

fractures.92, 97-99 Many women experience a BMD decrease during pregnancy, but it is restored 6-

12 months after breastfeeding.95 This result needs to be further researched because there are 

conflicting studies on non-pregnant patients that indicate bone growth, and in turn density, does 

not return to its original state.93 

1.2 Cellulose Nanocrystals 
1.2.1 Cellulose 

Cellulose is the most abundant, renewable, natural, and biodegradable polymer on earth, 

with 7.5 x 1010 tons produced annually.2, 100-102 Many living organisms including plants, animals, 

and some bacteria contain cellulose. About 40% of the biomass of all organic matter, with the 

exception of fossil fuels, is made up of cellulose.103 Cellulose is often referred to as a green 

material. Green materials are characterized as being renewable, while also often biocompatible 

and cost-competitive.104 The abundance of cellulose along with the renewed interest in 

sustainability within today’s society means it is a desirable material for consumers as well as 

innovators. 
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Polysaccharide cellulose has a linear structure made up of repeating units of anhydro-D-

glucose rings, stabilized laterally by hydrogen bonds between the hydroxyl groups.4, 101 Along 

with lateral stabilization, the equatorial hydroxyl groups generate hydrogen bonding between the 

oxygen and hydrogen groups intra- and inter- molecularly.105 Intermolecular linking is made up 

of β 1-4 glycosidic bonds. Intramoleculular bonding is dictated mainly by the O3–H���O5 bond.4 

Only one monomer is used in cellulose, β-D-glucopyranose, making it a homopolymer. Within 

the cellulose chain there is a 2-fold screw axis that creates symmetry along the length as seen in 

Figure 16 through the 1,4 linkage.2, 105 This screw means each unit of cellulose is flipped 180° 

from its neighbor. Depending on the cellulose source material, the n value in Figure 16 varies 

from 5,000 to 7,500.4 

       
Six different polymorphs I, II, III, IV, V, and VI compose cellulose.106 The cellulose that 

is often referred to as “natural cellulose”, derived from trees, plants, tunicates, algea, and bacteria, 

is Cellulose I. Within cellulose I there are two other polymorphs: a triclinic structure (Iα) and a 

Figure 15: Hierarchial structure of wood, from the tree to the smallest subunit 
cellulose1 
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Figure 16: Cellulose structure showing the β 1-4 glycosidic bonds and 2-fold screw axis 
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monoclinic structure (Iβ). The Iβ polymorph is dominant in cotton and wood and is more stable 

than the Iα polymorph.4 All Cellulose I chains are arranged in a parallel up configuration.106 This 

means that the β 1-4 glycosidic bond between each unit points in the same upward direction.  

Cellulose derived from cell-walls contains a mixture composed of cellulose, lignin, 

hemicellulose, and pectin. Native cellulose contains both the amorphous and crystalline regions 

along their length or in the transverse direction.4 The crystalline region has a higher density so 

when cellulose undergoes acid hydrolysis the amorphous regions break up and leave only the 

crystalline regions, which are the cellulose nanocrystals.107  

1.2.2 Cellulose Nanocrystal Background and Properties 

Cellulose nanocrystals (CNC), also called nanocrystalline cellulose107-108, cellulose 

whiskers106, crystalline cellulose109, or cellulose crystallites105, is a form of cellulose that comes 

from the smallest domain of the plant fiber.110 CNCs are made up of highly ordered crystalline 

domains whose morphologies vary by the origin of the raw material as well as the hydrolysis 

performed. The hydrolysis is what removes the lignin, hemicellulose, and amorphous regions 

within cellulose. Longer hydrolysis reactions shift the length distributions to lower values and 

give a narrower polydispersity index (PDI).107, 111 Wood CNCs range from 3-5 nm in width and 

100-300 nm in length with a crystallinity of 50-83%.2, 112 Depending on the source, the rod-like 

structure changes. For example bacterial and tunicates cellulose chains have a twisted-ribbon 

geometry.108 The effect of this different geometry on the mechanical and physical properties of 

CNCs has not been studied yet. 

 
Table 2: Dimensions of CNCs from difference sources observed through TEM imaging 

Source Length (nm) Width (nm) Crystallinity (%) References 

Wood 100-300 3-5 50-83 2, 107-108, 112 

Cotton 100-350 5-15 55-80 2, 107, 112-114 

Tunicate 100-4000 10-30 85-100 2, 4, 107, 112 

Bacterial 100-1000 10-50 >70 2, 107, 112, 115-116 

Algal (Valonia)  >1000 10-20 95 2, 107, 112, 117 

 

The abundance of hydroxyl groups on cellulose allows for easy chemical modification. 

Modifications that have been examined include esterification, etherification, oxidation, silylation, 

polymer grafting, among others.2 Even though there is an abundance of hydroxyl groups on 
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CNCs only half are accessible and can react.2 The other half are buried within the crystalline 

particle. Out of all the hydroxyl groups on CNC the most reactive and commonly functionalized 

is the one in the sixth position.107 The reactiveness of the position of each hydroxyl group is 

visualized in Figure 17. The introduction of new functional groups is often done to introduce 

different electrostatic charges on the cellulose to alter dispersion or tune the surface energy 

characteristics.2  

 

Development of materials derived from CNCs has increased dramatically in the past 

decade because of their desirable properties such as their nanoscale dimension, exceptional 

mechanical properties, high aspect ratio, low density, low toxicity, low thermal expansion, and 

unique morphology.2, 4, 107, 112, 118-120 CNC materials are able to create specific functionalization 

as well as ideal strength properties. 

1.2.3 CNC Production from Raw Materials 

 Raw materials like wood, cotton, bacteria, etc. are used to manufacture CNCs. First, 

cellulose must be extracted from the cell walls from the stem, leaf, or fruit. The world’s 

production of wood is degrees of magnitude larger than that of all other sources of cellulose so 

their isolation will be focused on. CNCs are extracted from the terminal enzyme complexes 

within the cell walls of wood.  Most of the matrix, composed of lignin, hemicellulose, and 

impurities, must be removed to create “purified wood”.4 Different methods of removing the 

matrix dictate the morphology, aspect ratio, crystallinity, and crystal structure of the CNCs.4 

After the removal of the matrix only the amorphous and crystalline regions remain in the 

cellulose fiber. The fiber is then bleached and put into solution to be ready for hydrolysis. 

Figure 17: Visualization of hydroxyl groups able to be functionalized on CNCs, using the example of TEMPO 
mediated oxidation2 
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1.2.3.1 Acid Hydrolysis 

 To isolate the crystalline regions within cellulose the three most common techniques 

used are mechanical treatment, acid hydrolysis, or enzymatic hydrolysis. The most well known, 

efficient, and widely used of the three is acid hydrolysis, so this is what will be focused on.118 

Isolating CNCs from cellulose using acid hydrolysis yields a highly crystalline rod-like or 

whisker shaped product with colloidal dimensions. The disordered amorphous regions of 

cellulose fibers are removed, leaving only single well-defined crystals.118  

Common acids used in this procedure include sulfuric112, phosphoric121, and 

hydrochloric122 acid. Using different acids creates a very low concentration of surface 

functionalization on the CNCs. For sulfuric, phosphoric, and hydrochloric acid hydrolysis, the 

functional groups added are -SO3
-, -PO3

- and –H respectively.  The –SO3
- groups given during 

sulfuric acid hydrolysis gives CNCs a similar functional group to heparin. It also allows 

suspensions of CNCs to form an ordered phase at a concentration above a critical value. 

