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ABSTRACT

Current analysis of the life and death cycles of in vitro cellular systemsis based on
visual observation methods relying upon morphologica changes monitored using a
microscope. Data collected from these techniques are not as precise as scientists desire
them to be. The methods are discontinuous, indirect, costly, and time and labor intensive.
The human element plays a significant part in error propagation asindividual style of the
researcher lends to skewing the data. Experimental results will differ greetly from
|aboratory to laboratory just because the methods of monitoring cellular activity are not
standardized. The researcher uses experience to determine the best way to collect data
quickly and “accurately” according to hisor her definition. Thereisagreat need not only
to standardize data collection processes, but aso to eliminate human error induced by lack
of experience or fatigue. Thisresearch proposes afiber optic based monitoring system asa
possible solution to eliminate a number of problems with current cellular data collection
methods and to increase the data collection rate tremendously since the process could be

automated.
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Definitions:

Owing to the fact that two seemingly unrelated fields are being brought together to achieve
anew measuring instrument, a definitions section isincluded to help both sides read the

text understandably.

achromatic - without color A lenswithout color is able to resolve just the cells impact
on light interaction.

Airy disk - When light passes through circular aperture a diffraction pattern is established
of light and dark, concentric, intensity rings, the bright maxima at the center isthe
Airy disk.

bandpass filter - adevice that allows only a certain frequency, or number of frequencies,
to pass

chromatic - having color These lenses would induce color into the readings because they
were colored.

concave - curved inward A concave lensis curved inward on both sides.

convex - curved outward A convex lensis curved outward on both sides

dark current - output of a photodetector without illumination

evanescent field - thelight energy that is propagating in the cladding of optical fiber

in vitro - inglassor avessel

in vivo - inaliving organism

mor phological - relating to the form and structure of an organism

n - refractive index

numerical aperture - the sin of the maximum input angle that a cone of light will enter

multiplied by the refractive index of the lens being entered (NA =n,sing,.,)



photodetector - adevice that produces an output current proportional to the light level
impinging on the surface of the detector

planoconvex - having one plane, flat, surface and one curved inward surface

guantum efficiency - in detectorsit isthe ration of current produced to incident light
flux

spherical aberration - adefect that will not allow the lensto focus a clear image on a

plane, on-axis surface from a point source object

subscripts-i incoming or interface, t transmitted, r reflected, ™ perpendicular, [parallel

translucent - shining through

Xi



1. INTRODUCTION

Historically, observations of cells and cell cultures have been performed using the light
microscope, an instrument which was invented somewhere around 1590 by Hans and
Zaccharias Janssen while other opticians developed it around 1610. Johannes Kepler
devised a compound lens system using a convex lensin the eyepiece around 1611. The
microscope slowly evolved and practitioners of the device were termed “microscopists’.
Robert Hooke popularized the instrument when he published Micrographia in 1665. Early
forms of the microscope were nothing more than a convex lens inside a movable tube that

could dide the convex lens closer and farther away from the viewed object (Figure 2).

Different ideas were employed to improve the resolution. Hooke attached a focusing collar
to thelensin 1664. Johannes Heveliusimproved this by adding a fine adjustment to the
focusing collar, using alead screw, in 1673. In 1693 John Marshal placed the specimen
on a stage and moved the stage with respect to the lens to improve resolution. Bonanni
was a significant contributor to the devel opment of earlier microscopes and one of his novel
microscopes is shown in Figure 3. Lenses were chromatic until 1824 when William Tulley
devel oped the achromatic lens. Spherical aberrations were the main contributor to slowing
the resolution progress in microscopy. The achromatic lens was capitalized on by Joseph
Jackson in 1827. He combined two planoconvex achromatic lenses to amost eliminate the

spherical aberrations from lenses produced at that time.

Since cells are often colorless and translucent, a number of microscopic methods have

evolved to resolve the image being viewed. The practica resolution limit of a light

microscopeis 0.2 mm. Thisiscalculated at the smallest wavelength of visible light (violet

0.4 nm) and an oil immersion lens having a numerical aperture of 1.4.



resolution = 0'6,]J (D
nsing

wherel isthe wavelength of incoming light, nisthe refractive index of the lens, q isthe

maximum input acceptance angle. Refractive index is defined by

<lo

(2)

where c is the speed of light and v is the velocity of light in the medium. The maximum

numerical aperture (NA) adry lens can attain is one.

NA =nsinq (3

where nistherefractive index of the lens, and g is the maximum input acceptance angle.

Significant improvements have been made to the viewing process, such as the Abbé
microscope by Zeissin 1886. In 1930 Lebedeff designed the first interference microscope
and in 1932 Zernicke designed the phase-contrast microscope. Nomarski devised the
differential contrast system in 1952, and in 1981 Inoué and Allen invented video-enhanced
contrast microscopy. The confocal scanning microscope became commercialy availablein
1988. Fuorescence microscopy, phase-contrast microscopy, differentia-interference-
contrast microscopy, and dark-field microscopy all take advantage of the interference and
phase effects of light interacting with the sample to bring out specific cellular details thus

improving resolution.  Differentia-interference-contrast  microscopy combined with



electronic imaging techniques improves the resolution to 0.025 mm. Scanning electron

microscopy improved the resolution three orders of magnitude greater: 0.1 nm.

Figure 4 shows the similarities in the lens arrangements of a light microscope and an
electron microscope. Figure 4(A) isthe light microscope and figure 4(B) is the electron
microscope. Confocal scanning microscopes (Figure 5) have the ability to view three-
dimensional images using the same premise as a fluorescence microscope. A laser light
source scans through the sample and unwanted light rays are deflected by using confocal
pinhole platesin front of the laser and detector. Computer-based image processing enables

this technique as light is scanned through the sample from bottom to top.

While microscopes have undergone tremendous resolution improvements and allow
scientists to observe minute details of biological activity, there are discontinuitiesin the data
collection process that arise from avariety of sources. Multiple samples are grown in
separate culture vessels and biological activity in the vessel is observed and it is assumed
that activity progressesin asimilar fashion in all the vessels. The overall process can be
viewed using a phase-contrast or a differential-interference-contrast microscope, and
microcinematography may be used to collect data points. Unfortunately, archiving of the
video images resultsin alarge amount of data storage, and human intervention is required

to interpret all the hours of captured images.

If microcinematography is not available, the researcher is exposed to long, tiring hours of
manual data collection. Lack of experience, individual analysis style, incorrect data entries,
and incorrect data calculation also contribute to large variations in datavalues. To obtain
consistent results, the biological system would ideally be left in its natural habitat with very
little human interaction involved in the data collection process. This option is not often

available because biological systems under study are not directly accessible to monitoring



equipment. Researchers must settle for indirect readings by collecting samples of cells
grown outside of their natural habitat, or harvesting accessible cultures for observation.
Current monitoring processes do not provide objective, in-situ observations of the many

cellular processes.

Cost is another factor, leading to discrepancies in the analysis of cellular activity. Testsare
multistep, requiring expensive equipment, chemicals, and many work hours for only afew
data points. Certain steps in the data collection process may be automated, but not
everyone can afford this; therefore, many of these tests are performed manualy thus

subjecting them to human error.

