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ABSTRACT

Atomic Force Microscopy (AFM) can be used for studying

biological molecules and membranes at the molecular and atomic level of 

detail. AFM is used to image outer surface features of intact mitochondria 

isolated from MCF7 cells. A method has been developed to retain native 

structure and functionality of the organelle. Functionality is determined by 

monitoring the respiration rate of the mitochondria. Toxicity of the 

mitochondria is commonly seen as swelling of the organelle. The 

mitochondria structure is monitored using the AFM. The images obtained 

have shown reproducible membrane surface features and are comparable 

to images obtained using transmission electron microscopy (TEM). 1,2- 

Dimethylhydrazine causes a decrease in mitochondrial respiration 

accompanied by an increase in size of the mitochondria as visualized with 

AFM and TEM. AFM is a tool that can be combined with other techniques 

to study the effects of drugs on cellular components.
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INTRODUCTION

RESEARCH FOCUS

Mitochondria are often the first organelles of a cell to undergo 

changes due to intoxication. Swelling of mitochondria is a common 

indicator of cellular damage and there are several ways of observing this 

increase in size. The transmission electron microscope, optical microscope 

and spectroscopic evaluation are the common techniques used to observe 

mitochondria. The atomic force microscope may be able to provide new 

information or unique characteristics about mitochondria or other 

biological molecules that other techniques cannot.

The focus of this research is to determine if the atomic force 

microscope is an instrument which can be used to evaluate toxicity of 

mitochondria, specifically if it can be used to image isolated, intact 

mitochondria, and to observe any changes which might occur upon

intoxication.
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MICROSCOPY TECHNIQUES

Many techniques exist for studying the cell and its contents, most of 

our knowledge of cell structure has come from using the light microscope, 

the scanning electron microscope and the transmission electron microscope 

(figure 1). Understanding surface features of membranes has been a 

concern of many scientists and has been studied using conventional electron 

microscopy (Kuk, 1989). Direct imaging of surface structures with atomic 

resolution had been a dream until the invention of the scanning tunneling 

microscope. Recently the scanning tunneling and the atomic force 

microscopes have been developed to study biological samples and are 

currently been used to add to our knowledge of cellular structure.

When using a light microscope the image is viewed directly with the 

eye. The best light microscopes have a resolving power of 0.2 jim, this 

improves on the naked eye by 500 times. The limiting factor is the 

wavelength of light. The larger structures within eukaryotic cells and 

individual prokaryotic cells can be distinguished, however, neither the 

internal structure of prokaryotic cells nor the finer structure of eukaryotic 

cells can be visualized.

M icroscopy History:
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Figure 1 - Comparison of (a) the light microscope, (b) the transmission 

electron microscope and (c) the scanning electron microscope. The light 

microscope is shown upside down to show the similarities with the electron 

microscopes. In both the light and the TEM the illuminating beam passes 

through the specimen; in the SEM it is deflected from the surface. 

(Reproduced from Curtis, 1983)
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The scanning electron microscope (SEM) has a resolving power of 

about 10 nm. This instrument uses an electron beam focused into a fine 

probe which is rapidly passed over the specimen (Curtis, 1983). The idea 

to use electron beams was first accomplished in 1932 by two different 

research groups (Von Heimendahl, 1980). Illuminating electrons are 

scattered from the surface of the specimen, and variations in the surface of 

the specimen alter the number of secondary electrons emitted from the 

surface (Curtis, 1983). Holes and fissures appear dark, and knobs and 

ridges appear light. The electron microscope has been used for medical, 

biological, and material applications. Scanning electron microscopy 

provides three dimensional representations of cells and cellular structures.

Images from the transmission electron microscope (TEM) were first 

observed by Heidenreich in 1949, and then in 1957 -1958 the idea of using 

transmitted electrons was further developed by Hirsch (Von Heimendahl, 

1980). The resolving power was increased to 0.5 nm, 400 times a light 

microscope. Like the scanning electron microscope an electron beam is 

used. Certain areas of the specimen allow transmission of the electrons and 

are known as “electron transparent” regions and appear bright. “Electron 

opaque” regions scatter electrons away and appear dark (Curtis, 1983).
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“Force” microscopy can be divided into two categories; scanning 

tunneling microscopy (STM) and atomic force microscopy (AFM). The 

scanning tunneling microscope was invented by Gerd Binnig and Heini 

Rohrer in 1982 and is capable of resolution at the atomic level. The high 

resolution of the STM produces three dimensional images from the 

“projection of the chemical structure of a sample along the direction of 

their electron beam” (Sarid, 1991). In 1986 the first results from the 

atomic force microscope were published by Gerd Binnig, Calvin Quate, 

and Christopher Gerber. The AFM is very similar to the STM producing 

three dimensional images of a sample surface revealing structural and often 

atomic detail. Both of these techniques have been used to study surface 

topography of inanimate samples and recently biological samples.

Each of the microscopes developed before the scanning tunneling 

microscope has strengths and limitations. The light microscope and the 

SEM do not have the resolution to image surface atoms. TEM can reveal 

surface structure of thin samples. STM reaches atomic resolution but 

requires a conducting sample. AFM permits the study of nonconducting 

materials and is capable of measuring extremely small interatomic forces 

(Kuk, 1989). The TEM and AFM are the microscopes used in this study of
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mitochondria and the characteristic of swelling common upon intoxication.

Transmission Electron Microscopy of Mitochondria:

Electron microscopy includes a wide range of techniques that 

provide information about the structure of the specimen being studied. 

Two factors in TEM impose limitations upon the sample preparation. First 

the microscope column in which the specimen is held must be kept under 

vacuum, and second biological materials consist mostly of low atomic 

number atoms; “their nuclei do not scatter electrons to any great extent and 

thus give rise to low contrast images” (Darley-Usmar, 1987). Thin 

sectioning and negative staining of the often dried, dehydrated and fixed 

sample overcome these limitations and increase the contrast of the images. 

Another approach to preparation is creating a metal replica of the sample 

and viewing the replica rather than the sample.

Negative staining can be applied to whole mitochondria and is the 

simplest, and quickest method of preparation for examination by TEM. A 

suspension of isolated mitochondria is mixed with an aqueous solution of an 

electron dense salt (the negative stain) and then the mixture is dried on a 

grid. Ammonium molybdate is a negative stain useful for osmotically
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sensitive organelles such as the mitochondria (Darley-Usmar, 1987). In the 

TEM image the sample appears electron transparent against a dark 

background of stain. The suspension should be spread uniformly over the 

grid so the specimens can be easily found.

Scanning Tunneling Microscopy:

Scanning tunneling microscopy reveals three-dimensional images of 

surfaces. The STM is based on tunneling of electrons through an insulator 

(Binnig, 1982). A sharp conductive tip (Pt/Ir - 80/20) is used as an 

electrode and is kept within a distance of 10 A from the surface, close 

enough to measure a tunneling current between the tip and the conducting 

surface. The tip is moved over the sample enabling scanning of the surface. 

As the tip scans the surface it is kept at a constant height from the surface 

and at a constant voltage. The changes in current are monitored (figure 2) 

(Hansma, 1987). The voltage is determined by a feedback circuit between 

the tip and the sample (Hansma, 1988). The variations in current occur 

from the tip passing over surface features such as atoms. Multiple passes of 

the tip over the surface create the three dimensional image of the structural 

and atomic features of the sample surface.
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Figure 2 - A schematic representation of the scanning tunneling microscope 

depicts a single scan. The tip is kept at a constant height and the tip moves 

over the surface of the sample. The change in current is monitored and the 

signal is translated into a computer image of the sample surface.
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The typical application of the STM is to map surface topography. 

The graphs are not simply reproductions of surface-atom corrugation, they 

actually reflect the corrugation of the electron wave functions and 

qualitatively reflect the atomic surface structure (Binnig, 1982). A 

requirement of STM samples is that they have conducting properties. 

Because of this requirement STM applications have been primarily for 

industrial technology. Some of the first applications of the STM were to 

image a gold diffraction-grating master, improve the manufacture of 

vertical recording thin film magnetic recording heads, and image the 

sharpened edge of a diamond cutting tool (Hansma, 1988). Research 

applications of the STM include semiconductor surfaces, metals, 

organometallic compounds, and arranging atoms and molecules.

