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ABSTRACT 

 Various polymers have been utilized in clinical medicine including renal 
dialysis membranes. One of the most popular membranes that has been used is 
cellulose membrane, which is relatively cheep when compared to synthetic 
membranes. However, the most important problem of dialysis membrane for patients 
with renal failure is the white blood cells (WBC) accumulation after exposure to 
blood. Typically, the number of cells adhering to membranes is governed by the 
properties of the membrane material. Therefore, this study aims to evaluate the zeta 
potential of cellulose acetate (CA), cellulose triacetate (CTA) for improving materials 
in reducing WBC adhesion. The zeta potential of CA, CTA, red blood cell (RBC) and 
WBC was measured and then the repulsive force and attractive force between CA 
film/ CTA film and blood cell surface was evaluated based on Derjaguin, Landau, 
Verwey and Overbeek (DLVO) theory. The study showed that the zeta potential of 
RBC is highest followed by lymphocytes and neutrophils. The zeta potential of CTA is 
higher than CA. The summation between repulsive force from zeta potential and 
attractive force from van der Waal is the energy barrier preventing cell adherence on 
the material surface. The results show that the strongest energy barrier between 
neutrophils on CTA film and on CA film at 310 K are 1.509 x 10-16 J and 1.404 x 10-16 
J, respectively as compared with other cells. Moreover, the numbers of WBC on the 
CTA film are less than those on CA film because CTA film represents a higher energy 
barrier and hydrophobic properties. This study establishes the benefits of CTA as low 
cost dialysis membrane in blood dialyzer for patients with renal failure. 
 
KEY WORDS:  BLOOD ADHESION/ CELLULOSE MEMBRANE/ DLVO 

THEORY/ ZETA POTENTIAL/ INTERACTION FORCE 
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บทคัดยอ 

 พอลิเมอรหลายชนิดไดถูกนํามาใชงานในเชิงการแพทยรวมถึงเยื่อกรองสําหรับเคร่ืองฟอก
ไต เยื่อกรองชนิดหนึ่งท่ีนิยมใชกันมากคือเยื่อเซลลูโลสซ่ึงเยื่อกรองชนิดนี้มีราคาถูกเม่ือเปรียบเทียบ
กับเยื่อจากพอลิเมอรสังเคราะห อยางไรก็ตามปญหาท่ีพบของเยื่อกรองเลือดในผูปวยโรคไตคือการ
สะสมของเซลลเม็ดเลือดบนเยื่อสังเคราะห ซ่ึงจํานวนเซลลเม็ดเลือดขาวท่ีเกาะอยูบนผิวเยื่อนี้มี
ปริมาณแตกตางกันตามคุณสมบัติของวัสดุท่ีใช ดังนั้นในงานวิจัยนี้จึงสนใจศึกษาศักยเซตาเพ่ือ
พัฒนาคุณสมบัติของเซลลูโลสอะซิเตตพอลิเมอรและเซลลูโลสไตรอะซิเตตพอลิเมอรใหลดการเกาะ
ของเซลลเม็ดเลือดขาว โดยการวัดศักยเซตาบนผิววัสดุและผิวเซลลเม็ดเลือดขาวและนํามา
คํานวณหาแรงผลักและแรงดึงดูดท่ีเกิดข้ึนระหวางเซลลกับฟลมเซลลูโลสอะซิเตตและฟลม
เซลลูโลสไตรอะซิเตตตามทฤษฎีของ DLVO จากผลการทดลองพบวาศักยเซตาของเม็ดเลือดแดง
มากกวานิวโทรฟลและลิมโฟไซต และศักยเซตาของเซลลูโลสไตรอะซิเตตพอลิเมอรมากกวา
เซลลูโลสอะซิเตตพอลิเมอร จากการรวมคาของแรงผลักและแรงดึงดูดแวนเดอรวาลลระหวางผิว
วัสดุและผิวเซลลจะไดคาพลังงานขวางกั้นท่ีปองกันการเกาะของเซลลบนผิววัสดุดังกลาว ซ่ึงพบวา
คาพลังงานขวางกั้นระหวางนิวโทรฟลบนฟลมเซลลูโลสไตรอะซิเตตและฟลมเซลลูโลสอะซิเตต มี
คาสูงสุด คือ 1.509 x 10-16 จูล และ 1.404 x 10-16 จูล ตามลําดับ ท่ีอุณหภูมิ 310 เคลวิน เม่ือเทียบ
กับเซลลชนิดอ่ืน ผลการทดลองนี้ยังแสดงใหเห็นวาฟลมเซลลูโลสไตรอะซิเตตใหจํานวนเม็ดเลือด
ขาวเกาะอยูนอยกวาท่ีพบบนฟลมเซลลูโลสอะซิเตต ซ่ึงเปนเพราะฟลมเซลลูโลสไตรอะซิเตตมีคา
พลังงานขวางกั้นมากกวาฟลมเซลลูโลสอะซิเตต และมีคุณสมบัติไมชอบน้ํา จากการศึกษาคร้ังนี้ทํา
ใหพบคุณสมบัติท่ีดีของเซลลูโลสไตรอะซิเตตพอลิเมอรท่ีสามารถใชพัฒนาเปนเยื่อกรองเลือดท่ีมี
ราคาถูกในเคร่ืองฟอกเลือดสําหรับผูปวยโรคไตไดในอนาคต 
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CHAPTER  I 

INTRODUCTION 

 

 

1. Background 
  

 The polymer technologies are growing not only in the field of engineering but 

also in the field of medicine. Each polymer material has individual properties such as 

strength, elasticity, degradability and biocompatibility. Especially the biocompatibility 

of polymer materials should be considered when used in human body. Any materials 

used in human body or contacted with tissue or human blood could cause the 

accumulation of blood cells and induce some effects such as inflammatory or allergy 

the patients. These biological reactions are the immune responses of human. The 

definition of biocompatibility was defined by William et. al. in 1999 [1] that the 

biocompatibility means the ability of a material to perform with an appropriate host 

response in a specific application. The polymer material is usually used to construct 

artificial organ of the human body such as skin graft, cerebral bone, femoral bone, or 

artificial kidney due to their inertness. These materials are always contacted with 

blood especially in the artificial kidney where one side of the polymer membrane is 

contacted with blood and the other side contacted with dialysate. This process allows 

the body waste such as urea, createnine, and excess ions to be removed out of the 

blood stream so called hemodialysis (HD), which is a method for treating patients with 

renal failure.   

 The functions of kidney are important for maintaining the concentration of 

body fluid and acid-base balance as well as helping to control the blood pressure in 

our body. Therefore, if the kidney cannot function properly, the body waste products 

and electrolytes cannot be completely removed and would be accumulated in the blood 

causing a serious kidney problem such as renal failure disease. Generally, the patients 
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with renal failure disease can be treated with drugs or hemodialysis depending on the 

degree of failure. Typically, the hemodialysis treatment is required to a patient who 

has end-stage renal failure. The main purpose of HD is to restore the composition of 

the body’s fluid environment back to the normal condition. The treatment process 

occurs by circulating the patient’s blood into the dialyzer, which composed of two 

compartments i.e. blood compartment and the dialysate (a solution of certain minerals 

and water) compartment. These two compartments are separated with semipermeable 

porous membrane. The electrolytes in can pass freely through this membrane in both 

directions until the concentration of the electrolytes in both sides are the same. 

Therefore, the urea and other waste products in blood can pass through the membrane 

into the dialysate resulting in the restoration of the electrolyte concentration back to 

the normal condition. On the other hand, the red blood cells (RBC), white blood cells 

(WBC), and proteins in the blood is remained in the blood compartment due to their 

size which are lager than the pore opening of the membrane. The air bubbles and the 

temperature of the cleaned blood is then removed and adjusted before returning back 

to the patient as shown in figure 1.1. Normally, hemodialysis requires a blood flow of 

400 to 500 ml/min. Therefore, patients require treatment for about 3-4 hours per time 

to bring back the electrolyte concentration to the body where the number of treatment 

depends on the degree of failure, typically, three times a week. Another important 

parameter governed in hemodialysis is the use of heparin as an anticoagulation agent. 

Heparin is commonly used in blood transfusion process as anticoagulant and anti-

platelet agent due to its binding and potent activation of antithrombin III. The 

concentration of the heparin required for hemodialysis treatment is about 400 to 6,500 

IU/hour depending on body weight of patients [2]. This small molecular weight 

anticoagulant (less than 10,000 Dalton) is then dialyzed through the hemodialysis 

membrane and leaving tiny amount of heparin in the cleaned blood. 
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Figure 1.1 Scheme of hemodialysis: patient’s blood removed and passed into dialyzer 

for cleaning with controlling pressure. 

 

 The membrane dialyzer can be made of different kinds of materials, which 

causes the different in their chemical properties, biocompatibility, and blood clot 

property. The earliest dialysis membrane was derived from cellulose, which comes 

from wood or plants fiber, so called unmodified cellulose such as cuprophan. This 

cellulose membrane was then modified by replacing hydroxyl group with acetate 

group in order to improve the biocompatibility so called modified cellulosic 

membrane or cellulose-substituted membrane. Some examples of this kind of 

membrane are hemophan, cellulose acetate (CA) and cellulose triacetate (CTA) 

membranes. The cellulose acetate was first prepared by Paul Schützenberger in 1865. 

However, the first chemical extraction of cellulose from wood was manufactured in 

1885 by Charles and Edward [3]. The cellulose membranes were used widely for the 

treatment of renal failure since 1928, when the first human dialysis was performed 

until about 1960 [4] where the petrochemical and plastic industries were grown 

rapidly. Thereafter, the use of cellulose membranes was replaced by the synthetics, 

due to their easier accessibility compare to the cellulose membranes. Although, the 

synthetic membrane such as polysulfone (PS), polyacrylonitrile (PAN), and 

polymethylmethacrylate membranes (PMMA) is frequency used in renal dialysis due 

to their effectiveness of high water permeability and the lower chance to cause the 

adverse effects to the patients, the cellulose composite membrane is still in used in 

many hospitals due to its low cost as compared to that of synthesis membrane. 
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2. Problem Statement 
 Although, the biocompatibility of hemodialysis membranes are accepted but 

the accumulating of human blood cells can be found on the membrane surface during 

the HD process causing the increasing of fouling on membrane surface. This major 

problem reduces the blood permeation of the membrane which may due to low-

hemocompatible surface or a non-specific attachment between cells and material 

surface.  There are some studies reported that the cell accumulation on the membrane 

surface reduce the transportation of the whole blood in a dialyzer significantly. 