1.1. BIOSENSORS

New observation techniques need to be developed that allow biologica systems to be
monitored without direct human interaction. Thiswould eliminate many of the downfalls
from current methods. Novel work has already been accomplished in this areausing a
polymer matrix attached to fiber endfaces to monitor the contaminants in a hazardous
environment achieving aresolution in the parts per millionlevel.! Devices of thistype are
termed “receptor site” biosensors and are used for monitoring specific biologica
components via molecular kinetics. Biomolecules attached to the fiber are active sites for
the sensor. Types of biomolecules currently included are chelators, enzymes, receptors,
antibodies, and ionophores.? The receptor’ s structure determines the sub-group of the
biosensor (i.e. a biosensor using an antibody receptor is termed an immunosensor.) This
biological detection mechanism is used to induce signals to atransducer which in turn
produces a usable output. The two general classifications of biosensors are electrical and
optical. Electrical transduction type sensors measure changes in voltage (potentiometric),

current (amperometric), or resistance (conductometric), and piezoel ectric sensors measure



the change in oscillation frequency of a piezoelectic crystal. The biosensing market is
predicted to reach a value of $895 million by the year 2000°, but it is 1998 and only one

item is enjoying commercial market success, the “glucose pen” by Exactech.”

The intended community of biosensor users has agreed on certain characteristics that
biosensors should possess: 1) the binding method should be mechanistically reliable, 2)
have arapid response time, 3) have a high specificity for the intended biomolecule, 4) have
a rapid response time, 5) be reusable and cost effective, 6) be small, 7) produce
reproducible data, 8) have in vivo sensing capability, 9) and be able to detect multiple
analytes.” Fiber optical sensors are able to meet al the requirements of the consensus for

biosensors.

Conductometric biosensors consist of electrodesimmersed in solution. One electrode is
coated with abinding agent. As the intended biomolecul e attaches to the electrode the
change in resistance through the solution is measured. Thistype of biosensor is used in

ionic solutions.

Amperometric biosensors measure the current between two electrodes. Catalysts are placed
in the well to balance the electron flow and improve response time. The biomolecules

studied in this technique are ion channels, enzymes, and receptors.

Potentiometric biosensors measure the potential at an electrode. The electrode potential is
compared to that of areference electrode. Fluctuationsin charge density at the sensing

electrode are used to determine Redox potentials, transmembrane potentials, and pH.

Piezoel ectric biosensors are possible because the crystal’ s oscillation frequency is mass

dependent. The crystal is coated with a receptor coating. As the biomolecules bind the



coating, the mass changes in the crystal; therefore, the oscillation frequency changes. This
change in oscillation frequency is measured and correlated to the amount of material bound

to the receptor sheet.

Electrical biosensors work, but their results are hard to characterize. Fluctuations in
readings cause irreproducible results. They are used mainly in ssimple systems where
hundreds of tests have been performed to determine their “ characteristic” response to the
intended system. They are solution based mechanisms and not suited for in-vitro

applications. To answer this need, fiber optical sensing systems are best suited.

1.2. FiBER OPTIC SENSORS

Fiber optical systems are an non-invasive means of determining biological activity. They
are immune to the problems plaguing dectrica biosensors, such as interference from
voltage surges, radio frequencies, electromagnetic radiation, and corrosion. Their size
makes them perfect for in-vitro or in-vivo studies of biological activity. They also possess
the capability of being sterilized, an important consideration in cell culture analysis. There
are two regions of measuring signal interaction: 1) at the distal tip of the fiber, also called

optrode configuration, and 2) the evanescent field along the fiber (Figure 6).

Thefiber is coated with a receptor biomolecule at either place. The sensor can either be
active or passive. In the passive configuration, fluorescing biomolecules transfer their
information to the fiber via the evanescent field, or the distal tip. In the active
configuration, light is sent down the fiber using alight source and changes in reflected light
are measured. Three geometries exist for fiber optic biosensors using the evanescent field

mechanism. The step etch provides a stronger signal than just exposing the sensing region



to the evanescent field. Tapering the fiber improves the signal, and the current optimization

of the signal is achieved by combining the two into a combination taper (Figure 7).

The evanescent field of an optical fiber has an exponentia decay of energy extending from
the core - cladding boundary and into the surrounding medium. The depth of the field into
asurrounding solution, using a quartz fiber, is about the same as molecular dimensions for

immunological systems.®

e

2z
E=E, expgg (4)
P

Q- O

where E isthe energy of the evanescent field, E, isthe energy originally put into the fiber, z
is the distance of the cell from the outside surface of the fiber, and d, is the penetration
depth of the field into the medium. The penetration depth of the field into the medium is

given by

d =
" \J2p(n;sin’q, - n)

()

where d, is the penetration depth of the field into the medium, | is the wavelength of light

being used, n, isthe refractive index of the core, n, is the refractive index of the cladding,

and q isthe angle the light is making with respect to the interface of n, and n,. Realize that

input energy and wavelength can be changed to increase the evanescent field’ s depth into

the medium.



Light is an electromagnetic wave and an optical fiber imposes boundary conditions on the
number of waves that are allowed to travel down it. These combinations of waves are
called modes and the number of modes able to propagate down a step - index multimode

optical fiber is given approximately by the V number, given by
2pr
Vzl—p,/ni- n’ (6)

wherer isthe fiber radius, | isthe wavelength of light being used, n, isthe refractive index

of the core, and n, is the refractive index of the cladding. To match the propagation
conditions between the fiber and a surrounding solution requires a reduction of the fiber
radius, allowing the modes traveling in the cladding (evanescent field) to be coupled

constructively with the solution.

2 2
’nl - N,
matching cladding nf _ n§

wheren,, n,, n; isthe refractive index of the core, cladding, and solution respectively.
This is matching the modes of the waveguide to the modes that will penetrate into the
solution, thereby increasing resolution because the waves are not destructively interfering at

the interfaces.

The reason the combination taper works best is because the step index method resultsin the
loss of most of the input light intensity at the junction, and the taper mode does not achieve
effective matching until half of its length. The combination taper is a very effective
compromise. The internal reflection method has been applied to tota internal reflection

fluorescence (TIRF) of biomolecules and the evanescent field method is applied to



attenuated total reflection (ATR) systems;, both methods have shown success.’®
Unfortunately, current fiber optic based biosensors do not help scientists trying to observe

events at the level of whole cells.

To answer this need, novel fiber optic based systems are proposed as a method for data
collection. This work originated from a project named “Aspires’, which is an
interdisciplinary program, at Virginia Tech, designed to incorporate expertise from different
fields to solve current technological problems. Projects goals were to design a fiber-optic
system capable of monitoring biologica phenomena. The system had to 1) be an
inexpensive set-up, 2) continuously monitor a biological environment, 3) not disturb the

cells while monitoring, and 4) have the capability for automation.

