
University of Alberta 
 

DEVELOPMENT AND ANALYSIS OF MAGNETIC CARBON 
NANOTUBE AND MICROBUBBLE-ASSISTED HIGH 
CENTRIFUGATION FIELD TECHNIQUES FOR THE 
INCREASE OF CELL MEMBRANE PERMEABILITY 

 

by 

 

Chuan He 

 

A thesis submitted to the Faculty of Graduate Studies and Research  

in partial fulfillment of the requirements for the degree of  

 

Doctor of Philosophy 

in 

Biomedical Engineering 

 

Department of Electrical and Computer Engineering 

 

© Chuan He 

Spring 2014 

Edmonton, Alberta 

 

Permission is hereby granted to the University of Alberta Libraries to reproduce single copies of this 
thesis and to lend or sell such copies for private, scholarly or scientific research purposes only. 
Where the thesis is converted to, or otherwise made available in digital form, the University of 

Alberta will advise potential users of the thesis of these terms 

The author reserves all other publication and other rights in association with the copyright in the 
thesis and, except as herein before provided, neither the thesis nor any substantial portion thereof 
may be printed or otherwise reproduced in any material form whatsoever without the author's prior 

written permission. 



 

Dedication 

To my family  



Abstract 

To cure diseases at the gene level, therapeutic biomaterials need to enter 

the cells. However, since the cell membrane is a highly selective structure, 

its permeability is usually very low. In this thesis, we propose two 

innovative and efficient methods to increase cell membrane permeability.  

The first method is based on magnetic carbon nanotubes (mCNT). By 

using atomic force microscope force curve analysis (AFM-FCA) and 

transmission electron microscope (TEM) images, we successfully develop 

mCNT from raw materials. Under a magnetic field, mCNT can facilitate cell 

endocytosis by firmly attaching onto the cell membrane. As a result, the 

cell membrane permeability of several mammalian cell lines is increased. 

The second method to increase cell membrane permeability is based on 

using microbubble-assisted high centrifugation field. The mechanism of 

this method relies on the centrifugation-induced collision between 

microbubbles and cells and the force of the microbubbles bursting. The 

validity of this method is demonstrated on mammalian cells and plant cells. 

Theoretical models are built to simulate the interaction between 

microbubbles and cells in the centrifugation field. The simulation results 

indicate that intracellular pathways can be created once the relative 

velocity between the microbubble and cell is beyond a critical value. In 

addition, cell deformed morphology induced in the centrifugation field and 

cell mechanical properties are closely related to the resulting increase of 

cell membrane permeability. 
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Chapter 1 

I. Introduction 

1.1 Motivation 

In 1990, a four-year-old girl was treated with virus-encapsulated functional 

genes to fix a specific DNA sequence coding for adenosine deaminase 

(ADA). The fixed gene could have led her body to reproduce enough 

immune cells called T lymphocytes to recover immune system function [1]. 

Although the treatment was initially successful, the therapeutic effect 

diminished over time. However, this occasion was the first time in human 

history that doctors tried to treat a disease at the gene level. This new 

generation of illness treatment was thus named “gene therapy” from then 

on. 

Since its first emergence, gene therapy has been widely influential. 

Scientists and doctors have been trying hard to improve the effectiveness 

of this method, but have rarely succeeded. To date, the most successful 

application of gene therapy might be in restoring sight to blind people. In 

Bennett et al.’s study, the researchers succeeded in helping three adults 

to improve their sight in both eyes by using gene therapy. After treatment, 



2 
 

the patients could see in a low-light environment and were also able to find 

their way around [2]. Why did gene therapy succeed in helping restore 

sight, but fail in other applications? To answer this question, an 

understanding of the gene therapy mechanism and current methods is 

necessary. 

During gene therapy, functional genetic biomaterials such as plasmid DNA 

(pDNA), antisense oligonucleotides, ribozymes, siRNA or peptide nucleic 

acids are inserted into cells to recover or silence the targeted gene 

expression [3]. Theoretically, once researchers identified the abnormal 

functional genes for diseases like cancer, immunodeficiency, leukemia, 

Parkinson diseases or AIDS, they all could be cured at the gene level [4-8]. 

Gene therapy targeted human cells can be divided into two categories: 

germ line cells and somatic cells [9]. If a germ line cell is treated with gene 

therapy successfully, the patient’s descendants will also carry the 

therapeutic transgene. By contrast, if only somatic cells are fixed, only the 

recipient of the treated somatic cell will benefit. As this technology is still in 

its infancy, it requires even more time than traditional pharmaceutical 

technology to reach the clinical trial stage. Investigators usually use in-

vitro environments to test the therapeutic effect of genetic materials on 

cells. A major barrier for gene therapy in in-vitro environments is that 

delivering genetic biomaterials into the cells is very difficult [10]. Usually 



3 
 

gene therapy has to fulfil the following criteria in order to succeed. (1) The 

genetic biomaterials must penetrate the cell membrane and enter the 

cytoplasm. If cells take the biomaterial through endocytosis, the 

internalized biomaterial is trapped in the endosomes and has to be 

released from them. (2) The genetic biomaterial needs to move through 

the cytoplasm and reach the cell nucleus. (3) After entering the cell 

nucleus, the genetic biomaterial must still maintain its function and be 

expressed under the proper cell translation mechanism [10]. Normally, 

cells will not take up genetic biomaterial spontaneously. As a result, 

researchers have had to develop carriers to help the genetic materials 

pass through the cell membrane. The first carrier proposed was a virus, 

which is still the most efficient carrier to date. The human immune system 

is very efficient in identifying and destroying a virus carrier with genetic 

material. Therefore, to avoid triggering the immune response, the virus 

carrier has to be modified to cheat the immune system. However, a 

practitioner cannot fully control the virus after injecting it into a human 

body. Although a virus is programmed to target non-functional cells, it 

might still attack healthy cells, thus leading to unexpected lethal diseases. 

In a study in 2000, three of the ten children treated with virus-assisted 

gene therapy developed leukemia [11]. However, in organs where the 

immune system is less efficient, the virus-gene composite is safer and has 
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a higher possibility of entering the target cells and replacing the 

abnormally functioning gene with therapeutic ones. For this reason, gene 

therapy for curing eye disorders has had more positive results than gene 

therapy for other disorders. 

Researchers have been aware of the virus safety issue for a long time, 

and alternative non-viral delivery methods are urgently needed. Based on 

the literature review carried out for this thesis, these methods can be 

generally divided into two categories: chemical-based methods and 

physical-based methods. This project developed one chemical-based 

method and one physical-based method to increase cell membrane 

permeability and, potentially, help accelerate the research progress on 

non-viral gene therapy methods. 

1.2 Thesis contribution 

As explained above, one critical step in gene therapy is to deliver the 

therapeutic genetic biomaterials into cells. To increase delivery efficiency, 

cell membrane permeability needs to be increased. In this thesis, two 

methods are developed to increase cell membrane permeability. The first 

method is based on the magnetic carbon nanotube (mCNT). The second 

method is based on microbubble-assisted high centrifugation field. The 

contributions of this thesis are summarized as follows: 
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1.2.1 Development and analysis of mCNT for increase of 

cell membrane permeability 

A carbon nanotube (CNT), with its high-aspect ratio characteristic, is 

considered as a biocompatible material [12]. This thesis demonstrates that 

mCNT can efficiently increase the membrane permeability of several 

mammalian cell lines. 

In Chapter 2, the experimental procedures to extract mCNT from normal 

CNTs manufactured from the arc-discharge method are discussed. As well, 

a method based on atomic force microscope force curve analysis (AFM-

FCA) and transmission electron microscope (TEM) images to identify 

magnetic particles that are attached onto CNTs is developed. In the final 

step, the increase of cell membrane permeability by evaluating the 

delivery efficiency of mCNT combined with fluorescein isothiocyanate 

(FITC) is discussed.  

1.2.2 Development and analysis of microbubbles-assisted 

high centrifugation field to increase cell membrane 

permeability 

Microbubbles are used widely in ultrasound imaging as a common agent 

to improve image contrast. Microbubbles can also be used to induce pores 

on a cell membrane under an ultrasound field. Beyond the above two 
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applications, this study finds that microbubbles can also increase the cell 

membrane permeability by centrifuging with cells at a high speed. 

In Chapter 3, the microbubble manufacture method is explained. Next, the 

experiment design and the successful delivery results of FITC-Dextran 

(FD) into two mammalian cell lines by centrifuging cells with microbubbles 

at high speed are explained. Finally, two mechanisms for the developed 

method are proposed. The first mechanism is based on the collision 

between the microbubbles and the cells. A theoretical model indicates that 

once the relative velocity between the microbubbles and cells is beyond a 

critical value, the hydrodynamic force will be large enough to penetrate the 

cell membrane. The second mechanism exploits microbubble bursting and 

is supported by scanning electron microscope (SEM) images. 

In Chapter 4, the application of microbubble-assisted high centrifugation 

field is extended to plant cells. The experimental results show that FD can 

be efficiently delivered into canola protoplasts or even canola cells with 

cell walls by using this method. 
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1.2.3 Investigation of the effect of cell deformed 

morphology and mechanical properties on cell membrane 

permeability 

Cell mechanics has been a popular research topic recently. This study 

finds that the deformed cell morphologies induced by the centrifugation 

field and cell mechanical properties are very important elements in the 

increase of cell membrane permeability. 

In Chapter 5, confocal microscope images are used to rebuild three- 

dimensional deformed cell morphologies under a high centrifugation field. 

In the next step, the structural behaviors of two such models are 

investigated under microbubble collision pressure. Several cell mechanical 

properties are also varied to observe the resulting change of the strain 

value and strain distribution on the cell membrane. It is found that cells 

with more abnormal shapes experience a higher strain under the same 

collision-induced pressure. The strain value of the cell membrane is 

determined by the synergistic effect of the cell mechanical properties and 

cell morphology. The strain-intensive area tends to be aligned with the cell 

elongation region induced in a centrifugation field. 
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1.3 Thesis Outline 

This thesis is organized as follows. In Chapter 2, the development and 

identification of mCNT with its application for intracellular delivery is 

reported. In Chapter 3, the method of using a microbubble-assisted high 

centrifugation field for increasing cell membrane permeability in 

mammalian cancer cells is explained. A simple model to study the 

interaction mechanism is also presented. In Chapter 4, the delivery results 

from using the method of microbubble-assisted high centrifugation field on 

plant cells are reported. In Chapter 5, three-dimensional cell models are 

built to evaluate the effect of deformed cell morphology and mechanical 

properties on the range of strain values and distribution on cell 

membranes under pressure. Conclusions and potential future research 

topics are presented in Chapter 6.  
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Chapter 2 

II. Development and analysis of 

mCNT for increasing cell 

membrane permeability 

2.1 Introduction 

2.1.1 Chemical-based methods to increase cell membrane 

permeability 

The main mechanism of chemical-based methods to increase cell 

membrane permeability is to trigger the cells’ own endocytosis ability [1]. 

Endocytosis can be defined as the uptake of extracellular materials by the 

infolding of the plasma membrane, followed by the pinching off of a 

membrane-bound vesicle containing extracellular fluid and materials [13]. 

The use of chemical-based methods to increase cell membrane 

permeability can be traced back to 1928, when Griffith first found that 

some genes from dead bacteria could be transferred to the rough strain 

(without cell wall) and make it pathogenic [14]. He concluded that 
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immersing the bacteria in a calcium-chloride-rich medium with genetic 

materials could help transfer the bacterial inheritable properties. This 

phenomenon was later found to be universal in almost all cells [15-18]. 

This technique is widely used in science labs today to produce functional 

pDNA from bacteria such as Escherichia Coli. Unfortunately, the 

mechanism of this method is still unknown. One possible explanation is 

that the high concentration difference of calcium ions inside and outside 

the cell creates a high osmotic pressure. As a result, the calcium ions are 

driven into the cytoplasm. In order to balance the internal calcium ion 

concentration, the calcium ion pumps inside the cells try to excrete the 

extra calcium ions by creating a pathway on the cell membranes. Most 

likely, the plasmids can then diffuse into the cytoplasm at the same time. 

Another mechanism might be that the positively charged calcium ion can 

neutralize the negatively charged pDNA, so the plasmid can attach to the 

cell membrane more easily. Thus, the possibility of pDNA being taken up 

through the cell endocytosis process is increased [19]. 

Although the calcium chloride method is effective, it is highly toxic and has 

reproducibility problems. As a result, its future prospects in clinical or in-

vivo application are limited. To overcome these limitations, carrier-based 

delivery methods are developed. The carrier will be chemical materials 

with both hydrophilic and hydrophobic regions. Due to this structure, the 
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chemical carrier will self-aggregate into either single-layer or double-layer 

micelles in water. The desired biomolecules such as pDNA will then be 

capsulized inside the hydrophobic or hydrophilic regions of these micro-

scale or nano-scale micelles. These micelles will carry the biomolecules to 

the cell surface and enter the cell through cell endocytosis. The micelle 

structure will then release the biomolecules into the cytoplasm. Chemical 

carriers are made from materials such as polymers, dendrimers, lipid-

based nanocarriers, nanoparticles, drug nanocrystals, liquid crystals, 

nanoemulsions and hydrogels [20-26]. The advantages of these chemical 

carrier-based methods are as follows. (1) Most chemical carriers are 

biocompatible and will not induce a serious immune response [27-29]. (2) 

The polymers or lipid incorporated can help condense the pDNA into a 

globule morphology, which is much smaller than the normal coiled shape 

and is easier to deliver [30]. (3) The chemical carriers provide a protective 

area for the pDNA in order to avoid nuclease degradation [31, 32]. (4) 

Some chemical carriers can help the genes to get released from the 

endosomes [33]. (5) The chemical carrier can be designed to have special 

functions, such as specific targeting functions [34]. (6) The chemical 

carriers can be mixed together or chemically reacted together. It has been 

reported that by combining several chemical carriers together, either the 

material toxicity can be greatly reduced or the delivery efficiency can be 
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increased [35-38]. The chemical carrier-based method has a major 

disadvantage. It cannot increase the cell membrane permeability for cells 

with extremely low endocytosis ability, like stem cells or neural cells. The 

sensitiveness of different cells to different chemical carriers also varies 

greatly. Another disadvantage is that the chemical carriers aggregate 

readily when circulating in the human body [39]. Recently, materials like 

copolymers have gained more and more attention [40]. An increasing 

number of clinical trials is also underway. Grossman has reported 

significant positive results for the treatment of arterial disease by using 

various polymers as genetic drug carriers [41]. 

Another carrier-based method is based on cell-penetrating peptide (CPP). 

As its name indicates, CPP specializes in penetrating cell membranes. 

When the biomaterials are linked to CPP, they enter the cells with the CPP 

at the same time.  The translocation of CPP into the cytoplasm is based 

mainly on three possible mechanisms: direct penetration, endocytosis 

mediated translocation and translocation through the formation of a 

transitory structure [42-44]. Milletti produced a detailed review, suggesting 

that the physical-chemical properties of CPP, CPP three-dimensional 

structures, and the origins of CPP will all be key elements in the 

translocation process of cell membranes [45]. CPP has successfully 

delivered biomaterials such as siRNA, nucleotides, small molecules, 
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proteins and other peptides into cytoplasm both in-vitro and in-vivo [46-48]. 

Compared to the chemical carrier-based method, the CPP-based method 

takes a more active role in triggering the cell response, while chemical 

carrier-based method responds mainly passively to cell endocytosis. 

However, as future pharmaceutical products, CPPs still have typical 

shortcomings such as short duration of action and lack of oral 

bioavailability [45]. Proper chemistry and formulations are needed to 

address these problems. 

2.1.2 Introduction of CNT 

Since Iijima discovered the CNT in 1991 [49], the interest in CNTs has 

increased exponentially. They are currently being studied in a wide range 

of areas, such as microelectronics [50], renewable energy [51], and 

biomedicine [52]. In biomedical applications, Pantarotto reported 

increased gene delivery efficiency by applying CNT as a proper 

transporter [52]. Two methods are used to modify CNTs with magnetic 

materials. The first method is to load magnetic nanoparticles inside CNTs, 

but doing so requires the diameter of the CNT to be around 300nm, which 

is too large for application in in-vitro study [53]. The other way is to purify 

the CNTs manufactured by using the chemical vapour deposition (CVD) 

method. According to Cai’s work, CVD-produced CNTs usually have 
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embedded magnetic nanoparticles inside the CNTs. The diameter (around 

100nm) of these CNTs is much smaller than that of other mCNTs [54].  

2.1.3 Work description 

In this chapter, an innovative purification method is described for obtaining 

mCNT from arc-discharged SWNTs to increase cell membrane 

permeability by facilitating cell membrane endocytosis. The arc discharge 

technology requires two electrodes placed in a gaseous atmosphere 

where a direct current (DC) passes through. The production of SWNTs 

usually requires the insertion of a mixture of metallic catalysts into the 

anode [49]. As a result, metallic catalyst nanoparticles such as nickel will 

remain in the produced SWNTs as impurities; some of the nanoparticles 

are scattered around the SWNTs, while the others are attached onto the 

SWNTs, or wrapped by amorphous carbons (which are by-products during 

the arc discharge process). Among the various purification methods 

reported in the literature, chemical oxidation including gas-phase oxidation 

and liquid oxidation, filtration, centrifugation, high-temperature annealing, 

and ultrasonication are commonly used [55-61]. In recent years, 

researchers have also tried to use combinations of the above methods for 

purification [62-68]. These methods are intended to be very efficient in 

removing all impurities. Our developed method selectively keeps nickel 

nanoparticles, which are firmly attached onto the SWNTs after purification, 
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while the scattered nickel nanoparticles and amorphous carbons 

surrounding the mCNT are removed. The nickel nanoparticles remaining 

on the SWNT surface, however, will enable the SWNT to respond to an 

external magnetic field. 

Another innovation is to use AFM-FCA combined with the TEM image to 

monitor the SWNT purification process. An AFM force distance curve is a 

plot representing the force-distance relationship between the AFM tip and 

the sample surface, and the separation distance is controlled by the 

closed-loop scanning system of the AFM during the measurements [69]. 

The interacting force measured in the air is usually the Van der Waals 

(VDW) force. AFM-FCA can be applied to obtain information about the 

electric properties, the elastic modulus, and the chemical-bonding 

strengths of the samples [69]. The curve can be drawn after a complete 

AFM tip-engaging process is performed, which includes an approaching 

and detaching cycle. When the tip is approaching the sample surface, at 

one point, the attraction between the AFM tip and sample surface causes 

the sudden movement of the tip towards the sample surface (the so-called 

jump-in process), leading to a peak value on the curve. Similarly, during 

the detaching process, the AFM tip remains in contact with the sample 

surface due to the VDW attractive force until one critical point is reached 

when the interface separates (the so-called jump-out process). This jump-
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out will lead to another peak value on the force-distance profile. Compared 

with the peak force in the approaching process, the jump-out peak value in 

the detaching process is less affected by the tip engaging speed, which 

corresponds to the force necessary to remove the cantilever tip from the 

sample surface and is essentially a measure of the adhesive force; thus, 

only the AFM force curve during the detaching process is presented, and 

the related peak value is defined as the adhesion force. The main idea is 

that the ranges of the adhesion force for three fundamental materials are 

identified first: (1) the range of the adhesion force between the AFM tip 

and amorphous carbon, (2) the range of the adhesion force between the 

AFM tip and the pre-purified SWNT, and (3) the range of the adhesion 

force between the AFM tip and the nickel nanoparticles. Then, based on 

the values of the adhesion forces, the sample points taken during the 

different purification treatments are used to qualitatively differentiate the 

materials in the mixtures. Compared with TEM, Scanning Electron 

Microscope (SEM), or Raman spectra, which are commonly used to 

monitor the purification process, this method is fast and intuitive. As 

previously mentioned, the major impurities in arc-discharged SWNTs are 

nickel nanoparticles and amorphous carbons [55]. To show that adhesion 

force information extracted from AFM-FCA can be used to differentiate the 

three standard materials mentioned above, an experimental model and 
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numerical hypothesis are provided. The calculation results are in line with 

our experimental results. To our best knowledge, this thesis is the first 

report on using AFM-FCA to assist SWNT purification. 

In the final stage, the developed mCNTs are connected with FITC and 

mixed with cells. The magnetic field is expected to guide the mCNTs 

moving towards the cells and attaching onto the cell membranes. As a 

result, the possibilities of the cell endocytosis of mCNTs are increased. 

2.2 Development of mCNT 

2.2.1 Materials and instruments 

Materials: Sodium dodecyl sulfate (SDS) (05030) was purchased from 

Fluka Analytical®. Hydrogen peroxide (H3410) was purchased from 

Sigma®. A polytetrafluoroethylene (PTFE) membrane filter (0.45µm) (TE36) 

was purchased from Whatman®. N, N-Dimethylformamide (DMF) (31,993-

7) and amorphous carbon (484164) were purchased from Aldrich®. 95% 

ethanol was purchased from Commercial Alcohols®. DI-water was 

obtained from the university purification system. 

Pre-purified SWNTs (652490) used as the standard material were 

purchased from Sigma® and manufactured by using the arc-discharge 

method. The manufacturer claimed that the nanotubes were purified with 

nitric acid and left in a highly functionalized form. 
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The arc-discharged raw SWNTs (519308) used in our developed 

purification process were also purchased from Sigma®. Based on the 

product information, the sample composition is 50%-70% carbon, as 

determined by Raman Spectroscopy and SEM. It contained residual 

catalyst impurities Ni. The SWNTs were in bundles of length ~20µm, and 

the individual tube length was unknown. 