Usually, the cell accumulation on membrane surface is found to be white blood cells 

(WBC) especially neutrophils. The study of Wytze et. al. in 1995 [5] showed that the 

biocompatibility of four HD membrane (Bio-Allegro (hemophan, Cobe/Organon), CA 

150 (acetate, Baxter), Acepal 1500 (diacetate, Hospal), and F6 (low-flux polysulfone, 

Fresenius) are varied greatly causing the loss of white blood cells to the hemodialyzer. 

This is called leucopenia which referred to the inadequate number of WBC in patient 

leading to the deficiency of immune function when returned to blood circulation. The 

similar results were also observed by Hoenich et. al., 2000 [6] and Hiraishi et. al., 

2003 [7]. Moreover, several researchers have tried to investigate this problem by 

focusing in various parameters including surface area, porosity or wettability of 

membrane. Wytze et. al. [5] found that the maximum percentage of leucocytes loss 

after passing to a diacetate membrane (55%) is higher than that of hemophan 

membrane (22%), although, the surface area of diacetate (1.5 m2) is more than that of 

hemophan (1 m2). Additionally, there are several studies that modify surface 

properties by grafting hydrophilic patches on a hydrophobic matrix to limit the blood–

membrane interactions, resulting in the increasing of the blood compatibility such as 

the study of Deppisch et. al., 1998 [8] and Hoenich et. al., 2000 [9]. 

Basically, the surface properties of material have played a major role in 

biomaterial application including surface energy, contact angle, surface tension, 

electrokinetic of the surface, etc. These interfacial properties affect the interaction 

force between cells and surface. Kataoka et. al. [10, 11] reported that the interaction of 

cells with material surfaces consist of two distinct successive stages. The first is an 

adsorption process in which the interaction is mediated through physicochemical 

force. The second stage is a metabolism-dependent process, which defined as 
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adhesion. The adhesion stage occurs by changing the cellular functions as well as in 

cellular shape leading to a markedly spreading morphology. Therefore, in order to 

prevent the irreversible function of cell after contacted with a surface. The 

physicochemical forces at interface between cells and material surface must be 

studied. This may help us to understand the cells adhesion and prevent the fouling 

problem later.  

Therefore, this study is performed to study the cells adhesion appearances and 

interest physicochemical force to explain interaction force at interface between cells 

and membrane surface in order to understand the accumulation of human blood cells 

on dialysis membrane. 

 

3. Objectives 
The purpose of this study is to;  

1. Evaluate the significance of surface charge on the adhesion of 

leucocytes on CA and CTA film using zeta potential measurement.  

2. Evaluate the interaction force between leucocytes and CA or CTA 

substrate based on DLVO theory.  

3. Study the adhesion of leucocytes on CA film and on CTA film. 

 

4. Scope of Study 
 The scope of this study includes; 

1. The determination of surface charge on various type of blood cells as 

well as substrates; neutrophils, lymphocytes, CA and CTA particles by means of zeta 

potential measurement in polyvinylpyrrolidone (PVP) solution, to mimic the viscosity 

of the blood.  

2. The interaction force estimation based on Derjaguin, Landau, Verwey 

and Overbeek (DLVO) theory. This approach composed of attractive force from van 

der Waals (vdW) and repulsive force from double layer repulsion which are dependent 

on Hamaker constant (A) and zeta potential (ζ) of two surfaces, respectively,. 

3. The in vitro experiment of cell adhesion on CA and CTA films using 

neutrophils and lymphocytes. These two membranes are fabricated by solvent casting.. 
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CHAPTER  II 

LITERATURE  REVIEW 

 

 

1. Type of Membrane Used in Renal Dialysis Treatment 
Type of membrane used in dialysis treatment can be divided into three types 

based on fabricated materials composed of cellulose membrane, cellulose-substituted 

membrane or modified cellulose membrane, and the last is synthetic membrane. 

 

1.1. Cellulose membrane 

Cellulose is the major component of wood or plant fibers such as cotton. 

Cellulose is a biopolymer made of glucose units (C6H10O5) n linkage in a linear chain 

formation. Each unit of cellulose, which is D-(+)-glucose unit was joined by a 

glycoside linkage to C-4 of the next, as shown in figure 2.1 and this chain can be 

broken by action of acid. This cellulose is water insoluble polymer, therefore, the 

hydraulic permeability of cellulose is relatively low resulting in low flux permeation 

of liquid water to this membrane. The advantage of this membrane is it has a 

molecular weight cutoff at about 2000 Dalton, which is good preventing the loss of 

large molecular size as albumin (68,000 Dalton). However, this type of membrane is 

not widely used because it causes the decreasing of white blood cells (WBC) after 

passed membrane as compared modified cellulose membranes or synthetic membrane 

[12] so called poor biocompatibility. 

 

 
Figure 2.1 Cellulose structure derived from cotton 
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Figure 2.2 The structure of CA (left) and CTA (right): Hydroxyl group of cellulose 

was replaced with acetate group by acetylation formation and  

form a new structure of CTA 

 

1.2.Cellulose-substituted membrane (or modified cellulose membrane) 

 This type is cellulose, which hydroxyl group (-OH) of D-glucose is substituted 

with other groups such as acetic anhydride, acetic acid, and sulfuric acid. The 

substituted cellulose membrane was developed and widely used in various industries 

i.e. textiles, films, and various plastic objects including medical applications such as 

hemodialysis [13]. Cellulose acetate membrane (CA) is widely used in renal dialysis 

therapy due to its better biocompatibility compared to the nature cellulose membrane. 

This type of membrane is also ease to perform porous structure by solvent casting 

method as compared with other types of substituted cellulose membrane. Typically, 

the degree substation of hydroxyl group in cellulose structure determines the quality of 

the cellulose membrane.  If the hydroxyl group substitution is greater than 92 percent, 

the modified cellulose polymer is then called cellulose triacetate (CTA). This was 

assigned by Federal Trade Commission definition [14]. However, if the substitution 

degree less than 92 percent this cellulose is called cellulose diacetate. The different 

degree of hydroxyl substation in cellulose also affects the hydrophilic property of the 

membrane due to the lack of OH group in the molecule (see figure 2.2). Normally, 

CTA shows a lower hydrophilic property than that of CA resulting in a higher 

resistance to fouling compared with CA. Moreover, the CTA membrane is considered 

to be cheaper compared to the synthetic membranes such as polysulfone (PS). Thus, 

CTA membrane is more preferred for using as hemodialysis membrane. 

1.3.Synthetic membrane 

Typically, synthetic membranes can be prepared from engineered 

thermoplastics such as polymethylmethacrylate (PMMA), polyacrylonitrile (PAN), 

and polysulfone (PS). These materials are naturally hydrophobic and require blending 
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with hydrophilic polymers to perform porous structure. The formation of asymmetric 

and anisotropic structures of synthetic membrane is easy prepared by changing 

composite, which lead to high water permeability property. 

Although, the synthetic membrane was modified to be compatible to use in 

renal dialysis, the blood cells accumulation on the membrane surface is still present. 

Therefore, the cellulose triacetate membrane is more preferred due to the low cost. 

Recently, Pichaiwong et. al. [15] studied the clearance performances between the 

cellulose triacetate membrane (CTA, Sureflux150E) and the standard synthetic 

membrane (PS, AV-400) in continuous renal replacement therapy (CRRT). It is found 

that the creatine (MW ~ 113.14), uric acid (MW ~ 168.11) and albumin (MW ~ 

68,000) clearance of CTA membrane (Sureflux150E) is not significantly different 

from the polysulfone membrane (AV-400). This result suggested that the use of CTA 

membrane in patients with renal failure could provide comparable efficacy with the 

standard synthetic membrane such as PS. 

 

2. The Adhesions of Human Blood Cells  
 

2.1. Blood cells information 

The composition of a whole blood is consisted of 46-63 % of a fluid 

connective tissue with an extracellular matrix called plasma and 37-54 % of formed 

elements. Plasma consists of plasma protein, other solutes, and water. Protein 

dissolved in plasma, there are three primaries classed of plasma proteins that is 

albumin, globulins and fibrinogen. The main function of plasma protein is to prevent 

them from crossing capillary walls. Albumin is the most abundant plasma protein, 

constitute about 60 % of the plasma proteins. The formed element is consisted of red 

blood cell (RBC) so called erythrocyte and white blood cell (WBC) so called 

leukocytes. Beside the cellular component, there is a class of non-cellular formed 

element that is platelets. The briefly information and morphology of each blood cell is 

illustrated in table 2.1. 
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Table 2.1 Information of blood cells [16] 
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Table 2.1 Information of blood cells (continued) 
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The properties of the whole blood [16] are  

a. Temperature: Blood temperature is 370 C, the changing of 

temperature has influence on the protein deformation, function and blood viscosity. 

b. Viscosity: Blood viscosity is about 30 mPa⋅s which is five times 

greater than that of water since it is composed of plasma, dissolved proteins and 

several formed element such as red blood cells. Blood viscosity can be determined 

using viscometers which is strongly dependent on temperature. Cinar et. al. [17] 

explained the relation between temperature and viscosity using capillary tube 

viscometer method by decreasing temperature from 36.5°C to 22°C, blood viscosity 

increased 26.13% resulting in decreasing blood flow rate. 

c. pH: Blood pH is in the range of 7.35 to 7.45 with the averages pH 

of 7.4. By varying blood pH over the normal range, cells can be disrupted by breaking 

chemical bonds and changing the shapes of complex molecules. 