Phosphoric and hydrochloric acid have not been able to create the same effect.123 The negatively 

charged sulfate groups produce a perfectly uniform dispersion through electrostatic repulsions.2  

 
When conducting acid hydrolysis the concentration of acid used needs to be strong 

enough to break the glycosidic bonds but weak enough to not completely hydrolyze the chain 

into glucose units. The best concentration range for sulfuric acid hydrolysis has been found to be 

around 60-70%.123 Using sulfuric acid as the hydrolyzing agent brings a net negative charge (30-

90 mmol/kg) on to the surface of the CNCs, which allows electrostatic stabilization in an 

aqueous media.121, 124 In order to get CNCs with a minimal charge on the surface, hydrochloric 

acid is used.112 This lack of charge causes the CNCs to not have the ability to disperse readily 

and flocculate.107 

Figure 18: A modified version of Moon and Ng’s visualization of the acid hydrolysis reaction on removal of the 
amorphous regions in CNC 3-4 
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 The procedure to get rod-like CNCs involves using two acid-to-pulp ratios of cellulose 

and 64% w/w sulfuric acid and stirring for 45-60 minutes at 45 °C. To quench the reaction a 10-

fold dilution of water is added. The product is centrifuged against water several times to get an 

acid-free precipitant. This precipitant is dialyzed against water for 5 days.124 The dialysis 

solution is then centrifuged again and the remaining sediment is sonicated in an ice bath. The 

residual electrolyte is removed from the sediment through filtration on 8 µm then 1µm 

membranes and a mixed bed resin.111, 118 The filtered product gives the final crystalline cellulose 

solution.  

1.2.4 Surface Modification of CNCs 
1.2.4.1 TEMPO Mediated Oxidation 

 The green reaction of using 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) as a nitroxyl 

free radial catalyzes the oxidant hypochlorite to specifically oxidize the primary hydroxyl group 

on CNCs. This reaction is considered ‘green’ because the reactants uses water as the solvent. The 

morphology of the CNCs after the reaction in able to be maintained, but with a high enough 

sodium hypochlorite concentration excessive oxidation may occur and the amorphous regions 

are further degraded.107 

 Along with sulfuric acid hydrolysis TEMPO oxidation generates more negatively 

charged functional groups on the surface of CNCs. This allows better dispersion in water due to 

electrostatic stabilization. Further surface modification can be more easily done with the 

dispersion of TEMPO CNCs than non-functionalized CNCs.107  

 
1.2.4.2 Sulfonation of CNCs 

 CNCs are able to replace the hydroxyl group with a sulfate group through the reaction 

with sulfur trioxide amine complex and a solvent.125 These complexes are used because once in 

the solvent the complex breaks apart to form a sulfur trioxide radical that reacts to switch with 

the proton on the hydroxyl group. This ‘switching’ occurs because sulfur trioxide is an extremely 

electrophilic reagent and the oxygen in the hydroxyl acts as a nucleophile.126 The complex is 

used over just sulfur trioxide because it is highly reactive and needs to be stabilized. Formation 

Figure 19: TEMPO oxidation of CNCs 
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of the complex is done by attaching the sulfur trioxide to a tertiary amine. Common chemicals 

used as the amine donor to the complex are dimethylformamide, trimethylamine, N,N-

dimethylaniline, and pyridine.  

The degree of sulfonation depends on several variables but most importantly the 

sulfating agent, medium, reaction time and temperature, and molar ratio of reactants.75 A study 

showed how several of these factors affected the degree of sulfation when using sulfur pyridine 

trioxide complex as the sulfating agent.127 By increasing the temperature, time, and mole ratio of 

reactant they were able to alter the degrees of sulfation. The use of pyridine over 

dimethylformamide (DMF) as the solvent allowed the sample to be heated up to a higher 

temperature, producing a higher sulfated product. Studies have also exhibited that if the mole 

ratio is increased from 1:4 to 1:8 at 40 °C for 48 hours the degree of sulfation rises from 1.88 to 

2.46.66 Even with this high degree of sulfation, not all the hydroxyl groups present on the CNCs 

are sulfated.  Some are left unmodified.  This model is based on chitin, but the basic hydroxyl 

functional group alteration and backbone structure is the same in cellulose. 

 

1.3 Biomaterials 
1.3.1 CNC Biomaterials 

Cellulose nanocrystals are a great addition to biomaterials because of their properties 

described in section 1.2.2. The ability to be biocompatible, biodegradable, low cost, and very 

functionally reactive gives them attributes that are hard to replicate.107, 128 A possible negative 

result is that CNCs are able to be metabolized by some microorganisms, but humans likely do 

not have this ability. This is due to humans not having cellulose-specific enzymes that are needed 

to digest cellulose. This idea has not been studied, but when incorporating CNCs into a material 

they should not be released into the body.  

CNCs can be incorporated in materials through casting-evaporation, freeze-

drying/molding, and extrusion. Out of these techniques casting-evaporation produces the best 

mechanical  properties. When casting-evaporating CNCs with a polymer unlike most composites 
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the matrix/filler interaction is not favored. The hydrogen-bonded percolating networks that are 

induced by CNCs above the percolation threshold cause this phenomenon and enable the 

amazing reinforcing effects CNCs have on their composite.129 The order of CNCs reinforcing 

efficiency in a nanocomposite casting techniques goes from evaporation, to hot pressing, then 

extrusion, from most efficient to least.2 The evaporation process allows CNCs time to create and 

interconnect the essential percolation network for the composites mechanical properties to be 

enhanced.  

1.3.2 Protein Adsorption and Adhesion on Biomaterials 

Protein adhesion and activation are important factors to consider when making a 

biomedical material, especially for blood-contacting materials. Once a material comes in contact 

with blood protein adsorption, platelet adhesion and activation, coagulation, and thrombosis are 

stimulated. Proteins that can adsorb to the surface through the blood are fibronectin, vitronectin, 

von Willebrand factor, albumin, immunoglobulins and fibrinogen, with fibrinogen inducing 

clotting the greatest.6 Through reduction or removal of protein adsorption and adhesion, platelet 

adhesion should also be eliminated. Materials and their surface properties dictate the response 

and its magnitude. Figure 21 shows how the presence of several different elements can develop a 

biological response. Surface property factors that influence adhesion and activation are 

topography, composition, hydrophobicity, heterogeneity, and charge. 

 
Figure 21: The effects of different properties on blood compatibility6 
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Hydrophobic materials have been shown to produce more protein adsorption than 

hydrophilic materials. Hydrophilic surfaces reduce protein adhesion because they are strongly 

bound to water molecules making it difficult for proteins to displace the bonding. Hydrophobic 

surfaces induce protein adhesion through ‘hydrophobic hydration’, which stimulates water 

molecules to bind to the surface through van der Waal forces. Proteins then adsorb to water 

molecules creating a protein-water-polymer layer. When this layer forms the water molecule in 

between the protein and polymer is replaced by water on the surface of the protein. This creates a 

conformational change where the hydrophobic portion of the protein then becomes available and 

binds to the material.130  

Functionalization of surfaces can also affect protein adsorption and alter the materials 

overall hydrophobicity. Comparing methyl, amine, hydroxyl, and carboxyl groups adhesion 

forces against blood plasma proteins methyl by far showed the greatest and carboxyl groups 

showed the lowest.131 Table 3 shows several other features that biomaterial surfaces can have 

that effect protein adhesion. Materials that resist protein adhesion the best are often hydrophilic, 

neutral charged, contain hydrogen-bond acceptors, and no hydrogen-bond donators.6  
Table 3: Material surface properties that effect protein adhesion132 

 

Feature Effect 

Topography More topography results in a larger surface area and in effect more 
protein interactions 

Composition Surface functionalization controls the type of intermolecular forces the 
surface has with proteins 

Hydrophobicity Proteins bind more readily to hydrophobic surfaces  

Heterogeneity Differences in surface characteristics can influence portions of the 
material to produce diverse protein interactions  

Potential Surface potential can alter the distribution of ions in solution and 
proteins interactions 

 

1.3.3 Hemodialysis 

1.3.3.1 Background 

More than 1.4 million patients world-wide have end-stage renal disease (ESRD).133 To 

keep their body from shutting down, these patients must undergo hemodialysis (HD) to remove 

toxins and excess fluid from of their bloodstream. HD is when blood continuously flows from 
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the body to the extracorporeal circuit (EC) and back. In the EC blood is filtered through a 

membrane that extracts waste and fluid. According to the National Kidney Foundation, patients 

undergo dialysis on average three times per week for four hours.134 This number of treatments 

varies depending on the condition of a patient’s kidney.  