Instrumentations: A thermo Fisher Scientific® Sorvall T1 centrifuge and a 

Fisher Scientific® bath sonicator (FS30H) were used in the purification 

process. TEM images were acquired on a JEOL® TEM microscope. A 

sample solution was sonicated for 10mins and immediately transferred in 

drops onto the TEM mesh grid, which was dried overnight at room 

temperature. TEM images were photographed on the next day. AFM 

imaging and related FCA were performed on a Veeco® Multimode V SPM 

under the contact mode. The AFM tip used was a Veeco® NP-20. Firstly, 

the pH value of the sample solution was adjusted to approximately 7.0. A 

small amount of the sample solution was then directly transferred in drops 

onto the silicon wafer. The sample was dried at room temperature 

overnight. 
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2.2.2 Standard materials preparation 

(a) A certain amount of amorphous carbon was first sonicated in DI water 

for 10mins, then directly transferred in drops onto a small piece of silicon 

wafer. The sample was dried at room temperature. 

(b) To further ensure that the pre-purified SWNT was pure, SWNT 

samples were oxidized in concentrated acid (sulphuric acid: nitric acid=3:1) 

for 40mins and sonicated in H2O2 for another 2hrs. After being transferred 

in drops onto the silicon wafer, the solution was dried at room temperature. 

(c) The pure nickel nanoparticles were obtained from a redox reaction 

between nickel oxalate and formic acid. The remaining sample preparation 

steps were the same as those for the amorphous carbon. 

2.2.3 Purification process 

The purification process consisted of three treatments: (a) SDS treatment, 

(b) organic solvent treatment and (c) H2O2 treatment, which are described 

in detail as follows:  

(a) SDS Treatment  

26.2mg SWNTs were weighed and dispersed in a solution of 10mL 20% 

concentration SDS and 150mL DI water. The container was gently 

agitated, and then the sample solution was sonicated for 2hrs. After 
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sonication, a sample solution was transferred into centrifuge tubes and 

centrifuged at 11180g (10000RPM) for 10mins. The sediment was 

discarded; the supernatant was filtered through a PTFE membrane with 

0.45µm pore size. In order to completely remove the SDS after filtration, 

DI water was used in several rinse cycles to wash the SWNTs remaining 

on the filter membrane. Finally, the SWNTs remaining on the PTFE 

membrane were suspended in 95% ethanol. A sample solution was stored 

at room temperature for TEM analysis and the next purification treatment. 

(b) Organic Solvent Treatment 

Before the organic solvent treatment, the sample solution needs to be 

completely dried. After the drying process, the SWNTs were suspended in 

100mL DMF, after which the sample solution was refluxed at 130ºC for 

98hrs. After the reflux process, the sample solution was filtered again 

through a PTFE membrane with 0.45µm pore size. DI water was used to 

wash away the remaining DMF. The SWNT remaining on the PTFE 

membrane was suspended in 95% ethanol and stored properly for TEM 

and AFM analysis and the next purification step.  

(c) H2O2 Treatment 

Before the H2O2 treatment, the sample solution needs to be completely 

dried. After the drying process, 22mL H2O2 was added to suspend the 
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SWNTs. The sample solution was then sonicated for a total duration of 

4hrs. To ensure that enough oxidant was supplied 10mL H2O2 was 

supplemented into the solution at 2hr intervals. After the H2O2 treatment, 

the samples underwent the same filtration process as that previously 

described. Finally, the SWNT was stored in a 95% ethanol solution. 

2.3 Results and discussion 

In order to use the defined adhesion force to differentiate materials, the 

ranges of the adhesion forces associated with different materials should 

be shown to have little overlap with one another. Both experimental and 

theoretical approaches were carried out in order to reach a convincing 

conclusion. 

 

Figure 2-1 (a) AFM tip approaching process, the ramp size was measured from top to 

bottom; (b) AFM tip detaching process, the ramp size was measured from bottom to top. 
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2.3.1 Experimental evaluation of adhesion force 

The adhesion force between the AFM tip and the pure standard materials 

by AFM-FCA was determined in the contact mode. The AFM tip 

approached and detached from the sample surface at a rate of 1Hz. 

During the experiments, an AFM topographic image reflecting the 

sample’s surface structure was first generated. As the adhesion force 

depends on the geometry and size of the interacting surfaces, the rules for 

choosing the sample points from the generated AFM image are universal 

throughout the standard material analysis. The rules are (a) the 

morphology feature must be clear on the image and (b) the surrounding 

morphology of the sample points must be similar, such as the slope, 

particle size, etc. In reality, keeping sampling consistent even in the same 

material was difficult. Therefore, instead of using only one force value, a 

range of adhesion force values was identified for each material. The real 

“separation distance” between the AFM tip and sample surface is the 

combined effect of several factors, such as the chemical composition of 

the material, the chemical composition of the tip, the morphology of the 

material surface, the morphology of the tip, and the detaching speed. 

Because many of these factors can vary, this process is sensitive. 

Therefore, accurately measuring the range of the separation distance is 

difficult. To summarize the adhesion force from the sample points, in Fig. 
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2-3a and c, the vertical axis represents the value of the adhesion force, 

while the horizontal axis represents the AFM tip ramp size when the peak 

adhesion force is obtained. This ramp size is termed the ramp size at the 

jump-out. As shown in Fig. 2-1a, in the approaching process, the AFM tip 

started in the air at 0nm and then moved 1µm to reach the material 

surface, but this process did not guarantee the tip would just touch the 

material surface after 1µm. During the detaching process, as shown in Fig. 

2-1b, the “turnaround” point, where the tip was going to be lifted, is defined 

as 0nm, and from then on, the ramp size was measured in the opposite 

direction. Because only the detaching process is presented in this thesis, 

the ramp size in all related images was measured from the “bottom”. In Fig. 

2-5, 2-7, and 2-8, the vertical axis is the same as that mentioned above, 

but the horizontal axis shows the overall ramp process during the 

detaching process. 

(1) Adhesion force on amorphous carbon 

The AFM image information of amorphous carbon is presented in Fig. 2-

2a-c. Fig. 2-2a shows the overall amorphous carbon structure, while Fig. 

2-2b presents this surface morphology in a three-dimensional view. Fig. 2-

2c demonstrates the sample points used for AFM-FCA. They are marked 

by red dots. Fig. 2-3a summarizes the adhesion forces from all the sample 

points. As mentioned above, to maintain a relatively consistent sampling 
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environment, all the sample points were taken on one carbon bump, which 

was measured to be spherical with a radius of 1µm (see Fig. 2-2c). Fig. 2-

3a shows that the majority of the values of the adhesion force for the 

amorphous carbon range from 26.9 to 38.7nN with an average of 31.7nN. 

One point was measured to be about 22.8nN far away from the majority. 

The micro-scale morphology variance may lead to a relatively wide range 

of AFM tip ramp sizes. For the other two standard materials, the 

experiment results presented in Fig. 2-2d-i are listed in the same way. 

(2) Adhesion force on SWNT 

The SWNTs’ radius was measured to be 87, 92.2, 108, 123, or 130nm 

(see Fig.2- 2f); thus, the SWNTs were in a bundled form in this case. The 

SWNTs are supposed to have a relatively uniform morphology, as they do 

in our experimental results. The variance in adhesion force is much 

smaller compared to that of amorphous carbon (see Fig. 2-3b). The 

adhesion force values range from 21.8 to 26.8nN with an average of 

23.9nN. In addition, the range of the ramp size at the jump-out is smaller 

than that of the amorphous carbon. 

(3) Adhesion force on nickel nanoparticles 

Fig. 2-2g reveals the presence of many nickel nanoparticles, but their 

radius can be divided into 27, 55, 111 and 222nm according to Fig. 2-2i. 
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The range of the adhesion force for nickel is from 6.8 to 21.3nN, with an 

average of 16.4nN. The pattern of the adhesion force scattering of the 

nickel nanoparticles is similar to the one for amorphous carbon (see Fig. 

2-3c), but the variance in the value of the adhesion force is larger. 

Because nickel is metallic, not only the morphology difference led to the 

variance in the adhesion force, but the crystal orientation also plays an 

important role in determining the adhesion force values [70]. 
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Figure 2-2 (a) AFM deflection image of amorphous carbon; (b) three- dimensional image 

of amorphous carbon; (c) point image of amorphous carbon, red dots represent the 

sampling point; (d) AFM deflection image of SWNT; (e) three-dimensional image of 

SWNT; (f) point image of SWNT, red dots represent sample points; (g) AFM deflection 

image of nickel nanoparticles; (h) three-dimensional image of nickel nanoparticles; and (i) 

point image of nickel nanoparticles, red dots represent sample points. 
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Figure 2-3 (a) adhesion force vs. ramp size for amorphous carbon; (b) adhesion force vs. 

ramp size for SWNT; (c) adhesion force vs. ramp size for nickel nanoparticles; (d) overall 

image of adhesion forces of amorphous carbon, CNT and nickel nanoparticles versus 

ramp size; and (e) overall image of adhesion forces of amorphous carbon, CNT and 

nickel nanoparticles versus sample points. 

In order to compare the range of the adhesion force for different materials, 

the overall adhesion force scattering is shown in Fig. 2-3d and e. In Fig. 2-

3d, the vertical axis represents the value of the adhesion force, while the 

horizontal axis represents the AFM tip ramp size at the jump-out. In Fig. 2-
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3e, the vertical axis shows the value of the adhesion force, while the 

horizontal axis is the sample’s serial number. In both Fig. 2-3d and e, 

based on the density of the points for each material, clear distinctions are 

visible among these three materials except for the single exceptional point 

from amorphous carbon. The range of the adhesion force is 28-38nN for 

the amorphous carbon, 22-26nN for the bundled SWNTs, and 6.8-20nN 

for the nickel nanoparticles. These non-overlapping force ranges provide 

an effective means to differentiate the three materials from the AFM 

adhesion force measurements. The force measurement in our 

experiments is very accurate. Specifically, the normal distance resolution 

of the AFM was 0.1nm. The spring constant of the cantilever used in the 

force measurement was 0.27N/m for the amorphous carbon, 0.30N/m for 

the SWNTs and 0.28N/m for the nickel; therefore, the force sensitivity was 

<0.1nN.  

2.3.2 Theoretical evaluation of adhesion force 

The Johnson-Kendall-Roberts (JKR) theory can be used to predict the 

force needed to separate a particle from another particle or a flat surface 

[71]. This model is widely used but requires the deformation of the 

interacting particles to be small. In the JKR theory, the adhesion force 

follows the equations below: 
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where adF is the defined adhesion force between two spherical particles; 

1R  and 2R are the radii of curvature of the interacting particles; adW  is the 

work of adhesion per unit area; 1 2,A A  and 12A  are the Hamaker constants, 

and 0D is the closest separation between the two particles. 

To simply estimate the defined adhesion force between the AFM tip and 

the material, the calculation contains the following steps: (a) choose the 

interaction model determined by the JKR theory, (b) measure the size of 

the two interacting particles from the AFM deflection image, (c) identify the 

Hamaker constants based on the existing literature, and (d) calculate the 

adhesion force by using Eq. 2-1 to 2-4 based on the JKR theory. 

In the following calculation, 1R  stands for the radius of the sample material 

and was determined by using the pixel method. For example, the scale bar 

takes 100 pixels, and thus a SWNT’s diameter, which takes 50 pixels, will 
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be half of the scale bar. 2R  stands for the radius of the AFM tip. 0D  is 

chosen to be 0.16nm (see [72]). Based on this separation, Eq. 2-3 has 

been successfully applied to predict the surface and adhesion energies of 

a variety of compounds ranging from simple molecular materials to 

polymers. This separation should also be close to the real contact 

separation between the molecules/atoms on the AFM tip and the 

contacting molecules on the opposing sample surface. 

(1) AFM tip interacting with amorphous carbon surface 

In Fig. 2-2b, the amorphous carbon has a spherical structure, since the 

AFM tip is simplified as a sphere; thus, the separation process is 

approximated as two spherical surfaces locally interacting with each other. 

All the sample points were taken on three carbon bumps, and measured to 

be spherical with a radius ( 1R ) of 1µm, while the tip radius ( 2R ) was 

around 20nm. In [73], the Hamaker constants for amorphous carbon and 

Si3N4 are A1=50×10-20J and A2=17.4×10-20J, respectively. The calculated 

adhesion force for amorphous carbon is 28.2nN. Fig. 2-4a compares the 

experimental values with the theoretical values for amorphous carbon. The 

vertical axis stands for the value of the adhesion force, while the horizontal 

axis is the sample point serial number. Clearly, the theoretical value falls 

into the range of the adhesion force measured experimentally. 
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(2) AFM tip interacting with SWNT surface 

The SWNTs’ radius ( 1R ) was measured to be 87, 92.2, 108, 123, or 

130nm; thus, the SWNTs in our sample are obviously in bundled form. 

Although bundled SWNTs are best approximated by a cylindrical structure, 

the exact JKR solution for the adhesion force between a sphere and a 

cylinder is not available. Therefore, here we approximate the bundled 

SWNTs by a sphere and use Eq. 2-1 to estimate the adhesion force. More 

accurate calculation of the adhesion force between a sphere and a 

cylinder can be obtained through numerical analysis by, for example, 

using the finite element method. However, the use of this method is 

beyond the scope of this thesis. Accordingly, the bundled SWNTs are 

considered as a sphere; while the AFM tip represents the other sphere. 

The tip radius ( 2R ) is around 20nm. The Hamaker constants for CNT and 

Si3N4 are A1=50×10-20J and A2=17.4×10-20J [73] . The calculated adhesion 

force for the bundled SWNTs is 23.4, 23.7, 24.3, 24.8, and 24.9nN. Fig. 2-

4b compares the experimental values with the theoretical values for 

SWNTs. Most of the theoretical values agree well with the experimental 

values.  
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(3) AFM tip interacting with nickel nanoparticle surface 

The nickel nanoparticles are simplified to have a spherical structure. This 

process is also approximated as two spherical surfaces interacting locally. 

The radius for a nickel particle ( 1R ) can be classified into 27.5, 55, 111 

and 222nm, while the tip radius ( 2R ) is 20nm. The Hamaker constants for 

nickel and Si3N4 are A1=22×10-20J and A2=17.4×10-20J [72]. The calculated 

adhesion force for nickel nanoparticles of different sizes is 11.1, 14.1, 16.3 

and 17.6nN, respectively, which is in line with the experimentally 

measured values. 
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Figure 2-4 (a) adhesion forces of amorphous carbon, experimental values vs. theoretical 

values; (b) adhesion forces of SWNTs, experimental values vs. theoretical values; and (c) 

adhesion forces of nickel nanoparticles, experimental values vs. theoretical values. 

In our experiment, we have shown that, from both our theoretical analysis 

and experimental measurements, a clear difference in adhesion force 

exists for these three materials. Perry et al. used a similar method to 

measure the adhesion force between AFM tip and the amorphous carbon 

[74]. However, these researchers used a tungsten AFM tip instead of a 

silicon nitride AFM tip. Since the Hamaker constant of tungsten is at least 

twice as large as that of silicon nitride [75], the adhesion force that Perry et 

al. measured (at least 54.4nN) is much bigger than ours. Decossas et al. 

measured the adhesion force between the AFM tip and the carbon 
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nanotubes [76]. Although these researchers used the same silicon nitride 

AFM tip as ours, the carbon nanotubes that they measured were mainly 

multi-walled carbon nanotubes. The reported value is around 20nN. 

Therefore, the exceptional point in amorphous carbon can be considered 

to be abnormal and will not be considered in the following analysis. Overall, 

the experimental measurement is in accordance with the theoretical 

calculation. To explain the difference between the theoretical value and 

the experimental value, in addition to the reasons previously mentioned, 

two other possible factors are that (a) in the theoretical analysis, all the 

samples are assumed to have a round morphology or at least a round 

cross area, but this assumption is not always true in experiments; and (b) 

in the theoretical calculations, the tip is assumed to interact with the 

middle of the samples. However, the tip is difficult to control in 

experiments. Some of the sample points are not located in the center of 

the particle.  

Although the adhesion forces for these three materials are obviously 

different, in our simple theoretical calculation the size difference allows us 

to distinguish the amorphous carbon from the SWNT. In the purification 

process, a clear distinction exists between the size of the aggregated 

amorphous carbon and the bundled SWNT. Although sometimes the 

materials’ size can change due to external forces, if properly sampled, the 
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morphology around the sample location will be quite consistent for each 

material. Therefore, in general, the adhesion force can be used to 

distinguish these three different materials on the same substrate. By 

comparing the ranges of the adhesion force identified for the three 

standard materials, the materials in the mixture can be distinguished 

based on their adhesion force value. This method was used to monitor the 

SWNT purification process. 

2.3.3 Monitoring the purification process 

TEM and AFM-FCA were performed at different purification steps. The aim 

was to monitor the process and judge which material was either removed 

or changed in status after the respective process.  

(1) Original SWNT material 

Fig. 2-5 shows the status of the original arc-discharged raw SWNT 

material before any purification. Fig. 2-5a and b were taken by TEM, while 

Fig. 2-5c was taken by AFM. In Fig. 2-5a, some SWNTs are visible in a 

separated state as outlined by the line of red dashes.  

However, SWNTs are difficult to locate in Fig. 2-5b. One can speculate 

that most of the SWNTs are entangled by the amorphous carbon (the grey 

block) and wrapped by the nickel nanoparticles (the dark points). In Fig. 2-



36 
 

5c, differentiating the SWNTs from the impurities is even more difficult 

than doing so in Fig. 2-5a. 

AFM-FCA was performed in the scanning area, and the data for all three 

materials are shown in Fig. 2-5d-i. According to the specific range of the 

adhesion force values for the associated standard material, the data can 

be separated into three sections, with each one standing for one standard 

material. For instance, all the points marked by the red dots in Fig. 2-5d 

represent the amorphous carbon with an adhesion force range from 28.8 

to 38.3nN, while the red dots in Fig. 2-5f and h represent the SWNTs with 

an adhesion force range from 23.1 to 25.3nN, and the nickel nanoparticles 

with an adhesion force range from 7.5 to 20nN, respectively. After the 

results of performing AFM-FCA are compared with the information 

extracted from the TEM images shown in Fig. 2-5a and b, more direct and 

detailed information about the material distribution in the accumulation 

area can be obtained. A comparison of the distribution of the three 

materials on the substrate confirms that the SWNTs are surrounded by the 

amorphous carbon and nickel nanoparticles. 

(2) Sample after SDS Treatment 

Fig. 2-6 presents the status of the SWNTs during the SDS treatment. Fig. 

2-6a shows that the original SWNTs are not water-soluble. SDS is a highly 

effective surfactant used here to assist the dispersion process. Sonication 
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further disperses the accumulation of amorphous carbon and nickel 

nanoparticles. It is assumed that SDS will quickly surround the separate 

nanoparticles to make them water-soluble after sonication has fragmented 

the accumulated block shown. The resulting SWNTs are temporarily 

dispersed in the solution (see Fig. 2-6b). However, some impurities are too 

large and heavy for SDS to ensure good solubility. By centrifuging the 

solution at 10000RPM, many large impure particles are removed (see Fig. 

2-6c). Fig. 2-6d and e show the TEM images of the SWNTs after the SDS 

treatment. More SWNTs are observed, again supporting our hypothesis 

that the SWNTs were initially embedded in the accumulation of impurities. 
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Figure 2-5 (a), (b) TEM image of the original SWNTs; (c) AFM deflection image of the 

original SWNTs; (d), (e) AFM-FCA of original SWNT, sample points represent amorphous 

carbon; (f), (g) AFM-FCA of original SWNT, sample points represent SWNT; and (h), (i) 

AFM-FCA of original SWNT, sample points represent nickel nanoparticle. 
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Figure 2-6 Experimental process of SDS treatment: (a) original SWNT in DI water; (b) 

original SWNT mix with SDS; (c) SWNT solution after centrifugation; and (d), (e) TEM 

image of SWNT after SDS treatment.  

(3) Sample after Organic Solvent Treatment 

Fig. 2-7a-c presents the SWNT distribution and morphology after the 

organic solvent treatment. Fig. 2-7d and i present the AFM-FCA result. 

After the organic solvent treatment, the condition of the SWNTs greatly 

changes. Fig. 2-7a and b show that with TEM technology, the 

accumulation blocks further divide into smaller pieces, while many SWNTs 

are still entangled. The amorphous carbons now exhibit loose structures. 

Fig. 2-7c, which was taken by AFM, shows many small particles, and one 
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bundle of SWNTs, inside the red circle, can be directly identified in the 

right bottom corner. 

Although DMF is usually used to disperse SWNTs [77], DMF is suspected 

to cause the accumulated impurities to be fluffy. In the block morphology 

shown in Fig. 2-7a and b, more and more organic solvents are adsorbed 

into the accumulation blocks, leading to further loosening of the 

accumulation structure. Since the amorphous carbon is no longer firmly 

packed, releasing the entrapped SWNTs will be easier.  

The AFM image also validates our speculation. Sonication breaks the 

accumulation into many separate nanoparticles. Based on the AFM-FCA 

measurements shown in Fig. 2-7d, e, h, and i, these nanoparticles are 

composed of nickel nanoparticles or amorphous carbons. For the 

amorphous carbon sample points, the adhesion force is from 28.2 to 36nN, 

while for the nickel nanoparticles, the adhesion force ranges from 11.3 to 

19.8nN. As mentioned above, in the right bottom of Fig. 2-7c, one tube 

can be clearly identified by its morphology. The other tubes’ whole 

structure cannot be identified only from the morphology, but AFM-FCA 

provides additional information about the embedded SWNTs. Fig. 2-7f 

shows the sample points representing the SWNTs. The adhesion forces 

on these SWNTs range from 22.5 to 26nN. 
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Figure 2-7 (a), (b) TEM image of SWNT after organic solvent treatment; (c) AFM 

deflection image; (d), (e) AFM-FCA of SWNT after organic solvent treatment, sample 

points represent amorphous carbon; (f), (g) AFM-FCA of SWNT after organic solvent 

treatment, sample points represent SWNT; and (h), (i) AFM-FCA of SWNT after organic 

solvent treatment, sample points represent nickel nanoparticles. 

