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ABSTRACT

ANN M. LUSKY WRIGHT
In Vitro Toxicity and Stimulation Capacity of Cytokines by
N,N-Dimethylacrylamide(DMA) and Dibutyltin dilaurate (DBTDL) and
Benzalkonium Chloride (BAK)
(Under the direction o f Dr. J.GRADY STROM)

In vitro tissue or cell culture techniques allow researchers to perform toxicity
and irritation testing on developmental products before manufacturing and marketing.
Evaluation of new contact lens polymeric components for possible on eye
inflammatory, irritant or toxic events will allow rapid pre-clinical screening of
potential products, and avoid unnecessary animal studies. Alternatives to animal
testing are of primary concern for the present global regulatory agencies. In vitro
models are alternative laboratory methods being sought by industry to identify
possible toxic and inflammatory components. This research investigated in vitro
testing techniques to determine the potential cytotoxicity and cytokine response from
polymeric components.
In vitro cell biology allows material toxicity testing using specifically derived
cell lines, documented here with SV-40 Transformed Human Corneal Epithelial Cells
(HCE-T) and IC 21 Murine macrophages (IC21), and specific diagnostic in vitro
methodologies.

MTS/PES, BrdU and direct cell counts were used to determine the

inhibition concentration (IC 5 O24) of DMA, DBTDL and BAK.

xi
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Polymeric component leaching, resulting from prolonged on eye exposure,
may be associated with cellular cytokine responses, including corneal inflammation.
By measuring the stimulation of acute inflammatory response cytokines (IL-1 a or J3,
TNF-a and EL-8) in response to insult from polymeric components, predictions about
the potential clinical event profile of polymer components can be made.
Results from this study found that the IC 5 O24 cytotoxicity levels for IC 21
cells exposed to DMA was approximately 2130 ppm, approximately 4.7 ppm for
DBTDL exposure and was approximately 1.6 ppm for BAK exposure. HCE-T
IC5024 cytotoxicity levels were approximately 2900 ppm for DMA exposure,
approximately 4.9 ppm for DBTDL and approximately 7 ppm for BAK exposure.
Significant cytokine release of IL-1 a was found in IC 21 cells exposed to 5 ppm
BAK for 4, 8 and 24 hours. HCE-T stimulated with 5 ppm BAK released IL 8 at 24
hours. Neither DMA or DBTDL exhibited any cytokine release in either cell line
following 4, 8 or 24 hours exposure.
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

TABLES OF CONTENTS

ACKNOWLEDGEMENTS.............................................................................................iii
LIST OF TABLES..............................................................................................................v
LIST OF FIGURES.........................................................................................................vii
ABSTRACT...................................................................................................................... xi
CHAPTERS
1

INTRODUCTION................................................................................................. 1

The Eye..............................................................................................................................1
General Anatomy................................................................................................... 1
Biomaterials.................................................................................................................... 8
Comeal Inflammatory Responses................................................................................. 17
Contact Lenses Related........................................................................................17
Bacterial Incidents and Contact Lenses..............................................................18
Comeal Infiltrates............................................................................................. 21
Chemical Irritation...............................................................................................23
Bodily Responses............................................................................................................26
Cellular Immunity................................................................................................26
Humoral Immunity...............................................................................................27
Ocular Immunity..................................................................................................28
Chemical Mediators of Immunity.......................................................................33
Chemokine............................................................................................................40
Toxicological Systems of Testing.................................................................................42
In Vivo Animal M odels...................................................................................... 43
Clinical Testing....................................................................................................44

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

In Vitro Models....................................................................................................45
Applied In Vitro Tissue Culture Cell Lines................................................................. 51
Transformed Peritoneal Mouse Macrophage IC 21 ......................................... 51
Human Comeal Epithelial C e lls.........................................................................53
Summary......................................................................................................................... 54

2

OBJECTIVES.......................................................................................................57

3

METHODOLOGY...............................................................................................59

Cell Culture....................................................................................................................59

Growth Procedures.............................................................................................59
Establishment and Growth of IC 21 Murine Macrophages(IC21)..................59
Establishment and Growth
of Transformed Human Comeal Epithelial Cells(HCE-T).............................60
Establishment and Growth of Transformed Human Comeal
Endothelial Cells (E6E7)....................................................................................61
Mycoplasma Treatment of Cell C ulture...........................................................62
Mycoplasma Screening.......................................................................................63
Procedure for Long Term Storage of Cell Lines............................................. 65
Serum Free Media Studies..................................................................................65
Staining Procedures............................................................................................67
Solution Preparation......................................................................................................67
Actinomycin D Solution.....................................................................................67
N,N-dimethylacrylamide (D M A )..................................................................... 67
Dibutyltin dilaurate (DBTDL)...........................................................................68
Lipopolysaccharide (LPS)..................................................................................69
Interleukin 1 -alpha (IL-1 a ) .............................................................................. 69
Interleukin 8 (IL-8).............................................................................................69
Benzalkonium Chloride (BA K ).........................................................................69
Tumor Necrosis Factor-alpha (T N F -a)...........................................................69
Camoy’s Solution...............................................................................................70
pH and Osmolarity..............................................................................................70
Gas Chromatograph Identification of DM A.................................................... 70

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Interference Testing of Test Solutions
of CellTiter 96® AQue0us One Solution (MTS/PES)........................................71
Cary 3E Analysis of Compounds and Media....................................................72
Testing Procedures...........................................................................................................72
Growth Curve Assay.......................................................................................... 72
Toxicity Testing to Determine Non-Toxic Cell Viability
Levels and IC5024 Levels for DMA, DBTDL and BAK Using
IC21 Murine Macrophages (IC21) and Human Corneal
Epithelial Cells SV-40 Transformed (HCE-T)................................................ 74
Cell Exposure for Light Microscopy Photos....................................................75
Cell Proliferation ELISA BrdU (colorimetric)................................................ 76
Enzyme Linked Immunological Sandwich Assay (ELISA)
Kit T esting...........................................................................................................78
IC 21 Murine Macrophage Cells........................................................................78
T N F -a .....................................................................................................78
I L - l a / I L - l |3 ......................................................................................... 79
Human Comeal Epithelial Cells SV-40 Transformed (HCE-T)..................... 80
I L - l a / I L - i p ......................................................................................... 80
IL -8 ..........................................................................................................82
Cytokine Stimulation Capacity
and Induction o f Cells Cultures.........................................................................83
IC 21 Murine Macrophage Lipopolysaccharide (LPS)
Stimulation Capacity Levels................................................................. 83
IC 21 Macrophage Cytokine Stimulation
Capacity and Induction..........................................................................83
HCE-T Cytokine Stimulation
Capacity and Induction..........................................................................84
Abandoned Earlier Methodology

.........................................................................85

WEHI T N F -a...................................................................................................... 85
Lactate dehyrogenase (LDH) Toxicity K it.......................................................87
Neutral Red A ssa y ............................................................................................. 88
Crystal Violet Proliferation................................................................................89
ICN Mycoplasma Kit......................................................................................... 90
Permeation Methodology...................................................................................91
HCE-T Permeation Testing Phase 2 ................................................................. 92

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

4

RESULTS

.95

Cellular Growth Curves............................................................................................... 95
Human Comeal Epithelial Cells SV-40 Transformed (HCE-T).................... 95
IC 21 Peritoneal Murine Macrophage Cells (TIB-186)...................................103
Mycoplasma Testing.......................................................................................... 110
Serum Free Media Studies................................................................................. I l l
Interference Testing......................................................................................................115
MTS Interference Testing.................................................................................. 115
Cary UV-Visible Spectmms..............................................................................117
pH and Osmolarity Values................................................................................. 118
Analytical Data on Solution Concentrations.....................................................124
Toxicity Testing to Determine Non-Toxic Cell Viability Levels
And IC5024 Levels for DMA, DBTDL and BAK Using IC 21 Murine Macrophages
(IC21) and Human Comeal Epithelial Cells SV-40 Transformed (HCE-T)........... 126
IC 21 Cell Viability............................................................................................ 126
IC5024 Values for IC 21 Cells for Test Solutions............................................ 128
HCE-T Cell Viability......................................................................................... 133
IC5024 Values for HCE-T for Test Solutions....................................................139
DNA Synthesis.............................................................................................................. 144
5-bromo-2’-deoxyuridine (BrdU)..................................................................... 144
Light Microscopy of HCE-T Cells Exposed to DMA, DBTDL and BAK............. 153
HCE-T................................................................................................................. 153
IC 21.................................................................................................................... 162
Cytokine Evaluation of IC 21 and HCE-T Cells
Exposed to DMA, DBTDL and BAK......................................................................... 171
IC 2 1 ................................................................................................................... 171
HCE-T................................................................................................................. 173
Abandoned Testing Evaluations.................................................................................. 174
WEHITNF Assay...............................................................................................174
Lactate dehydrogenase....................................................................................... 183
Neutral Red A ssay..............................................................................................186

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Permeation Assay................................................................................................186
Crystal Violet A ssay.......................................................................................... 187
5

SUMMARY AND DISCUSSION....................................................................... 188

Research Findings..........................................................................................................188
Future Studies for Increased Understandings.............................................................195
6

REFERENCES.................................................................................................... 199

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

CHAPTER ONE

INTRODUCTION AND REVIEW OF THE LITERATURE

The Eve

General Anatomy
The eye is an organ consisting of various tissue types that are interrelated to
define the spherical structure of the globe. The eye rests in a cavity surrounded by fat,
muscles and connective tissue. The eye has 2 distinct sections, an anterior and posterior
section. The anterior section is the exposed portion and is protected by a bony orbital
region of the skull. The posterior section is from the posterior chamber to the retinal an
doptic nerve. Oblique muscles support the posterior section. The optic nerves and artery
leave this section and enter the cranial cavity 1.
The organ of the eye can be divided into thirds. Figure 1 is a gross anatomy of
the eye. The outer third consists of the sclera and cornea. The second area is the uvea, a
pigmented vascular portion of the eyeball consisting of the choroid, ciliary body, and iris.
Last is the retina, the light receptive, innermost, nervous tunic of the eye. Within the eye
are three fluid chambers; the vitreous, the posterior and anterior chambers. The vitreous
chamber is the largest chamber. It is located behind the lens and is filled with vitreous
fluid. This fluid adheres to the posterior peripheral retina and the ciliary epithelium. The

l
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posterior chamber is the small area between the lens and iris. It is filled with aqueous
humor, which is secreted by non-pigmented ciliary epithelium cells and exits into the
anterior chamber through the pupil. The anterior chamber is bordered posteriorly by the
iris, anteriorly by the cornea.
The anterior section of the eye is about one third of the structure of the eye. It has
a transparent structure the cornea, and a white tissue area, called the sclera. The eyelids
protect the eye and are covered with conjunctiva tissue. The conjunctiva is a transparent
mucous membrane that lines the inner surface of the eyelids and the anterior portion of
the sclera. The conjunctiva is continuous with the epithelium of the cornea and is a
repository for the lacrimal gland secretions. These secretions from the lacrimal gland are
the tears, which retain the mucous membrane structure of the cornea, and anterior section
of the eye. The eyelid, through the motion of blinking, distributes the tears over the
globe of the eye to maintain the integrity o f the anterior section 2. The tears help to keep
the cornea moist and “smooth out” irregularities, which could effect light transmission.
The tears also have an antibacterial function. 1The cornea will be discussed in detail
later.
The mid-anterior section of the eye contains the uvea, or the choroid, the ciliary
body and the iris. The choroid is a vascular sheet that provides blood supply for the
retinal epithelium and sensory retina. The ciliary body is a ring of tissue divided into two
sections, the uvea and the epithelial portion. The aqueous humor and hyaluronic acid are
secreted from the epithelial ciliary body. The iris and the pupil lie between the lens and
the ciliary body. The pupil is a diaphragm that regulates the amount of light entering the
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eye. The iris is a thin contractile disc and it separates the anterior and posterior sections
o f the eye
The inner portion of the posterior section of the eye consists of the sensory and
pigment epithelium of the retina. The retinal pigment epithelium is the outer layer o f the
optic vesicle and is a single layer of cells. This layer is attached to the sensory retina
where the photoreceptor cells are located. The sensory layer consists of the rod, cone and
nerve fiber layer that with the retinal pigment epithelium, converge to the optic nerve.
Their purpose is to convert light energy into nerve impulses. The posterior section of the
eye also contains the vitreous humor.
Cornea
The cornea is a tough compressible layer of connective tissue located on the
anterior section of the orbital of the e y e .1 It is a three layered transparent tissue structure
composed of a stratified epithelium on the anterior side, stroma and a single layer of
endothelial cells on the posterior side. The surface epithelium is bathed in tears while the
endothelium is in direct contact with the aqueous humor. The comea is extended outward
at its edge to a limbus. The limbus connects to the conjunctiva of the sclera and onto the
eyelids.3 The central comea is a specialized tissue to refract and transmit light. It is an
avascular tissue and derives its oxygen source from the atmosphere by diffusion via the
tears, aqueous humor and the peripheral capillaries l. Thus, there is an absence of blood
vessels and pigment in the comea. Comeal acellularity and matrix structure is a function
o f its overall transparency. 1 An indication of comeal injury is the
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5
increased appearance o f blood vessels within the stroma. This phenomena is called
neovascularization and occurs to supply the comea with oxygen 4. The comea requires
about 6 pi of oxygen per square centimeter of surface. 5
The refractive index o f the comea is what allows light to enter the eye and bend to
form an image on the retina. Each layer the comea, the epithelium, stroma and
endothelium, do not reflect light at their interfaces. The comeal tissue layers work as a
whole because of the same index of refraction of light for each tissue layer. The tears are
also within the refraction of light index of the comeal tissue layers and aid in the
transmittance of light from the comea to the retina.3
The comeal epithelium is from 50 pm to 60 pm in thickness. ‘The epithelium
layer is made up of 5 to 7 layers of cells. Described from the outer surface inward, these
include 3 to 4 flattened layers o f squamous cells, 1 to 3 layers of “wing cells” and a
single layer of columnar basal cells. The cell membranes of each o f these layers are
interdigitated with desmosomes, tight and gap junctions, which are prominent cell-to-cell
adhesion mechanisms. The epithelium is a border layer specialized to minimize fluid
loss, pathogen entry, and serves as a border to the external environment. The anterior
position of the epithelium requires it to be self-renewing over a period of approximately 7
days and provide a quick response to any wounds to its surface. 6 The epithelium is a
highly mitotic tissue type. The epithelium is sparsely populated with Golgi, mitochondria
endoplasmic reticulum organelles, that is consistent with the transparent-translucent
requirement of the organ. The comeal epithelium uses glucose pumped from the
aqueous humor and stores glycogen for energy production.3
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The stroma of the cornea is connective tissue and makes up approximately 90% of
the thickness of the complete cornea. The stroma is a very highly organized meshwork
of collagen fibrils, proteoglycans and soluble glycoproteins. This framework helps to
maintain intraocular pressure and provide the uniformity necessary for the optical
pathway. The cells present within the stroma are keratocytes. These cells help to
synthesize and maintain the lamellae of the stroma.
The corneal endothelium is a single layer of cells that appear hexagonal when
viewed apically. The endothelium has within its cytoplasm a very high number of
mitochondria. There are also Golgi apparatus and endoplasmic reticula. The
endothelium maintains a constant level of stromal hydration and pumps water out o f the
cornea toward the anterior chamber. The endothelium pump determines the hydration of
glycosaminoglycans and overall corneal transparency.

1The endothelium has low

regenerative capacity where lost cells are quickly replaced by the spreading of adjacent
cells. Figure 2 is a representation of the layers of the cornea.
Comeal physiology includes both the epithelium and endothelial barrier
properties and their respective metabolic pump functions. If either of these layers is
compromised, this will lead to a thickening of the cornea and a decrease in vision.
Comeal transparency requires the integrity of both of these tissue layers. Injury to the
endothelial tissue will result in extreme swelling of the stroma due to the disrupted
intraocular pressure and the aqueous humor will leak into the stroma causing it to swell.
The epithelium serves as a barrier between the stroma and the tears. An injury to the
epithelium will cause the stroma to absorb fluid from the tears and swell in 4 to 6 hours.
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Figure 2: Anatomy of the Cornea

During a period of stress on the comeal epithelium, glycogen is rapidly depleted.
The epithelium has three pathways of glucose conversion. When there is a high level of
glucose in the system, i.e. diabetes, the glucose will enter a sorbitol pathway producing
sorbitol and fructose. Most of the glucose metabolism is via anaerobic glycolysis. This is
either conversion to glycogen or pyruvate. Contact lens wear decreases the available
oxygen from the environment, which reaches the epithelium. This decrease in oxygen
levels during lens wear can cause epithelial hypoxia and result in lactate build up within
the intercellular spaces of the epithelium and stroma and eventually cause comeal
thinning and edema.
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During conditions of hypoxia or inflammation, arachidonic acid is metabolized by
cytochrome P450 producing 12-(R)-hydroxyeicosatetraenoic acid (12-(R)-HETE). 12(R)-HETE inhibits Na/K ATPase and 12-(R)-di-HETE, which cause neovascularization.
The aerobic glycolysis, up to 35%, is via the hexose monophosphate (HMP) shunt. 7 This
pathway is the result of the high mitotic index of the comeal epithelium and the
conversion of hexose to pentose for nucleic acid synthesis.3
In a physiologically intact comeal endothelium, the aqueous humor enters the
stroma at a constant rate. The endothelium is referred to as a “leaky” barrier. This
leaking of the aqueous humor to the stroma and to the comeal epithelium can be referred
to as the “endothelial pump”. 3 To maintain a constant corneal thickness, the rate of fluid
into the stroma must equal the rate out. To maintain the comeal integrity, the
“endothelial pump” does not transport fluid but rather ions. This creates an osmotic
gradient that draws water out of the stroma to the aqueous humor. The Na+/K+ ATPase
membrane protein and the movement of Na+ across the membrane support the
endothelial pump transport system.3

Biomaterials

Many medical devices are made of polymers. Contact lenses are one type of this
biomaterial. They consist mainly of covalently bound carbon atoms forming chain like
structures. These structures can be differentiated into straight, branched or star shaped
structures, which determine the overall material property and mechanics. Polymers may
be synthesized by either polymerization, polyaddition or a polycondensation reaction,
which often utilizes molecules that initiate the polymer forming reaction. In the case of
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the polymerization of contact lens materials, initiators initiate free radicals, propagating
the polymer reaction forming the final lens m aterial.8
Biomaterials have specific bulk and surface properties, which can be specifically
utilized for interface dynamics within their respective host environment. The surface
material can differ from the bulk material, it can be charged, catalytic or it can become
contaminated. These interface dynamics can, in addition, be altered by environmental
factors such as hydrophobic or hydrophilic entities in the surrounding tissue and fluids.
Figure 3 is the chemical structure of N,N-dimethylacyrlamide (DMA), a common
monomer used in the formation of contact lenses.
Specific forms of biomaterials are hydrogels which can be derived by swelling of
the cross-linked structures in water. Hydrogel polymer swelling determines the
diffusion, surface, mobility, optical and mechanical properties. The amount of water
uptake by any particular hydrogel is determined by the monomers, which combine to
form the polymer. For example, polyhydroxyethyl methacrylate (PHEMA) will increase
its water uptake when methacrylic acid (MAA) is used as a copolymer. 8 Hydrogels can
be classified by their ionic charge, preparation method and physical structure. Hydrogels
can be neutral, cationic, ionic and ampholytic in nature. 9 Hydrogels have good
mechanical strength, a good refractive index and high oxygen permeability, which are all
necessary for a healthy cornea.
One of the first uses for hydrogels was that o f contact lenses. Hydrogel contact
lenses are classified into 4 groups; low water (< 50%), nonionic; high water (>50%),
nonionic; low water (< 50%), ionic; and high water (>50%), ionic. The ionic charge to
the polymer is mostly due to the level of methacrylic acid. Charge also increases protein
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binding to the lens material.10 High water contact lenses dehydrate greater on the eye
than low water content contact lenses. This dehydration can induce corneal epithelium
injury. 11 It is essential for a hydrophilic lens to have high water permeability and a high
oxygen transmissibility to maintain corneal integrity. 8 5
The nature of the surface of a contact lens makes it a highly likely candidate for
surface protein adsorption. The amino acid side chains of each individual protein
facilitate the adsorption of protein. Absorption is a relationship between the charge of the
amino acid, pH of the biological environment, and surface charge of the polymer. The
adsorption is irreversible. The outer structure may vary over the surface causing patches
of acidic, basic or neutral residues. The adsorption of the proteins to the surface of the
polymer aids in the attachment of cells, whether tissue or bacterial. This increased
potential for cellular adhesion, in the case of contact lenses, can become a source for
prolonged exposure of the cornea to either protein irritation or bacterial inflammation.
Thus, if the cornea has suffered a loss of integrity, the potential for a adverse response is
heightened.
A common preparation method for contact lenses is a polymerization of
monomers using a UV radical initiator. The formulation is cured under UV light, uses a
catalyst and then the final polymer is then extracted in isopropanol. Tin catalysts,
DBTDL, Figure 4, are specific for the reaction between hydroxyl and isocyanate groups
in the formation of a contact lens polymer. Tin catalysts are endowed with toxicity and
should be eliminated.1213 The elution is dependant on the solubility of the solvent, with
organic solvents being more efficient than water in extracting unbound species.14 13
Process extraction times are defined by the polymer make-up and by the complete
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removal of any unpolymerized components or additives, such as the initiator. Further
extraction of lens may follow prior to the final toxicity testing of the material.14
There are two mechanisms of post polymerization extraction that may cause a
release of a substance from a polymeric material. One is the use of solvents to elute
unbound monomers and/ or additives after setting. There also may be leachable
components created by degradation or erosion over tim e.15 Erosion is the loss of material
from the polymer. Water or other solvents enter the bulk, which may then cause
swelling. This intrusion may then cause degradation and the formation of oligomers and
monomers. Degradation is a chain scission process during which polymer chains are
cleaved into oligomers. Degradation can be by thermal, mechanical or chemical factors.
Chemical degradation can be caused by hydrolysis or enzyme-catalysis.15
Methyl esters and methacrylic acid result from the polymer hydrolysis in ethanol.
1S Unspecific esterases and enzymes in the saliva have been found to attack the matrix in
dental composites liberating methacrylic a c id .15 Many tested DMA based monomers
were found to contain leachable formaldehyde. Formaldehyde may be a result of
possible oxidation process of methylacrylate-based m aterials.16 The release of
formaldehyde from denture-base polymers can be a possible cause of allergic reactions. 16
A significant amount of residual monomer or short chain polymers remain
unbound in set composite materials, see Figures 5-7. 14 The interaction of materials and
the components of materials with cells at the molecular level are probably responsible for
tissue-level reactions such as inflammation, necrosis, immunogenesis and carcinogenesis.
1718 Biocompatibility testing is used to evaluate the host response to implantable or
applied biomaterials. The ability of the material to perform with an appropriate host
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response in its specific application assures host biocompatibility. 19 Different polymers
are capable of eliciting different responses from macrophages. 17
Methods o f extraction can be varied. A water-soluble substance or extraction
vehicle can be readily added to a cell culture media. Materials or extractables that are
non-soluble in water are more difficult to extract. l9,20 With in vivo exposure there is
direct contact with the tissue where the uptake of the material into the cells is facilitated
by the presence o f enzymes and bodily fluid process.2120 This process cannot be
duplicated in the in vitro environment. To assay the completion of this polymerization
process and removal of unpolymerized components, requires testing be done on extracted
polymer materials. 22 The standard USP method of extraction is related to the thickness or
shape of the article tested and the ratio of extraction vehicle to that of the material.23
Three to 6 cm2 o f the material surface per ml of the leaching medium are necessary to
perform the test. The standard method of extraction is at 120°C for 1 hour in a 0.9%
saline solution. Ferracane corroborates that 5-10% of the unbound substances elutes into
an aqueous solution.14
Various methods of extraction have been used in an attempt to simulate the
polymer under its biological conditions. Materials nonsoluble in water are more difficult
to analyze for biological evaluation. 20 Biomaterial components can be leached in media
in an incubator at 37°C for 30 days in sterile conditions. A minimum of 5 days of
incubation is required. This extracted or leached solution is then tested in in vitro tissue
culture systems for toxicity levels. 23 These same extracts can also be tested for
inflammatory responses in tissue culture.
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Figure 3: Chemical Structure of N,N-dimethylacrylamide, DMA
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Figure 4: Chemical Structure o f Dibutyltin Dilaurate, DBTDL
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Comeal Inflammatory Response
Contact Lens Related
Inflammation of the cornea can be the result of contact lens wear, or a mechanical
trauma from contact lens surface irregularities. Overnight contact lens wear has been
associated with comeal inflammation and infection. 24 Three main inflammation
responses are:
i)

contact lens induced papillary conjunctivitis

ii)

acute red eye

iii)

infectious keratitis

Soft contact lenses (SCL) can cause significantly more inflammatory responses,
but fewer mechanical responses, than rigid gas permeable (RGP) lenses. Focal peripheral
infiltrates with or without epithelial disturbance represent a clinical complication
associated with soft contact lens wear. 25 These contact lens type inflammation
differences are attributed to RGP lenses allowing a better tear exchange, very little
protein deposition (5pg) and only 60% of the cornea being covered by the wearing of the
lens. SCLs cover the entire cornea and encroach upon the limbus, absorb high levels of
protein ( 2000pg) and can absorb contaminants.26
With the recent re-introduction of long term extended wear lenses, the possibility
•

•

o f inflammatory responses of the eye to contact lens wear could be significant.

27 f*w

The

sources of the SCL inflammation and its relationship to extended wear may be multi
faceted in its deduction. The rate of inflammation from SCL can be reduced by regular
lens replacement.26 Extended SCL wear can give rise to a characteristic mid peripheral
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corneal infiltrate. The infection is said to be “sterile”, such that the recovery of the eye to
the infiltrate present is demonstrated after contact lens removal with no therapy. 28 The
most common inflammatory disease occurring during contact lens wear is contact lens
induced acute red eye, (CLARE). 24 29 Contact lenses have been shown to increase the
presence of P. aeruginosa by increased adherence to the surface material, thus possibly
providing a niche for strains to then colonize the epithelial surfaces o f the e y e .24 P.
aeruginosa keratitis is one of the most destructive bacterial diseases o f the cornea and is
characterized by severe ulceration and extensive dissolution of the corneal strom a.30
Eye closure is also a contributor to inflammation problems in the eye in reference
to contact lens wear. After waking from sleep there is an average of 120 epithelial cells
and up to 6,500 inflammatory cells in the tear fluid. In comparison an average of 9
inflammatory cells are found in tears during the day. This difference in naturally
occurring cell volumes present in open and closed eye tears may be a possible closed eye
sub-clinical inflammatory state.26 The process of blinking, which maintains the layered
structure of the tears and protects the epithelium, also can cause cells or debris to be
trapped behind the contact lens. These debris can be cellular matter, proteins from tears
and mucous. The accumulation of this debris material behind the lens is in close
proximity to the comeal surface and can cause inflammation outside of hypoxia.26
Bacterial Incidents and Contact Lenses
The following will describe three strains and their associated infectious properties
related to the eye and contact lens were. The gram-positive strains of S. auerus and 5.
epidermis are microflora of the skin and mucous membranes. 5. auerus is a coagulase
producing gram-positive bacteria that can produce enterotoxins A, B, C, D and E as well
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as other enzymes, namely; lipases, hyaluronidase, nucleases, protease and lysozyme.
Ocular isolates of S. auerus are non-capsulated versus other sources of bacterial isolates.
S. epidermis is a coagulase negative gram-positive strain. The non-coagulase
staphylococci are more opportunistic within a compromised host. They produce many of
the same toxins and enzymes as coagulase positive strains. This strain’s slime production
allows the adherence to plastic biomaterials allowing for further colonization and
infection.31 Peripheral staphylococci infections reflect an anti-antibody reaction. This
immune complex binds to complement that attracts neutrophils to the corneal limbus.
The role of PMN in microbial infection will be discussed later.
Psueudomonas aeruginosa can cause rapid and destructive ocular disease. The
bacteria adhere readily to soft contact lenses and lens deposits, increasing the risk of
possible infection. 24 It is present in our environment and may be present in ophthalmic
solutions and ocular cosmetics. Aging also can influence the occurrence of ocular
infections to Psueudomonas aeruginosa by a decrease in initial PMN function. The
function of PMN response has been found to be delayed, activated to persist and cause
comeal perforation from PMS proteolytic enzymes and oxidative metabolites.

