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CHARACTERIZATION OF MEMBRANE VISCOSITY 

CHANGES WITH THE NOVEL MOLECULAR ROTOR FCVJ

Matthew E. Nipper

Dr. Mark Haidekker, thesis supervisor

ABSTRACT

Membrane viscosity conditions are a useful indicator of cell viability.

Atherosclerosis, Alzheimer's disease, diabetes mellitus, and hypertension have all been

reported to induce changes in afflicted cell membrane viscosity. Characterizing

membrane viscosity will provide researchers and clinicians with a valuable tool in

diagnosing the onset and progression of diseases. Molecular rotors are fluorescent

molecules that have been shown to exhibit viscosity sensitive quantum yield.  The

Forster-Hoffman equation, logM=C+Xlog0, relates the quantum yield M, of the rotor to

the microviscosity state, 0, present. According to this equation, increased viscosity will

produce corresponding increased intensity values following a power law relation. 

The phospholipid DLPC (1, 2-Dilauroyl-sn-Glycero-3-Phosphocholine) was

combined with 10 :L of the molecular rotor FCVJ and liposomes were formed using an

electroformation process. 250mM Sucrose solution served as the liposome formation

solution. Control solutions of 50 ul of liposomes were then added to 950 :L of Sucrose

solution in a microcuvette. The cuvette was excited at 460 nm under fluorescent

spectroscopy and intensity values were recorded.  The procedure was repeated for a 2%

cyclohexane/sucrose solution. Peak emissions were compared and, as hypothesized, the

cyclohexane fluidized the membrane resulting in a statistically significant reduction in
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intensity compared to the control group (p=.00001, n=10). To achieve a converse effect,

a 20% (v/v) Cholesterol/DLPC mixture was used to produce liposomes in the presence of

sucrose solution. Total FCVJ concentration remained constant.  50ul of the cholesterol

liposomes were added to 950ul of the Sucrose solution. Excitation parameters were kept

constant. Intensity values were compared to those of the control group for the

cyclohexane experiments. As expected, the intensity values for the cholesterol group

were higher than control and found to be significant (p=.004, n=10). 

The liposomes used in this experiment are a suitable model for the mammalian

cell membrane in both size and physical similarities. The next evolution in this research

is to test our hypothesis on animal cells in vitro.  The results of these experiments

demonstrate the high level of sensitivity and abilities of molecular rotors as

microviscosity detectors. This previously undocumented method for characterizing

membrane conditions provides a qualitative method of measuring changes in membrane

viscosity. 
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CHAPTER 1

 Definition and Role of  Membrane Viscosity

Viscosity is classically defined as an isotropic fluid’s resistance to flow. This

property determines the fluid strain rate generated by an applied shear stress [1].

Viscosity, along with the inverse; fluidity, have been adapted by membrane biologists to

qualitatively describe the characteristics of the lipid bilayer. A general consensus has

been reached that viscosity determines the ease of movement for a particle in the two

dimensional realm of the membrane bilayer [2]. There has been some discussion over the

role of  particle size in the debate. It has been argued that a small particle would react

drastically to minute changes in microviscosity, whereas larger particles would be

insensitive to small changes in local viscosity [2]. Regardless, membrane viscosity is an

important parameter that affects organisms at both the cellular and systemic levels. An in

depth look at the cellular membrane reveals the significance of membrane viscosity.

Membrane viscosity primarily governs the ability of intermembrane particles to

travel laterally through the bilayer. The ability of these particles, such as membrane

bound proteins, to move through the membrane plays an intrinsic role in their function

[3,4]. Thus, a change in membrane viscosity can often be indicative of a disease state

within a cell [5-8]. Membrane viscosity changes have all been reported with the onset of

cell malignancy [3], diabetes [9,10], hypercholesterolemia [9] and atherosclerosis [8].

An in-depth look at atherosclerosis reveals that the role of membrane viscosity is

complex and far reaching. One key pathway leading to atherosclerosis is the reduction of

endothelium-derived relaxing factor/nitric oxide (EDRF/NO) from the cell membrane.



2

Cholesterol is believed to modulate the production of EDRF by means of membrane

viscosity [11]. The effects of cholesterol on membrane viscosity of bovine aortic cells

were investigated with the fluorescent probe 1,6-diphenyl-1,3,5-hexatriene (DPH) [11].

This technique will be discussed in the following chapter. Low amounts of cholesterol

were found to cause both a slight increase in membrane viscosity and a higher production

of EDRF. It is believed that small amounts of cholesterol increase enzyme production by

increasing conformational flexibility on nitric oxide synthase. On the contrast, high

amounts of cholesterol drastically increased membrane viscosity while significantly

lowering EDRF production. The high membrane viscosity is believed to impair

membrane protein production [11]. 

This effect was observed to be reversible, suggesting that the effects caused by

cholesterol were mechanical and not a chemical modulation of membrane proteins [11].

Membrane mechanics play in an intrinsic role in the physiological processes of

endothelium cells as well as erythrocytes.  

 An increase in membrane viscosity has been reported in both the erythrocytes

and platelets of patients afflicted with diabetes. It has been suggested that this increase in

membrane viscosity may perturb the ability of insulin, a membrane bound receptor, to

undergo aggregation [10,12]. Erythrocytes of patients suffering from liver disorders have

also been reported to exhibit higher membrane viscosity and it is believed that this

contributes to liver dysfunction [13]. Additional increases in membrane viscosity of

leukocytes have been linked with aging [14].
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Conversely, decreases in membrane viscosity have been exhibited in the

leukocytes of patients with Alzheimer’s disease [15]. This decrease may facilitate the

aggregation of the amyloid precursor protein which leads to the formation of plaques

within the brain [15]. The formation of plaques are the primary mechanism responsible

for the decline in cognitive abilities in patients with Alzheimer’s disease. It is evident that

membrane viscosity measurement provides a wealth of information about cell condition.

The relationships between these diseases and membrane viscosity is not fully understood.

To better understand these interactions, the properties and functions of the plasma

membrane must first be considered. 

The plasma membrane of a eukaryotic cell is one of the most crucial components

of the cell.  The most basic function of the membrane is to separate the intracellular

components from the extracellular environment. A eukaryotic cell is depicted in Figure 1. 

Figure 1 - Eukaryotic Cell
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The plasma membrane also has a central role in active transport, cell recognition, and

overall metabolism of the cell.

The functions of the human erythrocyte are an excellent example of the metabolic

properties of the plasma membrane. With no intracellular organelles, this provides an

excellent model studying the role of membranes in metabolic processes.  Erythrocytes are

responsible for carrying glucose throughout the body. The absorption of glucose into the

cell is governed by an intermembrane bound glucose transport protein. The ability of a

red blood cell to absorb glucose is drastically reduced if the glucose transport protein is

mechanically hindered [2]. Along with intermembrane proteins, ion channels also play a

central role in metabolic processes. 

Ion channels located within the plasma membrane surface are responsible for

rapid change in the chloride-bicarbonate gradient. The fast acting abilities of the ion

channel allow for high rates of anion flux. Anion flux plays a pivotal role in the binding

and absorption of oxygen by hemoglobin and in CO2 transport. The rapid anion flux

allows for  intermembrane proteins such as Na/K pumps to perform ATP production in

the cell. Not only is the membrane for intracellular processes, the membrane also plays a

role in intercellular communication.

Cell-cell communication is fundamental to cell division and differentiation. The

building of complex organ systems relies on the ability to identify the correct matrix and

building of the structure which is dictated by genetic information. The cell-cell and cell-

matrix recognition abilities of the cell arise from proteins imbedded within the plasma
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membrane. If these recognition systems are not operational, cell growth and division can

grow uncontrollably which is characteristic of tumor cells [2,11].

Plasma membranes can form very tight connections between cells where the

intercellular space is so small it can not be distinguished with electron microscopy [2].

This tight formation of layers are found in epithelial tissue so as to form a sealed layer.

The plasma membrane then controls the transport of materials through the barrier. The

recognition systems of cells are highly developed and do not require direct contact to be

established. 