Soon after the invention of the scanning tunneling microscope the 

resolution capabilities led to the possibility of studying biological 

specimens. A limitation in studying biological samples is the fact that not 

many biological materials are conducting in nature, which is required for 

evaluation on the STM. Intracellular fluid is able to conduct electricity by 

the flow of ions but is also a good insulator when it comes to conducting 

electrons (Hansma, 1988).
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Early attempts to image biological materials were not very 

successful. Biological samples often are not of a conducting nature so a 

tunneling current is not detected to repel the tip from the surface. The tip, 

therefore, advances directly into the sample. One way to overcome the 

insulating nature of many biological samples is to coat the sample with a 

conductive metallic coating, similar to making metal replicas for 

transmission electron microscopy. Images of metal replicas do not make 

the STM more advantageous than using the TEM. The original biological 

sample is not actually being imaged and resolution is limited by the nature 

of the coating procedure and the metal itself (Hansma, 1988). Some 

researchers have been successful in imaging a biological sample without 

any coatings involved; many proteins and molecules have a partial 

conductive nature. Biological samples are often mounted on a conducting 

surface, such as gold, or on graphite. When mounted on graphite there is a 

detectable tunneling current that allows for scanning of the topography of 

the sample.
‘ '  . ' . . .  ■■... ■ . ■ . ' . -  : . . .  ■

The biological samples imaged have had limited resolution. Large

specimens are hard to image and have poor resolution. Small specimens 

such as proteins or DMA are easily imaged on the STM. Mitochondria are
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difficult to image on the STM because of their size. The development of the 

atomic force microscope (AFM) has given the opportunity to image the 

surface topography of biological specimens and other samples that do not 

effectively conduct electrons. The AFM is more capable of imaging a 

specimen as large as isolated, intact mitochondria.

Atomic Force Microscopy:

Atomic force microscopy is very similar to scanning tunneling 

microscopy. The high resolution capabilities of the AFM extend to imaging 

nonconducting as well as conducting surfaces and shows much promise in 

being able to image biological samples.

The AFM images a surface by measuring the interatomic forces 

between a flexible stylus and the specimen surface (Albrecht, 1987). The 

critical component in the set-up of the AFM is the use of a spring type 

lever. To effectively measure changes in the interatomic forces, both 

attractive and repulsive, a spring is needed that allows maximum deflection 

for a given force (Binnig, 1986). The lever needs to be as soft as possible 

yet stiff enough to minimize sensitivity to vibrational noise from the 

building. A typical spring constant for a cantilever is about 1 N/m. Many
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atomic force microscopes employ the use of a V shaped microcantilever to 

sense the forces from the surface of the sample. For the AFM it is 

convenient to move the sample under the cantilever beam rather than 

moving the cantilever system. The deflections of the cantilever due to the 

interatomic forces may be detected by several different methods. In this 

study the deflection is sensed by the use of a laser.

The laser is focused onto the tip of the V shaped SilSU

microcantilever and is reflected off of the lever onto two photodetectors. 

The lever is brought close enough to the sample in order to detect the 

forces from the surface. As the sample moves under the microcantilever 

arm the interatomic forces between the surface and the arm cause the arm 

to move corresponding to the size of the force and the spring constant of 

the lever. This deflection of the cantilever arm is detected by a change in 

the laser signal to the detectors (figure 3). The difference signal between 

these two detectors is translated into an electronic signal that is sent to the 

computer and transformed into an computer image of the sample surface.
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Figure 3 - This diagram of the atomic force microscope shows the 

microcantilever arm above the surface of a sample containing a portrayal 

of mitochondria. The laser is focused onto the tip and reflected onto two 

photodetectors. When the sample passes underneath the tip the detectors 

monitor the deflection of the arm as the forces between the sample and the 

tip change. The deflection signal is translated into a computer image of the 

surface of the sample; in this cartoon - a mitochondria.
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The ARM has the ability to image the surface structure of conducting 

and nonconducting specimens, including biological samples. The first 

published results showing atomic resolution from the AFM were images of 

boron nitride (Hansma, 1988). Nonconducting inorganic and organic 

materials, and the amino acid DL-leucine have also been successfully 

imaged on using the AFM (Hansma, 1988). A limitation in imaging 

biological specimens is due to the rigidity of the sample.

Biological specimens tend to be fragile and successful imaging on the 

AFM becomes difficult. The AFM is capable of imaging mitochondria 

more effectively than the STM. Mitochondria because of their size and 

their relative nonconducting properties make the AFM a more ideal 

instrument to use than the STM. The AFM is capable of imaging biological 

samples in their original state, “naked” mitochondria can be imaged intact 

with no special coatings needed.

With the AFM there is the possibility to image biological specimens 

in a natural environment. This is accomplished by using a “fluid cell”; an 

enclosed area containing the cantilever tip that is sealed using an o-ring 

onto the sample. The fluid cell allows the biological specimen to be studied 

in a very natural state, no drying, staining, or fracturing is necessary. By
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using this fluid cell new applications can be pursued. Biological specimens 

can be studied in “real time” experiments, for example, changes in 

structure of a sample due to intoxication can be observed. Limited work 

has been done using this technique. Difficulties have arisen in keeping the 

biological specimen stationary, controlling orientation and distribution of 

the specimen, and keeping the motion of the fluid at a minimum.

Both the STM and the AFM have become useful instruments in 

studying structural and atomic detail of surfaces and the biological 

applications of these two techniques are growing rapidly. The advantage of 

using nondestructive probes in viewing surfaces of biological samples is 

very appealing to biologists. These techniques will be further developed 

possibly to the extent of creating new probes that sense particular 

characteristics of biological samples. The STM and the AFM may be able 

to complement work being done using other techniques such as TEM. 

Using the AFM as an analytical tool may bring to view new information 

about surfaces and structure of biological specimens that has not been 

observed using conventional techniques.
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MITOCHONDRIA

Mitochondria History:

Mitochondria are cytoplasmic organelles found in almost all 

eukaryotic cells and are commonly known as the “powerhouses” of the cell. 

Mitochondria were first described as “interstitial granules” in striated 

muscle by J. Henle in 1841 (Lee, 1981). Kolliker, in 1888, was able to 

isolate these granules and observed swelling when they were immersed in 

water. The name mitochondria; Greek mitos - a thread, and chondros - a 

grain, was introduced in 1889 by Benda (Lehninger, 1964).

Not until 1946 did mitochondria become widely studied by 

biochemists. It became apparent that these “granules” performed many 

enzymatic reactions including all of the reactions involved in the oxidation 

of pyruvate, fatty acids and oxidative phosphorylation (Lee, 1981). 

Respiration was first attributed to a centrifugation fraction containing 

mitochondria by experiments done by Warburg in 1913. The components 

of the respiratory chain were compiled between 1940 - 1964 (Lee, 1981).

Swelling of mitochondria, observed by many researchers, gave rise 

to the idea of an osmotic barrier surrounding the organelle. In 1952 - 1953 

thin section electron microscopy confirmed this idea showing the presence
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of a double membrane system (Lee 1981). The now common light 

scattering technique used to measure swelling of mitochondria was 

introduced in 1952 by Cleland and Raaflaub. This technique was also used 

to determine the permeability of the membrane systems to different solutes.

These early experiments led to a trend of studying mitochondria. 

Since 1930 many elements of mitochondrial function have been identified. 

Many toxicants exist that alter the normal functioning of the mitochondria 

and often lead to cell death. Mitochondrial research now often entails new 

ways of observing these changes in functions and changes in the general 

characteristics of mitochondria.

General Attributes of Mitochondria:

Eukaryotic cells are very diverse yet the structure and functions of 

the mitochondria are very similar between different cell types. Biochemical 

and ultrastructural studies have determined that mitochondria fulfill many 

functions with the major one being the synthesis of ATP from ADP and 

inorganic phosphate by the process of oxidative phosphorylation.

Mitochondria exist in a wide variation of size, form, number,and 

location in different kinds of cells. The size of mitochondria range from



27

0.2 jim  to 0.5 jim  in diameter and up to 10 jim  in length. The form may 

vary from spherical to cylindrical and the number and location may vary 

according to the energy needs of the cell.

Mitochondrial functions remain the same throughout different cell 

types. All mitochondria require a fuel supply in the form of fatty acids, 

pyruvate, amino acids, ADP, and phosphate. They are able to accumulate 

ions such as K +, C a+2, M g+ 2 , M n+2, and HPO4-, using active transport

mechanisms. The functions of mitochondria are divided among the 

structural regions of the mitochondria {Table 1 ) (Darley-Usmar, 1987).
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TABLE 1

OUTER MEMBRANE:

oxidation of aromatic amines ^

cardiolipin biosynthesis

transport of nuclear coded and 
cytoplasmically synthesized proteins

electron transfer

INNER MEMBRANE; 

oxidative phosphorylation 

transport of pyridine nucleotides 

Ca+2 ion transport 

transport of metabolites

INTERMEMBRANE SPACE: MATRIX:

maintenance of adenine nucleotide 
balance

electron transfer from complex III 
to complex IV of the respiratory 
chain

processing proteins imported from 
cytoplasm

oxidation of pyruvate, fatty acids, 
ketone bodies, and amino acids

urea cycle

protection against oxidative stress

processing proteins imported from 
cytoplasm

inheritance of proteins coding for 
mitochondrial RNA and some 
proteins
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Ultrastructural Characteristics:

The ultrastructural features of the mitochondria were first described 

by electron microscopy in 1952 - 1953 by Palade and Sjostrand (Tandler, 

1971). The original model for mitochondria has not changed, even though 

many advances have been made in technology and electron microscopy for 

studying organelles.