The EC is made up of the arterial cannula, venous cannula, peristaltic blood pump, 

dialyzer, and many other components.135 Clotting in the EC is influenced by blood exposure to 

air, turbulent flow in the circuit, and blood components coming in contact with dialysis 

tubing.136-137 Exposure to air and flow of the system can be reduced in modern HD techniques. 

When blood comes in contact with the dialyzer, it stimulates the coagulation cascade through the 

extrinsic pathway by activating leukocytes.133 To counteract the blood components creating a 

clot, heparin is lined along the dialysis surface and/or administered intravenously. LMWH can be 

administered subcutaneously for clot prevention, but lining dialysis tubing with it has not yet 

been approved in the United States.137 The most common material used for blood lines is 

polyvinyl chloride (PVC) along with the softener di-(2-ethylhexy)-phthalate (DEHP).135  

All the negative side effects that occur from heparin administration can also take place 

when it is used for HD. With HD patients’ constant need for dialysis treatment, heparin and its 

potential side effects can be amplified. HD patients are in a state where their kidneys can barely 

function so additional medical complications could bring their body closer to failure. Because of 

patients’ reduced kidney function and the fact that 50% of UFH is cleared through the kidneys, 

the half-life of heparin is increased in ESRD patients. 133 The half-life of heparin is extended 

from 30 minutes in a patient with normal kidney function to 1 hour in an ESRD patient.133 This 

can cause heparin to build up in the body and further complications.  

Currently, patients who are at a high risk of bleeding have the option to participate in 

anticoagulant free HD or anticoagulant HD. Anticoagulant free HD is a more complicated 

treatment, but, may be chosen because, if a high bleeding risk patient is exposed to heparin, their 

risk of hemorrhaging increases. During this procedure the tubing that comes in contact with 

blood needs to be changed more often because of the formation of clots during the procedure. 

With a material that resists clotting no substance will need to be metabolized by the body, 

reducing the strain on HD patient’s kidneys. 
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1.3.3.2 Polyvinyl Chloride Material 

 A common dialysis tubing material used is polyvinyl chloride (PVC) plasticized with 

di(2-ethyl hexyl)phthalate (DEHP). This material has been used for several functions other than 

dialysis tubing such as flexible tubing for infusers and blood bags. Plasticized PVC is commonly 

chosen for these materials because of its flexibility, toughness, optical transparency, weldability, 

and very low cost.138 DEHP is commonly used in blood contacting devices because its release 

enables better preservation of red blood cells when stored.138 A problem with this material is that 

DEHP has shown to leech out of PVC at a rate whose concentration values are close to that of 

rats LD50. Lethal does (LD50) is the dose, or amount, that must be administered to kill 50 percent 

of the population tested. 

A study quantified the amount DEHP that leeches from blood bags to be 0.1 mg/mL 

blood after 21 days.139 With an oral LD50 for DEHP in rats being > 20 g/kg and the lowest no-

observed-adverse-effect-level (NOAEL) for kidney toxicity in rats is 29-36 mg/kg/day this 

leeching value well surpasses the limit.140 Current PVC tubing on the market shows that several 

manufacturers specifically state the product is DEHP-free because of these potentially harmful 

effects. Even with all these problems Solloum states that DEHP is still the most widely used 

plasticizer for blood bag applications.138  

PVC’s chemical properties activate protein adhesion and adsorption. By removing 

proteins from the system through attachment to the PVC surface, the body, which is already in a 

high stress state from dialysis, is deprived of essential blood proteins. This deprivation can cause 

decreased brain size, cognitive function, altered fat distribution, lethargy, depression, and 

immunosuppression.141 PVC does not inhibit coagulation or help limit it even though it is the 

most commonly used material for these processes. 

1.3.3.3 Polyethersulfone Material 

 Recently, polyethyersulfone (PES) has gained popularity as a polymer for clinical 

hemodialysis. Its stability and mechanical properties with great oxidative, thermal, and 

hydrolytic stability and a Young’s modulus of 32.7 MPa makes PES an attractive alternative.142-

143 A limiting factor to using PES hemodialysis is its hydrophobic nature. When hydrophobic 

materials come in contact with blood, they stimulate protein absorption as well as platelet 

adhesion and activation. Many researchers are looking at alteration of the material through 

composites to reduced or eliminate its clotting properties. 
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Several studies have looked into using PES as a composite in heparin-mimicking 

membranes for dialysis.144 The heparin mimicking membranes were made through spin-coating 

PES with carbon nanotubes that were synthesized to have domains similar to heparin. These 

membranes showed decreased platelet adhesion as well as high aPTT times. The best 

anticoagulation result was created by the sample with the highest sulfate group concentration.  

2 Statement of Work 
Current blood-contacting materials used during HD do not actively inhibit clots from 

forming. This is why patients typically need heparin administered during their HD treatments. To 

reduce or eliminate the need for heparin therapy, a blood-contacting material would either need 

to have the characteristics similar to a blood vessel and/or inhibit the coagulation cascade. 

Hydrophilic surfaces, negatively charged functional groups, and topography mimicking blood 

vessels create the ideal ex vivo material environment for blood flow. 

This thesis is based upon the hypothesis that current HD treatment can be improved 

upon by reducing the possible complications due to heparin by altering the blood-contacting 

portion of the dialysis tubing to have anticlotting abilities similar to that of heparin. These 

abilities are stimulated by the presence of functionalized CNCs. Using CNCs in a composite like 

the one proposed is beneficial because they contained hydroxyl groups that can be easily 

functionalized while increasing mechanical properties. Other heparin mimics focus on replacing 

heparin in its solubilized form. We are taking a different approach and placing it in a material. 

The initial research that has been done during this project mainly focuses on the functionalized 

CNCs in solution to see if the proposal is plausible. Further research will then take these CNCs 

and add them to a composite which presents the CNCs on the blood-contacting portion of the 

material.  

Different CNC functionalization’s that mimic the antithrombin binding region on 

heparin were analyzed to see which best inhibits coagulation through three different blood tests: 

activated partial thromboplastin time, thrombin time, and prothrombin time. These three tests 

show where in the coagulation cascade the material inhibits clotting factors, the intrinsic, 

extrinsic, or common pathway. All these tests were conducted with CNCs in solution. Platelet 

fixing was done on materials. The composition selected for this testing was a 30 wt% 

CNC/polyurethane composite. This test showed if platelets were able to adhere to the material or 

not.  
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3 Paper: Synthesizing a Heparin Mimic Material Derived from 

Cellulose Nanocrystals 
3.1 Introduction 

Anticoagulants are chemically synthesized, naturally occurring, or semi-synthetic substances 

that reduce coagulation through the suppression of clotting factors. The reduction of coagulation 

can reduce, treat, or prevent the risk of blood clots breaking off and traveling through the 

bloodstream to organs, resulting in strokes, pulmonary embolisms, or deep vein thrombosis, as 

well as prevent blood from clotting during surgeries or dialysis treatment. A wide range of 

blood-related operations, devices, and treatments can now be accomplished through the use of 

anticoagulants. Medical uses range from thrombosis, embolisms, kidney dialysis, 

cardiopulmonary bypass, and the prevention of clotting during surgery.10-11 Materials that are 

being investigated have surface chemistry which mimics that of heparin. The structures are 

covalently bound to the material so they do not diffuse into the system and produce sytemic 

anticoagulation. 

One of the most widely used and efficient anticoagulants is heparin, with thirty percent of 

hospital patients exposed to it in the United States.12-14 Heparin is a linear, sulfated, and highly 

negatively charged polysaccharide (~75 mmol negative charge density/kg) biosynthesized in the 

Golgi of mast cells.9, 15-18 The basic structure of heparin is composed of α-1,4 linked uronic acid 

and D-glucosamine with an average molecular weight of 15,000-19,000 Da and a polydispersity 

index of 1.1-1.6.11, 26-27 The high negative charge of heparin mainly derives from its sulfate 

functional groups which correspond to about 2.5-2.7 sulfate groups per disaccharide unit.9, 16, 29 

To restrict coagulation, a heparin chain, with a minimum length of 18 residues, interacts with 

the serpin plasma cofactor antithrombin (AT).12, 15, 28-30 This interaction causes a conformational 

change in AT that creates a tertiary complex between AT, factor Xa, and thrombin (factor IIa). 