The overall morphology of the SWNTs is estimated and marked by the red 

dashed circle. These SWNTs are not totally purified. According to Fig. 2-

7c, some small accumulations still exist on the SWNTs’ surface. Based on 
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the AFM-FCA result shown in Fig. 2-7d and h, the dots sampled on these 

accumulations are associated with the amorphous carbon and nickel 

nanoparticles. This finding indicates that the SWNTs are covered by the 

impurity. 

(4) Samples after H2O2 Treatment 

Feng has shown that H2O2 can help oxidize amorphous carbon at room 

temperature [78]. Since after the organic treatment, the amorphous carbon 

become loose scaffolding, removing them becomes much easier. Fig. 2-

8a-c presents the distribution and morphology of the SWNT, while Fig. 2-

8d and 8e show the result of the AFM-FCA. After the H2O2 treatment, 

which is the last purification stage, most amorphous carbon and scattered 

nickel nanoparticles are removed, and thus the SWNTs are free in solution, 

with the nickel nanoparticles attached onto their surface. As Fig. 2-8a 

shows, almost no amorphous carbon is left in the solution. The short 

SWNTs are observed for the first time and are evenly distributed in the 

image. 82% of the SWNTs have a dark point in the tip, indicating the 

presence of nickel nanoparticles. The magnification of a specific SWNT is 

shown in Fig. 2-8b. Two images are shown for comparison in Fig. 2-9. Fig. 

2-9a presents the results after the first two purification steps proposed in 

this thesis were completed and the material was sonicated with H2O2 for 

2hrs. Although the CNT is similar to the one shown in Fig. 2-8a, many 
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impure particles still remain in the sample. Based on their status in the 

image, most of the scattered particles might be composed of amorphous 

carbon. The mCNTs shown in Fig. 2-9b were treated under a different 

purification step. Instead of the SDS treatment and organic solvent 

treatment, the mCNT raw material was first directly sonicated in HNO3 and 

H2SO4 for 40mins. The resulting solution was then sonicated with H2O2 for 

4hrs. The comparison of the resulting mCNTs (Fig. 2-9b) with the ones in 

Fig. 2-8a shows that the nickel particles are obviously much smaller after 

acid treatment. Clearly more nickel particles are oxidized under the strong 

acid treatment. Although treated with the strong acid method, some 

amorphous carbon still remains around the mCNT. To further demonstrate 

the purification result, Thermal Gravity Analysis (TGA) analysis was 

performed. The result is shown in Fig. 2-10, where the black curve is the 

weight-loss curve as the temperature increases, while the blue curve is its 

derivative, which shows the weight-loss velocity. After the original raw 

SWNT (Fig. 2-10a), is heated to 1000ºC, nearly 40% of the original weight 

remains while the peak weight-loss velocity is around 420ºC. For our 

purified SWNT, as Fig. 2-10b illustrates, the weight-loss velocity peak is 

around 550ºC which has significantly shifted. This result indicates that 

most of the amorphous carbon has been removed. Compared to the 

weight of the raw material sample, the remaining weight in the purified 
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sample accounts for less than 5% after TGA, so that after the purification 

process, a large portion of the metal nanoparticles are also removed. The 

change in the TGA curve before and after the purification of the CNT 

accords with the result reported by Dillon [79].  

 

Figure 2-8 (a), (b) TEM image and (c) AFM deflection image of mCNT after H2O2 

treatment for 4hrs; (d), (e) AFM-FCA of mCNT after H2O2 treatment for 4hrs, sample 

points represent nickel nanoparticles. 
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Figure 2-9 TEM images of mCNT under different purification steps: (a) after the first two 

steps, the mCNT was sonicated with H2O2 for 2hrs; (b) the mCNT raw materials was 

sonicated in HNO3 and H2SO4 (1:3) for 40mins, and then sonicated with H2O2 for 4hrs. 

  

Figure 2-10 TGA analysis of mCNT: (a) before purification and; (b) after purification. 

The AFM image shown as Fig. 2-8c reveals many SWNTs, and also some 

large particles in the solution. In Fig. 2-8d and e, the AFM-FCA classifies 

these large particles as nickel nanoparticles because the values of the 

defined adhesion forces on the large particles range from 8.9 to 15.5nN, 

which drop into the experimentally measured adhesion force range for 

nickel nanoparticles. Since the SWNT sample solution has gone through 

three filtration stages, most of the small nickel nanoparticles in the filtrate 

have been removed. As SWNTs at some point may block the pores on the 
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PTFE membrane, some of the large nickel particles may still remain in the 

sample solution.  

At the red dots shown in Fig. 2-8d, the adhesion forces on the SWNTs 

also fall into the range for nickel nanoparticles, possibly due to the nickel 

nanoparticles that are still attached onto most of the CNTs. The nickel 

particles are added as a catalyst during the SWNT production stage. 

According to Gavillet et al., the SWNTs’ growth mode is not really 

understood even though some models have been proposed to explain it 

[80]. Based on Gavillet et al.’s research, when the particle diameter is 

within the order of a few tens of nm, which it definitely is in our case, many 

nickel nanoparticles will precipitate on the surface of the SWNTs [80]. 

However, sonication is harsh, especially for the prolonged sonication in 

our case. Therefore, in addition to the precipitate, some catalyst particles 

might be trapped in the tip of the SWNT, thus leading to a firm 

combination. Gavillet et al. also mention this possibility [80]. Since nickel is 

sensitive to a magnetic field, the nickel nanoparticles on the SWNTs might 

make the SWNTs sensitive to a magnetic field. If the SWNTs have to be 

further purified, a specially designed oxidation method could be used to 

remove the remaining nickel from the SWNTs. Potential oxidation methods 

are described in [81-83]. 
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2.4 Increase of cell membrane permeability by 

mCNT  

2.4.1 Cell membrane permeability evaluation standard 

The cell membrane presents most biomaterials from entering the cell 

cytoplasm. If material which is considered not to be able normally to pass 

through the cell membrane is located inside a cell, then the cell membrane 

is considered to be permeabilized. Although cell membrane permeability is 

essentially determined by the membrane’s mechanical characteristics, it is 

usually quantified as the ratio of the desired material concentration inside 

and outside the cell membrane [84]. In studies of cell membrane 

permeability, especially in the intracellular delivery field, researchers 

usually focus on how many cells are permeabilized instead of how much 

one cell is permeabilized. To quantify how many cells are permeabilized, 

fluorescent materials are usually delivered through the cell membrane, 

since identifying their position inside the cells is relatively easy. The 

scientific equipment that could be used to count the fluorescent cells 

includes a flow cytometer, a fluorescent microscope, and a confocal 

microscope. In all cases, the delivery efficiency is defined as the number 

of fluorescent cells divided by the total number of cells counted. This 

number is usually expressed in a percentage. The study of the cell 
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membrane structure and the proper methods for increasing cell membrane 

permeability has a direct impact on fields like drug delivery, pharmacology 

and nano-toxicology. 

2.4.2 Methods and materials 

(a) Cell preparation 

MCF-7 cells were cultured in a RPMI1640 medium supplement with 10% 

FBS and 1% P/S at 37ºC and 5% CO2. One day before the experiment, 

2×105 MCF-7 cells were harvested by using Trypsin-EDTA and seeded in 

new petri dish. On the day of the experiment, the cell confluency should 

reach 80%. 

THP-1 cells were cultured in a RPMI1640 (11875-093, Gibco) medium 

supplemented with 10% fetal bovine serum (FBS) and 1% Penicillin and 

streptomycin (P/S) in 750mL flasks at 37ºC and 5% CO2. Before the 

experiments, 4×104 THP-1 cells were harvested and resuspended in PBS. 

The cells were later attached onto the petri dish by using poly-L-lysine 

(P4832, Sigma).  

KG-1 were cultured in IMDM (12440-053, Gibco) medium supplement with 

20% FBS and 1% P/S in 750mL flasks at 37ºC and 5% CO2. Before the 

experiments, 4×104 KG-1 cells were harvested and resuspended in PBS. 
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The cells were later attached onto the petri dish by using poly-L-lysine 

(P4832, Sigma). 

(b) Delivery protocol 

With the help from one research associate in our lab, the mCNTs were 

chemically connected with FITC. The free FITC which was not connected 

with mCNT might attach onto the cell membrane and induce interference 

when testing the fluorescent signal. To remove the free FITC, the mCNT-

FITC solution was treated under dialysis for at least one day. The solution 

was then mixed with cells and placed on an Nd-Fe-B permanent magnet 

for 1hr at room temperature. Next, the cell petri dish was transferred from 

the Nd-Fe-B permanent magnet to an incubator and incubated for 3hrs. In 

the last step, the solution in the petri dish was replaced by a fresh cell 

culture medium. The cell culturing continued for 24hrs. The results were 

checked on the next day. 

(c) FITC comparison experiments 

To evaluate the FITC interaction with the cells, MCF-7 cells were chosen 

as a model. Because these cells are the largest among all three cell lines 

and have the most active endocytosis ability. The MCF-7 cells were 

prepared as mentioned above. 50µL FITC solutions with concentrations of 

10-1, 10-2, 10-3, 10-4, 10-5, 10-6, 10-7, 10-8, 10-9mg/mL were mixed with the 
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cells on the experiment day. After 1hr incubation at room temperature, the 

mixed solution was then transferred to the incubator and incubated for 

another 3hrs. The solution was then changed with a fresh cell culture 

medium and cultured for another 24hrs. 

(d) Assessment of mCNT-FITC delivery efficiency and FITC comparison 

experiments using FACS 

On the next day of the experiment, the cells were harvested and 

resuspended in a 300µL PBS solution. The mCNT-FITC delivery efficiency 

and FITC comparison experiments were evaluated by counting the 

number of fluorescent cells by using a FACSCalibur (Becton-Dickinson) at 

an excitation wavelength of 488nm. 

(e) Assessment of mCNT-FITC delivery efficiency and FITC comparison 

experiments using fluorescent microscope 

On the next day of the experiment, the cells were directly observed under 

a CW225A fluorescent microscope (Leica) with a DXM1200 digital camera 

(Nikon) under 40X magnification. 

(f) Assessment of FITC comparison experiments using confocal 

microscope 

1mL 2% paraformaldehyde (158127, Sigma-Aldrich) was employed to fix 

the MCF-7 cells for 2hrs. Next, the cell membranes were stained with 
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Rhodamine Phalloidin (Molecular Probes®, Invitrogen) for 40mins. Finally, 

the cell sample was flipped on a slide with the Vectashield® mounting 

medium with DAPI (H-1200, Vector). Confocal images were taken by 

using a Leica TCS SP5 II confocal microscope. 

(g) Assessment of cell viability 

On the next day of the experiment, MCF-7 cells were harvested by using a 

0.25% trypsin solution and resuspended in a PBS solution, while the THP-

1 and KG-1 cells were directly resuspended in a PBS solution. The 

number of viable cells was counted on a haemocytometer. The cell 

viability was calculated by dividing the cell number with the one in the 

control sample. 
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2.4.3 Results and discussion 

   

 

  

 
Figure 2-11 (a) FACS diagram of MCF-7 cells alone; (b) FACS diagram of MCF-7 cells 

with 10-1mg/mL FITC solution; (c) FACS diagram of MCF-7 cells with different 

concentrations of FITC solution; (d) delivery efficiency of MCF-7 cells with different 

concentrations of FITC solution; (e) FACS diagram of MCF-7 cells with mCNT only; (f) 

FACS diagram of MCF-7 cells with mCNT-FITC solution. 
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Figure 2-12 Fluorescent images of (a) MCF-7 cells alone; (b) MCF-7 cells with 10-1mg/mL 

FITC solution; (c) MCF-7 cells with 10-7mg/mL; (d) MCF-7 with mCNT-FITC; (e) THP-1 

with mCNT-FITC (f) KG-1 with mCNT-FITC. 

 

 

 

 

 

 

 

 

(c) (b) (a) 

(d) (e) (f) 
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Figure 2-13 Confocal microscope image of MCF-7 cells: (a) MCF-7 cell only; (b) MCF-7 

cell with 10-7mg/mL FITC solution; (c) MCF-7 cell with 10-1mg/mL FITC solution.  

(a) (b) 

(c) 
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Figure 2-14 (a) and (b) Confocal microscope images of canola protoplast with mCNT-

FITC; (c) Sectional TEM images of canola protoplasts with mCNT-FITC [85].  

 

Cell lines MCF-7 THP-1 KG-1 

Cell Viability 86.4% 84% 72.6% 

Table 2-1 Cell viability of mCNT-FITC on various cell lines 

(a) (b) 

(c) 
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Figure 2-15 Microscope and SEM images of MCF-7 cells after incubation for different 

times with 0.5mg/mL EDC: (a) before incubation; (b) incubated for 10mins; (c) incubated 

for 20mins; (d) incubated for 45mins; (e) incubated for 210mins [86]. 

Typical FACS diagrams of the MCF-7 cells delivered with FITC are shown 

in Fig. 2-11. The MCF-7 cells alone (Fig. 2-11a) and MCF-7 cells with 

mCNT (Fig. 2-11e) give out a very low fluorescent signal, while for the 

sample treated with mCNT-FITC (Fig. 2-11f), the fluorescent curve shifts 

greatly to the high-intensity fluorescent region. When the MCF-7 cells 

were mixed with the FITC solution, they might also have induced a 

fluorescent shift as shown in Fig. 2-11b. Fig. 2-11c and Fig. 2-11d show 
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the FACS diagrams of the MCF-7 cells with different concentrations of 

FITC solution ranging from 10-1 to 10-7mg/mL and the resulting fluorescent 

cell percentage, respectively. These figures show that the number of 

fluorescent cells decreases as the FITC solution concentration decreases. 

Even under the highest FITC concentration (10-1mg/mL), the fluorescent 

intensities of the cells (Fig. 2-11e) are much lower compared to the 

intensity achieved with mCNT (Fig. 2-11f). This finding is also observed in 

the fluorescent microscope images as shown in Fig. 2-12. For the sample 

mixed with 10-1mg/mL FITC solution, only a few cells show a green 

fluorescent signal, while for the MCF-7, THP-1 or KG-1 cells treated with 

mCNT-FITC, almost every cell has a green fluorescent signal. Higher- 

resolution images of the MCF-7 cells mixed with the FITC solution are 

shown in the confocal microscope image in Fig. 2-13. The cell membrane 

is stained in red, while the cell nucleus is stained in blue. The sample 

mixed with 10-7mg/mL FITC solution is almost the same as the sample of 

cells only. No fluorescent color is observed. For the sample mixed with 10-

1mg/mL FITC solution, most of the green fluorescent spots are located 

outside the cells. Some of the green spots are located right on the cell 

membrane of the MCF-7 cells. It is hypothesized that although some MCF-

7 cells are detected as fluorescent cells under FACS analysis, this result is 

due mainly to the FITC sticking or attaching onto the cell membrane, not 
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because of the green signal from the cell inside. Hao et al. demonstrated 

the ability of mCNT to penetrate the cell membrane. These researchers 

used the mCNT developed in this thesis to deliver FITC into canola 

protoplasts [85]. Based on their confocal microscope images, as shown in 

Fig. 2-14a and b, the mCNT efficiently delivered FITC into the canola 

protoplasts as a strong green fluorescent signal was detected from the 

inside of the cells. Based on the sectional TEM images shown in Fig. 2-

14c, the mCNTs were located in the endosomes of the canola protoplasts, 

as pointed out by the red arrows. These sectional TEM images also 

indicate that the mCNT entered the cells through the cell endocytosis 

process.  

Although the mCNTs developed are efficient when delivering the FITC, the 

cell numbers in the sample mixed with mCNT-FITC are much smaller 

compared to the numbers in the control. Because mCNT didn’t show any 

toxicity to the cells, the decrease of cell number is due to the FITC. A later 

study by our group found that 1-ethyl-3-(3-dimethylaminopropyl) 

carbondiimide (EDC), which is a common agent for connecting CNT with 

small molecules like genetic materials, greatly affected cell viability by 

damaging the cell membrane and inducing cell necrosis [86]. As Fig. 2-15 

shows, when the incubation time of EDC and MCF-7 increases, the 
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number and size of the pimple structures on the cell membrane also keep 

growing.  

2.4.4 Disadvantages of the proposed mCNT method to increase cell 

membrane permeability 

Although the mCNT method was found to effectively increase the cell 

membrane permeability of MCF-7, THP-1 and KG-1 cells, this method has 

two major drawbacks. First, as mentioned in the last section, certain toxic 

chemical reagents are needed to combine the molecules with mCNT, and 

these chemicals are very easily absorbed onto the carbon nanotube 

surface. Second, the mCNT will enter the cell with the delivered molecules. 

Since CNT is a very stable material, it will remain in the cell for a long time. 

Its long-term toxicity for the cell is unknown at this time. These two 

limitations inhibit the future application of mCNT on the human body. 

However, this method might be a great candidate to use in plant 

transformation technology. 

2.5 Conclusions 

An innovative purification method to extract mCNTs from purchased raw 

arc-discharged nanotube materials was demonstrated. The process was 

divided into three main procedures: SDS treatment, organic solvent 

treatment, and H2O2 treatment. To ensure that the SWNTs retained their 
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magnetic properties, a harsh acid treatment was avoided although it is 

commonly used in traditional oxidation methods. In addition, AFM-FCA 

combined with TEM images was applied to monitor the purification 

process. Our experimental results are in line with the theoretical results. 

The advantage of this method is that it can directly differentiate materials 

once the standard material analysis is performed.  

The developed mCNT was tested on various cell lines. FITC was used to 

assist the quantification and observation of the delivery result. Based on 

the FACS and fluorescent images, mCNT was found to increase the cell 

membrane permeability of almost every cell being tested. 

In summary, a new purification method and a new analysis method which 

is efficient and reliable for this mCNT purification process were proposed 

in this Chapter. The developed mCNTs were capable of increasing the cell 

membrane permeability.  
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Chapter 3 

III. Development and analysis of 

microbubble-assisted high 

centrifugation field for increasing 

cell membrane permeability 

3.1 Introduction 

3.1.1 Physical-based methods to increase cell membrane 

permeability 

As the name suggests, physical-based methods utilize temporary physical 

stimulations on the cell membrane to create intracellular pathways into the 

cell cytoplasm. The reported methods include electroporation, laser beam 

gene transduction, sonoporation, gene gun and liquid jet injection. 

Electroporation is a technique which increases cell membrane 

permeability by utilizing a controlled voltage (typically 200mV-1V) on the 

cell membrane [87]. The electrical voltage stimulation has been found to 
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temporarily produce transient holes on the cell membrane if the electrical 

voltage is applied in a short duration within a limited value [88, 89]. 

Wegener et al. reported that if the electric field magnitude applied did not 

exceed a threshold, the cell surface eventually recovered through the cells’ 

self-repairing mechanism [90]. However, this recovery stage usually has a 

longer duration (on a time-scale of seconds) compared to the pore 

formation stage (on a time-scale of 10ns) [91, 92]. After intracellular pores 

are temporarily formed, biomaterial such as pDNA can diffuse into the 

cytoplasm [93, 94]. The geometric size, shape, and electric charge of the 

biomaterial are all key factors relating to the transport efficiency [95]. 

Electroporation is very effective on many cell lines including those with 

extremely low endocytosis ability [96]. Electroporation is particularly useful 

for delivering biomaterials to superficial areas, but invasive surgical 

procedures are required to deliver biomaterials to specific organs [3]. 

Kamary et al. found that Easy Vax™, a clinical electroporation system, was 

safe and tolerated when administered to adults [97], while Thomson et al. 

used electroporation to treat patients with liver cancer. No damage to the 

healthy organs was found during the treatment [98]. 

Laser beam gene transduction (LBST) utilizes short laser pulses to 

stimulate the cell membrane. The increased cell membrane permeability 

achieved by LBST is comparable that achieved by electroporation [99], but 
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the side-effect is much smaller compared to that from electroporation [3]. 

However, to precisely control a laser beam, large and specific equipment 

is needed. This limitation has discouraged the development of this 

technology.  

Sonoporation is defined as the transient increase of cell membrane 

permeability and delivery of extracellular biomaterials into cells with the 

assistance of ultrasound [100]. The use of ultrasound to help deliver 

biomaterials into cells can be dated back to 1992 [101]. Since then, this 

topic has generated great interest among researchers. Later researchers 

found that microbubbles, which are an agent usually used for ultrasound 

imaging, could greatly enhance the delivery efficiency [102]. The 

mechanism of sonoporation is not clear. Some researchers have claimed 

that in the ultrasound field, the movement of microbubbles initiates the 

endocytosis of cells, while others consider that the cavitation effect 

increases the cell membrane permeability. The cavitation effect of 

microbubbles can be classified into stable cavitation and inertial cavitation. 

In stable cavitation, the microbubbles periodically expand and contract. 

This process generates microstreaming around the cell membrane nearby. 

Microstreaming has been found to be one of the causes of the increase in 

cell membrane permeability [103]. In inertial cavitation, the microbubbles 

burst and result in liquid jets, which can create pores up to 16µm on the 



64 
 

cell membrane [104]. Although both mechanisms increase cell membrane 

permeability [105-107], the stable cavitation effect is considered to be 

more harmless as the pores formed under stable cavitation are 

recoverable [108]. For application focusing on inertial cavitation, 

researchers are trying to increase the delivery efficiency while reducing 

the lethal effect. Significant progress has been made on the ultrasound 

signal generation stage. It was found that the critical parameters include 

frequency, duty cycle, intensity and ultrasound duration [109]. 