All mitochondria share the characteristic of having a double

membrane system (figure 4). These two membranes, one inside the other
)

and both about 60 A thick, define two separate spaces within the 

mitochondria. The intermembrane space is between the outer membrane 

and the inner membrane* the matrix is contained within the inner 

membrane. The outer membrane is rather smooth although high resolution 

electron micrographs suggest presence of pits and pores approximately 25 - 

30 A in diameter (Whittaker, 1978). The inner membrane, on the other 

hand, is highly convoluted. It follows the contour of the outer membrane 

but has many inward folds forming ciistae. The amount of infolding of the 

inner membrane varies between different cell types and the energy 

required by the cell. Highly active tissues tend to have tightly packed 

cristae within their cells (Whittaker, 1978).
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Matrix

C ris ta^

Outer Membrane

Figure 4 - This three dimensional cut-out representation of mitochondria 

depicts the smooth outer membrane, the folds forming the cristae of the 

inner membrane, and the matrix space.
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The inner membrane has been found to contain particles about 90 A 
in diameter. These particles are joined onto the matrix side of the inner 

membrane by short stalks, but have not been definitely identified as to their 

function (Tandler, 1972). The intermembrane space and the matrix regions 

of the mitochondria appear to be relatively unstructured. The matrix does 

contain mitochondrial ribosomes and DNA which are both closely 

associated with, if not attached to the inside of the cristae (Whittaker, 

1978).

Mitochondria, in vivo, are not stationary, unchanging organelles; 

they move throughout the cell along microtubules, which comprise part of 

the internal scaffolding and structural support of the cell. The appearance 

of mitochondria often change dramatically “during development and 

differentiation of cells, in response to differing dietary and growth 

conditions and as a result of pathological disorders” (Whittaker, 1978). 

Changes that occur in response to these conditions include growth dr 

swelling, change in shape, attenuation of the matrix, fragmentation, or 

disruption of one or both membranes (Tandler, 1972). Many of these 

alterations may represent a stage leading to cell injury and death.
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Mitochondrial Swelling:

Volume regulation has been widely studied in mitochondria because 

induction of swelling by many agents offers clues of membrane 

permeability. Swelling, in vivo, has been reported for both physiological 

and pathological states. Enlargement of mitochondria is often one of the 

earliest events associated with cell damage. Mitochondria typically undergo 

two types of volume changes; passive change as a response to the osmotic 

pressure of the suspending medium and active change requiring respiration 

or high energy compounds.

Early studies induced matrix swelling in a variety of media. 

Expansion of this compartment is associated with increased cytosolic and 

mitochondrial calcium causing an altered mitochondrial membrane 

permeability to potassium (Pollanen, 1990). Halestrap (1986) studied the 

role of calcium in regulation of matrix volume in vivo and in vitro, and 

found the effect of calcium to be intramitochondrial and dependent upon 

the mitochondria being energized. Mitochondria accumulate calcium 

against a concentration gradient. The energy for this accumulation is 

supplied by either electron flow in the electron transport system or by ATP 

hydrolysis (Whittaker, 1978). Swelling also involves the stimulation of the
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electrogenic entry of K+ into the mitochondria, followed by entry of a 

compensating anion. Phosphate is essential for the swelling to occur at 

physiological concentrations of calcium, and appears to have a function 

other than as a compensating anion. The actual mechanism of how calcium 

stimulates the K+ uniporter remains unknown.

Mitochondria Respiration:

Functionality of mitochondria is commonly determined by 

measuring oxygen consumption which monitors the electron transfer 

system on the inner membrane. The mitochondrial electron transport chain 

(figure 5) conserves the energy of electron transfer in the form of a proton 

gradient across the membrane which is used to drive the synthesis of ATP 

(Darley-Usmar, 1987). In an intact inner membrane, electron transfer can 

only occur if the proton gradient is dissipated by flow back into the 

mitochondria via the ATP synthetase. This process, which can only happen 

when ADP is present, is called coupling. The extent of coupling is 

expressed as the respiratory control ratio (RCR) and is used to determine 

mitochondrial integrity and functionality. State 3, or “active”, respiration 

is the condition in which all required components, including a substrate and
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Figure 5 - a) The electron transport chain is a linear sequence in which one 

component transfers electrons to the next component causing its own 

oxidation and reduction of the next component, b) ATP synthesis is coupled 

to the electron flow by the proton gradient which drives the synthesis. 

(Reproduced in part from Whittaker, 1978, p 61, 74)
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ADP, of the respiratory chain are present. State 4, controlled or “resting”, 

respiration is the condition in which only ADP is lacking (Lehninger, 

1964). The RCR is the rate of oxygen consumption during state 3 divided 

by the rate of oxygen consumption during state 4.

Respiration is most commonly measured using a Clarke type 

electrode. The system consists of a silver and a platinum electrode, which 

are saturated with a KC1 solution and separated from the reaction vessel 

with a semi-permeable teflon membrane. The platinum cathode is polarized 

at -0.6 V with respect to the silver anode. Oxygen is reduced to water at 

the platinum electrode:

4H+ + 4e- + O2 —> 2H2O,

and the chloride anions migrate to the anode and release electrons:

4Ag + 4C1- ->  4AgCl + 4e-

with the overall result being a flow of current from the cathode to the 

anode. The magnitude of the current is directly proportional to the 

concentration of the oxygen in the solution.
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Dimethylhvdrazine as a Mitochondrial Toxicant:

Mitochondria are extremely sensitive indicators of the state of health 

of cells, and undergo a wide range of modifications as a result of 

pathological conditions (Tandler, 1972). Many toxicants are available that 

alter mitochondrial functions and characteristics. The toxicant chosen for 

this study is 1,2-dimethylhydrazine.

1,2-Dimethylhydrazine is a carcinogen and was originally identified 

because of its structural similarities to other carcinogens. Research with 

this compound has found it to be highly carcinogenic in many species. The 

most common tumors are found in the lower intestinal tract; colon and 

rectum, making it an ideal compound to model common human cancers 

(Williams, 1986). Studies have also shown 1,2-dimethylhydrazine to cause 

vascular tumors, especially in the liver. Dimethylhydrazine is postulated to 

be oxidized in vivo to methylazoxymethanol via azomethane and 

azoxymethane {figure 6) (Williams, 1986). The production of methyl 

carbonium ion is responsible for the carcinogenic effects.

Dimethylhydrazine produces a two-fold increase in mitochondrial 

size in cultured rat hepatocytes after a 6 hr incubation by causing an influx 

of calcium which alters the mitochondrial membrane permeability to K+
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(Pollanen, 1990), Easily observable, using electron microscopy, were an 

“expanded matrix, weakening of the outer membrane, swelling of the 

cristae and concurrent dilation and vesiculation of the endoplasmic 

reticulum” (Pollanen, 1990).
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CH3NHNHCH3 (1,2-dimethylhydrazine)

4

CHsN^NCHg (azomethane)

,

O
CH3N=NCH3 (azoxymethane)

,

O
CH3N=NCH2OH (methylazoxymethanol)

1
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Figure 6 - 1,2-Dimethylhydrazine is metabolized, in vivo, by oxidation to 

methylazoxymethanol. The final methyl carbonium ion is suspected to be 

responsible for the carcinogenic effects.
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MATERIALS AND METHODS

MATERIALS

Cell Culture Materials:

MCF7 breast carcinoma cell line: gift from Dr. Raymond B. Nagle, 

Department of Pathology, University of Arizona, Tucson, AZ.

GIB CO Laboratories, Santa Clara, CA:

Minimum essential medium (MEM) w/ Earle’s salts, 

nonessential amino acids and / -glutamine, HAMS F12 nutrient 

mixture w/ /-glutamine, Phosphate buffered saline (PBS)

Sigma Chemical Co., St. Louis, MO:

Fetal bovine serum (FBS), Trypsin 10 x concentrate in 

EDTA, Antibiotic-antimycotic solution

Reagents:

Sigma Chemical Co., St Louis, MO:

Adenosine diphosphate (ADP), Bicinchoninic acid solution. 

Bovine serum albumin (BSA), Copper(II)sulfate pentahydrate 

4% w/v solution, 1,2-Dimethylhydrazine (DMH), 

Ethylenediamine tetraacetic acid (EDTA), Ethyleneglycol bis
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(-B aminoethylether) N,N,N",N'tetraacetic acid (EGTA), (N- 

[2-hydroxyethyl] piperazine N '-[2-ethanesulfonic acid]) 

(HEPES), lonomycin. Magnesium chloride (MgCli), (3-[4,5-

Dimethylthiazolr2-yl]-2-5-diphenyl) tetrazolium bromide 

(MTT), Potassium hydroxide (KOH), Sodium succinate, 

Sodium glutamate, Sodium bicarbonate (NaHCOg)

Baker Analyzed, J.T. Baker Chemical Co., Phillipsburg, NJ: 

Ammonium molybdate 

ICN Bidchemicals, Cleveland OH:

Leupeptin hemisulfate, Pepstatin 

Mallinckrodt, Paris KY:

Mannitol

US Biochemical Corp., Cleveland, OH:

3-(N-morpholino) propane sulfonic acid (MOPS)

MCB, Los Angeles, CA:

Potassium phosphate (KH2PO4)

Fisher Scientific Co., Fair Lawn, NJ:

Potassium chloride (KC1), Sucrose
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Kodak, Rochester, NY:

Rhodamine 123 laser dye

Aldrich Chemical Co., Milwaukee, WI:

Tris succinate

Boehringer Mannheim Co., Indianapolis, IN:

Tris base

Equipment:

Model 5300 biological oxygen monitor: YSI, Yellow Springs, OH.

