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In the last decade, there has been renewed interest in the use of granulocyte 

transfusions to treat infections in individuals with compromised immune systems. 

However, granulocytes only remain functional for about a day after isolation and 

this short shelf life is a significant drawback. Cryopreservation would allow long 

term storage of granulocytes, but an effective cryopreservation method is 

currently unavailable. The following study was performed to provide membrane 

permeability values for multiple cryoprotectants in hopes of aiding the 

optimization of cryoprotectant addition and removal and minimizing the 

detrimental effects of the process. The granulocytes were separated from whole 

blood using centrifugation with Polymorphprep as the separating agent. The 

cellular membrane permeability values were then measured using a Beckman 

Coulter Counter Multisizer 3 under custom setup conditions. The cryoprotectants 

studied were glycerol, DMSO, ethylene glycol, and propylene glycol at the 

respective total concentrations of 1, 2, 2, 1 Osm/kg at temperatures of 4, 21, and 

37 °C. The resulting membrane solute permeability values at 20 °C reference 

temperature for DMSO, ethylene glycol, glycerol, and propylene glycol were 

respectively 5.96, 7.84, 0.950, and 3.45 um/min and the Arrhenius activation 

energies were respectively 60.4, 58.7, 68.2, and 62.3 kJ/mol. The resulting 

hydraulic permeability values in the same order and temperature were 0.196, 

0.189, 0.259, and 0.113 um/(atm min)  and the Arrhenius activation energies were 

respectively 56.3, 60.7, 68.5, and 47.1 kJ/mol. It is anticipated that these 

permeability values will aid in the development of successful cryopreservation 

procedures for granulocytes.  



 
 

 

 

 

 

 

 

 

 

 

 

 

©Copyright by Alexander M. Vian 

February 28, 2013 

All Rights Reserved 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Membrane Permeability Properties of Human Granulocytes 

 

 

by 

Alexander M. Vian 

 

 

 

 

 

 

 

 

 

 

A THESIS 

 

Submitted to 

 

Oregon State University 

 

 

 

in partial fulfillment of  

 

the requirements for the 

 

 degree of  

 

Master of Science 

 

 

 

 

 

 

 

 

 

 

 

 

 

Presented February 6, 2013 

Commencement June 2013 

 



 
 

Master of Science thesis of Alexander M. Vian presented on February 6, 2013 

 

APPROVED: 

 

 

Major Professor, representing Chemical Engineering 

 

 

Head of the School of Chemical, Biological, and Environmental Engineering 

 

 

Dean of the Graduate School 

 

 

 

I understand that my thesis will become part of the permanent collection of 

Oregon State University libraries. My signature below authorizes release of my 

thesis to any reader upon request. 

 

 

Alexander M. Vian, Author 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

ACKNOWLEDGEMENTS 

 

 

The help, guidance, and patience of Adam Z. Higgins and Mary Garrard. 

Auxiliary help was provided by Christine Kelly, Jeff Nason, donors, Branden 

Kusanto, and Owen McCarty. This work was supported by funding from the 

National Science Foundation (grant #1150861) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

CONTRIBUTION OF AUTHORS 

 

Dr. Adam Z. Higgins assisted with the development and planning of experiments 

as well as the writing and finalization of this thesis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

TABLE OF CONTENTS 

 

Page 

 

Chapter 1: Introduction…………………………………………………….. 2  

 

Chapter 2: Literature Review......................................................................... 2 

 

2.1 Normal Physiological Functions of Granulocytes…………..…. 2 

 

2.1.1 Healthy Human Blood Composition………………..... 2 

 

2.1.2 The Innate and Adaptive Immune System…………… 2 

 

2.1.3 Granulocytes…………………………………………. 3 

 

2.1.4 Neutrophils…………………………………………… 3 

 

2.1.5 Eosinophils…………………………………………… 4 

 

2.1.6 Basophils……………………………………………... 5 

 

2.2 Potential Medical Applications of Granulocytes………………. 5 

 

2.2.1 Treating Neutropenia with Granulocytes…………….. 5 

 

2.2.2 Potential Granulocyte Cancer Therapy………………. 7 

 

2.2.3 Human SR/CR……………………………………….. 8 

 

2.3 Granulocyte Cryopreservation……............................................. 8 

 

2.3.1 Review of Cryopreservation…………………………. 8 

 

2.3.2 Cryopreservation of Granulocytes…………………… 9 

 

2.4 Biophysical Properties of Granulocytes………………………... 12 

 

2.4.1 Osmotically Inactive Volume....................................... 12 

 

2.4.2 Water Permeability…………....................................... 12 

 

2.4.3 Glycerol and DMSO Permeability………………….. 13 

 

2.4.4 Osmotic Tolerance of Granulocytes…………………. 14 

 



 
 

TABLE OF CONTENTS (Continued) 

 

Page 

 

Chapter 3: Material and Methods.................................................................. 14 

 

3.1 Granulocyte Isolation………………………………………....... 14 

 

3.2 Granulocyte Purity…………………………………………....... 15 

 

3.3 Granulocyte Viability…………………………………………... 15 

 

3.4 Solution Preparation………………............................................. 16 

 

3.5 Experimental Setup…………………………………………….. 16 

 

3.5.1 Validation of Experimental Method…………………. 16 

 

3.5.2 Osmotically Inactive Volume (VB)…………………... 19 

 

3.5.3 Solute and Water Permeability…………………......... 19 

 

Chapter 4: Results………………………......................................................  21 

 

4.1 Validation of Experimental Method…………………………… 21 

 

4.1.1 Sources of Noise…………….................................... 21 

 

4.1.2 Coincidence Error………………………………….. 22 

 

4.1.3 Calibration and Size Distributions…………………. 24 

 

4.1.4 Kinetics of Mixing…………………………………. 28 

 

4.2 Isolation of Granulocytes…………............................................. 29 

 

4.3 Osmotically Inactive Volume (VB)…………………………… 30 

 

4.4 Solute and Water Permeability………………………………… 31 

 

Chapter 5: Discussion…………………........................................................  34 

 

5.1 Validation of Experimental Method…………………………… 34 

 

5.2 Osmotically Inactive Volume………………………………… 34 

 



 
 

 

TABLE OF CONTENTS (Continued) 

 

Page 

 

5.3 Solute and Water Permeability………………………………… 35 

 

Chapter 6: Conclusion…………………........................................................ 37 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

LIST OF FIGURES 

 

Figure              Page 

 

1  Blood after separation with PMP ……………………………………… 14 

 

2  Experimental Setup……………………….............................................. 17 

 

3  Experimental Setup……...……………………………........................... 18 

 

4  Blank solution run…...………………………………………………… 22 

 

5  Coincidence Error...……………...…………………………………… 23 

 

6  Multisizer 3 Calibration 10 um beads...……………….......................... 25 

 

7 After Custom Calibration 10 um beads.…………….............................. 26 

 

8  5 um beads Calibrated with 10 um K value…………………………… 27 

 

9  Size Distribution Consistency……...………………………………… 28 

 

10  Percentage mixed over runs...………………………………………….. 29 

 

11  Un-separated vs separated whole blood………………........................... 30 

 

12  Boyle Van’t Hoff plots and size distribution…...……………………… 31 

 

13 Theoretical fit of transient data example……………………………… 32 

 

14 Arrhenius plot fits……………………………………………………… 33 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

LIST OF TABLES 

 

Table              Page 

 

1 Immune system categorization……………………...…………………. 3 

 

2 Granulocyte preservation research…………………….......................... 10 

 

3 Osmotically inactive and isotonic volumes……………………………. 12 

 

4 Water permeability values……………………………........................... 13 

 

5 Glycerol permeability values..…………………………………………. 13 

 

6 DMSO permeability values…………………………………………….. 13 

 

7 Solute and hydraulic permeability constants at infinite temperature and 

Arrhenius activation Energies………………………………………….. 33 

 

8 Solute and hydraulic permeability values at 20°C …………………….. 33 

 

9 VB and isotonic volumes compared to literature…………..................... 34 

 

10 DMSO solute and hydraulic permeability values compared to 

literature……………………………………………………………....... 36 

 

11 Glycerol solute and hydraulic permeability values compared to 

literature……………………………………………………………....... 36 

 

 

 
 

 

 

 

 

 



 
 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

Membrane Permeability Properties of Human Granulocytes 

 

 

 

 

 

 

 

 

 

 

 



Page 2 of 48 
 

CHAPTER 1: Introduction 

The goal of this project was to determine the biophysical properties of granulocytes to aid 

future research on the cryopreservation of these cells. The contents of this paper are 

broken into the following chapters: Chapter 2 is the literature review of what 

granulocytes are, their potential medical benefits, previous cryopreservation procedures, 

and permeability measurements; Chapter 3 presents the materials and methods used for 

estimation of the biophysical properties of granulocytes; Chapter 4 presents our results 

including the osmotically inactive volume and membrane permeability properties of 

granulocytes; Chapter 5 is a discussion of our results; Chapter 6 presents our conclusions 

as well as future directions for the research. 