One

group of inflammatory mediators are the oxidation products of arachidonic acid (AA).
Release of AA from the cell membrane is metabolized into inflammatory compounds,
such as, leukotrienes, LTB 4 , prostaglandins, and thromboxanes. 30
The glycocalyx o f Psueudomonas aeruginosa allows the organism to
adhere to the host cell. These cells in turn form microcolonies on the epithelial
surface. This adherence happens almost immediately upon comeal compromise.
The infection can be detectable microscopically within 6 hours. By 18 hours, the
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infection is severe and involves the entire cornea. P. aeuruginosa has three
exotoxins, A, B and C. Exotoxin A has been found to be more virulent than the
cell endotoxcin. Exotoxin A also can damage Polymorphonuclear leukocytes,
inhibiting host defenses. 33 Cytokines and chemokines have been upregulated
during P. aeruginosa infection in the cornea of mice.

These include the

cytokines IL -la, IL-p, IL-6, IL-1 receptor antagonist, granulocyte-macrophage
colony-stimulating factor (GM-CSF) and TNF-a.

These autacoids function

together to orchestrate an inflammatory response. 7 Chemokines that are
upregulated include Eotaxin, RANTES, macrophage inflammatory proteins la , 1
3 and 2. Corneal cells can initiate a response as early as 6 hours after infection
and prior to the infiltration of PMNs. 33
Numerous mediators are involved in the development and progression of comeal
inflammation.7 Cytokines in patients with contact lens induced acute red eye (CLARE)
and contact lens induced peripheral ulcer (CLPU) exhibit induced inflammatory
reactions. Tear fluid cytokines and mediators are present in the tears of subjects
experiencing CLARE and CLPU. The cytokines discovered in the tears were IL -la, ILlp, IL-8 GM-CSF and the lipid inflammatory mediators LTB4 and Platelet activatingfactor (PAF).34 Thakur hypothesizes that during CLPU bacterial toxins cause tissue
necrosis and induce AA metabolites. LTB4 and PAF are released by damaged epithelial
cells and are chemotactic for PMN. The eicosanoids, prostaglandins, and HETE have
been implicated in the initiation, development and progression of an inflammatory
response and are endogenously produced from the injured tissue.

7 oe

The CLPU

increased levels of LTB4 and PAF-activity, with resulting CLPU stromal scarring, are
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indicative for the release of PMN proteases that are involved in the stromal dam age.34
During CLARE infections there is a greater level of IL -8 and GM-CSF found in the tears
as a result from the stimuli from endotoxin/ lipopolysaccharide from gram-negative
bacteria. The PMN recruitment in CLARE does not exhibit tissue damaging enzymes as
in CLPU. 34
Comeal Infiltrates
There are 3 basic symptoms of comeal disease. They are (1) halos, (2) reduced
visual acuity and (3) pain. The various inflammatory responses of the eye may not be
detectable in the peripheral systemic environment or other organs. This is due to the
small volume of tissue associated with the eye. Comeal infiltrates can be a serious
complication associated with contact lens w ear.25 Infiltrates can range from a small
infiltrate with or without epithelial defect to a large comeal ulcer with active microbial
involvement.25 The most common sight threatening eye injury resulting from contact
lens wear is the incidence of infectious keratitis2.
Keratitis is an inflammation of the cornea. This response can result in ulcerative
lesions in the epithelium or stroma, or both, with the loss of tissue and visual acuity. The
transparent cornea becomes infiltrated with inflammatory cells and blood vessels that are
evident in the stroma resulting in vision impairment. Infectious keratitis from bacteria, if
untreated, may cause permanent eye damage. Most types of bacteria in the anterior
section of the eye can cause a loss of eye integrity or infection if the host defense
mechanisms are compromised. Within the United States, Psueudomonas aeruginosa,
Staphylococcus epidermis, and Staphylococcus aureus are the most common strains to
cause corneal keratitis.
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Corneal infiltrates can be the result of contact lens wear and bacterial
adherence and/or their increased population in the anterior section of the eye. Bacteria
colonize the lids and eye, some being pathogenic, without incidence of infection.31 P.
aeruginosa accounts for about 70 percent o f all corneal infections. P. aeruginosa are able
to adhere in large numbers to contact lens materials compared with other gram negative
bacteria. 24 The cornea and tear fluid provides a barrier to these bacteria. The presence
of a tear film with antibacterial properties, lactoferrin, beta lysine, and lysozymes and the
process of blinking, help to maintain homeostasis of the eye.36 3
The influx of polymorphonuclear leukocytes (PMN) to the eye as a result of comeal
keratitis is diminished in those eyes with soft contact lens (SCL) wear. Induced ocular
PMN responses may play a role in the inflammatory response leading to tissue damage
observed during ocular P. aeruginosa. 30 SCLs can cause interference of host
physiological and immune responses in SCL-related microbial keratitis.
Bacterial comeal ulcers can result from the disruption of these physiological
factors. Contact lenses have many means by which they can disrupt the cornea. The
extended wear of soft contact lenses can develop a consequential relationship between the
contact lens material, the bacteria and the cornea. Evidence has shown that
midperipheral comeal infiltrates associated with soft contact lens (SCL) wear are noninfectious bacteria. 28 Long term wear, epithelial injury, hypoxia and epithelial edema
and toxin exposure from bacteria are all vehicles of infiltrate development. Overnight
wear has been shown to double the risk of a possible comeal infiltrate. 27
Bacteria tend to adhere to the under surface of the contact lens because of a
decreased tear flow and decreased protection of the under surface from the tears with
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blinking during their wear. The proteins and glycoproteins present in the tear film readily
adhere to some contact lenses. This adherence can work as a scaffold or biofilm, to aid in
the attachment o f bacterial organisms.31
The progressive stage o f a comeal infiltrate is by a diffusion of toxins, adherence
and entry of the organism to a compromised cornea and enzyme release. A comeal injury
will first allow the adherence of bacteria to the corneal surface. The glycocalyx envelope
on the bacteria facilitates the adherence. Once this has started, polymorphonuclear
leukocytes, (PMN) or neutrophils arrive at the wound site. The combination of bacterial
and PMN enzyme-induced damage allows progressive intrusion into the cornea. The
PMN’s can arrive via the tear film and from the limbal area of the cornea as the disease
progresses.
The damage, if not treated or abated by host immunity, can cause intrastromal
damage and abscesses. These abscesses are characteristic with a Psuedomonas infection,
resulting in diffuse epithelial graying which actually occurs away ffom the site of
infection.
Chemical Irritation
The use of contact lenses for more than one wear cycle involves the use of lens
care solution to disinfect or clean the lenses for future wearing. All multidose ophthalmic
preparations, including tear substitutes, contain preservatives as required by the United
States Pharmacopoeia. 38 Lens cleaning solutions clean debris ffom the lens surface, kill
and remove organisms and tear film deposits and help to retain the integrity of the lens.
These solutions themselves must remain stable and free of any contaminants. For these
solutions to have a bactericidal effect and to remain organism free between usages, they
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must contain chemicals that are toxic to organisms yet non-toxic to ocular tissue.
Cationic surfactants are the most active biocides and are also the most toxic. Cationic
agents are active against most gram-negative and gram-positive organisms. 39 40 Some of
the chemicals used for disinfecting are benzalkonium chloride (B AK), a cationic
surfactant and a quaternary ammonium wetting agent and preservative (Figure 8),
chlorhexidiene (CHL), an anti-microbial agent, chlorobutanol (CBL), a preservative and
thimerosal (THM), a mercurial anti-infective agent and preservative. 41

no2

Figure 8: Chemical Structure of Benzalkonium Chloride

These active agents can cause an allergic reaction ffom prolonged exposure and
can also have negative physiological and pathological response ffom corneal tissue. A
comparison of the uptake of BAK by either hard or soft lenses showed little or no uptake
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by the hard lens and up to 1% in soft lenses.42 The uptake of BAK to a soft lens is
dependent on the number of binding sites available with the respective polymer. A
common soft contact lens can, when placed in the eye, have a maximum concentration of
0.12% after a 24 hour exposure to a solution of 0.005% BAK. This is above the limits of
BAK used in ophthalmic solutions and can cause adverse comeal effects. The BAK
concentration can also remain higher under the cornea - contact lens barrier causing
prolonged exposure to a high level of BAK.42 This prolonged exposure to BAK can be
taken up by the cornea tissue and released and taken up again leading to further
compromise of the cornea. Patient studies have seen comeal chemical keratitis as a result
o f soft contact lens wearers changing their solution ffom a non-BAK product to one with
BAK added.43
Formed monolayers of primary human comeal epithelial cells were observed to
have a rapid retraction o f the cells upon exposure to media containing 0.01% BAK, the
standard topical solution concentration of 100 PPM. Cell growth arrest and death is seen
at concentrations as low as 0.0001% BAK on conjunctival cells in vitro. 44 BAK will
disrupt the lipid layer of the tear film. This as noted before, can cause free evaporation of
the tears and hasten comeal drying. BAK also destroys microvilli of the comeal
epithelium cells and thus the mucoid layer attachment to the cornea.45 The cationic
nature of BAK lends it to be a stronger irritant and injurious than anionic and more so
than neutral ones active agents. 45 39 46 The surfactant action of BAK causes intercellular
junctions to dissolve and a loss of the outer layer o f the corneal epithelial c e lls.38 The
prolonged use of BAK preserved anti-glaucomatous solutions could modify the biology
and metabolism of the ocular surface. 47
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Bodily Responses
Cellular Immunity

An immune response is a coordinated response in the body to a foreign substance
or infection. Specific, or acquired immunity involves the T and B-lymphocytes and is
present after repeated exposures, allergies, o r viral infections. Innate immunity is the
presence of natural mechanisms, cells or barriers that do not enhance themselves after
repeated exposures.1 Some cells, which mediate innate immunity, are the leukocytes.49
Leukocyte cells that specifically recognize and respond to a foreign substance are
macrophages, neutrophils, natural killer cells, and eosinophils. These cells are also called
accessory cells. One of their functions is phagocytosis of the foreign material. These cells
are directly involved in bacterial killing and removal of damaged host
tissue. 1 The inflammatory process is mediated through the products generated and
secreted by these infiltrating cells at the site o f injury. 50 An example of a foreign
substance that may cause an inflammatory response is a polymer. The size, surface
morphology, wettability, chemical and physical properties are important in determining
the type, duration, and intensity of any inflammatory response.48
Immune responses follow three categories; cognitive phase, activation phase and
the effector phase. The cognitive phase is where the foreign agent is bound or
recognized, or phagocytosis occurs. The activation phase for the macrophage is where
the macrophage serves as an antigen-presenting cell (APC) for the lymphocyte cells by
releasing cytokines. The effector phase is the participation of molecules to eliminate or
neutralize the organism.49 1
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Regional immunity is a concept where each organ or tissue possesses anatomical
and physiological features that direct an immune responses expressed special
requirements o f the tissue. Some components of the eye’s regional immunological
influence are bone-marrow derived dendritic cells and macrophages, “eye-seeking”
lymphocytes, filtration of intraocular fluids, the blood-ocular barrier, spleen receptor
antigenic signals ffom the eye and the aqueous and vitreous humor cavity.50 The
Mucosal Associated Lymphoid Tissues (MALT), include the conjunctiva and ocular
adnexal glands. MALT immunity in the eye is dominated by IgA more than other
immunoglobulin isotypes. Most APC in MALT are bone marrow derived dendritic cells
that are complemented by tissue macrophages. The anterior segment of the eye is
virtually devoid o f dendritic cells or macrophages, except at the limbus of the cornea.
These APC cells are only stimulated by inflammation of the eye tissue.50
Humoral Immunity
Humoral immunity in the eye can be expressed in the tears.36 Contact lenses or
solutions are presented for immunological challenge via the cornea/ tear film natural
barrier.3 Present in tears is a cationic low-molecular weight enzyme, lysozyme that
attacks the mucopeptides of bacterial cell walls. Lactoferrin is also present within tears
and inhibits the availability of certain metals to microorganisms. Secretory I gA appears
to prevent mucosal invasion of the eye by microorganisms, also.51 The role of secretory
IgA increases during external irritation by leakage ffom the conjunctival vessels.
Secretory IgA has antibody specificity for bacterial antigens, viruses and toxins. This
may aid in the removal of pathogens prior to mucosal attachment and increased risk for
infection. The concentration level of IgG present in the cornea stromal tissue is followed
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by level of IgA. IgM is also present in the peripheral cornea. This IgM can bind
complement and agglutinant antigens very effectively. 50 The lacrimal gland produces
the complex aqueous portion of the tear film. Epidermal growth factor (EGF) is present
in tears and is produced in the lacrimal gland for maintaining the ocular surface, comeal
wound healing and combating ocular diseases along with many other growth factors. 52
Ocular Surface Immunity
Injury to the cornea provokes an inflammatory response correlating to the
severity of the injury.7 The normal cornea is a dense, firm structure through which very
few inflammatory molecules are admitted. The conjunctiva is rich in inflammatory
reactants. Blood and lymphatic vessels, also the tears, provide the system for the transport
of immunological elements to the cornea.53
Three leukocyte systems participate in inflammation of the eye. They include,
granulocytes, lymphocytes and monocytes. Granulocytes and leukocytes are called
inflammatory cells. There are three types of granulocytes; neutrophils, eosinophils and
basophils. Neutrophils, or polymorphonuclear leukocytes (PMN), can be identified by
their multi-lobed nucleus. They are very reactive to a chemical stimulus and are
activated by macrophages and endothelial cells. PMN’s are the most abundant
granulocytes and are effector cells through the release of granulocyte products and
cytokines.50 They can be triggered by Ig Fc receptor and specific complement receptors
recruited by immune mechanisms of the acute inflammatory response. Some
antimicrobial polypeptides o f neutrophils include bacterial permeability -increasing
factors, defensins, lysozymes, lactoferrin, serine proteases and metalloproteinases. These
polypeptides punch holes in the bacterial membranes. The polypeptides destroy
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microorganisms by reactive oxygen radicals generated from oxygen during respiratory
burst, superoxide anion, hydroxyl radicals, hydrogen peroxide, hypochlorous acid, and by
reactive nitrogen radicals, nitric oxide, nitrogen oxide and nitrous acid. 54 The reactive
oxygen intermediates and reactive nitrogen intermediates have potent anti-microbial
activity. 49 The release of theses species can contribute to inflammation and tissue
damage. *’55
Eosinophils are more specific in their mode of defense. They destroy agents that
stimulate IgE and can accumulate at allergic reaction sites. Eosinophils become activated
by IL-5 and are in the tears and conjunctiva.50 Basophils and mast cells also have a large
number of highly sensitive IgE receptor sites. This high affinity for IgE causes basophils
to degranulate and initiates a hypersensitive response, while the degranulation of mast
cells is a cause of histamine response. IgE activation can be induced by CD23, a low
affinity receptor for IgE, found during conjunctival inflammation. 47 IgE is known to be
directly involved in allergic phenomena and atopic kerato-conjunctivitis. 56
The macrophage is a mononuclear phagocyte, which originates in the marrow as a
stem cell, leaves as undifferentiated monocytes to mature to a macrophage, which settles
in tissue. Macrophages perform their role in immune defense prior to specific immunity
initiation. They perform three functions: 1) as antigen presenting cells, 2) as
inflammatory effector cells and 3) as regulators of processes.30 Macrophages are
abundant in the cytoplasm. They can form epithelioid cells, fuse to form multinucleated
giant cells or are found in connective tissue and all organs with names identifying their
location.30
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Activated macrophages are a major source of cytokines and produce these and
other mediators of inflammation when exposed to bacterial endotoxins. 57 Figure 9 is an
electron microscopic picture of a control peritoneal macrophage, left, and a stimulated
macrophage, right after exposure to an homeopathic agent. This shows the macrophage
stimulation response.

Figure 9: Electron Microscopic Photographs of IC21 Macrophages
Unstimulated (left) Stimulated (right)

Macrophages carry out phagocytosis of foreign material, including, particles,
microbes, and antigens and injured or dead tissue. A macrophage may recognize these
materials via phospholipids and sugars. Macrophages also secrete enzymes, related
oxygen species, and prostaglandin. They produce cytokines or secrete mediators that
recruit other inflammatory cells, complement proteins, TNF-a, IL 1 and IL 6,
prostaglandins and leukotrienes.50 Macrophages also play a role in the cognitive,
activation and effector roles of specific immunity. 49
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If a microorganism has penetrated the surface defenses, the systemic immunity
response is activated. This mainly involves the neutrophil or macrophages. Components
o f the complement system, CSa for example, are chemotactic for macrophages. Receptor
subunits are shared among different cytokine receptors. A common receptor site shared
by the IL-6 cytokine family is G pl30. These receptor subunits build complexes which
lead to the activation of signal transduction in the cell. 39 The complement humoral
immune defense provides a recognition pathway for inflammatory responses. The
formation of C3 convertases result in the generation of major opsonic fragments on the
cell membrane at which cell recognition then takes place.60
Both of these cells process the removal of the microorganism by phagocytosis.
Opsonins are substances that coat the bacteria and make them more susceptible to
phagocytosis. 51 Neutrophils rely on a process called opsonization. Opsonization is the
binding of an antibody and/or complement to the microorganism and thus becoming more
susceptible to phagocytosis by the neutrophil and the macrophage. During phagocytosis,
a metabolic energy dependent process occurs known as respiratory burst. 49 The effect
of the tissue damage is mediated by cytokines, leukotrienes and platelet activating factor
that are part of the acute response and initiate further rounds of inflammatory responses
of cell accumulation at the site of injury. 1
Within the cornea, as in the epidermis of the skin, are interdigitated dendritic cells
(DC), or Langerhans cells (LC). These cells are thought to have a similar marrow origin
as the monocyte. Langerhans cells will migrate to the affected tissue site from the
epidermis via lymph nodes. These bone marrow-derived cells along with macrophages
are located in the iris, ciliary body, retina and choriocapillaris. 3 Dendritic cells are
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potent APC cells to primary T-cell dependent immune responses.50 Langerhans cells are
3- 8% of the cells of the human epithelia, including the skin and mucosa. The limbus and
conjunctiva are heavily populated with Langerhans cells. A comeal inflammation from a
virus can induce the migration of Langerhans cells into the central cornea.50 LC and DC
are both prominent producers of IL-1 upon stimulation with LPS.61
The innate immunity inflammatory response o f the ocular surface involves the
limbus, cornea, conjunctiva, and the tears, macrophages and the neutrophils and
associated adhesion molecules. Conjunctival located mast cells and their granular related
products, especially histamine, are activated by biomaterials. Mast cells and the
histamine they release are critical to the recruitment of inflammatory cells during
biomaterial-mediated inflammatory responses.62 Adhesion molecules are involved in
bringing leukocytes and other cells to close proximity to the biological event. Leukocyte
or PMNs infiltration into the cornea is a common process observed in infection
autoimmune disease and surgical or non-surgical trauma. Circulating leukocytes infiltrate
the site of inflammation by binding to cellular adherence molecules, intercellular
adhesion molecule -1 (ICAM-1).63 Corneal epithelial cells themselves can produce IL 1, IL-6, TN F-a and IL-8 after stimulation with various agents. 64 7
Surface Langerhans cells can easily initiate an immune response following an
encounter with an antigen on the conjunctiva or limbus. There is a concentration of
corneal epithelial stem cells at the limbus where the transition from conjunctival
epithelial cells to comeal epithelial cells takes place.65 A number of B cells, plasma cells,
PMN’s and mast cells lie in the substantia propria of the limbus. The location of these
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inflammatory cells near the cornea located in the limbus and conjunctiva suggests that
there is no down regulation of immunological and inflammatory responses.50
Chemical Mediators of Immunity
Cytokines are polypeptide molecules synthesized and released by cells at the site of
inflammation. Cytokines have a molecular mass less than 30 kDa. They have both a
paracine action, signaling of a target cell in close proximity to the signal-releasing cell,
and an autocrine action, where the substance secreted by cell stimulates the secretory cell
itself. In very few cases a cytokine may have endocrine action to cells in a distant part of
the body.49' 66 The synthesis and release of a cytokine by one cell is a signal that can
evoke a response in cells that express the corresponding cytokine receptors. 67 Cytokines
exert a variety of biological activities through a specific receptor. Most cellular responses
to cytokines require new mRNA and protein synthesis. 66 Different signal transduction
pathways can be activated on different target cells through a given receptor due to the
differences in the expression pattern of each molecule. 59 The target cell for a particular
cytokine is determined by the presence of specific membrane receptors. The interaction
between the cytokine and its receptor has a very high affinity and picomolar
concentrations of cytokines can mediate a biological effect. 49
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Tissue Injury
1
Primary Signals
i
Stress-Responsive Protein Kinases
i
Activation of Specific Transcription Factors
i
Induced Transcription of Cytokine Genes
i
Modulated Translation of Cytokine mRNAs
i
Cytokine Processing and Secretion

Figure 10:
Simplified Cascade of Induced Cytokine Synthesis and Secretion

Cytokines exhibit many different molecular modes of action. Cytokines have a 1)
pleiotropic activity; a tendency to have multiple target cells, 2) redundancy; a differing of
cytokines with similar actions, 3) synergism/antagonism; involving exposure to two or
more cytokine signals may lead to a qualitatively different response, 4) cascade; an
increase or decrease of a cytokine, S) receptor transmodulation; an increase or decrease of
receptor expression for another cytokine or growth factor, 6) receptor transsignaling; an
increase or decrease in the signaling of other cytokine receptors or growth factors. 66
The synthesis and release of cytokines by one cell represents a signal that can
elicit a response in other cells, which express the corresponding cytokine receptors, as
shown in Figure 11. Cytokines can have both agonist and antagonist action. 67 Cytokines
of the acute phase response include the “alarm” cytokines; IL-1 a/p , H-6, and TNF-a.
These cytokines are released mainly by macrophages activated by mast cell and platelet
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degranulation or by direct response to endotoxins.1 Cytokines have pleiotropy and
redundancy, share signal-transducing receptor subunits among several cytokine receptors
and have an agonistic activity of certain soluble cytokine receptors. 59 Structural features
of some cytokines permit them to be grouped into families. Table 1 is a brief chart of the
cytokine families and their members. 50 66
At the top of the pro-inflammatory and anti-inflammatory cytokine cascade is TNF-a. 67
TNF-a is a 17-kDa protein that exhibits a wide range of stimuli depending on which
specific cell type stimulates its synthesis. TN F-a is produced by many different immune
cells. In macrophages, TNF-a secretion is induced by biological, chemical and physical
stimuli. 69 66 TNF is the principal mediator of the host response to gram-negative bacteria.
66 The production of TNF-a is highly controlled to ensure the silence of the gene under
normal circumstances by both negative as well as positive mechanisms.70 Factors that
inhibit TN F-a expression are IL-10 and IL-4. IL-10 is an LPS activated macrophage
secreted cytokine that suppresses the expression of several proinflammatory cytokines.57
TNF-a has a large range of activities and alters the functions of multiple-target cells.
The effects resemble IL-1 and can induce IL-1 from inflammatory cells.70 TNF-a is a
major mediator of cell adhesion, chemotaxis and cell migration during inflammation.
The effects of TNF-a are mediated by the binding of the cytokine to at least one or more
cell receptor sites.50 TNF-a can promote lipid mediators of inflammation ( LPS),
reactive oxygen radicals and the production and release of pro-inflammatory enzymes
from the cell. It is active in the pathways of cell proliferation and programmed cell death.
71 67 TN F-a induces the production of IL -8 by stromal keratocytes thereby causing the
onset of infiltration has been offset by 24 to 48 hours. 50
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Table 1: Cytokine Families and Members
Family
Interleukin -2/
interleukin 4

Interleukin-6/
interleukin -12

Interferons-aP

Tumor Necrosis
Factors

Interleukin-1

Transforming
growth factors-P

Chemokines

Representative
member
IL2
EL-4
IL-5
GM-CSF
D-6
EL-12

IFN -a
IFN-P
IFN-O)
EFN-t
TN F-a
TNF-p
Fas ligand
TNF
Related apoptosis
-inducing ligand
IL l-a
IL1-P
EL-18
IL1 receptor
antagonist
TGF-p
Inhibins
Activins
C-X-C (IL-8)
C-C (MIP-1)
C subfamily

Major Cell Source
Molecular Weight
T cells
15-20 kDa
Th2 cells, mast cells
15-43 kDa

Major Function
Growth factor for T,
B and NK cells
Activation of PMN

Macrophages,
T cells
fibroblasts
21-28 kDa
Thl and CD8 T
cells
20-24 Kda

B cell
differentiation
Hepatocyte
stimulation
Induces MHC
expression,
Activates
macrophages

Macrophages,
keratinocytes,
T cells
15-25 kDa
multimers

Macrophage PMN
activation,
Fever induction,
induces IL-8
production, MHC
class 1 complex
Endogenous
pyrogen,
PMN activation,
induces adhesion
molecule expression
Chemotactic for
PMN, induces
proinflammatory
cytokines
Stimulatory and
chemotactic for
PMNs, mast cells,
angiogeneic