Thermocirculator: Beckman,

Superspeed RC2B automatic refrigerated centrifuge: Sorvall, 

Newtown, CONN.

Model 3173 water jacketed incubator: Forma Scientific, Marietta, 

OH.

Model 5020 COi incubator: VWR Scientific Inc., San Francisco, CA.

Model TMS inverted microscope: NIKON, Kogakukk, Japan

Biological safety hood: Forma Scientific, Marietta , OH.

Scanning tunneling microscope (STM), NANOSCOPE II: Digital 

Instruments, Santa Barbara, CA.
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Atomic force microscope (AFM), NANOSCOPE II: Digital 

Instruments, Santa Barbara, CA.

Power Mate 386/20 computer: NEC, Tokyo, Japan

Stereo zoom 4: Bausch and Lomb,

NRC pneumatic isolation mount: Newport Corp., Fountain Valley, 

CA.

AFM “J” base: Digital Instruments, Santa Barbara, CA.

SigN4 AFM tips: Digital Instruments, Santa Barbara, CA.

Pt/Ir 80/20 STM tips: Prepared from a coil from local hardware 

store, Tucson, AZ.

Transmission electron microscope model CM 12: Phillips Analytical, 

Cambridge, MASS.

Sterile supplies:

Tissue culture filter unit, 0.2 pim, 500 ml: NALGE Company, 

Rochester, NY.

75 cm2 triangular cell culture flasks w/standard cap: COSTAR, 

Cambridge, MA.

Stripette serologic pipets (1, 5, 10, 25 ml): COSTAR, Van Nuys,

CA.
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METHODS

Cell culturing:

Stock cultures of MCF7 cells are maintained in 75 cm2 triangular 

flasks in a 37 °C, 5 % COa, humidified incubator. Cells are grown as

monolayer cultures in HAMS FI 2/MEM 1:1 media supplemented with 10 

% fetal bovine serum and 1/100 antibiotic- antimycotic solution. Flask caps 

are kept loose to allow gas exchange. Cells are allowed to grow to 

confluency at which time they may be used for experimentation or divided 

into multiple flasks. To divide confluent flasks cell culture media, 

EDTA/PBS, and trypsin are prewarmed to 37 °C. Media from flasks to be 

divided is discarded and flasks are rinsed with 5 ml EDTA/PBS. Cells are 

then treated with 1 ml trypsin ( l x  solution in EDTA/PBS) to dislodge cells 

away from tissue flask plastic. The dislodged cells are divided into 2 flasks 

and the trypsin is neutralized by adding 10 ml of cell culture media to the 

flasks. Cells are replaced into the incubator to reattach to the plastic 

overnight.

Mitochondria Isolation:

Cells are harvested from 3 confluent flasks using 5 ml Ca+2 Mg+2
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free 0.13 M EDTA and centrifuged at 500 x g for 10 min. The cell pellet 

is collected and suspended in 5 ml isolation media (0.21 M mannitol, 2 mM 

HEPES pH 7.4, 0.07 M sucrose, 1 mM EGTA) and 0.5 ml trypsin (10 x 

dilution in EDTA). The Suspension is homogenized gently in a 15 ml glass 

homogenizer vessel (Kontes Glass Co., Vineland, NJ.) with a size A pestle 

(Kontes Glass Co.) for 10 strokes. The suspension is centrifuged at 9000 x 

g for 10 min and the pellet is collected. The supernatant fraction contains 

ribosomes, cytosol, endoplasmic reticulum and trypsin. The pellet is 

resuspended in isolation media (2 ml), homogenized gently and centrifuged 

at 600 x g for 10 min. The pellet fraction contains unbroken cells, cell 

debris and the nucleus. The supernatant fraction is centrifuged at 10,000 x 

g for 10 min to collect the pellet of mitochondria. The pellet is 

resuspended in isolation media to wash mitochondria of any excess debris, 

centrifuge at 10,000 x g for 10 min. Store the mitochondria in 250 pil 

isolation media at 4 °C.

Mitochondria Fluorescence in Whole Cells:

Purified laser dye Rhodamine 123 is dissolved in distilled water (1 

mg/ml) then diluted to 10 pig/wl in cell culture media. Cells grown on 12



mm cover slips are incubated with rhodamine dye for at least 30 min in 

5 % CO2 incubator at 37 °C. Coverslips are rinsed with fresh media three

times, and may be mounted on slides using a sucrose mounting media or 

left in the media. The preparations are then viewed on a fluorescence 

microscope at 546 nm.

Mitochondria Fluorescence of Isolated Mitochondria:

Isolated mitochondria may be viewed adhered to graphite or to a 

glass coverslip. This is done to confirm that mitochondria are actually 

attached to the graphite or to the coverslip, whichever is being used. The 

isolated mitochondria are prepared onto the desired substrate as previously 

discussed for AFM and STM analysis. The graphite or the coverslip is 

incubated with rhodamine 123 (10 /tg/ml) for at least 30 min in a 5 % CO2

incubator at 37 °C. The coverslip or graphite is rinsed with fresh media 

three times. The samples may be viewed dry (as for AFM and STM 

analysis in air) or in an incubation buffer (as for AFM fluid cell analysis). 

The samples are viewed at 546 nm on the fluorescence microscope.
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Mitochondria Respiration:

To determine mitochondrial functionality oxygen consumption is 

measured using a biological oxygen monitor and Clarke type electrode 

(Yellow Springs Inc.). The electrode is prepared by wetting the probe with 

half saturated KC1 solution and fitting a Teflon membrane tightly on the 

end of the probe according to the probe, instructions (included with the 

instrument). Respiration buffer (0.21 M mannitol, 70 mM sucrose, 15 mM 

HEPES, 0.1% BSA, 8 mM MgCh, and 4 mM KH2PO4) is placed into the

chamber with a magnetic stirrer and warmed to 37 °C with the 

thermocirculator. The electrodes are tested for proper preparation by 

placing in the respiration buffer and watching for shifts (less than 2 %) in 

the electrode response. When electrode response is satisfactory the 

mitochondria pellet is placed into the chamber and a background 

respiration is measured for 2 min. Sodium succinate (pH 7.4) is added to a 

final concentration of 5 mM and state 4 respiration is measured for 30 sec. 

ADP (pH 7.4) (made immediately before measurements) is added to a final 

concentration of 180 piM and state 3 respiration is measured until the ADP 

is used and the state 4 respiration rate returns. Oxygen consumption is 

expressed as the respiratory control ratio (RCR) or state 3 4- state 4.
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Atomic Force Microscopy Preparation and Evaluation:

For AFM analysis of isolated mitochondria in air the mitochondrial 

pellet is suspended in isolation media (250 /d) and 20 /d is placed on a 

methanol washed glass coverslip, which has been cut into quarters. The 

isolation media is allowed to evaporate leaving mitochondria and sucrose 

crystals on the coverslip. The crystals are washed away gently with 20 /d 

distilled water; the water is placed on the coverslip to allow the sucrose 

crystals to dissolve and then the coverslip is blotted on its edge using filter 

paper. The coverslip is adhered to a metal mount using double sided tape. 

The metal mount is placed on the magnetic AFM base. The AFM base “J” 

is used for the analysis of mitochondria. This base has a scan area of 80

ptvci. The laser is aligned onto the SisN4 tip and reflected onto the two
/

detectors. The additive signal of the detectors should be as large as 

possible, in the range of 5.0 v to 7.0 v, the difference signal should be 

approximately -1.0 v to -2.0 v. The tip is mechanically moved to the 

surface until the setpoint voltage reaches 0.00 v and scanning is begun. 

Scanning occurs with multiple passes of the base beneath the tip creating an 

image of the sample surface.
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The NANOSCOPE II should be set in the height mode with a scan 

rate of 4.0 Hz. The scan area should start at 20 pirn with a height of 100 

run, (these parameters may be changed throughout the scanning to search a 

different area or to zoom in onto a desired image). Once an image of 

mitochondria is obtained it may be “captured” into a buffer (temporary 

storage in the NANOSCOPE II program). These buffers may be reviewed 

at any time. Measurements of the images are done when reviewing using 

the “next” mode then the “section” mode. This mode allows accurate 

measurements in the x and y directions of the images. The height, or z 

direction, can be measured in this same mode or directly off of the buffer 

image. The images are saved onto floppy disks (three images per disk) 

from the buffers once the allotted buffers are full. Photographs of the 

images are collected as data and are taken directly off of the computer 

screen using a 35 mm camera set on a tripod. The color of the images may 

be altered to give the best depiction of the image on a photograph.