To better understand how fiber optics could be used to monitor cell cultures, one must first
understand the basics of optical theory affecting the proposed design. The Fresnel
equations for transmittance and reflectance are the basic building block for these devices.
These equations alow the flux densities to be separated. The Fresnel equations for
reflectance and transmittance (equations 16, 17) can be derived starting from the Fresnel
formulas for perpendicular and parallel incident and reflected waves, as follows. Assume
that the incident wave electric field is monochromatic and perpendicular to an isotropic
media. The magnetic field component is parallel to the boundary. Also assume the normal
component of the magnetic field and the tangential component of the eectric field is

continuous across the boundary.

kxE = uB (8)



wherek isthe unit propagation vector, E isthe electric field vector, u isthe speed of the

field in the medium, and B is the magnetic field vector. At the boundary, the condition

exists of

Eo *Eo = Ea ©)

where E is the dectric field, i is incident, r is reflected, and t is transmitted. A

monochromatic lightwave is of the form

E, =E, codk, >t - w;t) (10)
E, =E, codk, > -w, t+e,) (12)
E, =E,, coslk, x -w, t+e,) (12)

where E isthe electric field, i isincident, risreflected, tistransmitted, k is the wave

vector, r isthe position vector, wis the angular frequency, t istime, and eis the phase

constant. At the interface, the cosine terms are equal and conservation of energy holds true

(equation 9); therefore,

. n

i t

.~ —CO0S(, - — CO0S(,
o 0

T o= (13)

N n
Eoo, 0 cos(; +— €os(q,
m m

where n isthe refractive index and mis the permeability.

10



n
2 — cosq
m

I-o

(14)

N

o
¢k,

(S

ni nt
— cos(, +—co0s(q,

m

where the component designations are the same as in previous equations. Figure 1 would
be helpful in visualizing the field incident upon the interface. The perpendicular and
paralle components are not separated, but the diagram is sufficient for a genera

understanding. These component designations will hold for equations used throughout the

text.

E; Er

di dr

- | N
nj

interface
i dt
-
Et

Figure 1. Diagram of electromagnetic field incident upon an interface of two

homogeneous, lossless, dielectric media.

Since both experimental configurations use the perpendicular component of the light, only
the perpendicular equations will be explored. The amplitude of the reflection and
transmission components are of concern. Two situations are in effect. In situation 1, a

1300 nm laser is generating the beam to be reflected; it ismonochromatic. In situation 2, a

11



light emitting diode is shining down upon the sample plate. In situation 1 reflectanceis
measured with a photodiode, and in the second situation, transmittance is calculated with a

computer program after being detected by camera.

Theirradiance (1) over across sectional areais given by

| = 70 EZ (15)

where c isthe speed of light and eis the permeability of the medium. The total reflectance

(R) and transmittance (T) are theratios of reflected, or transmitted flux to incident flux.

|, cos
Ro 954 (16)
I, cosq;
|, cos
To 16084 (17)
I, cosq;
The energy flowing into the system must equal the energy flowing out
|,Acosq; =1,A cosq, +1,Acosq, (18)

where A isthe cross sectional area.

12



After considerable manipulation with the assumptions that the environment is

homogeneous, isotropic, dielectric, and g, = 0, the desired equations are obtained
R=R,= R, =§+—% ,and (19)

(20)

The refractive index is measured as a function of reflected light intensity in situation one.
Situation two measures the light transmittance through the sample as a function of refractive

index.

When using a 96 well plate, some effects need to be considered; occasionally, a bubble will
form in the solution and connect to the inside of the lid. Condensation will also form on
the inside cover of the 96 well plate after it has been out of the incubator for a couple of

minutes. The bubble will cause an interference fringe based upon the equations
& 0
Bright fringes: 2d = 8m + %r_al \ m=0,1.2,..., (21)

Dark fringes: 2d =ml m=0,1,2,... (22)

where d isthe film thickness, | isthe wavelength of light, and | | isthe wavelength of light

in the media according to

13



| =— (23)

where n is the refractive index of the thin film. The 1/2 isintroduced in equation 21

because the wave reflecting off the back surface of the thin film undergoes a phase change

of 180°. Figure 8 shows bright and dark fringes produced by optical phase differences.

An optical fiber-based system could be designed to monitor the life and death cycles of cells
invitro or in vivo. One method might have the fiber sensor inserted into the cell culture
vessel to end just above the monolayer and observe the life and death cycle of cells directly
in vivo, without human intervention. Another method would place the end of the fibers
below the cell culture vessel and observe the cellular processes through the wall of the cell
culture vessel. Because optical fibers do not suffer the same effects of signal degradation
electrica observation methods do, such as charging by induction, crosstalk, voltage
surges, and temperature effects, the results would be more precise. Cellular processes
could be monitored from the start to the finish, using fiber optic sensors, with a computer
as a data collection device. The second novel method of data collection would use high
numerical aperture optical fibers. Data collection using this method would be a simple
process, involving little effort on the experimenter’s part. The 96 well plate, or flask,
would be placed on the viewing fixture and a computer would collect data from a camera
using aframe grabber. This data collection process eliminates a great deal of experimental
error contributions resulting from the human element and allows the in vitro, macroscopic
measurement of cellular processes. The sensing areais determined by the size of the fiber
bundle used to make the observations and resolution can be increased by choosing

appropriate fiber bundles.
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1.3. CELLULAR REPLICATION

Cellular replication can be divided into two division processes, namely mitosis (nuclear
division) and cytokinesis (cytoplasmic division). In eukaryotic mammalian cells, division
isusually symmetric. The process can be classified in six steps; prophase, prometaphase,
metaphase, anaphase, telophase, and cytokinesis. During prophase, prometaphase, and
metaphase changesto the cell areinternal. 1n the anaphase, telophase, and cytokinesis, the
cdl is dividing and actually changing shape with consequential changes in refractive
indices. These stages should produce changes in light interacting with the cells, at |east

between the stages of mitosis and cytokinesis (Figure 9).

1.4. FIBROBLAST AND EPITHELIAL CELLS

Fibroblastic cells are from the connective tissue family of cells. They are fibrousin nature
and their ability to withstand injuries, along with an abundant replication rate, makes them
one of the most used cells for culture studies. They are a plate-like cell with “arms” for
connecting different tissues. Fibroblastic cells require an anchorage point to divide, and
cellsthat are suspended in solution only have an 8% chance of entering the S phase.” (The
S phase is the stage of mitosis where the cell replicates its chromosomes.) Fibroblastic
cells will continue the replication process until a confluent monolayer, i.e. the cells are
touching each other, isformed on the surface of the object adhered to, or until senescence

is reached.

Fibroblastic cellslive in avariety of environments but epithelial cells are amore specialized,
polarized cell type. They serve aslinings, growing in sheets, and deliver specific products
out both surfaces of the cell. An example of epitheia cells is the lining of mucus
membranes, or the lining of the gut. Epitheia cells lining the gut secrete digestive

enzymes from their basolateral surface to repair the stomach lining (Figure 10). The cells
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used in this study were fibroblastic green monkey kidney cells (VERO), epithelial rhesus
monkey kidney cells (LLC-MK, and CV-1), and human thymidine kinase negative human
cells (HUTK).

2. MATERIALSAND METHODS

2.1. TREATMENT OF CELLS

Four types of eukaryotic mammalian cells were used in the research (CV-1, VERO, LLC-
MK,, and HUTK"). Standard aseptic procedures were used for passing and maintaining the
cell cultures. Cellswere grown in 1x Eagles Minimal Essential Media (EMEM) containing
5-10% Fetal Calf Serum (FCS), 1 x L-Glutamine. In some cases, a 2 x concentration of
antibiotics of streptomycin, amphotericin, and penicillin were added to the median to

protect the cells from infection.