Clotting factors Xa and thrombin are therefore removed from interacting with the system, 

disrumpting the clotting cascade.  
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This ATBR is mimicked in the ultra-low-molecular-weight heparin, fondaparinux (Arixtra). 

Fondaparinux inhibits coagulation well, but its synthetic yield is only about 0.1% and takes ~55 

steps.63 With fondaparinux’s synthesis producing such a low yield and having so many steps, the 

drug remains very expensive to produce, and, as a result, it is not readily available to the public. 

By utilizing cellulose nanocrystals, basic glucose structure and reactive hydroxyl groups, a 

cheaper alternative to fondaparinux can be made.  

Cellulose nanocrystals (CNC) also called nanocrystalline cellulose107-108, cellulose 

nanowhiskers106, crystalline cellulose109, or cellulose crystallites105 are a form of cellulose made 

up of highly ordered crystalline domains. Wood CNCs range from 3-5 nm in width and 100-300 

nm in length with a crystallinity of 50-83%.2, 112 Materials derived from CNCs are being 

developed more often because of their desirable properties such as their nanoscale dimension, 

exceptional mechanical properties, high aspect ratios, low density, low toxicity, low thermal 

expansion, and unique morphology.2, 4, 107, 112, 118-120, 145 

Figure 1: CNCs structure similarity to the ATBR make it a good template for functionalization to create a 

chemical structure comparable enough to have the ability to inhibit coagulation a) Antithrombin binding 

region within heparin b) Different heparin mimicing CNC functionalizations produced through synthesis 
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Due to the wealth of hydroxyl groups on cellulose surface, chemical modification is easily 

done. Though there is an abundance of hydroxyl groups on CNCs, only half are accessible and 

can react.2 By utilizing CNCs hydroxyl group reactivity and favorable mechanical properties, 

materials created will have both specific functionalization capabilities as well as ideal strength 

properties. 

Compared to past work forming a CNC anticoagulant material, ours will be more specific to 

mimicking heparin’s structure and looking at which functional group contributes the most to 

anticoagulation on CNCs.146 Work done by Ehmann shows CNCs that were hydrolyzed from 

cellulose by sulfuric acid, with no further processing, inhibit coagulation of blood when 

compared to a control of polyethyleneimine (PEI). This study did not fully characterize the 

CNCs and only measured coagulation using glass slips and a microscope. By functionalizing 

CNCs and characterizing them through energy dispersive x-ray (EDS), attenuated total 

reflectance Fourier-transform infrared spectroscopy (ATR-FTIR), and conductometric titrations, 

we were able to more fully characterize the charge and structure of the CNCs. Coagulation 

assays that are usually done for heparin testing, activated partial thromboplastin time (aPTT), 

prothrombin time (PT), and thrombin time (TT), were carried out on our samples to determine 

how their anticoagulation profiles compare to heparin and other heparin mimics made.   

Our aim was to create a CNC film that would have the ability to inhibit platelet activation 

and aggregation, contain great mechanical properties, while also reducing coagulation. The 

applications for this material could range from dialysis tubing to catheters to blood collection and 

storage bags. 

3.2 Experimental  
3.2.1 Materials 

Sodium hydroxide solution, dichloromethane, ethyl acetate, and hydrochloric acid solution 

were obtained from Fisher Scientific. Texin RxT70A polyurethane was purchased from Covestro. 

All other chemicals were purchased from Sigma-Aldrich. All materials were used without further 

modifications. 

Dried cellulose nanocrystals (CNCs) and an 11.8 wt% slurry of CNCs were purchased from 

the University of Maine Forest Products Labs. These CNC samples were extracted from wood 

pulp using sulfuric acid hydrolysis. Thromboplastin was acquired from Biopool. Bovine alpha-

thrombin was purchased from Enzyme Research Laboratories. Blood was collected by the 



   37 

Hoxworth Blood Center at the University of Cincinnati with no identifying information. Blood 

drawn on the day of the experiments was immediately used to make platelet rich plasma (PRP), 

and the PRP was purchased for research use. Within 2 hours of preparation the plasma was used 

in the reported experiments. Platelet poor plasma was prepared by centrifuging platelet rich 

plasma for 25 total minutes at ambient temperature. After 15 minutes of centrifugation at 1500 x 

g three-fourths of the supernatant was removed and centrifuged again for 10 minutes at 1500 x g 

to minimize the platelets remaining in the platelet poor plasma (PPP).  

3.2.2 Methods 

3.2.2.1 Sulfonation of Cellulose Nanocrystals (S-CNC) 

Huang’s sulfonating carbohydrates procedure was modified for CNC sulfonation.63 An 8:1 

mole ratio of sulfur pyridine trioxide complex to CNC-1, respectively, was added to a flame-

dried flask. The flask was evacuated and refilled with nitrogen three times before adding 

anhydrous pyridine. The solution was heated to 90 °C for 16-36 hours. Saturated sodium 

bicarbonate was added until the pH was 8. The solution was then dialyzed until the pH of the 

water stayed at 7 after 24 hours then lyophilized to acquire a white powder. 

3.2.2.2 TEMPO Oxidation of Cellulose Nanocrystals (TEMPO CNC) 

This procedure is a modified version of Hoeng’s process.147 CNC-1 (11.8 g, 0.205 mol) were 

suspended in deionized (DI) water (775 mL) of water TEMPO (325 mg, 2.08 mmol), NaBr 

(3.564 g, 0.35 mol), and water was stirred together for 30 minutes. The CNC and TEMPO/NaBr 

solutions were mixed together before drop wise adding NaClO (66 g, 0.89 mol). The solution’s 

pH was maintained at 10 for 3 hours using sodium hydroxide (0.05 M). Afterward, the reaction 

was quenched with ethanol. The solution was dialyzed and lyophilized to attain a white powder. 

3.2.2.3 Sulfonation of TEMPO CNCs (S-TEMPO CNC) 

 The same sulfonation method as shown previously was used except with TEMPO 

oxidized CNCs as the reactant. The molecular-weight change in the CNCs was accounted for in 

the process.  

3.2.2.4 Preparation of CNC/Polyurethane Films 

Varying CNC types (TEMPO CNC, S-TEMPO CNC, S-CNC) were sonicated in DMF to 

make a 16 mg/mL solution. Polyurethane was then measured out to make a 50 mg/mL solution 

with DMF. The solutions were then mixed together to make a 30:70 wt % CNC:PU material. The 

solution is then added to a Teflon dish and heated for about 8 hours at 90 °C. The films were 
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removed from the Teflon dishes and heated in an oven at 90 °C to remove all residual DMF in 

the film. 

3.2.2.5 Energy-dispersive X-ray Spectroscopy (EDS) 

Energy-dispersive X-ray Spectroscopy was conducted using a scanning electron microscope, 

the FEI Quanta 600 FEG, at the Nanoscale Characterization and Fabrication Laboratory (NCFL) 

at Virginia Tech. Samples were coated with 10 nm of high-resolution iridium before imaging. 

Elements quantified were carbon, oxygen, sulfur, and sodium.  

3.2.2.6 Conductometric Titrations 

Conductometric titrations were performed using the Metrohm 905 Titrando autotitrator 

equipped with 856 conductivity module. Tiamo software was used to collect and compile the 

data. CNCs and functionalized CNCs were dispersed in distilled water using either stirring or 

sonication. Sodium chloride and hydrochloric acid was added to the solution and stirred until the 

pH remained constant. The titration vessel was filled with nitrogen gas immediately before the 

titration. Sodium hydroxide was the titrant used to determine the surface charge density. The 

titration gave a V- or U-shaped curve that was then plotted and fitted to give three lines; HCl 

titration, CNC titration, excess NaOH. The lines were then used to calculate the number of 

negatively charged functional groups on the CNCs. The method used to calculate the values from 

the titration was based on previous work by Espinosa.148 

3.2.2.7 Transition Electron Microscopy 

Transition electron microscopy was conducted using the JEOL 2100 TEM at the Nanoscale 

Characterization and Fabrication Laboratory. On a silicon monoxide-coated Formvar grid a 

droplet of 0.001 mg/mL CNC sample was incubated for one minute before being stained with 

NanoVan and rinsed with DI water.  