CHAPTER 2: Literature Review 

2.1 Normal Physiological Functions of Granulocytes 

2.1.1 Healthy Human Blood Composition: 

In a sample of healthy human blood, there are two main components: plasma and formed 

elements. The blood plasma accounts for 46 – 63% of the total blood volume and the 

formed elements account for 37 – 54%. The cellular material consists of 99.9% red blood 

cells and 0.1% platelets/white blood cells. The 0.1% that are platelets and white blood 

cells, are comprised of 50 – 70% neutrophils, 2 – 4% eosinophils, less than 1% basophils, 

20 – 30% lymphocytes, and 2 – 8% monocytes and the rest are platelets. Granulocytes 

are a class of cells that include the neutrophils, basophils, and eosinophils. 

2.1.2 The Innate and Adaptive Immune System: 

The white blood cells circulating the body can be divided into two groups: granulocytes 

and agranulocytes. Granulocytes are neutrophils, basophils, and eosinophils and are 

called such because of their abundant amount of granules that show up when stained. 

Agranulocytes include monocytes and lymphocytes and are called such because of the 

very few granules that show up when stained. Macrophages are tissue differentiated 

monocytes which have entered the afflicted region. Natural killer cells are a type of 

lymphocyte that rapidly responds to virally infected cells and tumor formations. The 

granulocytes, monocytes, and natural killer cells are considered a part of the innate or 

non-specific immune system. The innate immune system does not distinguish one threat 
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from another and its response to invading agents is the same every time regardless of 

type. The defenses they present are physical barriers, phagocytotic cells, immunological 

surveillance, interferons, complement, inflammation, and fever. In contrast, lymphocytes 

target specific antigens and are the fighting force of the adaptive immune system. The 

adaptive immunity is defined in its name; it must have an experience with a bacteria or 

virus in order to mount a more effective response the next time, provided the host 

survives. Antigen presenting cells (APCs) link the innate and adaptive immune systems 

and include dendritic cells, basophils, and eosinophils. The main cells of each immune 

system are shown in Table 1. 

Table 1: Displays the cells that belong to each immune system. 

White blood 

cells 
Innate immune system APCs Adaptive immune 

system 

Granulocytes 

Neutrophils 

Basophils 

Eosinophils 

Basophils 

Eosinophils 
NA 

Agranulocytes 
Monocytes/Macrophages 

Natural killer cells 

Dendritic 

cells 

Macrophages 

B-lymphocytes 

T-lymphocytes 

 

2.1.3 Granulocytes: 

Granulocytes are a type of white blood cell containing sacs filled with enzymes used as a 

part of the innate immune response (1). The sacs in the cell give it a granular appearance, 

hence the name. They have nonspecific, broad-based activity, exemplified by the fact that 

they are not respondent to specific antigens, unlike B- and T-lymphocytes (1). 

Granulocytes are divided into three different types: neutrophils, eosinophils, and 

basophils. Their names are derived from the staining feature of their granules: neutrophils 

have bland colored granules, eosinophils have prominent granules that stain readily with 

eosin (acidic dye), and basophils also have prominent granules but readily stain with non-

acidic (basic) dyes (1).  

2.1.4 Neutrophils: 

The neutrophil is the most abundant type of granulocyte, making up 50 to 70% of the 

white blood cells (2). Neutrophils are phagocytes often referred to as polymorphonuclear 

neutrophils (PMNs) (3). They help fight infections and are pro-inflammatory agents. 
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Neutrophils are normally mechanically retained in pulmonary capillaries due to nucleus 

stiffness, but they fluidize and travel to compromised sites once activated by agents 

caused by infection, injury, etc. (3). Neutrophils also serve immune surveillance 

functions and perform in-situ elimination of micro-organisms or cellular debris. These 

functions are accomplished by transferring from a rigid, adherent state to a fluidic non-

adherent state, allowing them to migrate into afflicted tissues, hence the name 

polymorphonuclear (3). Neutrophils are able to penetrate tissues by haptotaxis, which 

means that they travel using a gradient of chemo-attractants bound to the extracellular 

matrix. The chemo-attractants are produced by dying cells, bacteria, and/or by various 

stromal and epithelial cells of inflamed tissues. These are bound to the extracellular 

matrix by their negative charge (3). Once the neutrophils reach the afflicted site, they 

perform phagocytosis. After ingestion of targets, degranulation of vesicles into the 

phago-lysosome begins the breakdown of the target. Degranulation of vesicles into the 

extracellular space also occurs as part of the microbicidal activity (3).  

2.1.5 Eosinophils: 

The normal amount of eosinophils in the blood in a healthy adult should be less than 350 

cells per microliter of blood, or about 1% to 3% of all white blood cells (4). They are a 

part of the innate immune response and are considered a part of the type 2 immune 

responses. The type two immune responses are evoked by parasitic helminthes and atopic 

diseases, such as asthma and allergies (5). Eosinophils are also used in the adaptive 

immune response as initiators of antigen-specific immune responses by acting as antigen 

presenting cells (APCs) (6). Eosinophils also play a role in the defense against viral 

infection  

Eosinophils are capable of rapid specific secretion of over 30 different cytokines due to 

the existence of intracellular stores of preformed cytokines (5). The secretion of 

cytokines is performed by a regulated, vesicular-based process called piecemeal 

degranulation (5). Eosinophils also secrete an array of cytotoxic cationic proteins from 

the granules: major basic proteins, eosinophil cationic protein, eosinophil peroxidase, and 

eosinophil-derived neurotoxin, which is capable of inducing tissue damage and 

dysfunction (6). The main targets of eosinophils are allergic reactions and worms and are 

also seen in autoimmune disorders (4). They work in conjunction with mast cells to 

control mechanisms involved with allergies and asthma.  
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2.1.6 Basophils: 

Basophils are the least common type of granulocyte. They represent about 0.1% to 0.3% 

of the circulating white blood cells (7). They contain histamine (similar to mast cells), 

heparin, cytokines, and other chemicals involved in immune and allergic responses. 

Basophils help contribute to the protection against helminthes and perform pro-

inflammatory functions during allergic responses. They also regulate T lymphocytes 

responses in helminthes infected hosts and allergen-injecting animals (e.g. bee stings) (8). 

Basophils also have been shown to be antigen-presenting cells (APC). They are mainly 

involved in allergic responses and helping aggregate other white blood cells to site of 

injury or infection.  

2.2 Potential Medical Applications of Granulocytes 

2.2.1 Treating Neutropenia with Granulocytes: 

Recent clinical research has shown granulocytes may be safely and effectively transfused 

for treating bacterial and fungal infections of patients suffering from neutropenia. 

Neutropenia is the term used in cases where the patient’s total neutrophil count is less 

than 1,500 cells/µL (9). Therapy related neutropenia caused by chemotherapy, 

hematopoietic stem cell transplantation, or any immune compromising treatment leaves 

patients vulnerable to the development of bacterial and fungal infections. For example, 

approximately 15% of patients are infected with the fungus Aspergillus during allogeneic 

bone marrow transplantation and about 30% to 80% die from the invasive fungus. 

Fusarium infections are seen to be fatal in 70% of cases (10).  

The use of granulocyte transfusions all but ceased from 1985 to 1995 after studies 

showed that the benefits were at best marginal (10). The marginal benefits were attributed 

to the small dosage able to be given, due to limitations in the collection techniques during 

the 60’s to the mid 80’s. This resulted in the best treatment being inadequate.  

Past collection methods (leukapheresis) showed a maximum collection efficiency of 40 – 

50%, but if granulocyte colony stimulating factor (G – CSF) is used in conjunction, a 

greater amount of granulocytes can be harvested. Current collection techniques employ 

the use of continuous-flow centrifugation leukapheresis in conjunction with G-CSF 

injections into the donors. This method selectively separates the granulocytes from the 
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red blood cells yielding much higher neutrophils concentrations and returns virtually all 

of the red blood cells back to the donor (11).  

G-CSF can be administered directly to the neutropenic patient intravenously, but only 

increases the neutrophil count marginally and causes unneeded stress on the patient (9). It 

is also very much age dependent in its effectiveness at promoting neutrophil formation 

(12). Transfusing G-CSF stimulated donor neutrophils to the patient provides more 

comfort and a fresh, healthy, and larger dose of neutrophils. The G-CSF stimulated donor 

neutrophil count is generally four times greater than the neutrophil count observed in 

patients who have been given G-CSF. These findings renewed the investigation of 

whether granulocyte transfusion is a practical and effective way of treating neutropenic 

patients with high potential for fungal and bacterial infections (13). When G – CSF is 

administered to donors, it causes a rapid dose-dependent increase in the neutrophil count 

within the first two hours then peaking at about 12 hours (10). G – CSF causes rapid 

release of neutrophils from the bone marrow storage pool into the blood. Donors on a 

daily regimen of G – CSF showed stimulation of the proliferation of granulocyte 

precursors and accelerated transition of immature cells through their development and 

into the circulating blood (10). The drug also enhances the phagocytotic, bactericidal, and 

fungicidal activity of the neutrophils, but most importantly it inhibits neutrophil apoptosis 

(programed cell death) allowing for a longer life span of transfused granulocytes (10). 

The major benefits that granulocyte transfusions provide fall short from practical 

applications due to the requirement of same day collection and transfusion of cells. In 

order to be considered a practical alternative, a long term storage solution is required 

(14). 