On the other hand, Cells can also communicate with each other by forming gap

junctions. These junctions are hollow protein tubes that extend out of the membrane and

bridge gaps of 20-40 Å [2]. These tubes facilitate the rapid flux of ions and in turn

provide a sort of communication. Such gap junction systems are found in involuntary

muscle where fast ion flux is essential for proper function. Cell-cell communication is

also controlled by cell recognition receptors found on the surface of the membrane.

There are a number of integrated carbohydrates present on the surface of the

plasma membrane. This coat of glycoproteins and glycolipids present on the membrane

surface are secreted by the cell to form a protective coating called the glycocalyx. In

addition to cell-cell communication, the glycocalyx offers a mean for cells to adhere to

one another. The cell membrane is responsible for mass transport, protection and the

upper level organization required to form tissues and organ systems.

The structure of the cell membrane is intrinsically simple yet versatile enough to

regulate a variety of cellular functions. The hydrophobic effect is the driving force behind
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membrane formation and this water interaction is key to understanding membrane

structure. Water plays a central role in the formation of biological membranes. The

hydrophobic effect refers to the formation of a water excluding bond between two non-

polar substances in a polar (water) environment.  

Water is unique in the fact that it can easily form hydrogen bonds with other polar

molecules. This property comes from the polarity of the O-H bonds. The

electronegativity difference between oxygen and hydrogen force the electrons to be

asymmetrically distributed with a bias towards the oxygen nucleus. The oxygen portion

carries a partial negative whereas the hydrogen portion carries a partial positive charge.

The attractive forces then draw the hydrogen portion of one water molecule to the oxygen

end of another water molecule. This results in the sharing of one hydrogen proton

between two oxygen molecules. This occurrence is referred to as a hydrogen bond. This

results in the water-water interaction being energetically favorable.

A neutral species is readily soluble into water due to the ability to both accept and

donate electrons. An example of this is ethanol. As the ethanol enters the water, it both

accepts and donates a hydrogen to the water. Ethanol is very accommodating to water

and therefore readily soluble. 

Nonpolar hydrocarbons react much differently with water.  For example, a long

chained hydrocarbon has no available hydrogens to donate nor can it accept any. This

results a restructuring of the water network. In a normal solution water molecules are

oriented randomly. With the introduction of a non-polar species, the water forms cages

around the molecules and as a result the randomness, or entropy, decreases. 
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A change in entropy directly affects the free energy. Free energy change, )G, is

calculated by Equation 1 where )H is the enthalpy change, T is the temperature, and )S

is the change in entropy. Equation 1shows a  negative entropy will lead to a larger free

energy. This means that this is energetically unfavorable for the system. This entropic

parameter will determine if a substance will be soluble in a solvent.

A relationship for the chemical potential for a hydrocarbon in water was derived

by Tanford (1980) and is shown in Equation 2 [16]. In Equation 2 Xw is the mole fraction

of hydrocarbon and fw is the activity coefficient. This equation can predict the potential

of the hydrocarbon in water. The reaction a hydrocarbon will have with water is also

dependent on if the hydrocarbon is saturated. This equation can be used to predict the

hydrophobicity between two species.

The hydrophobic effect is directly dependent on the hydrophobic area that is

exposed to the aqueous environment. As the exposed area increases so do the unfavorable

entropic conditions. The relationship between free energy and chain length increases

linearly until chain lengths become very long. At this point it is believed that the long

chain molecules form bonds within itself and folding begins [2]. This effectively reduces

the hydrophobic area and thus the free energy change. Also aggregation begins to occur

more frequently, effectively reducing the area of hydrophobic species being exposed to

∆ ∆ ∆G H T S= − (1)

µ µw w
o

w wRT X RT f= + +(ln ) (ln ) (2)
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water. It is because of this effect that phospholipids aggregate into the fundamental

element of membranes; the phospholipid bilayer [2]. This is also the mechanism by

which proteins are integrated into the membrane. The hydrophobic effect is a powerful

entropic force that governs both the form and function of lipid bilayers. 

Biological membranes can be formed by a variety of membrane lipids. Lipids are

amphiphatic molecules that position their polar heads towards the water and their non-

polar tails inward forming the hydrophobic core. The polar head is commonly a

phosphate with an alcohol. The remaining tail portion is typically a saturated

hydrocarbon tail. 

Mammalian membranes are comprised of a number of phospholipid

compositions. The order and composition of the phospholipids within the membrane can

be used to detect physiological changes at the cellular level. One of the most common

and extensively studied phospholipids is phosphatidylcholine. The structure of

phosphatidylcholine is depicted in Figure 2 . This structure is also referred to as lecithin

which comes from older nomenclature [2]. 

Figure 2 - Chemical Structure of
Phosphatidylcholine
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In addition to phosphatidylcholine, there are a number of other phospholipids

present within the membrane. The table below lists the mole percentage of phospholipids

in a human erythrocyte along with the cholesterol content.  The table below shows the

lipid composition of a membrane is dynamic. The percentage of a lipid present in a

membrane is often indicative of its function.

Table 1.1 - Lipid Composition and Cholesterol Content of Human Erythrocyte

Lipid Mol%
Phosphatidylcholine 17

Phosphatidylserine 6

Phosphatidylethanolamine 16

Sphingomyelin 17

Cholesterol 45

Cholesterol is also present within the membrane and makes up the remaining fatty

acids. Cholesterol is essential for life and proper cell function yet the negative side

effects are often the first to be discussed [17]. Excess cholesterol can lead to the

formation of plaques along the arterial wall. When the plaque blocks flow to the heart,

heart muscle can die as a result. The heart attack that results can be deadly.  
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The chemical structure of cholesterol is shown in Figure 3. The molecule is

oriented in such a way that the polar hydroxyl group is positioned towards the aqueous

environment. The hydrophobic rings are then oriented parallel to the hydrocarbon chains

of the membrane. The ring structures present make the molecule extremely hydrophobic

and thus solubility is greatly reduced. The structure is however readily accepted by

membranes. 

The cholesterol content has been shown to affect a wide range of physical

parameters of the membrane. The effects that cholesterol has on the lipid bilayer is

dynamic dependent on the length of the hydrocarbon tail portion of the membrane.

Cholesterol can effectively increase the width of the membrane if the phospholipid tails

are shorter than 16 carbons [2]. This forces the hydrocarbon tails to adopt more trans

confirmations. The tail portions must consolidate at 18 carbons due to the fact that

cholesterol is not as long, which effectively shrinks the membrane size [18]. 

Along with membrane size being affected, the membrane permeability is also

highly correlated with cholesterol content. The effects of membrane permeability on

Figure 3 - Chemical Structure of
Cholesterol
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glucose transport through the membrane were investigated and it was found that a

reduction in permeability followed an increase in cholesterol content in a linear fashion

[19]. It is believed that the cholesterol may reduce imperfections in the membrane that

arise from trans isomerizations which would lead to a reduction in permeability. 

The trans isomerizations, referred to as kinks, are simply small pockets between

the hydrocarbon chains that arise from the asymetrical confirmation. The reduction in

kinks can be considered as a reduction in free volume. Free volume can be considered the

amount of   “defects” in the membrane that arise from kinks in the tails of the

phospholipids in the membrane [2]. Free volume allows for the conformational changes

necessary for membrane proteins to function properly. If the number of defects are

decreased, so is the available space for proteins or other integral proteins to occupy. The

amount of free volume is related to the local membrane viscosity [2]. 

The ability of cholesterol to regulate local free volume in the membrane is

intrinsic to a host of physiological processes. The true purpose of cholesterol in the

membrane is not well known. One known attribute of cholesterol is that it lowers the

liquid-crystalline phase change temperature of the membrane and acts as an “antifreeze”

for the membrane.  It is understood that a cell can not function properly without the

appropriate amount of cholesterol. There are some specific effects that have been

observed in modulating cholesterol content.

Researchers have found that an increase in membrane cholesterol was responsible

for an increase in membrane protein function. An increase was found for the Na+, K+,

ATPase activity corresponding to a 0 to .35 mole ration [20]. The increase in cholesterol
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lead to an increase of the ATP hydrolyzing activity. Other membrane functions have been

shown to be minimally affected by alterations in cholesterol content. In the same

experiment no alteration in sarcoplasmic reticulum Ca2+ ATPase activity was recorded 

[20].