Macrophages,
epithelial cells
Keratinocytes,
17.5 kDa
Platelets
T cells
12.5 kDa
Macrophages,
PMNs,
Fibroblasts
endothelial cells,
T cells
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TNF synthesis is cell type specific. T N F a is inhibited in quiescent cells yet is
highly inducible upon stimulation. 69 70 LPS induces TNF, which induces IL-1 which in
turn induces IL-6 synthesis.66 Induction of cytokine gene expression by LPS occurs at
the level o f transcription and involves the action of several transcription factors. 72 57
LPS-activated macrophage induction of TN F-a occurs in association with the activation
of the transcription factor, NF-kB. 73 69 57 74 NF-kB can be activated in cells exposed to
phorbol esters.72
NF-k B regulates the expression of a variety of genes involved in the immune and
inflammatory responses.75 Quiescent cells maintain a latent state of NF- kB in the
cytoplasm by association with a member of the IkB family of inhibitors, so that the NFkB

nuclear localization signals are blocked.72 IkB degradation is ubiquitin-dependent,

allowing the activation of translocation of NF- kB into the nuclei where it activates gene
transcription. 75 TNF can cause the rapid translocation of pre-existing NF-kB complex
(p50-p65) from the cell cytoplasm to the cell nucleus where is binds and promotes the
DNA sequence of several cytokine inducible genes. 76 72 73 Genes transcriptionally
activated by NF-kB are those encoding cytokines, chemokines adhesion molecules and
enzymes. 75
TN F-a is capable of signaling the pathways of cell death. TN F-a is a potent
inducer of apoptosis.71 There is a concomitant activation of apoptotic pathways and NFkB

pathways. 66,71 The activation of NK-kB plays a role in the prevention of cytokine-

stimulated cell death by apoptosis. This unique criteria causes the activation of NF-kB,
the apoptotic signals are thereby counteracted and cell proliferation results.67 A burst of
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TNF-a production may occur in the first hours of exposure to LPS before an inhibitory
TNF-a transcription mechanism, NF-kB p50, is fully activated. 57
TNF-a can be found in the tears of subjects after a conjunctival allergen challenge
and TNF-a mRNA has been detected in Sjorgen’s syndrome and conjunctival
microtrauma. 77 Human conjunctival mast cells affect the ocular surface immune
reaction. Human conjunctival mast cells have been found to produce TNF-a which
affects or up-regulates epithelial cells ICAM-1 expression. ICAM-1 may participate in
the recruitment o f inflammatory cells during allergic inflammation.78
Interleukin 1 is a multifunctional cytokine found in two forms, IL-1 a and IL-1 (3,
both agonists and a third member IL-IRa, a specific receptor antagonist.68' 79IL-1 Ra is
produced by inflammatory cells and results in the down-regulation of IL-1.50,69
Numerous stimuli induce cells to produce IL-1 including LPS, complement fragments
and TNF-a. 66 50 IL-1 is difficult to measure because of the several biological forms
released. It is also hard to detect by bioassay because of receptors and membrane bound
active forms. 50 Membrane IL-1 a is probably a glycocosylated or myristoylated form of
the cytokine. It is no more than 5% of the proIL-la and may represent a “leak” of
intracellular IL -1 .79
IL-1-a is a highly inflammatory cytokine found as a 31 kDa precursor (proILla ) which is fully active and remains intracellular and found on the surface of several
cell membranes. 79 IL-1 signal transduction has a low number o f receptors and the low
concentration o f IL-1 can induce a biological response. 69 The effects of IL-1 are
mediated by the binding to high-affinity receptors on target cells. 50 When a cell dies
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proIL-lot is released and cleaved by extra-cellular proteases to an active form, IL - la ,
which is 17 kDa. 79
ProIL-ip is not fully active. ProIL-lfJ remains cytostolic until it is cleaved and
transported out of the cell and has no known membrane form. 69,79 Injection of IL-1 (3
into the cornea can cause the induction o f IL-8 formation and exhibiting the effects of ILip can be indirect by the induction of o th er50 signals. IL-1 p may be released by comeal
stromal cells during an initial inflammatory response.63 Relative low levels of both ILl a and IL -ip found in bioassay supernatants is primarily a result of these cytokines being
intracellular rather than secreted cytokines. 80
Chemokines
Chemokines are a structure of small proteins with a crucial role in immune and
inflammatory responses. Chemokines cause the migration of leukocytes to the site of
injury by chemotaxis. Chemokines resist degradation in conditions typical in
inflammatory responses, such as low pH, and the presence of proteolytic enzym es.50,66
They are based on a cysteine pattern, CXC, CC, and C and CX3C. The chemokine
scaffold consists of an N-terminal loop connected via Cys bonds to the more structured
core of the molecule with a C-terminal a-helix. CXC
(or a ), are active on PMN. 67 Chemokines direct migration of cells along a
concentration gradient. Chemotaxis is cell motion directed by external gradients. PMNs
and macrophages are specialized cells which migrate to a site of inflammation and carry
out cytocidal functions. 81 Chemokines do not activate respiratory/ oxidative burst,
however they activate cell functions related to the migration program.67 These
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chemokines attract cells which then stimulate the cell to undergo shape change,
locomotion, adhesion secretion and pinocytosis. 81
IL-8 is the best characterized chemokine with a molecular size of 8-10 kDa. IL-8
is a potent chemotactic factor for PMNs.50,66 IL-8 is produced by macrophages,
fibroblasts, epithelial and vascular endothelial cells. 50 IL-8 is produced from the
exogenous signals of other cytokines, namely IL-1, and TNF-a or by LPS stimulation.63
69 IL-8 production can be found in corneal fibroblasts after treatment with T N F -a or ILon

1.

rn

Non-migrating cells such as dermal fibroblasts and kertinocytes are stimulated to

produce IL-8 in response to IL-1 or TNF-a exposure, demonstrating that there are
multiple sources of IL -8 .83 Epithelial and endothelial cells are capable of prompt and
substantial expression o f IL-8 and the induction is at the level of transcription. The
transcription factor controlling the expression o f IL-8 in epithelial and endothelial cell
has been shown to be nuclear factor (NF-/cB). 76 IL-8 elicits many of its inflammatory
effects by binding specific receptors on PMNs initiating chemotaxis, lysosomal enzyme
release and respiratory burst.
Comeal keratocytes or the stroma of the cornea expresses a higher incidence of
chemokines, (RANTES) and (MCP-1), and recruit PMNs for cell-mediated immunity
greater than comeal epithelial tissue.61 Comeal stromal keratocytes and comeal
endothelium may produce soluble diffusible chemotaxins, including IL-8.80 63 Ultraviolet
(UV) light has induced the production of proinflammatory cytokines. Acute UV
exposure resulted in the induction of proinflammatory cytokines, namely IL-8, IL-1 and
TNF-a. There is also evidence that UV exposure can reduce the number of Langerhans
cells present in the cornea epithelium and thus alter comeal immune function. 80
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The varied and diverse immune response of the ocular surface, the tears and the
cornea will attempt to be investigated by the in vitro culture of comeal epithelial and
macrophages tissue culture systems. The macrophages can determine the proinflammatory cytokine release by exposure to the test substances while the comeal
epithelial cells may exhibit a response seen from on eye re sponses.
Toxicological Systems of Testing
Toxicology is defined as the study of adverse effects of xenobiotics and the study
of molecular biology of toxicants and their effect on living organisms. 9 46 Toxic effects
in a biological system are not produced by a chemical agent, unless that agent or its
metabolic breakdown products reach appropriate sites in the body at a concentration and
a length o f time sufficient to produce a toxic manifestation. The toxicity of the article is
dependent on the route and site o f exposure. 84 46
Leaching assays are widely used to assess the cytotoxicity of biomaterials. They
can be performed by direct exposure to the article or by exposure of biomaterial elutions
to in vitro cell cultures.9 85
The cornea, conjunctiva and the eyelids are often exposed directly to chemicals
or, in the case of contact lenses, direct contact with a medical device. The first possible
site of toxic action is the tear film layer. The hydrophilic nature of the tear film layer
allows for water soluble drugs to readily mix with the tears. The blink and turn-over rate
of the tear film itself allows for a large portion of a possible toxicant to be washed away.
46 Extreme ocular irritants to the cornea can be due to products with pH extremes of <
2.5 or > 11.5.46 Surfactants are designed to be both soluble in aqueous and lipid media,
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thus they are able to penetrate both barriers of the cornea or tears and cause ocular
irritation.46
In vivo animal models
Ocular irritation tests represent an important aspect to modern toxicology. 89 The
Draize scoring for ocular irritation evaluates on a subjective scale the irritation and
toxicity reactions occurring in the anterior segment of live rabbit eyes, after topical
contact with the assayed chemical substances or devices.

The Draize test differs from

the Draize scoring system. The scoring system which describes the observations of the
cornea, conjunctiva and the iris, is weighted. Iris scores are more heavily weighted than
the cornea or the conjunctival scores. The score is based upon descriptive notations
where the corneal and conjunctival lesions produced being are either acute or severe.
Several government agencies require safety evaluations which are based on the Draize
test and final Draize scoring of the test products. 46 87
The standard Draize test involves the instillation of a 0.1 ml of liquid, chemical or
extract, or lOOmg of a solid to be placed into the conjunctival sac of a rabbit eye and held
there for 1 second. The eyes are examined macroscopically in comparison to a control at
1, 24,48 and 72 hours. The cornea, conjunctiva and the iris are evaluated and scored
from 0 to 4 ,0 being none to 4 being a severe response.23' 46
Toxicological and/or biocompatibility testing of medical devices include both in
vitro and in vivo test methodologies. The FDA has issued guideline documents which
specify toxicological tests for contact lens care products and contact lenses. The tests
include the test article alone, the primary package and biocompatibility between care
products and contact lenses. ISO standards in the 10993-X series provide excellent
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guidance on biocompatibility testing of medical devices. Testing of contact lens care
products may include ocular irritation in rabbits by single instillation, ocular
biocompatibility in rabbits are products with lenses for up to 22 days, acute oral toxicity
in rats, systemic toxicity in mice and guinea pig sensitization. 88 23
Contact lens testing may vary due to the class of lens tested. Contact lenses are
not only classified by their material composition but also by the duration of their wear
time, daily wear or extended continuous wear. Variations of the Draize test are used and
actual “on eye” rabbit contact lens studies are performed for ocular irritancy as related to
the wear duration of the contact lens. Testing of contact lenses may include; 1) rabbit
ocular irritation of saline and cottonseed oil extracts (CSO), 2) systemic toxicity of saline
and CSO extracts in mice, 3)guinea pig sensitization of extracts and 4) ocular
biocompatibility in the rabbit of lenses with or without lens care products for up to 3 1
days using either daily or continuous wear products.23
Rabbit ocular irritation test results are not always predictive of human responses.
This is especially true in regards to “comfort” issues of contact lens wear. The rabbit
tests are a disaster test to screen out frank toxicity issues. However, stinging and burning
due to lens care components are not usually detected in rabbits. Lens fit issues can only
be identified in human clinical trials.
Clinical Testing
Clinical practice deals mostly with chronic or mild symptoms associated with
comeal or conjunctival lesions.90 Clinical testing is done by comparing the new lens to a
previous accepted lens product and involves patient on eye studies for comfort, slit lamp
findings for irritation or comeal aberrations or adverse reactions. Clinical patient testing
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is considered supplemental to the FDA submission and involves statistical grouping and
analysis o f all data on fit comfort and any on eye abnormalities. An in vivo type test for
ocular irritation is conjunctival lavage. This involves the collection of tear fluid before
and after testing and the HPLC evaluation of the tears for mast cell mediators found in
the collected tears.86
In Vitro models
In vitro cell culture and development of in vitro assays can be used for the
evaluation of toxic materials and can serve as an alternative or possible in vivo
correlation to the Draize animal test.

84' 89' 9I’93 35 In vitro tests minimize the use of

animals in testing. 9 Cytotoxic responses in vitro has a limited ability to predict some
ocular toxicity of certain formulations in vivo.94 Numerous references can be found on
the correlation and comparison of in vitro and in vivo Draize Test results. Different
contact lenses showed no manifestations of cell injury in vitro or in vivo. 95
The objective of in vitro alternatives is to provide non-animal assays to evaluate
the potential chemical damage to the anterior surface of the human eye and eliminate the
unnecessary exposure of animals to toxic materials and limit animal discomfort and
suffering.91 Evaluation under in vitro conditions can provide rapid and inexpensive data
on biological interactions. 9 In vitro short-term tests have been used as screening tools to
measure the potential toxicity of chemical substances. 35 96 97
The three main in vitro culture methods used are tissue, organ and cell culture.
Tissue and organ culture use small fragments of a tissue type placed in media and
allowed to develop.98 Organ culture denotes the maintenance or growth of tissues, organ
primordial or whole or parts of an organ in vitro. Organ culture maintains the tissue
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organization while tissue culture allows the cells to migrate from the tissue and the cells
become disorganized. These systems cannot be propagated. The structure and cell-cell
relationships in vitro give the system the closet to the in vivo situation. 98 90 The excised
cornea is used for organ culture.8S
Tissue culture may contain the specialized cells desired with undesired
•

|«

connective tissue cells.

Q g QO

In vitro cell culture is the process of using either one primary

or established cell line for the initial toxicological evaluation of a drug, chemical or
biomaterials. The cells are no longer organized into tissues.98 Primary cell culture has
been used as an in vitro method by which the secretion of cytokines can be measured
under controlled conditions.
Cell lines that can be cultured for a long time are considered an established cell
line when they have been subcultured at least 70 times. 100 In vitro cell culture involves
the use of defined medias and temperatures to maintain a homogenous, continuous and
viable cell monolayer for repeatable and reproducible toxicological evaluations. It is
important to guard against cross-contamination from other cell lines. This can be
particularly true where continuous epithelial cell lines are maintained in a laboratory. 101
HeLa cells have been found to be cross-contaminated in many cell culture lines used
today in laboratories.102 ATCC, as recently as June of 2000, found the human
conjunctiva Chang cell line, CCL-20.2 contaminated with HeLa cells and not derived
from normal conjunctival cells, (http://atcc.org) 99 Cells lines commonly used for the in
vitro testing of biomaterials are the fibroblastic murine L929 cells or the murine 3T3 cell
lines. Fibroblast cultures have been used for quantitative tissue culture methods for
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describing toxicity of biomaterials or an extract of the biotnaterial. 103 Both of these cell
lines are acceptable for the submission of medical devices under USP guidelines. 23
The USP tests are designed to determine the biological reactivity
o f mammalian cell cultures following contact with elastomeric plastics and other
polymeric materials by direct contact, on an agar overlay or by use of extracts prepared
from the material under test. 85 23 Test methodologies for contact lens materials are
derived from the tests for screening toxicity of plastic materials. 95 The three tests
recommend by the USP are the agar diffusion test, elution test and the direct contact test.
9 104 22

The direct contact test allows for the simultaneous extraction and testing o f
leachable chemicals from the biomaterial in a serum-supplemented medium in direct
contact with the cells. After an incubation period of 24 hours the cell monolayers are
observed using a microscope with the aid of cyto-chemical stains. The biological
reactivity is described on a rated scale from 0-4. A sample meets USP requirements if the
cell culture exposed to the sample shows no greater than a grade 2, or a mild reactivity.23
104 105

The agar overlay test is designed for elastomeric materials in a variety of shapes.
The agar acts as a cushion to protect the cells from mechanical damage while allowing
the diffusion of leachable chemicals from the polymeric specimen to the cell monolayer.
106 23 104jJ x t r a c t s 0 f

material may also be tested by application to a sterile filter disc. The

integrity of the monolayer is observed under a microscope using cyto-chemical stains
after a 24 hour exposure time period. The biological reactivity is described on a rated
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scale from 0-4. A sample meets USP requirements if the cell culture exposed to the
sample shows no greater than a grade 2, or a mild reactivity. 23
The elution test utilizes the extraction of the biomaterial to release a pool of a
chemical from the material. 103 104 The method of extraction, the temperature and the
solvent in which the biomaterial is extracted may affect the resulting chemicals released
into the solvent. 20 14,15-84 9-107 The test is read qualitatively after exposure to Trypan
blue for evaluation of live versus dead cells. The evaluation is done by a visual scoring
of the percentage ratio of dyed to undyed cells, from a Reactivity Grade 0-4, none to
severe. In vitro tests for solutions consist of lens uptake and release of solution active
agents or surfactants using the direct contact and agar overlay tests, as well as a modified
elution test of the solution by diluted direct exposure to cell monolayer. A sample meets
USP requirements if the cell culture exposed to the sample shows no greater than a grade
2, or a mild reactivity.104
Staining of cell cultures involves the selective uptake and interaction of reagents
from a soluble phase. Cell culture measurements can be divided into four major
categories: (1) visual methods using light microscopes (2) chemical methods adapted to
tissue culture, dyes, (3) electronic systems of flow through cells or apertures and (4)
miscellaneous procedures. 108 The use of a single assay fails to address the toxicity
mechanism and the recovery of cells from toxic injury. The use o f the neutral red release
(lysosomes), MTS/PMS or MTT (mitochondrial activity) and lactate dehydrogenase
(plasma membranes) assay has the advantage of not only identifying a general toxic event
but also to identify the target organelle. 98- 109-110 89 35 22 19 111
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Staining techniques involve either a dye exclusion, in which the membrane a
viable cell excludes the dye, where the dye passively enters the dead cells, or specific
uptake of a vital stain by viable cells.112 Trypan blue (TB) is an exclusionary dye used
in in vitro cell culture to test for the viability of a monolayer in contact with biomaterials.
22 113 An exclusionary dye relies on the ability of living cells to exclude certain stains
from crossing the cell membrane. 95 98' 102 Trypan blue dye is used in the assessment of
cell viability using the USP Direct Contact Test and the USP Elution Test. 23
Neutral red (NR) is an inclusionary, cationic vital dye, which is retained only in
viable cells. Neutral red is a soluble dye that accumulates in the lysosomes of viable
cells. Cellular uptake is obtained by passive transport, non-ionic diffusion, across the cell
membrane. 85 98 114 NR can be used as an immediate measure of toxicity by preloading
the cells, Neutral Red Release Assay, or to test cell viability or growth inhibition with
longer term exposure and lower test article concentrations. 93 94 A quantitative evaluation
of NR can be done by eluting the dye from the fixed cells from a 96 well plate and
reading the change in absorbance between the test wells and the control wells. 93 85 The
direct contact, agar diffusion and the 96 well NR tests involve the washing of the tissue
culture plates to remove any unbound dye. This can cause the loss of cell-associated dye
and or cells from the plate surface thus affecting the test results. 115 22
Lactate dehydrogenase (LDH) release from cell tissue culture is used as a
measurement of membrane integrity and subsequent cell injury from possible test agents.
Leakage of cytosolic enzymes has been shown to be a efficient marker of cytotoxicity
provided the chemical has cytolytic activity on the cell. 110 LDH levels are found to
increase with time for cultured conjunctival cells in vitro.109 The measurement of lactate
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dehydrogenase (LDH) in cell culture supernatants gives a quantitative value for the loss
of cell viability.

no

The release to the LDH activity can be related to the total number of

dead or lysed cells. The stability of the released LDH can vary considerably. 98 LDH is
the enzyme which catalyses the reduction of pyruvate to lactate. This is coupled to the
oxidation of NADH to NAD+. This reduction can be seen spectrophotometrically at 340
nm. 98
Assessment of cell viability can be done through the mitochondria of living cells.
A proton gradient exists across the mitochondrial inner membrane. The gradient has two
components: a membrane potential and a pH gradient that drive the synthesis of ATP. 116
The MTT or MTS/PMS assay are sensitive, quantitative and reliable colorimetric assays
that measure viability, proliferation and activation of cells. 98114 The MTT assay takes
advantage of the ability of live cells to reduce the colorless tetrazolium salt. The
tetrazolium ring is cleaved by the mitochondrial dehydrogenases of living cells forming a
salt with an absorbance peak at around 570 n m .115 MTS is bioreduced by cells into a
formazan product that is soluble in tissue culture medium.117118 Unlike MTT, the
absorbance can be read at 570 nm without further additives. 119 MTT assays measure the
post-exposure cell cultures and altered metabolic capacity is measured. 93
Biocompatibility studies which involve measurements of protein secretion by
cells in vitro, or the effects of proteins added to cell culture, are now feasible, due to
advances in the methods of molecular biology.19 Enzymatic or immunochemical testing
has become an important tool in molecular biological toxicity. The development of
immunoassays for cytokines is based on the detection of the antibodies to each different
cytokine produced by non-specific cultured mammalian cells. 117 The advancement of
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ELISA or specific enzyme detection kits has given insight to the mechanisms of
inflammation and toxicity. The identification of molecular species has been facilitated by
the development o f bioassays that monitor a single molecular species, the isolation of cell
lines, for example murine macrophages, and the isolation of cytokine DNAs. 120
Examples of major cellular mediators are cytokines, complement factors, growth factors,
nitric oxide, and specific pathway enzyme groups.

Applied In Vitro Tissue Culture Cell Lines

The best method to verify a cell line is to karotype the immortalized or continuous
cell line. 101 The human comeal epithelial (HCE-T) cells received from Dr. Araki-Sasaki
and Rieken were identified and published as containing and maintaining their specific
comeal epithelial m orphology.121 The IC-21 murine macrophages, TIB-186, obtained
from Dr. Schafer and ATCC were from a strain which was karotyped and identified using
macrophage specific antigens. 122
Transformed Peritoneal Mouse Macrophage IC 21(IC 21)
Cultured macrophages offer the advantage to be cultured in pure form, available
in sufficient numbers for analytical biochemical and are sensitive to small changes in
their environment. 108 The peritoneal cavity o f mice contains a large number of usable
macrophages. IC 21 SV-40 transformed peritoneal macrophages are an
immunocompetent cell line which serve as effector cells for xenogeneic models of cellmediated immunity. 122 l23' 124 These transformed macrophages generally grow easily and
undergo passage without difficulty and readily attach to culture vessels in vitro.
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IC21 cells exhibit many of the normal features of monocytes and macrophages,
including adherence, phagocytosis, and cytokine production.125 Mouse macrophage cell
lines are fully differentiated and capable of secreting various cytokines and lysosomal
enzymes. 126 127 128 Macrophages can be further stimulated and develop altered function
and metabolic characteristics. 108
In vitro cell culture of IC 21 cells when cultured with particles or chemicals have
increased phagocytosis and secrete cytokines into the tissue culture media and may be
studied by ELISA. l25, t27' 129 Macrophages are thought to be the most potent instigators
o f systemic production of proinflammatory cytokines, TNF, IL-1 and IL-6. 125 130
LPS, an endotoxin, has been found to be a stimulator of TNF, IL-1, IL-6 and IL-8
in tissue culture studies. 57’130’ 131 IC 21 macrophages incubated with 500 ng/ml LPS
expressed IL l-a greater than that of control cells under increased ambient pressure of 60
mm H g .125 Dose dependent increases of TNF-a are expressed in IC 21 macrophages
when incubated for at least 3 hours with 5 ng/ml to 5 pg/ml LPS. This relationship was
seen in the case of TN F-a but not seen in the expression of IL1-P m R N A .130 E. coli and
S. aureus were tested in vitro co-culture with peritoneal mouse macrophages to reproduce
in vivo host macrophage inflammatory responses. Both systems’ supernatants showed
TN F-a response, release of TN F-a from S. aureus was delayed but with a comparable
magnitude.132 Alveolar macrophages have been immortalized and produce TNF and IL1P mRNA as early as 3 hours post lQig/ml LPS stimulation alone.126
Macrophages can be stimulated by the size, composition and s'irface area of
biomaterial particles. Macrophages DNA synthesis is preceded by a characteristic
stretching of the cells over the surface with numerous pseudopods.

128

This stimulation is
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size and dose-dependent and results in cell death or damage when the particle surface
area is increased in relation to the cells. 133 129 127' 134 Apoptosis and cell death is inducible
with biomaterial particles. Silica particle toxicity is due to the presence of silicic acid on
the particle surface and this interacts with the hydrogen-bonding reactions with cellmembrane phospholipids by hydrogen bonding. Particle surface moieties may account for
biomaterial toxicity.I35,136 Macrophages show a direct link between apoptosis and TNFa release. 129 Inflammatory cytokines, TNF-a, IL l-a, IL1-|3 and IL-6, lysosomal
enzymes and prostaglandins are released into media by macrophages in in vitro testing of
polyethylene particles. 127,137’ 138
Human Comeal Epithelial Cells (HCE-T)
Human corneal epithelial cells provide useful information on ocular toxicity and
inflammation. Ocular irritancy testing reduces the possibility of accidental human
exposure to ocular irritants and meets regulatory requirements.139 11191 Primary cultures
of comeal cells have been used to assess the cytotoxicity of ophthalmic solutions or
m aterials.13945,109,140 Primary cultures are labor intensive, and have variation in donor
material making reproducibility of test procedures low. 141 Primary cultures of human
comeal epithelial cells usually cease to grow after 2-4 passages and are not retrievable
from cryopreservation.121 A method for a continual, less variable in vitro human comeal
cell line was developed by transformation using the simian virus. Recent specific cell
lines have been used to test for toxicity of biom aterials.136
The induction of the simian virus (S V) 40, or cell clones has allowed for large
numbers of pure cells ffom limited human sources to be propagated from primary
cultures for molecular and biochemical studies and the removal of the variability inherent
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in primary human donor sources. 111 121 SV 40 HCE-T cells have retained the properties
of normal corneal epithelial cells, or primary cells studied in parallel, and both cell
cultures express the cornea specific 64-kD keratin. 121 111 [141 HCE-T cells maintain
cytokine production, cytokine receptor expression and cytokine responsiveness
comparable to primary cultured human comeal epithelial cells. ^

142 111 143 141

SV 40 immortalized HCE exhibit polygonal morphology, giving the typical
stratified epithelial cells a cobble appearance normally associated with human comeal
epithelial cells. 143 121 144 These immortalized cells will prove useful in the study of
pathological and physiological aspects of the human comeal epithelium in vitro. This can
include studies for wound healing, tear film components, comeal infections, irritation and
inflammation and cell permeability assays. 143 139 HCE-T can be grown for a battery of
tests using the same cell line for MTS/PMS, LDH and NR toxicity and allows
reproducible testing. 141

Summary

The cornea is a transparent tissue of three layers, two membranes and three major
types of cells. The cornea protects the inner ocular structures of the eye and contributes
to 70% of the refractive index o f sight.145 The cornea is bathed in a pre-ocular tear film.
The tear film is a complex layer o f liquid that increases the optical resolution of the eye
and has proteins present that act to inhibit microbiological contamination. Dissolved
oxygen is present in the tear film and is consumed by the corneal cells.146 Prelens tear
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film is a thin layer of the tears present on the contact lens and is determined by the lens
surface.
The introduction of any biomaterial has the potential for a possible adverse affect.
This can be due to the make up of the material, and for contamination of the material by
bacteria or absorbed chemical agents. Contact lenses are polymeric biomateriais that
may be worn daily or in some cases as extended wear lenses. The relationship between
the polymer material, possibly hydrophobic, the hydrophilic layer of the tears as a prelens
tear film on the contact lens and the mucosal layer of the comeal epithelium can provide
some dynamic interactions. Proteins can become deposited on the lens material. 146
These absorbed proteins can serve as a scaffold for bacterial adherence. The adherent
bacteria may now be exposed to the comeal surface for an extended time period. Should
any aberrations happen to the comeal surface while exposed to these “lens bacteria”,
there may be an increased risk for a possibility of a comeal irritation or a comeal
infiltrate. The response of the anterior segment of the eye to possible irritants can be
harmful to vision.
Biomaterials are tested for toxicity and irritation potential. Ocular irritation testing
of contact lens materials and solutions is a requirement for the submission of contact
lenses to regulatory agencies. These tests are done in vivo in the rabbit, clinically in
humans and involve USP in vitro diagnostic assays. Direct material testing, and
extracted solutions of the contact lens can be tested for toxicity, inhibition of cell growth
or proliferation, cytokines, cellular metabolic functions and membrane integrity. The
prescreening of possible polymer candidates by in vitro testing mechanisms can reduce
the need for animal models and discover any possible ocular irritant before clinical
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applications. The need for a complete battery of in vitro testing procedures is necessary
to investigate the irritation, inflammation and toxicity potential o f contact lens materials
and solutions.
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CHAPTER TWO

OBJECTIVES

In vitro modeling using established cell lines has the potential for the ranking of
cytotoxic materials and their ingredients. The objectives of this research project were to
use 2 established cell lines, SV-40 Human Comeal Epithelial Cells (HCE-T) and IC 21
Murine Macrophages (IC21), to determine the cytotoxicity of two polymer components,
N,N-dimethylacrylamide and dibutyltin dilaurate, and one ophthalmic agent,
benzalkonium chloride (BAK) using in vitro cell culture. A second objective is to
investigate the possible cytokine release from each cell line after exposure to the test
solutions. The following is a list of the procedures to attain these objectives.
1. To determine the cellular densities for seeding in vitro studies for cytotoxicity and
cytokine testing procedures.
Differing cell densities of IC 21 and HCE-T cells were plated, and monitored at
time points over 72 hours to establish growth curves and doubling times. Cell
lines were checked for mycoplasma.
2. Prepare solutions of DMA, DBTDL and BAK in DPBS, verify concentrations where
feasible and look for any possible dye or media interference at testing temperatures
Perform Cary scans of incubated media, solution and dyes and observe any
possible interaction of dye conversion by cells with solutions present.