2.2 The adhesion of blood cells on CA and CTA membranes 

General, when artificial material exposes to blood, this contacting results in the 

activation of immune system, which divided into two components i.e. innate immune 

system and adaptive immune system. Adaptive immune system is composed of highly 

specialized, systemic cells and processes that eliminate pathogenic challenges. The 

adaptive or "specific" immune system is activated by the non-specific and 

evolutionarily older innate immune system. The innate immune system is a dominant 

system of host defense, which comprises the cells and mechanisms that defend the 

host from infection by other organisms in a generic way [18]. Another function of 

innate immune system is inflammation, which is stimulated by chemical factors 

released by injured cells. Chemical factors activates the phagocytic cell especially 

neutrophils. Neutrophils are the most abundant type of phagocyte, normally 

representing 50 to 60% of the total circulating leukocytes, and are usually the first 

cells to arrive at the scene of infection. The response of cells is established in figure 

2.3. 
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Figure 2.3 The temporal variation in the acute inflammatory response, chronic 

inflammatory response, granulation tissue development, and foreign-body reaction to 

implanted biomaterials [19] 

 

Furthermore, material contacting blood involves a complex response between 

the material surface and circulating blood platelets and blood proteins especially 

coagulation enzymes [20]. In a stable state, platelets are smooth and discoid in shape 

but they are easily activated from contacting foreign body causing platelet to become 

sticky and secrete granule contents. This activated the formation of a blood clot or 

thrombus that may obstruct blood flow [21]. However, the immune system can be 

activated depending on several factors such as type of materials, surface properties, 

and the biologic environment. 

Additionally, several researches have reviewed that types of membrane have 

influence on the adhesion of those cells by observing from the number of cells after 

passed dialysis membrane. For example in a study of Falkenhagen et. al. [22], seven 

different types of dialysers were investigated. This study was carried out in five 

dialysis centers in four countries. The behaviors of white blood cells and the 

complement system were monitored. The results showed that cuprammonium 

cellulose membranes (G10-3N and G120 M) have the largest changes in the number of 

white blood cells (monocytes and neutrophils) after passing in the dialysers. The 

dialysers made of cellulose acetate and polysulphone membranes (Duo-Flux Artificial 

Kidney, CD 4000, and F60) produced only a moderate decreasing of the number of 

WBC, composed of neutrophils, lymphocytes and monocytes. Then Grooteman et. al. 

[23] investigated the influence of hemodialysis (HD) membrane on lymphocytes. The 
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commercial dialyzers, which were used in their experiment, were CTA, 

cuprammonium (CU) and PS dialyzer. Their experiments were performed for testing 

in patients. The total number of leukocyte count, differentiation of lymphocyte, 

lymphocyte subpopulations and activation status in peripheral blood were analyzed 

after 30 and 180 minutes of HD using flow cytometer. The dialyser eluates were also 

collected after disconnecting the extracorporeal circuit from patients and recirculating 

with PBS containing EDTA for 20 minutes. They reported that only CU dialysers 

induced a significant drop in the number of leucocytes in peripheral blood after 30 

minutes of HD process. However, the majority types of the cells found in eluates was 

PMN, which could be found on every type of the dialyzer. The cells number in eluate 

solution of CA is more than other type. This study was concluded that the CU dialyser 

cause the greatest loss of leucocytes compared to the others. Moreover, the cells 

attached on the CU dialyser are difficult to elute with PBS as compared to the others. 

This study was also established the effectiveness of each membrane type in blood 

dialysis by observing the blood cells numbers after blood exposed to a dialysis 

membrane. The results represented that the different type of membrane leading to the 

different type of cells attached on the surface. This information was very useful for 

evaluating blood compatibility for each type of membranes.  

Nevertheless, the particular blood response to materials is not well-established 

or predictable may due to the complexity of material properties in terms of geometry 

and composition. There are several researches try to resolve blood cell adhesion 

problem by focusing on the material properties i.e. wettability (hydrophilic/ 

hydrophobic properties) and surface charge. 

2.3. Properties of membrane relating cell adhesions 

2.3.1. Wettability  

Wettability of surface is usually determined by the contact angle (θ) 

between a liquid droplet on horizontal surface and usually referred as the effective of 

water adsorption on surface [24]. The wettability may be represented in term the 

hydrophilic/ hydrophobic properties of material surface. Contact angle is depended on 

the type of surface and liquid, which led to the variation of angle as shown in figure 

2.4. The surface is defined as non wetting when angle is greater than 90o (left figure), 

On the other hand, this surface is called wetting when contact angle is less than 90o. 
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Figure 2.4 A liquid droplet in equilibrium with a horizontal surface. Left: A 

nonwetting fluid with 90 < θ < 180, Right: A wetting fluid with 0 < θ < 90 [25] 

   

  Voravee et. al. [26] studied the effect of the alternated functional group 

on chitosan film composites to the wettability of the surfaces. This includes chitosan 

containing N-sulfofurfuryl groups (SFC), chitosan containing 5-formyl-2-furan 

sulfonic acid (FFSA), and chitosan containing quaternary ammonium groups on the 

surface (QAC). The effects of degree substitution (DS) of SFC, FFSA and QAC films 

to the contact angle were studied and shown in table 2.2. The results show that a 

higher degree of N-sulfofurfuryl group substitution on chitosan (S1 to S3) led to a 

lower water contact angle. This indicates that the increasing of N-sulfofurfuryl groups 

leding to the reducing of hydrophilicity.  

 

 

Table 2.2 Water contact angle and %DS of SFC and QAC films 

 

 

 

 

 

 

 

 

 

  

 

 

 

Samples % DS Water contact angle 

Chitosan film - 79.6 ±  1.1 

SFC film (S1) 3.0 71.2 ±  2.6 

SFC film (S2) 4.4 67.8 ±  3.8 

SFC film (S3) 7.7 62.0 ±  1.9 

QAC film (Q1) N/A 74.2 ±  2.2 

QAC film (Q2) 0.5 63.2 ±  3.6 

QAC film (Q3) 5 61.0 ± 1.7 
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2.3.2. Surface charge 

  Typically, the surface charge can be represented by zeta potential. The 

colloidal particles dispersed in an electrolyte solution are electrically charged due to 

their ionic characteristics and dipolar attribution. Those particles are surrounded by 

oppositely charged ions and form a layer so called stern layer. Outside this layer, there 

are varying compositions of ions of opposite polarities forming a cloud-like so called 

diffuse electrical double layer [27]. The thickness of this layer depends on the opposite 

ion in solution, as shown in figure 2.5. The double layer causes an electrokinetic 

potential between the surfaces of the colloid. This potential difference is on the order 

of millivolts (mV) and is referred to as the surface potential (Ψ), which related to the 

surface charge and the thickness of double layer. By applying some potential across 

the system containing charged particles in a media, the colloid particles will move to 

opposite polarities with a fixed velocity. When a particle moved in the media, a 

boundary called slip plane appears between the moving particles and media, which 

occur at the interface between stern layer and electrical double layer. There is an 

electrical potential occurred at this interface is called zeta potential (ζ), which always 

defined as surface charge so called surface potential.   

The velocity of charged particle is obtained through Stoke’s law [28], 

which is written as 

 

     rvF πμ6=      (1) 

 

where F is force, µ is viscosity of medium, r is particle radius, and v is velocity of 

particle. Then ζ can be evaluated from Helmholtz theory written as 

 

     
πμ
ζε

6
Ev =      (2)  

 

where ε is dielectric constant of medium, E is electric field and ζ is zeta potential, 

which is proportional to the velocity of particle. 
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Figure 2.5 The picture of stern layer and diffuse electrical double layer [29] 

 

Warner et. al. [30] showed the relation between zeta potential of 

polymer and functional group on polymer. They measured zeta potential of flat HD 

membrane i.e. polysulfone (F60), cellulose (CuprophanTM) and diethylaminoethyl 

(DEAE)-cellulose (a modified cellulose) from streaming potential measurements 

(Electrokinetic Analyzer EKA, A. Paar BmbH) in potassium chloride (KCl) solutions. 

In case of cellulose based membrane, maximum value of zeta potential of modified 

cellulose is higher than that of unmodified cellulose. This zeta potential is correspond 

to percentage of amine surface sites. 

Additionally, Voravee et. al. [26] studied the effect of the alternated 

functional group on chitosan film surface composed of SFC film, FFSA film and QAC 

film (detail is described in past topic). The characteristics of those samples were 

studied by ATR-FTIR, NMR, contact angle and zeta-potential measurements. From 

zeta potential measurement, the QAC film possessed positive zeta potential of +5.5 

whereas the SFC exhibited negative zeta potential of -22.2 as compared to -13.1 mV 

of chitosan. This suggested that the changing of functional group not only influence on 

contact angle but also zeta potential of each material. The different in percentage of –

OH substitution on CA and CTA, the zeta potential of CA and CTA should be 

different.  The different value of zeta potential may lead to the different of number of 

cells on surfaces. 
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3. The Interaction Force based on Derjaguin, Landau, Verwey and 

Overbeek (DLVO) Theory 

 

DLVO theory is the quantitative theory, which was developed by Derjaguin, 

Landau, Verwey and Overbeek in 1940s [31] to describe the net interaction force (VT) 

between charged surfaces interacting through a liquid medium. This interaction can be 

calculated from the balance of van der Waals (vdW) force (VA), which is a weak 

attractive force between atoms or dipolar molecules, and electrostatic double layer or 

repulsive force (VR), which occurs from the overlapping of electrical double layer of 

two particles, which have differential surface potential. 

The characteristic of summary force explained by this theory is shown in figure 

2.6. The energy barrier resulting from the repulsive force prevents two particles 

approaching one another and adhering together. However, if the particles collide with 

sufficient energy to overcome that barrier, the attractive force will pull them into 

contact where they adhere strongly and irreversibly together. Therefore if the particles 

have a sufficiently high repulsion, the dispersion will resist flocculation and the 

colloidal system will be stable. However if a repulsion mechanism does not exist then 

flocculation or coagulation will eventually take place. 

Hermansson et. al. [32] explained the adhesion of microorganisms using 

DLVO theory. The summation of attraction and repulsion forces yield the total 

interaction force showed in equation (3) 

 

RAT VVV +=       (3) 

 

where, VT is the net interaction. VA is vdW force or called attractive force, which leads 

to the aggregation of particles and VR is repulsive force, which wills be large 

approached when there is overlap in electrical double layers between two particles 

preventing aggregation of particles. 
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Figure 2.6 Schematic diagram of the net interaction is given by the sum of the double 

layer repulsion and the van der Waals attractive forces [33]. 