 There are two commonly hypothesized modalities by which these effects occur.

The first is that the cholesterol is affected by the reduction in free volume. The limited

space allows for fewer confirmations the membrane protein can achieve and thus limited

function. The limitation in confirmations is also a function of temperature. This non-

specific structural hindrance is in direct contrast to the other possible explanation. 

Experiments suggest that some membrane proteins have a direct sterol binding

site. This sterol-protein interaction has been reported in the integral membrane proteins

glycophorin [21], and band 3 [22], from human erythrocytes. This type of interaction has

been observed in water-soluble proteins.  In a similar fashion, a specific binding site on

the membrane protein would govern the sterol-protein interaction and in turn binding

kinetics. A number of techniques have been developed to differentiate mechanical

hindrance from biochemical modulation. By measuring intermembrane viscosity, changes

in membrane function that result from disease or other interactions can be better

understood. 

Measuring membrane viscosity until recent years, has been an arduous task. A

variety of mechanical methods have been developed to measure membrane viscosity.

Common methods for measuring membrane viscosity include micropipette aspiration and

magnetic microbeads.
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Micropipette aspiration techniques have been used to investigate the effects of F-

actin microfilaments on membrane viscosity of human Mesenchymal Stem Cells [23].

Stem cells were treated with cyctochalasin-D, a F-actin filament disrupter, and untreated

stem cells were used as a control. Both groups were then aspirated with a known

pressure. Figure 4 depicts the setup used in these experiments. 

After reaching equilibrium, the pressure was increased in steps , )P, ranging from

500 Pa to 1000 Pa. The aspirated length, L, was then measured with a CCD camera and

bright field microscopy. Equation 3 relates the length of the aspirated portion of the cell,

as a time dependent function, with the elastic parameters k1 and k2, the inner pipette

radius a, and the time constant J. M is a dimension less parameter, with a value of 2.0,

that accounts for the wall thickness of the pipette. This technique assumes a boundary

condition of zero axial displacement at the micropipette end. 

Using Equations 3 and 4, the elastic parameters k1 and k2, along with the apparent

Figure 4 - Aspirated
Stem Cell
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viscosity : can be calculated through nonlinear regression. The results of the experiment

showed that with the treatment of cyctochalasin D, the average membrane  viscosity of

the experimental group increased 167% compared to control. The micropipette aspiration

technique has also been used to investigate the mechanical properties of rat erythrocytes

[24] and hepatocellular carcinoma cells [25].

Magnetic microbeads and optical tweezing methods have gained popularity over

recent years. The maneuverability and the addition of functional groups to the

microbeads have provided researchers with the ability to measure membrane viscosity at

discrete locations on the cell.  The viscoelastic properties of fibroblasts were explored by

attaching magnetic microbeads to integrin receptors that lie in the cell membranes [26].

Non-magnetic latex beads are also attached to provide a spacial reference. When the

magnetic force is applied, the beads exhibit a three-phasic creep response consisting of an

elastic deformation, a stress relaxation, and a viscous flow. By measuring these

parameters as a function of time, the membrane viscosity can be calculated. The

experimental setup is shown in Figure 5.

Figure 5 - Magnetic Beads Attached to
Integrin Receptors on a Fibroblast
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  Viscosities of 5-10 PaCs and 2×103 PaCs were found for the membrane and

cytoplasm respectively. The membrane viscosity is nearly 1 order of magnitude lower

than the found value for a red blood cell using pipette aspiration [27]. The cytoplasmic

viscosity was in good agreement with values ranging from 250 to 2800 PaCs for

cytoplasmic viscosity of macrophages using twisting rheometry [28,29]. Magnetic

particle rheometry has been shown to be effective yet obvious limitations exist. 

A central problem to both of these methods is that the temporal and spatial

resolution are poor and provide limited information about the membrane as a whole. The

measurement is also observed at the outermost layer of the membrane, and the effects on

the hydrophobic core are not discernible. Advances in fluorescent probes have introduced

an entirely new approach for membrane viscosity measurement.  
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CHAPTER 2 

Overview of Fluorescence

Luminescence is the emission of a photon from an electronically excited

molecule. The light emission is either characterized as fluorescence or phosphorescence

depending on the excited state involved [30]. Fluorescence is the return of an electron

from an excited singlet state to the ground state, or lowest energy level. A fluorophore is

any molecule that exhibits fluorescence under excitation. 

Aromatic molecules are often fluorescent due to the electron sharing capabilities

of the ring structures present. Quinine was historically the first identified fluorophore by

German Astronomer Sir John Frederick William Herschel in 1845. Herschel reported on

quinine fluorescence from observing the characteristic emission of blue light from the

solution after being exposed to sunlight. Figure 6 shows common fluorescent aromatic

molecules

It would not be until decades later that the mechanism by which these molecules

exhibit fluorescence was explained by Alexander Jablonski. Jablonski is often credited as

Figure 6 - Commonly Used Fluorophores
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the father of fluorescence spectroscopy because of his many contributions to the field.

Professor Jablonski is most noted for his description of the molecular process responsible

for fluorescence. The Jablonski diagram below depicts the various molecular process that

lead to fluorescence. 

Figure 7 depicts the singlet state energy levels of S0, S1, and S2. The smaller lines

at each energy state represent the vibrational states. The first step in this process is

absorption. Energy in the form of photons are used to excite electrons to higher energy

states from the ground state. As an electron is elevated to S1 or S2, there are a number of

pathways it can chose.

 The path of least resistance is the return to S0. This is true because singlet state

excitation results in a pairing of opposite spins between the electrons in the excited and

ground states respectively. Because the electrons are paired opposite, return to the ground

Figure 7 - Jablonski Diagram
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state is possible and rapid leading to the release of a photon. Any event in which photon

emission occurs is termed a radiative event. The resulting photon emission, or

fluorescence, occurs on the nanosecond timescale. It is possible for the photon to return

to the ground state without releasing a photon. This is termed a non-radiative event. 

Another possibility for photon emission is the movement of an electron from the

triplet state T1 to S0. The release of a photon from the transition of an electron from T1 to

S0 is termed phosphorescence. For this to occur, an excited molecule in the singlet state

must move to the triplet state. This occurrence is termed intersystem crossing and is

depicted in Figure 7. This is a rare event because the electrons in the triplet state share

the same electron spin and this is not energetically favorable. 

It is important to note that a photon is only emitted when an electron moves from

the S1 or T1 level to the ground state. An electron may be excited to a higher energy level

but fluorescence is only detectable from the transition of S1 to S0 [30].

 During fluorescence, the excited electrons lose energy as they return to the

ground state. Since energy is lost, the light emitted has a longer wavelength than the

excitation source. The difference between the absorption and emission spectra is referred

to as the Stoke’s Shift.  

Sir G.G. Stokes discovered that energy from emission is typically less than that of

absorption and thus the shift in the wavelength domain can be observed [30]. The

emission spectra produced is independent of the excitation wavelength used. Often a

mirror image of the absorption spectra is produced in the emission spectra. This is due to

the rapid relaxation of electrons in higher energy levels to the S1 state. The rapid
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relaxation of excited electrons results in an emission spectra that is independent of

excitation wavelength. An example of Stoke’s Shift is illustrated in Figure 8. In the figure

the shift between the emission and absorption spectra is apparent producing identical

spectra forms. 

Figure 8 illustrates the longer wavelength of the emission spectra compared to the

absorption spectra. By using the equation E=h/8 it is evident that a longer wavelength

corresponds to less energy. This energy must be dissipated in some other way than

photon emission. It is possible for an excited electron to move down to the ground state

without photon emission. This is referred to as a non-radiative event as depicted in Figure

7.

The ratio of the number of photons emitted to the sum of total photons absorbed is

the quantum yield [30].Quantum yield is calculated by using Equation 5. Kr and Knr are

the rate constants of radiative and nonradiative events respectively. Knr only considers

Figure 8 - Absoption/Emission Spectra of
Rhodamine
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non-radiative events from S1 to S0. Referring to Figure 7, this process is depicted. Internal

relaxation events are not considered in calculating quantum yield.