Sonoporation is another effective method for cell lines with low 

endocytosis ability. Compared to electroporation, sonoporation is better 

focused and capable of penetrating into deeper regions. Taniyama et al. 

reported that clinical angiogenetic gene therapy using plasmid DNA gene 

transfer was attempted in patients with peripheral artery disease. However, 

the Phase III clinical trial did not show sufficient efficiency [110]. 

Gene gun and liquid jet injection share almost the same mechanism. A 

gene gun uses “bullets” to shoot the cells. Usually, the bullets are gold 

nanoparticles coated with biomaterial [111]. The impact force is so large 

that even a plant cell wall can be deeply penetrated. Thus, the gene gun is 

widely used for plant cell transformation [112]. In liquid jet injection, the 

“bullet” is liquid. To perform liquid jet injection, one has to first dissolve 

biomaterial in a very small volume of liquid and then inject the solution into 
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the cell at high pressure [3]. Compared with the other physical-based 

methods, the gene gun and liquid jet injection can target only very small 

areas. Thus, the total number of cells treated at one time is limited [3].  

Overall, the physical-based methods deliver biomolecules by actively 

inducing real-time transient cell membrane damage. Thus, they are more 

applicable than other methods for universal cell-lines. Physical-based 

methods usually involve expensive equipment. However, once the 

appropriate equipment is purchased, the continuing cost of physical-based 

methods is relatively cheaper than that of chemical-based methods.  

3.1.2 Centrifugation on cells 

Centrifugation is a normal technique used almost in every bio-lab around 

the world. In microbiology and cytology studies, one typical example is 

using the differential centrifugation to collect and separate certain 

organelles from whole cells [113]. Since the cell organs have variable 

densities, similar organs accumulate in certain regions during the 

centrifugation process, thus differentiating themselves from the others. A 

similar mechanism can be applied to separate CNTs or microbubbles [114, 

115]. For animal cells, centrifugation is used mainly for collection purposes. 

As a rule of thumb, the centrifugation of cells should never exceed 

2000RPM (447g) if the purpose is to collect the cells. Hoffman et al. used 
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a high- speed camera to observe cell morphology change at high 

centrifugation speeds [116]. At 11,000RPM, the cells totally changed from 

a round morphology to a spindle-like shape. When the centrifugation 

speed was decreased to 200RPM, most of the cells returned to their usual 

round morphology [116]. Richter et al. centrifuged the Xenopus oocytes at 

10,000g for 5mins and detected the electrophysiological properties of cells 

after centrifugation. It was found that the cell membrane resistances were 

preserved if the centrifugation did not exceed 10,000g for 5mins [117].  

3.1.3 Background of microbubbles 

3.1.3.1 Microbubble history 

The discovery of microbubbles’ application on ultrasound imaging can be 

traced back to 1960. Since a normal liver, spleen, or kidney has similar 

acoustic properties to those of many tumors, ultrasound alone has great 

difficulty differentiating between healthy and diseased tissue [118]. Some 

researchers accidently increased the ultrasound image contrast after 

injecting fluids like saline into a patient’s blood [119]. However, the 

duration of this increase effect was very short. Later on, researchers found 

that a patient’s blood, which usually contains serum albumin, could also 

increase the duration of the image contrast enhancement [120]. Further 

investigation showed that the increase of the temporary image contrast 
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was due to the small-scale air bubbles, such as microbubbles, in the liquid. 

Microbubbles, as the name indicates, are gas bubbles stabilized by 

surfactant or lipid materials at the micro-scale. The high compressibility 

and non-linear response to an unstable pressure environment caused by 

ultrasound enable microbubbles to better scatter ultrasound and 

distinguish themselves from the surrounding tissue [121]. The ultrasound 

response closely relates to the microbubble size, shell material and shell 

thickness [122]. The first commercialized ultrasound contrast agent, 

Albunex®, is normal gas microbubbles capsulated by albumin. This agent 

increases the image contrast, but is not stable enough to be consistent in 

the pulmonary passage [100], because in the human body, the important 

properties for the stability of microbubbles, such as viscosity, temperature, 

and hydrostatic pressure, differ from those in an in-vitro environment [100]. 

To make microbubbles more stable in the body, researchers focused on 

choosing suitable materials for the microbubbles’ shell and microbubble 

gas. Shell-coating materials such as phospholipids, polymer-protein 

bilayer, and palmitic acid were found to be better than albumin [123]. 

Microbubble shell materials can be classified into hard materials and soft 

materials. Both are intended to form special structures to counter the 

Laplace pressure formed in the gas core [124]. Although the special shell 

structure material greatly increases microbubble stability, the gas core is 
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still important. For example, both Optison™ and Albunex® use albumin as 

the microbubble shell, but the former microbubble with an inner gas core 

of octafluoropropane is much more stable than the latter one with air. 

Because any gas continuously diffuses outwards from a microbubble. This 

process, as Kabalnov et al. pointed out, is determined mainly by the 

diffusivity of the gas in the surrounding liquid [125]. As the diffusivity of air 

into saline water is much higher than that of octafluoropropane, 

microbubbles with air as the gas core will shrink faster and finally collapse 

earlier. For a 2µm microbubble composed of normal air, the air fully 

dissolves into water after 8ms, while a perfluoropropane microbubble 

needs 90ms to finish this process and a decafluorobutane microbubble 

needs 900ms under the same condition [126]. Today’s commercialized 

ultrasound contrast agents all choose gas with low solubility in water or 

blood as the gas core of microbubbles. 

3.1.3.2 Microbubble manufacture methods 

Microbubbles can be manufactured in many ways. One of the most 

commonly used methods is sonication or mechanical agitation [127-129]. 

The coating solution is sonicated or agitated while the filling gas is floating 

above the solution surface. The gas is first emulsified in the solution, then 

the coating material will sediment on the gas liquid interface to stabilize 

the microbubble. If the sonication method is used to manufacture 
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microbubbles, the size of the microbubbles generated depends on the 

frequency, power and duty cycle of the ultrasound [130]. Usually, the 

formed microbubbles are in a broad range of sizes, but a filtering process 

can be used to obtain microbubbles of a desired size [131]. 

Another method for manufacturing microbubbles is membrane 

emulsification. This method produces microbubbles by forcing the material 

solution repeatedly through a porous membrane [132]. Microbubbles 

produced by this method have a narrower range of size distribution than 

those produced by using other methods [133]. In this process, the 

characteristics of the membrane such as pore size, stiffness, and 

wettability are key for making the microbubbles stable and mono-

dispersed [134].  

Microfluidic devices are also used to prepare microbubbles. The two main 

types of microfluidic devices for bubble preparation are a flow-focusing 

unit produced by MEMS manufacture techniques and a T-junction device 

assembled by using several capillaries [135-137]. By controlling the 

solution flow rate and gas flow rate, a liquid jet is formed. The jet pinches-

off at a certain distance from the orifice, resulting in the formation of 

microbubbles [138]. This method can produce highly mono-dispersed 

microbubbles of an almost identical size, but the production rate is very 

low. The size of the microbubbles produced is also relatively larger than 
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that of the ones produced by the other methods mentioned above [123]. 

Microbubbles of a size around 2-5µm now can be manufactured by using 

a novel configured microfluidic device [139]. 

3.1.4 Basic intermolecular force review 

3.1.4.1 VDW force between molecules 

The VDW force is the sum of the attractive or repulsive forces 

between molecules (or between parts of the same molecule) other than 

those due to covalent bonds, the hydrogen bonds, or the electrostatic 

interaction of ions with one another or with neutral molecules or charged 

molecules [140]. This force can be generally divided into three categories: 

(1) the force between two permanent dipoles, known as the Keesom force; 

(2) the force between a permanent dipole and a corresponding induced 

dipole, known as the Debye force; and (3) the force between two 

instantaneously induced dipoles, known as the London dispersion force 

[72]. To evaluate the VDW force between different surfaces, Hamaker 

proposed that the VDW interaction forces between pairs of atoms are 

additive. Hamaker constant HA  is thus defined as Eq. 3-1[72]: 

   2

H AB A BA C ,                                        (3-1) 
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where ABC  is the coefficient in the particle-particle pair interaction, while

,A B  are the atom number densities of materials A and B. However, this 

additive assumption is not accurate, because it ignores the influence of 

neighboring atoms on the interaction between any pair of atoms. The 

accurate calculation of the VDW force can be obtained by treating the 

material as continuous media as described in the Lifshitz theory. 

Interestingly, the VDW force calculated from the Lifshitz theory is very 

similar to the one calculated from the Hamaker additive assumption, 

except for how the Hamaker constant is calculated. The Lifshitz theory 

predicts the accurate Hamaker constant based on the materials’ dielectric 

constant  and reflective indexn . The equation is given as 
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Where “1” and “3” denote two interacting bodies inside medium “2”. Based 

on the theory mentioned above, the interaction energy between two plane 

surfaces is calculated by using Eq. 3-3. The VDW force is equal to the 

derivative of the interaction energy, as in Eq. 3-4 [72]: 


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                                     (3-3) 
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If the value of Eq. 3-4 is positive, then the VDW force is attractive between 

the two plane surfaces. If it is negative, the VDW force is repulsive. The 

VDW force between two sphere surfaces can be calculated by using the 

Derjaguin approximation. In the Derjaguin approximation, the VDW force 

between spherical surfaces can be related to the interaction energy 

between two planes with a factor of 


 
 
 

1 2

1 2

2
R R

R R
 . Thus, the VDW force 

between two sphere surfaces is obtained as in Eq. 3-5 [72]:  
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3.1.4.2 Electric double layer force 

When a plane is immersed in a liquid, the plane’s surface is usually 

charged. The charged surface might due to the dissociation of ionic 

groups of the surface molecules into the liquid or the adsorption of the 

ionic groups in liquid onto the surface. This process forms the first electric 

layer. This charged surface will also attract ions with the opposite sign 

(named counter ions) onto its surface and form another charged layer, but 

with the opposite sign. These two layers are thus named electric double 

layers. To model the electric double layers’ status in a liquid, two models 

are generally proposed. The first model is the Helmholtz model, in which, 
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the attracted counter ions on the second layer equally cancel all the 

surface charges on the first layer. Thus, the electric double layers can be 

modeled as a capacitor. The length between the middle lines of the two 

charged layers is defined as the gap distance of the equivalent capacitor. 

The electric potential drops linearly from the middle line of the first charged 

layer to the middle of the second charged layer. An obvious disadvantage 

of this model is that it neglects the thermal motion of the counter ions, 

especially for the ones near the second layer boundary [141]. The second 

model is the Gouy-Chapman model. Compared to the Helmholtz model, 

this model is closer to the real world because of the consideration of the 

ions’ thermal motions. As the distance from the surface increases, some of 

the counter ions are not firmly attracted to the charged surface. Due to 

their thermal motion, they are free to diffuse in and out of the ambient 

medium. As a result, the amount of counter ions on the second layer is 

generally smaller than the total amount of charges on the first layer; thus, 

the counter ions cannot totally neutralize the surface. This phenomenon 

creates a region named the diffuse layer [142, 143]. The potential along 

with the distance from the surface decays with an exponential1/ , which 

is called the Debye length. It regulates the exponential decaying speed. 

The physical meaning of the Debye length can be considered as the 

boundary beyond which the concentration of the counter ions is almost the 
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same as that in a bulk solution. Adding extra materials into the solution or 

changing the medium concentration can modify the Debye length of the 

medium or the charge density on the surface. Since the Derjaguin 

approximation can be also applied to estimate the electric double layer 

force, once the medium is determined, for two charged sphere surfaces, 

the electric double layer interaction force between spheres “1” and “3” in a 

medium “2” can be calculated as in Eq. 3-6 and Eq. 3-7: 
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where 1  and 3 are surface potentials; 1/  is the Debye length; 0  and 2  

are the vacuum dielectric constant and relative dielectric constant. 

3.1.4.3 Derjaguin-Landau-Verwey-Overbeek (DLVO) force 

The DLVO force describes the interaction force between the charged 

surfaces in a liquid medium and contains two components, the VDW force 

and the electric double layer force. As the VDW force will always be 

attractive between similar molecules, the electric double layer force helps 

disperse the particles in the solution. When the electric double force 

becomes weaker, the particles tend to accumulate together, thus breaking 
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the balance of the solution. This result is very important, especially when 

the two charged surfaces are separated by only a small gap. 

3.1.5 Work description 

In this chapter, a method to increase cell membrane permeability by 

combining the centrifugation and microbubbles as shown in Fig. 3-1 is 

discussed. It is well known that a cell membrane is composed mainly of a 

lipid bilayer. The flexibility of the cell membrane is due largely to this 

structure. Because of the cell membrane flexibility, cell morphology 

changes in high-speed centrifugation fields [116]. This morphology change 

might be due to a squeezing effect. The changes in shape for most cells 

are reversible, and the membrane properties remain the same. The cells 

that adopt special morphologies during the centrifugation process will be 

discussed in this chapter. The mechanisms of sonoporation in opening the 

pores on the cell membrane are known to be related to the cavitation 

effect due to the bursting of the microbubbles [105-107, 144, 145].  
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Figure 3-1 Schematic of microbubble-assisted high centrifugation field to enhance the cell 

membrane permeability: (a) 1.5mL centrifuge tube contains FD, microbubbles and cells; 

(b) centrifuge tube allocation in a centrifuge rotator; (c) the material motion inside the 

centrifuge tube. Three possible mechanisms for the intracellular delivery of biomolecules 

are proposed and illustrated in the separated regions. 

In addition, the cells and microbubbles moving towards each other in a 

centrifuge tube have unavoidable collisions. Therefore, the delivery 

efficiency of extracellular molecules in centrifugation fields of varied 

strengths and different amounts of microbubble solutions is explored in 

this chapter. FD (40kDa and 70kDa) is normally used as membrane- 

impermeable biomolecules [146]. It also has a unique advantage. For 

instance, FD, as a fluorescent tag, can visibly trace its location inside the 

cells. This study focus on mammalian cell platform by choosing THP1- 

cells as a model for the suspension cells, while MCF-7 cells were used as 

a model for the adherent cells. A simplified model was built to simulate the 

interaction between the microbubbles and cells. The results indicated that 
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the relative velocity between the cells and microbubbles was related to the 

centrifugation field and that this velocity was critical for the increase in cell 

membrane permeability. 

3.2 Microbubble preparation and detection 

3.2.1 Microbubble preparation 

1, 2-Distearoyl-sn-glycero-3-phosphocholine (DSPC) (850365P, Avanti 

Polar Lipids) and Tween-80 (P1754, Sigma-Aldrich) were dissolved in 

chloroform (288306, Sigma-Aldrich) at a ratio of 10:1 (w/w). The solution 

was then processed in a rotary evaporator (LABOROTA 4000, Heidolph) 

to form a thin film. PBS buffer (14190-250, Gibco) was added into the vial 

afterwards to hydrate the thin film. The solution was stirred at 60ºC for 

2.5hrs. The solution at this point could then be stored at -20ºC for further 

processing. For application, in the final step, glycerol (G5516, Sigma) was 

added to the solution with a ratio of 1:1 (v/v), and the mixture was then 

stirred at 60ºC for another 1.5hrs to form the microbubble solution. To 

activate the microbubbles, the microbubble solution was transferred into a 

1.5mL centrifuge vial, which was activated on Vialmix® for 45 seconds. To 

label the microbubbles with fluorescence, a 20µL FITC solution (46950, 

Fluka) was added into the microbubble solution. After activation, the 

fluorescent microbubble image was observed by using a CW225A 
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fluorescent microscope (Leica) with a DXM1200 digital camera (Nikon) 

under 40X magnification. To observe a microbubble image under a bright-

field, 10µL of activated microbubble solution was transferred to a 

haemocytometer and observed under an AE31 microscope (Motic) with 

20X magnification. To measure the size of the microbubbles, a 100µL 

activated microbubble solution was diluted into a 50mL beaker and passed 

through a 20µm aperture to obtain size distribution information by using a 

Multisizer™3 Coulter Counter®. The microbubble size was also determined 

by using the dynamic light scattering technique (DLS). After activating, 

100µL microbubble solution was diluted into 10mL DI water. Then the 

solution was measured by using ZetaSizer NanoZS (Malvern).  

 
 

Figure 3-2 Morphology and size distributions for activated microbubbles: (a) microbubble 

size distribution measured by using Multisizer™3, in the top-right corner, an image of 

fluorescent microbubbles observed under fluorescent microscope is presented; (b) 

microbubble size distribution measured by using ZetaSizer. 
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3.2.2 Microbubble detection - morphology and size 

distribution 

The microbubbles were marked by FITC and observed with a fluorescent 

microscope. The result is shown in the top-right corner of Fig. 3-2a. The 

microbubble shell was stained with a bright fluorescent green color, while 

the dark region inside the microbubbles was composed mainly of air. The 

particles’ size distribution measured by using the ZetaSizer and Multisizer 

3 ranges from 500nm to 3µm diameter (Fig. 3-2). For the Multisizer 3, 

since the measurement was performed under a 20µm aperture with a 

proper measurement range from 0.4-12µm, the microbubble size 

distribution curve was cut off at around 500nm. Although the Multisizer 

utilizes electrical impedance sensing of the volume of electrolytes 

displaced by a microbubble as it passes through an orifice [115], while the 

ZetaSizer measures size based on the dynamic light scattering induced by 

the particles’ random motion, the measurement results are very similar. 

Both of the size distribution measurement results show a peak value of 

around 1µm. 
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3.3 Experimental methods 

3.3.1 Cells preparation 

THP-1 cells were cultured in a RPMI1640 (11875-093, Gibco) medium 

supplement with 10% FBS and 1% P/S in 750mL flasks at 37ºC and 5% 

CO2. The cells were harvested and resuspended in PBS for the 

subsequent experiments. 

MCF-7 cells were cultured in a RPMI1640 medium supplement with 10% 

FBS and 1% P/S at 37ºC and 5% CO2. The cells were harvested by using 

Trypsin-EDTA and resuspended in PBS for the subsequent experiments. 

3.3.2 Cell membrane permeability enhancing protocol 

The THP-1 cells were harvested and resuspended in 800µL PBS at a 

concentration of 7.5×105 cells/mL in each 1.5mL centrifuge tube. The 

MCF-7 cells were harvested by using Trypsin and resuspended in 800µL 

RPMI 1640 without FBS and P/S at a concentration of 5×105 cells/mL in 

each 1.5mL centrifuge tube. A 15µL 5mg/mL FD (40kDa) solution (FD40S, 

Sigma-Aldrich) or 15µL 2.5mg/mL FD (70kDa) and the microbubble 

solution were in turn added to the cell suspension individually. The 

influences of the microbubble-assisted high centrifugation field parameters 

on the cell membrane permeability were studied at various centrifuge 
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speeds (expressed in relative centrifugal force (RCF)) and volumes of 

microbubble solution. In each case, the cell mixture was centrifuged at 4ºC 

with the designed parameters (Allegra™ 25R centrifuge, rotator: TA-15-1.5, 

Beckman Coulter). The varied ranges for the centrifuge speeds and 

volumes of microbubble solution were 252g (1500RPM) to 9056g 

(9000RPM) for THP-1, 28g (500RPM) to 2795g (5000RPM) for MCF-7, 

and 5 to 85µL for both of the cell lines, respectively. The RCF was 

calculated based on Eq. 3-8, where g is the earth’s gravitational 

acceleration; r is the rotational radius; and N is the rotations per second:  




2 2

900

r N
RCF

g
.                                          (3-8) 

The cell control sample was centrifuged in the same way as other samples, 

but without microbubbles. After exposure to the microbubble-assisted high 

centrifugation field, the cells were washed three times by centrifuging at 

4ºC with 7155g (8000RPM) for 10mins in PBS and then collected. The 

delivery efficiency of FD was directly evaluated by using a FACSCalibur 

(Becton-Dickinson). For the cell viability evaluation, the THP-1 and MCF-7 

cells were cultured for 24hrs and then underwent colorimetric assays. For 

the confocal microscope investigation, all of the cells were immobilized, 

dehydrated and stained onto a slide and investigated. For SEM 
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assessment, all the samples were immediately dehydrated, coated and 

assessed. 

3.3.3 Assessment of FD delivery efficiency 

After the washing step, the cells were resuspended in a 300µL PBS 

solution. The FD delivery efficiency was evaluated by counting the number 

of fluorescent cells with a FACSCalibur (Becton-Dickinson) at an excitation 

wavelength of 488nm.  

3.3.4 Assessment of cell viability 

A colorimetric assay is a technique used to determine the concentration of 

colored compounds in a solution [147]. By mixing the MTS and MTT 

solutions with the THP-1 and MCF-7 cells, the active reductase enzymes 

located inside the cells convert the MTT and MTS dyes to formazan dyes, 

giving a purple color. As a result, a sample with high viable cell number 

produces more formazan dye and has a darker color. By measuring the 

absorption of the formazan solution under a certain wavelength, the 

relative cell number can be identified. After 24hrs’ incubation, the THP-1 

and MCF-7 cells were harvested and resuspended in a PBS solution. A 

100µL THP-1 PBS suspension was mixed with a 100µL RPMI1640 

supplement with 10% FBS and a 10µL MTS solution in each well of 96 

plates. The plates were then incubated for 3hrs. The plates were read in a 
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96-plate reader (BioTek, ELx800) at a wavelength of 490nm. For the MCF-

7 cells, a 1mL MTT solution was added into the petri dish and incubated 

for 3hrs. Next, the supernatant was replaced with 1mL DMSO. All the 

samples were left to stay for 10mins in order to completely dissolve the 

formed formazan salts. Then, 200µL solution was transferred into each 

well of 96-plate and the plate was read under a 96-plate reader at a 

wavelength of 550nm.  The cell viability number was calculated by dividing 

the number of absorbance of cells treated with microbubbles by the 

number of absorbance of cells without microbubbles treatment. 