The granulocytes are generally transfused immediately or within hours of collection. This 

is due to the fact that the granulocytes undergo rapid apoptosis. Apoptic granulocytes 

have a reduced ability to degranulate, generate oxidative burst, and/or change shape in 

response to external stimuli (11). The use of G-CSF significantly reduces the rate of 

apoptosis of granulocytes. This is caused by the proliferating and continued activating 

properties that G-CSF provides to the granulocytes (15). Outside of the body, these 

stimulants are absent causing the granulocytes to become permanently inactive. A long 

term preservation method has still yet to be accomplished. 
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2.2.2 Potential Granulocyte Cancer Therapy: 

Complete regression of cancer in the human body is not unheard of, but is very 

infrequent. It has been found that granulocytes could be the main effecter in complete 

cancer regression. Evidence for the role of granulocytes in cancer regression and 

resistance comes from experiments on mice. The mice were used to gain a better 

understanding of the causes for cancer regression using mouse S180 cells. Mouse S180 

cells are a highly aggressive cancer line that primarily grows in the peritoneal cavity 

eventually plugging lymphatic drainage. This leads to an accumulation of fluid called 

ascites within two weeks, then eventually death to the host (16). Mouse S180 cells are 

one of the most aggressive transplantable cancers used in mouse cancer experiments. For 

a certain mouse strain it was found that there wasn’t just spontaneous regression 

occurring, but a complete resistance to the S180 cells. This had never been reported 

before in laboratory mice (17).  

The discovery of these mice led to testing with other types of cancer. The results were 

similar for the other types. The mice showed either complete regression of the cancers 

and or complete resistance showing that the mechanisms prevents a broad array of cancer 

cells.  

The immune mechanism was determined by conducting experiments in which the gene 

for producing T lymphocytes in mice was removed. This was done to determine what 

kind of immune cells were producing the cancer resistance. T lymphocytes were chosen 

to be removed as they were believed to be the most likely candidate for the cancer 

resistance phenotype. After testing the T cell impaired mice with injection of S180, the 

spontaneous regression and complete resistance phenotypes were still expressed 

indicating that the adaptive immunity system is not required. Further tests showed that 

the cancer killing white blood cells were mainly from the innate immune system, which 

included neutrophils, macrophages, and natural killer cells. The innate immunity cells 

migrate to site of cancer, recognize the cancer by tight contact, and then destroy the cell 

through cytolysis (17).  

The innate immunity of the cancer resistant mice was found to be transferable to normal 

(non-resistant) mice with advanced cancers. The test was performed by transfusing 

granulocytes from the cancer resistant mice to normal mice that had been previously 

injected with S180. The solid tumors that had formed regressed by necrosis and 
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eventually scabbed over and fell off. After injection with the SR/CR granulocytes, it was 

seen that the tumors became significantly larger for the first four days, but then became 

notably smaller over the next seven days and then regressed completely three weeks after 

the granulocyte injections (18). The newly cancer free mice were injected again with 

cancer and it was seen that the cancer resistance phenotype was working as the mice did 

not develop any new tumors. The transferred resistance was seen to work in both immune 

competent and immune deficient mice indicating no needed extra preparations for 

recipients. These results indicate the potential for granulocytes to be used as an anti-

cancer therapeutic agent.  

2.2.3 Human SR/CR: 

The cancer killing activity of human granulocytes has been revealed to be on similar 

levels with that of the mice studied, but varies between genders. The cancer killing 

activity of patients already suffering from cancer was below the normalized average 

value and those without cancer whose cancer killing activity values were significantly 

lower than the normalized values were later found to be at a higher risk for cancer (19). 

More research is required to evaluate whether granulocyte transfusions from cancer 

resistant donors could be used for cancer therapy. 

2.3 Granulocyte Cryopreservation 

2.3.1 Review of Cryopreservation: 

Successful cryopreservation of granulocytes would provide mass stores of frozen 

granulocytes on hand at hospitals, which would greatly increase physicians’ treatment 

options. Also, the availability of frozen granulocytes could lead to improved survival 

rates in patients as they would not need to wait for granulocytes if antibiotics and fungal 

medications failed. The ability to preserve granulocytes for extended amounts of time 

would also improve the quantity of granulocyte cancer therapy tests able to be done. 

Many more tests could be performed at once and potentially this would lead to the 

discovery of the exact cause of cancer resistance and complete regression.  

Conventional slow freezing is generally the most widely used process for cryopreserving 

cells. The idea is that the solution is cooled slow enough that the water is able to move 

out of the cells before crystallizing. During slow freezing the cells dehydrate due to the 

formation of extracellular ice, which concentrates the extracellular solutes, but if the rate 
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of cooling is too rapid, ice forms inside the cells causing cellular damage (20). The most 

popular crypoprotectants used in mammalian preservation are glycerol and dimethyl 

sulfoxide (DMSO). Slow freezing usually requires a concentration of cryoprotectants 

between 5%-15% (21).  

Vitrification is the process of increasing the viscosity of a solution until it reaches a point 

that will inhibit the crystallization of ice during extreme cooling rates. The solution does 

not become a solid due to the phase change of liquid water to a crystalline state, but 

solely by the increased viscosity (22). Ideally there is a complete lack of ice formation in 

the solution during vitrification. In order for the process to happen, it requires rapid 

freezing rates and high concentrations of cryoprotectants between the range of 30% - 

50% (21).  

During addition and removal of CPAs several factors must be taken into account, 

including the CPA permeability, hydraulic conductivity, temperature dependence of these 

permeability parameters, and the tolerance of the cells to osmotically induced volume 

changes. An example of the importance of these factors is seen in the cryopreservation of 

sperm. The sperm cells must have CPAs added and removed in multiple steps in order to 

prevent over-swelling and loss of intracellular enzymes (23). If membrane permeability 

properties and osmotic tolerance limits are known, it is possible to mathematically 

optimize procedures for CPA addition and removal. 

2.3.2 Cryopreservation of Granulocytes: 

The successful cryopreservation of granulocytes has yet to be accomplished and is still a 

subject of interest today. The yield after thawing has been shown to be variable and a 

reliable method has not yet been developed. The cryoprotectant glycerol has been shown 

to be quite detrimental to granulocytes at high concentrations. The maximum glycerol 

concentration that granulocytes will tolerate is about 1 M. This concentration is only 

viable for an exposure time of about 3 minutes, which is not long enough to allow the 

glycerol to equilibrate intracellularly (24). In contrast, the cyroprotectant DMSO is 

tolerated at much higher concentrations, but has some negative side effects.  

Successful granulocytes cryopreservation has been attempted many times as shown in 

Table 2. From these attempts we can see what hasn’t been covered or tried. 
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Table 2: Displays past attempts to cryopreserve granulocytes with isolation procedures, 

anticoagulant additives, PMN concentrations, CPAs, Cooling rates, Assays to evaluate 

recover, and viability. Taken from (25) 

Specie

s 

Autho

r 

Yea

r 

Isolation 

procedure 

Anticoagula

nt 

PMN 

concentratio

n per  ml at 

freezing 

CPA 

Optimal 

Cooling 

Rate 

Assay 

Reported 

viability 

(%) 

Huma

n 
(26) 

196

5 

Dextran or 

PVP 
NA 6*104 

10 to 15% 

DMSO ± 

10% 

dextrose 

1 C/min to 

-30C then 

19.5 C/min 

Phagocytosi

s Dye 

Exclusion 

22 

78 

Huma

n 

Rabbit 

(27) 

196

5 

 

Cytopheresis 

or peritoneal 

exudate 

ACD or 

heparin 
Na 

10 to 15% 

DMSO 
1 C/min 

Dye 

exclusion 

Respiration 

Phagocytosi

s 

90 

85-90 

50-60 

Huma

n 
(28) 

196

8 
Dextran - - 

10% DMSO 

+ 5% 

Dextrose 

1C/min to 

-90 C 

Phagocytosi

s of yeast 
90 

Huma

n 
(29) 

197

2 
Sedimentation Heparin 3.98*106 

10% DMSO 

+ 0.1% 

EDTA 

1 C/min to 

-50 C 

Dye 

Exclusion 
54 

Huma

n 
(30) 

197

2 

Fibrinogen or 

differential 

centrifugation 

ACD, 

Heparin 
5*107 7.5% DMSO 

1 C/min to 

-30 C, 10 

C/min to 

-60 C 

Vital dye 

loss 

Cytochemic

al staining 

NA 

Huma

n 
(31) 

197

3 

Methylcellulo

se diatrizonate 
Heparin - 

10% DMSO 

+ 50% serum 

Uncontrolle

d 

Bactericidal 

activity 
100 

Huma

n 
(32) 

197

4 

Gelatin 

sedimentation 
ACD - 

DMSO 

various 

concentratio

n 

1 C/min Motility 0 

Huma

n 
(33) 

197

6 

HES 

sedimentation 
NA NA 

5% DMSO + 

33% serum 

0.3 C/min 

and two 

step 

NBT 9 

Huma

n 
(34) 

197

7 
Leukopheresis ACD 0.5-1*107 10% DMSO 

+ 20% serum 

1 C/min to 

-60 C of 

interrupted 

by holding 

at -20 C for 

15 min 

Phagocytosi

s 

Bactericidal 

41 

>100 

Huma

n 
(35) 