3.2.2.8 Attenuated Total Reflectance Fourier-Transform Infrared Spectroscopy 

ATR-FTIR spectra were obtained on a Varian 670 FT-IR spectrometer equipped with a 

diamond Specac Golden Gate attachment. All spectra were collected with an average of 64 scans 

for powdered samples and were recorded from 4000 to 500 cm−1 with 4 cm−1 resolution. A 

background spectrum collected on ambient air was subtracted from the sample spectra. The 

spectra were not corrected for the depth of wavelength penetration. 
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3.2.2.9 Blood Clotting Studies 

Serial dilutions of CNC, TEMPO CNC, S-CNC, and S-TEMPO CNC were made starting at 5 

mg/mL using pH 7.35 HEPES as the solvent. Each sample was vortexed until in solution. Once 

in solution the samples were serial diluted against plasma to create a plasma/dilute sample/buffer 

solution. Control samples only contained the buffer solution. 

3.2.2.10 Activated Thromboplastin Time Assay 

 Activated partial thromboplastin times were initiated using PPP through Sta-PTT 

reagent on a STA-Hemostasis Analyzer (Diagnostica Stago). Samples were added intothe plasma 

at 1:10 volume ratio. If no clot formed by 300 seconds then it was assumed a clot would not form 

in a timely manner.  

3.2.2.11 Thrombin Time Assay 

 A 20 U/mL thrombin solution and a 400 mM CaCl2 solution was made in pH 7.35 

HEPES-buffered saline. This thrombin/CaCl2/buffer solution was kept on ice and the 

plasma/dilute sample/buffer solution was placed in a 37 °C bath. After thermal equilibrium, the 

thrombin solution was added to the plasma solution at a 1:10 ratio, respectively. The sample was 

pipetted up and down to initiate the mixing beginning the coagulation process, and a stopwatch 

was started. Until the sample clotted it was agitated with a toothpick. Once a clot formed the 

time was recorded. If the sample did not clot by 75 seconds, then it was assumed a clot would 

not form in a timely manner. 

3.2.2.12 Prothrombin Ttime Assay 

 In a 37 °C bath thromboplastin and plasma/dilute sample/buffer solution were warmed. 

Once warmed, the two solutions were mixed in a 1:1 ratio. The sample was pipetted up and 

down to initiate the mixing starting the coagulation, and a stopwatch was started at this time. 

Until the sample clotted it was agitated with a toothpick. Once a clot formed, the time was 

recorded. If the sample did not clot by 75 seconds, then it was assumed a clot would not form in 

a timely manner. 

3.2.2.13 Platelet Adhesion to Materials 

The polyurethane/CNC samples were cut into 3 mm x 3 mm pieces. Each piece was placed 

into a 24-well tissue culture plate. From a 1 M CaCl2 stock solution plasma rich plasma (PRP) or 

plasma poor plasma (PPP) was made to have a final concentration of 2 mM CaCl2. Duplicate 

samples were submerged into either 1 mL of CaCl2/PRP or in 1 mL CaCl2/PPP. The plate was 
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then incubated at 37 °C for 1 hour. Afterwards, the plasma solution was carefully removed by 

aspiration and the samples were washed three times with Tris-buffered saline (TBS) solution. To 

chemically fix the adhered platelets on the samples, 1 mL of 2 % glutaraldehyde/TBS solution 

was added to each well. Samples were then incubated for 30 minutes. After fixation, the samples 

were carefully washed twice with 1 mL TBS, and then with a series of solutions with increasing 

ethanol concentrations (50 %, 70 %, 90 %, 100 %). Samples were dried in a vacuum desiccator 

before being coated with iridium for imaging using a scanning electron microscope.  

3.3 Results and Discussion 
The CNC samples that were not functionalized were named CNC-1 and CNC-2. Dried CNCs 

from the University of Maine were named CNC-1 and the University of Maine 11.8 wt% slurry 

was named CNC-2. 

3.3.1 Energy-dispersive X-ray Spectroscopy (EDS) Characterization 

Energy-dispersive X-ray spectroscopy (EDS) was used to qualitatively quantify the elements 

present in the bulk of the CNC sample. EDS permits characterization of CNCs using less than a 

mg of sample. The elements identified were carbon, oxygen, sodium, and sulfur. Hydrogen and 

nitrogen were not examined because EDS is unable to qualitatively identifiy them due to the 

limitation of the instrument .149 This data also shows the percent of each element in the region 

being examined on the sample. These results demonstrated if there was a large or small amount 

of sulfur present. 

Sulfated CNC (S-CNC) samples showed a much larger sulfur concentration percent than that 

of any of the other samples, see Table 1. Along with the higher levels of sulfur there was also a 

corresponding increase in  sodium. This indicates that the added sulfur creates a negative charge 

density and the sodium is ionically bonded to stabilize the compound. This was also shown in the 

TEMPO CNC sample, suggesting that the carboxyl groups substituted for the primary hydroxyl 

groups on the original CNC.  

An additional peak was identified as iridium, the coating used. This peak can also represents 

phosphorus as well as iridium. To rule this out, a sample was coated in gold and analyzed by 

EDS, and no quantifiable phosphorus peaks were observed. 
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Table 1: Elemental compositions of plain and functionalized CNCs measured by energy dispersive x-ray (EDS). The 

large increase in sulfur concentration that is synthetically added to the S-CNC and S-TEMPO CNC indicates that 

the sample was successfully functionalized 

 Carbon (%) Oxygen (%) Sodium (%) Sulfur (%) 

CNC-1 61 ± 13 35 ± 13 1 ± 1 2 ± 1 

CNC-2  56 ± 11  43 ± 11 0.6 ± 0.4  0.8 ± 0.3 

TEMPO CNC 42 ± 6 43 ± 7 12 ± 3 3 ± 2 

S-TEMPO CNC 51 ± 19 33 ± 13 6 ± 4 10 ± 7 

S-CNC 30 ± 7 37 ± 13 13 ± 6 20 ± 7 

 

3.3.2 Conductometric Titrations 

Surface charge density of the CNCs was determined using titration. This titration can be 

viewed in the supplementary information. Within the graph the curve was divided into three 

parts: HCl titration, CNC surface charge titration and excess NaOH. This information helps 

calculate one of the surface charge variables needed. The following equation was used to 

calculate the concentration of negatively charged functional groups: 

𝑚𝑚𝑜𝑙  𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑙𝑦  𝑐ℎ𝑎𝑟𝑔𝑒𝑑  𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙  𝑔𝑟𝑜𝑢𝑝𝑠
𝑘𝑔  𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 =

𝐶!"#$ ∗ 𝑉!"#$
𝑊!"!

 

Where CNaOH is the molar concentration of base used in the titration, VNaOH is the volume used to 

get the change in curve during the titration, and WCNC is the weight in grams of the CNCs added 

to the titration. 

 Sodium chloride was added to the solution because the phase behavior of CNCs is 

sensitive to electrolytes. By adding an electrolyte, the phase shifts from being predominantly 

anisotropic to isotropic.107 An isotropic solution is favorable because the conductivity values are 

more precise.  

 Variations in the volume of base added to deprotonate CNCs increased after the 

synthesis of TEMPO CNC, S-TEMPO CNC, and S-CNC. After normalization, the plain CNCs 

had little to no surface charge. CNC-1 and CNC2 were prepared through acid hydrolysis. The 

acid used in this process was sulfuric acid, so a minimal charge was expected. The slurry CNC-2 

had a lower concentration of negative charge than the CNC-1.  
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TEMPO CNC graphs produced a more pronounced U-shape compared to other 

functionalized CNCs. It is assumed that this is because of the high negative charge density and 

possibly an effect of the presence of carboxyl groups. By adding salt to the reaction vessel, the 

severity of the U-shape lessened and made it closer to a V shape. The salt did not only affect the 

TEMPO CNC samples. It also created a sharper curve for all the samples. Since the TEMPO 

CNCs surface charge value was so large, the amount of sulfur seen on EDS was minimal.  This 

supports the theory that the groups added were carboxyl groups and not sulfate. 