3.3.5 Investigation of FD location inside cells with confocal 

microscope 

To investigate the FD location inside the cells, they were imaged with a 

confocal microscope. After the exposure to the microbubble-assisted high 

centrifugation field, the THP-1 and MCF-7 cells were resuspended in PBS 

and attached to the coverslip by using poly-L-lysine (P4832, Sigma). Then 

1mL 2% paraformaldehyde (158127, Sigma-Aldrich) was employed for 

2hrs to fix the cells. Next, the cell membranes were stained with 

Rhodamine Phalloidin (Molecular Probes®, Invitrogen) for 40mins. Finally, 

the cell sample was flipped onto a slide with the Vectashield® mounting 

medium with DAPI (H-1200, Vector). Confocal images were taken by 

using a Leica TCS SP5 II confocal microscope. 
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3.3.6 Evaluation of cell membranes by using SEM 

To evaluate the microbubble-assisted high centrifugation field’s effect on 

the cell membranes, THP-1 cells were prepared as mentioned above and 

centrifuged with 9056g (9000RPM) plus a 45µL activated microbubble 

solution. After the experiment, the THP-1 cells were collected and 

attached to the plates by using poly-L-lysine. The cells were then fixed in 2% 

glutaraldehyde in a 4% PEA/ cacodylate buffer for 2hrs at room 

temperature. A graded ethanol series (50, 70, 90 and 100%) and a graded 

mixture series of ethanol and hexanethydisilazane (HMDS) (75:25, 50:50 

and 25:75) were used to dehydrate all the samples. After the dehydration 

process, the cells were kept overnight in 100% HMDS at room 

temperature until a HUMMER 6.2 sputtering system was used to coat 

them with gold-palladium. The SEM images were taken by an XL 30 SEM 

(Philips) operated at 20kV. 
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3.4 Results 

3.4.1 The influence of centrifugation speed and volume of 

microbubble solution on the enhancement of cell 

membrane permeability and cell viability of THP-1 and 

MCF-7 cells 

The influence of the centrifugation speed and the volume of the 

microbubble solution on cell membrane permeability and cell viability was 

determined by using various centrifugation speeds and different volumes 

of microbubble solution. As previously mentioned, FD is a commonly used 

marker for increases in membrane permeability [146].  

Fig. 3-3 shows a typical FACS diagram of THP-1 cells under treatment. 

Based on the result, the THP-1 cells centrifuged alone show a very low 

fluorescent background, while the sample centrifuged with FD40kDa 

shows a slight shift to the right, possibly because some of the FD40kDa 

attached onto the THP-1 cell surface. For the sample centrifuged with 

FD40kDa and microbubbles, the THP-1 cells have a very strong 

fluorescent signal, and the peak of the fluorescence curve shifts greatly to 

the right. This phenomenon means that for the THP-1 cell centrifuged with 
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microbubbles and FD40kDa, the fluorescent signal was retained even 

though several washing steps had been performed. 

Fig. 3-4a-d shows the delivery efficiency and cell viability of THP-1 cells 

under varied centrifugation speeds and volumes of microbubble solution. 

During the evaluation of the effect of the centrifugation speed, the volume 

of the microbubble solution was set at 45µL. Fig. 3-4a shows that the 

delivery efficiency increases with the increasing of the centrifugation 

speed. Although the delivery efficiency increases slightly from 23.4% to 

37.5% (p<0.05) when the centrifugation speed increases from 252g 

(1500RPM) to 1006g (3000RPM), the efficiency increases significantly to 

71.4% (p<0.05) when the solution is treated under 2795g (5000RPM). 

 

Figure 3-3 A typical FACS diagram of the THP-1 cells under treatment. The red curve 

stands for THP-1 cells centrifuged alone. The blue curve stands for THP-1 cells 

centrifuged with FD40kDa, while the green curve stands for THP-1 cells centrifuged with 

FD40kDa and microbubbles. 

Cell centrifuged only 

Cell centrifuged with FD40kDa 

Cell centrifuged with FD40kDa 

and microbubbles 
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Figure 3-4 FD delivery efficiency and cell viability of THP-1 cells: (a) delivery efficiency of 

FD40kDa (the red curve) and cell viability (the green bar) of THP-1 cells at different 

centrifugation speeds, microbubble solution is set at 45µL; (b) delivery efficiency of 

FD40kDa (the red curve) and cell viability (the green bar) of THP-1 cells with different 

volumes of microbubble solution, centrifugation speeds is set at 2795g. 

Meanwhile, the cell viability (the green bar) continues to drop with the 

increasing of the centrifugation speed. The lowest cell viability occurs at 

9056g (9000RPM), which is only 16.2%. To investigate the effect of the 

volume of microbubble solution on delivery efficiency and cell viability, the 
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centrifugation speed was set at 2795g (5000RPM). Starting from a 5µL 

microbubble solution, as Fig. 3-4b shows, the delivery efficiency (red curve) 

increases from 35.9% to 67.1% and then reaches a plateau of around 70% 

with 45, 65 and 85µL of microbubble solution being used. The cell viability 

(Fig. 3-4b, the green bar) exhibits a decreasing trend when the volume of 

the activated microbubble solution increases from 5 to 85µL.  

The influences of the centrifugation speed and the volume of microbubble 

solution on cell membrane permeability and cell viability of MCF-7 cells 

were investigated in a similar way as that used for the THP-1 cells. Typical 

FACS diagrams of the MCF-7 cells under treatment are shown in Fig. 3-5. 

Based on the FACS image, the fluorescent signal shifts greatly only when 

the MCF-7 cells are centrifuged with microbubbles. Both FD40kDa and 

FD70kDa were exploited to evaluate the increase in cell membrane 

permeability. In Fig. 3-6a, the delivery efficiency of FD40kDa is presented 

by the red curve while the delivery efficiency of FD70kDa is shown by the 

blue curve. In both conditions, the delivery efficiency shows an increasing 

trend as the centrifugation speed increases. This result is similar to the 

result obtained for the THP-1 cells (Fig. 3-4a).  
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Figure 3-5 A typical FACS diagram of MCF-7 cells: (a) the red curve stands for MCF-7 

cells centrifuged alone. The blue curve stands for MCF-7 cells centrifuged with FD40kDa, 

while the green curve stands for MCF-7 cells centrifuged with FD40kDa and 

microbubbles; (b) the red curve stands for MCF-7 cells centrifuged alone. The blue curve 

stands for MCF-7 cells centrifuged with FD70kDa, while the green curve stands for MCF-

7 cells centrifuged with FD70kDa and microbubbles.  
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Cell centrifuged with FD40kDa 

Cell centrifuged with FD40kDa 
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Cell centrifuged only 
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Figure 3-6 FD delivery efficiency and cell viability of MCF-7 cells: (a) delivery efficiency of 

FD (red curve: 40kDa, blue curve: 70kDa) and cell viability of MCF-7 cells at different 

centrifugation speeds, microbubble solution is set at 45µL; (b) delivery efficiency of FD 

(red curve: 40kDa, blue curve: 70kDa) and cell viability of MCF-7 cells with different 

volumes of microbubble solution, centrifugation speed is set at 1006g. 

However, for the samples delivered with FD70kDa (the blue curve), the 

absolute value of the delivery efficiency is always smaller than that of the 

samples treated with FD40kDa (the red curve). The cell viability is shown 

by the green bar. The cell viability values drop significantly when the 
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centrifugation speed increases to 1006g (3000RPM). There is no 

significant difference for the cell viabilities obtained when treated above 

1006g (3000RPM) (Fig. 3-6a). As shown in Fig. 3-6b, the delivery 

efficiency can also be increased by increasing the volume of the 

microbubble solution. The delivery efficiency of the samples treated with 

FD70kDa (the blue curve) is still lower than that of the samples treated 

with FD40kDa (red curve) and fluctuates around 45% as the volume of the 

microbubble solution increases. The cell viability (the green bar) exhibits a 

decreasing trend as the volume of the microbubble solution increases. The 

lowest cell viability is only 3.5% when the sample is treated with 85µL 

microbubble solution.  

3.4.2 Confocal microscope images of THP-1 and MCF-7 

cells 

The observation of FD inside cells directly indicates an increase in cell 

membrane permeability. In this work, the cell membranes of MCF-7 and 

THP-1 cells were stained red, while the cell nucleus was stained blue. The 

images were taken by a Leica SP5 confocal microscope. The THP-1 cell 

centrifuged alone exhibits a spindle-like shape instead of a round shape 

(Fig. 3-7a). A similar situation can be found in Fig. 3-7b, which presents 

the results of treating the THP-1 cells with FD40kDa and centrifugation. 

Some FD40kDa (the green spots) are attached to the cell membrane, but 
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no FD40kDa appears inside the THP-1 cells. However, for samples 

centrifuged with the microbubbles, FD40kDa is located inside the cells 

(see Fig. 3-7c). Interestingly, the FD40kDa is inside the cells in two 

different forms. In the first condition, the FD40kDa accumulated in several 

small regions and is located near the cell membrane (See Fig. 3-7c). The 

FD also spread freely in the cytoplasm, even in the cell nucleus, as 

indicated by the red arrows and the dissection view (See Fig. 3-7d). 

Similarly for the MCF-7 cells, FD70kDa is found attached onto the cell 

membrane when centrifuged without the microbubble solution (See Fig. 3-

7e). When treated with microbubbles in the centrifugation field, the 

FD70kDa is located inside cells. Some of the FD70kDa is inside the cell 

nucleus while other FD70kDa surrounded the nucleus or accumulated in 

small regions.  

3.4.3 SEM images of THP-1 cells 

Fig. 3-8a and b show that the THP-1 cell centrifuged alone has an intact 

and smooth surface.  Fig. 3-8c and d show the membrane status after 

exposure to microbubble-assisted centrifugation process. Several large 

holes appear on the cells’ membrane, as indicated by the red arrows. The 

diameters of the holes are from around 1µm in Fig. 3-8c to 3µm in Fig. 3-

8d. The cell surface also becomes rougher than that of the cells 

centrifuged alone. Interestingly, the THP-1 cell morphology is spindled-like 
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when treated with or without microbubbles (See Fig. 3-8a and d). This 

result accords with the observation obtained by using the confocal 

microscope. 

    

   

Figure 3-7 Confocal microscope images of THP-1 and MCF-7 cells: (a) THP-1 cells 

centrifuged without microbubble and FD; (b) THP-1 cells centrifuged with FD; (c) and (d) 

THP-1 cells centrifuged with microbubbles and FD. A dissection image is shown on the 

top-right corner of Fig. 3-7d; (e) MCF-7 cells centrifuged without microbubbles and FD; (f) 

MCF-7 cells centrifuged with FD; (g) MCF-7 cells centrifuged with microbubbles and FD. 

(e) (g) (f) 

(a) (c) (d) (b) 
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Figure 3-8 SEM images of THP-1 cells: (a) and (b) THP-1 cells centrifuged without 

microbubbles; (c) and (d) THP-1 cells centrifuged with microbubbles. The red dashed 

lines in Fig. 3-8a and 8d show the cell has a spindle-like morphology after centrifugation. 

3.5 Discussion 

3.5.1 Results and images analysis 

The above results indicate that centrifuging cells with microbubbles greatly 

increased the cell membrane permeability. The spindle-like morphology 

observed in the confocal microscope image (Fig. 3-7) and the SEM image 

(Fig. 3-8) is due to the centrifugation field. As shown in Fig. 3-7a-d, not all 

the cells have this abnormal morphology. A possible explanation is that 

(a) 

(c) (d) 

(b) 
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due to the complex pressure environment during centrifugation, different 

cells experienced different pressure forces. Although most cells might 

recover their initial round shape immediately after centrifugation, some 

cells take a longer time for recovery.  

The degree of permeability or delivery efficiency and cell viability are 

strongly correlated to the centrifugation speeds and the volume of 

microbubble solution. Increasing the centrifugation speed creates a 

greater degree of elongation in the cells or an increase in the relative 

velocity between the microbubbles and the cells. The higher the volume of 

microbubbles introduced into the cell cultures, the larger the number of 

microbubble bursts produced or the greater the frequency of the collisions 

between the cells and the microbubbles. It is reasonable to assume that 

the permeability of the membranes increases more in the presence of 

stronger microbubble collisions or microbubble bursts. Also, when a 

certain level of microbubble bursts is reached, the more the cell 

membrane loosens, the more fragile the cell becomes. Unlike the force in 

sonoporation, where the force impacts only on the cell membrane, the 

centrifugal force also affects the components inside the cells. Therefore, 

the above speculations can also be applied to the cell nucleus, whose 

outside layer is similar to that of the cell membrane.  
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An extremely high centrifuge speed and volume of microbubble solution 

was used in order to observe the THP-1 monocyte cell membrane surface 

after treatment. There is no doubt that the large and deep holes shown in 

Fig. 3-8c and d caused a devastating and unrecoverable effect on the cells, 

and that this effect probably explains the 10% cell viability. The red 

dashed line indicates that the cell has a spindle-like morphology, which 

accords with the spindle-like cell images in Fig. 3-7. One can imagine that, 

with such a big pathway, any therapeutic material can easily be 

transferred or diffused into the cells. Logically, with a lower centrifugation 

speed and less microbubble solution, the hole will be much smaller, and 

the cell will be able to recover. As a result, cell viability will be higher, 

although the delivery efficiency will definitely be lower. 

3.5.2 Mechanism analysis 

A major mechanism leading to the increasing of cell membrane 

permeability is the collisions between the microbubbles and cells due to 

their opposite movements in the centrifugation field. The collision process 

can be analyzed as follows: The velocity of a buoyant particle relative to 

the bulk fluid under the creeping flow condition is as follows, based on 

Kvale [148]: 

 






2
2( )

9

p l
V gR ,                                    (3-9) 
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where
p  is the density of the particle; l  is the density of the liquid; g is 

the relative centrifugal force; R is the radius of the particle;  is the 

viscosity of the liquid. The positive sign of the velocity is defined towards 

the bottom of the centrifuge tube. As the cell density is larger than the 

liquid density, the cells move towards the bottom of the centrifuge tube. 

On the contrary, since the microbubbles are composed mainly of air, their 

density is much smaller than that of the surrounding liquid. This result 

leads to a negative sign on the velocity generated, so the microbubbles 

travel towards the top until reaching the surface of the liquid.  

THP-1 cells were used as the cell model. To estimate the interaction 

between the microbubbles and the THP-1 cells, a simplified indentation 

model was developed to analyze the surface interaction forces before the 

microbubble bursting, as shown in Fig. 3-9. Chan and Horn showed that 

the normal hydrodynamic interaction forceF
 can be approximately given 

by Eq. 3-10. V  is the normal approaching velocity, 1R  is the radius of the 

cell, 2R  is the radius of the microbubble,D  is the gap distance, and  is the 

viscosity of the suspending fluid [149]:  





,

6 H G
hydrodynamic

R R V
F

D
,                                     (3-10) 
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where   
1 2

1 2

1 1 1 1
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R R R
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The VDW force and the electrical double layer force between the two 

sphere surfaces can also play a role in the interactions during the 

approach. For surfaces 1 and 2 interacting in medium 3, the VDW force 

and electrical double layer force can be described by Eq. 3-11 and Eq. 3-

12, respectively, based on the Derjaguin approximation. The sum of the 

these forces is normally referred to as the DLVO force given by Eq. 3-13, 

where 123A  is the Hamaker constant given by Eq. 3-2; 1 and 3 are the 

surface potential; 1/ is the Debye length; 1 , 2 and 3 are the dielectric 

constants; and 1 2,n n and 3n are the refractive indexes [72]: 
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where b is the bending rigidity (10-25 BK T  for common bilayers), and flC  is 

a numerical constant equal to about 0.1 [150]. 

For the microbubbles interacting with a lipid bilayer, 1, 2 and 3 represent 

the air, water and lipid bilayer, respectively. The cell membrane undulation 

might also induce a repulsive pressure, which can be quantified by Eq. 3-

14 [150]. The maximum undulation force MUF induced between the two 

membranes can be roughly estimated as 2

2MUF P R , where 2

2R is the 

projected area of the microbubble.  

The hydrodynamic force
hydrodynamicF


, DLVO force

123

DLVOF and membrane 

undulation force MUF for several approaching velocities at different 

separation distances between the microbubbles and cells are shown in Fig. 

3-9e, where 1R  is 5µm and 2R  is 0.5µm. The viscosity for the PBS buffer 

solution is about 0.001Pa·s [151]. The surface potentials of the (air) 

sphere and lipid membrane were assumed to be 1=-20 mV and  3 =-45 

mV, and for the PBS solution is around 0.75nm [152]. To evaluate the 

Hamaker constant, “1” denotes air, “2” denotes medium, while “3” denotes 

lipid layer. 1 is 1, 2 is 80, while 3 is 2.2. 1n is 1, 2n is 1.33, and 3n is 1.46 

separately. At 4ºC, BK T is 3.82×10-21N·m.  
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Fig. 3-9e shows that both the DLVO force and the membrane undulation 

force act as repulsive forces for bubbles interacting with a bilayer surface 

in water. These two forces dominate the interaction up to 2nm if the 

approaching velocity is below 10-4m/s. For V
 >0.001m/s, the 

hydrodynamic force plays a more dominant role compared to that of the 

DLVO force and the membrane undulation force. 

For the indentation of a hard spherical tip against a supported lipid bilayer 

with thickness ( membraneT ), the normal indentation force is dominated mainly 

by the area compressibility modulus aK  of the lipid bilayer, and the normal 

force iF  can be approximately given by Eq. 3-15 (for 1.5 membraneR T , where 

z is the indentation depth, and 0R  is the radius of the indentation tip, which 

in our case is the microbubble. However, Eq. 3-15 shows the force 

diverges as z approaches membraneT  [153]. The area compressibility modulus

aK of the bilayer is related to the bending modulus k and thickness membraneT  

by Eq. 3-16. For the lipid bilayer,  20-50mJ/m2 [72]; thus, one expects 

that 4aK  80-200mJ/m2 for the bilayers [72]. 
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Figure 3-9 Schematic models for interactions between a microbubble and a cell 

membrane in aqueous solution: (a) a solid sphere approaching a flat solid surface; (b) a 

spherical bubble approaching a lipid bilayer; (c) a spherical bubble covered by a lipid 

monolayer interacting with a lipid bilayer; (d) complex interfacial deformations associated 

with the interactions of Fig. 3-9c; (e) the hydrodynamic force (solid symbols) for six 

different approaching velocities ( =10-6, 10-5, 10-4, 10-3, 10-2 and 10-1m/s), the DLVO force 

and the MU force as a function of the separation distance D between a sphere (of radius 

R=500nm) and a flat surface. 
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The many receptors, glycocalyx molecules, and other biomacromolecules 

on the cell membrane may induce a relatively long-range steric force at a 

distance D of ~10nm or even longer [72, 150]. The critical velocity at the 

microbubble-cell separation distance of 10nm can be evaluated by using 

Eq. 3-17 by taking l =103kg/m3, cell =1.08×103kg/m3 [154], bubble =1kg/m3, 

while  can be approximated as 30mJ/m2. By using all the other values in 

Eq. 3-17, a critical velocity is obtained with criticalV =0.0148m/s. This result 

means that when the relative velocity between the microbubbles and cells 

reaches this value, membrane failure will occur and pores will form due to 

the hydrodynamic force applied on the lipid bilayer. 

Centrifugation fields 252g 1006g 2795g 5478g 9056g 

Velocity (m/s) 0.00126 0.00502 0.014 0.0274 0.0452 

Table 3-1: Relative velocity between microbubbles and cells in various centrifugation 

fields 

For the experiments performed on the THP-1 cells, the centrifugation field 

was varied from 252g to 9056g. The resulting relative velocities between 

the microbubbles and cells are listed in Table 3-1. When the centrifugation 

field is increased to 2795g, the resulting velocity is 0.014m/s, which is on 

the same order of magnitude as the critical velocity criticalV estimated above. 

In other words, when the centrifuge field reaches 2795g, the collisions 

between the microbubbles and cells help increase the membrane 
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permeability. If one compares the velocities with the delivery efficiency 

results as shown in Fig. 3-4, an obvious delivery efficiency increase can 

be observed between the values obtained under 1006g and 2795g, due to 

the collision effect mentioned above. When the centrifugation field is 

strengthened by increasing the centrifuge speed, V will be greater than

criticalV . Theoretically, this result will further enhance the collision-induced 

membrane permeability. In addition, even though polymers and proteins 

are embedded on the cell membrane, when the microbubbles and cells 

are colliding with each other, the equivalent distance can be pushed to a 

few nanometers, resulting in a much higher hydrodynamic force on the cell 

membrane compared to that evaluated at a distance of 10nm. The 

calculation results obtained above indicate that the collision-induced 

hydrodynamic force is sufficiently large to create intracellular pathways.  

The real surface interactions between the microbubbles and cell 

membranes are much more complicated than those in the above simplified 

model, as shown by the recent experimental studies and theoretical 

analyses of bubbles interacting with a solid substrate [155-157]. (1) In the 

above simplified analysis, the cell is assumed to have a round morphology; 

however, complex interfacial deformations can occur in real interactions 

[155]. The real cell morphology is flexible and undulating. The stretching of 

the bilayer also plays an important role in pore formation. (2) Lipid 
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molecules can self-assemble and form a monolayer on the bubble-water 

interface, as illustrated in Fig. 3-9c. This result can change the rigidity of 

the bubble-water interface, the VDW and electrostatic interactions 

between the microbubbles and cell membranes, and may also change the 

hydrodynamic boundary conditions. (3) The presence of various receptors, 

glycocalyx molecules and other biomacromolecules in the cell membrane 

can lead to relatively long-range steric interactions during the interaction of 

microbubbles and cells, contributing an additional repulsive force to the 

collisions of the microbubbles and cells in a centrifugation field [72, 150]. A 

more rigorous analysis that includes all these effects will provide a more 

comprehensive picture of the interaction mechanisms between 

microbubbles and cell membranes, as well as bubble formation, but this 

kind of analysis is beyond the scope of this thesis. 