197

8 

Ficoll-

hypaque 
0.5% EDTA 105 -107 

Glucose, 

glycerol, 

dextran, 

EDTA 

1 C/min to 

-32 C then 

dry ice, 

then 

-196 C 

Dye 

exclusion 

Phagocytosi

s 

Contact 

angle 

85 

72 

No 

change 

Huma

n 
(36) 

197

8 

Counterflow 

centrifugation 
Heparin 106 8%DMSO + 

10% serum 

2 C/min to 

-40 C, and 

rapid cool 

to -80 C 

Phagocytosi

s 

FDA/EB 

1-5 

90 

Huma

n 
(37) 

198

0 

Ficoll-

Hypaque 

density 

centrifugation 

EDTA 106-107 

4% Glucose 

4.7% 

Glycerol 

8% Dextran 

1% EDTA 

1 C/min to 

-32 C held 

for 15 min 

then rapid 

cool 

Contact 

angle 

Phagocytosi

s 

Chemotaxis 

Dye 

exclusion 

100 

70 

90 

80 
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Huma

n 
(38) 

197

9 
Dextran 

Heparin or 

ACD 
1*107 10% DMSO 

1 C/min 

to -60 C 

NBT 

Bactericidal 

32 

28 

Huma

n 
(39) 

198

0 

Counterflow 

centrifugation 

at 4 – 10 C 

NA 3-5*107 
5% DMSO 

6%HES 

4% albumin 

4 C/min 

from 4 to -

80 C 

FDA/EB 

Phagocytosi

s 

Size 

distribution 

80 

- 

- 

Huma

n 
(40) 

198

0 

Discontinuous 

flow 

centrifugation 

or lymphoprep 

CPD or 

EDTA 
107 

6% HES 

5% DMSO 

4%Serum 

3 C/min 

to -80 C 

Dye 

exclusion 

Phagocytosi

s 

60 

72 

Huma

n 
(41) 

198

0 

Gelatin 

separation 
Heparin NA 

DMSO 

various 

concentratio

ns 

Two step NBT  

Guine

a pig 
  

Helical flow 

centrifugation 
Heparin  7.5% DMSO 

1 C/min 

to -20 C, 

10 C/min 

to -100 C 

Survival of 

irradiated 

animals 

26 

Guine

a pig 
  

Fibrinogen 

flotation 
Heparin 108 7.5% DMSO 

1 C/min 

to -30 C, 

10 C/min 

to -100 C 

Survival of 

irradiated 

animals 

25 

Dog   
Dextran-

isopaque 
ACD 1-2*107 

7.5% DMSO 

In 100 or 

20% 

autologous 

serum 

1 C/min 

to -80 C 

Respiration 

Chemotaxis 

Bactericidal 

46 

100 

100(AC

D) 

Baboo

n 
  

Counterflow 

centrifugation 
CPD 7*106 

5% DMSO 

6% HES 

4% Albumin 

4 C/min 

FDA/EB 

Phagocytosi

s 

81 

45 

Rat   

Dextran 

sedimentation 

of peritoneal 

exudate 

ACD 2.5*106 

1.28 M 

DMSO or 

1.28 M 

DMSO 

5% HES 

10 C/min 

and two 

step 

NBT 

FDA/EB 

Bactericidal 

Chemotaxis 

94 

84 

55 

68 

Dog   

Continuous 

flow 

leukopheresis 

NA 5*107 

5% DMSO 

5% HES 

2% BSA 

20% Plasma 

5C/min 

to -2.5 C, 

1 C/min 

to -40 C, 

20 C/min 

to -100 C 

FDA/EB 

Respiration 

61 

52 

 

Problems in preserving granulocytes stem from its granules unusually high content of 

hydrolytic enzymes. These enzymes are contained in lysosomes (granules) whose 

membrane is a single layer of phospholipid proteins. The lysosome membrane is 

therefore very susceptible to freezing or thawing and can drastically change permeability 

or lyse (42). When these hydrolytic enzymes are released from the granules in the cell, it 

causes irreversible damage and begins to digest the cell from the inside out. Even under 

freezing conditions that are considered optimal, it has been seen that these cell have been 

destroyed (43).  
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2.4 Biophysical Properties of Granulocytes 

The ability to cryopreserve granulocytes would be immensely beneficial to the research 

and medical community. However, before steps can be taken to cryopreserve these cells, 

their permeability to water and permeating solutes and their osmotic tolerances must be 

clearly understood and accurate.  

2.4.1 Osmotically Inactive Volume: 

The isotonic and osmotically inactive (Vb) volumes are important for the regression of 

the solute and hydraulic permeability values from raw data. The osmotically inactive 

volume is the volume of the cell that does not change with external concentration. The 

isotonic volume is the summation of the Vb and the cell water volume, which is 

dependent on external concentration. The published isotonic and osmotically inactive 

volumes are shown in Table 3. 

Table 3: Published isotonic and osmotically inactive volumes for human granulocytes. 

Isotonic volume 
µm

3
 

Osmotically inactive 
volume µm

3
 

Osmotically 

inactive volume 

fraction Vb/V0 

Author 

346 145 0.42 (44) 

345 148 0.43 (45) 

391.8 ± 15.6 147
A
 0.37 (46) 

NA NA 0.36 (43) 

A: Regressed using volume data in a Boyle Van’t Hoff plot 

2.4.2 Water Permeability: 

Water permeability is usually presented in units of length per pressure per time. The 

permeability values are displayed in Table 4. These values are affected by temperature 

and the modeling techniques that were used to deduce them from the author’s data. 
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Table 4: Published water permeability values for human granulocytes. 

Temperature 

ºC 

Water permeability µm/(atm-

min) 
activation energy Author 

25 1.15 NA (47) 

20 0.43 

26 kJ/mol 

(48) 

25 0.52 (48) 

30 0.62 (48) 

0 0.407 218 kJ/mol (49) 

20
a 0.223

 
47.6 kJ/mol (45) 

20
b 0.662

 
49 kJ/mol (45) 

a: permeability value was reported for water flow out of the cells 
b: permeability value was reported for water flow into the cells 

2.4.3 Glycerol and DMSO Permeability: 

Glycerol is freely permeable to the granulocyte membrane making it an option for use as 

a cryoprotectant (50). Table 5 summarizes the published glycerol permeability values for 

human granulocytes. 

Table 5: Published glycerol permeability values for human granulocytes. 

Temperature ºC 
Glycerol permeability 

µm/min 
Author 

0 or 20 0.4 (43, 46) 

20 influx 0.28 (51) 

20 efflux 0.17 (51) 

 

DMSO (dimethysulfoxide) is also a popular CPA. Table 6 displays the permeability 

values of DMSO to human granulocytes. 

Table 6: Published DMSO permeability values for human granulocytes. 

Temperature ºC DMSO permeability µm/min activation energy Author 

20 17.3 
29 kJ/mol 

 

(48) 

25 21.1 (48) 

30 25.6 (48) 
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2.4.4 Osmotic Tolerance of Granulocytes: 

Granulocytes have a fairly narrow range of osmotic tolerances in which they will still 

function. The cells can tolerate a range of osmolality from 200 to about 600 mOsm/kg in 

Hanks’ Balanced Salt Solution (HBSS) (52). Beyond these values, the granulocytes 

become functionless (53). 

The equilibrium cell water volume of granulocytes is governed by the extracellular osmol 

concentration of non-permeating solutes. The type of solute is unimportant provided it 

doesn’t permeate the cell (46). Based on survivability experiments from (54), the 

granulocytes isotonic cell volume can be reduced by 37% and swelled by 168% with 

minimal amount of injury to the cell itself. 

CHAPTER 3: Materials and Methods 

3.1 Granulocyte Isolation 

Whole blood was collected from IRB compliant and certified donors in volumes of 20 ml 

per person. Then four 15 ml centrifuge tubes were each filled with 5 ml of Polymorhprep 

(PMP) (Cosmo Bio USA, S1-75B). The whole blood was then layered on top of the PMP 

in the four 15 ml centrifuge tubes (5 ml whole blood per tube). The tubes were then 

centrifuged at 500 G and 19 C for 45 minutes. After centrifugation, the blood was 

separated into six distinct regions as seen in Figure 1. 

 

Figure 1: The top layer (yellow layer) is plasma, second layer/band is monocytes, third 

layer is diluted PMP, fourth layer/band is granulocytes, fifth is more diluted PMP, and 

the sixth layer (dark layer) is RBCs. 
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The granulocytes were then pipetted out of the centrifuge tubes and placed into a 50 ml 

centrifuge tube. This tube was filled the rest of the way with HBSS free (VWR, S1-80B) 

and centrifuged at 19 C and 400 G for 10 minutes. The cells will form a pellet at the 

bottom that will look slightly red and the HBSS must be aspirated, but leave enough to 

re-suspend the pellet. Lightly tap the 50 ml centrifuge tube to re-suspend the cells then 

add 18 ml of cell pure water for 30 seconds to lyse the RBCs. Immediately after 30 

seconds, add 2 ml of 10X PBS free to the solution. Then fill the rest of the way with 

HBSS and centrifuge at 19 C and 400 G for 10 minutes. The lysing step can be repeated 

once more if necessary (still lots of red in pellet). Aspirate most of the fluid and then add 

300 µl of HBSS with 0.153 moles Mg
2+

 (S1-18B), 0.216 moles Ca
2+

 (S1-18A), and 0.01 

g/ml of Bovine Serum Albumin (S1-80A) and re-suspend pellet.  