The quantum yield of a molecule can reach near 1 if Knr<<Kr . Such is the case for

the fluorophore rhodamine. Note that the quantum yield can never reach 1 due to Stoke’s

loss [30]. Quantum yield is one of the most important attributes when choosing a

fluorophore for a specific application. The other essential parameter to consider is the

lifetime. 

Lifetime is the average time a fluorophore spends in the excited state before

returning to the ground state[30]. Typical fluorescence lifetimes are on the 10ns

timescale. The lifetime for the fluorophore depicted in Figure 8 is defined in Equation 6.

Fluorescence decay is a random process and thus Equation  6 refers to the average

of time spent in the excited state. For a single exponential decay process as illustrated in

Figure 17, 63% of the molecules have decayed at t=J and the remaining 37% decay at

t>J. The intrinsic lifetime is the lifetime of fluorophore in the absence of non-radiative

process and is described by Equation (7).
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The intrinsic lifetime can also be calculated by combining equations 5-7, or by

using the emission spectra, absorption spectra, and extinction coefficient of the

fluorophore. Often the two calculations do not yield the same results. This is due to a

number of factors that influence the natural lifetime such as solvent effects, refractive

index change, and changes in the excited-state geometry. Lifetime measurement can be

very difficult and requires the use of sensitive spectrometers with high sampling rates.

The information gathered from lifetime measurement can provide a wealth of information

otherwise unaccessible.  By using both quantum yield and lifetime measurement a

number of fluorescent probes have been developed  to monitor various physical

properties of the membrane bilayer.

Fluorescent probes have been employed to monitor the polarity, pH, temperature,

physical phase and viscosity of membranes. Fluorescent methods provide a level of

detection unavailable to mechanical methods by being able to penetrate within the core of

the membrane. Current methods to monitor intermembrane viscosity provide temporal

and spatial resolution that far surpass mechanical methods. With advances in imaging

and probe modification, fluorescent viscosity measurement has evolved from its humble

beginnings.

One of the earliest techniques of fluorescent viscosity measurement is

Fluorescence Recovery After Photobleaching (FRAP)[31]. This technique determines the

diffusion coefficients in the two dimensional realm of the plasma membrane. In the

procedure, the membrane of interest contains a fluorescent probe with a known

hydrodynamic radius. A small defined spot on the membrane is exposed to a  high
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intensity laser beam for a few milliseconds, and returns to a low intensity. The

fluorophores in the spot area are destroyed by photobleaching. Photobleaching is the

destruction of a fluorophore with high light intensities. This process then creates free

radical fragments of the fluorophore in the photobleached spot. From here, surrounding

dye particles then migrate into the photobleached spot and fluorescence recovery occurs.

Fluorescence recovery is monitored at the spot with camera imaging until the

fluorescence increase at the photobleached spot becomes stable within seconds. 

This procedure assumes a Gaussian distribution of photons within the defined

spot area [31]. Often the excitation beam is attenuated through a neutral density filter so

as to confine the spot area and not photolyze surrounding areas. The normalized

fluorescence recovery for a Gaussian intensity profile is governed by Equation 8 [31].

In Equation 8, JD is the 2-D characteristic diffusion time which is related to the 

2-D diffusion coefficient (D) by Equation 8 [31]

where T is defined by half the width of the Gaussian profile of the focused laser

beam at e-2 times the height of the profile. The diffusion coefficient is defined by

Equation 9 [31].
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Equation 9 relates the diffusion coefficient (D), to Boltzmann’s constant (k),

temperature (T), the effective radius (r), and the viscosity of the medium (0). Thus, from

back calculations, the viscosity of the medium can be calculated. This method was

recently employed to study effects of plasma membrane viscosity on the GTPase Ras

[32].

In this investigation, Green Fluorescent Protein was used tagged with Ras

derivatives and transfected into COS-7 cells. The molecular probes DiIC16, DiIC18 are

viscosity sensitive probes that were used as reference probes. These probes exhibit

known changes in diffusion rates that arise from interactions with the lipids present. The

diffusion of these probes were compared to that of the Ras derivatives. The COS-7

cholesterol content was either loaded or depleted and the effects on lateral diffusion of

the Ras and the DiIC16 and DiIC18 were measured.

It was first found that acute overloading and depleting the cholesterol content

significantly alter the plasma membrane cholesterol levels. The cholesterol content was

confirmed by filipin staining. Secondly, altering the cholesterol levels lead to a

redistribution of both the Ras and the reference probes in their respective cells.

The FRAP experiments showed that the DiIC16 and DiIC18 diffusion rates were

unaffected by cholesterol depletion (low viscosity conditions) but lowered by acute

cholesterol loading (high viscosity conditions). The lateral mobility of the Ras was

lowered by both the acute loading and acute depletion of cholesterol.  

FRAP has played an important role in membrane mechanics investigations. This

method has some limitations in studying the effects of viscosity changes. One drawback
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is the small area of analysis. The poor spatial resolution limits the ability to the study the

entire membrane. A small spot size will provide a poor signal-to-noise ratio while a

larger spot size lowers the resolution of the technique. A balance must be struck to meet

these to criterion.

Besides issues with accuracy, this technique induces physical changes to the

membrane system. High intensity laser pulses can have damaging effects that may alter

local viscosity conditions. This effects may include but are not limited to, cross linking of

membrane proteins, damaging the membrane through thermal stress,  peripheral

photobleaching outside the region of interest and free radical formation due to photolysis.

It is because of these effects that the amount of error in this method is a direct function of

the beam radius applied. This technique has been validated as effective means for

viscosity measurement and made significant contributions to cell physiology. All

fluorescent probe measurements have limitations and some of the considerations

connected with FRAP can be circumvented with other methods. 

Fluorescence anisotropy is another popular method for membrane investigations.

When a polarized light source is used to excite a population of special fluorophores, a

fraction of the resulting emission is also polarized. The measure of this polarization is

described as anisotropy [3]. Polarized emission from a sample is characterized as having

nonzero anisotropies. Anisotropy arises from a preferential excitation for those

fluorophore who have their transition moment aligned with the electric vector of the

polarized excitation wave. Therefore, the excitation process is not random. The amount

of excited molecules oriented to the vector plane is instead larger than those not.



25

Depolarization events can occur for a variety of reasons. Rotational diffusion is

one of the main causes of emission depolarization and is of special interest for viscosity

investigations. A fluorophore in the excited state will rotate from the original orientation.

The extent of this rotation is dependent on molecule size and shape, as well as the solvent

viscosity. An excited fluorophore in a low viscosity solvent will be able to rotate quicker

resulting in an almost completely depolarized emission or in other words an anisotropy of

0. 

To observe this effect in solution a sample is excited with vertically polarized

with respect to the z-axis. The resulting emission is then passed into a beam splitter

where polarizing filters are oriented parallel and perpendicular to the excitation beam

respectively. The intensity from both of these sites are then used to calculate the

anisotropy. A typical apparatus is shown in Figure 9.
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By measuring the intensity from both I2 and Iz the anisotropy, which is a

dimensionless measurement, can be calculated with Equation 10. The dimensionless r can

be used to qualitatively measure changes in membrane viscosity. 

Investigators have used the polarization sensitive qualities of the fluorescent

probe DPH (1,6-diphenyl-1,3,5-hexatriene) to probe membrane viscosity in a number of

ways. One recent study employed DPH to measure the ability of aniracetam to reverse

the effects of both amyloid-$ and aging on membrane fluidity in the brain [33]. A

decrease in membrane fluidity has been reported as a result of aging [34] and amyloid-$

Figure 9 - Typical Apparatus for
Measuring Anisotropy

r
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[35] in mouse brain. It is believed that aB plays a role in cellular calcium signaling and

the impairment of oxidative stress [36]. The ability of aniracetam to restore these effects

were studied on the frontal cortex and hippocampus synaptosomes using the lipophilic

probe DPH. 

Brain matter portions  were first exposed to a $ amyloid precursor. It was found

that the addition of aniracetam reversed the reduction in membrane fluidity induced by

a$. Figure 10 highlights effects on the anisotropy of DPH and in turn the restoration of

membrane fluidity levels to near original levels.