In addition, the bursting of the microbubbles might also help to increase 

cell membrane permeability. This mechanism might take a dominant role 

when the collision-induced hydrodynamic force is insufficient to increase 

the cell membrane permeability. Two conditions might induce the bursting 

of microbubbles. Prentice et al. found that when microbubble moving 

towards a rigid surface, they would probably burst and release a liquid jet 

[104]. Moreover, the microbubbles manufactured for this thesis are 

composed mainly of air trapped by a monolayer of lipid particle. This 
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structure is very sensitive to breaking under a shear force [158]. The shell 

force might be the friction force between a microbubble and the centrifuge 

tube surface, a microbubble and another microbubble or a microbubble 

and a cell. If cells are nearby when the microbubbles are bursting due to 

the friction force, the resulting liquid phenomenon might also create a 

pathway on the cell membrane. 

Finally, the experiments suggested that some of the cells’ endocytosis 

might be stimulated during the centrifugation process. After this process 

starts, the cells will first move horizontally onto the centrifuge tube side 

wall and then slide towards the bottom of the centrifuge tube. The friction 

between the cells and the centrifuge tube side wall surface might be the 

endocytosis stimuli. This hypothesis may also explain why FD is observed 

on the membranes of the THP-1 and MCF-7 cells when they are 

centrifuged without microbubbles. As shown in Fig. 3-5b and f, the FD 

seems to enter the cells through the endocytosis process. This 

mechanism should not be considered as the major contributor to the 

increase in cell permeability. Comparison of Fig. 3-5f and g, indicates that 

the microbubbles obviously play a key role in delivering FD into the 

cytoplasm. 

Some researchers have utilized DSPC or tween80 in some liposome 

structures to induce cell endocytosis for drug delivery [159, 160]. However, 
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the liposomes formed are in nano-scale, which is very different from the 

micro-scale microbubbles manufactured for this thesis. In addition, 

FD40kDa and FD70kDa were not wrapped inside the microbubbles before 

the experiment. As a result, the endocytosis might not be due to the 

material stimulation. 

The microbubble-assisted high centrifugation field developed in this study 

are very effective in increasing cell membrane permeability. Compared to 

electroporation and sonoporation, the proposed method has the following 

advantages: (1) No special and expensive equipment is required. The only 

equipment used is a centrifuge, which is available in almost every 

laboratory. (2) The proposed method is easy to scale up. Sonoporation 

experiments are usually performed in a petri dish or tube. To perform 

large-scale sonoporation, special containers are required. Moreover the 

ultrasound transducer allocation and power present cost issues. With a 

centrifuge, several tubes can be used simultaneously. One could easily 

scale up by changing to an appropriate rotator. Overall, our method could 

easily be widely implemented and would require no special costs. 

3.6 Conclusions 

The discussion in this chapter showed that microbubbles can enhance cell 

membrane permeability in a high centrifugation field. The increase in cell 
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membrane permeability is measured by the successful and highly efficient 

delivery of FD40kDa into hard-to-deliver THP-1 cells and FD40kDa and 

FD70kDa into MCF-7 cells. A simplified model of the cell-bubble 

interaction force in high centrifugation field estimated that once the relative 

velocity between the cells and microbubbles reaches a critical value, the 

collision-induced hydrodynamic force will be large enough to create the 

intracellular pathway. The cavitation effects from the bursting of the 

microbubbles might also be a major contributor to the intracellular delivery 

process. Future studies can focus on either building a more accurate 

simulation model to discover the interaction mechanism behind this 

method or exploring the method’s potential for gene delivery into plant 

cells.   
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Chapter 4 

IV. Development and analysis of 

microbubble-assisted high 

centrifugation field for increasing 

plant cell membrane permeability 

4.1 Introduction 

Although numerous studies have been performed on the delivery of 

biomaterial into mammalian cells, normal methods usually do not achieve 

the desired results for plant cells [161] mainly because, unlike mammalian 

cells, plant cells have a solid cell wall. 

A cell wall is a special structure which is usually used to distinguish plant 

cells from animal cells. The main functions of the cell wall include 

protecting the cell, maintaining plant cell shape, and preventing plant cells 

from uptaking excessive water. The cell wall also helps to hold the plant 

against the force of gravity [162]. The thickness of a plant cell wall varies 
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from 0.1 to several µm thick [162]. A plant cell wall is composed of a 

matrix of polysaccharides and proteins with microfibrils embedded 

between them. Some channels like plasmodesmata on the cell wall help to 

connect adjacent plant cells together and allow for chemical or electrical 

communication between them. The special structure of a cell wall makes a 

very tough protection shield. In addition, the cell wall restricts the plant 

cells’ endocytosis ability [163]. As a result, the probability that plant cells 

will automatically uptake biomaterial is very limited when chemical carriers, 

like polymers or lipids, approach the cell surface.  

The biolistic or particle bombardment system has a long history of being 

used to increase plant cell membrane permeability [164-166]. In this 

method, biomaterials along with gold bullets enter the target cells through 

air pressure acceleration [167, 168]. Electroporation and sonoporation 

have also been used to increase plant cell membrane permeability. For 

instance, Blackhall et al. delivered FD (150kD) into plant protoplasts by 

using electroporation [169], while Azencott et al. investigated the effect of 

electroporation transmembrane potential, acoustic energy exposure, 

uptake molecule size, and the presence of a cell wall on intracellular 

uptake and cell viability [170]. These methods can achieve high delivery 

efficiency, but cell viability is usually low as a trade-off.  
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Figure 4-1 Illustration of the proposed delivery method: The thick black circle stands for 

the cell wall surrounding the canola protoplasts. 

4.1.1 Work description 

In this thesis, a new method of delivering biomolecules such as FITC and 

FD into canola protoplasts is developed by using the microbubble assisted 

centrifuge process. FITC has been widely used as a cell labeling tool for a 

long time [171, 172], and FD is usually considered as a membrane 

impermeable molecule [173, 174]. In this thesis, both FITC and FD of 

molecule weight 70kDa and 250kDa, respectively, were used for a delivery 

study. As Fig. 4-1 shows, the canola protoplasts are first extracted from 

the original canola cell clusters. The protoplasts were then centrifuged with 

a mixture of microbubbles and biomolecules. The role of the microbubbles 

is similar to that in their application in sonoporation: the bursting of 

microbubbles in a high pressure environment induces cavitation or liquid 

streaming resulting in the formation of pores on the cell membrane [105-

107, 144, 145, 175]. In this system, the microbubbles were broken 
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possibly due to the centrifugation field or the collisions with the canola 

cells. The FACS histograms and confocal microscope images 

demonstrated that the biomolecules chosen in our experiment entered the 

protoplasts after the treatment. The delivery efficiency was around 90%, 

and the cell viability was around 100% based on cell counts after staining 

by fluorescein diacetate (FDA). Overall, FITC and FD with a molecular 

weight of around 70kDa and 250kDa, respectively, were efficiently 

delivered into the protoplasts with no compromise in cell viability. The 

pores formed on the protoplast, as shown in the SEM image, confirmed 

the delivery mechanism of this method. 

4.2 Experimental methods 

4.2.1 Cell culture and protoplast preparation 

The culturing of canola cells is based on Dr. Hao’s report [85]. Generally, a 

canola cell suspension was maintained on a rotary shaker (160RPM) at 

20°C in NLN media (pH 6.0, containing 6.5% sucrose, 30mg/L glutathione, 

800mg/L glutamine, 100mg/L L-serine, 0.5mg/L a-naphthaleneacetic acid 

(NAA), 0.05 mg/L 6-benzylaminopurine (BA) and 0.5mg/L 2,4-D). To 

extract the protoplasts, the protoplast is based on Kaler’s work [176]. plant 

cells were first incubated with a CPW13M solution, consisting of 27.2mg/L 

KH2PO4 (P5655, Sigma-Aldrich), 101mg/L KNO3 (P8291, Sigma-Aldrich), 
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1480mg/L CaCl2·2H2O (C7902, Sigma-Aldrich), 246mg/L MgSO4·7H2O 

(63138, Sigma-Aldrich), 0.16mg/L KI (60399, Sigma-Aldrich), 0.025mg/L 

CuSO4·5H2O (C3036, Sigma-Aldrich), and 130g/L mannitol (M1902), pH 

5.8 for 1hr at room temperature. The solution was then replaced with a 

digestion solution consisting of MS salts, 0.06% 2-(N-Morpholino) 

ethanesulfonic acid (MES), 13% mannitol, 0.025% Pectolyase Y23 

(Kanematsu-Gosho, Tokyo, Japan) and 0.4% cellulase onozuka R-10 

(Yakult Honsha Co., Japan), pH 5.8. The solution was then incubated for 

5hrs at 25ºC in the dark. The digestion mixture was then filtered through a 

sterile nylon cell strainer (40μm, BD Falcon, USA) to remove the large cell 

clusters, and centrifuged (40g) for 8mins afterwards. The resulting pellet 

was resuspended in a CPW13M solution. 

4.2.2 Microbubble-assisted centrifugation process 

Microbubbles were prepared as described in Chapter 3. Before the 

experiment, 1×106 canola protoplasts were first transferred to a 1.5mL 

centrifuge tube. A small amount of CPW13M solution was left to submerge 

the small canola protoplast pellets in the bottom of the centrifuge tube. A 

5µL FITC solution (0.01mg/mL, dissolved in CPW13M) was added into the 

centrifuge tube and mixed with the microbubble solution. The solution was 

then centrifuged at different speeds expressed in relative centrifugal force 

(RCF)/ centrifuge speeds (1g/100RPM, 28g/500RPM, 112g/1000RPM, 
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252g/1500RPM and 447g/2000RPM) in an Allegra™ 25R centrifuge 

(Beckman Coulter) for 2mins. The process was repeated three times. The 

final amount of FITC solution added was 15µL, and the final amount of 

microbubble solution tested was 5, 15, 25, 45 and 65µL. Finally, the 

canola protoplasts were centrifuged at 252g (1500RPM) for an additional 

4mins. Before checking the delivery results, a 400µL CPW13M solution 

was used to wash the sample at 252g (1500RPM) for 4mins. 

To deliver FD, the experiment procedures were the same as those for the 

delivery of FITC. In short, each time, 10µL 100µM FD70kDa or FD250kDa, 

dissolved in CPW13M) was mixed with a 5µL microbubble solution and 

centrifuged at 252g (1500RPM) for 2mins. Overall, the final amount of FD 

solution added was 30µL, and the final amount of microbubble solution 

was 15µL. Next, the canola protoplast solution was centrifuged at 252g 

(1500RPM) for 4mins. FD is sticky. To wash down the FD remaining on 

the protoplasts’ membranes, the canola protoplasts were washed in 400µL 

CPW13M at 252g (1500RPM) for 4mins.  

Comparison experiments were performed in a similar way as the delivery 

experiments, except that, after 1×106 protoplasts were submerged in a 

CPW13M solution which just covered the cell pellets’ surfaces, 15µL FITC 

(0.01mg/mL, dissolved in CPW13M) or 30µL 100µM FD (FD70kDa or 

FD250kDa, dissolved in CPW13M) was directly added in the protoplast 
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solution and left for 6mins. The solution was replaced with a 300µL 

CPW13M solution and washed at 252g (1500RPM) for 4mins afterwards. 

4.2.3 FACS analysis and cell viability detection 

The protoplasts were resuspended in a 300µL CPW13M solution after the 

delivery and washing in order to evaluate the delivery efficiency by using a 

FACSCalibur (Becton-Dickinson). For a cell viability assay, the protoplasts 

were stained with 3µL FDA, and a 10µL protoplast solution was then 

transferred onto a haemocytometer [85]. Images were taken under both 

the bright and fluorescent fields, and finally merged together by using 

Photoshop CS4. Only the fluorescent cells were considered as living. The 

number of fluorescent cells was counted based on the merged image. 

4.2.4 Confocal microscope images and SEM analysis  

The canola protoplasts were first attached onto the cover slip by using 

poly-L-lysine (P4832, Sigma). The protoplasts were then dehydrated by 4% 

paraformaldehyde for 1.5hrs. The cover slip was then turned over and 

transferred to a slide by using a Vectashield mounting medium containing 

DAPI (H-1200, Vector). Images were taken under a Leica SP5 II confocal 

microscope. For the SEM images, 4×105 canola protoplasts were 

centrifuged with a 45µL microbubble solution at 1006g (3000RPM) as 

mentioned before. Next, the protoplasts were fixed in pure methanol for 
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5~10mins, and then underwent critical point drying as mentioned in [177]. 

SEM images were taken by a JSM 6301 FX SEM (JEOL) operated at 5kV. 

4.3 Results and discussion 

4.3.1 FITC delivery into canola protoplasts 

The effect of centrifugation speed and the amount of microbubble solution 

on the delivery efficiency was separately identified and quantified by using 

FACS. Fig. 4-2a shows the delivery efficiency at different centrifugation 

speeds: different centrifugation speeds have no significant impact on 

delivery efficiency. The delivery efficiency can reach 90% even when the 

centrifugation speed is only 1g (100RPM). Similarly, the delivery 

efficiencies are independent of the amount of microbubble solution, as 

shown in Fig. 4-2b. The efficiencies are around 85%-90%. The FACS 

histograms of the cell fluorescence are shown in Fig. 4-2c and d. The 

horizontal axis is the fluorescence strength, while the vertical axis stands 

for the cell number at a certain fluorescence strength. In Fig. 4-2c, the 

protoplasts centrifuged alone are shown as a single population with low 

fluorescent intensity on the left. The peak of the fluorescence distribution 

of the protoplasts mixed with FITC for 6mins (the blue curve) shifts slightly 

to the right. The fluorescence distribution of the protoplasts centrifuged 

with microbubbles at 1g (100RPM) (the green curve) shows two peaks 
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and shifts to the far right. This phenomenon shows that the protoplasts 

treated with the microbubble-assisted centrifugation process have a 

stronger fluorescence signal. This result means that the microbubble-

assisted centrifugation process did help increase cell membrane 

permeability. To clearly present the differences between the samples 

centrifuged with different amounts of microbubble solution, the FACS 

histograms of the samples centrifuged with 5µL and 65µL of microbubble 

solution were compared as shown in Fig. 4-2d. 
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Figure 4-2 FITC delivery into canola protoplasts: (a) delivery efficiency of FITC into 

canola protoplasts with different centrifuge speeds, microbubble solution is set at 15µL; 

(b) delivery efficiency of FITC into canola protoplasts by using different amounts of 

microbubble solution, centrifugation speed is set at 112g; (c) FACS histogram of canola 

protoplasts under various conditions. The black curve stand for the canola protoplasts 

centrifuged alone, while the blue and green curves stand for the result obtained by mixing 

FITC with canola protoplast only and FITC centrifuged with microbubbles at 1g (100RPM) 

15µL, respectively; (d) FACS histogram of delivery efficiency centrifuged at 112g with 5µL 

and 65µL of microbubble solution. The black curve stands for the canola protoplasts 

centrifuged alone, while the red and orange curves stand for the results obtained by using 

a 5µL and 65µL microbubble solution, respectively; (e) confocal microscope image of 

canola protoplasts centrifuged alone; (f) confocal microscope image of canola protoplasts 

centrifuged by the mixture of microbubbles and FITC. 

Although the peaks of the two fluorescent distributions seem to coincide 

with each other, the fluorescence distribution for the canola protoplasts 

centrifuged with 65µL of microbubble solution is much sharper than the 

one with 5µL of microbubble solution. In other words, under a certain 

fluorescent intensity, the number of fluorescent canola protoplasts from 

the sample centrifuged with 65µL of microbubble solution is higher than 

that from the sample centrifuged with 5µL of microbubble solution. The 

reason might be that the extra amount of microbubbles created more 

(e) (f) 
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pores on the cell membrane of one single protoplast, or a greater 

population of overall protoplasts. Fig. 4-2e and f show the confocal 

microscope images of the canola protoplasts centrifuged alone and the 

canola protoplasts with FITC delivered by the microbubble-assisted 

centrifugation. The blue color stands for the cell nucleus, while the green 

fluorescent color was emitted by FITC under the proper laser stimulation. 

In Fig. 4-2f, since FITC was delivered into the protoplasts, most of the 

canola protoplasts are green. This result confirms the increase of canola 

protoplast membrane permeability.  
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4.3.2 FD delivery into canola protoplasts 

   

 

 

Figure 4-3 Confocal microscope images of canola protoplasts with delivered FD: (a) 

canola protoplasts centrifuged alone; (b) canola protoplasts centrifuged with 

microbubbles and FD70kDa; the image on the top-right corner of Fig. 4-3b shows the 

FD70kDa was delivered even into canola cells with cell walls. The cell wall is marked by 

the red dashed line; (c) canola protoplasts centrifuged with microbubbles and FD250kDa. 

(d) FACS histogram of canola protoplasts under various conditions: the black curve 

stands for the canola protoplasts centrifuged alone, the pink and blue curve stand for the 

canola protoplasts mixed with FD70kDa and FD250kDa respectively, while the red curve 

and green curve stand for the canola protoplasts centrifuged with microbubbles and 

FD70kDa or FD 250kDa, respectively. 

Fig. 4-3b and c show the confocal microscope images of the samples 

centrifuged with the mixture of microbubbles and FD. Both images show 
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an intense green fluorescent signal released by FD closely surrounding 

the cell nucleus (the blue color). In the top-right corner of Fig. 4-3b, the 

image shows that the FD could even enter walled canola cells after 

treatment using microbubble-assisted delivery. A small population of 

individual walled canola cells are present because some of the cell walls 

were not fully removed by the enzyme solution. Unlike canola protoplast 

cells, the walled cells usually do not have a round morphology. FACS 

histogram is shown in Fig. 4-3d. Similar to the results obtained under the 

FITC delivery experiment, the results for the FD delivery show that when 

the cells were centrifuged with microbubbles, the fluorescence distribution 

clearly shifted to the right compared to the canola protoplasts centrifuged 

alone or the canola protoplasts mixed only with FD70kDa or FD250kDa. 

4.3.3 Viability of canola protoplasts treated with the 

microbubble-assisted centrifugation process 

The canola protoplast viability was checked by using the FDA staining 

method. Only the fluorescent protoplasts were considered to be viable, 

and the number of fluorescent cells was counted on a haemocytometer. 

Although different amounts of microbubble solution were used, the number 

of live cells was not significantly different from the number in cell control, 

as shown in Fig. 4-4a. The percentages of the number of viable 
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protoplasts in various amounts of microbubble solution compared to the 

protoplasts centrifuged alone are also shown in Fig. 4-4a. 

Figure 4-4 Cell viability of canola protoplasts detected by the FDA staining method: (a) 

viable cell count with different amounts of microbubble solution; (b) viable cell count after 

centrifuging at 447g (2000RPM) with microbubble solution. 
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Figure 4-5 SEM images of canola cells: (a) a canola protoplast with centrifugation alone; 

(b) canola protoplasts treated by microbubble- assisted centrifugation; the pores formed 

are pointed out by the red arrows; (c) canola cells with cell wall centrifuged alone; (d) 

canola cells with cell wall centrifuged with microbubbles. The red dashed circle marks the 

area with small pore. 

Except at the point where 25µL of microbubble solution was used, the 

values of the percentage decreased as the amount of microbubble 

solution increased. The number of viable cells of the sample treated with 

447g (2000RPM) was also counted by using the same method. The result 

is shown in Fig. 4-4b. Under 447g, the number of viable canola protoplasts 

centrifuged with microbubbles is very similar to the number of viable 

canola protoplasts centrifuged alone. These data indicate that the 

microbubble-assisted centrifugation process caused very limited damage 
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to the canola protoplasts. As mentioned in Chapter 3, the collision 

between microbubbles and cells or microbubble bursts can induce pores 

on the cell membrane. However, the protoplasts might recover from this 

temporary pore opening, since most of the protoplasts survive after the 

treatment. 

4.3.4 SEM images of canola protoplasts treated with the 

microbubble-assisted centrifugation process 

Fig. 4-5a shows the canola protoplasts’ morphology after the protoplasts 

were centrifuged alone. The cell surface is intact and smooth. The canola 

protoplasts’ surfaces change significantly when centrifuged with 

microbubbles (Fig. 4-5b). Many small pores are visible on the cell surface, 

as pointed out by the red arrows. The cell surface also becomes rougher. 

For canola cells with cell walls, the cells accumulate together and attach to 

each other (Fig. 4-5c and d). When centrifuged alone, the canola cells 

show an integral cell wall (Fig. 4-5c). After the cells were centrifuged with 

microbubbles, pores were discovered on plant cell wall. Unlike the pores 

scattered on the canola protoplasts’ membranes, the pores on the cell 

walls are formed only in certain regions and are much smaller when the 

cells are centrifuged with microbubbles. The regions marked by the red 

dashed line are magnified and shown in the left part of Fig. 4-5d. The 

protoplasts’ membranes are composed mainly of a lipid double layer, while 
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the cell walls are made of cellulose. As a result, the cell wall is much more 

rigid than the cell membrane. The pores created by the impact force are 

therefore much smaller on the cell wall than on the cell membrane. The 

pores formed on the protoplasts’ membranes and cell walls might be due 

to the bursting of microbubbles or the collision between microbubbles and 

cells during the centrifuge process. Once the intracellular pathway was 

created, biomaterials such as FITC or FD could diffuse into the cytoplasm.  