 

 VA can be expressed as a function of the Hamaker constant (A). The Hamaker 

constant of particle can be calculated from Lifshitz theory if the dielectric constant 

(ε ) of the surfaces within the interacting medium are accurately known. In the study 

of Bergström et. al. in 1999 [34], the Hamaker constant of cellulose film were 

evaluated from spectroscopic ellipsometric measurements and reviewed that A = 58 zJ 

in air and 8.0 zJ in water. The dielectric constant (ε ) used in their study was 7 ± 1 for 

both regenerated cellulose and cellulose film. 

 Attractive force was calculated depending on surface geometry of particles, in 

case of the interaction between a plate surface and a sphere, VA was derived by 

Lyklema et. al. [35] and can be written as 

     

[ ]
aH

H
aHH
aHaA

VA 2
ln

)2(
)(2

6
3/12

+
+

+
+

−=    (4) 

 

3/223/113/12 AAA ⋅=      (5) 

 

where a is particle radius, H is the separation distance between the plate and sphere 

particle. A12/3 is the Hamaker constant for the vdW interaction of particle 1 and 

substrate 2 in liquid 3. This equation can be assumed that while H is stable and a is 

increased, AV  will be increased. By maintaining a constant and decreasing H, this lead 
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to the occurring of AV  due to there is repulsive force reduction as shown in figure 2.6.  

If two surfaces approaching together the repulsive force increased due to the strong 

repulsion from double layer on the two surfaces until the maximum repulsion is 

achieved. At this position the interaction force required to move these two surfaces to 

this distance is determined as the energy barrier. After that the repulsion force 

decreased rapidly due to the strong attraction until two surfaces are attached.   

Derjaguin and Landau [36] derived the repulsion interaction as a function of 

the distance between two surfaces (H). Hogg et. al. [37] further derived and provided 

an expression for the case of the interaction between a sphere and a plate by assuming 

that one sphere surface has a very large diameter compared to the other. This 

assumption allowed us to imagine that the large particle behave like flat surface 

relatively to the small sphere. The repulsion force between plate and sphere can then 

be written as 
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where 0ε is the permittivity in vacuum, is defined to have the numerical value of 0ε  = 

8.85·10-12 C2/N·m2. rε  is the relative dielectric permittivity or dielectric constant of 

medium. κ is Debye-Hückel parameter, H0 is the shortest distance between the 

spherical surface and plate surface. Ψ1, Ψ2 are the surface potentials of the sphere and 

the plate, respectively. However, if zeta potentials of sphere and plate are measured in 

the same solution, rε , 0ε  and κ are constant, RV will be varied depending on zeta 

potential of each subject. 

The net interaction force based on DLVO theory between sphere and plate can 

be calculated from summary equation of (4) and (6). The net interaction force versus 

distance between two surfaces can be plotted as shown in figure 2.6. 
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Figure 2.7 Total interaction energy curves between bacterial cell and substratum as a 

function of separation distance. Solid curves represent calculated results based on soft 

particle analysis. Dashed lines are derived from conventional zeta potentials. Curves 

from bottom to top are for pH 3.75, 4.0, 4.1, 4.5, 5.0 and 7.0, in that order [38]. 

   

 Although the early application of DLVO theory was to account for the 

behavior of colloid suspensions but from a study Hayashi et. al. in 2001 [38], they 

showed that the DLVO theory can be applied to bacterial and glass surface system. 

Zeta potentials of these two materials were determined by Electrophoretic mobility 

measurement based on Smoluchowski theory. The cell radius of 0.5 μm, Hamaker 

constant of 6.41 x 10-21 J, and ionic strength of 0.01 M were used for the estimation. 

Additionally, bacterial adhesion was studied by feeding bacterial suspension (about 5 

x 108 cell/ cm3) into packed column containing 10g of glass beads. The result by 

varying pH of the medium showed that cell adhesion was promoted to substratum 

when pH decreased. This was suggested by the authors that the cell adhesion was 

increased because the reduction of electro-repulsive force as shown in the total 

interaction energy plots in figure 2.7. 

 Kataoka et. al. [10, 11] suggested that the interaction of cells with material 

surfaces consist of two distinct successive stages. The primary stage is an adsorption 

process, which is mediated through physicochemical force composing of attractive 

force and repulsive force. The second stage is a metabolism-dependent process, which 

defined as “adhesion stage”. In the process of adhesion step, the change of cellular 
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functions as well as in cellular shape leads to a markedly spreading of cell 

morphology. This represented that the blood cells adhered on membrane surface was 

influenced from attractive force and electrostatic repulsion force [32, 38, 39]. 

Furthermore, to improve the understanding about blood cells adhesion at the primary 

stage, DLVO theory is a suitable method for explaining the repulsive force occurring 

between blood cells and CA or CTA film surface using the zeta potential at same 

condition with cell adhesion test. 
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CHAPTER  III 

METHODOLOGY 
 

 

1. Materials and Instruments 

 

1.1. Materials and chemical reagents for zeta potential measurement 

- Cellulose acetate (CA) (Fluka, Switzerland) and cellulose triacetate 

(CTA) polymer (Fluka, Switzerland) 

- Neutrophil, lymphocyte and red blood cell (RBC) 

- Lymphoprep solution  

- Polymorprep solution 

- RPMI 1640 medium (GIBCO BRL, USA) 

- 5% polyvinylpyrrolidone (PVP) (Sigma, USA): 5 g of PVP powder 

dissolved in 100 ml of 0.01M phosphate buffer saline (PBS). PVP 

solution was used for zeta potential measurement because it have 

used in the study of RBC rheology, PVP solution is homogeneous 

liquid, which no have large protein molecules like as PBS solution 

preventing cells damage or disturbing detection during cells flow in 

aperture. 

- 0.01M PBS: 8.5 g sodium chloride (NaCl), 1.35 g disodium 

hydrogenphosphat (Na2HPO4) and 3.9 g monosodium phosphate 

(NaH2PO4⋅2H2O) dissolved in 1000 ml of distilled water. 

1.2.Materials and chemical reagents for film fabrication 

- CA and CTA polymer 

- Chloroform (CHCl3) (BDH, UK) 

- Acetone (BDH, UK) 

- Methanol (CH3OH) (BDH, UK) 

- Acetic acid (CH3COCH3) (BDH, UK) 

- DI water 
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1.3. Materials and chemical reagents for blood cells incubation 

- Whole blood donated from healthy Thai donor was collected in 

heparin tube, which prepared at Malaria Research Laboratory, 

Pathobiology Department, Faculty of Science, Mahidol University. 

- McCoy’s medium (GIBCO BRL, USA) 

- 0.01M PBS 

- Distilled water 

- Petri-dish and forceps 

1.4. Instruments 

- Optical microscope (Olympus, USA) 

- Zetasizer 3000 (Malvern, UK) 

2. Methods 

There are two parts of this experiment. The first part composed of zeta 

potential measurement and force calculation. The quantitative attractive force from 

Hamaker constant and repulsive force from zeta potential measurement calculated 

from DLVO theory is evaluated. The second part in this study composed of the 

cellulose substrate film fabrication and the cells adhesion on the different types of 

cellulose composite films. The films are prepared using cellulose acetate and cellulose 

triacetate at two concentrations. The experiment procedure is shown in figure 3.1. 
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Figure 3.1 Scheme of method overviews 

 

2.1. Zeta potential measurement 

Zeta potential (ζ) of blood cells composed of neutrophils, lymphocytes and red 

blood cells and of CA and CTA polymer is measured from zetasizer 3000 instrument. 

Cellulose polymer particle and blood cells is dispersed in PVP solution with viscosity 

of 30 mPa⋅s. The dielectical constant of cellulose polymer is 76.175. The pH of PVP is 

adjusted with 0.1M HCL and 1 M NaHCO3 to have the pH of 7.4. 

 Lymphocytes separation method 

 The human blood from healthy donor is collected into a tube with 

heparin as the anticoagulant. The medium is added into the blood tube in the twice 

volume of that of original blood. The blood samples and Lymphoprep solution are 

maintained at 4 0C during centrifugation and storing through out the entire study. The 

5.0 ml of anticoagulated blood is carefully layered over 3.0 ml of Lymphoprep 

solution in a 12 ml centrifuge tube. This process must be carried out carefully to avoid 

the mixing of the blood with the separation fluid. The samples layered over 

Lymphoprep solution is then centrifuged for 800 x g for 20 minutes at 40C.  After 

centrifugation, lymphocyte cells layer should be visible and is then separated using a 

Fabricating film on cover slip for 
testing 

Observing cell adhesion 
appearances by dye strain 

and OM 

Observing morphology of 
film by OM  

Incubating human blood 
cells on cellulose film under 

static condition 

Part2 Cells adhesion 
experiment 

Determining zeta potential of 
blood cells and cellulose 

polymer particles by zetasizer 

Calculating the repulsion and 
attractive from zeta potential 
measurement and Hamaker 

constant, respectively

Observing force characteristics 
and predicting adhesion 

appearances comparing cells 
cultivation experiment

Part 1: Zeta potential 
measurement and DLVO 

calculation 
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pasteur pipette into new a centrifugal tube filling with RPMI medium or 1xPBS. The 

washing process by centrifugation is carried out twice to remove Lymphoprep solution 

before further utilization. The centrifugation is carried out at 2,500 rpm for 10 minutes 

while maintaining the temperature at 40C. After that, the lymphocyte cells are counted 

by hemocytometer. Then cells are separated in 10 ml 5%PVP solution about 0.5-0.8 

x106 cells/ml for zeta potential determination. Formula of blood cell counting by 

hemocytometer is calculated as follows 

 

    Total number of cells in 4 windows   x   dilution factor  x  104    =    Y  cells per ml 

     4 

Y  x  volume of solution   =    total number of cells per ml. 

 

  PMN (Neutrophils) separation method 

  The human blood from healthy donor is collected into a tube with 

heparin as an anticoagulant. The medium is added into the blood tube in the twice 

volume of that of original blood. The blood samples and the Polymorphprep solution 

is maintain at the temperature of 18-22 0C through out the process. The 5.0 ml of 

anticoagulated blood is carefully layered over 3.0 ml of Polymorphprep solution in a 

12 ml centrifuge tube and avoid mixing of the blood with the separation fluid. The 

samples layered over Polymorphprep solution is centrifuged for 500 x g for 30 

minutes at 18-22 0C. After centrifugation, two leukocyte layers should be visible. The 

top layer consists of mononuclear cells and the lower layer consists of neutrophils 

cells. The cells are then transferred using a Pasteur pipette into a new centrifuge tube. 