57
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3. Determine the toxicity level, IC5024 for DMA, DBTDL and BAK using IC21 Murine
Macrophages (IC21) and SV-40 Transformed Human Corneal Epithelial Cells (HCET)
Use indirect methods including mitochondrial conversion of MTS/PES to monitor
cell viability, DNA Synthesis by BrdU incorporation and direct cellular counts by
the use of the Coulter Counter.
4. Determine the possible stimulatory capacity by DMA, DBTDL and BAK on IC21
cells and HCE-T cells in vitro.
To identify levels o f the cytokines IL-1 a or p, and TNF-a from the supernatant
levels from exposed IC21 cells. To identify levels of the cytokines IL-1 a or P
and IL-8 using HCE-T cells. Cytokine identification will be performed using the
R & D Systems™ ELISA based kits.
5. Visual observations of HCE-T and IC 21 cells exposed to below IC5024 levels to
identify any possible morphological changes.
To expose HCE-T and IC21 cells lines for 24 hours and observe any visual
changes in comparison to the control exposure to DPBS. To correlate these
findings with the indirect and direct test methodology
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CHAPTER THREE

METHODOLGY

Cell Culture
Growth Procedure o f Cell Lines from Frozen Culture

Cells were removed from a -120°C dewar and quickly unfrozen in a 37°C water
bath. The cryogenic vial was immersed in ethanol for sterile purposes and placed in a
hood. Sterile 25 cm 2 tissue culture flasks were labeled and 0.5ml of the cell suspension
was added to each flask. Five milliliters of the appropriate culture media was added to
each flask. The cells were incubated overnight at 37°C, 98 % humidity and 5 % CO 2.
After 24 hrs, the media was exchanged and thus forming an 80 - 100% monolayer before
passage.
Establishment and Growth of IC21 Murine Macrophages
IC21 murine mouse macrophages (TIB-186) were the gracious gift of Dr. Rosana
Schafer, (University o f West Virginia, Dept of Microbiology) which was grown from a
strain provided by ATCC (American Type Culture Collection, Rockville, MD). The
macrophages were grown from frozen stock in RPMI medium supplemented with 8%
heat inactivated fetal bovine serum, 200 mM L-glutamine, 1 mM Hepes, and 100 mM
Sodium Pyruvate (CellGro,), both filter sterilized before addition (Acrodisc, Gellman
Filters).
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A Coulter Counter (Coulter Corp., Hialeah, FL) was used to count the cells to establish
the cells/ml for plating studies. Cells were seeded onto 75 cm2 flasks (Corning, New
York, NY) at approximately 1.5 X 105cells/ml and incubated at 37°C, 5%C02 and 98%
humidity. Cells were passed twice weekly for maintenance of stock cultures or grown to
90% confluency and passed. At each passage the cells were rinsed with 10ml of
Dubelcos Phosphate Buffered Saline (DPBS) (CellGro, Media Tech). Ten milliliters of
DPBS was added to each flask and the cells were dislodged from the flasks with a sterile
tissue culture paddle (Fisherbrand Cell Scrapper, Fisher Scientific,) and collected into a
50ml conical centrifuge tube (Falcon BlueMax). The cell suspension was suspended in
approximately 15 to 20 ml of media and was counted on the Coulter Counter (Coulter,
Hialeah, FL) to establish the number of cells/ml in the suspension.

Resulting cell

•y

suspensions were plated at a volume of 20ml for a 75cm flask and 500pl for each well of
a 24 well plate and 85 to 1OOpl for each well of a 96 well plate resulting in a cell density
of 26,000 to 40,000 cells/cm2. Plates and flasks were observed to determine the
confluency of the monolayer (80-100%) before testing or passage.
Establishment and Growth of Transformed Human Corneal Epithelial Cell SV-40
Transformed (HCE-T)
Human Comeal Epithelial Cells SV-40 Transformed (HCE-T) were the gracious
gift of Dr. Araki-Sasaki, grown from a strain provided by Rieken (Japan). The comeal
cells were grown in UltraCulture (BioWhittaker, Maryland), supplemented with 200 mM
L-glutamine (CellGro). Cells were seeded onto 75 cm2 flasks (Coming, New York, NY)
at approximately 1 -1.5 X 105cells/ml and incubated at 37°C, 5% C02 and 98% humidity.
A Coulter Counter (Coulter, Hialeah, FL) was used to determine the cell/ml for plating.
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Cells were passed twice weekly for maintenance of stock cultures or grown to 80 -100%
confluency. At each passage cells were rinsed with 10ml of Dubelcos Phosphate
buffered saline (DPBS) (CellGro, MediaTech), and incubated with approximately 2.5ml
of 0.1% Trypsin-versene (CellGro) and incubated for approximately 20 minutes or until
cells were dislodged from the flask surface. After the cells were dislodged from the flask
surface, 10 ml of DPBS was added to each flask. The cell solution was pipetted into 50
ml conical centrifuge tube (Falcon Blue Max, Falcon Inc.), and the volume was adjusted
to 40 ml with DPBS to insure thorough rinsing of the trypsin from the cells. The cells
were spun at 1200 rpm for 5 minutes to pellet the cells (Marathon 2 IK, Fisher Scientific)
The liquid was removed from the cell pellet and the cells were brought up in fresh
UltraCulture media and plated for passage or testing. Resulting cell suspensions were
plated at a volume of 20ml for a 75cm2 flask 500pl for each well of a 24 well plate and
85-100fil for each well of a 96 well plate resulting in a cell density of 26,000 to 40,000
cells/cm2. Plates and flasks were observed to determine the confluency of the monolayer
before testing or passage.
Establishment and Growth of Cells and Transformed Human Comeal Endothelial Cells
(E6E7)
Human Comeal Endothelial Cells (E6/E7) were grown from a strain provided by
Dr. Rajiv Mohan and Dr. Steve Wilson (University of Washington). The endothelial
cells were grown in MEM (CellGro,), supplemented with 20% Fetal C alf serum, heatinactivated, (CellGro) and Donor Calf Serum, heat-inactivated, (Hyclone) Essential
Amino Acids, 50X (Sigma/ BioWhittaker), Non Essential Amino Acids, 100X, (Sigma/
BioWhittaker) 200 mM L-glutamine (CellGro). Cells were seeded onto 75 cm2 flasks
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(Coming, New York, NY) at approximately 2 X 1(^cells/ml and incubated at 37°C,
5% C02 and 98% humidity. A Coulter Counter (Hialeah, FL) was used to determine the
cells/ml before plating. Cells were passed once weekly to 10 days for maintenance of
stock cultures or grown to 90% confluency. At each passage cells were rinsed with 10ml
of Dubelcos Phosphate buffered saline (DPBS) (CellGro,), dislodged from the flasks with
2.5ml o f 0.1% Trypsin-versene (CellGro) and incubated for approximately 20 minutes or
until cells were dislodged from the flask surface. After the cells were dislodged from the
flask surface, 10 ml of DPBS was added to each flask and the cell solution was pipetted
into 50 ml conical centrifuge tubes .The volume was adjusted to 40 ml with DPBS to
insure thorough rinsing o f trypsin from the cells. The cells were spun at 1200 rpm for 5
minutes to pellet the cells (Marathon 21K, Fisher Scientific). The liquid was removed
from the cell pellet and the cells were brought up in fresh MEM supplemented media and
plated for passage or testing. Resulting cell suspensions were plated at a volume of 20ml
for a 75cm2 flask 500|il for each well of a 24 well plate and 85-lOOpl for each well of a
96 well plate resulting in a cell density of 40,000-55,000 cells/cm2. Plates and flasks
were observed to determine the confluency of the monolayer before testing or passage.
Mycoplasma Treatment of Cell Cultures
Cell lines were started from frozen culture in 25 cm2 flasks at a low density,
antibiotic free prior to treatment with Mycoplasma Removal Agent, MRA (ICN, Ohio).
To 5ml of culture media was added 75pl of MRA. The cells were grown and when
media was transferred or the cells were passed, MRA was added at 75 pl/5ml media for
at least 10 days or 3 passages to insure loss of any possible mycoplasma infection. Cells
were grown at a low density to insure complete removal of any possible contamination.
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After subsequent cell passage, the cell lines were tested for mycoplasma. All
mycoplasma free cultures were then grown in 75 cm 2 flasks and processed for frozen
storage.
Mycoplasma Screening
The following is from the package insert from the packaging of the Mycoplasma
Detection Kit by Roche.

MRA treated and antibiotic free cell cultures were taken from subculture passage
and plated at a low density, 1 x 1 0 s cell/ml, into flasks for culture maintenance. Cell
cultures were checked and before the next sub culturing approximately 5 milliliters of
cell supernatant was removed for testing. An antibiotic free cell culture of L929 murine
fibroblasts were grown in conjunction with the test cultures. L929 cells have been shown
to exhibit a high percentage of contamination with mycoplasma. These cells were
received from Cell Biology Department at CIBA Vision and grown antibiotic free for at
least 3 passages.

All test reagents were allowed to equilibrate to 15-25°C before testing proceeded.
All reagents were prepared as instructed on the kit document and the unused portions
were stored and frozen at -20°C until future testing. Coating antibody was dissolved in
30mls of sterile deionized water and then aloquated into freezer vials. Coating antibody
was made up for each of the 4 strains, la-ld , of mycoplasma tested; anti- M. arginini,
anti-M. -hyorhinis, anti-M. laidlawi, anti-M. orale. Detection antibody for all four
strains, 6a-6d, was dissolved in 25 ml of washing buffer and stored in freezer vials.
Control solution was dissolved in 25 Milliliters of washing buffer and stored in freezer
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vials. Washing buffer was prepared by diluting 10 Milliliters of buffer to 90 Milliliters of
deionized water. The substrate solution was prepared just prior to testing by taking
approximately 4 tablets and dissolving it in 16 Milliliters o f substrate buffer. Negative
control was either media or washing buffer diluted with 250pl of sample buffer to 1 ml of
media or washing buffer.
The pipetting scheme was provided in the test insert and it contained 4 wells of
each antibody per row and 4 rows for each strain of mycoplasma. Coating antibody
solution, solutions la-ld, was applied to each row at 250 pi per well. The plate
(Immunosorb, Nunc,Inc.) was covered with an adhesive strip and incubated at 37°C for 2
hours. After 2 hours, the solution was removed from the wells and 250pl of blocking
solution was added to each respective antibody well, covered with an adhesive strip and
incubated at 37°C for 30 minutes.

After 30 minutes, the solution was removed from the plate and the plate was
washed 3 times with washing buffer and tapped on a dry cloth after the final rinse. The
samples, negative and positive controls were applied to each well at 200 pi a well and the
plate was covered with an adhesive strip and incubated overnight at 2-8°C.

The plate was washed after the overnight incubation 3 times and 200pl of
detection antibody was pipetted to the 4 corresponding wells of each antibody. The plate
was covered with an adhesive strip and incubated at 37°C for 2 hours. The solution was
removed from the plate after 2 hours and washed 4 times with washing buffer. To each
of the wells was applied 200pl of strepavidin-AP-solution and the plate was covered with
an adhesive strip and incubated at 37°C for 1 hour. The plate was washed again 3 times
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after the streptavidin exposure and the final 200pl of substrate solution was applied to
each well and incubated at room temperature for 1 hour. The plate was then evaluated
both visually and with a microplate reader at 405nm.
Procedure for Long Term Storage of Cell Lines
After treatment was completed with MRA, the cell lines were grown in 75 cm2
flasks to confluency. At confluency, the cells were removed from the flask by
trypsinization / or by paddling the flask bottom and the media was pooled into one
conical 50ml tube. A density o f approximately 2 x 1(^cells/ml was grown of each cell
line in each flask for long term storage in liquid nitrogen. At least 6 flasks were grown at
this time to pool the cells together for final freezing density. The tube was centrifuged at
1200rpm for 5 minutes, or until a pellet was visible. The supernatant was removed from
the tube, media was added, vortexed and resuspended to approximately 2 x 106 cells/ml
in Cell Freezing Media-DMSO or Glycogen (Sigma, St. Louis, MO) and slowly frozen.
The cells were processed for 1 hour at 4°C, then transferred for 2 hours at °-20°C, then 4
hours to 6 hours at -80°C and finally placed in a dewar at -120° for future studies.108
Serum Free Media Studies
The IC21 murine macrophages (IC21) and Human Comeal Endothelial Cells
(E6E7) were grown in suggested cell culture media and a different combinations of either
UltraCulture media, with or with out amino acids (AA) or X-vivo 15 media alone, with or
without and Sodium pyruvate (SP) and Hepes (H) and standard Kerotinocyte Growth
Media (KGM). (Table 2)
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Table 2: Cell Type and Media

Ultra w/
KGM
Xvivol5
Ultra w/
H and
and w/o
AA
SP
NA
NA
X
X
E6E7
X
X
NA
X
IC21
X denotes this media was tested with the cell culture
SP=Sodium Pyruvate
H=Hepes ImM
NA= not applicable
Cell
Type

Xvivol5
w/
Hand
SP
NA
X

Xvivol5
25%
RPMI
75%
NA
X

Xvivol5
50%
RPMI
50%
NA
X

The cells were passed as per previous methodology, and then plated to individual
25 cm2flasks at approximately 50,000cells/cm2 to observe the growth of the cells in each
media and the time needed to form a 80-100% monolayer. The media was changed in
the culture flasks after 3 days, if the cells had not attained an 80 -100% monolayer by
this time to insure the best possible growth circumstances for the cells. The standard
tissue culture media, as stated in the growth methodology, was maintained with IC21 and
E6E7 cell lines to serve as controls for positive cell growth characteristics.
The growth of the cells was noted visually and a decision was made for the most
efficient media to grow the cells with the least possible serum interference. The cell
cultures were followed for 6 days and their growth noted by visual observation. A visual
comparison was made of each culture in standard cell culture media to the alternative
media and the feasibility of the alternative media evaluated.
HCE-T cells had already proven good growth in UltraCulture which was serum
free and had very few additives needed and was less expensive than Kerotinocyte Growth
Media (KGM)(Clonetics, Maryland) or the standard DMEM/F12 plus growth factors and
antibiotics.
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Staining Procedures
After incubations and exposure to test solutions for 24 hours the cells were fixed
onto the slide flasks for microscopic observations. HCE-T cells were rinsed with 5 ml
DPBS and then were exposed to 5 ml of Camoy’s Solution for 5 minutes, the solution
removed, rinsed again with DPBS and replaced with 5 ml of Camoy’s solution for an
additional 5 minutes. A final rinse with DBPS was followed by an overnight air drying
in a Class 2 hood. Samples were read thereafter from these fixed slides.
IC 21 cells were removed from the incubator after solution exposure and rinsed
with DBPS . They then were fixed with a brief exposure to 5 ml of Methanol. The
methanol was removed and the slides were exposed to Gill’s Hematoxyln No. 3
(Polyscience, Inc., Warrington, PA.) solution for approximately 5 minutes and the stain
removed. The slides were rinsed with DPBS twice and then air dried and read for
microscopic observation.
Solution Preparation
Actinomvcin D Solution
To a vial containing 1 mg of Actinomycin D-mannitol (Sigma) was added 2ml of
sterile water. This solution was placed in vials containing 500(0.1 amounts and frozen at 20°C. The working solution of Actinomycin D was made before each test by taking 1
part of stock actinomycin D to 62.5 parts of MEM. The solution was kept on ice until it
was added to the test plate.
N.N- dimethvlacrvlamide (DMA)
A working solution of DMA (Aldrich,) was prepared from analytical grade DMA
(98%purity). To 9 ml of DPBS was added 1 ml of DMA, resulting in a 10% or
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100,000ppm solution (solution A). To 90 ml o f DPBS was added 10 ml o f solution A to
give a final concentration of 1% or 10,000ppm. This solution was then filter sterilized by
vacuum pump (Gast, Fisher Scientific) using a sterile 150 ml filter apparatus with a
0.2pm filter unit (Nalgene). The sterile solution was wrapped in foil to avoid any
possible photoreactive interactions and stored at 4°C until needed for toxicity and
cytokine stimulation assays. Concentrations o f the solutions were by Analytical
Chemistry, BTI CIBAVision, by gas chromatography using the stock reference solution
as a standard. Solutions were tested at various time points as either new solutions or at
later time points after initial preparation for any concentration deviation.
Dibutlvtin dilaurate (DBTDL)
DBTDL is hydrophobic liquid, which is not a readily water-soluble compound.
Dimethyl sulfoxide (DMSO) (Sigma, St. Louis, MO) is a vehicle to immerse this
hydrophobic agent into a hydrophilic solution. DMSO is found to be non-toxic to cells at
a concentration from 1% to 0 .1 % .147 148 To 990pl of DMSO( Sigma) was added lOpl of
DBTDL. Giving a concentration of DBTDL of 1% or 10,000 ppm in 100% DMSO, or
Solution A. To 9900 pi of DPBS was added 100 pi of solution A, resulting in a
concentration of 0.01% or 100 ppm DBTDL and 1% DMSO, Solution B. To 90ml of
DPBS was added 10 ml of Solution B giving a final solution of 10 ppm of DBTDL in
0.1%DMSO. This solution was then filter sterilized by vacuum pump using a sterile 150
ml filter apparatus with a 0.2pm filter unit, and stored wrapped in foil, to protect the
solution from any possible photoreactions at 4°C until needed. The final concentration of
tin in this solution was around 2-3 ppm.
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Lipopolvsaccharide (LPS)
A standard stock solution of LPS was made and frozen. One vial,
1 mg o f LPS from E.Coli (Sigma, St. Louis, MO), was diluted in 10 ml of DPBS. This
gave a solution of lOOpg/ml. This stock solution was allocated to 2 ml cryogenic vials
(Nalgene) and frozen at -20° until needed for cytokine testing assays with IC 21 Mouse
Macrophages.
IL -la
Interleukin-la, Human recombinant, (Sigma, St. Louis, MO) was diluted in 10 ml
of a sterile filtered 1% BSA (Sigma, St. Louis, MO) in DPBS solution. The stock
solution, 200ng/ml, was allocated to cryogenic vials and frozen at -20°C until the time of
assay testing with Human Comeal cell lines.
1L-8
Interleukin-8, Human recombinant, (Sigma, St. Louis,MO) was diluted in 100 ml
of sterile filtered 1% BSA in DPBS. The stock solution of lOOng/ml was allocated to
cryogenic vials and stored at -20°C until testing with Human Comeal cell lines.
Benzalkonium Chloride (BAK)
A 1000 ppm solution of BAK was made by pipetting 1 ml of a 50% BAK solution
to 499 ml of DPBS. Diluting 10 ml of stock to 90 ml of DPBS made a working solution
of 100 ppm BAK. All other test concentrations of BAK were made from the lOOppm
solution for testing.
TN F-a
A working stock solution of TNF-a was made by diluting 10 pg of TNF-a with
DPBS with 0.1% of BSA. This made a concentration of lpg/m l as recommended on the
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product information insert. A working solution was made by diluting the T N F-a with the
appropriate media to obtain a final concentration of 10 ng/ml.
Camov’s Solution
Three parts of ethanol (95%) (Sigma Aldrich, St. Louis ,MO) was diluted with an 1 part
of glacial acetic acid (Sigma-Aldrich,St. Louis, MO). The solution was stored in a sterile
container and used as a fixative for HCE-T after solution exposure.
pH and Osmolaritv
The pH o f DMA 5000 ppm, DMA2500 ppm, BAK 50 ppm and DBTDL 5 ppm were
measured using a AccumetBasic, AB15,(Fisher Scientific,) following instrument
instructions. The osmolarity was found by using a Micro Osmometer Model 3000
(Advanced Instruments, Norfolk, MS). Each instrument was calibrated before each
sample reading.
Gas Chromatograph Identification of DMA
The Analytical Chemistry Department of CIBAVision performed analytical
analysis o f DMA solutions by using gas chromatography method for extractables from
polymeric materials.

Test solutions of DMA were standardized against working

standards of 100, 50,10 and 1 ppm of DMA. A stock solution of DMA was made by
weighing 50.0 ±5.0mg of DMA to a 50 ml volumetric flask and diluted to volume by
adding ethanol and mixing. One hundred ppm DMA solution standard (Std A) was made
by pipetting 5.0 ml of the stock solution to a 50 ml volumetric flask and diluting to 50 ml
with ethanol. Five milliliters of Std A was added to a 50 ml volumetric flask and diluted
to volume with ethanol to give a 50 ppm DMA solution (Std B). One milliliter of Std A
was added to a 10 ml volumetric flask and diluted to volume with ethanol giving a 10
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ppm DMA standard (Std C). One milliliter of Std C was added to a 10 ml volumetric
flask and diluted to volume with ethanol to give a final stock standard of 1 ppm DMA.
Each of the 100, 50 10 and 1 ppm standards was injected into a DB wax column
for gas chromatography analysis for DMA. The injector temperature was 225°C and the
detector chamber was set at 250°C. The initial oven temperature was 75 °C. The oven
temperature ramping was set at a rate of 5 minutes with a final temperature of 200°C with
a hold time of 10 minutes and a total time period of 37 minutes. The injection sample
had a volume of 2 ^tl.
All test solutions were run in the same parameters for the GC as the standards and
their concentration was calculated from the results of the standards tested.

Interference Testing of Test Solutions and of CellTiter 96®AQ„^,„gQne Solution
(MTS/PES) Dve
HCE-T cells were plated after subculture on to 96 well plates at 25,000-40,000
cells/cm2 and allowed to reach confluency in 24 -48 hours. After confluency the media
was decanted and replaced with 85 |il fresh media. Twenty microliters of MTS/PES was
added to each well and the plate was placed in the incubator at 37 °C, 98% humidity and
5% CO: for 1 hour. After I hour, 70 pi of the converted CellTiter 96®AQueousOne
Solution (MTS/PES) dye was removed and placed on a clean 96 well plate, insuring no
bubbles during this transfer. The plate was read at 490nm using the KC4 Biotech Micro
Plate reader. Twenty-five microliters of test solutions at 3 concentrations, 5000, 1000
and 500 ppm (DMA), 5 ppm and 2.5 ppm (DBTDL) and 25 ppm, 12.5 ppm and 6.25 ppm
(BAK) was added to each specific row with 4 replicates per row. The plate was read on
the microplate reader. The plate was replaced in the incubator for 2 hours and after 2
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hours the plate was read on the spectrophotometer again. Any noted change in the
MTS/PES solution from the initial reading versus the final reading was noted. A natural
degradation of the dye will take place over time from light exposure and with the absence
of mitochondria to convert the dye to the formazan compound.

CARY 3E Analysis of Compounds and Media
Media samples were run on the CARY 3E UV-Visible spectrophotometer after
exposure to testing conditions. Growth media and test components were placed in 24
well plates and incubated at 37°C, 5% CO 2 and 98% relative humidity for 24 hours.
Growth media and test components were also incubated at 37°C, 5% CO 2 and 98%
relative humidity for 24 hours and then lOOpl of MTS/PMS dye was added and the plated
incubated for an additional 2 hours before scanning for any interaction.
The samples were removed from the plates for analysis with the CARY 3E
Instrumentation (Vanan Instrumentation, Australia). The instrument contains a Varian
windows based operating system. The basic procedure is to setup a 0% and 100%
transmittance as a standard for all other readings. The parameters were set to run a scan
from 200-800nm. A base line was run for 100 and 0% Transmittance. Samples were ran
in comparison to plain media after machine settings were done with DPBS. Each graph
was saved as a file and any aberrations were noted.
Testing Procedures
Growth Curve Assay
Human Comeal Epithelial Cells SV-40 Transformed (HCE-T) were used after
normal cellular passage, as described above, and plated at 0.5, 1, 1.5 and 2 x 105cells/ml
in rows on both 96 and 24 well tissue culture plates. Cells were plated on 24 well plates
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at 500fi 1/well and on 96 well plates at 85 p 1/well and incubated at 37°C, 5% CO 2 and
98% relative humidity. Time points of 0, 24,48 and 72 hours were recorded to follow
cell growth.
At initial plating, time=0, 20 pi ofMTS/PES was added to each well of the 96
well plate and the plate was incubated for 2 hours. After 2 hours the plate was read at
490 n m o n a BIOTech spectrophotometer (Fisher,) using the KC4 software program for
data retrieval. All data was exported to Excel (Microsoft) for analysis. This procedure
was followed for each 96 well plate time point. A control row was present containing 85
pi of media and 20 pi of CellTiter 9® A Q ueousOne Solution (MTS/PES) and a blank well
for plate background variability. All cell concentrations values were read in triplicate on
the 96 well plate.
Cells were removed at the 0-time point from the 24 well plate by aspirating off
the media, rinsing the plate with DPBS and then adding 500pl of trypsin-versene/well.
After incubating the plate for approximately 15 minutes or until all cells were visually
seen to be lifting from the plate surface, the plate was removed from the incubator. The
500pl trypsin solution was removed from each well and placed in a counting vial
containing 9 ml of Isotonic (Fisher) solution. The well was then rinsed with 500pl of
DPBS/well and this was added to the cell/vial solution. The Coulter Counter reading of
the resulting 10ml solution, diluting the cell volume 1:9 parts, was corrected by a factor
of 10 to give the appropriate 10 5cells/ml values and recorded. The cell/ml values were
recorded and converted to cell/cm 2. This procedure was repeated for each times point of
the growth curve and for each well. All wells were read in duplicate.
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Toxicity Testing to Determine Non-Toxic Cell Viability Levels and IC50?a Levels for
DMA. DBTDL and BAK Using IC21 Murine Macrophages (IC21) and Human Comeal
Epithelial Cells SV-40 Transformed (HCE-T)
Cells were passed as previously stated in the methodology and were plated on to
96

well plates. Cells were plated at a density of 25,000-40,000 cells/cm2 and incubated at

37°C, 5% CO 2 and 98% relative humidity for 24 to 48 hours or until a 80-100%
monolayer. Plates were removed from the incubator and the media was removed.
Solutions of DMA and DBTDL and BAK were made up from stock solutions. The
10,000ppm (DMA) and the lOppm (DBTDL) and lOOppm (BAK) solutions were diluted
with media respective for each cell line to make appropriate stock solutions for testing.
Eighty-five microliters o f media was added to each row of the 9 6 well plate. One row,
row 1, was used as a control well consisting of 85 pi of media with cells. Serial dilutions
were made by adding 85 pJ of the stock test solution, a starting dilution thereof, to row 2
and then removing 85pi o f this solution to row 3 and so on till the final row where 85 pi
was removed and disposed. The rows were then plated with each test with a 1:2, 1:4,1:8
and so on dilution of the initial stock solution. This plating procedure was followed for
each cell line with each solution. Time point readings were taken at 4, 8, 24 and 48
hours, the time points at which cytokine sampling of culture supernatants may be taken.
At each time point 20pl o f CellTiter 9 6 ® A Q ue0usOne Solution (MTS/PES) was added to
each well and the plate was incubated for 2 hours. After 2 hours the plate was read at
490nm using the KC4 program for the BIOTech spectrophotometer and all data exported
to Excel for tabulation. Absorbency values were corrected by subtracting the average
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blank row value from all other sample wells. Cell Viability values were calculated by the
following formula:
(Sample Value / Control Value) X 100 = Cell Growth Viability (CGV)%
The values that were less than 30% are considered toxic 149 and should not be used as test
concentrations to use for cytokine stimulation capacity.
ICSO24 values were found by using the absorbency values for each solution at the
24 hour time point. This was done separately for IC21 cell cultures and HCE-T cell
cultures with DMA, DBTDL and BAK. MTS/PES absorbency values for 0 ppm,
untreated controls, and relative serial diluted ppm concentrations thereafter were plotted
using a Distance Weighted Least Squares Method (Statistica), or a best fitted curve
polynomial function. The approximate value, which was 50% of the initial 0 ppm,
untreated control growth MTS/PES graph value was found on the Y axis and the
subsequent correlated X axis concentration point was the IC50 value for each solution
with each cell culture tested.
Cell Exposure for Light Microscopy Photos
HCE-T cells were plated at 40,000 cells/cm2 to Nunc SlideFlask Chamber (Nunc,
Fisher) system. After the cells reached an 80 - 100% monolayer the media was removed
and replaced with 2 ml of either media or DPBS, 1 part to 1 part, for the control flask or
with a known concentration o f the test solution, DMA (2000 ppm) or DBTDL (5 ppm)
and BAK (5ppm). The flask slides were exposed for 24 hours to the test solutions. The
slides were observed visually. The media was removed and replaced with no more than 2
ml of Camoy’s Fixative per flask, (1 part glacial acetic acid to 3 parts methanol). The
solution was allowed to sit on the slide for 5 minutes. It was then removed and replaced
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with an additional 2 ml of Caraoy’s Solution for 10 minutes and then decanted off. The
slide was allowed to air dry for at least 30 minutes in a Class 2 hood. After drying, it was
placed under a Nikon inverted light microscope and representative photos were taken to
identify any possible cell morphology differences between cell/DPBS cultures and
cell/test solution exposure cultures.
The same procedure was done for IC 21 cells. The cells were plated at 1.5 - 2 X
105 cells/ml to Nunc SlideFlasks system. After the cells 80-100% monolayer the
media was removed and replaced with 2 ml of either media or DPBS, 1 part to 1 part, for
the control flask or with a known concentration of the test solution, DMA (1000 ppm) or
DBTDL (2.5 ppm) and BAK (5 ppm). The flask slides were exposed for 24 hours to the
test solutions. The slides were observed visually and fixed as stated for the HCE-T cells..
Cell Proliferation EITSA BrdU (colorimetric)
The following is a synopsis of the methodology presented in the instructional
insert in the Roche Molecular Biochemical’s kit for cell proliferation.
Test solution One, BrdU labeling solution, was made by diluting the reagent
stock, 1:100 with sterile culture media resulting in a final concentration of 100 (iM
5-bromo-2’-deoxyuridine, BrdU, in each respective media. The diluted reagent was
aliquoted to sterile vials and stored at -20°C for long term storage until the time of
testing. One milliliter o f BrdU labeling solution is enough to use on a 96 well plate with
lOOpl of sample/well. Test solution Two, Anti-BrdU-POD stock solution, was made by
diluting the lyophilized anti-BrdU-POD powder in 1.1ml of sterile distilled water and
allowing it rest for approximately 10 minutes. The solution was aliquoted into microfuge
vials, labeled and stored at -20°C until time of testing. At time of testing, the stock
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solution was diluted

1 :1 0 0

with the provided antibody dilution solution, or

1 00

pi of

stock solution to 10 ml of antibody dilution solution. This solution should be prepared
shortly before using and not stored. Washing solution was made by diluting 10X
washing buffer with sterile distilled water, or 10 ml 10X buffer to 90 ml water.
HCE-T or IC21 cells were seeded onto 96 well plates and incubated for 24-48
hours until a 80-100% monolayer had formed. After 24 hour time period of cell
exposure to the test sample solutions, 10 pi of BrdU testing solution was added to each
well. These plates were incubated again at 37°C, 5% CO 2 and at approximately 98%
humidity for 2 hours to incorporate the BrdU into the proliferating cell culture. The
supernatant was removed from the plate after 2 hours by tapping over a waste vesicle.
The assay may be delayed at this point by drying the cells on the plate and storing at
2-8° C for no more than one week.
After the supernatant is removed, 200 pi of FixDenat solution is added to each
well and incubated for 30 minutes at 15- 25°C or room temperature. The FixDenant
solution is removed and 100 pi of anti-BrdU-POD testing solution is added to each well
and incubated for approximately 90 to 120 minutes at 15-25 °C. The incubation period
can be varied from 3 0 - 120 minutes depending on the individual cell culture
requirements and the density o f the cell culture at the time of testing.
The antibody conjugate is removed by tapping and the plate is washed 3X with
the wash buffer solution at about 200 pi per well.