 S-CNCs had an enormous increase in charge density, indicating that many of the surface 

hydroxyl groups on the CNCs were converted to sulfate groups. With S-TEMPO CNC sulfated 

the same way as S-CNC, it is assumed that the residual secondary hydroxyl groups that were not 

oxidized would be sulfated along with the other hydroxyl groups that were mobile enough to be 

reactive. S-TEMPO CNCs charge density increased considerably from the parent TEMPO CNCs. 

It should be stated that the conductometric titrations measure the amplitude of the charge density 

of the sample and do not indicate what functional group is producing the result. 

 
Table 2: Conductometric titration data giving charge density of plain CNC and different cellulose nanocrystal 

functionalization. All functionalized CNCs showed a much larger surface charge than their initial sample. CNC-1 
has a sufficient amount more negatively charged groups than that of CNC-2 

 

 Surface Charge (mmol negative charge/kg CNC) 

CNC-1 72 ± 32 

CNC-2 39 ± 29 

TEMPO CNC 500 ± 172 

S-TEMPO CNC 566 ± 83 

S-CNC 327± 14 

 

3.3.3 Transition Electron Microscopy  

 Transition electron microscopy (TEM) images were taken to see if the characteristic 

rod-like crystalline structure of CNCs was maintained after the surface functionalization 

reactions. Figure 2 shows the morphology was retained through all the synthesis, and the sample 
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did not degrade into more simple carbohydrates. The aggregation of the particles observed in the 

image occured during the drying step after the CNCs were stained.2   

 

 
Figure 2: Transition electron microscopy images of CNCs stained with NanoVan showing the maintained 

morphology of samples after synthesis a) TEMPO CNC b) S-TEMPO CNC c) S-CNC  
 

3.3.4 Attenuated Total Reflectance Fourier-Transform Infrared Spectroscopy 

 The functionalization of CNCs was further characterized through ATR-FTIR. The 

previous data characterized the qualitative chemistry of the surface and total negative charge but 

not the specific chemical groups present in the material. Through ATR-FTIR, shown in Figure 3, 

we were able to demonstrate that sulfate and carboxyl groups replaced the original hydroxyl 

groups. The stretching peak around 1040 cm-1 is due to the C-O-C pyranose ring stretching 

vibration in cellulose, showing that the CNC ring structure was maintained throughout each 

process.150 TEMPO CNC exhibited a peak around 1605 cm-1, which was interpreted to be -

COONa.151 Different studies assign a variety of peaks for certain functional groups, like S=O. 

One paper suggested the peak for S=O is around 1200 cm-1, whereas another suggested it is at 

1240 cm-1.12, 152 The peak we observed from S-CNC and S-TEMPO CNC was in between the 

two at 1220 cm-1. The peak detected at 786 cm-1 was assigned to the C-O-S bonds created 

a) b) 

c) 
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through sulfation. Therefore, the TEMPO CNC and S-CNC were fully functionalized in the way 

we predicted. The –COONa peak in S-TEMPO CNC was diminished, showing that the sulfate 

functionalization reduced the amount of carboxyl groups on the surface and potentially could 

have replaced them with the sulfate groups. Each sample analyzed of unfunctionalized CNCs did 

not show any significant difference. 

 
Figure 3: ATR-FTIR spectra of CNC-1, CNC-2, TEMPO CNC, S-TEMPO CNC, and S-CNC. These spectra 

demonstrate the presence of new functional groups in TEMPO CNC, S-TEMPO CNC, and S-CNC signifying that 
the synthesis conducted was effective at altering the surface hydroxyl groups.  
 

3.3.5 Clotting Assays 

Activated thromboplastin time (aPTT) is a measure of the intrinsic pathway which include 

factors I, II, V, VIII, IX, X, XI, and XII. Normal clotting time values ranged from 25-37 seconds, 

with our control being within that range at 28.8 seconds. Two samples, S-CNC and S-TEMPO 

CNC, gave results similar to other heparin mimics made from sulfated and carboxylated chitosan 

and a carbohydrate backbone. The sulfated CNC samples had values >300 seconds at 500 µg/mL 

and were able to maintain a high clotting time at 50 µg/mL (see Figure 4). Published values of 

heparin aPTT tests show that, to observe a 200 second clotting time, 13.8 µg/mL of heparin 
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needs to be added to the system and 5.6 µg/mL for a 100 second clotting time.153 For S-CNC to 

have a 200 second clotting time the concentration of CNCs presented on the exterior of the 

material must reach is 50 µg/mL, which is significantly higher than that of heparin. Since our end 

goal is to create a material, the limiting factor is the ability to incorporate functionalized CNCs 

into the composite. With the anti-clotting ability reaching long clotting times around 50 µg/mL 

the composite CNC concentration just needs to reach this concentration to limit clotting. The 

material will not release the incorportated CNCs into the system because the CNCs are held 

together by the polymer base. The CNCs will also not be metabolized due to heparinase not 

recognizing the sequence. This idea and the mechanism that would produce the results needs to 

be tested and further looked into with the functionalized CNCs produced in this work. Over the 

long term, the amount of CNCs used will be less than that of heparin because its anticoagulation 

properties are not time dependent. 

 

 
Figure 4: aPTT assay of plain and derivatized CNC samples with the concentrations starting at 500 µg/mL and 
going down by 1:10 serial dilutions. Once the clotting time reached 300 seconds the experiment was ended 

assuming the sample would not clot. The S-CNCs and S-TEMPO CNCs gave the best anticoagulation activity 
showing they have the ability to inhibit the intrinsic clotting pathway. 
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Prothrombin time (PT) examines clotting initialized through the extrinsic pathway. This 

pathway is initiated by external trauma that causes blood to escape from the vascular system. 

Blood factors analyzed in PT assays are factors I, II, V, VII, and X.83 Often, this test is carried 

out to check for the blood clotting rate in patients taking warfarin, because vitamin K is needed 

to make the active clotting factors. Standard values were measured by adding only plasma and 

buffer to give an uninhibited 12 second clotting time. The results of this assay (seen in Table 3) 

demonstrate that S-CNC provides the best anti-clotting results, followed by S-TEMPO CNC. 

Heparin works by inhibiting clotting factors in the intrinsic pathway, so the ability of our 

material to limit the extrinsic pathway as well is promising for anticoagulation. This test also 

indicates that sulfur substitutions are more effective than carboxyl substitutions at inhibiting the 

extrinsic pathway. 

 
Table 3: Average PT assay of differently functionalized cellulose nanocrystals with the clotting measured in 

seconds and rounded to the nearest 0.5. Samples with the largest concentration of sulfate groups, S-TEMPO CNC 
and S-CNC demonstrated the ability to inhibit the extrinsic pathway to up to 500 µg/mL and 50 µg/mL for S-CNC. 
Samples with lower concentrations of sulfate groups and high concentrations of carboxyl groups were not able to 

reduce coagulation 
 

 Clotting of CNCs (sec)  

 0.5 µg/mL 5 µg/mL 50 µg/mL 500 µg/mL 

CNC-1 19.0 19.5 19.0 17.0 

CNC-2 18.5 18.0 18.0 16.5 

TEMPO CNC 15.5 15.0 15.0 15.0 

S-TEMPO CNC 19.5 17.5 29.0 >75 

S-CNC 14.0 15.0 >75 >75 

 

Thrombin time (TT) is a highly sensitive and not very descriptive test that measures the 

conversion of fibrinogen to fibrin through the addition of bovine thrombin. This conversion step 

is one of the last in the coagulation cascade in the common pathway. The factors that are 

specifically inhibited are unknown when using this test because of its position in the pathway. It 

does show the ability/inability for a sample to form a clot because fibrin is the mesh necessary 

for the stabilization of a platelet plug. 