The centrifugation is carried twice to remove Polymorphprep solution before further 

use. The centrifuge conditions are 2,500 rpm for 10 minutes at 18-22 0C. The 

lymphocyte cells are then counted using hemocytometer. Then cells are separated in 

10 ml 5%PVP solution about 0.5-0.8 x106 cells/ml for zeta potential measurement. 

2.2. Attractive force and repulsive force calculation 

The interaction force between cell and cellulose based polymer (CA and CTA) 

are estimated based on the assumption that all cells are spheres and the cellulose 
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substrate are flat smooth surfaces. The equation of attractive force and repulsion force 

used in this study follows Lyklema et. al. [35] and Hogg et. al. [37] respectively; 
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where ψ  is surface potential, which is replaces with zeta potential (ζ) determined from 

zeta potential measurement. Other parameters used such as A , a, κ, rε  and 0ε  are 

adopted from the literatures, as shown in table 3.1. The radius of cells is measured 

from the optical images. The relationship between each interaction force (attractive 

force VA and repulsive force VR) versus separation distance (H) is carried out using 

MathCAD program. 

 

Table 3.1 Parameters used in DLVO calculation 

Parameter Values 

Aca (Hamaker constant of CA) 6.7 x 10-21 J [40] 

Ared (Hamaker constant of red blood cells) 9 x 10-21 J [41] 

Aleu (Hamaker constant of leukocytes) 5 x 10-21 J [42] 

ar (Radius of red blood cell) 7 x 10-4 nm 

an (Radius of neutrophils) 12 x 10-4 nm 

al (Radius of lymphocytes) 10 x 10-4 nm 

εr  and εo 76.175 and 8.854 x 10-12 C2/N·m2 

T (Temperature) 298 K and 310 K 

κ at 298 K and κ at 310 K 4.71x103 and  4.618x103 
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2.3. Cell adhesion test 

2.3.1. Film fabrication 

a. Cellulose acetate film 

 CA films can be prepared using acetone as a solvent. A mixture 

of specified concentration of two chemicals is stirred in a closed bottle until a 

homogeneous solution is obtained. About 20 µl of prepared solution is cast on a cover 

slip, which maintained at 40°C on a hot plate to remove the solvent by evaporation. 

After complete evaporation of solvent, a transparent thin film is obtained [43]. The 

film sample is used for further test after at least 24 hours. 

b. Cellulose triacetate film 

 CTA film is prepared for experiment, which the method is 

extended from Bhat et. al. [44]. CTA polymer is dissolved in chloroform–methanol at 

9:1 vol % until homogeneous solution was obtained. The film fabrication is performed 

followed the CA film fabrication. 

 The surface of CA and CTA film is observed using an optical 

microscope (OM) at x500 and x1000 magnification. An image processing software is 

used to determine roughness by calculating standard variation of gray scale images. 

These images for evaluation are taken at the same conditions (x500 magnification). 

2.3.2. Preparation of white blood cells 

Peripheral venous blood obtained from the healthy human donor is 

collected in tube with heparin anticoagulation. The collected blood is gently mixed by 

inverting test tubes six to ten times after collection. Blood sample is smeared for 

differential cell counting. The rest of the blood in test tube is centrifuged at 2,500 rpm 

10 min at temperature of 15-20oC for separating white blood cells from red blood 

cells. After centrifuge, tubes are carefully removed without disturbing the red cells at 

the bottom. Buffy coat, which is the layer of white blood cells (WBC) cluster, is 

carefully collected and transferred into new tube for washing. McCoy’s media with 

10% plasma is added into the Buffy coat and then centrifuged at 2,500 rpm for 10 

minutes at 15oC. Finally, media is leave and then the number of white blood cells is 

counted with hemocytometer before using in experiment. 
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2.3.3. Cell adhesion test 

One milliliters of media which contained about 2-4 x106 cells/ ml is 

added on CA and CTA films. The films are incubated at 37 0C with humidity of 5% 

CO2 for 1, 2, and 3 hours. After that, samples are washed for 3-4 times with 1x PBS 

(pH 7.4) until debris particle completely removed. Cells on film samples are fixed 

with 0.1% glutaraldehyde for 1 min to preserve the structure of cells then wash off 

with distilled water and dye strained with dip quick method. This dye is composed of 

methylene blue and safanine. The stained membranes are rinsed with water and then 

placed on glass slide to dry at room temperature. The cells adhesion appearances on 

samples are observed by OM. 
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CHAPTER  IV 

RESULTS 

 

 

1. Zeta Potential Measurement 
Surface charge of cellulose acetate (CA) and cellulose triacetate (CTA) 

polymer is determined in polyvinylpyrrolidone (PVP) solution with pH of 7.4 and 

viscosity of 30 mPa⋅s and compared with surface charge of blood cells composing of 

red blood cells (RBC), neutrophils and lymphocytes. The zeta potential of each 

particle is determined at different temperature i.e. 298K and 310K and results are 

reported in figure 4.1 and figure 4.2.  
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Figure 4.1 Zeta potential of CA and CTA polymer in 5% PVP with pH 7.4  

at 298 K and 310 K (Bar = SD)
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Figure 4.2 Zeta potential of RBC, neutrophils and lymphocytes in 5% PVP  

with pH 7.4 at 298 K and 310 K (Bar = SD) 

 

2. Interaction Force Calculation 
The interaction force between each blood cells type on each substrate compose 

of repulsive force (VR) and attractive force (VA), which are calculated from DLVO 

equations i.e. equation (4) and equation (6). The net interaction force is calculated 

from summation of repulsive force and attractive force, which represents minimum 

separation distance of cells before adhesion. 

 

2.1.  Attractive force 

 The attractive force calculates from equation (4), which each parameter 

reviewed from literatures as shown in table 3.1. Results of attractive force between 

each cell type and cellulose substrate is shown in figure 4.3. The attractive force of 

each type of blood cell on CTA substrate and CA substrate are the same due to the 

same Hamaker constant used. 
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Figure 4.3 The attractive force between cellulose substrate and human blood cells 

composed of RBC, neutrophils and lymphocytes 

 

2.2.  Repulsive force 

 Repulsive force between each substrate and each blood cell type is calculated 

from equation 6 as shown in figure 4.4 to figure 4.7, which zeta potential is 

determined in different temperature i.e. 298 K and 310 K. 

  

 
Figure 4.4 The repulsive force between each cells type and both substrates at 298 K  
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Figure 4.5 The repulsive force between each cells type and both substrates at 310 K  

 

 

 
Figure 4.6 The repulsive force between each cells type and CA substrate  

at 298 K and 310 K 
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Figure 4.7 The repulsive force between each cells type and CTA substrate 

 at 298 K and 310 K 

  

2.3.  Net interaction force 

 The net interaction force between each substrates and each blood cell type is 

shown in figure 4.8 to figure 4.11. 

 

      
Figure 4.8 The net interaction force between CA and each blood cell type 

 at different temperatures 
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Figure 4.9 The net interaction force between CTA and each blood cell type 

 at different temperatures 

 

 

 
Figure 4.10 The net interaction force between each substrate and each blood  

cell type at 298 K  
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Figure 4.11 The net interaction force between each substrate and each blood  

cell type at 310 K  

 

3. Cell Adhesion Test 
 

3.1.  Surface morphology of films 

CA and CTA film is fabricated at different polymer contents (5g/100ml and 

10g/100ml). The surface morphology of CA and CTA films is observed before cells 

cultivation. For the same polymer type, there is slightly different roughness between 

both polymer contents as show in figure 4.12 and figure 4.13.  

These films are dense in structure by water absorption testing which no 

permeation are observed on both CA and CTA film. These films are then used for cell 

adhesion testing where the interaction force between various blood cells on these 

substrates is estimate by the aid of DLVO theory. 

 



 
 
Thaneeya Samwang             Results / 36 

 (a)    (b) 

Figure 4.12 Surface morphology of CA films from OM at x500 magnification;  

(a) CA5 (b) CA10 

 

  (a)   (b)  

Figure 4.13 Surface morphology of CTA films from OM at x500 magnification;  

(a) CTA5 (b) CTA10 

 

 In order to determine the surface roughness of the samples, the variation of 

image intensity in each sample obtained from the optical microscope are analyzed 

using image processing software (Image J) as shown in table 4.1. 

 

Table 4.1 The SD value of roughness calculated from Image J program 

Substrates SD (±SD) 

CA5 10.12±0.19 

CA10 8.47±0.49 

CTA5 19.43±0.45 

CTA10 17.56±1.16 

 

3.2.  Cell adhesion appearances 

About 1 ml with 2.5 (±0.3) x 106 of white blood cells suspensions is prepared 

for cell adhesion test and table 4.2 shows the original number of each cell type counted 
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by differential cell count method. After incubation time, the number of cells adhered 

on each substrate is observed referring to original number by OM and reported in cells 

number per mm2 as shown in figure 4.14. Also, the type of blood cells adhered on 

surface is counted and reported. 

 

Table 4.2 The number of cell differential count from blood with heparin anticoagulant 

(n=3) 

  Neutrophil Lymphocyte Monocyte Basophil Eosinophil 

% of cells 
( ± SD) 

44 ± 1.5 53 ± 1.5 2 ± 0.6 1 ± 0.6 1 ± 0.6 
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Figure 4.14 The mean number of neutrophils, lymphocytes and eosinophils (x106 

cells/ mm2) adhered on different substrates at 1, 2 and 3 hours incubation  

(Bar = SD, n=3) 

 

During process, the optical images of cell on each substrate at x10o0 

magnification are shown in table 4.3. 
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Table 4.3 Blood cells adhered on different substrate for incubation period of 1, 2 and 

3 hours from OM at x500 magnification 

Time of incubation (hour) Sample 
 ID 1 2 3 

CA5  
 
 

  

CTA5  
 
 
 
 
 
 
 

  

CA10  
 
 
 
 
 
 
 

  

CTA10  
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CHAPTER  V 

DISCUSSION 
 

 

The results of each experiment are discussed and evaluated based on DLVO 

theory as follows.  