The wash buffer is removed by

tapping and 100 pi of substrate solution is added to each well and incubated for 15 - 25°C
for 5 - 3 0 minutes in a drawer. Approximately 30 minutes later, 25 pi of 1M H2SO4 is
added to each well. The plate is shaken gently for 1 minute to mix the solutions
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thoroughly and then read at 450 nm, with a reference wavelength of 595 nm, immediately
on an ELISA plate reader using the KC4 plate reader software. All data is exported to
Excel for computation.
Enzvme Linked Immunoloeical Sandwich Assay (El.ISAt Kit Testing
All cytokine testing was performed using Quantikine™M (murine) or
Quantikine™H (human) ELISA kits from R and D systems. The following is a synopsis
of their written procedure.
IC21 Murine Macrophages Cells
TNF-a
All reagents and samples were brought to room temperature before use. All
samples and standards were assayed in duplicate. All samples for testing were removed
from the freezer prior to testing to allow them to thaw. A blank paper template of a 96
well plate was used to identify the placement of samples on the ELISA plate. This
template was transferred to the spectrophotometer. The mouse TNFa Standard was
reconstituted by adding 5 ml of calibration diluent and vortexed and allowed to rest for 5
minutes. This stock of 1500pg/ml was then serially diluted 6 times to give a range from
1500 to 35 pg/ml TNF-a. The Calibration Diluent was used as a zero standard. The
wash buffer concentrate was diluted 1000 ml of deionized water for 25 ml of buffer.
TNF-a Control was reconstituted with 1 ml of sterile deionized water. After all of the
reagents were prepared, the plate was removed from the desiccant pouch. Fifty
microliters o f Assay Diluent was added to each test well followed by 50 pi of either
Standard, Control or sample per well. The top of the plate was covered with an adhesive
strip and incubated at room temperature for 2 hours.
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After 2 hours, the strip is removed and the solution shock from the plate. A wash
bottle was used to apply a full well of wash buffer to each well. The plate was washed
and aspirated 5 times with the wash buffer. After the final washing step, the plate is
gently tapped against the surface of a clean paper towel. To each well of the plate was
added 100 pi of TN F-a Conjugate and the plate was covered with a new adhesive strip
and incubated at room temperature for 2 hours. After 2 hours, the procedure of
washing/aspiration was repeated 5 times again. The Substrate Solution, Color Reagent A
and Color Reagent B, were mixed together no longer than 15 minutes before required
addition to the plate. To each well was added 100 pi of Substrate Solution and the plate
was incubated protected from the light for 30 minutes. After 30 minutes, 100 pi of the
Stop Solution was added to each well. The optical density was determined using the
BIOTech microplate reader set at 450nm with a background correction of 540nm. The
KC4 program was used to interpolate all of the gathered data.
IL 1-ot/IL 1-B

All reagents and samples were brought to room temperature before use.
All samples and standards were assayed in duplicate. All samples for testing were
removed from the freezer prior to testing to allow them to thaw. A blank paper template
of a 96 well plate was used to identify the placement of samples on the ELISA plate.
This template was transferred to the spectrophotometer. The mouse IL-a /IL1-P
Standard was reconstituted by adding 5 ml of calibration diluent and vortexed and
allowed to rest for 5 minutes. This stock of 300pg/ml (IL la) and 500pg/ml (IL1-P) was
then serially diluted 6 times to give a range from 300 to 4.69g/ml IL l-a and 500 to
7.8pg/ml ILl-p. The Calibration Diluent was used as a zero standard. The wash buffer
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concentrate was diluted 1000 ml of deionized water for 25 ml of buffer. IL l-aand ILl-p
Control were reconstituted with 1 ml o f sterile deionized water. After all o f the reagents
were prepared, the plate was removed from the desiccant pouch. Fifty microliters of
Assay Diluent was added to each test well followed by 50 pi of either Standard, Control
or sample per well. The top of the plate was covered with an adhesive strip and
incubated at room temperature for 2 hours.
After 2 hours, the strip is removed and the solution shock from the plate. A wash
bottle was used to apply a full well of wash buffer to each well. The plate was washed
and aspirated 5 times with the wash buffer. After the final washing step, the plate is
gently tapped against the surface of a clean paper towel. To each well of the plate was
added 100 pi of IL l-a or IL1-J3 Conjugate and the plate was covered with a new adhesive
strip and incubated at room temperature for 2 hours. After 2 hours, the procedure of
washing/aspiration was repeated 5 times again. The Substrate Solution, Color Reagent A
and Color Reagent B, were mixed together no longer than 15 minutes before required
addition to the plate. To each well was added 100 pi of Substrate Solution and the plate
was incubated protected from the light for 30 minutes. After 30 minutes, 100 pi of the
Stop Solution was added to each well. The optical density was determined using the
BIOTech microplate reader set at 450nm with a background correction of 540nm. The
KC4 program was used to interpolate all of the gathered data.
Human Corneal Epithelial Cells SV-40 Transformed (HCE-T)
IL 1 -a /IL 1-B
All reagents were brought to room temperature before use. All samples and
standards were run in duplicate. All samples were remove from the freezer prior to
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testing to allow them to thaw. A blank paper template o f a 96 well plate was used to
identify the placement of the samples on the ELISA plate. This template was transferred
to the spectrophotometer for the KC4 protocol. Both standards were reconstituted and
diluted in the same fashion. The IL 1-a standard was reconstituted in 5 ml of calibration
diluent for cell supernatant samples. It was allowed to sit for IS minutes with gentle
agitation prior to dilutions. A 6 fold serial dilution was made of the standard giving a
range from 250 to 3.9 pg/ml IL 1-a. The Calibration Diluent was used as a zero standard.
The wash buffer concentrate was diluted 500 ml of deionized water for 20 ml of buffer.
After all of the reagents were prepared, the plate was removed from the desiccant pouch.
Two hundred microliters of each sample was placed in each well of the 96 well ELISA
plate. The plate was covered by an adhesive strip and incubated at room temperature for 2
hours.
After 2 hours, the strip is removed and the solution shook from the plate. A wash
bottle was used to apply a full well of wash buffer to each well. The plate was washed
and aspirated 3 times with the wash buffer. After the final washing step, the plate is
gently tapped against the surface of a clean paper towel. Two hundred microliters of
Conjugate was added to each well and covered with a new adhesive strip. The plate
incubated for 1 hour at room temperature. After the 1 hour, the contents were shaken
from the plate gently and the wells rinsed with wash buffer 3 times. After the final
washing step, the plate is gently tapped against the surface of a clean paper towel.
(KayDry, Kimberly-Clarke,) The Substrate solution was made by mixing Color reagents
A and B, no earlier than 15 minutes before application. 200pl of Substrate Solution were
added to each well and the plate incubated at room temperature protected from light.
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After 30 minute incubation, SO pi of Stop Solution was added to each well and the optical
density was determined using the BIOTech microplate reader set at 450nm with a
background correction of 540nm. The KC4 program was used to interpolate all of the
gathered data.
IL - 8
All reagents and samples were brought to room temperature before use. All
samples and standards were assayed in duplicate. All samples for testing were removed
from the freezer prior to testing to allow them to thaw. A blank paper template of a 96
well plate was used to identify the placement of samples on the ELISA plate. This
template was transferred to the spectrophotometer. The IL8 Standard was reconstituted
by adding 5 ml of calibration diluent, for supernatant samples, vortexed and allowed to
rest for IS minutes. This stock of 2000pg/ml was then serially diluted 6 times to give a
range from 2000 to 31.2 pg/ml IL 8. The Calibration Diluent was used as a zero
standard. The wash buffer concentrate was diluted with 500 ml of deionized water for 20
ml of buffer. After all of the reagents were prepared, the plate was removed from the
desiccant pouch. 100 pi of Assay Diluent was added to each test well and followed by
50pl of either IL-8 Standards, or 1:4 part dilution of each sample per well. One hundred
microliters of Conjugate was added to each well and the plate covered by an adhesive
strip and incubated at room temperature for 2.5 hours.
After 2.5 hours, the strip is removed and the solution shaken from the plate. A
wash bottle was used to apply a full well of wash buffer to each well. The plate was
washed and aspirated 6 times with the wash buffer. After the final washing step, the plate
is gently tapped against the surface of a clean paper towel. The Substrate Solution, Color
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Reagent A and Color Reagent B, were mixed together no longer than IS minutes before
required addition. To each well was added 200 pi of Substrate Solution and the plate was
incubated protected from the light for 30 minutes. After 30 minutes, SO pi of the Stop
Solution was added to each well. The optical density was determined using the BIOTech
microplate reader set at 450nm with a background correction of 540nm. The KC4
program was used to interpolate all of the gathered data.

Cytokine Stimulation Capacity and Induction of Cell Cultures
IC21 Murine Macrophage Lipopolvsaccharide (LPS) Stimulation Capacity Levels

IC 21 cells were plated weekly by passage onto 24 well plates at a cell density of
25,000-40,000 cells/ cm2. The cells were allowed to develop an 80 to 100% monolayer
before treatment with three concentrations of LPS. After 24 - 48 hours from passage, the
media was removed and replaced with either 10 pg/ml, 1 pg/ml or 0.1 pg/ml LPS or
media as a control. Samples of cell supernatants were taken at 8 hours, 24 hours and 48
hours post stimulus exposure. A total volume of 500 pi was placed in each well and
removed at each appropriate time point. These supernatants were spun for 6 minutes at
9800 rpm and transferred to a new microfuge tube and frozen at -20°C until cytokine
evaluation for TNF-a levels.

IC21 Macrophage Cvtokine Stimulation Capacity and Induction
IC21 macrophages were plated weekly by passage onto 24 well plates at a cell
density of 25,000-40,000 cells/cm2. The cells were allowed to develop an 80 to 100%
monolayer before treatment with solutions. After 24 - 48 from passage, the media was
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removed from the monolayer and replaced with either fresh media, as a control, LPS at
10 pg/ml, as a positive control for cytokine stimulation, or test solutions at predetermined
non-toxic concentrations. A total volume of 500pl of each test and control solution was
placed in each well. The exposure time was for 4, 8 and 24 hours to correspond with the
HCE-T stimulation testing time points.

The supernatants were removed from the wells and spun at 9600rpm at 4°C for 9
minutes and then transferred to new microfuge tubes and stored at -20°C until testing was
initiated. The wells were rinsed with 500 pi of DPBS and 500pl of new DPBS was
added to each well. The cells were removed by paddling and placed in a counting vial
with 9 ml of isotonic solution. The well was rinsed with 500pl of DPBS and this solution
was added to the vial. The cells were counted on a Coulter Counter and the values
recorded to note any cellular proliferation differences.
HCE-T Cytokine Stimulation Capacity and Induction

HCE-T cells were plated weekly by passage onto 24 well plates at a cell density
of 25,000-40,000 cells/cm2. The cells were allowed to develop an 80 to 100%
monolayer before treatment with solutions. After 24 - 48 from passage, the media was
removed from the monolayer and replaced with either fresh media, as a control, or ILrla,
at 20ng/ml, as a positive control for cytokine stimulation, or test solutions at
predetermined non-toxic concentrations. A total volume of 500pl of each test and control
solution was placed in each well. The exposure time was for 4,8 and 24 hours to
correspond with the IC21 stimulation testing time points.
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The supernatants were removed from the wells and spun at 9600rpm at 4°C for 9
minutes and then transferred to new microfuge tubes and stored at -20°C until testing was
initiated. The wells were rinsed with 500 pi of DPBS and 500pl of new DPBS was
added to each well. The cells were removed by paddling and placed in a counting vial
with 9 ml of isotonic solution. The well was rinsed with 500|il of DPBS and this solution
was added to the vial. The cells were counted on a Coulter Counter and the values
recorded to note any cellular proliferation differences.
on the microplate reader. All the collected data was exported to Excel (Microsoft, Co.).

Abandoned Earlier Methodology

Below are the earlier methods of testing criteria abandoned for a more efficient,
more robust repeatable/ reproducible procedure. More elegant testing methodology was
discovered which could be supported by instrumentation and served all testing criteria for
all cell cultures.

WE HI TNF-a
The following is a methodology from Current Protocols in Immunology.
Measurement of Tumor Necrosis Factor a and p. It utilizes a established cell line clone
specific for the release o f TNF when stimulated with Actinomycin D. It can be used as a
screening method for the possible stimulation of TNF by extracts or chemicals.

WEHI-VAR13 (ATCC CRL-2148) L929 cells were grown in MEM media
supplemented with 10 % serum, 200 mM L-Glutamine and lOOmM antibiotic/fungicide
solution. Cells were grown to confluency and then plated onto 96 well plates at a density
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of 65,000cells/cm2. The cells were allowed to incubate over night and checked for equal
confluency in each well the next morning. The media was aspirated from the wells and
50pl of fresh media was added to each well. The first row was left as a control well.
Fifty microliters of test solution was added to the second row of wells. The sample was
diluted by making 2 fold serial dilutions by transferring 50pl of the contents of well 2 to
well 3 and 50 pi of well 3 to well 4 and so on until the last row. At the final row, 50pl of
the last row was discarded leaving all rows containing 50 pi of solution and media, in a
descending order of concentration. Fifty microliters of working solution of
Actinomycin- D was added to each well. The plate was incubated for 18 hours at 37 °C,
5 % CO 2 and 98 % humidity.
After the overnight incubation, all of the media was removed from the plate and
the plate was rinsed with 200 pi o f DPBS. The DPBS was removed and 50 pi of 0.05%
Crystal violet in 20% ethanol (Fisher) was added to each well. The plated was allowed to
stain for 10 minutes at room temperature. The plate was rinsed with cold tap water and
any remaining water was removed by a sharp flick of the wrist over the sink. The lids are
discarded and the plates are allowed to dry overnight on an absorbent cloth.
The next morning 100 pi of methanol was added to each well to elute the stain
from the well. The plate is read immediately on a multi plate reader at 595nm. Wells
that exhibit an arithmetic mean of 50% of control are considered to show 50% lysis of the
cells. The level of TNF a and |3 present in a sample can be calculated by multiplying the
reciprocal of the highest dilution resulting in a 50% lysis by 20, the dilution factor for
each well. It is advised to establish a standard curve of TNF sensitivity for the L929
fibroblasts. This was done by adding TN F-a to each row of a test plate, as stated above,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

87
to find the level o f 50% lysis of the WEHI cells by TNF-a. TNF-a was then used as a
positive control on all test plates.
Lactate Dehydrogenase (LDH) Toxicity Kit
Lactate dehydrogenase can be measured either from compromised cellular
membrane released LDH into the cell supernatant or for total cellular LDH by lysing the
cell. One method shows the cell viability or membrane integrity while the other is an
indication of cell proliferation. LDH is used as a partner test with MTS/PMS and NR for
the cellular integrity of cell monolayer in in vitro testing.
Method One. Cells were plated at 26-40,000 cells/cm2 onto 96 well tissue culture plates.
The plates were incubate for 24-48 hours or until 80% confluency at 37°C, 5% CO 2 and
98% relative humidity. The plate was then removed from the incubator and the media
was removed. The media was replaced with lOOfil of media, or media with known
dilutions of test solutions for 24 hours. The media was removed and the plate was rinsed
with lOOfil of DPBS. The rinse was removed and the plate was lysed with 100pi of
provided lysis solution or a recommended solution from Novartis Toxicology. The plate
was placed in the incubator for 45 minutes to insure cell lysis from the plate surface.
After this time period, the sample was transferred to a clean plate.
Twenty-five ml of IX Lactate Dehydrogenase Assay Enzyme Preparation was
made and frozen in working aliquots at -20°C. Lactate Dehydrogenase Assay Mixture is
made fresh for each date of testing. Mixing equal amounts of substrate, enzyme and dye
solutions together made the mixture. A volume equal to Vi the volume of the medium is
added to each well. Cover the plate and protect it from the light. Incubate the plate at
room temperature for 5 to 30 minutes.
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The reaction is terminated by adding 15 pi of IN HCL to each well. The
absorbency of the plate is read on a microplate reader art 490nm with a background
correction of 690nm.
Method Two. Supernatants are removed from plates exposed to test materials after 8 or
24 hours. These supernatants are then tested following the same procedure as for cell
lysis materials supernatants and read by the same instrumentation.

Neutral Red Assay

Neutral Red is a dye used to dye the viable lysosomes of cell cultures. It can be
used as an inclusionary dye retained by only viable cells . One USP method is by dying
a monolayer with NR in agar diffusion assays after treatment with the tested material.
Another is a quantitative method described here which again dyes a post exposed cell
culture to NR for a period of time and reads the incorporated dye by either a
spectrophotometer or a cytofluorometer. This procedure gives a quantitative result as
related to that of the control well.
L929 mouse fibroblasts were passed and seeded onto 96 well plates at 1.5 x 105
cells/ml and incubated in a 37°C, 5% C 0 2 and 98% relative humidity. After 24 -48 or
80% confluency, the media was removed and replaced with lOOpl of media, or media and
test solutions. After 8, 24 or 48 hours, the test solution was removed and 100 pi of fresh
media was added to each well and lOpl 0.0.33% Neutral Red Solution. The plate was
returned to the incubator for 2 hours.
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After 2 hours, the plate was removed and the media was carefully removed from
the plate. The plate was rinsed gently with DPBS. The cells are quickly rinsed with
lOOpi Neutral Red Fixative and the solution is removed. The plate is gently rinsed with
lOOpl of DPBS to remove any residual neutral red solution. The plate is allowed to dry
slightly and then it is solubilized in 100)xl o f Neutral Red Solubilization Solution and
read at 540nm with a background absorbance of 690nm.

Crystal Violet Proliferation

Crystal violet staining of a cell culture is for the evaluation quantitatively but
indirectly of cell viability. The crystal violet will be adsorbed by the protein of the cell
culture and can be eluted from the cells and read on a spectrophotometer to show any
possible change between test and control test wells. It does not give a value for the
amount of protein in each well or sample. Another method of cell viability for protein
levels is the Pierce Microtiter plate Assay. This test has been ran and requires a standard
curve to evaluate the absorbency reading of all test plates.
To evaluate the proliferation of cell cultures after cytokine stimulation crystal
violet staining was used. This procedure was also followed but not explained here, y
After cytokine testing was completed the wells were rinsed with 500|il of DPBS and then
250|il of crystal violet was added to each well and left for 10 minutes. After 10 minutes,
the crystal violet was removed and the plate was rinsed with 500 pi of DPBS. The rinse
was removed and the plate was allowed to air dry overnight on an absorbent cloth.
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The next morning 500 fxl of methanol was added to each well to elute the crystal
violet from the plate surface. The plate was read on a BioTech EL800 at 595nm. The
values of test wells were than compared to that of the control well to detect any
proliferation changes. A change of greater than 30% would be considered an inhibition
of cell growth.

ICN Mycoplasma Kit

All mycoplasma treated cultures were grown in Nunc slide flasks at
approximately lx 10 5 cells/ml. Approximately 2 ml was placed in each tube. The
cultures were visually observed to assure testing of the cells was not done on cultures
beyond 80% confluency. One times Hank’s Buffered Saline was made from a 10X
concentration. The media was aspirated from the cells leaving just enough media to coat
the slide surface. Camoy’s Fixative (1 part glacial acetic acid to 3 parts absolute
methanol) was added to the slide area at a volume enough to cover the slide. It was
allowed to sit for 5 minutes and then it was removed and a repeat application of Carnoy’s
Fixative was applied for 10 minutes. The slide was air dried for 30 minutes in the fume
hood. One ml of a working dilution of the stain was applied to the slides, including the
kit positive and negative slides for 10-30 minutes. The working recommended stain
solution is 1:10 or 0.05|xg/ml. The solution is removed and the slide was allowed to air
dry again.
A coverslip was applied to the slide by placing a small amount of mounting
medium on the upper cell surface of the slide and applying a coverslip to this area. The
specimens are then observed under a fluorescent microscope between 400-1000X with oil
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immersion. The Hoechst stain is excited at 360nm and emits at 490-550nm. The
appropriate filters need to available for viewing of the possible mycoplasma staining on
the cells. A positive culture shows pinpoint fluorescent dots aggregated in culture or
rows. A negative culture will show only nuclear staining.

Permeation Methodology
Initial testing was performed by using a CIBA Vision reference SOP on
permeability studies using Marine Darwin Canine Kidney Cells (MDCK) to test for tight
junction compromise with optic solutions. HCE-T cells were taken from regular passage
and 500pl of a 1.5 x 105 cells/ml culture was placed on Millicell-HA (Millipore, Bedford,
MA) inserts in 500|il of basal media in 24 wells plates. The cultures were allowed to
grow for 3 to 4 days and then the media was replaced at both the apical and basal wells.
The solution was changed for 2 days and then the transmitting electronic resistance
(TER) was measured. An overall TER of 210£2m was used as a means to represent a
confluent culture with tight junctions present between cell membranes.

Two methods were tried and did not have the results expected. The first method
was to expose the filter inserts to DMA, 2000ppm, BAK 5ppm and DBTDL 5ppb for 24
hours and then run a Sodium Fluorescein (NaFL) test for permeability. Both the basal
well had 500pJ of new media placed in it as well as the test solutions diluted in culture
media to their respective concentrations. The cultures were then place in a 37°C
incubator at 5% C 0 2 and 98% relative humidity.
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After the 24 hour exposure, the inserts were rinsed with Hank’s Buffered Saline
Salts (HBSS) and placed in a new 24 well plate with 500pl of HBSS. The apical insert
was filled with 500pi of NaFL at 0.02% and the left at room temperature for 45 minutes
to allow any of the NaFL to permeate across the filter membrane. The inserts were
removed and the basal compartment was read on a cytofluorometer (systems) a t

Any

differences were calculated between the test well and the control. The BAK, known
positive, was used as a reference for test accuracy.

The first method did not exemplify expected permeation values. An Alternative
procedure was tried. The inserts were exposed as before in the test media. An adaptation
was made of this previous procedure where the filters were rinsed, exposed to HBSS
before testing for 30-45 minutes with both 500pl of HBSS in the apical and basal well.
The NAFL was added to each insert diluted in HBSS and a negative inert was tested to
show 100% permeability. There was not 100% permeation of NaFL through the
Millicell HA wells with out cells, so the data calculations could be calculated.

HCE-T Permeation Testing Phase 2
The wells of a 24 well tissue culture plate were filled with 500pl o f media and
12mm inserts were placed in each well. HCE-T cells were taken from routine weekly
cell passage and plated at 500pl at a concentration of 1.5 x 10scells/ml onto 12mm sterile
inserts (Anocell) and incubated at 37°C, 5 % CO2 and 98% relative humidity. The plate
was allowed to sit undisturbed for 3 days.
After 3 days the media was exchanged from both the apical and the basal
compartment and replaced with fresh media and returned to the incubator. The cells were
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observed for their confluency on the membrane insert the following days. The day prior
to testing the apical media was removed and only lOQtl o f new media was placed on the
surface. Previous studies have found that when the air interface relationship is allowed to
be present for corneal cells they differentiate into a layered surface and thus tighter
cellular junctions.150
The cell layers were visually observed before testing under an inverted phase
microscope. The media was then removed from both the apical and the basal
compartments. The insert was rinsed twice with Hank’s Buffered Saline Solution
(HBSS) and placed in 500pl of new HBSS and SOOpl of HBSS was placed in the insert.
There was included an insert with no cells which will serve as the control for 100%
permeability. The plate was returned to the incubator for 45 minutes to acclimate the
tilters to the solution study.
After the 45 minutes, the plate was removed and the transmitting electrical
resistance (TER) was measured on various inserts in different areas to insure that the
resistance present was around 210£2m, showing the presence of good tight junctions. The
insert was then removed the solution gently removed and then placed in a new 24 well
plate with 500|il of HBSS in the basal well. The test solution were made by combining
the stock solution and an equal volume of 0.02% Sodium Fluorescein (NaFL) to give a
final concentration o f 0.01% NaFL in 5 ppm DBTDL, 25ppm BAK or 3250ppm DMA.
Five hundred microliters o f the final test solutions were added to the apical well of the
insert. A solution of HBSS and 0.02% NaFL was added to the positive insert with no
cells. The plates were placed at room temperature for 45, 90 and 3 hours to test the basal
well for any NaFL permeation.
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At each time point 200fil of the basal compartment was removed from the 45
minute plate and lOOpl was placed in 2 wells of a 96 well plate. The plate was read on a
microplate reader at 490nm. To find the starting concentration, 200pl was removed from
the apical compartment of each test insert after the 45 minute testing was completed. The
plate was read as lOOpl replicates on a 96 well plate at 490nm. Similar test readings of
the basal compartment were made at 90 and 3 hours post solution exposure and read The
present procedure is listed above with its noted procedural changes.
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CHAPTER FOUR

RESULTS

Cellular Growth Curves
Human Corneal Epithelial Cell SV-40 Transformed (HCE-T)
Human Corneal Epithelial Cells were grown for 3 days to observe the growth
characteristics of the cell line in a serum-free media; UltraCulture. Growth changes were
observed using both the MTS dye method for cell viability using 96 well plates and by
cell proliferation using the Coulter Counter method by trypsinizing the cells from 24 well
plates and performing a cell count. Four different cell densities were plated for each
method and all values obtained at the same time points. HCE-T cells are anchoragedependent cells. The growth kinetics of cells in a monolayer culture follows
characteristic patterns. Following seeding the cells undergo a lag phase, dependent on
seeding density, cell type media and cell handling. The cells enter a log phase after
seeding and grow exponentially. During a log phase the cells exhibit their most
metabolic activity. When conditions no longer support growth the cells enter a stationary
or plateau phase. It is not wise to maintain cells past confluency since essential nutrients
are rapidly depleted. 108
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The Coulter Counter cell numbers at each time point were used to calculate the
generations and doubling time and construct a growth curve for the HCE-T cell line
grown in UltraCulture media. The change in cell number with time is the most direct
measure of proliferation. The rate of this proliferation is affected by a number of factors,
medium, and seeding concentration. 115 The cells/ml were plated at 0.5, 1.0, 1.5 and 2 x
105 cells/ml. Table 3 below lists the cells/cm2 for each dilution at time of plating and
after 0 hours (2 hours post initial plating density) 24 hours, 48 hours and 72 hours
growth. A confluent monolayer was observed at approximately 48 hours for the higher
concentrations and approaching a monolayer at 72 hours for the lower concentration and
approximately 80% confluent at the lowest concentrations. An overall monolayer density
e

could be estimated at a cellular density of approximately 1.1 x 10 cells/cm in the upper
concentrations from visual observations.