It was also found that with increasing concentrations of aniracetam, Ca levels

were also restored to near control levels. The results of this study suggest that aniracetam

may be helpful in restoring decreases in membrane viscosity experienced from the

production of a $ and from aging. DPH anisotropy is an effective method for

qualitatively characterizing mechanical properties of the membrane. Anisotropy provides

only a limited view of the physical properties. By monitoring other properties, such as

Figure 10 - Effects of Aniracetam on Frontal Cortex and Hippocampus Synaptosomes
[33]
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membrane water content, membrane viscosity can be better understood. Laurdan is a

fluorescent probe that has been used frequently in recent membrane investigations.

The polar sensitive properties of the fluorescent probe Laurdan (6-dodecanoyl-2-

dimethylaminonapthalene) have been used to investigate the physical properties of

phospholipid bilayers [37]. Laurdan has been shown to be sensitive to changes in solvent

polarity and temperature.  This particular study investigated the abilities of Laurdan to

quantify the effects of gel and crystalline phases of the lipid bilayer. As described in this

chapter, the rotational rate of the fluorescent probe is a function of the local viscosity as

well as temperature. The polarity sensitive attributes are believed to arise from a post-

excitation orientation of the probe in respect to the surrounding polarity. The polarity

conditions are dependent on the amount of water present within the membrane. By

quantifying the amount of water present, estimations about local viscosity can be made.

As membrane water increases, membrane viscosity decreases.  

An interesting feature of this probe that a change in polarity will result in change

in the spectral width of the emission [38]. To quantify these spectral shifts, Equation 11

is used to measure the generalized polarization of the probe in response to quantify

changes in lipid phase domain. In this equation, IB and IR are the maximum intensities at

the red and blue edges respectively, of the emission spectra. IB and IR represent the

absence and presence of polar molecules respectively.

GP I I
I I

B R

B R

=
−
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Laurdan has shown sensitivity to mixtures of lipid compositions. Spectral shift

arises from the different polarities present within the separate membranes. By measuring

intensity shifts, the same governing equations used for DPH can be used to quantify

changes in membrane viscosity. The dependency of anisotropy on multiple physical

phenomena complicate the calculation of viscosity conditions.  

Fluorescence anisotropy has made significant contributions to cell physiology and

bringing a greater understanding to cellular mechanics. This technique does however

have many limitations in relation to membrane viscosity studies. The rate of rotational

diffusion is dependent on a variety of properties. For the membrane probe DPH, chemical

composition of the membrane along with the phase state will affect the anisotropy

measurement. Anisotropy measuremements are often provide weak signal and this weak

signal-to-noise ratio is worsened by the polarizing filters required for signal processing.

Often the signal collection time is very short due to photobleaching of the dye. Molecule

size and shape, temperature, and resonance energy transfer all combine to affect the

anisotropy.  An exciting alternative to both fluorescence anisotropy and FRAP, is the use

of molecular rotors for the investigation of membrane viscosity.

Molecular rotors belong to a family of fluorophores called Twisted Intermolecular

Charge Transfer complexes or T.I.C.T. molecules [39]. These molecules possess the

ability to rotate along an internal axis during excitation. This rotation is simply a non-

radiative decay process that is an additional pathway for excited electrons.  The amount

of rotation is directly proportional to the surrounding microviscosity.  
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Most molecular rotors are derivatives of the p-(dialkylamino)-

benzylidenemalonitrile group. Common molecular rotors are 9-(dicyanovinyl)-julolidine

(DCVJ) and 9-(2-carboxy-2-cyano)vinyl julolidine (CCVJ) which are depicted in Figure

11.

The intrinsic rotation is a photoinduced electron transfer from the julolidine to the

present nitrile group. The rotation occurs along the julolidine-vinyl bond which leads to

the viscosity sensitive attribute [40]. Steric hindrance of the molecular rotor is governed

by the local free volume [40]. As the local viscosity increases (low free volume) the

decay process is shifted towards a higher frequency of radiative decay events. Thus

fluorescence emission increases in the presence of high viscosity conditions. 

TICT molecules have been investigated for more than 40 years. Z.R. Grabowsky

first formulated the TICT hypothesis in 1973 [41]. Forster and Hoffman are responsible

for determining the governing equation between quantum yield and local viscosity [42].

This power law relationship was proven both analytically and experimentally. The

N

CN

CN

N

CN

R-O O

CCVJ DCVJ
Figure 11 - The Molecular Rotors
CCVJ and DCVJ
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mathematical relationship between quantum yield M and viscosity 0 is shown in the 

Forster-Hoffmann equation, (Equation 12), where C is a temperature dependent constant

and x is a dye specific constant [43]. 

The viscosity sensitive abilities of molecular rotors have been proven

experimentally [40]. An experimental proof of the Forster-Hoffman equation is provided

in Figure 12. The graph below depicts the molecular rotor DCVJ in different mixtures of

ethylene glycol and glycerol to provide different solution viscosities. The viscosity

increases with the glycerol content and a corresponding increased emission intensity is

observed. 

Calibration of the rotor system can be made with the use of the emission spectra

from samples with a known viscosity. If the absorbed light intensity Iab is known, the

log logΦ = +C x η (12)

Figure 12 - Viscosity Dependent Emission of DCVJ
[40]
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emission intensity and quantum yield are proportionally related through Iem " Iab M [44].

Dye concentration needs to be considered in viscosity calculations. At low dye

concentrations a linear relationship occurs between dye concentration and Iem.

Determining the temperature constant C is possible yet impractical. Relative changes in

viscosity can be measured by relating two emission intensities with two corresponding

viscosities. Assuming constant temperature, constant absorption, and negligible

background light, Equation 13 can be obtained by eliminating C [45].

If I1 is found for a solution with a known viscosity 01, Equation 13 can be used

with the experimentally gathered I2 to determine the unknown viscosity 02. Membrane

viscosity measurements are highly location specific and optimal placement is required for

accurate measurements. 

One distinct advantage of molecular rotors over mechanical viscosity

measurement is the low sample volume needed for analysis. The nanosecond response

time of the photoinduced rotation allows for high speed measurement of minute changes

in viscosity. With the use of fixed wavelength filters, intensity can be measured within

fractions of a second.
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As with all quantitative fluorescent methods, molecular rotors are associated with

some challenges. Lifetime measurement would be the ideal method for estimating the

quantum yield of the rotor. Currently, lifetime fluorophotometers for fluorophores with a

sub nanosecond lifetime are uncommon and can be quite expensive. The most cost

efficient and practical method for lifetime estimation is steady-state fluorescence.

There are a number of factors to consider when calculating viscosity from

quantum yield. Unfortunately, the quantum yield of the rotor is not totally dependent on

local viscosity. The rotor-containing solvent may absorb excitation or emission light, or

may be scattered by small particles in turbid fluids. By measuring fluid absorption and

scattering, these effects can be accounted for. Another consideration is the local dye

concentration is calculating viscosity change from quantum yield. By measuring

absorption of the fluid at the excitation wavelength, it is possible to account for

concentration effects as well.

The emission intensity of a molecular rotor is dependent on both dye

concentration and viscosity. Absorbency is a viscosity-independent function and is only

dependent on dye concentration. By accounting for dye concentration, scattering and

absorption, viscosity can be calculated from emission intensity by Equation 14 [46]. 

In this equation, Iem is the measured and corrected intensity, 6 is the reciprocal of

x in Equation 12, and > is a proportionality constant that depends on the above correction

factors as well as on the instrument itself. > is affected by excitation intensity, emission

η ξ κ= IEM (14)
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collection efficiency, amplifiers, and other instrumentation affects. > is determined by

calibration of fluids with known viscosity.

Molecular rotors have a distinct advantage over mechanical measurement devices

in that they can be chemically modified to be application specific. The molecular rotors

fluorescence arises from the electron transfer that occurs between the nitrogen donor and

the nitrile acceptor. Thus, the rotor can be modified with targeting elements without

affecting the photoinduced rotation leading to the viscosity-sensitive properties. The

general form of a molecular rotor is shown in Figure 13.