 

1. Zeta potential measurement and interaction force estimation  
According to the zeta potential (ζ) measurements, the zeta potential of 

cellulose polymer both cellulose triacetate (CTA) and cellulose acetate (CA) are 

negatives (see figure 11-12). The amplitude of the zeta potential on CTA is larger than 

that of CA substrate due to the functional group presenting in CA and CTA. The 

substitution of –COOCH3 in cellulose structure leading to the different zeta potentials 

measured as well as the high density of –COOCH3 also leading to a higher negatively 

charge presenting on CTA. Moreover, this substitution of –COOCH3 on –OH 

functional group reduces the hydrophilicity of the cellulose substrate as the lost of –

OH functional group. 

The zeta potentials of various cells were also determined including red blood 

cells (RBC), neutrophils, and lymphocytes. The results showed that the RBC possesses 

the strongest negative surface charge than that of the others. Therefore the stability of 

zeta potential of each blood cell are RBC > lymphocytes > neutrophils. This may due 

to the complexity of the blood cell structure especially the protein type on surface. 

Generally, blood cells membrane, plasma membrane, is consisted of lipid and protein. 

The different in protein/lipid ratio [45] contribute to the difference in surface charge. 

General, blood cells membrane or call plasma membrane is consisted of lipid 

and protein components, which the protein/ lipid ratios of each cell type are different 

[45] and this should be a factor that led to different charge on surface. The evaluation 

of zeta potential of each sample was performed at 298 K and 310 K. It is found that by 

increasing the temperatures, the amplitude of zeta potential is slightly decreased. This 
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may due to the change of the temperature that affected on the viscosity of the media 

(PVP) which agree well with a study by [46], whose results showed that the viscosity 

of PVP is slightly increased when temperature decreased. Moreover, Cinar [17] 

represented the relationship between temperature and viscosity of blood using 

capillary tube viscometer. They showed that when temperature decreased from 36.5°C 

to 22°C, blood viscosity increased 26.13% while blood flow rate decreased.  The 

increasing of blood viscosity altered the velocity of colloid particles during zeta 

potential measurement. 

The interaction force calculations from attractive and repulsive forces were 

performed based on DLVO theory. The Hamaker constants and zeta potential 

measurement of each material were use for modeling. However, the determination of 

Hamaker constants is very difficult. Therefore, the Hamaker constant of white blood 

cell, red blood cell, and cellulose substrate were adopted from Sun et. al. [42], 

Parsegian et. al. [41] and Winter et. al. [40], respectively. The results of attractive 

force (VA) between blood cells and substrate surface were depicted in figure 13 as a 

function of the distant between them. This showed that when cell approaching toward 

the substrate surface, the attractive force tend to be decreased. The effect of cell types 

on attractive force estimation on cellulose substrate showed that the red blood cell has 

the weakest attraction compare to the white blood cells at the same distance away from 

the substrate surface. However, the white blood cells (neutrophil and lymphocyte) 

which possess the same Hamaker constant yield a different in the attraction force 

calculation as seen in figure 13. This larger white blood cell, neutrophil (12μm), yields 

a larger attractive force comparing to a smaller white blood cell, lymphocytes (10μm). 

These results indicate that the geometry of the surfaces has a large effect on the 

attraction force between two surfaces.  

The repulsive force estimation using measured zeta potential showed that the 

CTA surface has a stronger repulsion force comparing to that of CA substrate (see 

figure 14 and figure 15), due to a larger zeta potential of CTA ( -78.4 mV at 298K and 

-75.8 mV at 310K) (see figure 11). Indicating that the CTA has a stronger repulsion 

than that of CA substrate, therefore, hydrophobic blood cells tend to be attached on 

CA substrate. Moreover, the repulsion force estimation of various cell types at 

different temperatures (298K and 310K) showed that by increasing the temperature the 



 
 
Fac. of Grad. Studies, Mahidol Univ.                                             M. Eng. (Biomedical Engineering) / 41 

repulsive force on each cell types on both CA and CTA are decreased due to the 

weakness of the surface charge on the cells from zeta measurement and the reduction 

of PVP viscosity at a higher temperature (~ 30 cP) (see figure 16 and 17). 

By combining the attraction and repulsion forces together, the net interaction 

force of each blood cell on both CA and CTA substrates were obtained meaning the 

energy barrier appearing between cells and each polymer substrates. The results of net 

interaction forces of various blood cells on CA substrate at 298K and 310K were 

shown in figure 18. These showed that the neutrophils on CA substrate has the 

strongest energy barrier of 1.404 x 10-16 J at 310 K followed by lymphocytes (1.224 x 

10-16 J) and RBC (9.84 x 10-17 J) respectively (see figure 18). By increasing the 

temperature, the energy barrier of each cell interaction decreased due to the reduction 

of zeta potential as well as the viscosity of PVP media. This reduction of viscosity 

causing the colloid cells to be move easier than that in a viscose fluid. The similar 

trends also observed on CTA substrates with various cell types (see figure 19). 

 

2. Cell adhesion test 
 CA and CTA films were prepared at different composition i.e. 0.05 g/ml (CA5 

and CTA5) and 0.1 g/ml (CA10 and CTA10) following Bhat et. al. [44]. The surface 

morphology of the film samples were evaluated using an optical microscope (OM) at 

x500 magnification as shown in figure 22 and 23. Then, films were incubated with 

white blood cells suspensions at 310 K for 1, 2, and 3 hours, the samples were then 

rinsed with PBS and the attached celled were evaluated using an optical microscope 

(OM) at x1000 magnification.  

On the study of the cellulose concentration effect on the substrates, the 

roughness estimation using image processing software (Image J) showed that the CA 

and CTA films prepared using a higher polymer content (CA10 and CTA10) have a 

higher roughness when comparing with those prepared at a lower content (CA5 and 

CTA5) (see table 4.1), which corresponding to the images from OM. This surface 

roughness may due to the evaporation rate of solvent during the film casting step. 

During the preparation of these polymer solutions, a lower polymer content cellulose 

substrate has a faster evaporation comparing to the higher polymer content solution 

due to a larger solvent content in the precursor. Thus, the surface cellulose film having 
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a higher solvent content may become rougher. By comparing between the substrate 

constructed at different polymer contents, the higher content substrates (both CA and 

CTA) have a lower number of blood cells on the surface. This may due to the 

difference in roughness of the substrate surface that mentioned earlier. 

Although, the roughness may contribute to the difference in cell adhesion on 

substrate, the roughness of substrates prepared from CTA polymer is slightly more 

than that from CA polymer as shown in figure 4.12 and 4.13. The roughness 

estimation using Image J also showed that CA surface is smoother than CTA surface 

(see table 4.1). This may due to the type and properties of solvent applied in this study. 

By dissolving polymers in a similar hydrophilic solvent, such as CA in acetone, a 

homogeneous solution of CA is obtained while the solution of CTA in these solvent 

may not form a homogenous solution since CTA is more hydrophobic than CA. This 

formation of hydrogen-bonding phenomenon of water or other hydrophilic agent on 

CA polymer was investigated by van Oss et. al. [47] and Hai-Qing et. al. [48]. The 

hydrophilic solvent induces the hydrophilic surface of the polymer film by rearranging 

the hydrophilic tail of the polymer in outward direction during evaporation period. 

Thus the surface of the polymer film becomes hydrophilic. On the other hand if 

hydrophobic solvent is used the surface of cast polymer becomes hydrophobic due to 

the rearrange of hydrophobic tail of the polymer in the direction that solvent 

evaporating. Therefore, the type and properties of solvent used should be considered 

because it effects the rearrangement of the polymer molecule during film preparation 

and also led to the different surface morphology of the samples. 

When the cell adhesions on both substrates were observed, the results showed 

that the CTA films contain less number of blood cells especially white blood cells than 

that of CA films (see figure 4.14). This may due to the hydrophilic/ hydrophobic 

properties of polymer, which related to the percent of functional group presenting in 

the film samples. The Federal Trade commission defined that there are about 92% of 

hydroxyl group (-OH) in CTA were substituted with other functional groups leading to 

the decreasing of hydrophilic property of CTA polymer compared to the CA. On the 

other hands, a higher percentage of –OH group on CA causes a larger degree of 

hydrophilicity in these samples. Thus the adhesion of blood cells is usually found on 
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CA surfaces. Moreover, the presence of –OH group also increases the effectiveness of 

water adsorption therefore the cells tend to be attached on CA surface.  

 Furthermore, the relationship between surface charge and cells adhesion 

appearances found that CTA substrate, which has a stronger negative charge than that 

of CA substrate, provide a smaller numbers of cell adhesion on surface comparing to 

that on CA surface. Warner et. al. [30]and Voravee et. al. [26] suggested that 

functional group on material surface can influence on zeta potential measurement. 

Therefore, the different degree of –OH substitution between CA and CTA may be the 

reason of the difference in zeta potential measured and the different in appearance of 

cell numbers on surface. Thus, the zeta potential measured is related to the 

hydrophilic/ hydrophobic properties of the materials. 

 Most of the cells found on all substrates are neutrophils (see figure 4.14). This 

may be due to the scavenging functions of neutrophils when encounter the foreign 

body in an inflammation process. Generally, neutrophils can be activated by solid 

surface resulting in adherence similar to that of monocytes/ macrophages. Moreover, 

the longer the incubation period, the large number of cells attached to the substrate.  

 On the other hand, RBC showed the lowest energy barrier, however, we rarely 

observed RBC on both substrates. This may be due to the fact that RBC is deformable. 

This property prevents RBC from adherence to any surface. Another reason is that 

RBC do not contain nucleus therefore the activation from solid surface is not possible 

to induce adherence. 