A sterile 10 mL pipette was taken from the sterile storage container and flamed to prevent
contamination. One of the 75 mL flasks containing the desired cells was opened and the
media was suctioned off with the pipette and discarded into a bleach solution. The 10 mL
pipette was placed into the bleach solution outside of the hood and a1 mL pipette was taken
from the sterile storage tube. After being flamed, it was allowed to cool. Then 1 mL of
Trypsin was added to the cell flask. The Trypsin was washed along the back of the cell
flask and then the flask was allowed to set for about one minute to let the Trypsin digest the
cellular matrix holding the cells to the back of the flask. The 1 mL pipette was placed into
the bleach solution outside of the hood. After a short wait, the flask was rapped and

observed to determineif the cells were free from the back of the flask.
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A 5 mL pipette was taken from the sterile storage tube and flamed. It was allowed to cooal,
then 5 mL of media (Fetal Calf Serum, and 1x Eagles Minimal Essential Media (EMEM),
10% Fetal Calf Serum (FCS), 1 x L-Glutamine) was washed down the back of the flask.
The media was suctioned up again and this procedure was repeated two times. After the
third suction, the pipette was butted against the bottom of the flask and the media was
forced against the bottom of the flask, this was to break up any cellular clumps that might
exist. The cellswere suctioned up again and sprayed forcefully onto the bottom of the
flask again to mix them. The cells were then deposited into a 25 cm? flask, or a 96 well

plate, depending on the experiment.

For experiments using the 25 cm? flask, cells were placed into the flask at a high seed
density and media and antibiotics were added to bring the liquid level of the flask to alevel
where it was almost touching the lid of the flask when the flask was laying on its bottom.
For experiments using the 96 well plate, three different cellular densities were deposited
into the well plate. Wells Al and C1 had cellular densities of 100,000 cells/well, wells A3
and C3 had cellular densities of 10,000 cells/well, and wells A5 and C5 had cellular

densities of 1,000 calls'well. Thewdlswerefilled with mediato avolume of 300 ni/well.

2.2. MONITORING THE IMPACT OF CELLULAR PROCESSES ON REFRACTIVE I NDEX

USING A FIBER OPTIC SENSING SYSTEM

A laser diode, 2x2 biconical coupler, photodiode, an oscilloscope, a function signa
generator, and a lock-in amplifier were configured according to Figure 11. These items
work together to resolve a voltage from an optical signal injected into an optica fiber.
Several 1300 nm, single mode, polyimide coated, optical fibers were cleaved to have a
highly reflective character. After cleaving, the individual fiberswere calibrated to establish

their individual response to changesin refractive indices. The only reason of having
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several fibers was in the event of one breaking, there would be extras. A fiber was
connected to the fiber optic sensing system and a baseline reading of the fiber in air was

taken. Then the endface of the fiber wasimmersed in the first refractive index oil of 1.330

+ 0.002. After areading was taken, the endface of the fiber was cleaned with a Kimwipe

wetted with alcohol. The fiber was determined clean if the reading in the lock-in amplifier
returned to the original starting position. This method ensured all the previous refractive
index oil was off the fiber, the next reading was an accurate reading of the oil, and cross
contamination of oils did not occur. The fiber was then inserted into the next higher
refractive index oil and areading was taken, then the fiber was cleaned. This process

continued, in refractive index oil steps of 0.02, for arange of 1.330 - 1.632.

After calibration, the fiber sensor was autoclaved to ensure sterility before insertion into a
cellular environment. The fiber was inserted into the ventport of a 25 cm? flask containing
cells, media, and antibiotics. The fiber was held in place with adab of nail polish placed
where the fiber was inserted into the ventport of the flask. The nail polish had atwo fold
purpose; one, it held the fiber sensor in place and two, it sealed the hole made in the vent

port of the flask cap after fiber insertion. The sealing of the hole helped maintain cell

culture sterility. The flask was kept on the heated stage (37.1° C) of the light microscope

during experimental runs. The output voltage of the photodiode was monitored using a
lock-in amplifier and readings of the photodiode output were collected in 2, 4, and 8 hour

increments. It was established that the four hour increment worked best.
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2.3. MONITORING THE IMPACT OF CELLULAR DENSITIESON TRANSMITTANCE

USING A FRESNEL FIBERSCOPE

The 96 well plate containing cells was kept in an incubator (37.1° C) until data analysis

points were collected. For collecting data, the 96 well plate was taken out of the incubator
and the masking plate was placed underneath. The plate was placed on the Fresnel
Fiberscope’ s viewing stage and aligned for maximum transmission of light through the
well plate. After alignment, a picture of the output ends of the optical fibers was taken
using a computer, frame grabber, and CCD camera. The frame grabber was set to capture
620 x 480 images, saved in TIF format, because the software was optimized for that image

size.

The plate, and the masking plate, were then moved, as a unit, to the light microscope and
corresponding image points were collected with the same image capturing equipment by
moving an AB switch to the appropriate setting (Figure 12 Block diagram of the Fresnel
Fiberscope set-up.). The data was transported to a Power PC, using ZIP disks, and
evaluated using NIH Image software. 1mages were imported into the NIH Image software
program and density calibrated using an internal Rodbard equation standard. The equation
was optimized for measuring pixel area resolutions evaluated using NIH Image. The

images were then measured with the internal scale set to pixels.
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3. INSTRUMENT DESIGN

3.1. FIBER OPTIC SENSING SYSTEM FOR MEASURING REFRACTIVE [INDEX

CHANGES

A light source, 2x2 coupler, detector, and necessary support equipment were configured
for the measurement of refractive index changes from the experimental flask. A 1300 nm
single mode, step index, polyimide coated optical fiber was inserted into the flask through
one of the “breathing” ports on the flask lid. A 1300 nm laser was fed into the sensing
fiber viaa 2x2 bi-directional coupler. (One end of the coupler isthe sensor and the other
fiber of the coupler is shattered to ensure no back reflections.) Refractive index changes on
the sensor’ s end were monitored with a photodiode. The photodiode produces a voltage
output proportional to input signal intensity. This voltage is processed by a lock-in
amplifier, which also displays the measured voltage changes. A smilar experimental
arrangement was used to measure the cure rates of epoxy.’® Using the fiber optic sensing

system method, index of refraction changes are measured over cellular lifetimes.

During monitoring, the reference and output signals were fed into an oscilloscope for
simultaneously monitoring of the signals. This had the benefit of viewing if the fibers were
coupled properly at the bulkhead. If the fibers were not fully inserted into the bulkhead, or
if dirt was on the endface of the fiber, the oscilloscope displayed a sinusoidal waveform
with significant decrease in amplitude compared to the reference signal. This enabled a
“standard” connection to be established. The experimenta set-up for measuring the

refractive index changesis displayed in Figure 13.

The photodetector has an inherent spectral sensitivity; therefore, the photodetector is chosen
to have its largest gain at the wavelength of the incoming light. Figure 14 shows the

spectral sensitivities for different photodetectors. As can be seen, the best photodetector
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for this application is either a Ge or InGaAs photodetector. The quantum efficiency is
higher for the InGaAs photodetector (0.6 responsivity verses 0.5 for a Ge photodetector),

but the cost is also inherently higher. Since the signal to noiseratio is small, an InGaAs

photodetector isused. The InGaAs photodetector had a 75 nm active area, this small area

reduces the dark current contribution to the signal noise.

3.2. SigNAL TO NOISE RATIO

The signal to noise ratio islow in this case because the incoming signal is very weak
compared to the background noise signal. Since the signal to noise ratio is smal, a
function signal generator was used to modulate the laser diode current at 400 Hz withaDC
offset of 2.5 VDC. A lock-in amplifier tracked the modulation signal and separated the
actual signal from the modulation signal. The lock-in amplifier was used as a bandpass

filter to alow the actual output signal to be resolved from the noise level.