Table 3: HCE-T Plating Concentrations at Seeding, 0 and 24,48 and 72 Hours
0.39 x 10 3
0 .1 3 x 1 0 3
0.26 x 10 3
cells/cm 2
cells/cm 2
cells/cm 2
0.128 x 103
0.181 x 10s
0 hours*
0.080 x 1 0 3
cells/cm 2
cells/cm2
cells/cm 2
24 hours
0.473 x 103
0.137 x 1 0 i
0.273 x 103
cells/cm2
cells/cm 2
cells/cm2
48 hours
0.286 x 1 0 3
0.811 x 103
0.539 x 103
cells/cm 2
cells/cm2
cells/cm 2
1.093 x 103
72 hours
0.974 x 103
0.555 x 1 0 5
cells/cm 2
cells/cm2
cells/cm 2
All values are based on three trials with 2 replicates per sample/trial
Initial plating densities =(cell/ml x 500(d)/1.9cm2
0,24,48 and 72 densities = (cell/ml x 1 ml)/1.9cm2
* post 2 hour seeding
Time

0.52 x 10
cells/cm 2
0.298 x 10 3
cells/cm 2
0.575 x 10 3
cells/cm 2
1.105 x 10 3
cells/cm 2
1.289 x 1 0 3
cells/cm 2
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Growth is limited to surface area available in each well and an increase in cell
density per cm2 is directly proportional to loss of available surface area per unit time. A
high plating concentration of cells/cm2 causes a shortened possible log cycle for growth
and causes the culture to approach quiescence. Calculating extended doubling times for
cellular growth curves and testing of cultures beyond exponential growth phase can then
QO

become difficult.

I *)Q

''

■ Ic

Figure 12 and Figure 13 are exponential plots of the Coulter

Counter values at each time point. Total cell cycle time should be determined between
two time points where the shape of the graph on semi-log paper is a straight line. This
exponential part of a growth curve represents the time when nearly all of the cells are
dividing, versus lag or plateau phase where a considerable smaller fraction of cells are
dividing. 115 The following formula was used in calculating generations and doubling
time.
(LOG 10 (endpoint time) - LOG 10 (time 0)) / LOG 10 (2) =
generations of growth 98
Endpoint in hours from initial time point/ Generations of growth = Doubling time
108. 115

The generations and subsequent doubling times were than calculated first for the
complete growth cycle time of 72 hours. And then from 24 to 72 hours time point, or 48
hours total time. The resulting values are shown in Table 4. Both Figure 12 and 13
exemplify that the higher cell density plating reached log phase of growth nearer to 48
hours and by 72 hours was at or near a plateau point of
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development or approaching quiescence. The generations and subsequent doubling times
were then calculated from 0 to 48 hours for 0.395 cells/cm 2 and 0.526 x 105cells/cm2
initial cell density plating values and at the 0 to 72 hour time points. Both of the lower

Table 4: Calculated Generation and Doubling Times for HCE-T Cells
0$n
Generations
72 hours
Doubling time
72 hours
Generations
48 hours
Doubling time
48 hours

--- ' - ^

■V

2.199

2.92

2.59

2.11

25.7 hrs

24.6 hrs

34 hrs

27.7 hrs

1.84

2.07

2.16

1.89

26 hrs

23 hrs

22.2 hrs

25.4 hrs

initial cell densities plating values were calculated over the entire 72 hour time period.
Araki-Sasaki stated a doubling of time of 24.4 hours when HCE-T cells were grown in
serum media and plated at 7 X 104cells/ml and followed for 5 consecutive days of growth
l21. The HCE-T cells were plated at 1.5 and 1 x 105 cells/ ml to achieve a doubling time
of 24 hours, comparable to the literature,121 and to test the cells in the appropriate phase
of the growth cycle, log phase. The cells underwent cytotoxicity or cytokine stimulation
testing in mid or late log phase, 48 hours after plating, and the monolayer was observed at
that time to be at least 80-100% confluent. All MTS/PES, BrdU and cytokine assay data
was collected during a 72-hour period post cellular passage, or 48 hours after intial
exposure. The testing experiments did not progress beyond the plateau stage of growth
as seen with the growth curves and gave exposure to test solutions during the logarithmic
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Growth C urve of HCE*T/Trial 1

Cell Concentration (1 x 105 cells/ml)
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1.5
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0.1

0
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96

cells/ml at plating

Tim e (hours)

Figure 12: Growth Curve of HCE-T Cells; Trial 1
Semi-Log Plot, Mean value of N=3
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Cell Concentration (1 x 105 cells/ml)

Growth Curve of HCE-T/Trial 2

^ 2.0
1.5

^

1.0
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24
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96

cells/ml at plating
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Figure 13: Growth Curve of HCE-T Cells; Trial 2
Semi-Log Plot, Mean value of N=3
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growth cycle of the cell culture, between 24 -72 hours.
Figure 14 is a comparison of MTS/PES values with respect to Coulter Counter
Cell values were taken over a 72 hour period at all concentrations plated. The Coulter
Counter values were grouped in ranges of cell growth as follows;
Group A = 0 - 0.2 ( lx 10 5cell/ml)
Group B = 0.2 - 0.5 ( lx 10 5cell/ml)
Group C = 0.5 - 0.8 ( lx 10 3cell/ml)
Group D = 0.8 - 1 ( lx 10 5cell/ml)
Group E = 1.0 - 2.0 ( lx 10 5cell/ml)
Group F = 2.0 and above ( lx 10 5cell/ml)
Parallel studies run with MTS/PES to the Coulter Counter group values showed
an increasing absorbency value directly related to the increase in the cellular population.
The MTS/PES testing method shows the overall viability of a cell culture by the ability of
a cell culture system to convert the dye through the cell mitochondria from the MTS/PES
structure to an optically different formazan compound. (Promega MTS/PES Instructional
Insert) These absorbencies do not accurately predict the cell concentration as a cells/ml
value as found by the Coulter Counter method. MTS/PES does predict cell viability.
The MTS/PES dye values are linearly and directly related to the cells/ml Coulter Counter
values for Groups A-E. Group E and F MTS/PES values when compared in Figure 14 to
the Coulter Counter values of the cell cultures at these time points, do not progress
linearly with the Coulter Counter values. They are statistically significant with a posthoc Tukey value of 0.000302 and 0.00123 respectively. Reaction rates for MTS/PES
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Comparison Plot of MTS/PES values versus Coulter Counter Values
Mean; Box: Mean-SE, Mean+SE; Whisker: Mean-SD, Mean+SD
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Figure 14: Comparison of Grouped Coulter Counter and Corresponding MTS/PES
Values
Cumulative data from all HCE-Trials
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vary with cell and glucose levels. MTS/PES shows linearity for short periods of time
and the dyes reduction declines with increasing cell culture age. The period of linearity
varies with cell lines employed. 115 The conversion of the MTS/PES dye begins to reach
maximum intensity at a cellular population exceeding 2.0 x 10 5cells/ml. Conversion of
the MTS/PES is rapid due to the increased cellular numbers and microplate readings can
reach a maximum absorbency.
MTS/PES values do give an estimated range for cell density of a culture via
absorbency values in the earlier periods of cell growth. The linear response of MTS/PES
and cell numbers validated that MTS/PES was an accurate means to measure cell
viability.
IC 21 Peritoneal Murine Macrophages (TIB-186)
IC21 murine mouse macrophages (TIB-186) were the gracious gift of Dr. Rosana
Schafer, (University of West Virginia, Dept of Microbiology) which were grown from a
strain provided by ATCC (American Type Culture Collection, Rockville, MD). Growth
parameters were observed using both the MTS/PES dye method for cell viability using 96
well plates and by cell proliferation using the Coulter Counter method by use of a paddle
to remove the cells from 24 well plates and performing a cell count.
Three different cell densities were plated for each method and all values obtained
at the same time points. IC21 cells are anchorage-dependent cells. The growth kinetics
of cells in a monolayer culture follows characteristic patterns. Following seeding the
cells undergo a lag phase, dependent on seeding density, cell type media and cell
handling. The cells enter a log phase after seeding and grow exponentially. During a log
phase the cells exhibit their greatest metabolic activity. When conditions no longer
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support growth the cells enter a stationary or plateau phase. It is not wise to maintain
cells past confluency since essential nutrients are rapidly depleted and there is an
increased acidity to the media causing cell death.108
Growth is limited to surface area available in each well and an increase in cell
density per cm2 is directly proportional to loss of available surface area per unit time. A
high seeding density causes a shortened possible log cycle for growth in hours. The
culture begins to approach a plateau level and quiescence.98 128’ 115
The Coulter Counter cell numbers at each time point were used to calculate the
generations and doubling time and construct a growth curve for the IC21 cell line grown
in R PM I1640 supplemented media. The change in cell number with time is the most
direct measure of proliferation. The rate of this proliferation is affected by a number of
factors, medium, and seeding concentration. 115 The cells/ml were plated at 1.0,1.5 and 2
x 10s cells/ml. Table 5 below lists the cells/cm2 for each dilution at time of plating and
after 0 hours (2 hours post initial plating density) 24 hours, 48 hours and 72 hours
growth.
Table 5: IC 21 Plating Concentrations at Seeding, 0, 24,48 and 72 Hours
0 .5 2 x 1 0 5
039 x 10 5
0 .2 6 x 1 0 5
cells/cm2
cells/cm 2
cells/cm 2
0.1718
0 hours*
0.116
0.0928
cells/cm2
cells/cm 2
cells/cm2
0.1928
24 hours
0.0924
0.1253
cells/cm2
cells/cm 2
cells/cm2
0.2774
0.1449
0.2267
48 hours
cells/cm
2
cells/cm 2
cells/cm2
0.5767
72 hours
0.2459
0.3278
cells/cm2
cells/cm 2
cells/cm2
All values are the based on two trials wit i 2 replicates per sample/trial
Initial plating densities =(cell/ml x 500|il)/1.9cm2
0,24,48 and 72 densities = (cell/ml x 1 ml)/1.9cm2
* post 2 hour seeding
Time
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Total cell cycle time should be determined between two time points where the
shape of the graph on semi-log paper is a straight line. This exponential part of a growth
curve represents the time when nearly all of the cells are dividing, versus where in lag or
plateau phase, a considerable smaller fraction of cells are dividing. 115 The following
formula was used in calculating generations and doubling time.
(LOGIO (endpoint time) - LOGIO (time 0)) / LOG 10 (2) =
generations of grow th98
Endpoint in hours from initial time point/ Generations of growth = Doubling time
108.115

The generations and subsequent doubling times were than calculated first for the
complete growth cycle time of 72 hours. And then from 24 to 72 hours time point, or 48
hours total time. The resulting values are shown in Table 6. This considers the longer
lag time for IC21 cells after plating. The 24 hours post-passage cell numbers did not
increase from time point 0 hours nor did the corresponding MTS/PES value, which was
low and exemplified low metabolic activity of the cultures at this point.
Figure 15 and Figure 16 are semi-log plots of the Coulter Counter values for IC
21 cells at each time point. Both Figure 15 and 16 exemplify that the higher cell density
plating showed an increase in cell numbers over time. In trial 2 there was a very long lag
time for the lower plating concentrations. This was seen in the corresponding MTS/PES
data taken at these time points, also.
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Growth Curve of IC21/Trial 1
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Figure 15: Growth Curve of IC 21 Cells; Trial 1
Semi-Log Plot, N=3
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Figure 16: Growth Curve o f IC 21 Cells; Trial 2
Semi-Log Plot, N=3

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

108

Table 6: Calculated Generation and Doubling Times for IC 21 Cells

Generations
72 hours
Doubling time
72 hours
Generations
48 hours
Doubling time
48 hours

1.404

1.495

1.747

51.26 hrs

48.155 hrs

41.21 hrs

1.412

1.384

1.58

33.979 hrs

34.672 hrs

30.37 hrs

P388, a similar murine macrophage cell line in producing IL-land TN F-a
stimulation by LPS, were found to have a doubling time of 30-60 hours depending on the
cellular density at passage. f www.dsmz.de/mutz/mutz288.htm 1 The data accumulated
reflects this general trend o f lower density and longer doubling time. The IC21 cells
were plated at 1.5 to 2 x 10 5 cells/ ml to achieve a doubling time of approximately 30
hours, comparable to the literature, and to test the cells in the appropriate phase of the
growth cycle, log phase.
The Coulter counter method showed cells were at or near their initial plating
density at passage after 72 hours o f incubation. An 80-90%monolayer was observed at
72 hours for 2 x 10 5 cells/ml plating concentration. IC 21 cells were exposed to test
solutions in mid log phase, where testing was done at 48 hours after passage and plating
with test completion at 72 hours post-plating. This coincides with the data accumulated
by the growth curve study. The plating concentration used for testing was between 1.5
and 2 x 105 cells/ml. The testing experiments did not progress beyond the plateau stage
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of growth and left optimal exposure during the logarithmic growth cycle of the cell
culture.
Figure 17 is a comparison o f MTS/PES values with respect to Coulter Counter
Cell values taken over a 72 hour period at all concentrations plated. The Coulter Counter
values were grouped in ranges o f cell growth as follows;
Group A = 0 - 0.2 (lx 10 5cell/ml)
Group B = 0.2 - 0.3 (lx 10 5cell/ml)
Group C = 0.3- 0.4 (lx 10 5cell/ml)
Group D = 0.4 - 0.6 (lx 10 5cell/ml)
Group E = 0.6- 0.8 (lx 10 5cell/ml)
Group F = 0.8 and above (lx 10 5cell/ml)

The MTS/PES testing method shows the overall viability of a cell culture by the
ability of a cell culture system to convert the dye through the cell mitochondria from the
MTS/PES structure to an optically different formazan compound. (Roche Instructional
Insert) Parallel studies run with MTS/PES to the Coulter Counter group values showed an
increasing absorbency value directly related to the increase in the cellular population.
The MTS/PES dye values are linearly and directly related to the cells/ml Coulter Counter
values for Groups A-E.

All MTS/PES-CC groups were statistically significant,

0.000017, when compared with a post-hoc Tukey test except Group F with a p value of
0.999.

MTS/PES values when compared in Figure 17 to the Coulter Counter values of
the cell cultures progress linearly with the Coulter Counter values. The period of
linearity varies with cell lines em ployed.115 Conversion of the MTS/PES dye by IC21
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cells was more rapid after the cells were at a higher density and after at least 48 hours of
growth. The largest change in MTS/PES values came between the 48 hour and the 72
hours time points. Unreported data has found that MTS/PES conversion decreases as the
IC21 population ages or achieves a confluent monolayer. Again, this may be due to
accumulated acidity of the media from increased cellular growth and thus this impairs the
mitochondrial conversion of the MTS/PES dye or that the IC21 cellular activity is
diminished when there is closer cell to cell contact and decreased surface area.
MTS/PES was an accurate means to measure cell viability and was used for
studies involving toxicological levels for experimental solutions and testing procedures
were followed for each specific cell line. The data gained by the Coulter counter method
and the MTS/PES method showed the relationship of increased cellular activity for IC 21
cells at a higher density plating and for testing to be started no longer than 48 hours after
plating. MTS/PES was not used for the cell concentration determination of the cell
culture.
Mycoplasma Testing
Mycoplasma was checked in all cultures, HCE-T, E6E7 or IC21. According to
the kit insert, none of the cultures had any evidence of mycoplasma present after
treatment with MRA. The yellow positive reaction was very strong in the control
positive wells. The plate showed all positive yellow reactions and consistent negative
clear wells. The only well which visually showed a positive reaction as strong as the
positive wells, was the anti-biotic free L929 cells. It visually had a positive reaction for
M. hyorhinis by a visual yellow solution in the well.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Ill
The plate was then read on a microplate reader and all positive rows were beyond
the absorbency readings capable by the tnicroplate reader, Table 7. Only one positive
well was actually read with a value by the plate reader. This well was representative of
all other positive wells on the plate, including the positive row for the L929 culture. This
value is compared with that of the readings for all other wells to numerically depict what
was seen visually.
The mycoplasma treatment of HCE-T, IC21 and E6E7 cell lines was successful in
eliminating any possible mycoplasma interference in the cytotoxicity or cytokine studies.
Serum Free Media Studies
Serum contains many proteins and factors that can interfere with cytokine testing.
Serum based media can cause a constituent background appearance of cytokines or
inflammatory responses or confound in vitro cell studies.151 Studies have been done
comparing the growth and cell characteristics of cell lines in serum and serum-free
media. Hong , et.al., compared fibroblastic growth in commercially available serum-free
media with serum supplemented media. He found that UltraCulture showed a higher
viability and growth than the serum based media. 151 Rabbit Corneal Epithelial cells
were studied for their respective growth in serum-free media. The conditions of serumfree media were found to support the growth, serial transfer and differentiation of the
rabbit corneal epithelial cells. 152
All cultures grew very well in their respective ATCC or lab recommended media
while the cell culture growth in serum-free media was evaluated. Different combinations
of media were evaluated for the IC21 cells while only 2 serum-free medias were
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Comparison plot of MTS/PES values versus Coulter C ounter Values
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Cumulative data from all IC21 trials
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Table 7: Mycoplasma Values for MRA Treated Cell Cultures

Cell Culture Type
Positive
M. arginini
Positive
M. hyorhinis
Positive
M. laidlawii
Positive
M. orale
Negative
HCE-T
M. arginini
M. hyorhinis
M. laidlawii
M. orale
E6E7
M. arginini
M. hyorhinis
M. laidlawii
M. orale
L929 antibiotic free
M. arginini
M. hyorhinis
M. laidlawii
M. orale
IC21
M. arginini
M. hyorhinis
M. laidlawii
M. orale
???? = >2.6 at 490nm
read at 490 nm

Microplate Readings
????
2.594
????
????
0.118-0.246
0.29
0.22
0.188
0.288
0.271
0.2582
0.1865
0.253
0.357
????
0.23
0.345
0.243
0.2195
0.2185
0.2855
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evaluated for the E6E7 cell line. The HCE-T cell line had previously been studied in
UltraCulture growth by Cell Biology Department, CIBA Vision Corp.
The trials with the media combinations for the IC21 cells did not show the same
growth parameters as the serum containing media. The media manufacturer
recommended the X Vivo IS media as a good serum free alternative media for murine
macrophages. After initial passage of the IC21 cells from the RPMI with serum, the cells
were plated in the X Vivo 15 media. Visually the direct transfer of the IC21 cells to the
X Vivo 15 media was unsuccessful. The cells, which did grow, were very enlarged and
did not undergo the normal doubling time referenced for IC21 cell cultures. The
combinations o f the X Vivo 15 media and that of the serum containing RPMI were more
successful. These cells did grow to one passage. Due to the extreme morphology change
in the cells shown in X Vivo 15 alone, it was decided not to grow the IC21 cells in this
media or any combination thereof. The growth of the IC21 cells also showed a
morphological change when grown in UltraCulture media. In the UltraCulture media, the
cells became intertwined and fibroblastic looking in shape. The use of this media for
IC21 cells was also decided against. The best resulting low serum conditions for IC cells
would be to lower the 10% serum content in the media to either 8%. This was done
successfully and all IC21 cells were maintained in serum containing media.
The growth of the E6E7 was successful in the recommended serum containing
media from Dr. Mohan. The doubling time has been stated to be 55 hours. To decrease
doubling time and thus increase cell growth it was recommended to add to the culture
media Dexamethasone.153 The use of dexamethasone was not considered since this is a
very strong anti-inflammatory drug and would be contrary to the prospectus of the study
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in general. The E6E7 growth media is very high in serum content and UltraCulture was
tested to evaluate its ability to grow the E6E7 cell line in a serum free environment. The
slow doubling time was noticed in primary culturing of these cells in their recommended
media. This could have been due, after discussion with Dr. Mohan, to a low plating
density. The cells grow with a very interdependent cell-cell contact which than causes
there to be a need for a high cell density when plating. It was found that when the cell
density was low, the cells did not form a monolayer for a number of days even with
frequent media changes. The cultures were very time dependent for passage soon after a
monolayer was formed. If there was any reason for a delay in passage of the cells, the
monolayer would lift off from the flask surface and these cells would no longer be viable.
Undo difficulty was found in growing the E6E7 cells, either by slow growth or from cell
maintenance techniques. After numerous attempts with new frozen cultures and newly
made media and time constraints, the E6E7 line was abandoned to concentrate on the
other 2 cells lines.

Interference Testing
MTS Interference Testing
Testing of solutions in culture media or under increased temperature may have the
potential for interactions between the media and the solution, change of pH, or dye
additives. The interactions o f each solution was studied in its relationship to MTS/PES
dye to see whether there could be a reduction of the dye after it was converted to
formazan by the cell.
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The MTS was added to an active culture of untreated HCE-T cells for 2 hours in
an incubator. The tetrazolium compound was reduced into a colored formazan product
by the activity of metabolically active cells.(Promega) After this time, the converted dye
was removed from the plate and transferred to a blank 96 well plate. Test solutions are
added to the converted dye and replaced in the incubator. There had to be care not to
incorporate any bubbles into the solution. It was previously found in an unrelated study
(CIBA Vision) these bubbles interfere with the absorbency readings.
The plate absorbency was read prior to incubation of the dye and test solutions
and 2 hours post incubation of dye and test solution, Table 8. The absorbency of the test
solutions will appear lower than the control due to the dilution of the converted MTS/PES
solution. The relationship for each solution or control was between the prior and post
absorbency readings for each test well. There was no significant interaction of the MTS
dye with that of any of the test solutions using a one way ANOVA analysis for single
factors. The post incubation values generated were greater than or equal to 85% of the
initial readings. This is within the parameters of the quality control of product testing.
(Promega) The solution of BAK at 25 ppm and MTS/PES for the first trial did calculate
a 15% change between the initial reading and the reading after 2 hours incubation.
Twenty five ppm BAK was tested to identify the possible worst case concentration.
BAK was tested at 2.5-20 ppm concentrations in all subsequent testing.
The control row for the first trial plate had a 10% difference between the initial
reading and the 2 hour post reading. With the exception of the first trial with 25 ppm
BAK, it was concluded that there was no visible interaction between any of the chemical
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structure of the MTS/PES with that of the DMA, DBTDL or the BAK since all values
had low change percentage values.
Cary UV-Visible Spectrums
Media samples were run on the CARY 3E UV-Visible spectrophotometer after
exposure to testing conditions. Growth media and test components were placed in 24
well plates and incubated at 37°C, 5% CO2 and 98% relative humidity for 24 hours.
Growth media and test components were also incubated at 37°C, 5% CO 2 and 98%
relative humidity for 24 hours and then lOOul of MTS/PES dye was added. Then plated
incubated for an additional 2 hours before scanning for any interaction.
MTS/PES dye is a yellow colored solution before it is bioreduced by living cells.
It is metabolically converted to a soluble formazan compound whose absorbency is
measured at 490nm. The MTS/PES dye initially appears yellow in the media and then
coverts to a dark red color. There were no cells present in the Cary analysis so the dye
was not converted and remained yellow in solution.
Figure 18 shows that there was essentially no difference between a baseline scan
of UltraCulture with MTS/PES and UltraCulture, DMA and MTS/PES or UltraCulture,
DBTDL and MTS/PES. Figure 19 shows that there was no difference between a baseline
scan of UltraCulture Media and UltraCulture Media with DBTDL or
UltraCulture Media with DBTDL. The differing absorbency pattern by the media
without the MTS/PES dye is due to the coloration of the MTS/PES dye.
Figure 20 and Figure 21 are the Cary 3E scans of IC21 media, RPMI 1640 with
out phenol red. Figure 20 shows no variation to the UV scan between RPMI 1640 media
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alone or with DMA or DBTDL. Figure 21 shows the change in the absorbency pattern
again due to the MTS/PES dye.
pH and Osmolaritv Values
Cells are grown in a buffered solution of media. This buffered media has the ability to
resist a change of pH on the addition of an acid or alkali or on dilution of the solvent. 154
The test solutions were diluted in buffered solutions; DPBS, and RPMI and UltraCulture.
These solutions are supported by certificates of analysis stating the pH to be in the range
of 7.2 Subsequently, the test solutions should fall within the range of the buffered
solvents.

Table 8: MTS/PES Interference Absorbency Values
Sample

Trial
One
Initial
Reading

Trial One
Post
Incubation
Reading

%
Change
MTS/PES
after 2
hours
10
3

Trial Two
Initial
Reading

0.637
Control
0.6747
0.6053
0.6457
DMA
0.6343
0.6137
5000ppm
0.614
DMA
3
0.6057
0.586
2500ppm
0.704
2
DMA
0.6807
0.664
1250ppm
0.7
0.6427
DBTDL
0.612
0.6163
Sppm
0.6
0.5513
DBTDL
0.5253
0.5223
2.5ppm
0
0.568
BAK
0.548
0.5187
SOppm
0.427
15
BAK
0.4967
0.4213
25ppm
All numbers are the mean of n=3.
*P<0.05, combined trials initial versus post-incubation

Trial Two
Post
Incubation
Reading

% Change
MTS/PES
after 2
hours

0.632
0.5867

0
9

0.575

6

0.6517

7

0.6087

5

0.5107

7

0.5187

8

0.4973

0
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Figure 18: Cary UV-Visible Spectrophotometer Scan A:
UltraCulture Media and MTS/PES (A),
UltraCulture Media, DMA and MTS/PES (B) and
UltraCulture Media, DBTDL and MTS/PES(C)
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Figure 19: Cary UV-Visible Spectrophotometer Scan B:
UltraCulture Media (A),
UltraCulture Media and DBTDL (B) and UltraCulture Media and DMA (C)
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tOOi

400

Figure 20: Cary UV-Visible Spectrophotometer Scan C:
RPMI 1640 Media (A), and RPMI 1640 Media
and DBTDL (B) and RPMI 1640 Media and DMA (C)
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Figure 21: Cary UV-Visible Spectrophotometer Scan D:
RPMI 1640 Media and MTS/PES (A),
RPMI 1640 Media, DBTDL and MTS/PES (B)
and RPMI 1640 Media, DMA and MTS/PES (C)
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The pH was tested on a 1:1 dilution of stock test solutions with either
UltraCulture or RPMI media. The resulting solutions were DMA 5000 ppm, BAK 50
ppm and DBTDL 5 ppm. The solution of DMA 2500 ppm was diluted from taking 2 ml
o f DMA 5000 ppm (Sol A) to 2 ml of UltraCulture. Table 9 below lists the findings for
both the pH and the osmolarity of each solution. The pH values for all of the solutions in
both types of media are within the range of pH, which is considered median to sustain
cell culture growth. 112 It is also within the range of the pH of human tear film. The
normal physical pH value of tear film is 6.5-7.6. 3 The normal osmolarity for tear film of
the eye is around 310mOsmol/L.3 The osmolarity values for all solution fit within these
criteria also.