AFM Fluid Cell:

The sample preparation for the use of the fluid cell is very similar 

to the procedure for imaging in air. The fluid cell allows the mitochondria
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to be bathed in a natural environment while scanning is being done. The 

suspension of mitochondria is placed on the coverslip just before adhering 

to the metal mount. The isolation media is not allowed to completely 

evaporate but the suspension is allowed to set long enough for the 

mitochondria to adhere to the glass (1 -2 min). While still wet the mount is 

placed on the magnetic base. The tip is in a chamber surrounded by an o- 

ring to contain the fluid. The laser is aligned and the chamber is filled 

(using a teflon hose and syringe) with an incubation buffer. There should 

be no air bubbles in the fluid chamber. Air bubbles can be detected by 

looking through a microscope or by visualizing diffraction of the laser 

beam. The alignment of the laser must be checked once the chamber is 

filled. The tip is lowered and scanning is begun the same as it is when done 

in air. During scanning the chamber may need to be refilled and 

periodically checked for air bubbles. Toxicants may be added directly to 

the chamber to observe changes in the images over a short period of time.

Transmission Electron Microscopy Preparation and Evaluation:

Isolated mitochondria are suspended in isolation media and a drop of 

the suspension from a pipet is placed onto a copper grid (150 mesh.
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Electron Microscopy Sciences). The drop is allowed to remain for 30 sec 

and then blotted on its edge using filter paper. A drop of negative stain 

(1% ammonium molybdate, pH 6.9 with KOH) is added to the copper grid 

and allowed to set for 3 min then blotted as before and allowed to dry. The 

copper grid is placed onto the end of the specimen holder and placed into 

the Phillips CM 12. The scope and the tungsten cathode are turned on. The 

mitochondria appear electron transparent against a dark background of 

stain. The negative stain slightly penetrates the outer membrane allowing 

the folding of the cristae to be distinguishable. Data is collected as pictures 

taken by the microscope of the desired images of mitochondria.

Scanning Tunneling Microscope Preparation and Evaluation:

Isolated mitochondria are suspended in isolation media and 20 jd is 

placed on freshly cleaved highly oriented pyrolytic graphite (HOPG) 

(Union Carbide). The isolation media is allowed to evaporate leaving 

mitochondria and sucrose crystals on the graphite. The sucrose crystals are 

washed gently with water, as done with AFM preparation. The graphite is 

placed gently beneath a Pt/Ir (80/20) tip of the STM “D” head. The tip is 

mechanically moved to within a few microns of the surface until a
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tunneling current is detected and a scan is begun. Scanning occurs as 

multiple passes of the tip above the surface of the graphite. The sample 

surface is depicted out he computer screen. Images are obtained the same as 

when using the AFM. First the images are saved into buffers then onto 

floppy disks. Data is obtained as photographs of the images off of the 

computer screen using a 35 mm camera set on a tripod.

1.2-Dimethvlhvdrazine Exposure:

Confluent flasks of MCF7 cells are exposed to 1,2-dimethylhydrazine 

before isolation of mitochondria. Flasks are incubated with 12 mM 1,2- 

dimethylhydrazine, pH 6.9, in HAMS F12/MEM 1:1 cell culture media, for 

2, 4 and 6 hr (3  flasks for each exposure). Mitochondria are isolated from 

each of the time groups and visualized on the AFM and the TEM for 

changes in the mitochondria size and shape. The mitochondria functionality 

is determined by measuring oxygen consumption.
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-MESULTS

Optimization of Mitochondria Isolation and Preparation

Mitochondria are sensitive organelles; they can respond dramatically 

to stresses from their environment. A procedure was found to isolate 

mitochondria specifically from cultured cells. Cultured cells tend to be 

difficult to break open, and the often small amount of cells make it difficult 

to isolate mitochondria. For these reasons trypsin was added to the isolation 

medium to assist in breaking apart the cellular membrane, and no less than 

three confluent flasks were used for each isolation to increase the yield of 

mitochondria. The techniques used to visualize the mitochondria do not 

require a large amount of sample so the yield obtained from the procedure 

was sufficient for analyses.

Analysis of mitochondria on the STM, the AFM and the TEM all 

required an even distribution of mitochondria on the surface of a chosen 

substrate. Rhodamine 123, a mitochondria specific fluorescent dye, was 

used to confirm the presence of mitochondria on the substrates chosen for 

STM and AFM analyses. Confirmation on the copper grid used for TEM 

was done by observing the mitochondria on the TEM. The substrate for the 

STM analysis needed to be of a conducting nature and of a substance to
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which mitochondria might adhere. Highly oriented pyrolytic graphite 

(HOPG) had been used previously for biological substances so this substrate 

was chosen for mitochondria STM evaluation. For AFM evaluation a 

conducting surface is not necessary, the substrate selected was a glass 

coverslip. Whole cells adhere to a methanol washed glass coverslip when 

prepared for fluorescence studies. The membrane characteristics of the 

mitochondria would also allow it to adhere to glass cover slips.

Fluorescence of mitochondria exposed to rhodamine 123 appear red 

(Weiss, 1984). Presence of mitochondria was determined for whole cells, 

isolated mitochondria prepared for analysis on HOPG, on methanol washed 

glass coverslip, and isolated mitochondria on glass under media prepared 

for evaluation in the fluid cell for the AFM. These studies showed that 

mitochondria were adhered to the chosen substrates, and therefore, able to 

be imaged on the STM and AFM. In the whole M0F7 cells (figure 7), the 

mitochondria, appearing red, are found in great abundance surrounding the 

nucleus. On HOPG (figure 8), clumping of the mitochondria occurred on 

the edges of the graphite, but individual mitochondria were found in the 

center. On the glass (figure 9) and under fluid (figure 10), clumping of 

mitochondria also occurred and individual mitochondria were scarce.



Figure 7 - Fluorescence of mitochondria in whole cells; the mitochondria 

appear in greatest abundance around the nucleus.

Figure 8 - Mitochondria adhere to graphite for study on the STM.

Figure 9 - Mitochondria adhere to a glass coverslip for study on the AFM. 

Figure 10 - Under fluid mitochondria are evident on the glass coverslip for 

evaluation using the fluid cell.
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Atomic Force Microscopy

Preparation of mitochondria for AFM needed to be a simple 

procedure with no special coatings, yet with a uniform distribution of the 

mitochondria on the glass coverslip. Clumping of mitochondria tended to 

be a problem. A necessary inclusion in the procedure is washing of the 

glass coverslip after the mitochondria suspension has been allowed to dry. 

This washing removes any residue and also any sucrose crystals from the 

isolation media. Sucrose crystals cover the mitochondria and result in 

images of the crystals rather than the organelle. Drying of the 

mitochondria onto the glass coverslip does seem to cause some damage; the 

organelle appears to flatten and spread out. During imaging mitochondria 

are distinguished according to the reported sizes of typical mitochondria. 

In a large scanning area (50,000 - 80,000 nm) approximately 5 or 6 

mitochondria can be seen. Mitochondria are the largest objects in the 

scanning area and are therefore easily identified.

Typical images of mitochondria appear spherical (figure 11) and 

show some indentations along the surface of the organelle; these possibly 

are folds in the outer membrane which often occur during evaporation of 

the media. The atomic force microscope yields reproducible three



dimensional images of mitochondria isolated from MCF7 cells. Some 

images of mitochondria (figure 12) appear to be flattened on the outer 

edges due to drying of the outer membrane and adherence of the organelle 

to the glass. Often the mitochondria stick to each other (figure 13) forming 

clumps making size measurements difficult. Mitochondria, because of the 

outer membrane, have the characteristic of adhering to each other. There 

again appears to be flattening of the mitochondria especially at the right 

side of the image where the two seem to be connected. Mitochondria seen 

on the AFM vary slightly in size (figure 14) and shape but overall MCF7 

cells contain mitochondria with the average size being 730 run x 1080 run x 

270 nm with a smooth outer membrane and with no identifiable 

characteristics. The images depict the x, y and z directions along the 

bottom, right side and left side respectively. The z direction, or the height 

of the object in the image is also depicted in a color scale; the darkest 

regions being closest to the substrate that the sample is adhered to and the 

lightest regions being the highest points from the substrate surface. The 

height measurements of the images can be very arbitrary. Using the color 

scale it is difficult to determine where one color begins and one ends to 

accurately measure the height. The other methods of measuring the height

56
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often do not measure completely to the surface of the substrate also giving 

approximate figures.