3.3. SENSOR HEAD

The actual sensor head is a cleaved fiber end. The fiber used was polyimide coated to
improve the chance of functioning in the different cellular environments. After the end was
cleaved it was checked using an interferometer to ensure a “good’ cleave. This is
determined from the interference pattern generated by the interferometer. The fiber used for
sensing in these experiments generated two interference fringes. With this particular
interferometer, three interference lines are the maximum to ensure a good cleave. After

checking with an interferometer, the fiber wasimmersed in Cargille calibrated refractive

index oils between the values of 1.330 (£0.0002) - 1.632 (+x0.0002) to determine the

fiber's individual response to different indices of refraction. Cdlibration is important
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because even if the fiber is cleaved the same way, it does not really have the same endface
angle every time. The reflections are angle dependent and this requires each cleave to be
calibrated. Figure 15isageneral refractive index verses output voltage graph for a fiber

sensor head.

4. FRESNEL FIBERSCOPE DESIGN

4.1. MOTIVATION

The author knows of no current methods of macroscopic monitoring of morphological
changesrelating to cellular activity. These types of readings could be very revealing asto
the actual cellular events. Cellular processes are known from prior work with individual
readings taken at specific pointsin time of cellular systems, but the author does not know
of any procedures to macroscopically monitor the entire process in vitro. Using
conventional observation techniques the stages of prophase, prometaphase, anaphase, etc.
are fairly well understood, but the inability to macroscopically monitor cellular lifetimes

leaves large unknownsin the study of viral effects on cellular processes.

Another unknown in the study of celular activity is the effect of gravity on cdlular
processes. Data acquisition of eukaryotic cellular processesis difficult in space. Current
cellular observation methods require interaction with the cellular environment. Thisis not
conducive to study on space flights; not only may the crew be exposed to biological risks,
but the usual methods of administering various media onto viewing plates would pose
considerable difficulty in aweightless environment. There is also the issue of experience.
To conduct exacting cellular studies requires a great deal of experience on the researcher’s

part when “judgment” is called for. It isvery unlikely someone with a high level of
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experience in the biological, or virological, field would be able to qualify for space
missions. On the other hand, data accumulated automatically in space and made available
either “live” during the flight, by transmitting the data while it was occurring, or after the

flight concluded would allow such experiments to be performed in space.

The idea of Fresnel Fiberscope came to the author while trying to solve the problem of
macroscopic, in vivo, cellular monitoring. Itiscalled aFresnel Fiberscope because it uses
an optical fiber array to monitor cellular morphology based upon the Fresnel equation for
transmittance as a function of refractive index (see below), thus it seemed appropriate to

call the device a Fresnel Fiberscope.

(24)

Measuring the refractive index changes of cells over time seems to be a good idea.
Reflectance and transmittance are a function of refractive indices as seen in equations 19
and 20. Using afiber optic sensing system with the fibers embedded into the vessel for in
vivo monitoring of cell morphology suffersfrom asmall viewing area. It isalso important
to keep the fiber immobilized during experimental runs. Cells“move’ asthey replicate. If
they migrate, the readings could be of different cells at each reading. If it isused forin
vitro sensing each flask, or 96 well plate, would have to be embedded with optical fibers.
Current flasks and 96 well plates are disposable, and this would push the construction
costs up tremendoudly if they had to be imbedded with optical fibers. To try to improve on

these shortcomings, adlightly different approach is considered.
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4.2. THEORY

Cells are cultured in a96 well plate. Thiswill be the environment that will be monitored
using the proposed device. A light source shines down on the 96 well plate at a distance
sufficient enough to assume the incident light waves are planar. As the light passes
through the sample, the transmittance is changed. High numerical aperture optical fibers
are mounted underneath the plate and are used for collecting the light passing through the
cellular environment. Any changes the environment has on the light passing through the
environment is seen by differences in intensity on the output end of the fibers. This
difference in intensity changes are currently monitored using a Charge-Coupled Device
(CCD) camera. A CCD camera was chosen because it allows an inexpensive method to
determineif the ideawould actually work. A more accurate method would be to attach the
output end of each individual fiber to a photodiode, then the voltage changes of the
photodiode could be monitored. Thiswould increase resolution, but it would also require

much greater funding.

The heart of the Fresnel Fiberscope is the fiber optic bundles and the viewing camera. A
CCD camerawith anirislens was used to monitor the intensity changes on the endfaces of
the optical fibers. This datawas fed into acomputer for storage, but presently datais still
manually collected. Intensity changes are correlated to celular changes and recorded
optically viaa CCD camera mounted on a microscope. After an intensity reading was
taken, the 96 well plate was moved to a light microscope and correlating points on the 96
well plate were digitally photographed. The data was fed into the same computer and an
AB switch allowed the computer to monitor the light microscope’ s camera or the Fresnel
Fiberscope' s camera. (Figure 17 Drawing of the Fresnel Fiberscope box. Figure 18

Internal picture of the Fresnel Fiberscope.)
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5. EXPERIMENTAL RESULTS AND CONCLUSIONS

5.1. DESIGN INVENTION

The type of optical fibersto be used had to be decided. Since the goal of this project wasto
have a more macroscopic representation of cellular environments, a high numerical aperture
fiber was decided upon. A polymethyl-acrylate optical fiber sheathed with a flourine doped

polymer was used to capture the incoming light (Edmund Scientific - part number

P53,832). It was chosen because it possesses an acceptance angle of 35°. This would

allow fewer fibersto be used in observing alarger area of the cells.

The next question to be resolved was how the fibers would be held in a constant position in
relationship to the positions on the underside of the well plate. The first ideawasto just
cleave them and |eave the jacket as a separating layer between the fibers, however, if the
endface of the fibers were cleaved at different angles, the input intensities to the CCD
camerawould be different. This effect arises because the numerical aperture is angle
dependent. If the heads of the optica fibers were cleaved at different angles, their
numerical aperture would be different; therefore, their response to incoming light would be
different. Epoxy was used in the next attempt of holding the optical fibersin a specific
location. The fibers were stripped of 1/2” of the jacket and inserted from the bottom of the
96 well plate and into the epoxy. The epoxy chosen was a Devcon “Plastic Welder”. It
appeared opaque to the naked eye, but when alight source was shone on the endfaces the
contrast disappeared. The epoxy was tranducent! An opague epoxy was used next
(Miller-Stephenson Epoxy 907), thus restoring the contrast. Then the question arose asto

how would the fiber positions be exactly correlated to the bottom of the well plate.
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A correlation chart (Figure 19) was made by comparing the manipulation of the input light
intensity of each single fiber and monitoring the output image. This allowed the accurate
determination of the input endfaces of the optical fibersto be matched to the output image,
but how was the image of the well plate on the microscope going to be correlated to the
image obtained from the fiber bundle? It would be very easy to have the well plate off
angle by a few degrees. This would have detrimental impacts on the correlation of

measured images to the actual cellular picture captured by the light microscope.