The desired final concentration of cells was 200,000 cells/ml. The initial concentration of 

cells was determined using a hemocytometer using a 1:10 dilution of cell sample to 1X 

PBS free. The final desired concentration was then made and the cells were stored at 

room temperature while tests were conducted. 

3.2 Granulocyte Purity 

The purity of the cell separation was determined using Giemsa staining to visually see the 

cells. A 20 µl sample of the separated cells was placed onto a microscope slide then 

smeared using a cover slip and allowed to dry. The slide was then submerged in methanol 

for 30 seconds then allowed to fully dry in a vertical position. The slide was then 

submerged in a 10% Giemsa stain solution (in Appendix 1 Staining SOP, diluted with 

RO water) for 30 minutes. After which was rinsed in the sink and then blotted dry 

carefully with chem wipes. The cells stain in the according fashion: granulocytes nuclei 

stain dark purple and have multiple lobes, RBCs stain light pink, monocytes stain dark 

purple and are mostly nuclei, and lymphocytes stain dark purple, but their nuclei are 

smaller than monocytes.  

The purity was determined by taking counts of granulocytes and every other cell type 

from multiple sectors then dividing the granulocyte count by the total cell count.  

3.3 Granulocyte Viability 

Trypan blue was used to estimate the viability of the separated cells. During the 

hemocytometer counts, a 1:1 (ex. 10 µl of cells + 90 µl 1 X PBS free + 100 µl Trypan 
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blue) mixture of trypan blue to cell solution was used and let sit for one minutes. After 

which the dead and live cells were counted and divided by the total cell count.  

3.4 Solution Preparation 

All solutions were made by starting with a 300 mOsm/kg solution. The 300 mOsm/kg 

solution was made using a 1:10 dilution of 10 X PBS free of Ca and Mg in RO water to 

the final volume. Then the ending concentration was made using the desired CPA. 

3.5 Experimental Setup 

3.5.1 Validation of Experimental Method: 

The experimental design of operations is much different from the SOP normally used to 

operate the Coulter Counter Multisizer 3 seen in Figure 2 and 3. The door, which 

normally operates as an electric shield, must be open to allow the temperature controlled 

jacketed beaker to operate properly and for the stir bar controller to connect with the stir 

bar. The temperature must be controlled to allow a consistent measurement of the 

granulocytes volume change as cell permeability changes with temperature. Also, the 

solution must be stirred rapidly to maintain the assumption of near instantaneous uniform 

mixing. Mixing uniformity is important because it directly affects the time spacing of the 

transient volume data. The Coulter Counter does not put time stamps on the transient data 

as it is acquired, therefore a uniformly mixed solution provides a greater chance that the 

transient data is uniformly spaced in time. The injection method also affected the mixing 

uniformity and the overall outcome of the transient data.  

The syringe used to inject the samples into the volume in the beaker (analytical volume) 

was originally ungrounded and because of this, it seemed to produce some extra noise 

and affected the coulters counters concentration read out. This was resolved by grounding 

the needle and making sure it did not touch the aperture tube. Another problem with the 

syringe was resolved by attaching a rubber hose to the end of the needle which allowed 

easier injection of the sample near the stir bar. This ensured maximum mixing of the 

sample in the analytical volume. The final SOP is posted in the Appendix 1. 



Page 17 of 48 
 

Figure 2: Overall setup and orientation of how the experiments were conduct
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Figure 3: Experimental set up used to determine the feasibility of using the Coulter 

Counter Multisizer 3 and to find the permeability of granulocytes to multiple 
cryoprotectants. 

The following justification tests were done by replicating every test three to six times and 

using latex calibration beads of two sizes, either 10 µm or 5 µm in diameter. The 

calibration beads were dropped into a specific cuvette for the Multisizer 3, about 5-6 

drops, and inverted gently. Then for all experiments, 0.5 ml was injected into the jacketed 

beaker running in full setup. The SOM (standard operating method) was setup so that the 

machine would run six consecutive 10 second runs to simulate one 60 second run. 

However there is a variable amount of lag time between each run. This is not expected to 

alter final results as these lag points will represent blanks on the data and the model will 

work just fine to fill the blanks.  
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3.5.2 Osmotically Inactive Volume (VB): 

Blood was collected from three different donors in volumes of 20 ml per person. The 

blood was separated and prepared as described. Transient and steady state tests were 

performed in 200, 300, 400, and 600 mOsm/kg diluents at 21ºC in accordance with the 

full setup SOP. Steady state volume was considered after the cells were in the diluent for 

five minutes.  

Once the data was collected, it was calibrated using the specified mode diameter of the 10 

µm beads and reorganized to exclude all data below 6.6 µm and above 12.2 µm 

diameters. This was performed due to the fact that the data below and above those values 

was considered noise, as justified from the average volume distributions.  The average 

cell volume was then determined for each concentration and used for the Boyle-Van’t 

Hoff plots.  

In order to model the equilibrium cell volume Ve, the Boyle-Van't Hoff equation was 

used:  

          
  

  
     

(1) 

where    is the cell volume under isotonic conditions,    = 300 mOsm/kg is the isotonic 

osmolality,   
  is the osmolality of nonpermeating solutes at equilibrium and   is the 

osmotically inactive volume.  This equation was used to estimate the osmotically inactive 

volume   from experimental measurements of the equilibrium cell volume. 

3.5.3 Solute and Water Permeability: 

The Multisizer 3 was used in full setup as explained earlier and in Appendix 1. All donor 

cells and 10 µm beads runs were completed in triplicates. The transient cell data 

collection was performed using a Multisizer 3 set up to run six consecutive 10-second 

tests. However, the Multisizer 3 cannot put time stamps on each data point. Therefore, the 

data was assumed to be evenly spaced and time stamps were fashioned accordingly to 

each data point taking into account lag between runs.  

The CPA solutions used were the following: glycerol, ethylene glycol, propylene glycol, 

and DMSO. The concentrations of each CPA for use in procuring transient data were 1 

and 2 Osm/Kg water. These concentrations guaranteed a significant shrinking and 
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swelling of the granulocyte volume to allow more accurate model fitting.  After filling 

the jacketed beaker with the desired solution, it was allowed a minimum of one and a half 

minutes to equilibrate, which yielded a less than 5% difference between the actual and 

desired temperature. 

The transient cell volume data was fit to the two-parameter membrane transport model 

(55) to regress the membrane permeability values: 

   

  
       

          

  
     

      
                                                          (2)          

   

  
         

  
  

  
                                                                                            (3) 

 

where    is the cell water volume,    is the hydraulic conductivity,   is the cell surface 

area,   is the ideal gas constant,   is the absolute temperature,    is the density of water 

(assumed equal to 1 g/mL),     is the cell water volume under isotonic conditions,    is 

the moles of intracellular CPA,   
  is the extracellular osmolality of CPA and    is the 

CPA permeability (55). As is commonly done, we assumed that the cell surface area was 

constant and equal to the surface area of a sphere with the isotonic cell volume, i.e., 

            
   

 (55). The differential equations were solved numerically using 

MATLAB’s built-in differential equation solver ode15s to determine    and    as a 

function of time.  The values of     and    were then used to determine the total cell 

volume using the following equation:  

             (4) 

where    is the molar volume of CPA, which we assumed to have a value of     = 73.3 

cm
3
/mol for glycerol, 71.3 cm

3
/mol for Me2SO, 55.8 cm

3
/mol for ethylene glycol 

cm
3
/mol and 73.6 cm

3
/mol for propylene glycol (56).  The value of    was determined 

from equilibrium cell volume measurements as described above.  To determine best-fit 

values of    and    the sum of the error squared between the predicted and measured 

values of   was minimized using MATLAB’s built-in function minimizer fminsearch. 

The resulting solute (PS) and hydraulic (LP) permeability values from the two parameter 

regression were then organized by sets and corresponding temperature and the sets were 

averaged. The averaged PS and LP values were then fit to the following equation: 
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   (5) 

where P0 and L0 are permeability constants at infinite temperature, EA is the Arrhenius 

activation energy constant, R is the ideal gas constant, and T is the temperature in Kelvin. 

The equations in 5 can be rearranged into the following:  
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  (6) 

With the equations in this form, it is possible to perform a linear fit of the data. 

CHAPTER 4: Results 

4.1 Validation of Experimental Method 

4.1.1 Sources of Noise: 

Blank injection tests were performed in full set up to determine the amount of 

background noise that is generated from the coulter counter being used in a way it is not 

meant to be ran. The results, shown in Figure 4, display that the noise generated from the 

door being open, the stir bar, and the coolant being flown through the jacketed beaker is 

minimal. The amount of noise justified as minimal is based on the fact that the counts for 

10 µm beads and granulocytes are on the order of hundreds and most of the noise above 4 

µm is small (below 10 counts). 
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Figure 4: Mean count vs. diameter of the particles. Bars represent sample standard 

deviations of each particle size. Shows that the amount of noise generated from none 

standard operations is minimal. 