The fluid cell is also able to give reproducible images of 

mitochondria that compare with the images taken with the mitochondria 

dried. Using the fluid cell presented its own special problems. First the 

mitochondria were placed into the fluid cell with the desired media and 

were not attached to anything, this presented the problem of the 

mitochondria moving around in the media during scanning (figure 15). As 

the mitochondria moved they changed shape, sometimes dramatically. One 

noticeable difference between the fluid cell image and the dried images is 

that there is no spreading or-flattening of the outer membrane features in 

the fluid cell image. A procedure was needed that would prevent motion of 

the organelle from taking place. Mitochondria adhered to the glass 

coverslip, as determined from the fluorescence study, even when a fluid 

was applied, so this seemed to be the route to take in preparation figure  

16). Once applied to the coverslip the media containing mitochondria was 

not allowed to completely dry, possibly preventing damage. When the 

mitochondria suspension is allowed to set on the glass coverslip and not to 

completely dry there still seems to be some damage to the outer membrane
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in the way of spreading, More media was added once the laser and tip were 

aligned and scanning was ready to begin. Another problem encountered 

was the fluid cell leaking media and acquiring air bubbles over an extended 

scanning period. Air bubbles inhibited the detection of forces from the 

surface by deflecting the laser off of the tip and detectors.



59

Figure 11 - A typical AFM image of isolated mitochondria from MCF7 

cells appears relatively spherical. This three dimensional image portrays a 

mitochondria of the dimensions 924 nm x 933 nm x 300 nm (x, y, z).
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Figure 12 - Another AFM image of MCF7 isolated mitochondria depicts 

the organelle being 900 x 1115 x 400 nm. This is consistent with the other 

images obtained and also with reported sizes of mitochondria.
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Figure 13 -AFM image of two adjacent mitochondria isolated from MCF7 

cells. The mitochondria at the top of the image has the dimensions of 700 x 

500 x 500 nm, the mitochondria at the bottom of the image has the

dimensions of 400 x 600 x 500 nm.
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Figure 14 - This image of an isolated mitochondria (MCF7 cells) has 

dimensions of 1000 x 1500 x 530 nm. This image is a good example for 

showing the variation in size of mitochondria even from the same cell type.
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Figure 15 - Isolated mitochondria from MCF7 cells imaged in the fluid 

cell on the AFM are very similar to the images of mitochondria in which 

the media was allowed to evaporate. The dimensions of the image still 

correspond to the average sizes of mitochondria obtained on the AFM. The 

dimensions are approximately 700 x 500 x 230 nm.



64

Figure 16 - An AFM image of MCF7 isolated mitochondria fixed onto the 

glass coverslip for examination in the fluid cell is comparable to the images 

obtained from the dry samples. The dimensions of this image are 1000 x

1200 x 300 run.
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Transmission Electron Microscope:

The transmission electron microscope does not produce three 

dimensional images. However, the images reveal the two dimensional 

aspects of the mitochondria. A negative stain is used to identify the 

mitochondria. The stain partially penetrates the outer membrane showing 

the distinction between the outer membrane and the inner membrane. The 

images from the TEM correlate with the images from the AFM. Only two 

dimensional representations are possible using this technique, the height of 

the image can not be measured. The mitochondria appear spherical {figure 

17) with slight indentations along the edges of the image. The inner 

membrane features are able to be seen better than features of the outer 

membrane when using a negative stain because the stain slightly penetrates 

the outer membrane {figure 18). Indentations and protrusions can be seen 

on the outer membrane. These are often caused by the folding of the 

folding or damage done to the inner membrane. The average size of the 

mitochondria from the TEM pictures is 760 x 1020 nm. The only 

optimization necessary for TEM examination was determination of the 

negative stain. Ammonium molybdate is a stain commonly used for 

osmotically sensitive organelles so this stain was used for mitochondria.
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Clumping of mitochondria (figure 19) is also a problem when using the 

TEM as it is when using AFM. The TEM is much better at distinguishing 

between the individual mitochondria because of the characteristics of the 

negative stain. This picture shows how, even in a cluster of mitochondria 

isolated from the same cells, the size and shape of the organelle can vary.



Figure 17 - This picture from TEM shows an isolated mitochondria from 

MCF7 cells with dimensions of 900 x 1050. This corresponds very well to 

the images obtained using the AFM. (magnification 100,000 x)
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Figure 18 - TEM picture of mitochondria isolated from MCF7 cells shows 

folding of the inner membrane. The dimensions are 850 x 1150 nm. 

(magnification 100,000 x)



Figure 19 - This image is a very good example of clustering of isolated 

mitochondria on the TEM. Variation of size and shape of mitochondria 

isolated from the same cells is visible in this picture, (magnification 40,000 

x)
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Toxicant Study:

The toxicant chosen to determine if the AFM is a tool that can be 

used to evaluate toxicity was 1,2-dimethylhydrazine. Dimethylhydrazine 

causes a mitochondrial swelling and therefore swelling of the mitochondria 

observed on the AFM would indicate toxicity. Mitochondrial swelling is 

often a stage of change that leads to cell death. Whole cells were exposed to 

DMH, mitochondria were isolated, and then observed on the AFM and on 

the TEM.

A 2 hr exposure to DMH did cause an increase in mitochondrial size 

as seen on the AFM {figure 20). The swollen mitochondria appear 

elongated rather than spherical and is much larger than the average size of 

mitochondria from untreated cells. This mitochondria has increased in size, 

and therefore volume. Upon swelling of the mitochondria deformation of 

the outer membrane is more apparent in treated mitochondria than 

untreated mitochondria. This picture shows a large pit towards the top of 

the image and several indentations along the left side of the image. 

Deformation of the outer membrane is more apparent in treated 

mitochondria than in untreated mitochondria. Indentations and protrusions 

are more noticeable (figure 21). These deformations of the outer
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membrane could be due to changes in the structure of the inner membrane 

which is unable to be seen on the AFM.

The images obtained from TEM also showed an increase in size of 

the isolated mitochondria. The mitochondria are also more elongated in the 

TEM pictures (figure 22). The structural pattern of the cristae is not as 

distinct as in pictures of mitochondria isolated from untreated cells, 

indicating condensation of the cristae upon exposure of the cells to 

dimethylhydrazine. The mitochondria observed on the TEM do not appear 

to have undergone dramatic changes as observed on the AFM (figure 23). 

Indentations and protrusions are not as apparent on the TEM, and swelling 

does not seem to be as striking. The TEM is unable to depict the height of 

the mitochondria so the actual increase in size is not as distinguishable. The 

orientation of the mitochondria on the copper grid may be different than 

the orientation on the glass coverslip and therefore gives the impression of 

not being as large as on the AFM.
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Figure 20 - Exposure of MCF7 cells to 12 mM DMH for 2 hr causes an 

increase in size of isolated mitochondria as visualized on the AFM. The

dimensions of this mitochondria are 1700 x 1500 x 800 nm.
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Figure 21 - Another typical AFM image obtained of mitochondria isolated

from DMH treated (2 hr) MCF7 cells appears to be more oblong than

mitochondria from untreated cells, which tend to remain spherical. The

dimensions are 2000 x 1500 x 500 nm.
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Figure 22 - TEM of isolated mitochondria following 2 hr exposure of 

MCF7 cells to 1,2-dimethylhydrazine produces an image with dimensions 

of 1300 x 650 nm. This mitochondria is larger than the average size 

obtained from the TEM. (magnification 100,000 x)



75

Figure 23 - Another TEM image of isolated mitochondria from MCF7 

cells after a 2 hr exposure to DMH shows dimensions of 1130 x 550 nm on 

the TEM. (magnification 100,000 x)
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Exposure of MCF7 cells to 1,2-dimethylhydrazine for 6 hr produced 

isolated mitochondria that had increased in size even more than isolated 

mitochondria from the 2 hr exposure. The swollen mitochondria from the 

6 hr exposure appeared to be more damaged than the mitochondria from 

the 2 hr exposure (figure 24). Evident from the picture are indentations 

and protrusions of the outer membrane indicating severe damage to the 

internal structure as well as swelling of the mitochondria and evidence of 

an oblong shape rather than spherical.The internal damage is visible as 

deformation of the outer membrane. A few of the mitochondria isolated 

from MCF7 cells exposed to DMH for 6 hr did not become elongated 

{figure 25), but still increased dramatically in size. This image shows a 

spherical mitochondria that has not become elongated upon intoxication. 

Still being spherical there appears to be less damage done to the structure, 

only slight indentations of the outer membrane are evident. It appears to be 

a single mitochondria, not a clustering. There are no separations in the 

image that would suggest clumping of several mitochondria. The damage 

done to the internal structures of the mitochondria can be visualized on the 

TEM. Large vacuoles appeared in the cristae and no distinct pattern of 

folding of the cristae was detected after a 6 hr exposure of DMH to MCF7
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cells (figure 26). Also evident are indentations and protrusions of the 

outer membrane in the same areas the cristae have changed structure 

showing that the internal damage can often be identified by the damage 

seen on the outer membrane alone. Damage to the inner membrane causes 

distortions in the outer membrane manifested as protrusions and 

indentations. Less damaged mitochondria are often isolated from the same 

group of MCF7 cells with the same amount of exposure to DMH (figure 

27). The mitochondria is spherical with slight indentations and protrusions. 

The mitochondria is still dramatically swollen, and the cristae are 

condensed but large internal vacuoles and deformation of the outer 

membrane are not as evident.
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Figure 24 - Mitochondria from MCF7 cells exposed to DMH for 6 hr and 

imaged on the AFM, appeared to be larger and more severely damaged 

than with the 2 hr exposure. The dimensions of this image are 2900 x 1650

x 650 nm.
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Figure 25 - This AFM picture of a mitochondria isolated from DMH 

exposed MCF7 cells also shows a large increase in size (dimensions 2080 x 

2050 x 870 nm).