Abnormal fibrinogen production and heparin use are the two main factors that prolong the 

TT assay results.84 We were able to rule out abnormal fibrinogen production by conducting a 
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control with plasma and thrombin, which gave a clotting time of 17.5 seconds. Other tests 

measuring heparin’s impact on clotting, like aPTT assays, are more commonly used than the TT 

assay. Results of this assay, shown in table 4, show that S-CNC, followed by S-TEMPO CNC, 

then CNC-1 inhibit coagulation the most. The S-CNCs showed excellent results because the 

concentration at which it induced coagulation was at 0.05 µg/mL. Compared to the results 

reported in other papers, this is an order of magnitude lower concentration or better than other 

heparin mimics at limiting coagulation.63 With sulfur concentration on the plain CNCs being 

CNC-2 < CNC-1 and the TT assays mirroring this effect in clotting time, the sulfur concentration 

is thought to have a large impact on anticoagulation. This theory is especially presented in the 

TT assay results where CNC-1 produces similar or better anti-clotting properties than the 

TEMPO CNC and S-TEMPO.  

The ability of TEMPO CNC to inhibit coagulation shows that either negative charge density 

has a part in anticoagulation, or carboxyl groups are able to limit anticoagulation. From the 

results of CNC-1 and S-TEMPO CNC, it is presumed that the presence of sulfur groups and 

charge density, not carboxyl groups, are the factors affecting coagulation.  

Table 4: Average TT assay of differently functionalized cellulose nanocrystals with the clotting measured in seconds 
and rounded to the nearest 0.5. Sample S-CNC showed the greatest anticoagulation capacity, with S-TEMPO CNC 
next, then CNC-1. TEMPO CNC, although having the highest negative charge density, could not limit coagulation 
as much as S-CNC. This suggests that clotting abilities in the intrinsic pathway are highly interconnected to sulfate 

concentration.  

 

 Clotting of CNCs (sec) 

 0.05 µg/mL 0.5 µg/mL 5 µg/mL 50 µg/mL 500 µg/mL 

CNC-1 -- 14.0 >75 >75 >75 

CNC-2 -- 14.0 14.5 >75 >75 

TEMPO CNC -- 12.5 13.8 15.5 >75 

S-TEMPO CNC -- 13.5 >75 >75 >75 

S-CNC 12.5 >75 >75 >75 >75 

 
3.3.6 Platelet Adhesion 

 Platelets were found to adhere on all CNC samples as seen in Figure 5. The TEMPO 

CNC samples showed the least platelet adhesion. Platelets were not observed on the control 
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group of samples treated using platelet poor plasma. Platelets adhered the most to surfaces with 

rough topography. The smoother topography areas on the samples showed much less platelet 

adherence and fewer spread dendritic platelets. Using terminology from Grunkemeier, the 

platelets that adhered to the PU and TEMPO CNC sample were round with no pseudopodia 

present.154 Whereas, CNC-1, S-TEMPO CNC, and S-CNC showed dendritic and spread dendritic 

platelets. CNC-1 and S-CNC showed some platelets that had spread, but the S-TEMPO CNCs 

did not.  

This data shows that, although sulfate groups are able to inhibit anticoagulation, carboxyl 

groups have the ability to limit platelet adhesion the most. Flat surfaces also had an impact on the 

attachment of platelets. Smoother more hydrophilic surfaces result in fewer platelets compared to 

rough surfaces. Samples created through solvent casting resulted in highly topographical surfaces. 

Surfaces with the most topography showed the most platelet adhesion. To limit this future 

studies should look into melt pressing the samples before conducting the fixing assay. The 

combination of carboxyl groups needed to inhibit platelet fixing will need to be further 

investigated to find the desired sulfate and carboxyl concentration for ideal anticoagulation and 

inhibition of platelet adhesion. 

 Polyurethane is a polymer known to stimulate platelet adhesion. However, compared to 

other materials it does have good hemocompatibility.6 With this knowledge and using PU as a 

control, we were able to investigate if our material surface increased or decreased platelet 

adhesion. 
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3.4 Conclusion 
Cellulose nanocrystals functionalization with carboxyl and sulfate groups has been 

characterized by EDS, ATR-FTIR, and conductometric titration. After these different synthesis 

Figure 5: Scanning electron microscope images of platelets grown on CNC surfaces through platelet rich 
plasma with a) 2500x magnification S-CNC and 7500x magnification b) polyurethane control sample c) CNC-1 

d) TEMPO CNC e) S-TEMPO CNC f) S-CNC. TEMPO CNCs showed the least platelet growth along and 
adherence to the sample. Highly topographical samples, like the S-TEMPO CNC, sample produces large platelet 

activity. 
 

a) b) 

c) d) 

f) e) 
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methods we determined through TEM imaging that none of the samples lost their characteristic 

rod-like morphology. By keeping the structure, when added to a composite the CNCs will still 

maintain their mechanical benefits as well as producing anticoagulation properties. Of the 

samples synthesized, the sulfated CNCs and sulfated TEMPO CNCs showed the best 

anticoagulation properties. This was demonstrated in aPTT and TT assays. The sulfated CNCs 

proved superior to other materials examined in the past, needing  an order of magnitude less 

concentration than other heparin mimics. A sulfated amine similar to the functional group on the 

ATBR was synthesized, but the results yielded inconclusive functionalization. 

The blood clotting results obtained using CNCs indicates that the sulfate concentration is the 

determining factor for inhibiting coagulation when using long chain crystalline cellulose. The net 

negative charge density on the CNCs for anticoagulation to occur was not the limiting factor. 

This was shown by the carboxyl groups being unable to inhibit coagulation even at a higher 

concentration than sulfate groups. The plain CNC samples, CNC-1 and CNC-2, showed this best 

in the TT assays. Both samples were able to limit coagulation better than the TEMPO CNCs, 

even though their sulfate concentration was very minimal. This is in contrast with the results of 

Li who showed that a 2:3 and 3:2 wt % ratio of carboxyl to sulfate groups give the best 

anticoagulation results, even compared with full sulfonation, with the higher sulfate wt% being 

slightly better.144  

Platelet aggregation was reduced the greatest on TEMPO CNC samples. Since platelet 

adherence is not directly inhibited by heparin it is not surprising that sulfate concentration is not 

the limiting factor. A hemocompatible polymer should also be examined knowing that the 

samples do not limit platelet adherence enough to quantitate platelet adhesion. This may lead to 

interpretable results if the polyurethane, surface of the sample, or the CNCs themselves are 

influencing platelet adherence. In conclusion we have demonstrated that functionalized cellulose 

nanocrystals can be utilized to create a biomedical composite material that can replace heparin in 

some situations. 

4 Conclusion 
Altering the functional groups of CNCs from hydroxyl groups to carboxyl and/or sulfate 

groups changed the surface chemistry but not the morphology. Through TEM imaging the 

samples showed that even after all the synthesis conducted they still maintained their rod-like 
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structure. This ensures that the addition of the CNCs to a polymer composite will help promote 

higher strength properties. 

Cellulose nanocrystals (CNCs) that underwent sulfation and TEMPO oxidation showed 

improvement in their anticoagulation properties. These were shown in aPTT, TT, and PT assays. 

All assays exhibited S-CNC reduced coagulation the greatest with S-TEMPO CNC following. 

Observing the two unmodified CNCs that had different surface sulfation concentrations from 

acid hydrolysis along with comparing these samples to TEMPO CNCs produced presented 

sufficient information that the functional group that limits coagulation the most when comparing 

two groups that are present on the antithrombin binding region, sulfate and carboxyl groups, 

sulfate is the most important.  

The two unmodified CNCs, CNC-1 and CNC-2, contained different sulfate charge 

densities with CNC-1 being almost double that of CNC-2. The negative charge density, while 

larger than CNC-2, is still 4.5 times lower than S-CNCs concentration. The minimal charge 

density difference in the grand scheme of all samples showed increases in anticoagulation in TT 

and PT assays with CNC-1 outperforming CNC-2. This result helps prove that sulfate 

concentration is the main functional group that is important in anticoagulation. Another result 

from the data that backed up this theory is the coagulation of TEMPO oxidized samples 

compared to the unmodified sulfate charged samples. TEMPO CNC samples with over 200 

mmol/kg higher negative charge density compared to sulfate groups to CNC-1 showed better 

anticoagulation in the TT assay and similar results in the PT assay. 