Molecular rotors have been modified with a variety of functional groups for

specific applications. DCVJ had been previously used in membrane viscosity

investigations. While this rotor was effective in probing intermembrane viscosity, the dye

also had a high binding affinity for the cell cytoplasm and tubulin structures [47]. A new

fluorescent probe was designed that could exhibit a higher affinity for the cell membrane

[47]. 

N

CN

R-O O

Figure 13 -
Molecular Rotor
Base
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An array of CCVJ derivatives were created by attaching long-chained alcohols to

the carboxylic acid portion through an ester bond. Among the group of long chained

alcohols attached was a Farnesyl. Farnesyl is composed of there isoprenyl groups and

isoprenyl groups have been reported to aid localizing membrane bound proteins. The

reaction mechanism by which this rotor is formed is shown in Figure 15. Upon successful

synthesis, the physical properties of FCVJ were compared to other molecular rotors.

FCVJ was shown to have preferential staining of the cell membrane compared to

that of DCVJ. A 20-fold increase in response to shear stress was reported for FCVJ

compared to DCVJ. The absorption/emission spectra were close to the measured spectra 

for DCVJ. It was found that the FCVJ also exhibited a higher resistance to

photobleaching than DCVJ. 
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Figure 14 - Synthesis of FCVJ [47]
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FCVJ has demonstrated preferential placement in the membrane over both CCVJ

and DCVJ. The ability of FCVJ to seek placement within the lipid bilayer arises from the

bilayer affinity for the iosprenyl chain present on the farnesol. The optimal placement of

this rotor within the hydrophobic core of the lipid bilayer lends itself as an excellent tool

for monitoring intermembrane viscosity. 

Often intermembrane viscosity measurement is affected by integral proteins, cell

receptors, and ion channels. To observe the effect of a desired solvent or drug, a pure

membrane modeling system should be used. Liposomes are commonly used in membrane

mechanics investigations and provide a solid model to study effects on the phospholipid

bilayer.
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CHAPTER 3 

 Liposomes in Membrane Investigations

A liposome is simply any lipid bilayer structure that enclose an aqueous volume.

phospholipids are commonly employed but not required. In mixed phospholipid systems

the mix of lipids is described in terms of mole ratio. Liposomes are described in terms of

the number of layers present and the total volume enclosed. The first liposomes formed in

a laboratory were multilamellar vesicles (MLVs) [48]. These were concentric lipid layers

that from shell shape structure. If the lipid solution is sonicated, single unilamellar

vesicles (SUVs) are formed. These vesicles have a diameter in the range of 25-50 nm.

There are a number of limitations for both of these vesicle systems. Large unilamellar

vesicles are the third type of vesicles that can be formed. LUVs typically range from 100-

500 nm in diameter. The three types of liposomes are depicted in Figure 15. 

 There are a number of ways liposomes can be produced. The lipid combination is

dependent on investigator preference along with application specifics. Both the charge

and lipid composition determine the size of the liposome.  Common methods include

Figure 15 - Different Liposome Sizes



38

lipid film hydration/sonication and electroformation. A common lipid film hydration

protocol consists of dehydrating a solution of lipid dissolved in chloroform under a

nitrogen stream in a glass tube. The tube is then filled with the desired amount of

formation solution and gently vortexed to form MLVs. If SUVs are desired, the solution

is sonicated.

An alternative to this method is the electroformation process. In a typical

protocol, the lipid/chloroform solution is deposited on parallel platinum wires. A uniform

AC electric field is then applied to the wires in the presence of the formation solution.

The formation is monitored under light/fluorescence microscopy and the AC field is

stopped when the desired diameter is reached. Once again, the signal strength and

duration of the field are dependent on the lipid used. The electroformation process has

been shown to produce more LUVs with fewer defects compared to the

hydration/sonication method [49].

The pure lipid bilayer structure have made liposomes an attractive model for a

variety of applications including, drug delivery systems [50], and miniature bioreactors

[51]. The most popular use for liposomes has been the use of liposomes as a model to

investigate mechanical properties of the cell, including membrane viscosity [52].
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CHAPTER 4

Experiment Design and Rationale

It is evident that changes in membrane viscosity are of great significance to

understanding cellular responses. As discussed in Chapter 1, the mechanical methods

employed to measure intermembrane viscosity are limited and provide poor temporal and

spacial resolution. Logically, fluorescent probes lend themselves to be the most

reasonable method for investigation of microviscosity within the membrane. With these

facts in mind, the choice was made to use the molecular rotor FCVJ to measure

membrane viscosity changes in a liposomal system.

Liposomes formed from 1,2-Dilauroyl-sn-Glycero-3-Phosphocholine (DLPC)

were chosen because their size is similar to the human cell diameter (7-15 um). An

electroformation protocol was used to produce large unilamellar vesicles.  To measure

intermembrane viscosity change, the rotor must be placed within the hydrophobic core of

the membrane. Chapter 2 highlights the farnesol group present on the rotor. The affinity

of the membrane for the isoprenyl chain along with the hydrophobicity of the dye forces

the rotor into the hydrophobic core of the membrane during formation.

After the liposome formation is complete, the rotor will be in the core of the

membrane. To check this fluorescence spectroscopy is used to image the vesicles.  Upon

confirmation of rotor placement, the liposomes can be used in viscosity altering

experiments. 

The first set of experiments are to investigate the effects of alcohols and organic

solvents on the membrane. Short chained alcohols were chosen because of the extensive
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evidence to prove that alcohols reduce membrane viscosity [53]. The degree by which the

viscosity is a direct function of carbon chain length. Traube’s rule states that with each

additional methyl group, the potential energy increases three fold, which results in a

linear trend in the effect on membrane viscosity [53]. 

Continuing with trying to achieve this desired reduction in viscosity the organic

solvent Dimethyl Sulfoxide was chosen in the investigation. Evidence suggests that

DMSO induces the formation of water pores within the membrane leading to a reduction

in viscosity [54]. The other organic solvent tested was cyclohexane. The hydrophobic

nature of this solvent made the study of the effects on membrane viscosity quite

appealing.

To observe increases in membrane viscosity, liposomes were formed with

cholesterol. In the membrane, cholesterol acts as a spacer between the polar heads in the

membrane [2]. The resulting effect is an increase in membrane viscosity. Cholesterol was

chosen for its well documented effects on membrane viscosity as well as the great

importance in many biological processes. Due to the hydrophobic nature of sterols, the

cholesterol must be mixed with the lipids prior to the formation step. 

Many pharmaceuticals today function by altering the mechanical properties of the

membrane. With this in mind, the effects of two widely used pharmaceuticals, nimesulide

and tamoxifen, on membrane viscosity were investigated. Both are hydrophobic and must

be introduced to the lipid prior to electroformation.

CHAPTER 5

 Materials and Methods
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5.1 Liposome Electroformation Protocol

An electroformation process was chosen to produce single unilamellar vesicles

(SUV’s). The electroformation has shown to produce more SUV’s with less defects

compared to  the more classical lipid film/hydration protocol [49]. The liposome

electroformation took place in a chamber as illustrated in Figure 16.