Figure 26 - This TEM picture of mitochondria isolated from a 6 hr 

exposed group of MCF7 cells appears to have a great amount of damage to 

the internal structure of the mitochondria. (Dimensions: 1750 x 1360 nm, 

magnification 100,000 x)



Figure 27 - TEM of mitochondria from MCF7 cells treated for 6 hr with 

DMH. The dimensions of this mitochondria are 1670 x 1730 nm. 

(magnification 100,000 x)
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The increase in size, indicating swelling of the mitochondria, did not 

appear to be as predominant on the TEM as on the AFM. The TEM, due to 

the two dimensional images, is only able to provide information about the 

area of the organelle (figure 28). The area is determined by multiplying 

the dimensions together. There is not a significant change between the 

controls and the 2 hr exposure of DMH to MCF7 cells. There is an increase 

in size evident at the 6 hr exposure, Often the orientation of the 

mitochondria on the substrate will give a different impression of the size of 

the mitochondria than its actual size.

Apparent volume measurements provide a more accurate assessment 

of mitochondria swelling (figure 29). There is a definite increase in 

volume of mitochondria over the time period of exposure to DMH. The 

change in volume between controls and 2 hr and 6 hr is much more 

dramatic than the change in area. The third dimension adds to our 

perspective of the changes occurring during swelling and the increase of 

the internal volume or matrix volume.

The average dimensions obtained from these two techniques 

correlate well (table 2). The measurements of the sizes of the organelle 

depend upon the orientation of the mitochondria on the glass coverslip and
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the copper grid used for analysis. The TEM images only present a two 

dimensional representation which is difficult to compare with a three 

dimensional image obtained from the AFM. Discrepancies arise due to the 

orientation of the mitochondria on the substrate and the difficulty in 

comparing the measurements.
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APPARENT AREA
(determined from TEM)

Figure 28 - The apparent area of the mitochondria is determined from the 

TEM pictures. There is not a significant change between the controls (8.04 

x 105 ± 0.16 x 105 nm2, n = 5) and the 2 hr exposure (7.26 x 105 ± 0.13 x 

105 nm2, n = 5) of DMH as determined by the TEM, there is an increase in 

size evident at the 6 hr exposure (11.1 x 105 ± 0.18 x 105 nm2> n = 5).



APPARENT VOLUME
(determined from AFM)
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TIME

Figure 29 - The apparent volume is determined from the AFM images by 

multiplying the dimensions together. The change in volume from control 

(2.4 x 108 ± 0.08 x 108 nm3, n = 10) to 2 hr (7.4 x 108 ± 0.18 x 1Q8 

nm3, n = 5) to 6 hr (20.9 x 108 ± 0.86 x 108 nm3, n = 5) is much more 

dramatic than the change in area.
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TsaMe 2

Mitochondria

control 

2 hr DMH 

6 hr DMH

AFM (rim)

730 x 1080 x 270 

1120 x 1720 x 290 

1425 x 1950 x 590

TEM (rim) 

790x 1020 

570 x 1280 

880x 1200

Table 2 - The average sizes of the isolated mitochondria obtained from 

images from the TEM and from the AFM. Control mitochondria and 

mitochondria from DMH treated MCF7 cells are included.
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Respiration measurements were taken to determine the functionality 

of the isolated mitochondria. After mitochondria were isolated from the 

MCF7 cells the oxygen consumption was measured during state 3 and state 

4 respiration. The respiratory control ratio (RCR) is the rate of oxygen 

consumption during state 3 divided by the rate during state 4. When the 

RCR approaches 1 the mitochondria are uncoupled, ATP synthesis is not 

able to be linked with the electron transport chain. Damage to the inner 

membrane enzyme systems will cause a decrease in the RCR. The RCR of 

the mitochondria after exposure of MCF7 cells to DMH (figure 30) did 

decrease. The decrease was most dramatic between the control and the 2 hr 

time point. No significant change was seen between 2 hr and 6 hr. Damage 

to the enzyme system occurred early in the course of intoxication.
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Figure 30 - The effect of dimethylhydrazine exposure to MCF7 cells on 

mitochondrial respiration caused a dramatic decrease in the RCR of the 

mitochondria between the control (8.8 ± 0.8, n = 6) and the 2 hr (4.1 ± 

0.6, n = 4).The decrease in the RCR was not significant between the 2 hr 

and the 6 hr exposure (3.7 ± 1.3, n = 4).
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RESPIRATORY CONTROL RATIO
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rascumoN
The atomic force microscope (AFM) is a unique instrument that is 

capable of many useful applications to studying and imaging biological 

specimens. Most techniques with usefulness to biological studies require 

special preparation of the biological specimen, the AFM does not. It is able 

to image samples in their native state. No coatings, stains, or fracturing of 

biological samples is needed for examination on the AFM. The AFM 

produces three dimensional images of the sample being imaged with the 

possibility of atomic resolution of the structural features on the surface of 

the sample. The AFM has created reproducible images of isolated 

mitochondria in their inherent state.

The atomic force microscope is capable of imaging very large 

surfaces. The scanning area can extend up to 80,000 nm in the x and y 

directions. Within this field many objects from a mitochondrial preparation 

can be viewed. Approximately 5 or 6 mitochondria can be observed in this 

scan area. During the isolation of mitochondria from MCF7 cells 

sometimes cell fragments or mitochondrial fragments are also isolated. 

These cellular fragments often appear in the AFM scan area. To distinguish 

between the fragments and intact mitochondria the structural detail of the
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surface of the object is looked at closely. Mitochondria have a distinct, 

continuous shape along the outer membrane, whereas fragments are not 

continuous in their structure. Fragments have separations in the surface 

structure and are much flatter and spread out. There is no consistency in 

their size or shape. Many times rinsing the glass coverslip again with water 

will remove any fragments from the surface of the coverslip.

Interferences in AFM imaging is a major concern. The isolation 

media contains sucrose and upon evaporation of the media, sucrose crystals 

remain covering the glass coverslip. The coverslips are washed with water 

during the sample preparation but sometimes sucrose crystals still remain. 

When the AFM scans the surface of the coverslip all that is detected is very 

large, very long crystals. The crystals cover over the mitochondria 

inhibiting the tip from sensing the forces from the membrane. Correcting 

this problem is simple; rinsing the glass coverslip twice more will remove 

the remaining crystals, leaving the mitochondria on the coverslip.

The images of isolated mitochondria from MCF7 cells are 

reproducible. The overall size and shape remain consistent between 

different isolations of mitochondria. MCF7 cells were chosen as the source 

for mitochondria isolation in order to minimize differences in the
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mitochondria. If an animal tissue was used, different cell types containing 

different forms of mitochondria would be present and consistency of size 

and shape would not be achieved. The size and shape obtained from AFM is 

consistent with the size and shape obtained from TEM.

Mitochondria isolated from MCF7 cells are spherical and appear to 

have very few distinctive outer membrane surface features. Imaged on the 

AFM the outer membrane has appeared smooth with no identifiable 

characteristics. Atomic resolution of the surface of the intact mitochondria 

was not attained as originally desired. Because mitochondria are large, soft 

organelles the AFM tip is unable to detect the very small interatomic forces 

directly from the molecules making up the surface. The AFM tip, rather, 

detects the combined forces giving a general surface structure of the 

mitochondria. Therefore small changes to the molecular structure on the 

outer membrane surface will go undetected but alterations to the general 

structure, size, and shape of the entire organelle will be detected. Changes 

in size and shape of mitochondria can be very evident on the AFM.

Images from the AFM correlate with images obtained from the 

transmission electron microscope (TEM). The TEM images show spherical 

mitochondria isolated from MCF7 cells. The TEM is not able to give a
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three dimensional representation of the mitochondria as the AFM is capable 

of doing, but rather, a two dimensional representation. The preparation of 

the samples for TEM and AFM were chosen to be as similar as possible to 

minimize any major differences between the images. The negative stain 

(ammonium molybdate) chosen for TEM is a stain commonly used for 

osmotically sensitive organelles such as the mitochondria to minimize 

alterations in structure due to the osmotic forces of the stain (Darley- 

Usmar, 1987). The stain penetrates the outer membrane and gives a view 

of the internal structure of the mitochondria. The external features are not 

easily viewed on the TEM with a negative stain. To view the external 

structures on the TEM require preparing a metal replica. A metal replica 

would not be the natural mitochondria and pictures obtained would not be 

easily compared to the images obtained from the AFM. However, internal 

features are not able to be visualized on the AFM when imaging intact, 

natural mitochondria. Comparisons are made of the images from TEM and 

AFM of isolated mitochondria in the most undisturbed preparation 

possible.

When comparing the TEM pictures with the images obtained from 

the AFM similarities are found in the size and shape of the mitochondria.
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Also noticeable are the correlations between the change in internal 

structure visible on the TEM and the manifestations of the internal changes 

onto the outer membrane visible on the AFM. Indentations and protrusions 

of the outer membrane are caused by the inner membrane or cristae. 