Table 9: pH and Osmolarity of Solutions in UltraCulture Media
Test
Method

DPBS
Media*

pH

7.1
7.2
294
287

Osmolarity

DMA
5000 ppm
UltraCulture
7.14

DMA
2500 ppm
UltraCulture
7.05

BAK
50 ppm
UltraCulture
7.14

DBTDL
5 ppm
UltraCulture
7.16

337
338

316
315

295
290

296
296

Table 10: pH and Osmolarity of Solutions in RPMI Media
Test
Method
pH
Osmolarity

DMA
5000 ppm
RPMI 1640
7.23

DMA
2500 ppm
RPMI 1640
7.23

BAK
50 ppm
RPMI 1640
7.13

DBTDL
5 ppm
RPMI 1640
7.14

333
334

310
310

286
286

289
290
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Analytical Data on Solution Concentrations
The solutions of DMA were analyzed by gas chromatography (HP-GLC, CIBA
Vision) to verify the concentration of test solution seen by the cells in vitro. The
solutions were given to the Analytic Chemistry Department o f CIBA Vision Corp. for
analysis by GC.
To assure a sterile solution of DMA for testing procedures the samples were filter
sterilized in 0.2pm vacuum flasks. To assure that the concentration did not change from
the initial concentration before filtering to the final solution after filtering, the solution
was tested both prior and post filtration. The DMA concentration did not change after the
solution was filter sterilized as is shown in Solution A. The solutions subsequently made
thereafter were all filtered sterilized with no attainable loss to the solution concentration.
All of the values are approximately 1% or a value of 10,000ppm volume/volume.
This is the desired level at which the solutions were prepared. The results of tiese tests
are listed below in Table 11.

Table 11: Analytical Values for DMA Tested Solutions
Test Date

Solution A
October 2000

Solution B
January 2001

Solution C
April 2001

Solution D
May 2001

October 2000

0.89 %
pre filtration
0.89%
post filtration
1.16%

NA

NA

NA

NA

NA

NA

0.96%

0.9%

0.99%

May 2001

All % values are a volume/volume ratio.
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The variability of Solution A from testing in October to testing in May 2001 was within
the reproducible and repeatable standard deviations accepted by the analytical chemistry
group when analyzing a solution. The ANOVA analysis of all of the solution values read
on both dates are within 2 standard deviations of the mean. With this variation into
consideration, all samples were regarded as a base level of 10,000 ppm DMA and all test
concentration values were computed from 10,000 ppm being the stock solution.

Box and W hisker Plot of Analytical Data for DMA Concentrations
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Figure 22: DMA Concentration Data
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Toxicity Testing to Determine Non-Toxic Cell Viability Levels and IC50-U Levels for
DMA. DBTDL and BAK Using IC21 Murine Macrophages (IC21) and Human Corneal
Epithelial Cells SV-40 Transformed (HCE-T)

The two sections below present the value of cell viability for cell cultures exposed
to test solutions for 4, 8 and 24 hours as compared to a control. Than, the calculated
IC5024 for cell viability for each solution after 24 hours exposure to test solutions as
compared to a control.
IC 21 Cell Viability
IC 21 cells were grown on 96 well plates and tested 48 hours post passage and
plating. IC 21 cells were exposed on three occasions to the test solutions of DMA,
DBTDL and BAK with triplicate replicates for each concentration at each time point.
These results were collected at 4, 8 and 24 hours after solution exposure. The MTS/PES
dye was added to each well and after 2 hours the plates were read at 490nm to compare
any inhibition by the solution in reference to the control well. The test sample MTS/PES
value was divided by the control MTS/PES value and multiplied by 100 to calculate a
percentage value with respect to the control. Any value <70%, or inversely more than a
30% loss of cell viability than that the control cells, was considered a possible cytotoxic
solution to the cells.
Figure 23 represents the value for BAK exposure to IC 21 cells at 4, 8 and 24
hours. The graph shows a time and concentration dependent loss of cell viability when
evaluated using MTS/PES. At 10 ppm BAK (0.001%) there is a considerable loss in cell
viability when evaluated with MTS/PES. The 8 and 24 hour time points have

Reproduced with permission o f the copyright owner. Further reproduction prohibited without permission.

127
percentage values for 10 ppm BAK is at or near death of the cell culture. The low
percentage values of cell viability could indicate an irreversible recovery of the cells even
if the test solution media was replaced with fresh media. The cell viability value for 10
ppm BAK was 43%, 27% and 10% at 4, 8 and 24 hours. This concentration of BAK, 10
ppm, is thus extremely toxic to IC21 cells very rapidly, before 8 hours, at all time points
and should not be considered for cytokine or long term exposure testing for the cell line.
Five ppm BAK (0.0005%) was not toxic at 4 hours and was cytotoxic at the 8
hour time point with a percentage of 82.3 % and 59.7 % respectively. The result at 24
hours is 19% cell viability. The cytotoxic affect of 5 ppm BAK could be eliciting its
response between the 1 2 -2 4 hour time points. BAK tested at 2.5 ppm for 24 hr was
also below the 70% viability line for the cell culture. The mean percentages for 2.5 ppm
(0.00025%) BAK at 4 ,8 and 24 hours were 110%, 118 and 43.6% respectively. Again,
the most serious affect of BAK exposure was after approximately the 12-24 hour time
period. All BAK concentrations were cytotoxic to IC 21 cells after 8 hours exposure.
The resulting cytokine test concentrations of BAK will be determined from calculated
IC5024 values. BAK may have to be used at or above determined cytotoxic levels for IC
21 cells to find a corresponding cytokine concentration response in HCE-T cells.
The solution testing of DMA is shown in Figure 24. All test concentrations of
DMA at the 4 and 8 hour time points were non-toxic to cell viability when evaluated by
MTS. All of the percentage values were above the 70% value of viability of control.
The mean percentage for IC21 cells exposed for 24 hours to a concentration of 3250 ppm
DMA (0.325%) and 1625 ppm DMA (0.1625%) were cytotoxic to the cells, with a
percentage of 33% for 3250 ppm and 62% for 1625 ppm DMA. All other concentrations
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were non-cytotoxic at 24 hours exposure to test solutions. The 24 hour mean for 810
ppm DMA (0.081%) was 87% and at 405 ppm DMA (0.0405%) it was 102%. The
testing range for DMA on IC21 cells should be below 1625 ppm from the acquired data
and will be determined by the IC5024 value.
Figure 25 is the IC21 cell viability data for DBTDL. Two concentrations were
tested at all time points. Both the 5 ppm (0.005%) and the 2.5 ppm (0.0025%)
concentrations were above 70% cell viability at 4 and 8 hours exposure to the test
solutions. Five ppm DBTDL had a mean of 97% and 88% at 4 and 8 hours while 2.5
ppm DBTDL had a mean percentage of 95% and 93% at 4 and 8 hours. The mean value
for 5ppm DBTDL at 24 hours was 45%. The 2.5 ppm DBTDL concentration was 87% at
the 24 hours and above the 70% cell viability range. The testing concentration of
DBTDL will be determined from the IC5024 values.
IC5074 Values for IC 21 Cells for Test Solutions
The IC5 O24, inhibitory concentration, is referred to as a concentration at which the
response has decreased or increased 50% from the initial response assuming the response
is an increase or decrease o f test concentration. The IC5 O24 values below were calculated
for all test solutions using the data gained at the 24-hour time point.
A scatter plot using the Distance Weighted Least Squares (DWLS) (Statistica)
method of plotting was used to achieve the best dose dependent curve from the data
accumulated. The absorbency values were used since this is not a percentage determined
as compared to control. The point of intersection for 50% of the initial absorbency was
marked on the Y axis line from the means square curve line developed from the 24 hour
data. The corresponding X axis point line was then drawn to the intersection of the Y
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axis line and curve. The IC 5 O24 value was then determined from the graph and the
spacing value of each respective graph. Data was also entered into an on-line program to
find the ICSO24 using the BD ViaScante program (www.BD.com) where mean values
were entered into the program at each concentration. Sigma Plot can also be used to
determine these values.
IC21 cells exposed to DMA for 24 hours were plotted and it was found that the
means squares line of an initial absorbency value was approximately 2.2, Figure 26a.
The definition of an IC5024 value line was drawn at 50% value of 2.2, or at 1.1. The
corresponding X axis line was then drawn to the point of intersection. The approximate
defined value for the IC5024 value for IC21 cells exposed to DMA for 24 hours was found
to be = 2130 ppm. By inserting data mean absorbency in an on-line program the IC5 O24
was found to be 1704 ± 3 1 0 ppm, Figure 26b.
Similar graphing techniques were used to find the values for IC 21 cells exposed
for 24 hours to BAK and DBTDL. The means square graph for BAK, Figure 28a, gave
an IC5024 value of = 1.5 ppm for BAK and = 4.7 ppm for DBTDL, Figure 27a. The on
line values were found to be 1.88± 0.107 for BAK, Figure 28b. and 4.407 for DBTDL,
Figure 27b. These values correspond to the estimated testing values gained from the cell
viability data and the Distance Weighted least squared graphs.
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Cell Viability of IC21 Cells Exposed To BAK
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Figure 23: IC 21 Cell Viability to BAK for
4, 8 and 24 Hours Using MTS/PES
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Figure 24: IC 21 Cell Viability to DMA for
4, 8 and 24 Hours Using MTS/PES
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Figure 25: IC 21 Cell Viability to DBTDL for
4, 8 and 24 Hours Using MTS/PES
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HCE -T Cell Viability
HCE-T cells were grown on 96 well plates and tested 48 hours post passage and
plating. HCE-T cells were exposed on at least three occasions to the test solutions of
DMA, DBTDL and BAK with triplicate replicates for each concentration at each time
point. These results were collected at 4, 8 and 24 hours after solution exposure. The
MTS dye was added to each well and after 2 hours the plates were read at 490nm to
compare any inhibition by the solution in reference to the control well.
Figure 29 represents the value for BAK exposure to HCE-T cells at 4, 8 and 24
hours. The graph shows a time and concentration dependent loss of cell viability when
evaluated using MTS. At 20 ppm BAK (0.02%) the percentage is at or below the 70%
cell viability demarcation value at the 8 and 24 hour time points. The percentage value
for 20 ppm BAK is at or near death of the cell culture at the 24 hour time point. The cell
viability (CVI) value for 20 ppm BAK at 4, 8 and 24 hours were 81.3%, 33% and 9%.
This concentration of BAK, 20 ppm, is thus extremely cytotoxic to HCE-T cells at the 8
and 24 hour time points and should not be considered for cytokine or long term exposure
testing for the cell line.
Ten ppm BAK was not toxic at 4 and 8 hours time points with 106% and 69.6%
respectively. The result at 24 hours was below the 70% cell viability value line with
38% cell viability and was also not considered as a level because o f its cytotoxic affect to
IC 21 cells at this concentration.

BAK tested at S ppm was the only solution tested

where the viability of the cell culture was above 70% that of the control at all time points.
The median percentages for 5 ppm BAK at 4,8 and 24 hours were 107%, 86.6 and 61%
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respectively. The concentration of BAK used for further testing was 5 ppm BAK
because it did show a response over time to the HCE-T and thus may elicit an irritation
response at this concentration.
The solution testing of DMA is shown in Figure 30. All test concentrations of
DMA at the 4 and 8 hour time points were not cytotoxic to cell viability when evaluated
by MTS/PES. All of the percentage values at these time points were above the 70%
value of viability of control. The concentration of 5000 ppm DMA at 24 hours was toxic
to the cells with a mean percentage of 18%. The concentration of 2500 ppm at 24 hours
was considered cytotoxic with 63%. The 24 hours mean percentage for 1250 ppm DMA
was 103% and 111% at 625 ppm DMA. The testing range for DMA on HCE-T cells was
then used in the area of 2000 ppm. This concentration would be above a 70% cell
viability toxicity range as a result of the data gathered and causes a response in the cell
culture over time.
There was a noticed increase above 100% cell viability, or growth greater than the
control for 4 hour time point for 2500, 1250 and 625 ppm DMA, as well as an increased
growth at 625 ppm at all time points. The DMA may cause an increase in cellular
metabolism at lower concentrations. This was also noticed at the lower levels of BAK
and DBTDL. Early exposure may cause irritation and increased metabolic function at
the 4 and 8 hour time points. The cytotoxic affect of the test solutions may become
evident after 8 hours exposure.
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Table 12: IC21 Cell Viability Percentages Using MTS at 4, 8 and 24 Hours Exposure to Solutions
Group

Time
4 hours

P
value
+

P
value
++
-

Time
8 hours

P
value
+

P
value
++

Time
24 hours

100
control
100
100
1.00
DMA
1.0
0.99
99.6±11.2
98.3116.3
33.017.94
0.962
3250 ppm
0.894
1.00
DMA
0.977
101.7±9.4
103.3113.6 0.999
62.315.13
1625 ppm
0.776
0.666
0.670
DMA
0.74
114.3±5.5
108.3114.7 0.996
87.715.85
810 ppm
.0113#
0.366
DMA
0.508
0.999
117.7±12.4 0.407
107113.7
102.015.29
0.07
405 ppm
0.408
BAK
.0002* 0.158
43.3±11.7 .0002*
27.6114.4
10.61.0577
10 ppm
.0011#
.0009#
BAK
0.407
.026*
0.089
82.3±10.7
59.66118.7
19.314.58
.0464#
5 ppm
.021#
BAK 2.5
0.909
0.533
110.614.5
118.613.05 0.709
43.617.6
ppm
.0161#
.0004#
DBTDL
0.983
0.341
97.3110.96 0.999
88.616.65
45.016.5
0.695
5 ppm
.0463#
DBTDL
0.999
0.952
0.994
95.517.8
93.316.5
87.916.46
2.5 ppm
0.333
0.247
Values are presented as the means ± standard deviation for each group, N=3, b =5 at 24 hr
* Statistically significant (p< 0.05) Post hoc ANOVA/Tukey HSD
# Statistically significant (p<0.05) Student t-test
P value + = control to group
P value ++ = within group

P
value
+
.0011*
.0001#
0.141
.0002#
0.990
.0228#
1.0
0.555
.0002*
.000#
.0003*
.0000#
.0067*
.0002#
.0084*
.0013#
.0016*
0.07

P
value
•n
.0015*
.0017*
.0073*
.0059*
.0348*
0.088
0.271
0.85
.0033*
0.078
.0003*
.0035*
.0002*
.0002*
.0097*
0.107
0.375
0.547

U>
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IC50 V alu es for IC21 C ells Exposed to DMA for 2 4 H ours
y = D istan c e W eighted L east S q u a re s + e p s
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Figure 26a: IC 21 IC5 O24 for DMA

20 -

MSE - 0.002
IC50 = 1.744 503+-474 412

to 

on

1000

2000

3000

4000

50X1

Figure 26b: IC 2 1 IC5024 for DMA (web based) 5000ppm estimated
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ICSO Values for IC21 Cells Exposed to DBTDL for 24 Hours
y=D istance Weighted L east Squares + eps
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Figure 27a. IC 21 IC5024 for DBTDL
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Figure 27b. IC 21 IC5024for DBTDL (web based) 10 ppm Estimated
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IC50 Plot of IC21 Cells Exposed to BAK for 24 Hours
y=Distance W eighted Least Squares + eps
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Figure 28a: IC 21 IC5024 for BAK, 10 ppm Estimated
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Figure 28b: IC 2 1 IC5024 for BAK (web based) 20 ppm estimated
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Figure 31 is the HCE-T cell viability data for DBTDL. Two concentrations were
tested at all time points. Both the 5 ppm and the 2.5 ppm concentrations were above 50%
cell viability at 4 and 8 hours exposure to the test solutions. Five ppm DBTDL had a
mean of 114% and 92% at 4 and 8 hours while 2.5 ppm DBTDL had a mean percentage
of 106% and 94% at 4 and 8 hours. The mean value for 5 ppm DBTDL at 24 hours was
43% and this is below the 70% cell viability range previously specified. The 2.5 ppm
DBTDL concentration was 83% at the 24 hour time point. The testing concentration
used was decided to be 5 ppm because it did show some cell viability changes over 24
hours and within the IC5024 values.
IC50?4 Values for HCE-T Cells for Test Solutions
The IC5024, inhibitory concentration, is referred to as a concentration at which the
response has decreased or increased 50% from the initial response assuming the response
is an increase or decrease of test concentration. The IC5024 values below were calculated
for all test solutions at the 24-hour time point.
A scatter plot graph using the Distance Weighted Least Squares (DWLS)
(Statistical method of plotting was used to achieve the best dose dependent curve from
the data accumulated. The absorbency values were used since this is not a percentage
determined as compared to control. The point of intersection for 50% of the initial
absorbency was marked on the Y axis line from the means square curve line developed
from the 24 hour data. The corresponding X axis point line was then drawn to the
intersection of the Y axis line and the curve. The IC5 O24 value was then determined from
the graph and the spacing value of each respective graph. Data was also entered into an
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Cell Viabiltiy of HCE-T Cells Exposed to BAK
Mean; Box: Mean-SE, M ean+SE; W hisker: M ean-SO, Mean+SD
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Figure 29: HCE-T Cell Viability to BAK for
4,8 and 24 Hours Using MTS/PES
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Cell Viability of HCE -T Cells Exposed to DBTDL
Mean; Box: Mean-SE, Mean+SE; Whisker: Mean-SD, Mean+SD
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Figure 30: HCE-TCell Viability to DBTDL for
4, 8 and 24 Hours Using MTS/PES
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Cell Viability of HCE-T Cells Exposed to DMA
Mean; Box: Mean-SE, Mean+SE; Whisker: Mean-SD, Mean+SD
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Figure 31: HCE-T Cell Viability to DMA for
4 ,8 and 24 Hours Using MTS/PES
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Table 13: HCE-T Cell Viability Percentages Using MTS at 4 ,8 and 24 Hours Exposure to Solutions

Group
control
DMA
5000 ppm
DMA
2500 ppm
DMA
1250 ppm
DMA
725 ppm
BAK
20 ppm
BAK
10 ppm
BAK
5 ppm
DBTDL
5 ppm
DBTDL
2.5 ppm

Time
4 hours
100
103.6±11.7
137.3±8.2
111.3±2.5
113.6±11.6

P
value
+
0.106
0.671
0.999
0.617
0.999
.0423#
0.892

0.966
0.175
106.3±20.2 0.6394
0.616
0.999
107.3±13.8
0.410
0.8918
114±6
.0163#
0.999
106.312.3
.0446#

P
value
++

Time
8 hours

“

100
79.6±4.16

-

100±2.6

-

104±8.72

-

110.6±13.0

P
value
+
0.1069
.0011#
0.1069
.0011#
1.00
0.841
0.999

0.0316
0.2772

63±15.1

0.9656

105±4.58

0.3432

111.6118.1

.0154*

9.310.577

.0441*

38.315.5

0.0923

6117.8

.0027*
0.0559
0.1585
0.1926

4311.5

-

69.6±12.7

-

86.6±6.1

“

92.6±4.5
94±6.24.

0.995

33.6±15.0

Time
24 hours
100
17±7.9

.0002*
.0016#
0.004*
.0151#
0.577
.0214#
0.978

81.3±19.6

P
value
++

83110.1

P
value
+

P
value
++
-

.0002*
.00005#
.0025*
.0133#
0.994
0.138
0.852
.0002*
.0000#
.0002*
.00004#
.0003*
.0010#
.0002*
.000001#
0.2128
.0446#

Values are presented as the means ± standard deviation for each group, N=3, N =5 at 24 hrs
* Statistically significant (p< 0,05) Post hoc ANOVA/Tukey HSD
# Statistically significant (p<0.05) Student t-test
P value + = control to group
P value ++ = within group

0.0021*
0.0097*
0.0021*
0.0097*
0.9845
0.996
0.4350
0.9764
.00219*
0.1734
.0027*
0.0782
.0029*
.0424*
.0002*
.0002*
.0154*
0.2128
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on-line program to find the IC5024 using the BD ViaScante program (www.BD.com)
where mean values were entered into the program at each concentration.
HCE-T cells exposed to DMA were plotted and found that the means squares line
initial absorbency value was approximately 1.85, Figure 32a. With the definition of an
IC5024 value, a line was drawn at 50% value of 1.85, or at 0.87. The corresponding X
axis line was then drawn to the point of intersection. The approximate defined value for
the IC5024 value for HCE-T cells exposed to DMA for 24 hours was found to be
approximately = 3000 ppm. By inserting found data absorbency in an on-line program
the IC 5024 was found to be 2,375 ± 395 ppm, Figure 32b.
Similar graphing techniques were used to find the values for HCE-T cells exposed
for 24 hours to BAK and DBTDL. The means square graph for BAK, Figure 34a, found
an IC5024 value of approximately 7 ppm and for approximately 4.9 ppm DBTDL, and
Figure 33a. The on-line values were found to be 4.42 for DBTDL, Figure 33b and 9.08±
0.107 for BAK, Figure 34b. These values correspond to the estimated testing values
gained from the cell viability data and the consequent testing concentrations.

DNA Synthesis

5-bromo-2’-deoxvuridine (BrdU)

In Vitro cell proliferation can be determined by the indirect measure of DNA
synthesis by a cell population. BrdU is a non-radioactive agent which gets incorporated
as a pyrimidine analogue BrdU instead of thymidine into the DNA of proliferating cells.
After this incorporation, the BrdU is detected by immunoassay. HCET and IC 21 cells
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ICSO V alues for HCE-T Cells Exposed to DMA for 2 4 Hours
y= D istance W eighted Least S q uares + ep s
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Figure 32a: HCE-T IC5024 for DMA, 10,000 ppm Estimated
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Figure 32b: HCE-T IC5024 for DMA (web based) 10,000 ppm Estimated
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ICSO Values for HCE-T Cells Exposed to DBTDL for 24 Hours
y=D istance W eighted L east S quares + eps
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Figure 33a: HCE-T IC5024 for DBTDL, lOppm Estimated
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Figure 33b: HCE-T IC5 O24 for DBTDL, (web based) 10 ppm Estimated
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IC50 Values for HCE-T Cells Exposed to BAK for 24 Hours
y=D istance Weighted Least Squares + e p s
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Figure 34a: HCE-T IC5024 for BAK, 50 ppm Estimated
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Figure 34b: HCE-T IC 5 O24 for BAK, (web based) 50 ppm Estimated
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were plated at their appropriate cell densities and allowed to grow for 24 to 48 hours.
The cell lines were then exposed to the test solutions for 24 hours and then BrdU was
added to the exposed cell cultures and the absorbance measured at 450 nm for
quantification o f BrdU incorporation.
HCE-T and IC 21 cells were exposed to BAK, DMA and DBTDL for 24 hours
and then BrdU was added to the cell cultures for 2 hours and the resulting BrdU
incorporation measured for each cell line and test solution. The concentration of BAK
tested were 10, 5 and 2.5 ppm. , DMA was tested at 2500, 1250,625 and 310 ppm and
DBTDL was tested at 5 and 2.5 ppm. Figure 36 depicts the results for the HCE-T cells
and Figure 35 arethe results for testing of IC21 cells. Each sample was evaluated as a
percentage or compared to the control. Both a ANOVA, post-hoc and student t-test was
used for analysis of the data.
Both HCE-T and IC 21 cells did not show any compromise in DNA synthesis at
either 5 and 2.5 ppm DBTDL. HCE-T cells showed a significant difference in DNA
synthesis at 2500 ppm DMA exposure but none at any of the lesser concentrations while
IC 21 DNA synthesis was affected at 2500, 1250 and 625 ppm DMA. Niether HCE-T or
IC 21 were affected at 310 ppm DMA. All concentrations of BAK showed significant
DNA synthesis inhibition when compared to the control for both cell lines.
Table 14 and 15 represent the mean percentage values which were evaluated for
significance using ANOVA post hoc, Tukey, and the student t test for dependent samples
for the treated cells percentage values with respect to the control test well. The control
test well was set at 100% and the final BrdU test absorbances were corrected from the
control absorbance and converted to a percentage.
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Table 14: IC 21 Cells BrdU Percentages for Test Solutions, 24 Hour Exposure
Samples

Mean ±Std
Dev.
99.5±10.4

P Value
ANOVA
1.0

P Value
Student t-test
0.9472

DBTDL
5 ppm
0.4642
DBTDL
97.1±7.98
1.0
2.5 ppm
.000172#
DMA
52.6±13.5
.000146*
2500 ppm
.000891#
DMA
75.4±9.45
.03155*
1250 ppm
.000013#
77.8±3.04
0.1947
DMA
625 ppm
0.4466
1.0
DMA
102.7±8.3
312 ppm
.0000#
BAK
6.1 ±0.065
.000145*
10 ppm
.00021#
48.9±16.54
BAK
.000145*
5 ppm
.0000#
66.3±3.7
.000285*
BAK
2.5 ppm
* Statistically significant (p< 0.05) Post hoc ANOVA/Tukey HSD
# Statistically significant (p<0.05) Student t-test Values are the mean o f N = 3-5
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Percentage Relative to Control Values for IC21 Cells
Exposed to Test Solutions for 24 Hours
Mean; Whisker: Mean-SD,Mean+SD
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Figure 35: BrdU Percentages of IC 21 Cells
Exposed for 24 Hours to Test Solutions
Compared to control (100%)
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Table 15: HCE-T Cells BrdU Percentages for Test Solutions, 24 Hour Exposure

Samples

Mean ±Std
Dev.
101.6±17.7

P Value
ANOVA
1.0

P Value
Student t-test
0.84709

DBTDL
5 ppm
0.910
0.1455
DBTDL
111±15.4
2.5 ppm
.000172#
.000141*
DMA
40.03±1.26
2500 ppm
0.15227
0.9928
DMA
90.7±13.4
1250 ppm
.000224#
0.63804
DMA
107.5*0.707
625 ppm
0.25749
0.9998
DMA
95.6±8.16
312 ppm
.0000#
.000141*
BAK
8.0±3.5
10 ppm
.000213#
.000141*
BAK
36.9±3.9
5 ppm
.000#
.053381
BAK
76.3±16.2
2.5 ppm
* Statistically significant (p< 0.05) Post hoc ANOVA/Tukey HSD
# Statistically significant (p<0.05) Student t-test,
Values are the mean of N = 3-5
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Percentage Relative to Control Values for HCE-T Cells
Exposed to Test Solutions for 24 Hours
M ean; W hisker: Mean-SD, Mean+SD
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Figure 36: BrdU Percentages of HCE-T Cells
Exposed for 24 Hours to Test Solutions
Compared to Control (100%)
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Light Microscopy of HCE-T Cells Exposed to DMA. BAK and DBTDL