To correct this problem, a masking plate was machined to correlate the exact fiber
placement to its physical location on the well plate. The plate was fabricated at a local
machine shop. To correctly drill the holes, atemplate needed to be made of the fiber
positions. A dowel of dark gray poly-vinyl chloride (PVC) was inserted into a 96 well
plate, and holes were drilled through the material at the exact positions the optical fibers
would be inserted into. The masking plate was secured underneath and it was drilled
through after the drill bit passed through the PVC. Thiswould allow the machinist to
know where the fibers would be placed, and accurately align the masking plate holes. This
method had an unforeseen advantage of not only making a mask, but the fibers had a
holding template to be placed into. The epoxy filled wells were then replaced with wells
holding PV C blocks. Now the fiber placement in all the wells were the same, and the
diameter of the holesin the mask exactly matched the diameter of the fibers. After using
the improved well plate, and mask, another effect was seen; diffraction from the internal

edges of the circular aperture shadowed the fiber and induced error. To resolve this, the

diameter of the holesin the masking plate were increased from 0.040” +0.001 to 0.048”

+0.001 in. The exact diameter of the holes, after drilling, were checked with an Ex-Cell-O

contour projector. The results of increasing the diameter of the holes in the masking plate

was to place the Airy disk over the endface of the fibers.
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Determining the most appropriate light source was a big problem. Using a halogen 50 watt

bulb controlled by a dimmer switch wasthe original idea. A voltmeter, with an accuracy of

+0.001 VDC, was used to determine the input voltage to the halogen bulb to ensure the

same output intensity while taking measurements. It was later realized that the voltmeter
was not measuring the output intensity of the halogen light source. Its only function wasto
measure the input voltage to the light source. The effect of resistive heating was realized at
this point because at low input voltages the output intensity of the halogen bulb was seen to
fluctuate. Fluctuationsin the light source intensity would nullify the validity of data among
consecutive readings. The filaments of the light source are resistive in nature and their
resistance to power makes them luminesce. The graph of input power verses output
intensity is based upon an exponential relationship at the lower end of the graph and amore
linear relationship at the upper end. Unfortunately the light level needed was on the part of
the curve that was the most sensitive. To circumvent this problem, the ambient room light
was tried as the light source. Thisdid give controllable light intensity because when all the
room lights are on, the intensity will always be approximately the same. One of my
advisors asked about someone repeating the experiment el sewhere; the room light would be
different there and different results would be obtained. Light Emitting Diodes (LEDs) were
the next option because they possess a linear relationship between forward current and
luminous output intensity. Since the light level needed was an unknown, a selection of
LEDs were chosen and a circuit was designed to have the LEDs operate in the full on
position. If none of the diodes produced a sufficient luminous intensity, they can be
arrayed to create a designated output intensity. A diode selection array was designed, and
built, to determine the best diode for illuminating the well plates (Figure 20 LED
schematic.). The array and viewing stage was covered with a black cloth to completely

block out al other light except the light produced by the LED array.
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The LEDs ranged in peak wavelength and light intensity value (Table 1) and they were
cycled through using the two different cameras (CCD-400, CCD-500) while the irises of

the cameras were adjusted to give the best resolution. The yellow green diode emitting

0.10 W in combination with the CCD-400 camera gave the best resolution in checking

various well platesfilled with cellsin various stages of development. The LEDs were of
the encapsulated type, and the output intensities were determined using a photometer with a
flat spectral response to all wavelengths involved, so the measurements are accurate in

relation to one another.

5.2. CONCEPT VALIDATION

Using the fiber optic sensing system, a change in refractive index of the cells over time was
observed (Figure 21 HUTK- cellslifetime plotted with index of refraction., Figure 22
VERO cdlls lifetime plotted using index of refraction). This revealed that refractive index
of the cells changed over time. Since thiswas the case, isit possible to use this phenomena

to change the characteristics of alight beam passing through the cells?

Using a step density filter, the individual fibers were checked to determine their individual
response to increasing optical densities (Figure 23, Figure 24, Figure 25, Figure 26,
Figure 27, Figure 28, Figure 29). The straight line in these curves represent aleast square
fit, and the dightly curved lines are the experimental measurements. All the fibers
exhibited a characteristic increase in intensity between the optical densities of 0.3 - 0.7.
This could be attributed to imperfections in the step density filter. If the step density filter's
film thickness' are not exact according to the optical density of the material, this effect will
be seen in actual readings. Fibers 3, 4, and 7 exhibited the most linear response. The

differencesin individual optical fiber’s response to optical densities probably arises from
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aberrations occurring during the polishing process. To account for these differences, the
seven optical fiber measurements were averaged. This should serve to not only “smooth”

out the data, but it will provide a more macroscopic picture of the well.

The impact of the meniscus of the cell culture mediainside the wells of the 96 well plates
on the transmittance was another reason for averaging the data points of all seven fibers.
Fiber 7, which isin the center of the well, always had a higher reading than the rest of the
fibersin the well. Meniscus lensing was also observed when the image was viewed under
the light microscope. After realizing all these factors, measurement of pure mediain the

well was taken. After averaging, the readings were very similar (Table 2).

A bubble formed in the media and connected to the underside of the microtiter lid. It
resulted in a marked increase in the transmittance of the light (Table 3). The bubble
appeared to capture the light and act as alens when viewed through the optica fiber,
producing results similar to those observed for the condensation effect. Thisisentirely
possible because it is known that athin film will cause amaxima on light passing through it

based upon equations 21 and 22.

Condensation on the underside of the microtiter lid increased the light transmittance
intensity (Table 4). Since the exact amount of condensation on the underside of the top
plate protecting the wells could not be controlled, the top plate was removed to take
measurements because different condensation amounts could overrule the actua impact the
cells could have on the transmitted light. Removing the top plate had one major drawback
inthat it possibly exposed the cells to contamination; therefore, after the reading was taken
of the 96 well plate, it was discarded.
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It was also seen that if extreme care was not taken in the collection of the data, significant
error could beinduced (Table 5 Error impact on transmittance produced by misalignment
of thewell plate.). Itisvery easy to misalign the masking plate and change the reading by
physica meansinstead of reading the impact from the cellular environment. Unfortunately,
the Fresnel Fiberscope is currently a “crude’ device in comparison to the degree of
sensitivity needed to actually pursue thiswork to the level desired, but it isagood starting

point.

It was seen that a higher cellular density monolayer produced a “lensing” affect. The
results from a 96 well plate containing VERO cells are shown in Table 6, Table 7, Table 8,
and Table 9. The wellswith ahigher seed density show a higher transmittance. Thisisnot
entirely surprising since the same effect is observed on the light microscope. The cells

were measured one hour after being placed inside the wells.

A developing monolayer of cells were studied since the preliminary work indicated the
feasbility of following celular development using the Fresnel Fiberscope. The
development of VERO and CV 1 cellsimpact on transmittance were followed to determine
the impact of the cellular processesin light transmittance through the sample. The results
are not conclusive since not enough data has been accumulated to completely characterize

the cellular systems, but early work revealed some surprising cellular characteristics.

Figure 31 and Figure 32 are graphs of the effect of a developing VERO monolayer on light
transmittance. The straight lineisthe average mediavalue. The interesting feature of these
graphsis that the higher seed density wells actually allowed more light to pass. The cells
appear to have alensing effect. Astime progresses, the wells become somewhat similar in
their impact of the light passing through the wells. The reason light transmittance through

the well C5 on 22 February dropped significantly was because the cells started dying and
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turning dark (Figure 39). This reduced the amount of light that was allowed to pass
through the well. Figure 33 shows the images of the endfaces of the fiber optic bundle
during data collection. Figures 34 - 39 are the microscope images taken to correlate to the

seed density to data measured using the NIH software.