4.4 Conclusions 

Not much research has been reported so far on biomaterial delivery into 

plant cells. In this Chapter, biomaterials with molecular weight up to 

250kDa were successfully delivered into canola protoplasts by using a 

microbubble-assisted delivery method. The delivery efficiency was around 

90%. Although the delivery efficiency is high within a broad range of 

centrifugation speeds and amounts of microbubble solution, the FACS 

histogram showed that a higher amount of microbubble solution could lead 

to stronger fluorescence. The confocal microscope images showed that 

FD could be delivered even into canola cells with intact cell walls. This 

method’s applications in plant cell biology and transformation technology 

are the subject of our future investigations. 
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Chapter 5 

V. Investigation of the effect of cell 

deformed morphology and 

mechanical properties on cell 

membrane permeability 

5.1 Introduction 

Cell response to mechanical forces is a hot topic in several biomedical 

areas. In bioreactor design, since the interaction force between a cell and 

a bubble might induce cell death, researchers study this interaction in 

order to design more efficient bioreactors and production processes. In 

sonoporation research, studying the interaction between cells and 

microbubbles is very important for understanding the intracellular delivery 

mechanism. The understanding of the sonoporation mechanism could 

help to further increase cell membrane permeability and, thus, also to 

increase the intracellular delivery efficiency. It has been reported that 

microbubble flow and microbubbles’ effects on the lung epithelium cells 
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are the direct cause of the acute respiratory distress syndrome (ARDS), a 

condition commonly treated by mechanical ventilation [178]. Studying the 

interaction of microbubble flow with EpC cells could help researchers to 

understand the pathology of ARDS and to develop treatments for it. In all 

the cases mentioned above, the cell membrane is the component in direct 

contact with any external force. Therefore, researchers investigating the 

effects of external forces on cell membrane permeability or cell membrane 

destruction ignore the cells’ biochemical responses. 

Both theoretical and experimental studies have been performed to 

investigate the cell membrane responses to mechanical forces. A general 

summary is provided below.  

5.1.1 Experimental studies on the responses of cell 

membrane permeability to external force 

5.1.1.1 Mechanical properties measurement 

Many experimental studies have focused on measuring cell mechanical 

properties. Traditional testing includes the use of cytoindentation and 

pipette aspiration. As technology progresses, devices like AFM, MTC, and 

optical tweezers have also been developed to measure cell mechanical 

properties. For example, Alcaez et al. used AFM to measure the shear 

modulus of A549 cells, while Balland et al. used optical tweezers, and 
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Trepat et al. used magnetic tweezers to test the same cell line [179-182]. 

However, the measurement results differ. Even when the same equipment 

is used on the same cell line, the resulting values cover a broad range. 

These large value differences are caused by the individual cell variance 

rather than by equipment differences. The modulus of cell mechanical 

properties needs to cover a broad range when theoretical cell models are 

built to investigate the cell membrane responses to external forces. 

5.1.1.2 Optical observation 

Optical techniques are widely used to observe cell morphology or structure 

change. Normally, these techniques are rarely used alone. An optical 

technique is usually considered as a supporting tool for theoretical or 

experimental analysis. The cell imaging quality depends on the cell 

staining method and the imaging equipment. A more efficient cell staining 

method creates an image with much higher color contrast and stronger 

ability to counter the bleach effect. These advances provide more potential 

for observing cell details under a fluorescent microscope. Some of the 

staining agents can help to stain cells even when they are still alive [183]. 

The development of the confocal microscope enables the three- 

dimensional structure of cells to be observed in real time, while high speed 

camera can help to capture the cell deformation process [184]. Neither of 

these results could have been achieved in the past. 
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5.1.2 Theoretical studies on the responses of cell 

membrane permeability to external forces 

Theoretical studies on the responses of cell membrane permeability to 

external forces have different emphases depending on the application 

area. In sonoporation studies, a cell is usually modeled with simple shape 

like a circle. The main focus is on using fluid dynamics to calculate the 

streamline, pressure or shear force induced by the liquid motion around 

the microbubbles [185]. Once the resulting value of a force is beyond the 

threshold, the cell membrane is considered to have been penetrated. 

Simulations can also be based on a molecular dynamics perspective [186]. 

In this case, cell morphology is neglected, and only the regional cell 

membrane interacting with the mechanical force is considered. Cell 

morphology is a more critical element to consider when investigating the 

structural behavior of a cell. To investigate cell structure behavior, many 

simulations have been performed on either two-dimensional or three-

dimensional scales by using the finite element method [187-190]. Although 

cell morphology has been considered to be irregular in some studies, the 

real cell morphology, especially the surface structure, is still over-simplified. 

This problem significantly limits cell structure modeling. As a result, it 

rarely can provide any intuitive guidance for real world applications. 
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5.1.2.1 Cell modeling method 

To study cell structure behavior, cells and cell membranes need proper 

models. Although a cell has a complex and heterogeneous structure, 

several research groups have used continuum mechanics to model cells 

[191-196]. In continuum mechanics, the matter on the atomic scale is 

neglected as the length scale of the object is much larger than the atom 

size, and only collective contributions are considered. For example, 

although individual cytoskeletal components might have different 

mechanical contributions, only the summation of the contributions from all 

cytoskeleton components is used to estimate cell mechanical properties. 

The major three parameters in continuum mechanics are stress, 

displacement and strain. Stress is the value of the force per unit area 

experienced from its adjacent particle. Displacement is the difference 

between the final and initial position due to an external force. Strain is a 

dimensionless parameter measuring the deformation compared to its 

original size. 
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Figure 5-1 Cartesian Cauchy stress components in three dimensions.  

If one considers a three-dimensional object aligned with the axes x, y, z in 

Cartesian coordinates, as shown in Fig. 5-1, under the steady state, the 

different components of the stress will follow the equilibrium equations Eq. 

5-1:  
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where   , ,xx yy zz
 are the normal stress, and      , , , , ,xy xz yx yz zx zy

 are the 

shear stress. The stress is related to the strain through the constitutive 

equation, which varies based on the material model. If a cell is modeled as 

isotropic linear elastic material [195], the constitutive equation in the three- 

dimensional scale can be written in a matrix form as Eq. 5-2: 
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where   , ,
xx yy zz

 are the normal strain;   , ,
xy yz zx

 are the shear strain; ν is 

the Poisson ration; E is the elastic modulus; and G is the shear modulus. 

For a typical isotropic elastic material, the elastic modulus E can be 

related to the shear modulus G as shown in Eq. 5-3: 

 2 (1 )E G .                                         (5-3) 

A cell membrane can also be modeled as isotropic material in a simulation, 

but Dailey et al. found that the theoretical value did not match the 

experimental values under the isotropic model. Therefore, these 

researchers proposed modeling the cell membrane as orthotropic material 

[197]. The constitutive equation for orthotropic material is similar to the 

one for isotropic material, as shown in Eq. 5-4. However, Young’s modulus 

and the shear modulus have no relationship, and their values vary on 

different axes. 
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5.1.3 The key factors in studying the responses of cell 

membrane permeability to external forces 

5.1.3.1 External forces 

Obviously, the value and type of an external mechanical force are 

important when evaluating the cell membrane responses. An external 

force can exist in different forms such as pressure or shear stress. The 

type of force dominating the interaction with a cell depends on the local 

cell environment and the interaction condition. In the early reports of scale-

up cultures of mammalian cells, HeLa S3 and mouse L929 cells were 

passed through capillary tubes of different diameters [198-200]. In this 

condition, shear force (10-200N/m2) is the dominant force leading to cell 
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death. Midler and Finn found that the shear force exposure time might also 

contribute to the cell damage [201]. However, when bubbles were 

introduced into the bioreactor, the major cell membrane damage was 

found to be due to the bubble ruptures at the gas-liquid interface [202-204]. 

The value of the shear stress derived from bubbles was very small and 

thus could be neglected [205]. In sonoporation studies, as mentioned in 

section 3, when a microbubble is in the stable cavitation stage, the liquid 

around the microbubble forms microstreaming, which induces shear stress 

on the cell membrane. If the acoustic pressure is sufficiently high, the 

microbubble will change from stable cavitation into inertial cavitation, 

which will cause the microbubble to burst. The bursting microbubble will 

produce a liquid jet. The high intense pressure induced by the liquid jet is 

sufficiently high to create pores on a cell membrane. In ARDS disease, the 

microbubble flow above the EpC cells generates both pressure and shear 

force on the cell surface. The computational results directly relate the 

spatial gradient in the pressure with the cell membrane rupture [206]. 

While the microbubble flow velocity is a critical factor in determining the 

value of the maximum pressure or shear stress, parameters like fluid 

viscosity, the surface tension of the air-liquid interface, and channel half-

height will also play important roles in determining the resulting pressure 

value range.  
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5.1.3.2 Cell morphology 

When investigating cell structural behavior, cell morphology is a key 

element in determining the cell membrane responses to an external force. 

Studies have shown that the confluent type I and subconfluent type II EpC 

cells, which were different in morphology, structural and typological had 

different injury responses to cyclic stretching [207]. Ghadiali and Dailey 

proposed that changes in cell morphology amplify the hydrodynamic 

stress applied on subconfluent cells compared to the magnitude of the 

stress on confluent cells [178]. In a computational study, Jacob and Gaver 

demonstrated that the stress amplification is a function of the aspect ratio 

[208]. Slomka and Gefen found that the localized tensile strain in the cell 

membrane and nuclear surface area were very different under 

compression although the cells were from the same type and culture [209].  

5.1.4 Confocal microscope image-based method to rebuild 

cell morphology 

Experimental methods can directly measure the cell membrane responses 

to external forces, but cannot provide any guidance for future applications. 

Although theoretical methods can provide more detailed and quantitative 

results for cell membrane response, these methods’ accuracy and 

guidance rely heavily on the complexity of the simulation model. To 
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compare the structural behaviors of cells with different morphologies, the 

normal theoretical models, which consider cells as just irregular circles, 

are too simplified. In order to obtain more meaningful and accurate 

simulation results, a detailed model to represent cell morphology, 

especially the surface structure, is required. 

Recently, researchers developed a confocal microscope image-based 

method to study cell structure behavior [210-212]. This method involves 

using the confocal microscope images to model the cell first. To take 

confocal microscope images, the lipid double layer of the cell membrane 

or the major proteins on the membrane need to be stained. Then the cell 

sample is prepared and viewed under a confocal microscope, which has 

the ability to focus on one layer by filtering the scattered and reflected 

fluorescent lights from other layers. Thus, a stack of images taken from 

different layers or heights of the cell can be collected. After transferring the 

stack of images to computer aided design (CAD) software such as 

SolidWorks2012, one needs to draw the cell membrane contour based on 

the colored outline of the cell membrane on each image. Then the cell 

surface can be generated by lofting the cell membrane contours onto 

different layers. Using this method, one can obtain real-time cell 

morphology with a detailed cell surface structure. Applying external force 

with this model is then more meaningful than doing so with other models. 
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5.1.5 Work description 

In Chapter 3 and Chapter 4, it was reported that by using microbubble-

assisted high centrifugation field, the membrane permeability of 

mammalian cells and plant cells could be increased [213, 214]. Two 

mechanisms behind this method were hypothesized.  

In our microbubble-assisted high centrifugation field system, the first 

mechanism to increase cell membrane permeability is the collision 

between microbubbles and cells. It is known that cell density is greater 

than the culture medium, and that microbubbles are much lighter because 

of their large portion of air. As a result, the cells go down to the bottom of 

the centrifuge tube, while the microbubbles move towards the liquid 

surface. This opposite movement causes unavoidable collisions between 

the microbubbles and cells. When the cells and microbubbles are going to 

collide with each other, the liquid between the microbubbles and the cell 

membrane outer layer is squeezed and induces a hydrodynamic force on 

the cell membrane [149]. This force is highly likely to break the cell 

membrane, especially near the collision region. However, if the distance 

between the microbubble and cell membrane is sufficiently small, the 

DLVO force and membrane undulation force should also be considered 

[150]. The DLVO force is composed of the VDW force and the electrostatic 

forces. The membrane undulation force is due to the entropic thermal 
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undulation of the cell membrane. All these three factors provide a 

repulsive force to impede the microbubble from colliding with the cell. The 

value of the hydrodynamic force is directly related to the relative velocity 

between the microbubble and the cell. By comparing the hydrodynamic 

force with the force needed to penetrate the membrane, one can obtain 

the critical velocity needed for the membrane penetration to happen. For 

example, when the interaction forces are evaluated at a separation 

distance between the microbubble and cell of 10nm, the critical relative 

velocity between the microbubble and cell is 0.0148m/s. If the relative 

velocity between the microbubbles and cells is greater than this value, the 

hydrodynamic force will penetrate the cell membrane [214]. Since this 

effect is due mainly to the collision, this force will be referred to as the 

collision induced impulsion (CII) force. 

Microbubble bursting is the second proposed mechanism. Microbubbles 

might burst due to the collision between a microbubble and a cell, a 

microbubble and another microbubble, or a microbubble and the side-wall 

of the centrifuge tube. Microbubble bursting will lead to similar situation as 

that in microbubble-assisted sonoporation. The experimental results from 

Geers et al.’s work showed that the microbubble bursting helps to deliver 

the virus vector directly into the cytosol [215]. Microbubble bursting leads 

to a high pressure and high temperature environment resulting in the 



138 
 

generation of shock waves and liquid jets [106,107,145]. The cell 

membrane penetration due to shock waves or liquid jets has been 

investigated both theoretically and experimentally. Kodama et al. 

investigated the interaction of shock waves with the cell lipid membrane by 

applying acoustic theory and molecular dynamics simulation [186]. These 

researchers found that as the shock wave impulse increased, the number 

of water molecules delivered into the cell membrane also increased. 

Lokhandwalla et al. found that the haemolysis of red blood cells was 

directly related to the gradient of the shock strength and validated 

shearing as a cell lysis main mechanism [216]. Ohl et al. used a high 

speed camera to observe the microbubble cavitation process and found 

that the liquid jet could induce pores on the cell membrane [185]. Kudo et 

al. directly viewed the pores generated by the cavitation of microbubbles 

under SEM. These researchers found that a single shot of pulsed 

ultrasound with a duration of several microseconds was sufficient to 

perforate the membrane in the presence of microbubbles [217]. 

In addition to the above two proposed mechanisms, cell morphology is 

also a key element which determines the responses of cell membrane 

permeability to external forces. In our proposed method, a cell 

experiences a highly deformed state. Hoffman and Inoue centrifuged cells 

under conditions similar to those in our experiments, using a high speed 
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camera to observe cell morphology change at high centrifugation speeds 

[116]. These researchers found that, under high speed centrifugation, the 

cell morphology was transformed into a spindle shape. This morphology 

change might have been due to a squeezing effect. After the centrifugation 

speed was decreased to normal speed, most cells recovered their original 

shape. Although these shape changes are reversible for most cells, cells 

with special morphologies during the centrifugation process are of interest 

in this thesis, especially because of the influence of pressure on structural 

behavior. Investigating the interaction between microbubbles and 

deformed cells is critical for understanding the role of centrifugation and 

microbubbles during the process.  

To rebuild a cell’s deformed morphology, Dailey and Gefen developed a 

new method using confocal microscope images to construct three- 

dimensional finite element models for in-vitro cell morphologies and 

analyzed cell mechanics by using these models [210-212]. In this thesis, 

the same method was used to build two types of deformed cells under the 

centrifugation field. Because an increased strain in the cell membrane is 

correlated with an increase of cell membrane permeability [218], the value 

range of the strain and strain distribution on the cell membrane, especially 

those induced by the CII force, were compared for the two types of 

deformed cells. Cell mechanical properties including the cell elastic 



140 
 

modulus cellE , the membrane elastic modulus membraneE , shear modulus

membraneG , and the membrane thickness h were also systematically 

considered. Our results indicate that cell morphology and mechanical 

properties play an important role in cell membrane strain distribution and 

in the magnitude of the average or the maximum localized strain. This 

result demonstrates that centrifugation induced cell deformation is critical 

in the increase of cell membrane permeability under a microbubble CII 

force. 

5.2 Simulation methods 

5.2.1 Cell preparation   

MCF-7 cells were cultured in RPMI1640 (11875-093, Gibco) with 10% 

FBS and 1% P/S and incubated in incubator with 20% CO2. On the day of 

the experiment, MCF-7 cells were detached from the cell culture dish by 

using trypsin. These cells were then washed and suspended in a 

RPMI1640 solution. 4x105 cells were transferred to one centrifuge tube 

and centrifuged at 4ºC with 9075g (9000RPM) for 6mins. The cells were 

then extracted and attached to the cover slip by using poly-L-lysine 

(P4832, Sigma) and dehydrated in 4% paraformaldehyde (158127, Sigma-

Aldrich) for 10mins. Rhodamine Phalloidin (Molecular Probes®, Invitrogen) 

was used to stain the cell membrane actins for 1hr. Finally, the cell sample 
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was flipped onto a slide by using the Vectashield® mounting medium with 

DAPI (H-1200, Vector). The images were taken in z-stacks with intervals 

of 0.4µm by using a Leica SP5 II confocal microscope. 

5.2.2 Rebuilding cell morphology 

To rebuild the cell morphology, the z-stack images were transferred to 

CAD software SolidWorks2012. First, parallel planes with an interval of 

0.4µm were created at different heights, then the image was inserted onto 

the plane following the sequence. Since most microbubble collisions 

happen on the cell surface facing the liquid, only the images of the upside 

body of the cells were selected for the model building. After inserting the 

image onto the corresponding plane, the contours of the cell membrane 

were manually drawn on each image, as shown in Fig. 5-2a, c. The cell 

membrane surface was then formed by lofting the spline contours onto 

different planes as shown in Fig. 5-2b, e. Several geometry parameters 

were measured on the cell model. The base area is the project area of the 

model. The volume is the space occupied by the cell model. The height is 

measured from the model’s top surface to the bottom area. The maximum 

length is defined the as greatest length of the line measured between two 

cell edges. The width is the distance determined by the cell edges and 

drawing a line vertical to and intersecting at the middle of the maximum 
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length line. The geometrical information for the two generated cell models 

is listed in Table 5-1. 

 

Base 
area 

(µm2) 

Volume 

(µm3) 

Height 

(µm) 

Max length 

(µm) 

Width 

(µm) 

Deformation 
type I cell 

322.2 1522.4 8.3 23.7 17.6 

Deformation 
type II cell 

356.1 852.9 8.4 35.3 10.3 

Table 5-1 Quantitative geometry data for the deformation type I and deformation type II 

cell 

5.2.3 Finite element models 

The rebuilt cell morphology models were transferred to ANSYS® to 

generate the finite element models. Both the deformation type I and 

deformation type II cells were meshed with four-node tetrahedral isotropic 

solid elements (node 285) for the cell body and three-dimensional four 

node shell elements (node 181) for the cell membrane. The deformation 

type I cell model had 19417 elements in the cell solid and 2641 elements 

in the cell membrane. The deformation type II cell model had 11364 

elements in the cell solid and 2690 elements in the cell membrane. The 

cell model after the meshing process is shown in Fig. 5-2c, f. 
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Figure 5-2 Operation process for reconstructing deformation type I and deformation type 

II cells: (a) and (d) confocal microscope images, the contours are drawn on the image to 

define the cell boundary; (b) and (e) a stack of boundary contours, these contours were 

used to generate the cell membrane; (c) and (f) cell models after meshing in ANSYS®. 

5.2.4 CII force on cell membrane 

The hydrodynamic force between two curved surfaces can be estimated 

by using Eq. 3-10. The VDW force and electrical double layer force can be 

calculated by using Eq. 3-11 and Eq. 3-12, respectively. Under 9056g 

(9000RPM), taking η=0.001, cellR =8.2µm, microbubbleR =0.5µm, cell  

=1080kg/m3 and microbubble =1kg/m3 into Eq. 3-9, the microbubble has a 

(a) (b) (c) 

(d) (e) (f) 
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velocity of 5.03×10-3m/s, while the velocity of the MCF-7 cell is 0.109m/s. 

When the two velocities are added together, the relative velocity between 

the microbubble and the cell is 0.114m/s. Many receptors, glycocalyx 

molecules, and other biomacromolecules are on the cell membrane and 

may induce a relatively long-range steric force at a distance D of ~10nm or 

even longer [72, 150]. To completely ignore the effect of the steric force, 

the microbubble and cell separation distance D was set at 30nm. The 

surface potentials of the lipid membrane and (air) sphere were assumed to 

be 1 =-45mV and
3 =-20mV respectively, 1/ for the PBS solution was 

around 0.75nm [152]. 1 is 1, 2  is 80, while 3 is 2.2. 1n  is 1, 2n  is 1.33, and

3n is 1.46 separately. At 4ºC, BK T was 3.82×10-21N·m. As a result, if the 

collision area is considered to be the microbubble project area, the CII 

pressure will be 1.73×105N/m2. 

5.2.5 Cell models and cell membrane mechanical 

properties 

In ANSYS®, cell deformation follows a standard stress balance 

relationship as shown in Eq. 5-1. In this study, the cell solid was modeled 

as an isotropic elastic material because many other researchers have 

done so [191-194, 196, 197]. The strain and stress obey the constitutive 

equations as in Eq. 5-2. Trickey et al. measured the Poisson ratio for the 
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cell as around 0.36-0.38 [219]. The values of membraneE and membraneG were 

defined based on the experimental testing results. Dailey et al. performed 

a detailed survey of the experimental measurements. The published 

results range from tens of N/m2 to a few kN/m2 [197]. 

In addition to the lipid double layer, the cortex region, typically with a 

thickness of 100nm below the cell membrane, also contributes greatly to 

the cell structure behavior [197]. In this thesis, the cortex and cell 

membrane are considered together as a shell surrounding the cell solid. 

To closely match the theoretical membrane properties with the measured 

membrane resistant for expansion, bending or angular movement, Dailey 

et al. proposed modeling the cell membrane as an orthotropic material 

with the strain-stress relationship in Eq. 5-4. In this thesis, membraneE  and

membraneG are made identical on the x, y and z three directions. 