4.1.2 Coincidence Error: 

Coincidence is the occurrence of more than one particle passing through the sensing 

volume and being recorded as one. The Multisizer 3 software automatically applies a 

correction for coincidence to counts and volume distribution measurements.  However, 

this coincidence correction is not applied to the transient volume data.  Because 

permeability measurements require transient volume data, it was necessary to understand 

the effect of coincidence on transient volume measurements. To estimate the amount of 

coincidence error in our experiments with granulocytes, we used the following equation  

(57).  

(1.1) 
,

1
u pm

a

m

N zV
N exp

z V

  
    

   
 

Where Na is the observed particle count, Nu,p is the underlying particles count (i.e., the 

coincidence corrected count), Vm is metered volume or total volume drawn for the run, 

and z is volume of the sensing zone. All units will be in terms of [ml] and particle count.  
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To estimate the parameters necessary to use Eq. 1.1, the following tests were 

performed.  The value for Vm was determined to be about 0.839 ml as the duration of the 

runs were 10 seconds and the average flow rate of the sample draw was 0.0839 

ml/second. The value of Vm was determined by taking the average of multiple runs of a 

blank solution ran for 60 seconds and taking the difference of the initial and final 

volumes. The sensing zone volume z was estimated by fitting Eq. 1.1 to data from 

experiments using 10 μm calibration beads, as shown in Figure 5.  This figure shows the 

coincidence error (defined as 1-Na/Nu) plotted against the coincidence corrected particle 

count reported by the Multisizer 3 software (which we have assumed to be equal to Nu,p).  

Fitting Eq. 1.1 to this data yielded a z-value of 1.15 nl. The literature value for z was 

previously determined to be 2 nl, but the value was found using a different Coulter 

Counter and aperture tube (57). The value for z was regressed from the raw data from the 

Coulter counter Multisizer 3 using a 100 µm aperture tube to be 1.15 nl. This smaller z-

value makes sense as a smaller sensing volume correlates to an increased accuracy of the 

machine.  

 
Figure 5: Coincidence error vs. observed count of particles (cells). The solid blue line is 

equation 1.1 fitted to the data represented by the red diamonds. 

Equation 1.1 can be used to determine the amount of coincidence error that would occur 

based on how many cells are placed in the sample volume. It was determined from 

equation 1.1 that the 100,000 cells or particles could be placed in the analytical volume 

and would result in less than 5% error due to coincidence.  
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The amount of error due to coincidence was proven to be below five percent with an 

average of 4.59% and a standard deviation of 1.64% by running solutions with 100,000 

particles. It is therefore reasonable to assume that error due to coincidence is negligible. 

Another contributing factor to this assumption is the fact that most of the data points are 

noise contributed by the stir bar and other factors and are far below the desired data. 

4.1.3 Calibration and Size Distribution: 

To calibrate the instrument, I first attempted to perform the calibration using the 

instrument’s software.  The Multisizer 3 was calibrated according to the instructions in 

the instrument manual using 10 μm calibration beads.  After this calibration was 

completed, a series of runs were performed using 10 µm calibration beads to test the 

accuracy of the calibration as a function of time. The tests were performed in full setup 

with the water bath, jacketed beaker, stir bar, and with injections of 10 and 5 µm beads 

using a needle grounded to the machine and a rubber hose over the tip. The beads were 

injected at the same time the start button was pressed for the run initiation and the Coulter 

counter ran six 10 second tests. Each six runs are considered one set. The resulting data 

can be obtained from the Multisizer 3 software in two different formats: as a volume 

distribution for the entire run, or as a list of volume measurements in the order in which 

they were recorded.  The software automatically corrects for coincidence in the volume 

distribution output, but not in the list of volumes.  Because the membrane permeability 

experiments require the use of the data in the latter format, I used the list of volumes to 

estimate the mode volume for each of the 10 μm bead runs. The results, shown in Figure 

6, display the mode diameter of each run vs. time. 
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Figure 6: Mode diameter vs. time. The coulter counter stays calibrated for a sufficient 

period of time. 

The results of the mode diameter vs. time showed that the Coulter Counter stays 

calibrated for a sufficient period of time. The amount of error introduced from straying 

calibration should be minimal in the granulocyte runs. However, the coulter counter 

calibration performed was in-accurate because of error caused by coincidence. The 

results in Figure 6 indicate that the Multisizer software automatically accounts for 

coincidence during calibration, which causes the calibration to be inaccurate for volume 

measurements that have not been corrected for coincidence.  Coincidence causes multiple 

particles to be counted as a single particle with a relatively large volume.  Thus, 

coincidence error caused the apparent mode volume of the 10 μm calibration beads to be 

higher than 10 μm. Therefore, a separate calibration was performed by exporting the 

volume list from the Coulter counter into MATLAB, and applying a correction to each 

volume measurement. The mode diameters for the 10 µm calibration beads were then 

used in equation 1.2 to determine a calibration constant. 

(1.2) 
3 3

expectedd Kd  
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Where K is the calculated calibration constant, d is the mode diameter determined from 

the raw data, and dexpected is the expected mode diameter (10 µm) specified from Beckman 

Coulter. The diameters are cubed because the Multisizer 3 initially reports the measured 

particles as spheres and then calculates the diameters. 

The new calibration constant, K, was then applied to equation 1.3 to calculate the new 

diameters from the coulter counter diameter data. 

(1.3)  
1

3 3

calibrated rawd Kd  

Where dcalibrated is the calibrated diameters obtained from the raw data. These calibrated 

diameters were then used to determine the mode volume for each run.  These results are 

shown in Figure 7 as mode diameter vs. time in minutes with the expected mode diameter 

plotted as a straight line. 

 
Figure 7: 10 µm calibrated mode diameters of each set of runs vs. time in minutes. The 

stars represent the calibrated modes and the solid line is the expected mode diameter 

based on the calibration bead specification. Shows much tighter fit compared to figure 6. 
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The results of Figure 7 show that this calibration technique can be applied to transient 

granulocyte data because now the data is less than 5% error from the expected mode 

diameter. Figure 7 also verifies the calibration of the Coulter counter is not wavering 

with time as it follows the expected diameter. 

The 5 µm data was then calibrated using the same K value found from the 10 µm 

calibration experiments to produce Figure 8 displaying the mode diameter (um) vs. time 

(min). This plot shows that it still works for diameters other than 10 µm. 

 
Figure 8: 5 µm calibrated mode diameter vs. time (min). Shows that the calibration 
method can be applied to other data sets other than 10 µm data. 

The verification of size distribution consistency was performed using the same data used 

to generate Figure 6. The results of this are shown in Figure 9 as mean count vs. 

diameter. 
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Figure 9: Mean count vs. diameter for 24 ten second runs. The size distribution shows 

consistency is reasonable and inconsistency of counting is not a major contributor to 

error. The bars represent the standard deviation of each mean count. 

The results show that the counts are consistent for 24 ten second runs using 10 µm bead 

injections and that error introduced from inconstancy should be minimal. 

4.1.4 Kinetics of Mixing: 

The kinetics of mixing in the jacketed beaker determines whether the assumption that the 

sample is completely mixed upon injection is accurate. This is important as the quality of 

mixing largely affects the spacing of data points in time. The Coulter Counter does not 

put time stamps on the data as it is collected, but orders the data in which it is acquired. If 

the solution isn’t uniformly mixed, it cannot be assumed that the volume data is 

uniformly spaced in time. To verify this assumption, completeness of mixing was 

determined using size distribution from the first run of each set of six runs and comparing 

it to the remaining five runs. Also food coloring was used to determine whether 

placement of injection makes a difference in mixing quality and quickness.   
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The placement of injection with regards to mixing was considered to be best in front of 

the aperture tube opening closest to the stir bar. This was based on observations of the 

food coloring dispersion. 

The completeness of mixing was analyzed by taking the average of runs 2 – 6 because the 

total counts for these runs were nearly the same. Then, the average was used to normalize 

the data in runs 1-6. The average was then taken for each corresponding run from each of 

the four sets of the six runs. This is shown in Figure 10 as normalized count vs. run # and 

shows that solution is nearly completely mixed within the first 10 seconds. The expected 

trend for instantaneous uniform mixing would look like a straight line from runs 1 – 6. 

 
Figure 10: Percentage mixed vs. run #. Shows that over 90 % of the mixing is done in the 
first 10 seconds and after the first 10 seconds the solution is fully mixed. Bars represent 

standard deviations. 

The results of Figure 10 shows that over 90% of the mixing is done in the first 10 

seconds and after the first 10 seconds, the solution is fully mixed. This allows the 

assumption of instantaneous uniform mixing to hold true. 

4.2 Isolation of Granulocytes 

Granulocytes were isolated from whole blood and the resulting purity was assessed using 

Giemsa staining.  Figure 11 A shows a representative image of whole blood that has been 

stained with Giemsa stain and Figure 11 B shows a representative image of the isolated 

granulocytes.  After visually counting 36 total random sections of each donors stained 

cells (3 random sections per donor), it was determined that there was 93 ± 0.012% purity.  
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The viability of the isolated cells was also assessed.  The result of piling all the live and 

dead cell data together showed that 89 ± 0.0052% of the cells after separation were still 

alive and that the minimum cell death was 80%. The cells were counted immediately 

after the final separation. 