During intoxication of MCF7 cells by 1,2-dimethylhydrazine the damage 

done to the inner membrane, visible on the TEM, is visible on the AFM as 

deformation of the outer membrane. When the cristae condense there is no 

longer a distinct pattern of folding visible on the TEM and the outer 

membrane collapses in areas where the cristae have collapsed. When the 

cristae condense into a mass the mass often pushes out on the outer 

membrane forming a protrusion that is visible on the surface of the 

mitochondria in the AFM images.

Some deformation of the outer membrane of the organelle occurs 

during the preparation of the mitochondria for imaging on the TEM and 

the AFM. During the preparation, the media, in which the mitochondria 

are stored, is allowed to evaporate from the surface of the glass coverslip. 

The evaporation causes the edges of the mitochondria to spread out along 

the glass and to adhere to the glass. The edges of the organelle then appear 

as flattened areas on the AFM images. The height of this region is much
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less than the highest point, usually the center, of the image of 

mitochondria. This phenomenon probably occurs on the TEM as well, but 

is undetected because the pictures are only two dimensional. The 

preparation of mitochondria for TEM includes the same step of 

evaporation of the media. This will cause the mitochondria to spread out 

and attach to the copper grid .

The evaporation process can be eliminated with the use of the fluid
\  .

cell on the AFM. The fluid cell is an advantage the AFM has over any 

other technique. The samples can be imaged in a liquid imitating a natural 

environment, such as mitochondria being imaged in intracellular fluid. The 

fluid cell also allows for the application of “real time” experiments. 

Changes in the mitochondria can be monitored as they happen, either due 

to chemical intoxication, or physiological changes in the media being used.

Preliminary work in this area has shown difficulty in obtaining 

images because the mitochondria are loose in the fluid. The mitochondria 

roll and are easily pushed around by the tip during scanning. During AFM 

scanning the base moves underneath the tip and this movement may cause 

microscopic waves in which the mitochondria move around. The images 

obtained in the fluid cell show similar results to the images obtained from
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samples in which the media was allowed to evaporate. The mitochondria 

that move around do not appear to be flattened around the edges as in the 

evaporated samples. They have not been allowed to attach to the surface. 

However, the mitochondria do change shape as they move and this may 

actually reflect what happens when mitochondria move around naturally in 

the cell. This movement makes imaging difficult to do. Mitochondria often 

move so far that they move out of the scanning area and are unable to be 

imaged continually over a period of time. If the mitochondria are allowed 

to adhere to the glass, without complete evaporation of the media, they stay 

stationary but exhibit the flattened features seen in the completely 

evaporated state. As in the dry state, the mitochondria flatten and spread 

out along the outer borders as they attach to the glass.

For application of the AFM to toxicology a change in the 

mitochondria caused by an assault of an exogenous chemical needed to be 

observed. Because of the size of mitochondria and the relatively little 

structural detail obtained, an obvious change would be a alteration of size 

or of shape of mitochondria. Many toxicants are able to cause damage to 

the functionality of mitochondria, but one was needed that caused a change 

in size, one that caused swelling of mitochondria. An enlarged, or swollen.
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mitochondria is easily recognized on the AFM. Atomic changes will not be 

easily recognized. If a small biological sample, such as a single protein, was 

being studied molecular and atomic structural detail could easily be imaged 

on the AFM and specific structural changes due to a toxicant could be 

detected.

Another advantage of the AFM is the possibility of obtaining three 

dimensional images of the sample being examined. Volume measurements, 

obtained by multiplying the three dimensions together, are a much better 

indicator of mitochondrial swelling than simply a change in area. Often the 

orientation of the mitochondria on the TEM substrate may give a false 

sense of the size of the mitochondria. The mitochondria may be positioned 

in such a way that it appears spherical when it is actually oval, being, 

perhaps, on its tip rather than its side. Whereas, with the AFM three 

dimensions can be measured so the orientation of the organelle plays a 

minor part. The three dimensions multiplied together will give an apparent 

volume of the organelle.

Other TEM techniques, such as freeze fracturing, may be able to 

give three dimensional images, but they are not of the intact, native 

organelle. The mitochondria has been broken and processed and may not
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be the true representation of the organelle. With AFM, no extra 

preparations are necessary to obtain three dimensional images. The 

mitochondria have not been processed. The image obtained is the actual 

surface structure of the organelle.

Unfortunately at this stage of using AFM for biological samples the 

height measurements are approximate. With large samples the 

measurement of the height of the image may become very unpredictable. 

The AFM computer program displays the height, or “z” direction, on the 

screen as shades of color of the image. The height of an image can be 

measured from this color scale or it can be measured from a “section” 

mode. Rarely do these two methods of measurement match each other 

when imaging larger samples. The “section” mode is not able to measure 

completely to the glass coverslip to which the mitochondria are adhered, 

and the color scale is not very specific where one shade of color ends and 

the next shade begins. The height measurements for this study were taken 

from the “section” mode to keep the variations consistent.

Exposure of MCF7 cells to 1,2-dimethylhydrazine did cause an 

increase in the size of the mitochondria that was easily visible on the atomic 

force microscope. The increase in size indicates an increase in matrix
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volume, or swelling, of the mitochondria. The toxicant also caused damage 

to the inner membrane which was visible on the TEM. The damage to the 

inner membrane can be correlated to the deformations seen on the outer 

membrane. The damage to the inner membrane can also be correlated to 

the decrease seen in the respiratory control ratio. The decrease in the RCR 

is associated with damage to the enzyme systems on the inner membrane 

responsible for the electron transport chain and ATP synthesis (Whittaker, 

1978). The damage to the inner membrane occurs within a 2 hr exposure 

of the cells to DMH. The cristae are condensed within 2 hr and the RCR 

has dropped dramatically. The mitochondria continue to swell and the 

outer membrane continues to become distorted up to 6 hr exposure of the 

cells to DMH. The damage to the enzyme systems does not seem to change 

between 2 hr and 6 hr. At the time of isolation of the 6 hr exposed cells 

many cells have become dislodged from the tissue culture plastic in the 

flasks, indicating that some cells have already died from the exposure to 

dimethylhydrazine. In rat hepatocytes, concentrations of dimethylhydrazine 

above 12 mM caused irreversible mitochondrial swelling and cell death 

after 12 hr (Pollanen, 1990).
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Studies need to be done with other toxicants to compare the results. 

Other toxicants can be used to determine if they have an effect on 

mitochondrial swelling. In this study metabolism was not taken into 

account. Dimethylhydrazine is metabolized in vivo by the P-450 system in 

the liver (Casarett and Doull’s, 1986). MCF7 cells are a breast carcinoma 

cell line and do not have an abundance of cytochrome P-450. 

Dimethylhydrazine seems to be the source of the intoxication of the cells in 

this case. DMH causes mitochondrial swelling by causing an influx of 

calcium into the mitochondria opening up the potassium pores allowing 

potassium to enter and water to follow (Pollanen, 1990). Exposure of the 

metabolites to the cells would create an interesting study to find out if these 

also caused mitochondrial damage. The end metabolite of DMH is a methyl 

carbonium ion which is responsible for carcinogenicity in animals (Casarett 

and Doull’s, 1986). If complete metabolism took place this carcinogenic 

ion may cause the carcinoma cell line to change its form.

Many toxicants exist that alter mitochondrial function. Conventional 

studies of the effects of these toxicants, such as monitoring the respiratory 

control ratio and mitochondrial enzymes provide useful information about 

the functionality of the organelle. The AFM can provide useful information
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about the structural changes that take place and these changes can be 

correlated to the functionality of the mitochondria. The AFM can be used 

as an analytical tool similar to the electron microscope in studying the 

general structure of mitochondria.

The atomic force microscope uses a nondestructive probe to view 

surfaces of biological samples (Hansma, 1988). This is very appealing to 

many researchers. The AFM has the capability of imaging many biological 

organelles and molecules. Molecular and atomic structure will be attained 

on the smaller sized samples. Direct interactions of toxicants on these 

samples will be able to be seen. The larger the sample the more difficult it 

becomes to attain specific structural details. The AFM is only capable of 

imaging a general structure of these larger sized samples.

The AFM is continually being improved for new advances in 

microscopy. New probes are in the development stages for sensing 

particular attributes of biological samples. An arrangement has been made 

combining an optical microscope and the atomic force microscope so the 

object being imaged on the AFM can be confirmed on the optical 

microscope. The sample is viewed both ways simultaneously. The 

confirmation of mitochondria in this study was made by separately doing
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fluorescence and TEM and by consistency. The AFM has advantages over 

other techniques in that it is capable of imaging the specimen in its inherent 

state, giving a three dimensional representation of its molecular and often 

atomic structure. It is also capable of imaging a specimen in a fluid 

imitating natural environment and able to follow changes in real time. The 

atomic force microscope is capable of playing an important role in the 

investigations of drug effects on biological samples.
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