Characterization of the differently functionalized CNCs through EDS, conductometric 

titration, and ATR-FTIR proved the functionalization change from hydroxyl groups to carboxyl 

or sulfate. EDS characterization gave qualitative evidence that after sample synthesis sulfur 

elements were added to the S-CNC sample and S-TEMPO CNC sample. CNC-1, CNC-2, and 

TEMPO CNC showed minimal evidence of sulfur after standard deviation was taken into 

consideration. Comparing CNC-1 to CNC-2 using EDS shows that CNC-1 contains a minimal 

amount more sulfur elements in the bulk of the sample.  

Conductometric titration produced quantitative values for charged groups that were 

synthesized on the surface of the CNCs. Surface charge density was measured through the 

calculation of the amount of NaOH base it takes to remove all the protons on the samples surface. 

Curves obtained from CNC-1 and CNC-2 gave more V-like curves, showing a lower charge 
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density. Titrations done using TEMPO CNC gave curves more resembling a U, showing a higher 

charge density. These titrations exhibited that charge density varied with the highest to lowest 

being S-TEMPO CNC, TEMPO CNC, S-CNC, CNC-1, and CNC-2. TEMPO CNC samples run 

were from 3 different batches made at three different times. This is why the standard deviation 

for this sample is so high compared to the others. Each other sample only contains data from one 

batch prepared. 

ATR-FTIR data helped combined both the EDS and conductometric titrations to 

produce sufficient evidence needed to show the CNC samples had been correctly functionalized 

to the hypothesized functional groups. Data also displayed that the cyclohexane rings were 

maintained even after all the synthesis had been completed. The lack of –S=O and –C-O-S peaks 

in CNC-1 and CNC-2 were most likely a result of the concentration of these functional groups 

being so minimal in the sample. Synthesis of the samples was not homogeneous throughout, 

shown in standard deviation of conductometric titration samples, so the S-TEMPO CNC sample 

lacking the –COO peak is most likely due to this. Another sample would have been run but the 

data was analyzed after creating solutions for platelet fixing and no more sample was left. The 

clotting results combined with the characterization does back up the fact that the sample is some 

form of a combination of sulfate and carboxyl groups. Lower clotting values with higher charge 

density with only sulfate groups would not make sense with the other data provided, while partial 

groups with lower clotting values does.  

Platelet fixing done on the surface of the 30:70 wt % CNC:PU composites showed 

stimulated platelet adherence. Samples that showed the least platelet growth were TEMPO 

CNC/PU composites. This agrees with previous work done stating that carboxyl groups limited 

protein adhesion onto surfaces better than other functional groups. Protein adhesion leads to 

platelet adherence so these two effects go hand in hand. Five PRP and PPP samples were 

analyzed with them all showing similar results to each sample. Samples with rougher surfaces 

stimulated more platelets adhesion, whereas smoother samples had fewer platelets. 

5 Future Work  
This project has created the basis for identifying an effective, non-animal based CNC 

composite material that inhibits coagulation. The next steps that should be taken should involve 

incorporating S-CNC, the most promising of the samples, into several polymer composites. 

Three methods of CNC addition to a composite should be attempted. The first should have the 
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CNCs sonicated into solution then added to the material, the second the CNCs should be dusted 

on the outside while the material is curing, and the third should combine the two methods. 

These samples should then undergo tests showing blood flow through the material for 4-

8 hours looking for platelet adhesion. Hemodialysis (HD) treatments only consist of 4-6 hour 

treatments so this time frame plus two hours additional time should define the initial testing. It 

would provide a realistic estimate of the workability of the material even in extreme clinical 

situations. If coagulation can be inhibited for this long then the test should be extended to 

determine the limits. Depending on the results, the CNC composites could be tested for 

expansion of uses from an additive in HD to use in biomedical materials such as catheters or 

artificial organs.  

Before testing, the composites should be melt pressed to reduce the contribution of 

surface roughness on platelet adhesion to the material. Initial tests should use a high 

concentration of S-CNC to make sure if the material can inhibit clotting it would be observed. 

After, if coagulation is inhibited to a high enough degree, the concentration of CNCs could be 

lowered systematically to find the minimum amount needed for coagulation to be limited.  

 If possible, micro-etching the surface of the CNC or chitosan composite material 

material should be considered so its topography mimics that of blood vessels. This topography 

would be revealed using techniques such as atomic force microscopy (AFM). Past work that 

mimicked sharkskin was able to reduce marine biofouling similar to how sharkskin naturally 

does.  In the same way, mimicking blood vessel topography could possibly also reduce 

coagulation. Topography changes in the material can potentially create a superhydrophilic 

material, so contact angle tests should be carried out to show the differences that concentration, 

topography, using chitin over cellulose, and type of reinforcement polymer can have on contact 

angle and coagulation.  

 Along with blood tests, biocompatibility tests should also be done looking at leeching of 

CNCs or polymer from the matrix, biofouling, biocompatibility, cell cultures, in vitro and in vivo 

testing, and CNCs interaction in blood. CNCs are considered biocompatible, but additional 

studies should be carried out to determine the impact of CNCs added into the blood on the 

body’s response. This is important to consider in case the polymer leeches out or releases CNCs 

into the system. Even if they do not create a side effect, it will be important to determine the 

ability of the body to metabolize the product. Since the CNCs are functionalized to inhibit 
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coagulation, it is important to know this in case the body cannot metabolize CNCs and they stay 

in the system continuously reducing clotting. CNCs in the body could potentially initiate cell 

signaling pathways, upregulation of enzymes, or other biological processes that could harm the 

individual. This would need to be studied through in vitro and in vivo testing, including several 

locations in the body that would be susceptible to interaction with products of this material such 

as the heart and blood vessels. All these different interactions have the potential to pose major 

threats to patient’s well being.  This is particularly true for  HD patients, who undergo 

continuous treatments. 

 Mechanical testing of the material must also be conducted to see if it has the strength 

and stiffness needed. Since dialysis is administered using negative pressure, the material needs to 

be stiff enough to not collapse from the absence of pressure, which would reduce blood flow. 

The material also undergoes pressing from the peristaltic pump which helps move blood through 

the EC. The material will need to be strong enough to withstand repeated flexion and 

compression from the rollers in the pump. CNCs within the material would also need to be able 

to withstand these movements and not flake off the surface and enter the bloodstream.  The 

ability to resist kinking is important because the tubing is sometimes long and can get caught on 

something and kink. This kinking, similar to the problem of collapsing, would reduce blood flow 

during the procedure. The glass transition of the final material should be measured because 

adding sulfate groups has shown to lower the degradation temperature of the sample. Though 

HD materials should not experience heat much over room temperature levels or below freezing, 

it is important to know this transition temperature for possible future circumstances the material 

could be in, for example the heat or cold in a shipping container or delivery truck.   

 To enter the U.S. market, the FDA approval process must be completed. The composite 

being created would most likely be a class II material that needs 510(k) approval. Since it is just 

an alteration of the currently used dialysis tubing, it should be able to skip premarket application 

(PMA). This must be carefully examined though because CNC products may need to be present 

in the market to use the 510(k) process. After completing the 510(k) submission the ability to 

produce the highest quality but fastest produced product will need to be researched. This 

research would include finding the ideal surface charge of S-CNCs, the time and mole 

concentration for the sulfonation reaction to get this charge, and the scaling of this process. 
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Recent research trends show the investigation of using chitosan as an anticoagulant is 

rising. Chitosan is a popular polymer being used because it is highly abundant and has an amine 

group natuarally present on the surface. This amine can be functionalized to add a sulfate 

creating molecule that has high affinity to AT. Most of the testing done on sulfated chitosan has 

focused on measuring the ability of the chitosan’s anticoagulant properties, applications as a 

hydrogel, or the effect of different factors on anticoagulation. Very little testing has been done on 

composite materials made with chitosan and their anticoagulant effects. Most material testing of 

chitosan has been of hydrogels. Future work should explore the use of using chitosan 

nanocrystals, similar to our work with cellulose nanocrystals, as a material reinforcement and 

anticoagulant. Though sulfonation of chitosan has shown to be more hazardous than that of 

CNCs, the anticoagulation results present higher anticoagulation at lower concentrations. Having 

less additive in a polymer material would make it easier to create a homogenous material, while 

still having the desired clotting properties. 
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