 

3. The relationship between the net interaction forces based on DLVO 

theory and blood cell adhesions 
 The interaction forces between various blood cells; RBC, neutrophils, and 

lymphocytes on cellulose substrate are estimated. These interaction forces are then 

compared to blood cells adhesion observed in experiment. By comparing the net 

interaction force on various blood cells on CA and CTA in figure 22 and 23 

respectively with the cells adhesion observed using an optical microscope in figure 27, 

the interaction force between neutrophils on both substrates yield the highest energy 

barrier compared to the other cells, which is opposite to the results observed from the 

OM. This may be due to the following reasons: 
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1. Protein production by neutrophils 

  Blood cells especially neutrophils may be activated when exposed to an 

artificial substance. This causes neutrophils to expresses various proteins such as a 

group of adhesion protein on the cell surface. These proteins could alter the surface 

charge of the cells, therefore interfere the interaction force estimated by DLVO theory. 

2. The different constituent in medium 

  The zeta measurement for repulsion force evaluation was performed in 

PVP solution to mimic the viscosity of the blood. This high viscosity of PVP prevents 

the precipitation of blood cell during the zeta measurement. However, by using PVP 

as the medium, the content of PVP is different from that of blood. This could cause the 

different outcome in cell adhesion by estimation of DLVO theory. 

3. The surface roughness 

 Suresh et. al. [49] showed the significance of the surface roughness on 

the attractive force using DLVO theory. This model is the interaction force between 

rough sphere polystyrene latex having various asperities on the smooth surface glass 

substrate. The radius of asperity (εs) is incorporated in DLVO theory, the result of the 

total interaction forces are shown that the energy barrier of the interaction force 

decreases from 2990 kT/mm for perfectly smooth surfaces to about 50 kT/mm when 20 

nm asperities are presented. Their study demonstrated that the roughness of cells 

surface may influence on the net interaction by increasing the vdW attraction. This 

reason corresponds with the cell adhesion results in this experiment. The number of 

neutrophils appearance was high because of the roughness of their surface (as shown 

in figure 26). Therefore, the roughness of the surface should be incorporated into the 

DLVO theory for the net interaction force calculated between cells and CA or CTA 

substrates. 

 

 
Figure 5.1 White blood cell morphology at x15,000 magnification via SEM (Photo 

from http://embryology.med.unsw.edu.au/Notes/heart20.htm [50])  
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4. Blood cells geometry 

 Cell geometry affects the interaction force from DLVO theory. The 

estimation of interaction force between blood cells and cellulose substrates was based 

on the assumption that all blood cells are spheres in shape and the substrates were 

smooth flat surfaces. However, this assumption may not suitable for all type of cells 

especially for the red blood cell which has a biconcave disc structure. The shape factor 

should be integrated in the estimation of interaction force. Moreover to illustrate the 

effect of the cell size on the interaction force estimation, the size of each cell was 

manipulated to be the same (6 μm) and the interaction force was evaluated. These 

results showed that the RBC on CA substrate has the strongest energy barrier of 

1.687x10-16 J followed by lymphocytes (1.469x10-16 J) and neutrophils (1.404x10-16 J) 

respectively, which correspond to the results observed from the OM (see figure 4.14) 

and correspond to amplitude of zeta potential measurement (see figure 4.2) This 

assumption represents that the size of cells strongly influenced on the evaluation of 

interaction force calculated from DLVO theory. 

5. Hamaker constant of various blood cells 

The Hamaker constant of white blood cell used in this study was 

adopted from the previous reports. Therefore the results of net interaction force may 

not be reliable. The Hamaker constants of biological matters are difficult to measure 

due to the complicated techniques of the Atomic Force Microscopy (AFM). The 

interesting cells must be attached onto the tip of the cantilever and placed on the 

substrate. The lifting force required to detached cells from the substrate is used in 

evaluation of the Hamaker constant for each cell type. 
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CHAPTER  VI 

CONCLUSION 
 

 

 The zeta measurement of various blood cells and cellulose substrates showed 

that the all zeta potential of the cells and cellulose substrates are negatives. The 

amplitude of the surface charge of various blood cells are RBC > lymphocytes > 

neutrophils, as well as the amplitude of zeta potential on cellulose substrates are CTA> 

CA. These indicate that the electrostatic repulsions of blood cells on CTA are greater 

than that of CA which could be observed in the cell adhesion testing experiments. 

Moreover, the strong surface charges of RBC from zeta measurement contribute to the 

strong repulsion of the RBC on cellulose substrate. However, the interaction force 

based on DLVO theory showed that the energy barriers of neutrophils > lymphocyte > 

RBC which contrast to the cell adhesion experiments. This may due to the following 

reasons; 

1. Protein formation by neutrophils in PVP media 

2. The different constituent of protein and electrolyte in media 

3. The surface roughness of the cells and substrates 

4. Blood cell geometries 

5. Hamaker constant of various blood cell 

  

 Therefore, it may be concluded that the interaction force estimation of various 

blood cells on cellulose based substrates depending on various factors i.e. the Hamaker 

constants, the surface geometry, surface roughness, hydrophilicity, surface charge, of 

both cells and substrate. The complication of the interaction between cell and substrate 

may influenced by the cell activity in the media or substrates. Therefore, these factors 

may be further investigated to delineate the understanding to blood cell adhesion 

phenomena on various substrates in the future. 
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APPENDIX  A 

INTERACTION FORCE ESTIMATION BY DLVO THEORY OF 

VARIOUS BLOOD CELL TYPES ON CELLULOSE SUBSTRATES 

 

 

 

 

 

 

 

 

 

 

 

 

 

Interaction force between different types of blood cell on CA and CTA 
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⎠
 

zeta_cell

0.0744−

0.0655−

0.0627−

0.0730−

0.0630−

0.0608−

⎛
⎜
⎜
⎝

⎞
⎟
⎟
⎠

:=  
RBC

Lym

Neu

⎛
⎜
⎜
⎝

⎞
⎟
⎟
⎠

 
0 0,

1 0,

2 0,

0 1,

1 1,

2 1,

⎛
⎜
⎜
⎝

⎞
⎟
⎟
⎠
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a. CA-RBC at 298K  (j=0) and 310K (j=1) 

Vrri j, π εp⋅ ε0⋅ ar⋅ zeta_p0 j,( )2 zeta_cell0 j,( )2+⎡
⎣

⎤
⎦ ln

e
2 κ 0 j,⋅ Di⋅

1−

e
2 κ 0 j,⋅ Di⋅

⎛
⎜
⎜
⎝

⎞
⎟
⎟
⎠

⋅ 2 zeta_p0 j,⋅ zeta_cell0 j,⋅( ) ln
e
κ 0 j, Di⋅

1+

e
κ 0 j, Di⋅

1−

⎛
⎜
⎜
⎝

⎞
⎟
⎟
⎠

⋅+
⎡
⎢
⎢
⎣

⎤
⎥
⎥
⎦

⋅:=  

 

 

b. CA-Lym at 298K  (j=0) and 310K (j=1) 

Vrli j, π εp⋅ ε0⋅ al⋅ zeta_p0 j,( )2 zeta_cell1 j,( )2+⎡
⎣

⎤
⎦ ln

e
2 κ0 j,⋅ Di⋅

1−

e
2 κ0 j,⋅ Di⋅

⎛
⎜
⎜
⎝

⎞
⎟
⎟
⎠

⋅ 2 zeta_p0 j,⋅ zeta_cell1 j,⋅( ) ln
e
κ0 j, Di⋅

1+

e
κ0 j, Di⋅

1−

⎛
⎜
⎜
⎝

⎞
⎟
⎟
⎠

⋅+
⎡
⎢
⎢
⎣

⎤
⎥
⎥
⎦

⋅:=  

 

 

c. CA -Neu at 298K  (j=0) and 310K (j=1) 

Vrni j, π εp⋅ ε0⋅ an⋅ zeta_p0 j,( )2 zeta_cell2 j,( )2+⎡
⎣

⎤
⎦ ln

e
2 κ0 j,⋅ Di⋅

1−

e
2 κ0 j,⋅ Di⋅

⎛
⎜
⎜
⎝

⎞
⎟
⎟
⎠

⋅ 2 zeta_p0 j,⋅ zeta_cell2 j,⋅( ) ln
e
κ0 j, Di⋅

1+

e
κ0 j, Di⋅

1−

⎛
⎜
⎜
⎝

⎞
⎟
⎟
⎠

⋅+
⎡
⎢
⎢
⎣

⎤
⎥
⎥
⎦

⋅:=  

 

 

d.  CTA-RBC at 298K  (j=0) and 310K (j=1) 

Vrtri j, π εp⋅ ε0⋅ ar⋅ zeta_p1 j,( )2 zeta_cell0 j,( )2+⎡
⎣

⎤
⎦ ln

e
2 κ0 j,⋅ Di⋅

1−

e
2 κ0 j,⋅ Di⋅

⎛
⎜
⎜
⎝

⎞
⎟
⎟
⎠

⋅ 2 zeta_p1 j,⋅ zeta_cell0 j,⋅( ) ln
e
κ0 j, Di⋅

1+

e
κ0 j, Di⋅

1−

⎛
⎜
⎜
⎝

⎞
⎟
⎟
⎠

⋅+
⎡
⎢
⎢
⎣

⎤
⎥
⎥
⎦

⋅:=

 
 

 

e.   CTA-Lym at 298K  (j=0) and 310K (j=1) 

Vrtli j, π εp⋅ ε0⋅ al⋅ zeta_p1 j,( )2 zeta_cell1 j,( )2+⎡
⎣

⎤
⎦ ln

e
2 κ 0 j,⋅ Di⋅

1−

e
2 κ 0 j,⋅ Di⋅

⎛
⎜
⎜
⎝

⎞
⎟
⎟
⎠

⋅ 2 zeta_p1 j,⋅ zeta_cell1 j,⋅( ) ln
e
κ0 j, Di⋅

1+

e
κ0 j, Di⋅

1−

⎛
⎜
⎜
⎝

⎞
⎟
⎟
⎠

⋅+
⎡
⎢
⎢
⎣

⎤
⎥
⎥
⎦

⋅:=

 
 

 

f.   CTA -Neu at 298K  (j=0) and 310K (j=1) 

Vrtni j, π εp⋅ ε0⋅ an⋅ zeta_p1 j,( )2 zeta_cell2 j,( )2+⎡
⎣

⎤
⎦ ln

e
2 κ0 j,⋅ Di⋅

1−

e
2 κ0 j,⋅ Di⋅

⎛
⎜
⎜
⎝

⎞
⎟
⎟
⎠
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e
κ0 j, Di⋅

1+

e
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⎜
⎜
⎝

⎞
⎟
⎟
⎠

⋅+
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⎢
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⎣