,G ,membrane membrane cellE E and h are varied in order to explore the cell structure 

behavior. When one property is changed, the other parameters are set at 

basic values. The basic values for these four properties are listed in Table 

5-2. 
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Cell mechanical 
property 

Basic value 

membrane
E   4.5×106N/m2 

membrane
G   20N/m2 

cell
E   200N/m2 

h 100nm 

Table 5-2 Basic values for cell mechanical properties 

5.2.6 Evaluation method 

For the results calculated in this study, cell membrane permeability was 

evaluated based on the equivalent strain or Von Mises strain on the 

membrane. The equivalent strain could be obtained by following Eq. 5-5: 

where  1 2 3, , are the principal strains from the ANSYS® calculation results 

and is the pre-set Poisson’s ratio.  

      


 
          
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2 2 2

1 2 2 3 3 1

1 1
( ) ( ) ( )

1 2
e

                (5-5) 

After equivalent strain was calculated in all the nodes, the strain 

distribution on the cell membrane was plotted. The maximum value on the 

strain distribution plot was defined as the maximum localized strain, while 

the average strain was defined as the average value of all the equivalent 

strains available. The effect of cell deformed morphology and cell 
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mechanical properties on the structural behavior was evaluated by 

comparing the resulting average strain and maximum strain. 

5.3 Simulation results 

The comparison was first made by varing the cell membrane elastic 

modulus membraneE on the two deformed cell types. Fig. 5-3 shows the 

average and maximum strain on the cell membrane as the membraneE  

increases. Generally, increasing membraneE  decreases the average strain for 

both deformation type I and deformation type II cells (See Fig. 5-3a). For 

the deformation type I cell, the greatest average strain is around 14%. 

When membraneE is increased to 4.5×108N/m2, the average strain for the 

deformation type I cell is just 2%. The deformation type II cell experienced 

a higher average strain than deformation type I cell under the same

membraneE , except at the starting point where membraneE =4.5×104N/m2. The 

gap of the average strain between the deformation type I and deformation 

type II cells fluctuates at around 2%-4%. Fig. 5-3b presents the results of 

the maximum strain on the cell membrane of both types of deformed cells. 

The deformation type I and deformation type II cells show different trends 

for the maximum strain as the membraneE changes. Overall, the maximum 

strain for the deformation type I cell decreases as membraneE increases. By 
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contrast, the maximum strain for the deformation type II cell fluctuates as

membraneE increases. No consistent trend is observed on this curve. The 

maximum strain for the deformation type I cell is higher than that for the 

deformation type II cell in the relatively low membraneE  region. The turning 

point is located at membraneE =9×104N/m2. After that, the maximum strain 

from deformation type II cell is always higher than the one for deformation 

type I cell. 

  

Figure 5-3 (a) average strain on cell membrane of deformation type I and deformation 

type II cell by varing cell membrane elastic modulus membraneE ; (b) maximum strain on cell 

membrane of deformation type I and deformation type II cell by varing cell membrane 

elastic modulus membraneE . 
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Figure 5-4 (a) equivalent strain distribution on the cell membrane of deformation type I 

cell when membraneE =4.5×104N/m2; (b) equivalent strain distribution on the cell membrane 

of deformation type I cell when membraneE =4.5×108N/m2; (c) equivalent strain distribution 

on the cell membrane of deformation type II cell when membraneE =4.5×104N/m2; (d) 

equivalent strain distribution on the cell membrane of deformation type II cell when

membraneE =4.5×108N/m2. 

Fig. 5-4a-d, reveals a clear change in the equivalent strain distribution on 

the cell membrane as the cell membrane elastic modulu membraneE  increases. 

When the cell membrane is set with a low cell membrane elastic modulus

membraneE , all the cell surfaces of both the deformation type I and 

deformation type II cells undergo relatively large and uniform deformations. 

(a) (b)

(c) (d) 

0%       7%       15%      22%      29%     37%     44%     51%      59%      66% 0%       4%       9%         13%      17%     22%     26%     30%      35%    39% 

0%       5%       11%      16%      22%     27%     32%     38%      43%      49% 0%      7%       15%      22%       30%      37%     44%      52%      59%      66% 
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After the cell membrane elastic modulus membraneE reaches 4.5×108N/m2, the 

equivalent strain distribution is greatly changed. The high equivalent strain 

area, instead of spreading on the whole cell membrane, is very localized 

only in certain regions on the cell membrane. The highest equivalent strain 

of the deformation type I and deformation type II cell is both located on the 

side wall of the cell model. 

The results of the average strain and maximum strain by varying the cell 

membrane shear modulus membraneG  are shown in Fig. 5-5. When membraneG  is 

varied, all the other cell mechanical properties are set at baseline values. 

By increasing membraneG , both the average strain and maximum strain in the 

two deformed types of cells are decreased. The deformation type II cell 

undergoes a general 2% larger average strain than the deformation type I 

cell under all the membraneG tested. 
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Figure 5-5 (a) average strain on cell membrane of deformation type I and deformation 

type II cell by varing cell membrane shear modulus membraneG ; (b) maximum strain on cell 

membrane of deformation type I and deformation type II cell by varing cell membrane 

shear modulus membraneG . 

The changing of equivalent strain distribution on the cell membrane by 

varing the cell membrane shear modulus membraneG is shown in Fig.5-6. 

Fig.5-6a,b present the equivalent strain distribution on the cell membrane 

of the deformation type I cell when membraneG is 20N/m2 and 105N/m2. The 

same condition was applied to the deformation type II cell, and the results 

are shown in Fig. 5-6c,d. Generally, the equivalent strain intensive area 

decreases as the membrane shear modulus membraneG  increases. This result 
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is  rational, because increasing the membraneG increases the cell’s ability to 

resist the shear force. 

  

  

Figure 5-6 (a) equivalent strain distribution on the cell membrane of deformation type I 

cell when membraneG =20N/m2; (b) equivalent strain on the cell membrane of deformation 

type I cell when membraneG =105N/m2; (c) equivalent strain on the cell membrane of 

deformation type II cell when membraneG =20N/m2; (d) equivalent strain on the cell 

membrane of deformation type II cell when membraneG  =105N/m2. 

(a) (b) 

(c) (d) 

Axis z 

0%        6%       13%      19%      25%      32%      38%      44%      51%      57% 0%      0.7%       1.5%       2%        3%        4%      4.6%       5%         6%      7% 

0%      12%       23%      35%      47%      58%      70%      82%      93%     100% 0%        3%        5%       8%       11%       13%      16%      19%      22%      24% 

Axis z 



153 
 

This result is also similar to the trend observed when the membrane 

elastic modulus menbraneE is varied. Interestingly, when the membrane shear 

modulus membraneG is high, the equivalent strain intensive area is not only 

greatly minimized, but also tends to be localized in the cell elongation 

region. As shown in Fig. 5-6b, for the deformation type I cell, the direction 

of the elongation is towards the bottom-left corner (pointed out by axis z). 

The high equivalent strain areas are almost axissymmetric with the axis z 

and located on the side-wall of the cell. This phenomenon is even more 

obvious on the deformation type II cell. The elongation effect gives the cell 

a spindle morphology. As a result, a relatively thin and long region is 

formed. Fig. 5-6d reveals that, starting from the spindle-shaped head and 

extending toward the spindel-shaped tail, a major part of the high 

equivalent strain areas is located on the two sides of axis z (cell elongation 

direction). These results reveal that under the same CII pressure, both 

sides of the cell elongaion region are more fragile than the other regions 

on the cell membrane. 

In Fig. 5-7a,b, the cell elastic modulus cellE is varied from 200 to 1000N/m2. 

Like the results obtained above, for both types of deformed cells, the 

avearge and maximum strain decrease as the cell elastic modulus cellE   

increases. Small cell elastic modulus cellE can generate high strains. 
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However, the strain value quick drops down as the cellE increases. the 

average strain value in the deformation type II cell is still higher, compared 

to the value obtained under the same conditions for the deformation type I 

cell. In the last set of comparison, the average and maximum strain values 

were compared by varying the cell membrane thickness h. Fig. 5-7c,d 

show that increasing the membrane thickness decreases the average 

strain for both types of deformed cells. For the deformation type I cell, the 

average strain decreases from 9% to 4%, while for the deformation type II 

cell, the average strain decreases from 11% to 6%.   
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Figure 5-7 (a) average strain on cell membrane of deformation type I and deformation 

type II cell by varing cell elastic modulus cellE ; (b) maximum strain on cell membrane of 

deformation type I and deformation type II cell by varing cell elastic modulus cellE ; (c) 

average strain on cell membrane of deformation type I and deformation type II cell by 

varing membrane thickness h; (d) maximum strain on cell membrane of deformation type 

I and deformation type II cell by varing membrane thickness h. 
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Interestingly, the maximum strain for both types of deformed cells slightly 

increase when the cell memrane gets thicker. However, the value of 

maximum strain quickly drops down after reaching the peak value. 

5.4 Discussion 

5.4.1 The effect of cell deformed morphology on the cell 

membrane permeability 

One of the aims of this study is to investigate the role of cell deformed 

morphology induced by the centrifugation field on the cell membrane 

permeability. To simply quantify the degree of cell deformation, parameter 

named ( )o c was defined for this study. This value is calculated by simply 

dividing the cell model maximum length by the width as shown in Eq. 5-6. 

The results for the deformation type I and deformation type II cell are listed 

in Table 5-3. 

Maximum length
o(c)=

Width
                                  (5-6) 

 Deformation type I 
cell 

Deformation type II 
cell 

( )o c   1.35 3.43 

Table 5-3 ( )o c values for deformation type I and deformation type II cells 
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In a higher centrifugation field, cell deformation is more serious than in a 

lower centrifugation field. The cell shape is much closer to a spindle. If one 

cell is more deformed than another, the maximum length will be longer, 

while the width will be shorter. As expected, ( )o c indicated that deformation 

type II cell is more deformed than the deformation type I cell. Results in 

Fig. 5-3, Fig. 5-5 and Fig. 5-7 indicate that given the same CII pressure 

and mechanical properties, the deformation type II cell generally 

undergoes a higher average strain than the deformation type I cell. If the 

strain on cell membrane is correlated with cell membrane permeability as 

mentioned in [197], extracellular materials are easier to be delivered into 

the deformation type II cell than to the deformation type I cell. This 

observation accords with our experimental results [214]. The delivery 

efficiency of FITC-dextran is higher for the MCF-7 cells treated under 

9056g than the ones treated under 252g.  

Results in Fig. 5-4 and Fig. 5-6 suggest that the cell morphology 

elongation effect also play a major role in the localized increase of cell 

membrane permeability, especially when the cell membrane has a large 

elastic modulus membraneE or shear modulus membraneG . When the cell 

mechanical properties are with low values, almost everywhere on the cell 

surface experiences high strain. If the cell mechanical properties are with 

high modulus which make the cell a stiffer solid, Fig. 5-4 presents that 
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most of the strain intensive areas are along the elongation region of the 

deformation type I cell. As explained in the section 5.3, this trend is more 

significantly shown by the deformation type II cell (Fig. 5-6d). These 

simulation results correlate well with the previously taken confocal 

microscope images. As Fig. 3-5c shows, most of the delivered FD is 

located along the side of the cell in the cell elongation region. The MCF-7 

results are shown in Fig. 3-5g. Based on the mage, most of the cells have 

recovered their round morphology. For the cells successfully delivered 

with FD, the FD is located in only limited cell region. This phenomenon 

indicates that the cell membrane permeability is greatly increased in a 

limited region. Compared with our simulation result, a speculation might be 

drawn that the regions with FD delivered might be the one that is 

elongated during the centrifugation field. 

These simulation results confirm our original speculation that the degree of 

cell deformation will have a critical effect on cell membrane permeability. 

The deformation type II cell is more elongated or stretched than 

deformation type I cell. As a result, the deformation type II cell undergoes 

a higher average strain than the deformation type I cell. The localized high 

strain area tends to be located in the cell extended region in both types of 

deformed cells. By controlling the cell morphology, a researcher might 
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control the delivery of extracellular materials into certain regions of the 

cells. 

5.4.2 The effect of cell mechanical properties on the cell 

membrane permeability 

Another aim of this study is to investigate the effect of cell mechanical 

properties on cell membrane permeability. Unlike the trend reported by 

Dailey et al. [197], no consistent trend was found for the maximum strain 

when varying the cell mechanical properties in this thesis. For the 

deformation type II cell, when the cell membrane elastic modulus membraneE  

and membrane thickness h were increased, the value of the maximum 

strain on cell membrane also increased at some points instead of 

decreasing. This phenomenon indicates that the cell mechanical 

properties alone cannot totally determine the strain value. Generally, 

increasing the cell mechanical properties will make a cell more tolerant of 

the external forces. This is demonstrated by the simulation results in Fig. 

5-3, 5-5 and 5-7. When the cell membrane elastic modulus membraneE , shear 

modulus membraneG , cell solid elastic modulus cellE , or membrane thickness h 

increased, the averaged strain on the cell membrane decreased. As Fig. 

5-4 shows, after increasing the cell membrane elastic modulus membraneE , 

although most of the cell regions experience a relatively small strain, the 
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cell’s deformed morphology causes certain regions to experience an 

extremely high strain. The membrane area experiencing a localized high 

strain is most likely to be penetrated. In Fig. 3-5c and g, most of the FD 

delivered inside the cells exists in small blocks, possibly because only a 

small region on the membrane is opened, so the FD has to enter the cell 

through a thin channel and thus accumulates in the same cell region.  

These results show that cell mechanical properties are important for cell 

membrane permeability. Although the average strain is decreased as the 

cell mechanical properties increase, the maximum strain is a synergistic 

effect of cell morphology and cell mechanical properties. Modifying the cell 

mechanical properties will also change cell membrane permeability. 

5.4.3 Model limitations 

In this study, a confocal microscope images-based method was used to 

build a cell deformation model to enhance our understanding of cell and 

microbubble interaction in a high centrifugation field. As Dailey et al. 

mention, this method has some common limitations [197]. Several 

assumptions must be made to make the simulation more applicable. First, 

a cell is assumed to be isotropic elastic material, but, in reality, a cell has a 

highly inhomogeneous structure. However, the cell has been modeled as 

a homogeneous medium in many studies [191-194, 196, 197]. Second, no 
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experimental measurements of the mechanical properties of MCF-7 are 

available. Thus, the parameters were estimated based on the literature 

review. The parameters were varied in a broad range so that the cell 

response could be observed. The results indicate that cell morphology and 

cell mechanics simultaneously decide the range and distribution of the cell 

membrane strain. The strain contour plot accords well with the captured 

confocal microscope image. Finally, only the cell upside body is 

considered in this interaction. Generally, cells go through two stages 

during centrifugation. During the first stage, the cell flows towards the 

centrifuge wall, and during the second stage, the cell glides along the 

centrifuge wall. The cell motion in the centrifuge tube is very complex. If 

the cell rotation is ignored, only half of the cell body will interact with the 

microbubble because the cell and microbubble are moving towards each 

other. Since a collision might happen on any region of the cell upper body, 

the collision results in pressure on the cell membrane. As the focus of this 

investigation is on the interaction between microbubbles and cells, the half 

of the cell which is attached to the centrifuge tube surface was ignored.  

5.5 Conclusions 

In this study, the effects of cell deformed morphology and mechanical 

properties on cell membrane permeability were investigated. The 
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structural behaviors of cells which were deformed to different degrees, 

such as deformation type I cell and deformation type II cell were compared. 

The results indicated that both cell morphology and cell mechanical 

properties played an important role in the range of the strain values and 

strain distributions on the cell membrane. Generally, under the same CII 

pressure, cell with more deformed morphology experienced a higher strain 

than the less deformed cell. This result was supported by our previous 

experimental data, which showed that a higher centrifugation field resulted 

in higher intracellular delivery efficiency. As the value of the cell 

mechanical properties increased, the average strain on the cell membrane 

decreased. However, the maximum localized strain was further increased 

in some conditions, possibly because of the synergistic effect of cell 

morphology and cell mechanics. The strain intensive areas were more 

likely to be located along the cell elongation region induced by the 

centrifugation process. This simulation results were also supported by the 

confocal microscope images. These results increased our understanding 

of how the CII pressure and high centrifugation field help to increase cell 

membrane permeability. 
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Chapter 6 

VI. Conclusions and future work 

6.1 Conclusions 

Low cell membrane permeability is one of the major obstacles for 

successful gene therapy. In this thesis, two methods to increase cell 

membrane permeability were developed. 

In the first method, an innovative purification process of mCNT extraction 

from purchased raw arc-discharged CNT materials was demonstrated. 

The process is divided into three main procedures: SDS treatment, 

organic solvent treatment, and H2O2 treatment. To maintain the magnetic 

particles, a harsh acid treatment was avoided although it is considered as 

a commonly used traditional purification method. A method to monitor the 

purification process by combining AFM-FCA with TEM images was also 

developed. The advantage of this method is that it can directly differentiate 

mCNT once the standard material analysis is performed. Our experimental 

results are in line with the theoretical estimation. The developed mCNT 

was tested on various cell lines. FITC was used to assist the quantification 
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and observation of the delivery results. The results indicated that the 

developed mCNT efficiently increased the cell membrane permeability. 

In the second method, cell membrane permeability was increased by 

using a microbubble-assisted high centrifugation field. The increase in cell 

membrane permeability was demonstrated by the successful delivery of 

FD (40kDa) into hard-to-deliver THP-1 cells, and FD (40kDa and 70kDa) 

into MCF-7 cells. A simplified model of the cell-microbubble interaction in a 

high centrifugation field estimated that once the relative velocity between a 

cell and a microbubble reached a critical value, the collision-induced 

hydrodynamic force would be large enough to penetrate the cell 

membrane and create intracellular pathways. The same method was 

applied on canola plant cells. Biomaterial with a size up to 250kDa was 

successfully delivered into 90% canola protoplasts and canola cells with 

cell walls. The delivery efficiency was similar within the broad range of 

centrifugation speeds and amounts of microbubble solution. The FACS 

histogram shows an obvious difference on fluorescence signal between 

the cells centrifuged alone and cells centrifuged with microbubbles. This 

result means the permeability of the cell membrane or the cell wall 

permeability was further increased.  

To investigate the effect of cell deformed morphology and mechanical 

properties on cell membrane permeability, confocal microscope images 
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were used to build cell deformation models in a high centrifugation field. 

The structural behaviors of cells with different deformations such as 

deformation type I cell and deformation type II cell were studied. The 

results indicated that both cell morphology and cell mechanical properties 

played an important role in deciding the range of the strain value and 

strain distribution on the cell membrane. Under the same CII pressure, the 

cells with the more deformed morphology experienced a higher strain than 

the less deformed cells. This finding was supported by our experimental 

results, which showed that a higher centrifugation speed resulted in higher 

intracellular delivery efficiency. It was also found that, as the cell 

mechanical properties increased, the average strain decreased. However, 

the maximum localized strain was increased in some conditions, possibly 

because of the synergistic effect of cell morphology and cell mechanics. 

Based on the strain distribution on the cell membrane, the strain intensive 

areas were more likely to be located along the cell elongation region. This 

observation was also supported by the confocal microscope images, as 

most of the delivered FD was located in the cell extension region near the 

inner border of the cell membrane. In summary, the results showed that 

the CII pressure and high centrifugation field helped to increase the cell 

membrane permeability. This simulation study helps us to better 
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understand the cell and microbubble interaction in a high centrifugation 

field. 

6.2 Future work 

Two methods to increase cell permeability were successfully developed in 

this thesis, but many important and interesting problems still require 

further investigation. 

In Chapter 2, mCNT was successfully extracted from raw materials, and 

the ability of mCNT to increase cell membrane permeability was tested. 

However, in order to apply this technique to gene therapy, efficient 

protocols need to be developed to combine the genetic biomaterial with 

the mCNT. In addition, the mCNT developed in this thesis were bundled 

together. Further treatment might help to separate the bundled nanotubes 

into smaller SWNT which would facilitate the cell endocytosis process. 

However, if the bundled mCNTs are separated, the amount of nickel on 

each CNT will decrease and make the CNT less responsive to a given 

magnetic field. As a result, a whole new process is required in order to 

overcome these trade-off problems. 

In Chapter 3 and Chapter 4, a method using a microbubble-assisted high 

centrifugation field to increase cell membrane permeability was presented. 

This method can create intracellular pores even on hard cell walls. Further 
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studies can focus on optimizing the experimental protocols based on the 

application requirements. For example, for mammalian cells, although high 

efficiency can be achieved, cell viability is low at the same time. Moreover, 

special centrifugation tools can be developed to increase the interaction 

duration between microbubbles and cells. For example, in the current 

commercialized centrifuge and centrifuge tube, the cells gather together 

quickly and slide along the centrifuge tube wall into the bottom of the 

centrifuge tube in a very short time. If the tube is long enough or has a 

spiral structure, the cells and microbubbles will have more opportunities to 

interact with each other even in a low centrifugation field. As a result, the 

CII will have more effect on the cell membrane. 

Finally, the results of Chapter 5 indicated that both cell deformed 

morphology and mechanical properties had an impact on cell membrane 

permeability. This result indicated that the cells could have been 

pretreated with chemicals to modify their internal structure before treating 

them with the two physically-based methods developed in this thesis. In 

addition, cell membrane permeability could be increased locally on the cell 

membrane by modifying the cell morphology. For example, by incubating 

cells in a predesigned container, cell morphology can be controlled. This 

pre-treatment could create certain regions on the cell membrane that 

would be more vulnerable compared to other regions. Thus, a physically-
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based method could target these weak regions to maximize the efficiency 

while decreasing the side effects at the same time.  
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