5.1.1 Chamber cleaning

• Chamber brushed with alconox and water

• Rinse with water/methanol 1:1

• Sonicate the chamber in Alconox/Water/Methanol 1:1:1 for 15 minutes

• Rinse with methanol/water 1:1

• Sonicate the chamber in Water/Methanol 1:1 for 15 minutes

• Rinse with methanol/water 1:1

• Rinse with deionized water

5.1.2 Syringe Cleaning

• Prepare 2 ml glass syringe by rinsing with chloroform 10-15 times

Figure 16 - Liposome
Electroformation Chamber
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• Allow to air dry

5.1.3 Lipid Preparation

• Add 10 ul of 2.5 mM FCVJ to 200 ul DLPC(Avanti) in a glass vial

• Gently vortex

• Withdraw lipid/rotor solution into glass syringe

• Deposit lipid/rotor solution onto platinum wires in formation chamber in

small dots until the syringe is empty

5.1.4 Stock Sucrose Solution  Preparation

• Prepare 500 ml of 250 mM sucrose (Sigma) solution in ddH20

5.1.5 Chamber Preparation

• Place chamber and sucrose solution under vacuum for 15 minutes

• Remove the chamber, keep sucrose under vacuum

• Adhere 2 glass slides to the chamber with vacuum grease (Dow) making

sure not to contaminate the electrodes with the grease

• Place the chamber in the metal clamp

• Remove sucrose solution from vacuum

• Fill 2ml plastic syringe with sucrose solution

• Fill chamber with sucrose solution .2 mL

5.1.6 Electroformation

• Place the chamber on the microscope stage

• Attach alligator clips from function generator to platinum wires
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• Turn on the function generator and set the frequency to 10 Hz

• Set amplitude to 1 V

• Feed signal for 10 minutes

• Lower frequency to 1 Hz

• Feed signal for 7 minutes

• Turn off the function generator

• Extract the liposome suspension with clean 2 mL syringe

• Deposit liposome suspension into microcentrifuge tube
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5.2 Experiment Setup - Alcohols and Organic solvents

5.2.1 Control Group

• Pipette into 950 :L of stock sucrose solution in a 1.5 ml plastic

microcuvette

• Pipette 50 :L of liposome suspension into the sucrose solution

• Cap the cuvette

• Gently vortex

• Repeat for 10 control samples

5.2.2 Experimental Group

• Prepare 2% (v/v) methanol(Sigma)/stock sucrose solution

• Pipette 950 :L of methanol/sucrose solution into 1.5 ml

microcuvette

• Pipette 50 :L of liposome suspension into the methanol/sucrose

• Cap the cuvette

• Gently vortex 

• Repeat for 10 experimental samples

• Repeat for ethanol(Sigma) and propanol(Sigma)

5.2.3 Steady-State Fluorescent Spectroscopy

• Place the control and experimental groups in a temperature

controlled turret (Quantum Northwest - TC 425)

• Alternate samples between control and experimental to account for

time effects
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• Set temperature turret to 30oC

• Place turret into fluorospectrometer (Jobin-Yvon FluoroMax-3)

• Excite at 460 nm

• Record emission spectra from 470-600 nm

• Repeat steady-state fluorescence spectroscopy procedure 

• Repeat entire procedure for desired alcohol or concentration

5.3 Experiment Setup - Organic Solvents

5.3.1 DMSO Group

• Prepare 10 control samples as previously described

• Prepare a 30 mol% DMSO(Sigma)/250 mM sucrose solution

• Pipette 950 :L of DMSO(Sigma)/250 mM sucrose into a 1.5 mL

microcuvette

• Pipette 50 :L of liposome suspension into the cuvette

• Cap the cuvette

• Gently vortex

• Repeat steady-state fluorescence spectroscopy protocol

5.3.2 Cyclohexane Group

• Prepare 10 control samples as previously described

• Prepare a 2% (v/v) cyclohexane (Sigma)/ 250 mM sucrose solution

• Pipette 950 :L of cyclohexane/sucrose into a 1.5 mL microcuvette

• Pipette 50 :L of liposome suspension into the cuvette

• Cap the cuvette
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• Gently vortex

• Repeat steady-state fluorescence spectroscopy protocol
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5.4 Experiment Setup - Pharmaceutical Group

5.4.1 Nimesulide Liposomes

• Prepare 10 control samples as previously described

• Add 10 :l 10mM nimesulide (Sigma), dissolved in methanol

(Sigma), to 180 :l DLPC

• Pipette 10 :L 2.5 mM FCVJ into DLPC/Nimesulide

• Repeat Electroformation process

• Prepare 10 samples of 50 :l nimesulide liposomes in 950 :l

sucrose (250 mM)

• Repeat steady-state fluorescence spectroscopy protocol

5.4.2 Tamoxifen Liposomes

• Prepare 10 control samples as described earlier

• Add 20 ul of .05 mol% Tamoxifen (Sigma)/Chloroform (Sigma) to

180 ul DLPC (Avanti) into glass vial

• Pipette 10 ul of 2.5 mM FCVJ into Tamoxifen/Chloroform/DLPC

• Gently rotate while drying with nitrogen stream

• Evaporate under vacuum for 10 hours

• Add 10 ul of stock sucrose solution for 10 minutes

• Add 2 ml of stock sucrose solution and incubate at 37oC for 4

hours

• Sonicate in water bath for 10 minutes
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• Prepare 10 samples of 50 :l tamoxifen liposomes in 950 ul sucrose

(250 mM)

• Repeat steady-state fluorescence spectroscopy protocol

• Repeat tamoxifen liposome protocol for .1, .5, 1, 2, 4, 7.5, and 15

mol%

5.5 Data Analysis

• Graph Pad Prism was used to perform statistical analysis

• The peak intensity is taken from each sample

• The peaks are then averaged for the group

• The control and treatment mean intensities are then plotted along with the

standard deviation

• In a single variable experiment, the groups are checked for statistical

significance using the student’s T-test

• In multiple variable experiments, the ANOVA is used for statistical

analysis with a one-tailed post test.
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CHAPTER 6

Results and Discussions

The first step in the procedure protocol is to verify the placement of the rotor

within the lipid bilayer. This is done with fluorescence microscopy. Figure 17 highlights

the rotor placement within the membrane. The rotor is successfully integrated within the

bilayer as seen in the image.

The first set of experiments investigate the effects of alcohol on membrane

viscosity. The effects of alcohols on the membrane are well documented and have all

shown to reduce membrane viscosity [55] . As the short chain alcohol enters the

Figure 17 - Liposomes with FCVJ Incorporated into the Membrane Viewed at 10x
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membrane, the nonpolar chain intercalates with the headgroup of the phospholipid

leading to an increase in disorder which is responsible for the decrease in viscosity [53]. 

In Figure 18 the 2% (v/v) Methanol/Sucrose solution produces no significant

effects (<1%) on the membrane viscosity. This is not surprising given the low interfacial

energy arising from the single carbon bond as well as the small concentration used.

 

The next experiment set was to investigate the effects of ethanol on the

membrane. A more significant effect was expected and as Figure 19 illustrates, the

reduction of 8.7% is more pronounced in the ethanol group. As expected, the addition of

a single methyl group on the straight chained alcohol produced a larger decrease in the

rotor intensity. The corresponding decrease in intensity is relative to the decrease in

viscosity induced by the alcohol.

Methanol

Control 2%(v/v) Methanol
0
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5.0×105

7.5×105

1.0×106

1.3×106
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Figure 18 - Methanol Effects 
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Continuing the trend, propanol was the next alcohol tested. As expected, Figure

20 shows a decrease in intensity of 13.8%. The effect was more profound than the

previous two alcohols as predicted. 

Ethanol

Control 2% (v/v) Ethanol 
0

5.0×104

1.0×105

1.5×105

2.0×105

2.5×105

p=.0301
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Figure 19 - Ethanol Experiment Results,
N=10

Propanol
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Figure 20 - Propanol Experiment Results,
N=10
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This occurrence follows Traub’s Rule which states that with the addition of a

single methyl group on an alcohol, the effect on the membrane increases by

approximately 33%. Figure 21 illustrates the relationship between carbon chain length

and decrease in viscosity. 

As Figure 21 confirms, the longer the carbon chain, the more profound effect on

the membrane viscosity. To test the resolution of the FCVJ, a concentration gradient

experiment was designed using propanol to determine the resolution. Propanol was

chosen for having the most profound effect, a 13.8% reduction, on membrane viscosity as

found from the alcohol experiments. In this experiment, concentrations of 2% (v/v), 1%

(v/v), 0.5% (v/v), and 0% (control) were all tested. All of these liposomes were from the
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Viscosity Change (R2=.9779)
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same batch to account for concentration effects. Figure 22 illustrates the results of our

experiment.

From this experiment it is shown that the method presented is sensitive to even

minute changes in viscosity. Figure 23 demonstrates the high resolution and sensitivity to

minute changes in viscosity. The linear relationship between concentration and relative

viscosity change is shown in Figure 23. 

Control .5% 1% 2%
5.0×105

6.0×105
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**: ANOVA/Dunnett's: p<0.01 vs. control
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Figure 22 - Propanol Dose Response, N=10
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The data presented is in agreement with numerous publications citing the effects

of short chain alcohols on the membrane. Our data demonstrates the high sensitivity to

concentration as well as the linear relationship exhibited between carbon chain length

and effects on viscosity. The effects of organic solvents on the membrane were the next

area of investigation.