 
       A    B 

Figure 11: The difference between un-separated and separated stained whole blood can 

be seen in (A) and (B) respectively. 

4.3 Osmotically Inactive Volume (VB) 

The osmotically inactive volume experiments were conducted under full setup using the 

developed SOP. The data was collected at 21º C for the following diluents: 200, 300, 400, 

and 600 mOsm/L from three different donors. Sucrose was used to increase the 

osmolality past 300 mOsm/L. The results showed that there was minimal variation 

between donors at the given diluent concentrations and that the average of the volume 

distributions showed an expected trend of the peak cell volume decreasing as the diluent 

concentration increased. The closeness of the data can be seen in Figure 12 A and B. 
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    A              B 

Figure 12: A) Averaged normalized volume vs. normalized concentration data for three 

different peoples’ blood when ran in full setup for concentrations: 200, 300, 400, and 600 

mOsm. B) Average volume distributions for all three donors in terms of counts vs. cell 
volume and that the data below 6.6 µm (150 µm

3
) and above 12.2 µm (950 µm

3
) is 

outside of the profile range for all concentrations and is considered noise. The 200 

mOsm/kg values were determined using a running specific boundary that was smaller 
than 6.6 to 12.2 µm due to the amount of noise present. 

The osmotically inactive volume was found to be 167 µm
3
 or 44% of the isotonic volume 

under full set up.  

4.4 Solute and Water Permeability: 

The transient data was organized to remove all values above 12.2 and below 6.6 µm in 

diameter as these values were well outside the actual range of the cell and were 

considered noise. Then it was fashioned with time stamps and ran through the MATLAB 

regression model. The model was run at the following time lengths 25, 35, 45, 55, and 65 

seconds to determine the effect run time had on the permeability values. It was 

determined from visual and single factor ANOVA analysis that 45 seconds was the 

earliest run time that yielded consistent results with the latter times for all cryoprotectant 

conditions. A sample of the results from donor #3 ran in glycerol at 21 C is presented in 

Figure 13. 
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Figure 13: Representative transient data analyzed using the 2 parameter MATLAB 
regression models. The circle points are the experimental transient raw data, stars are 

the running average fit of the raw data taken over 60 data points, and the solid line is the 

theoretical fit of the 2 parameter volume and solute models. 

The resulting solute (PS) and hydraulic (LP) permeability values were then organized by 

sets and corresponding temperature and the sets were averaged. The averaged PS and LP 

values were then fit to the linear form of the Arrhenius equation. The results of these fits 

for both solute and hydraulic are shown in Figure 14 A - B. 
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Figure 14: Fit of the Arrhenius data using the averages of all the sets of each donor at the 

three different temperatures (4, 21, and 37). The solid line represents the linear fit, the 

different data point shapes represent different donors and the bars above and below the 
donors data points are the standard deviations of the data for each donor.  

The results of the Arrhenius fittings are shown in Table 7 for the solute values and Table 

8 for the hydraulic values.  

Table 7: Natural log of solute and water permeability constants at infinite temperature 

and Arrhenius activation energies for each corresponding cryoprotectant. 

Cryoprotectant Ln[Ps0 (µm/min)] Ln[Lp0 (µm/(atm min)] 
Ea for Ps 
kJ/mol 

Ea for Lp 
kJ/mol 

DMSO 26.6 ± 1.92 21.5 ± 2.03 60.4 ± 4.7 56.3 ± 5.0 

Ethylene Glycol 26.1 ± 1.16 23.2 ± 1.04 58.7 ± 2.8 60.7 ± 2.5 

Glycerol 27.9 ± 1.94 28.8 ± 2.49 68.2 ± 4.7 68.5 ± 6.1 

Propylene Glycol 26.8 ± 3.48 17.1 ± 2.91 62.3 ± 8.5 47.1 ± 7.1 

 
Table 8: Solute and water permeability values at 20°C using permeability constants at 

infinite temperature and corresponding Arrhenius activation energies in equation 5. 

Cryoprotectant DMSO Ethylene Glycol Glycerol Propylene Glycol 

Ps at 20°C 
µm/min 5.96 7.84 0.950 3.45 

Lp at 20°C 
µm/(atm min) 0.196 0.189 0.259 0.113 
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CHAPTER 5: Discussion 

5.1 Validation of Experimental Method 

The results of the validation provide assurance the Beckman Coulter Counter Multisizer 3 

is an adequate instrument for measuring the steady state and transient forms of the cell 

volume. The instrument does generate a great deal of noise for the transient results but 

there is a distinguishable profile.  

5.2 Osmotically Inactive volume: 

The numerical and plot results show that the Vb value is consistent and accurate due to the 

fact of minimal variation between donors and a less than 20% difference between the 

literature and my Vb values. There was a 7% difference between this study’s isotonic 

volume and the literature volumes. All the tests were performed and analyzed in the same 

manner. The difference between this study and literature is most likely caused by the 

means of measurement. Armitage (46) used a triangulation method of the perimeter in an 

X –Y coordinate system to determine the radius of the cell. However, this method does 

not allow the cell to be spherical but more flattened out causing the volume 

measurements to be larger due to the assumptions that it is a sphere. The results from 

Hempling (44) were measured using a Beckman DU spectrophotometer and Toupin (45) 

used an older Coulter Counter. The older machines could have under estimated the Vb 

and isotonic volume values, but they are pretty consistent with other literature values.  

However, because of the consistency and minimal variation seen in this study’s steady 

state volume data, it is believed that this study values are accurate. Table 9 displays the 

Vb and isotonic volume values in µm
3
 from literature vs. this study’s values.  

Table 9: Values of Vb and isotonic volume in µm
3
 for literature and current study 

Isotonic 

volume µm
3
 

Osmotically inactive 

volume µm
3
 

Osmotically inactive volume 

fraction Vb/V0 
Author 

346 145 0.42 (44) 

345 148 0.43 (45) 

391.8 ± 15.6 147 0.37 (46) 

NA NA 0.36 (43) 

376.89 167.62 0.44 
This 

Study 
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5.3 Solute and Water Permeability: 

The granulocytes from each donor were tested and handled the same way for each 

experiment according to the SOP. The results of the transient model fitting showed that 

there was no significant difference between donors for the permeability values. There 

was an average difference of 24 % (solute) and 25 % (hydraulic) between the calculated 

permeability values from the Arrhenius equation and the regressed values using the two 

parameter model.  

The amount of variation between the regressed permeability values for all donor sets and 

temperatures was averaged for both the solute and hydraulic permeability values. This 

was done to roughly determine the amount of variation between sets of data per donor. 

The amount of variation in the solute and hydraulic permeability values for DMSO, 

ethylene glycol, glycerol, and propylene glycol was determined to be respectively, 42 and 

44%, 18 and 15%, 35 and 15%, and 36 and 36%. This consistency in variation was 

expected based on preliminary 10 µm bead experiments. The minimal amount of 

variation provides that the values regressed are reasonable accurate.  

A significant difference can be seen between this study’s and other studies’ permeability 

values. The differences seen between Toupin (48) and his work with DMSO and this 

study are quite significant. There is an average percent difference of 80% for DMSO 

solute permeability and 57% for the hydraulic permeability values. The method of 

measurement was similar as Toupin used a Coulter ZB1 counter to measure the volume 

changes over time, which is an older machine than what was used in this study. This 

would increase the inaccuracy of the study do to the older counter having a larger sensing 

volume.  

The analysis was carried out using the Onsager formalism, which implies the use of a 

reflection coefficient. It was explained earlier that in the event that specific solute 

transport channels are absent that the use of reflection coefficients is unnecessary and 

yields the same results as the 2P model. This was true for the Kedem-Katchalsky 

formalism. The fit of the raw data to the models for Toupin was not very good for the 

first 5 seconds. In this study all the fits were similar to Figure 13.  The difference can be 

seen in Table 10 for literature vs. this study values at specific reference temperatures.  
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Table 10: DMSO permeability values for literature and this study 

Temperature 

ºC 

DMSO 

permeability 

µm/min 

Activation 

Energy 

Hydraulic 

Permeability 

µm/(atm-min) 

Activation 

Energy 
Author 

20 17.3 

29 kJ/mol 

0.43 

26 kJ/mol (48) 25 21.1 0.52 

30 25.6 0.62 

20 5.90 

60 kJ/mol 

0.20 

56.3 kJ/mol 
This 

study 
25 8.95 0.29 

30 13.4 0.42 

The difference between the solute permeability values for glycerol in this study and in 

Frim and Mazur (22) and Armitage and Mazur (55) is more significant compared to the 

differences in DMSO. There is an average percentage difference of 108%. This is 

acceptable as the means of measuring the cell volume with time were done similarly and  

it was estimated in the literature that the actual value was higher. Frim and Mazur used a 

coulter counter with a pulse hieght analyzer to measure the cell volume with time. The 

fact that their value and this study’s are on the same order of magnitude ensures that the 

values presented were measure accurately and within acceptable precision. The 

difference can be seen in Table 11.  