When CV 1 cells were measured the opposite effect was seen. The higher seed density
blocked morelight. Thisis probably due to the fibrous nature of the cells actually causing
a“sheet” effect of the light trying to pass through the well. Again the cells exhibited the
similar characteristics after afew days (Figure 40, Figure 41). The drastic decrease in
transmittance in well C1 is due the plate being misaligned during the reading.
Misalignment is one of the main contributors to measurement error. Figure 42 showsthe
images of the endfaces of the fiber optic bundle during data collection, and Figures 43 - 48
are the microscope images taken to correlate to the seed density to data measured using the

NIH software.

5.3. CONCLUSIONS

The Fresnel Fiberscope is designed to accommodate future development needs. Originally
the camera was mounted at a fixed point with respect to the well plate. Thisdid not give
the option of increasing the camera sfield of view. Currently it isstill mounted at afixed
point until al the correlations are established, but it is placed on an optical stand with an
adjustable z axis. Thiswill allow the freedom to let the camera drop back from the well
plate to increase the field of view. In this manner the entire 96 well plate can be monitored

using one camera.

The camera chosen isa GBC CCD-400. Itisahigh resolution (400 lines) 0.03 lux camera

with a minimum of 10 shades of gray scale. The CCD-400 was chosen over a more
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sensitive, 0.01 lux (CCD-500), camera because the CCD-500 lux was too sensitive. The
lux is the camera’s reaction to incident luminance, a smaller lux means the camera needs a
smaller incident luminance to produce a picture. Both cameras use an adjustable lens with
an adjustable iristo control input light intensity. The iris on the CCD-500 was 3/4 closed
to achieve the correct sensitivity over a step density plate. The CCD-400 was able to have
theirisfully opened. This eliminated possible diffraction effects shadowing the images

near the edge of theiris.

When the system was used to capture images, the changes in light intensity were seen
visually, but a method was needed to exactly determine the dlight differences in light
intensity. If the ideawas to measure cellular impacts on the transmission properties of
light, it was doubtful that the naked eye could distinguish the differences. A software
program™ was found that could be adapted to correlate light transmittance to an actua
value. The version used was for a Macintosh Power PC. Images were captured on an
IBM PC using aframe grabber (ALL-IN-WONDER by ATI Technologies), saved to aZIP
drive, and transported to the Macintosh for analysis. The PC version of the software
program was not used because some of the functions do not work properly, and an
external, commercial program is needed to emulate the program on the PC. Since money
was an issue, the images were analyzed in the computer lab of the Center for Molecular
Medicine and Infectious Diseases (CMMID), at Virginia Tech, on a Macintosh Power PC
model 9500/200. After the images were analyzed with NIH Image, the output data was
placed into an Excel (5.0) file. The Excel file was used to compile a graph of intensity
versus index of refraction. A step density filter (Edmund Scientific - part number
D32,599) was used as a standard to establish a correlation between individual fiber

transmittances to different optical densities.
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A top view of the viewing plateisillustrated in Figure 30. The idea behind the three
viewing points, and their physical location, isto manually cover a series of cell culture
densities. Itiscurrently very difficult to cover the entire bottom of the 96 well plate
because of the machining cost involved in fabricating a proper masking plate. By choosing
the configuration illustrated in Figure 30, the 96 well plate containing the cells can be
moved, from left to right, and readings can be taken in a serial fashion (i.e. Al, A3, A5,
C1, C3, C5).

The refractive index changes of cellular systems were monitored using afiber optic sensing
system. The results showed acyclical effect over the lifetime of the cellular environment.
Although this path was not followed to a great length of research, it did show promisein
point sensing of cellular environments. The data collected was used mainly to support the
point that morphological changes of cellular lifetimes could affect refractive indices, thus

validating the basic concept.

The information gained from the fiber optic sensing system was used as a stepping stone to
investigate the design and construction of a device that would monitor cellular processes
using changes in refractive indices to influence transmittance of light passing through the
cellular environment. Our idea was discovered independently, although it was realized
afterward that a similar idea had already cometo fruition.! The University of California
Lawrence Livermore Nationa Laboratory, in collaboration with Tufts University,
constructed an optical fiber imaging sensor that monitored the fluorescence of a solution to

measure pH.
The " Fresnel Fiberscope’ device constructed is able to view changesin optical density very
well, as seen in the calibration graphs. The correlation of cellular processes to changesin

transmittance will take much time and refinement of the instrument, but the basic premiseis
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solid. Different cellular densities showed a marked affect on the transmittance of light
through the sample. The device possesses the ability to be scaled to a desired image
capturing size by changing the bundle dimensions of the optical fibers. The camera can
also be used to capture awide field of view and collect atremendous amount of datain one

frame.

The condensation effect could be removed by replacing the current stage with a heated one,
or by mounting the viewing stage inside the incubator and running the optical fibersto a
camera mounted safely outside the viewing environment. The effect of bubbles should aso
disappear, asthey are usually incurred when handling the plates during observation. This
ability to remotely sense cellular morphological activity is a tremendous benefit for

monitoring the effect of hazardous viral strains on cells.

5.4. FUTURE DIRECTIONS

The future applications of the idea of the Fresnel Fiberscope are amost limitless. It isat the
same stage as the Bonanni microscope of 1691 (Figure 3). It isvery crude with respect to
the possibility of resolution potential. Refinements could include a machining of the
viewing stage to accurately align the 96 well plate and the mask. Thiswould eliminate the
current physical adjustments made while viewing the camera to obtain the best image. The
author thinks thisis the biggest contribution to measurement error. The fiber bundles could
also be re-ground with greater precision, thereby removing the individual differencesin the
fibers observed during measurements. The size of the fibers used in the fiber bundle could
be changed to increase, or decrease, the viewing diameter at the distal tip of thefibers. In
this manner the device could be tailored to a specific size of cell inacellular environment.

Choosing an appropriate image analysis software would be a significant improvement, one



such as IPLab Spectrum by Scanaytics (http://www.iplab.com/index.html) is made
specificaly for image analysis.

Potential future applications include zero gravity monitoring of cellular processes. Littleis
known about the effect of micro gravity on cellular processes; this device would alow in
vitro observation on entire cellular systems. Strains of deadly viruses could be observed
safely in space, or on the ground as the fibers could allow remote sensing of the
environment. The data acquisition could also be automated, thus removing a great deal of
human induced error, and the need for the tremendous amount of time currently incurred in

data acquisition of cellular systems.

Miniaturization on the device isalso possible. A microchip LED could be mounted on the
top plate and a photodiode could be used to collect the information transmitted into the
optical fiber. The device could be used in fields of toxicology, virology, immunology, and
biology, to name afew. Sinceisimpossible to view viruses with alight microscope, the
cytopathic effect of a virus on a system could be observed, rather inexpensively, in
laboratories around the world. A scanning electron microscope is needed to view Viruses,
and only an “after the fact” assessment can be made. With thisdevice, avira progression
could be monitored while it occurred. Thiswould tremendously increase the speed of

research into the effect of viruses on cdllular systems.