⎤
⎥
⎥
⎦

⋅:=  
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Net interaction force (F) calculated from summary force of attractive force and 

repulsive force 

 
Fcni j, Vani Vrni j,+:=

    
Fcli j, Vali Vrli j,+:=  

Fctri j, Vari Vrtri j,+:=
    

Fctni j, Vani Vrtni j,+:=  

Fctli j, Vali Vrtli j,+:=
    

Fcri j, Vari Vrri j,+:=  
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APPENDIX  B 

RESULTS OF INTERACTION FORCE ESTIMATION  

BY DLVO THEORY 
 

 

In case of same radius (radius = 6 µm) 

 
Figure B1 The attractive force between cellulose substrate and human blood cells in 

case of same radius (a = 6 x 10-6 m) 

 
Figure B2 The repulsive force between each cells type and CA substrate at 298K and 

310K in case of same radius (a = 6 x 10-6 m)
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Figure B3 The repulsive force between each cells type and CTA substrate at 298 and 

310K in case of same radius (a = 6 x 10-6 m) 

 

 

 
Figure B4 The repulsive force between each cells type and each substrate at 298K in 

case of same radius (a = 6 x 10-6 m) 
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Figure B5 The repulsive force between each cells type and each substrate at 310K in 

case of same radius (a = 6 x 10-6 m) 

 

 
Figure B6 The net interaction force between CA and each blood cell type at 289K and 

310K in case of same radius (a = 6 x 10-6 m) 



 
 
Thaneeya Samwang  Appendix / 60 

 

 
Figure B7 The net interaction force between CTA and each blood cell type at 289K 

and 310K in case of same radius (a = 6 x 10-6 m) 

 

 
Figure B8 The net interaction force between each substrate and each blood cell type at 

298K temperatures in case of same radius (a = 6 x 10-6 m) 
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Figure B9 The net interaction force between each substrate and each blood cell type at 

310K temperatures in case of same radius (a = 6 x 10-6 m) 
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APPENDIX  C 

CELLULOSE SUBSTRATES PREPARATION COMPOSITIONS 
 

 

Table C1 Compositions of film samples (%w/v) 
Sample 

ID 
Cellulose  
acetate 

(g) 

Cellulose 
triacetate

(g) 

Chloroform 
(ml) 

Methanol  
(ml) 

Acetone
(ml) 

CA5 0.25 - - - 10 

CTA5 - 0.25 9 1 - 

CA10 0.5 - - - 10 

CTA10 - 0.5 9 1 - 
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APPENDIX  D 

ZETA POTENTIAL OF VARIOUS CELLULOSE POLYMERS 

AND VARIOUS BLOOD CELL TYPES 
 

 

Table D1 Zeta potential measurement of blood cell and polymer in 5%PVP solution at 

298 K and 310 K (n=3) 

Trial Sample  

ID 

Samples Temperature 

(K) 1 2 3 

Mean 

() 

SD 

CA298K Cellulose 
acetate 

298 -68.9 -68.2 -66.7 -68.0 1.2

CA310K Cellulose 
triacetate 

310 -66.9 -66.2 -67.1 -66.7 0.5

CTA298K Cellulose 
acetate 

298 -78.6 -76.8 -79.7 -78.4 1.5

CTA310K Cellulose 
triacetate 

310 -76.1 -73.7 -77.7 -75.8 2.0

RBC298K Red blood 
cell 

298 -70.7 -75.1 -77.5 -74.4 3.4

RBC310K Red blood 
cell 

310 -72.6 -74.5 -71.9 -73.0 1.3

LYM298K Lymphocyte 298 -65.5 -67.2 -63.7 -65.5 1.8

LYM310K Lymphocyte 310 -63.9 -63.7 -61.3 -63.3 1.4

NEU298K Neutrophil 298 -63.7 -63.9 -60.6 -62.7 1.8

NEU310K Neutrophil 310 -61.5 -61.7 59.1 60.8 1.4
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APPENDIX  E 

ENERGY BARRIER FROM NET INTERACTION FROCE 

BETWEEN CELLS AND SUBSTRATES 

 

 

Table E1 Maximum net energy barrier between blood cell and CA or CTA substrate 

at 298 K and 310 K, in case of various cell radiuses 

Energy barrier (J) Sample ID Substrate Type of cell 

298K 310K 

CA-RBC CA Red blood cell 1.023E-16 9.84E-17 

CA-Neutrophil CA Neutrophil 1.481E-16 1.404E-16 

CA-Lymphocyte CA Lymphocyte 1.303E-16 1.224E-16 

CTA-RBC CTA Red blood cell 1.191E-16 1.133E-16 

CTA-Neutrophil CTA Neutrophil 1.607E-16 1.509E-16 

CTA-Lymphocyte CTA Lymphocyte 1.43E-16 1.327E-16 

 

 

Table E2 Maximum net energy barrier between blood cell and CA or CTA substrate 

at 298 K and 310 K, in case of same cell radius (radius = 6 µm) 

Energy barrier (J) Sample ID Substrate Type of cell 

298K 310K 

CA-RBC CA Red blood cell 1.753E-16 1.687E-16 

CA-Neutrophil CA Neutrophil 1.481E-16 1.404E-16 

CA-Lymphocyte CA Lymphocyte 1.564E-16 1.469E-16 

CTA-RBC CTA Red blood cell 2.042E-16 1.943E-16 

CTA-Neutrophil CTA Neutrophil 1.607E-16 1.509E-16 

CTA-Lymphocyte CTA Lymphocyte 1.716E-16 1.592E-16 
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APPENDIX  F 

NUMBER OF BLOOD CELLS ON CELLULOSE SUBSTRATES 

 

 

Table F1 The number of blood cells (x 106 cells/ mm2) adhered on substrate at 298 K 

and 310 K for 1, 2 and 3 hour incubation time (n=3) 

Trial Sample ID Incubation  

time (h) 1 2 3 

Mean 

() 

SD 

CA10-1H 1 0.0894 0.0921 0.0867 0.0894 0.0027
CA5-2H 2 0.1143 0.1111 0.1056 0.1103 0.0043
CA5-3H 3 0.1327 0.1327 0.1295 0.1317 0.0018
CA10-1H 1 0.0298 0.0135 0.0208 0.0214 0.0081
CA10-2H 2 0.0460 0.0298 0.0325 0.0361 0.0087
CA10-3H 3 0.0840 0.0677 0.0785 0.0767 0.0082
CTA5-1H 1 0.0027 0.0108 0.0162 0.0099 0.0068
CTA5-2H 2 0.0108 0.0189 0.0271 0.0189 0.0081
CTA5-3H 3 0.0135 0.0216 0.0325 0.0225 0.0095
CTA10-1H 1 0.0027 0.0054 0.0054 0.0045 0.0015
CTA10-2H 2 0.0135 0.0081 0.0108 0.0108 0.0027
CTA10-3H 3 0.0135 0.0189 0.0162 0.0162 0.0027
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Table F2 The number of neutrophils (x 106 cells/ mm2) adhered on substrate at 298 K 

and 310 K for 1, 2 and 3 hour incubation time (n=3) 

Trial Sample ID Incubation  

time (h) 1 2 3 

Mean 

 () 

SD 

CA10-1H 1 0.0626 0.0742 0.0715 0.0694 0.0060
CA5-2H 2 0.0888 0.0977 0.0888 0.0918 0.0051
CA5-3H 3 0.1062 0.1181 0.1062 0.1102 0.0069

CA10-1H 1 0.0195 0.0166 0.0195 0.0185 0.0016
CA10-2H 2 0.0246 0.0246 0.0281 0.0258 0.0020
CA10-3H 3 0.0607 0.0607 0.0607 0.0607 0
CTA5-1H 1 0.0108 0.0108 0.0108 0.0108 0
CTA5-2H 2 0.0189 0.0189 0.0189 0.0189 0
CTA5-3H 3 0.0216 0.0216 0.0216 0.0216 0

CTA10-1H 1 0.0048 0.0048 0.0054 0.0050 0.0003
CTA10-2H 2 0.0108 0.0108 0.0108 0.0108 0
CTA10-3H 3 0.0162 0.0162 0.0146 0.0157 0.0009

 

Table F3 The number of lymphocytes (x 106 cells/ mm2) adhered on substrate  

at 298 K and 310 K for 1, 2 and 3 hour incubation time (n=3) 

Trial Sample  

ID 

Incubation 

time (h) 1 2 3 

Mean 

 () 

SD 

CA10-1H 1 0.0178 0.0152 0.0178 0.0169 0.0015
CA5-2H 2 0.0222 0.0133 0.0222 0.0192 0.0051
CA5-3H 3 0.0265 0.0146 0.0265 0.0225 0.0069

CA10-1H 1 0.0021 0.0049 0.0021 0.0031 0.0016
CA10-2H 2 0.0105 0.0105 0.0070 0.0093 0.0020
CA10-3H 3 0.0151 0.0151 0.0151 0.0151 0
CTA5-1H 1 0 0 0 0 0
CTA5-2H 2 0 0 0 0 0
CTA5-3H 3 0 0 0 0 0

CTA10-1H 1 0.0005 0.0005 0 0.0003 0.0003
CTA10-2H 2 0 0 0 0 0
CTA10-3H 3 0 0 0.0016 0.0005 0.0009
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Table F4 The number of eosinophils (x 106 cells/ mm2) adhered on substrate  

at 298 K and 310 K for 1, 2 and 3 hour incubation time (n=3) 

Trial Sample ID Incubation 

time (h) 1 2 3 

Mean 

() 

SD 

CA10-1H 1 0.0089 0 0 0.0029 0.0051
CA5-2H 2 0 0 0 0 0
CA5-3H 3 0 0 0 0 0
CA10-1H 1 0 0 0 0 0
CA10-2H 2 0 0 0 0 0
CA10-3H 3 0 0 0 0 0
CTA5-1H 1 0 0 0 0 0
CTA5-2H 2 0 0 0 0 0
CTA5-3H 3 0 0 0 0 0
CTA10-1H 1 0 0 0 0 0
CTA10-2H 2 0 0 0 0 0
CTA10-3H 3 0 0 0 0 0
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