Table 11: Glycerol permeability values from literature and this study 

Temperature ºC 

Glycerol 

permeability 

µm/min 

Author Temperature ºC 

0 or 20 0.4 (43, 46) 0 or 20 

20 influx 0.28 (51) 20 influx 

20 efflux 0.17 (51) 20 efflux 

20 0.95 This study 20 

The ethylene glycol and propylene glycol permeability values do not have literature 

values to compare. These values are believed to be accurate and precise within 95% 

confidence. This is based on the consistency of the results from the theoretical model 

fitting and the tightness of the linear regression of the Arrhenius plots for these 

cryoprotectants.  
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CHAPTER 6: Conclusions 

 

The study presented focused on determining the biophysical properties of granulocytes 

using a Beckman Coulter Counter Multisizer 3 to hopefully aid the successful 

cryopreservation of granulocytes. The osmotically inactive volume and solute and 

hydraulic permeability values were determined by conducting experiments in the same 

setup. The results of these experiments were found to be accurate and within precision of 

95% confidence. The presented VB, PS0, LP0, and corresponding EA values are anticipated 

to assist in the successful cryopreservation of granulocytes. The successful 

cryopreservation of granulocytes will hopefully make granulocyte transfusions viable and 

further research in their use as a cancer therapy option. 
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Appendix 1 

Protocols: separation and preparation of blood and preparation of experiments 

Blood separation and Experiments: 

1. Pre-make the following solution 

a. 2 M solution of MgCl2 

b. 1 M solution of CaCl2 

c. HBSS w/CaCl2 and MgCl2 BSA 

i. 10 µl of 2 M MgCl2 and 20 µl of 1 M CaCl2 per 10 ml of HBSS 

ii. 0.1 g BSA per 10 ml HBSS 

 

2. Blood Separation 

a. Place 5 ml of polymorphprep in a 15 ml tube 

b. Layer 5 ml of whole blood from 20 ml of whole blood in lavender 

vacutainer 

i. When doing this, press pipet tip against tube wall and slowly 

release the blood so that the layer remain separate and un-mixed. 

DO NOT LET THE BLOOD DRIP INTO TUBE 

c. Repeat this for 3 more tubes then centrifuge @ 19C for 45 minutes @ 

500 G 

 

3. Extracting granulocytes 

a. The Tubes should have very defined bands now. The top white band is 

monocyte, the one below it is granulocytes, and the red at the bottom is 

RBCs. 

b. Using a 100 to 1000 µl pipet, gently, in a circular motion, begin to pipet 

the granulocytes directly. 

c. Place the extracted granulocytes into a 50 ml tube then fill it with HBSS 

free and centrifuge for 10 minutes @ 19 C and 400 G 

d. Aspirate the fluid off leaving a small volume at the bottom to re-suspend 

the cell pellet 

e. Make sure and have the following ready before proceeding 

i. 18 ml of cell pure water 

ii. 2 ml of 10X PBS 

iii. Stop watch 

f. Add the 18 ml of cell pure water and start the stop watch and wait for 30-

45 seconds. During this time make sure and slowly mix the solution by 

tilting it. 

g. Once 30-45 seconds has been reached, immediately add the 2 ml of 10X 

PBS and slowly stir by tilting. 

h. Now fill with HBSS free and centrifuge for 10 min at 19 C and 400 G 

i. Repeat steps E-H once more if there is still some red in the cell 

pellet. 
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i. Aspirate again and re-suspend with 300 µl of HBSS w/CaCl2 and MgCl2 

BSA 

j. Store at room temperature. 

 

4. Hemo-Cytometry (Trypan Staining) 

a. Dilute a sample of separated cells in 1 X PBS free 1:10.  

b. Add a volume of Trypan blue stain to the dilution equal to the final 

volume and let sit for 1 minute. Results in a 1:20 final dilution 

c. Place in proper cell counting slide 

i. Viable cells aren’t stained, but dead cells will stain blue 

 

5. Cell purity verification (Giemsa Staining) 

a. Place a 20 µl drop of desired cells on glass slide and using a cover slip at 

a 45 degree angle to the cells, back the cover slip up to the cells and push 

the slip forward quickly to smear cells 

 

b. Let smear dry completely 

c. Submerge the smear in methanol for 30 seconds then remove and let dry 

in a vertical position 

d. Once dry, submerge the smear in a 10% by volume solution of giemsa 

stain for 30 minutes. Example: 3 ml of Giemsa stock solution to 27 ml of 

DI or RO water. Stir by swirling solution gently. The solution is made by 

the following: 

i. 0.76 g Giemsa stain powder in 50 ml of glycerol 

ii. Heat solution to 60 C for 3 hr. 

iii. Add 50 ml methanol and let stand for 5 days  

iv. Filter the solution using a coffee filter or multiple sheets of 

chem-wipes 

NOTE!: It’s very messy and stains everything 

e. Remove from Giemsa stain solution and rinse very gently under tap 

water or RO water. 

f. Use visual results to determine purity of separated granulocytes. 

 

6. Experiments 

a. Propylene glycol, ethylene glycol, glycerol, and DMSO 

i. 1, 2, 1, 2 Osm/kg in respective order 

b. PBS free solutions 

Stop here 
Push forward quickly 
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i. 200, 300, 400, 600 mOsm/kg water 

 

7. Experimental set up 

a. It is advised to make a separate 1 liter solution of the same that is being 

used for experiments to fill the beaker and clean aperture tube after each 

run. 

b. Startup machine and launch software. Press connect to coulter counter 

and hit ok 

c. Once startup has completed, disconnect diluent tank and go to System-

>drain system and hit ok when prompted. 

d. Switch cap from isoton 2 or bleach solution, rinse stems and place into 

desired solution that you brought. i.e. PBS or CPA 

e. Connect the tank to machine and go to System-> fill system. Fill the 

system once more to remove any air bubbles and to remove left over 

solution. 

f. Fill a cuvette with the same solution and run the machine for 5, 10 

seconds runs and make sure that it flushes the aperture tube after every 

run. NOTE [This step is to make sure that all the old diluent is removed 

from the system] 

g. Setup the water thermostat and the jacketed beaker in the machine. As 

shown in Figure 1. Make sure stir bar is on, beaker is grounded, and 

water is flowing through jacketed beaker. Make sure both hose are held 

still during all runs. Hose movement can greatly affect outcome. 
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Figure 1:  

 

h. Fill the beaker with the same solution. 

i. Now go to system->troubleshooting-> click on “measure gain and 

offsets”. (This ensures that the machine acclimates to the noise. 

j. Now go to Run->Run change aperture tube wizard-> and follow list of 

things to do. When you get to set voltage and gain, set the voltage pre 

amp to -1000 uA and the gain to 32. Hit auto set to make sure aperture 

tube is running correctly. If it is you will be prompted to accept new 

current and gain. Decline theses settings and continue with wizard. 

k. This wizard must be followed each time the temperature and or diluent 

tank is changed. 

l. Now before and after every test, go to system-> hit flush aperture, 

unblock aperture X2, and then flush aperture again. Make sure to do this 

in fresh solution. 

i. Also before testing after the temperature or diluent has been 

changed, the flow rate of the sample up take must be measured 

to determine the analytical volume (the volume that is analyzed 

per run). 

ii. Fill the jacketed beaker with a measured amount of fresh blank 

solution and run the machine for 60 seconds one run. 
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iii. Measure the ending volume and repeat this 3 times to determine 

average flow rate. 

m. Sample info (used for concentration determination) 

i. The sample info is where all the information about the sample to 

be ran is placed by the operator 

ii. The sample info can be found in Setting-> sample info. 

iii. The main measurements to put in here for concentration 

determination using the time mode for runs is  

1. Sample volume or mass 

2. Diluent volume 

3. Analytical volume (determined by multiplying the flow 

rate found earlier and the time you wish to run the 

sample i.e. 10 seconds)  

n. SOM and preferences 

i. Go to settings->load SOM->There is a predefined SOM in My 

Docs->Alex Vian->epithelial cells->10sec6runs 

ii. Go to settings or preferences ->load preferences and same folder 

as the SOM file. 

o. On main screen there is a list of current setting for SOM on the left hand 

side 

i. Hit change to alter theses settings 

ii. The save file format maybe changed, but everything else is 

where it should be. 

iii. Make sure that if you change the file name that the time add-on 

is in hours: minutes: seconds. This will be crucial for 

determining when one run stops and another begins and how 

much lag is between each run. 

iv. The directory needs to be changed to where you want to save the 

files. Each Test will give you 6 files. 

v. My file format is  

1. Name of experiment 

a. Any other sub condition  

i. Set 1 – 3 (my way of saying triplicates) 

for each sub condition 

p. Last things to make sure 

i. Make sure stir bar is on 

ii. Make sure syringe is grounded using the red wire with clamps 

q. After each run suck the solution out with waste syringe then gently and 

very carefully remove beaker and rinse. 

i. Fill with fresh solution and run the flush aperture and unblock 

aperture functions. 

ii. Dump and refill with solution 

iii. NOTE: THE ELECTRODE (glass rod behind aperture) IS 

VERY FRAGILE. TRY NOT TO PUT ANY STRAIN ON IT. 
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r. Your files should be exported after each run with both the size and pulse 

data. 

 

8. Clean up 

a. Drain system as before and switch diluent tank with the 2% bleach 

solution tank. 

b. Fill system and turn, Got to Run->disconnect. Then turn of program then 

machine. 

 

 