The cost of a Fresnel Fiberscope system, onceit isfully developed, should be around the
same price as agood light microscope. Thiswould enable more scientists to study effects
and processes currently only available to more “equipped” laboratories, allowing data
access of cellular systemsto a great deal of researchers on alimited budget. Since the data
could be collected with a computer, it would also greatly facilitate information transfer via

the Internet.
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On afinal note, the Fresnel Fiberscope is not the end all answer to cellular and virological
monitoring. The early results show promise, but many refinements need to be made to
establish concretely the correlation between the transmittance and the reason for the
changes. If thisdeviceis developed, and improved, it could have the same impact on the

biologica community that fiber optics has had on the communi cations community.
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6. TABLES

Table 1 Characteristics of the LEDs used in the Fresnel Fiberscope.

Light Emitting Diode [ Peak wavelength Irradiance at Irradiance at experimental
faceplate (W/cm?) distance of 5 1/2”
Ydlow Green 565 nm 64.1 MmN 0.10 mW\V
Y ellow Jumbo 590 nm 372 M\ 44.3 MmN
Orange Jumbo 620 nm 5.62 mW 250 m\
Bi-color Red 660 nm 4.33 mW 30.69 MmN\
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Table 2 Determination of pure media effect on transmittance.

Well Position
Fiber Number A3 Wdl A5
1 8051 7249
2 7599 1247
3 8249 8444
4 7290 6605
5 6758 7071
6 7817 7817
7 8374 8416
Average 7734 7550
Cl C3
1 7550 7550
2 6695 6780
3 8402 8358
4 7275 7088
5 7364 7101
6 7994 7551
7 8457 8342
Average 1677 7539

Vauesarein pixels.
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Table 3 Measurement of a bubble, in the mediaof VERO cdlls, effect on transmittance.

Well Position
Al A3 A5

Seed Density 100,000 1,000 1,000
Fiber Number

1 6699 7560 5721

2 7182 8073 6063

3 8094 7635 7800

4 6897 6795 5313

5 6573 6312 4833

6 6726 8787 7062

7 8529 9480 9231

Average 1242 7806 6576

Valuesarein pixels.
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Table 4 VERO cdls; effect of condensation on transmittance.

Well Position: Al
Fiber Number With Condensation Without Condensation
1 9300 8850
2 7605 6984
3 7854 7257
4 5352 4674
5 8655 8076
6 6504 6135
7 7128 6342
Average 7485 6903

Vauesarein pixels.
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Table 5 Error impact on transmittance produced by misalignment of the well plate.

Well Position
Al A3 A5

Seed Dengity 100,000 1,000 1,000
Fiber Number

1 7773 8163 7614

2 6576 8349 7041

3 7809 6165 8097

4 6543 6537 6687

5 5562 5061 5427

6 7749 7398 7911

7 9048 8892 9237

Average 7293 1224 7431

Vauesarein pixels.
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Table 6 VERO cdls effect on transmittance.

Well Position
C1 C3 C5

Seed Dengity 100,000 1,000 1,000
Fiber Number

1 7572 6282 4785

2 5736 5190 3315

3 8529 8712 7485

4 7920 7149 6294

) 6711 6567 6519

6 7965 7425 7074

7 9801 9819 9969

Average 7749 7305 6492

Valuesarein pixels.

Data collected 2-3-98
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Table 7 VERO cdls effect on transmittance.

Well Position
C1 C3 C5

Seed Dengity 100,000 1,000 1,000
Fiber Number

1 7344 7461 5802

2 4368 6999 6600

3 8133 8451 4965

4 7290 6618 6414

5 7236 5160 6636

6 7563 8010 7980

7 9483 9285 9213

Average 7344 1425 6801

Vauesarein pixels.

Date collected 2-4-98
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Table 8 VERO cdls effect on transmittance.

Well Position
Al A3 A5

Seed Dengity 100,000 1,000 1,000
Fiber Number

1 8586 8229 7506

2 8421 8061 6915

3 8895 8568 8739

4 7884 7788 8226

5 6585 6867 6012

6 8277 7752 8037

7 9897 9573 9741

Average 8364 8121 7881

Vauesarein pixels.

Date collected 2-5-98




Table 9 VERO cdls effect on transmittance.

Well Position
C1 C3 C5

Seed Dengity 100,000 1,000 1,000
Fiber Number

1 7090 6483 6488

2 4490 9327 4817

3 7603 1752 6134

4 6974 7163 7012

5 6796 5373 5824

6 6942 6677 6861

7 8762 8816 8664

Average 6950 6799 6542

Vauesarein pixels.

Date collected 2-5-98
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7. FIGURES
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Figure 2 One of the earliest versions of the light microscope.

Figure 3" Early form of acommercial microscope. (Bonanni 1691)
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where | isintensity, x isdistance, Risred, G isgreen, and B isblue.
Figure 8" Bright and dark fringes produced by optical phase differences.
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Figure 9" The process of cellular replication.
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Figure 10® Lumen of Gut showing the difference between epithelia and fibroblast cells.
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Figure 11 Block diagram for monitoring refractive index changes.
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Figure 12 Block diagram of the Fresnel Fiberscope set-up.
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Figure 13 Experimental Set-Up for measuring refractive index changes using the single

fiber method.

52



Responsivity (A/W)

o Sy S e
: ? efficiencyﬁoﬁ s 0
. e 5

R 05

700 900 100 1300 1500 1700
Wavelength (nm)

Figure 14% Responsivity vs. Wavelength for typical photodetector devices.
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Figure 15 Refractive index vs. output voltage for afiber sensor head calibration.
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Figure 18 Interna picture of the Fresnel Fiberscope.
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Figure 23 Fiber 1 calibration.
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Figure 24 Fiber 2 calibration.
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Figure 25 Fiber 3 calibration.
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Figure 26 Fiber 4 calibration.
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Figure 27 Fiber 5 calibration.
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Figure 28 Fiber 6 calibration.
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Effect of the Developing Epithelioid (VERO)
Monolayer on Transmittance
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Figure 31 Effect of Developing VERO monolayer on Transmittance (A Wells).
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Figure 32 Effect of Developing VERO monolayer on Transmittance (C Wells).
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Figure 33 Images of Fiber Optic Bundle during data collection (VERO).
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Figure 35 Microscope Image of 10,000 Seed Density (7686 pixels).
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Figure 36 Microscope Image of 1,000 Seed Density (7744 pixels).
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Figure 37 Microscope Image of 100,000 Seed Density (7439 pixels).
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Figure 38 Microscope Image of 10,000 Seed Density (7572 pixels).
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Figure 39 Microscope Image of 1,000 Seed Density (7342 pixels).
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Effect of the Developing Fibroblastic
(CV1) Monolayer on Transmittance
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Figure 40 Effect of Developing CV1 monolayer on Transmittance (A Wells).
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Figure 41 Effect of Developing CV1 monolayer on Transmittance (C Wells).
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Figure 42 Images of Fiber Optic Bundle during data collection (CV1).
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Figure 43 Microscope Image of 60,000 Seed Density (7003 pixels).
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Figure 44 Microscope Image of 10,000 Seed Density (7507 pixels).
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Figure 45 Microscope Image of 1,000 Seed Density (7674 pixels).
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Figure 46 Microscope Image of 60,000 Seed Density (7289 pixels).
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Figure 47 Microscope Image of 10,000 Seed Density (7249 pixels).
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Figure 48 Microscope Image of 1,000 Seed Density (6930 pixels).
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