DMSO has been shown to spur the formation of water pores within the membrane

[54]. The amphiphilic nature of this molecule draws the DMSO molecule to the lipid-

water interface of the membrane. This nature draws the molecule to occupy a space under

the polar heads of the membrane. This action in turn increases spacing within the

membrane leading to water pores, and ultimately an increase in permeability [54].  This

same action also causes the membrane to become more pliable which would one would
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ration would equal a decrease in viscosity. The next set of experiments investigates this

theory.

Figure 24 illustrates the 9.2% reduction in intensity compared to control. This

suggests that the addition of DMSO to solution produces a reduction in membrane

viscosity which follows our hypothesis. The other organic solvent tested was

cyclohexane. One would assume the ring structure of cylcohexane would make it nearly

impossible to dissolve into solution. This is the case for most concentrations, however

very small amounts can be successfully dissolved into solution. The mechanism by which

this happens is a reorientation of the water bonds in solution to surround the cyclohexane

molecules [2]. The resulting formation is a water cage. It is by this mechanism in

DMSO

Control 2% (v/v) DMSO
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Figure 24 - DMSO Experiment Results,
N=10
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combination with vapor pressure by which the dissolution of cyclohexane was possible.

Figure 25 illustrates the results of our experiments.

From the results, it is evident that the cyclohexane affected membrane viscosity in

a profound manner. The 18.2% reduction in viscosity is both drastic and statistically

significant. It is believed that the amount of cyclohexane used (2% v/v) was small

enough to successfully dissolve into the stock sucrose solution. 

As discussed in Chapter 1, cholesterol plays a central role in controlling cellular

processes through the action of the membrane. Cholesterol acts as a separator in the

membrane leading to an increase in viscosity [2]. In this experiment set, liposomes were

formed with a 30 mol% cholesterol/lipid mixture. Liposomes with no cholesterol in the

membrane were used as the control set. 

Along with cholesterol, the arthritis drug nimesulide must be given special

consideration during the formation process. Nimesulide is a cyclooxygenase (COX-2)
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Figure 25 - Cyclohexane Experiment Results, N=10
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inhibitor commonly diagnosed to prevent inflammation as a result of arthritis. The COX-

2 inhibitor works by interfering with prostaglandin synthesis and as a result curbs

inflammation. Nimesulide has been shown to cause gastric side effects and the cause of

this phenomenon is not well understood [56]. Upon contact with cells, the nimesulide is

believed to bury deep within the hydrophobic core of the membrane [56]. Due to this

hydrophobicity, the nimesulide needs to be introduced prior to the electroformation

process. Figure 26 highlights the experiment results from both the cholesterol and

nimesulide experiments. 

The results for both the cholesterol and nimesulide show an increase in viscosity

compared to control. The cholesterol group reports an increase of 18%, while the
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Figure 26 - Nimesulide and Cholesterol Experiment Results, N=10
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nimesulide shows a 41% increase in intensity. This follows the hypothesis that because of

their hydrophobic nature and increased packing within the core, the membrane viscosity

will be increased. 

The most complicated investigation in this project was the effects of tamoxifen on

membrane fluidity. Tamoxifen is an anti-cancer drug that has been in popular use since

the 1970's. Tamoxifen acts in a number of ways on the mechanical properties of cells

including both beneficial and harmful side effects. One of the unique properties of this

drug is that it acts like estrogen in some tissues while the opposite effect is observed in

other tissues. Tamoxifen has been found to prevent free-radical oxidation in both

biological membranes and liposomes [57]. It is believed this ability arises from the sterol

groups on the tamoxifen molecularly modulating the fatty acid side-chains on the

phospholipid tails [58]. However, membranes have been observed to become resistant to

the drug’s membrane altering properties over time. This mechanism is unknown and it is

believed that this is a result of a cellular mechanical modulation of the membrane.

Further investigation of the effects on membrane viscosity may help answer some of

these questions.

To date, there have been conflicting reports on tamoxifen’s effect on membrane

viscosity. Previous studies on membranes and model systems found that tamoxifen

caused a disordering effect in the bilayer, leading to an increase in chain flexibility [59-

61].   The majority of studies have reported the stabilizing effects of tamoxifen on the

bilayer leading to an increase in membrane viscosity. One article found that membrane

viscosity of DPPC liposomes was increased at low concentrations (1 mol%) and
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decreased at higher concentrations (30 mol%) [62]. Some literature suggests an increase

in viscosity while one paper reported that with small concentrations, viscosity decreases,

then increases as concentration passes 2 mol%. With these reported findings, this seemed

like an excellent experiment to investigate the sensitivity of our viscosity-sensitive rotor.

As stated earlier, tamoxifen is exhibits high hydrophobicity. This requires the addition of

the drug to the lipid prior to the electroformation process in a similar manner to the

cholesterol and nimesulide experiments. It was found that the extreme hydrophobic

nature of this drug caused the lipid to cling to the platinum wires making evacuation of

the chamber nearly impossible. To remedy this, an alternate liposome formation protocol
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was utilized. An adapted lipid film formation protocol was used in place of the

electroformation protocol. One distinct advantage of this method is a tighter control of

dye concentration. The results of the experiment are shown in Figure 28. 

Figure 28 shows that a general trend towards an intensity increase is observed

compared to control in all groups. One important note is that two independent control

groups were used in this study. The lack of a defined linear trend may have to do with

solution effects as the concentration increased. There were significant solubility issues

once the 2.0 mol% threshold was passed. Because of these solubility issues, turbidity

effects are more pronounced in the concentrations over 2 mol%. Also upon investigation,

it was found that tamoxifen exhibited autofluorescence which may have impacted our

results. Figure 28 highlights these results. 
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The results of the tamoxifen scan show a fluorescence peak occurring at 507 nm.

It is reasonable to assume that the fluorescent properties of this drug affected the

spectrofluorometer readings and in turn our viscosity calculations in a concentration

dependent manner. 
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Figure 28 - Autofluorescence Scan for Tamoxifen in DMSO
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CHAPTER 7

Conclusion and Future Research Suggestions

Our results conclusively show that the molecular rotor FCVJ was successfully

integrated into the hydrophobic core of the liposomal membrane. Upon integration into

the core, the rotor showed sensitivity to changes in local viscosity through multiple ways.

The statistical significance obtained for each group is conclusive evidence that this is an

effective system for monitoring the effects of membrane altering agents. 

As in all experimental methods, this system does have limitations. One factor that

is hard to control is the effect of concentration on the intensity. This effect was

minimized by using liposomes from the same batch in both the alcohol and short chain

alcohol experiments. Future work will include the use of ratiometric dye systems that

account for the concentration effects while still providing a viscosity sensitive molecular

probe.

In this system a viscosity insensitive dye is covalently linked to a viscosity

sensitive molecular rotor [40] . By choosing the appropriate linker length, the distance

between the two dyes would be in the proximity to the Forster distance. By choosing two

dyes with spectral overlap, resonance energy transfer will take place. This provides a

reference concentration in order to account for concentration effects [40]. 

The reference dye, or viscosity insensitive portion, is a coumarin linked to the

molecular rotor portion. Figure 29 depicts the ratiometric dye system to be used in future

membrane viscosity investigations. 
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The ratiometric dye system provides a unique tool to monitor viscosity change

while accounting for concentration effects. The first step of future research is to confirm

the ability to detect viscosity changes within the liposomal membrane. 

The next logical step in this research is to move to an actual mammalian

membrane system. For this purpose, red blood cell ghosts will be used. By lysing

erythrocytes, the intracellular components are removed and the intact plasma membrane

remains. This membrane retains the integral proteins and receptors within the membrane.

It is unknown how the ratiometric dye will congregate in the membrane but it is believed

that the dye will migrate towards the polar heads within the membrane [40]. 

The impact of this research is far reaching and will be of great importance to

researchers in both the medical and cellular mechanics fields. The ability to monitor

changes in membrane viscosity will allow for the ability to identify cells in disease states,

abnormalities in membrane composition, and give clinicians another tool in treating and

diagnosing disease. 
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