HCE-T
Human Comeal Epithelial Cells, SV-40 transformed, were plated onto SlideFlask
Chambers at approximately 1.5 x 10 5 cells/ml and incubated for 24 hours at 37°C, 5%
CO 2 and approximately 98% humidity. After 24 to 48 hours or until an 80-100%
confluent monolayer was established, the media was exchanged for either a control
solution o f DPBS and media; 1:1; or 2000 ppm DMA, 2.5 ppm DBTDL and 5 ppm BAK
for 24 hours at 37 °C, 5% CO 2 and relative humidity. Previous studies have shown that
these concentrations are at non-toxic levels which are greater than 70% metabolism of
MTS/PES dye as to that of control cells when exposed for 24 hours.
After 24 hours o f exposure to the solution the cultures were observed visually and
then the solution removed and fixed with Caraoy’s solution for microscopic analysis by
digital imaging. A 24 hour time period was chosen to follow the viability and cytokine
time points. This time period was also chosen because the doubling time for the HCE-T
cells was found to be 24 hours and may show growth changes.
The cultures exposed to DMA, BAK and DBTDL visually appeared to be
morphologically different when observed before fixation to the slide for photography
than the control culture of cells exposed to DPBS. The most marked change was visible
with the DMA exposed cell culture slides. Images of these slides were taken at 100X
magnification using a Nikon inverted microscope. The control cells show a typical
cobblestone morphological appearance after 24 hours exposure to DPBS and
approximately 72 hours post seeding density. The relative size of the cells was
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approximated from a photographic image taken of a microscopic scale. The control cells
were found to range from a diameter of 30 - SO pm. Photographs of HCE-T cells in a
monolayer of development have been depicted by Araki-Sasaki in their initial
immortalization of the cell line. The HCE-T proliferates in a centrifugal fashion. 121
The cells exposed to the test solutions showed morphologically different or
altered cells from that of the control, Figure 37. The most marked change in cell shape
was found with the cells exposed to the DMA solution, Figure 38. These cells became
elongated and cigar shaped. They had an approximate diameter ranging from almost
100pm in length by a width of 30-50 pm. The cobblestone appearance was no longer
evident and the cells were granulated and “swelled”. This could be a necrotic reaction to
prolonged exposure to the DMA.
The BAK cells also exhibited some differences from the control cells image,
Figure 39. BAK cells had an increased number in enlarged cells, varying from 50 pm70 pm. There was also present what appeared to be ‘giant’ cells. These enlarged cells
still had a cubodial shape yet were noticeably double to triple the size of the control cell
culture. It could be the result of cell integrity as a result of apoptosis or necrosis from
BAK exposure for 24 hours. DBTDL cells appeared most like those of the control slide,
Figure 40. Their over all size and morphology was like that of the control. Exposure to
DBTDL for 24 hours did not show any morphological changes.
To further identify the morphological change in the HCE-T after exposure to the
test solutions, a comparable study paralleling the MTS/PES and Coulter Counter methods
was used. Cells were seeded onto 24 well plates at approximately 1.5 x 105 cells/ml and
incubated for 24 hours at 37°C, 5% CO 2 and approximately 98% humidity or until a 80-
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100% monolayer was formed. The media was then removed and replaced with DPBS as
a control, 1:1 with media, and DMA 2000 and 1000 ppm, BAK 5 and 2.5 ppm and
DBTDL 2.5 ppm in culture media. The solutions were left on the wells for 24 hours.
After 24 hours, lOOpl of MTS/PES was added to each well and incubated for 2 hours for
metabolic conversion of the MTS/PES. Two hundred microliters of the supernatant
MTS/PES solution was removed from each well and read in duplicate on a 96 well plate.
The solutions were removed and the cells were dislodged from the plate by trypsinEDTA and then counted on a Coulter Counter. 155 Each resulting value was normalized
as of control values and final percentages calculated. A comparison was then made
between the cell number and the viability o f the cell culture percentages.
A comparison of the Coulter Counter or the cell growth inhibition, (CGI) and the
cell viability inhibition, (CVI), using MTS/PES show inversely related values, Table 16.
As the CGI% increases the value for CVI% shoul decrease. For example, a value of
CGI% of >30%, considered toxic, (CibaVision), should correlate to a value for CVI% <
70%, also considered toxic. Table 16 lists the values for MTS/PES and CC values
attained from the cells after 24 hours of exposure to the test solutions.
Five ppm BAK gave similar results in both studies of cell proliferation, CGI%=
43.5 and the cell viability inhibition, CVI%= 47.5%. Both of these values are considered
cytotoxic. These values show an inhibition of metabolism greater than that of the cell
proliferation value. This could be a result that BAK is a known biocidal agent that
affects membrane integrity thus impairing metabolic functions yet while inhibiting
cellular growth less than 50%.
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The number of cells present on DMA wells was less than that o f the control,
CGI%= 34.5% for DMA 2000 ppm and 28.8% for DMA 1000 ppm. The metabolic
viability of the cells exposed to DMA 2000 ppm was CVI% = 79.7% and DMA 1000
ppm CVI%= 100.9%. The digital image would further explain the lower number of cells
present after 24 hours o f DMA exposure.

The non-toxic or viable percentage CVI% for

both DMA concentrations shows that though the cell numbers are lower, the cell
metabolism for decreased cell numbers is not below 70%. DMA is somehow causing
increased metabolic function in HCE-T cells.
BAK at 2.5 ppm and DBTDL at 2.5 ppm did not show toxic effects at either the
CGI% or CVI% values. This is verified also by the minor changes shown in the
photographic images.
On another occasion the SlideFlask exposure was repeated and after 24 hours the
test solutions were removed and fresh media was added to the cell culture chambers and
the slide flasks were replaced in the incubator for 24 hours to observe any possible
cellular morphology recovery. Again the slides were observed and fixed and digital
imaging was done to capture any possible cellular changes after 24 hours of fresh media.
There was no visible change in the cell cultures from the initial test solution
exposure to that of any cellular changes after 24 hours exposure to fresh media. It may
take a longer time period, possibly 48-72 hours, to allow the cells enough time for
recovery from the initial test solution exposure. These pictures were not included
because of the similarity to the initial testing digital pictures.
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Figure 37: HCE-T Cells Exposed to DPBS (control) for 24 Hours
100 X Magnification
X axis = 800 pm
Y axis = 600 pm
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Figure 38: HCE-T Cells Exposed to DMA 2000 ppm for 24 Hours
100 X Magnification
X axis = 800 pm
Y axis = 600 pm
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Figure 39: HCE-T Cells Exposed to BAX 5 ppm for 24 Hours
100 X Magnification
X axis = 800 pm
Y axis = 600 pm
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Figure 40: HCE-T Cells Exposed to DBTDL 2.5 ppm for 24 Hours

100 X Magnification
X axis = 800 pm
Y axis = 600 pm
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Com parison of HCE-T Cell Exposed to Solutions
for 24 Hours Using MTS and CC M ethods
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Figure 41: Comparison of MTS/PES and Coulter Counter Values
For HCE-T Cells Exposed to Solutions for 24 Hours
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Cell Growth Inhibition (% CC)

Cell Viability (% MTS)

M ean; W hisker: M ean-SD, Mean+SD

162

Table 16: HCE-T Cells Exposure to Solutions for 24 Hours;
CGI% and CVI% Values
Samples

CVI%
Values
Mean
±Std.Dev.
+
79.7±2.8

P Value
ANOVA

P Value
t-test

CGI%
Values
Mean
±Std.Dev.
++
34.5±3.8

P Value
ANOVA

P Value
t-test

.00012*
.000#
DMA
0.6579
.000#
2000 ppm
DMA
100.9±8.0
1.0
28.8±11.9 .000392* 0.05989
0.808
1000 ppm
.000#
.00077*
BAK
47.5±10.0
.00013*
.000#
43.5±1.3
5 ppm
.0144#
0.9876
84.4±3.6
0.9117
.000003#
13.3±9.1
BAK
2.5 ppm
0.4179
.0065#
DBTDL
97.6±6.1
1.0
0.4008*
26.3±6.1
2.5 ppm
+ = values compared to a control of approximately 100%
++ = values compared to a control of approximately 0%
* Statistically significant (p< 0.05) Post hoc ANOVA/Tukey HSD
# Statistically significant (p<0.05) Student t-test

IC 21
IC 21 cells were plated onto SlideFlask Chambers at approximately 1.5 x 10s - 2
x 105cells/ml and incubated for 24 hours at 37°C, 5% CO 2 and approximately 98%
humidity. Cells were incubated for 24 to 48 hours or until an 80-100% confluent
monolayer was established. The media was exchanged for either a control solution of
DPBS and media; 1:1; or 500 and 250 ppm DMA, 2.5 ppm DBTDL and 1 ppm BAK for
24 hours at 37 °C, 5% CO 2 and relative humidity. Previous studies have shown that
these concentrations are at non-toxic levels which are greater than 70% metabolism of
MTS/PES dye as to that of control cells when exposed for 24 hours.
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After 24 hours of exposure to the solution the cultures were observed visually and
then the solution removed and fixed with methanol and dyes with Gill’s Hematoxylin
No.3 for microscopic analysis by digital imagining.

The test cultures visually appeared

to be morphologically different when first observed before fixation to the slide for
photography than the control culture of cells exposed to DPBS. The cultures of BAK and
DMA showed marked inhibition of growth when compared to the control slide. Imagines
of these slides were taken at 100X magnification using a Nikon inverted microscope.
As stated in the Introduction, activated macrophages appear sprayed; have a big,
clear nucleus and a spreading, vesicular and clear cytoplasm with many projections.
('www.metodocanova.com) The characteristic activated macrophage morphology is
indicative of increased metabolic activity.

The photographic images depict this

morphological characteristic of an activated macrophage.
Figure 42 is a photograph of the IC 21 control cells exposed for 24 hour to media
and DPBS. There are present a few cells that show a sprayed or projected cellular
morphology. In general, most of the cells are ranging from an approximate size from 1030 pm. The cells have visible nuclei and granulated cytoplasm. The cells exposed to
DBTDL, Figure 45, show slight shrinking of the cell cytoplasm or condensation of the
cells. There are more notable activated macrophage cell types with an approximate size
for the condensed cells of 10-15 pm. The larger cells have a size ranging from 30 pm-45
pm.
Two hundred fifty ppm DMA, Figure 43, exhibits up to 1/3 activated
macrophages to control type cell structures. These activated macrophages have an
increased area of nuclear material and sprayed projections. The large cells range from an
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approximate size of 40- 50 pm. Figure 44, BAK 1 ppm shows the greatest loss in cell
numbers with a large number of smaller, condensed cells. Two large activated
macrophages are seen in the center of the photo. These cells have a size ranging from 5060 pm. The number of viable control cell morphology was very few and scattered across
the plate.
Comparison of the Coulter Counter or the cell growth inhibition, (CGI) and the
cell viability inhibition, (CVI), using MTS/PES show inversely related values. As the
CGI% increases the value for CVI% should decrease. For example, a value of CGI % of
>30%, considered toxic, (CIBAVision), should correlate to a value for CVI% < 70%, also
considered toxic. Table 17 lists the values for MTS/PES and CC values attained from
the cells after 24 hours of exposure to the test solutions.
Five ppm BAK CGI% value exhibited severe cell growth inhibition. The
CGI%= 73.7% corresponds to a very low metabolic activity of CVI% = 27.2%. Both of
these values show extreme cytotoxicity for the IC 21 cells. This concentration was tested
to correspond with the HCE-T test value. BAK has biocidal effects on the cellular
membrane and may cause the cells to under necrosis in response to BAK exposure.
The number of cells present on DMA wells was less than that of the control,
CGI%= 78.3% for DMA 2000ppm and 51.7% for DMA lOOOppm. The metabolic
viability o f the cells exposed to DMA 2000 ppm was a CVI% = 51.2% and for DMA
lOOOppm was 85.5%. The CVI% of DMA 2000ppm showed decreased cell viability.
The digital image would further explain the lower number of cells present after 24 hours
of DMA exposure at even lower concentrations.

The non-toxic or viable percentage
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CVI% for DMA 1000 ppm shows that though the cell numbers are lower, the cell
metabolism for decreased cell numbers is not below the 70% cytotoxic value.
Five ppm BAK has the same pattern as that of DMA at 2000 ppm. The CGI% =
73.7% while the CVI% = 27.2%. Five ppm BAK exhibits a severely compromised cell
culture in both cell viability and proliferation. This is verified also by the sparse cell
numbers visible on the photographic images of cells at BAK lppm. Twenty four hour
exposure of IC 21 cells to BAK has caused some cellular response. DBTDL at 2.3 ppm
did not show toxic effects at either the CGI% or CVI% values.
The use of direct, and indirect measures and photographic imagining has leant itself to a
better understanding of the interactions of the test solutions with both the HCE-T and IC
21 cells.
Table 17: IC 21 Cells Exposure to Solutions for 24 Hours;
CGI% and CVI% Values
Samples

CVI%
Values
Mean
±Std.Dev.
51.2±7.9

P Value
ANOVA

P Value
t-test

CGI%
Values
Mean
±Std.Dev.
78.3±3.13

P Value
ANOVA

.00011*
.000#
DMA
.0055*
2000 ppm
.00011*
51.7±8.9
DMA
85.5±9.4 .00011*
.000#
1000 ppm
.00011*
73.7±8.7
.0034#
BAK
27.2±15.4 .00037*
5 ppm
.00011*
64.8±10.1
.000#
BAK
58.6±9.9 .00011*
2.3 ppm
.00011*
.000#
20.5±8.2
DBTDL
88.4±9.6 .00011*
2.5 ppm
+ = values compared to a control of approximately 100%
++ = values compared to a control of approximately 0%
* Statistically significant (p< 0.05) Post hoc ANOVA/Tukey HSD
# Statistically significant (p<0.05) Student t-test
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P Value
t-test

.000#
.000#
.00005#
.000#
.0003#

Figure 42: IC 21 Cells Exposed to DBPS (control) For 24 Hours

100 X Magnification
X axis = 800 pm
Y axis = 600 pm
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Figure 43: IC 21 Cells Exposed to DMA 250 ppm For 24 Hours

100 X Magnification
X axis = 800 pm
Y axis = 600 pm
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Figure 44: IC 21 Cells Exposed to BAK 1 ppm For 24 Hours

100 X Magnification
X axis = 800 pm
Y axis = 600 pm
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Figure 45: IC 21 Cells Exposed to DBTDL 2.5 ppm For 24 Hours
100 X Magnification
X axis = 800 pm
Y axis = 600 pm
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Com parison of IC 21 Cells Exposed to Solutions
for 24 Hours Using MTS and CC Methods
Mean; Whisker: Mean-SD, M ean+SD
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Figure 46: Comparison of MTS/PES and Coulter Counter Values
For IC 21 Cells Exposed to Solutions for 24 Hours
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Cytokine Evaluation of IC 21 and HCE-T Cells Exposed to DMA. DBTDL and BAK

IC21
IC 21 cells were plated on 24 well plates at a cell density of 1.5 x 1 0 5 - 2 x 105
cells/ml at a volume of 500jil/well. The cells were incubated at 37°C, 5 % COz and 98%
relative humidity for 24 - 48 hours or until a monolayer of 80 % was visually observed.
The media was tranferred to either DPBS, for control or test solutions. DMA was tested
at 500 ppm, BAK and DBTDL were tested at 5 ppm to coincide with the HCE-T testing
levels. LPS at 10 ng/ml was used as a positive control for IC 21 cell stimulation of TNFa a n d IL -la .
After 4, 8 and 24 hours the supernatants were removed the wells, placed in
microfuge tubes and spun for 3 minutes at 9800 RPM . The spun supernatants were then
transferred to new tubes, labeled and frozen at -20° C until testing. At the time of testing,
the samples were removed, thawed and tested for TNF-&, IL-ip, and IL-1 a using
ELISA kits. The finished plates were read on a microplate reader at 450nm.
The testing for IL -ip was not included in the figures or tables because there was
no evidence of any IL-ip secreted by from LPS stimuluous of IC 21 cells or from any of
the testing solutions. This testing was attempted from information gained about the IL1
family of cytokines and the similarity bewteen the two active forms of IL1. IC 21 cells
are known for their TN F-a and IL-1 a cytokine secretion, so this is not surprising to have
found no IL-1 P sercretion. A different inducing agent such as phorbol 12-myristate- 13acetate (PMA), may cause a broader response of cytokine release than LPS. The test kit
standards performed as expected.
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TNF-a secretion from IC 21 cells is very documented in the literature. 70,132,156
LPS stimulation was studied, not documented here, on the release of T N F-a from IC 21
cells by LPS stimulation at 4, 8, 24 and 48 hours. Three levels were tested of 10 ng/ml. 1
ng/ml and 0.1 ng/ml LPS. The best results were found in using the testing level of 10
ng/ml LPS. It gave the quickest and strongest response from IC 21 cells at each time
•„*
point.

123 157,158

Table 18 and Figure 50 show the data for the TNF-a release from IC 21 cells.
None of the concentrations of any of the test solutions exhibited any TN F-a release. The
only significant release of TNF-a was found at every time point for the LPS
concentrations. TN F-a release can be released very quickly upon stimulating
macrophage cells. The 4 hour time point may have been behind the initial release of
TN F-a by any of the test solutions. Though, LPS did show release of T N F-a at 4 hours
at a very high level. The value of TNF-a did lessen as the time points proceeded though
it was still well beyond control values.
Table 19 and Figure 51 are the ELISA data found from testing IC 21 for 4, 8 and
24 hours with LPS and the test solutions stimulation. IL l-a showed release from IC 21
cells with LPS above the level o f the control wells but not at a significant value in either a
ANOVA or student t-test. BAK at 5 ppm had levels of released IL l-a at each time
point. The largest concentration of IL l-a release from BAK at 5 ppm was at the 24 hour
time point. This may be the result from the lysis of the cells by the toxic level of BAK at
5 ppm shown with MTS/PES viability testing, BrdU and Coulter Counting methods. IL l a is a membrane bound or secreted compound which would be released significantly to
the media with the lysis of a cell culture due to cytotoxic levels causing cell lysis.
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HCE-T
HCE-T cells were plated on 24 well plates at a cell density of 1.5 x 105 cells/ml
at a volume of 500pl/well. The cells were incubated at 37°C, 5 % C 0 2 and 98% relative
humidity for 24 - 48 hours or until a monolayer of 80 % was visually observed. The
media was removed and replaced to either DPBS, for control or test solutions. DMA was
tested at 20000 ppm, BAK and DBTDL were tested at 5 ppm to coincide with the IC21
testing level s. IL-1 a was used as a positive control for IL 8 stimulation. LPS did not
show any stimulatory affect with HCE-T cells for IL 8 or IL-1 a or p response. As
discussed in the summary, phorbol 12-myristate-13-acetate (PMA) may be an alternative
for inducing cytokine response in HCE-T cells.
After 4, 8 and 24 hours the supernatants were removed the wells, placed in
microfuge tubes and spun for 3 minutes at 9800 RPM . The spun supernatants were then
transferred to new tubes, labeled and frozen at -20° C until testing. At the time of testing,
the samples were removed, thawed and tested for IL 8, IL -ip, and IL-1 a using ELISA
kits. The finished plates were read on a microplate reader at 450nm.
As with the IC 21 cells, the IL -ip data is not presented because there was no ILip detected in any of the samples. The positive control did not have any increased
absorbency value for IL -lp over that of the control. The test kit standards performed as
expected.
HCE-T cells did not release any IL-1 a when stimulated by any of the test
solutions at any concentration. The presence of IL-1 a was present in the positve control
due to the use of IL-1 a as a stimulator of IL 8 on HCE-T cells. The test kit performed as
expected for all standards tested.
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HCE-T cells did exhibit IL 8 release from BAK 5 ppm expsoure for 24 hours.This
could be the result of the cytotoxicty found from BAK exposure at 24 hours at 5 ppm on
HCE-T cells. There could have been a release of membrane bound IL-1 a into the media
potentially releasing IL-8 from the remaining viable cells. Previous cytotxocity results at
4 and 8 hours did not exhibit a cytotoxic effect and there also was no release of IL 8 at
these time points either.
More values need to be gained at this test solution. Due to cost and sample
volume needed for human ELISA kits, this value is from only an N=2. Other
concentrations of BAK were tested but not reported. They also showed release of IL 8 at
24 hours. This release does correspond with the release of IL-1 a in IC 21 cells at the 24
hour time point. The addition o f IL-1 a to HCE-T cells does stimulate IL 8 release and if
BAK at 5 Ppm does release IL-1 a , this could examplify a cascade from the macrophage
to the tissue type, HCE-T cells . There was no other significant release of IL 8 from any
of the other test solutions.
Abandoned Testing Evaluations

WEHITNF Assay
WEHI-L929 (WEHI) cell measurement of TNF production, Neutral Red (NR)
evaluation of cellular lysosomes and Lactate dehydrogenase (LDH) enzyme detection for
membrane permeability are important and valid testing methods for the detection of
toxicity or cytokine release by test solutions. Each of these test methods was worked on
and ran for its value in finding the toxicity of each test sample. The original testing of the
NR and LDH testing was first evaluated with L929 mouse fibroblastic cells at CIBA
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IL1-alpha Concentrations for IC 21 Cells Exposed
to Solutions for 4 ,8 and 24 Hours
Mean; Box: M ean-SE, Mean+SE; Whisker: M ean-SD, Mean+SD
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Figure 47: IL1 -alpha Concentrations for IC 21Exposed
for 4, 8 and 24 Hours to Test Solutions
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TNF-alpha C o n centrations for IC 21 Cells Exposed
to Solutions for 4 , 8 and 24 Hours
M ean; Box: M ean-SE, M ean+SE ; W hisker: Mean-SD, M ean+SD
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Figure 48: TNF-alpha Concentrations for IC 21 Exposed for
4, 8 and 24 Hours to Test Solutions
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Table 18: TNF-a Concentrations (pg/ml) in IC21 Cells at 4, 8 and 24 Hours Exposure to Solutions
Group

P
Time
value
24 hours
+
control
2.25±5.36
13.2±12.9
51.4±24.2
DMA
2.54±4.8
1.0
0.998
28.5±.13.5
2.16+4.9
500 ppm
.0115#
0.891
0.999
BAK
0.999
0.0±0.0
o.oto.o
6.3±11.2
5 ppm
.0105#
0.2548
DBTDL 5
0.9990
0.997
11.1+17.1
18.5+21.3
52.8+17.8
ppm
0.1011
0468
LPS
0.001*
1181.8±204.5
1199.9±213.8 0.001* 1001.51150.3
lOng/ml
.0000#
.0000#
Values are presented as the means ± standard deviation for each group, N=6
* Statistically significant (p< 0.05) Post hoc ANOVA/Tukey HSD
# Statistically significant (p<0.05) Student t-test
P value + = control to group
Time
4 hours

P value
+

Time
8 hours

P
value
+
0.857
.0019#
0.522
.00005#
0.999
0.8715
0.001*
.0000#

'■ J
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Table 19: IL-1 a Concentrations (pg/ml) in IC21 Cells at 4, 8 and 24 Hours Exposure to Solutions
Group

Time
4 hours

P
value

Time
8 hours

P
value

Time
24 hours

control
18.51 ±8.4
40.47±28.54
17.0±7.1
DMA
0.9536
0.8297
21.7±16.7
26.3±21.8
48.6123.25
500 ppm
0.4836
0.3653
BAK
0.00013* 47.88±17.12 0.00343* 185.4133.6
36.6±8.97
5 ppm
.00066#
.00028#
DBTDL 5
0.2065
0.9571
36.1±11.8
23.16± 11.1
32.44118.9
ppm
0.2148
.00707#
LPS
0.680
0.8847
27.2+13.38
25.9+8.47
57.3118.1
lOng/ml
.08945
.09159
Values are presented as the means ± standard deviation for each group, N=6
* Statistically significant (p< 0.05) Post hoc ANOVA/Tukey HSD
# Statistically significant (p<0.05) Student t-test, Levene
P value + = control to group

P
value

0.5194
0.4882
0.0190*
.00000#
0.8435
0.4565
0.5193
0.1826

00
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Table 20: IL 8 Concentrations (pg/ml) in HCE-T Cells at 4, 8 and 24 Hours Exposure to Solutions
Group

Time
4 hours

P
value

Time
8 hours

P
value

Time
24 hours

control
0±0
0±0
0±0
DMA
2.6±4.6
0±0
1.0
1.0
0±0
2000 ppm
0.2855
BAK
1.0
0±0
1.0
0±0
396.0±65.7
5 ppm
0±0
1.0
DBTDL
2.3±5.2
1.0
5.0±7.7
5 ppm
0.4070
1035±232.2
.00014*
1847±204.4
.00015*
2100±0
IL1-P
.00002#
.0000#
20ng/ml
Values are presented as the means ± standard deviation for each group, N=4, BAK N=2
* Statistically significant (p< 0.05) Post hoc ANOVA/Tukey HSD
# Statistically significant (p<0.05) Student t-test, Levene
P value + = control to group
-

-

P
value
-

1.0
.00014*
.00002#
0.9847
0.1877
.00014*
.0000#

' j
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lit-alp h a Concentrations of HCE-T Ceils Exposed
to Solutions for 4 ,8 , and 24 Hours
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Figure 49: ELI -alpha Concentrations HCE-T Exposed
for 4, 8 and 24 Hours to Test Solutions
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IL8 Concentrations of HCE-T Cells Exposed
to Solutions for 4,8, and 24 Hours
Mean; Box: Mean-SE, Mean+SE; Whisker: Mean-SD, Mean+SD
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Figure 50: IL 8 Concentrations HCE-T Exposed
for 4, 8 and 24 Hours to Test Solutions
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Vision and at Mercer. This technique would require a transfer to both the HCE-T and the
IC 21 cell lines. The method was not used under the constraint of time and the use of
MTS/PES as an indirect measure of cell viability. These methods were abandoned for a
more readily available and repeatable method, which did not require.
Measurement of TNF a and (3 can be determined by the use o f a TNF sensitive
Actinomycin D murine L929 fibroblast cell line, WEHI 164 cells. WEHI cells have
surface receptors that bind TNF a and (3 and cause cell lysis as a consequence. Data for
the WEHI testing method did follow similar patterns found in later studies using
MTS/PES cell viability testing. Table 21 shows the result of WEHI cells exposed as per
test methods for 18 hours with DMA and BAK. The results show that the concentrations
o f DMA which caused 50% cell lysis of the WEHI cells was between 2500 and 1250
ppm. The toxicity of the DMA to the WEHI cells is near the IC 50 result found with
MTS/PES, 2300 ppm. BAK lysis was found at or below 7.5 ppm again near the IC50
value for BAK. Figure 54 is a standard curve of WEHI cells exposure to
TN F-a for 18 hours. This was recommended to be done to test the sensitivity of the cell
line to TNF production by the cells. The best linearity for TNF-a induced cell lysis was
shown at the lower concentrations of TN F-a. The WEHI testing method involves the use
o f Actinomycin D, a carcinogen, and the culture of an additional cell line, and supportive
media. These additional requirements o f safety and cell maintenance were part of the
reasons for no longer proceeding with the methodology and the availability of ELISA kits
specific for TNF-a.
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Table 21: BAK and D M A with WEHI Cells for 18 hours
Concentration
DMA ppm
2500
1250
625
310
155
77
38

% lysis of control
27.8
93/108
113/107
111/105
114/114
129/112
113/117

Concentration
BAK ppm
125
62.5
31
15
7.5
3.25

% lysis o f control
47/43
31.6/18.2
16.6/11.6
21.5/13.9
50.6
101/89.9

Lactate dehydrogenase Assay
LDH testing was performed very early in test methodology development. Table
22 is acquired data for the treatment of HCE-T cells with BAK for 30 minutes, 1,4 and
24 hours. The samples at 3 ppm show the best response to treatment with BAK. The
secretion of LDH increases over time while the internal LDH remains constant and 3 ppm
for 24 hours is not cytotoxic to the cells. The concentration of 100 ppm is cytotoxic to
the cells and 10 ppm could cause the cells to become necrotic after 24 hours and this
would release all intercellular LDH into the cell supernatants.
LDH was discontinued due to the analysis involving both the treatment of
supernatants and cell lysis of the culture from the plate surface for an overall comparison
in LDH released to the supernatant and retained within the cell. From an industry
standpoint, this test would not be efficient as presently run. It should be investigated
further. It was abandoned for the MTS/PES cell viability method. LDH also was run
originally with a L929 cell line, not the WEHI strain, and this would involve a fourth cell
line in culture.
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Table 22: LDH Percentage Values for L292 Cells Exposed to BAK
Concentration
Time 30
Time 1 hour
of BAK ppm
minutes
100
79.06
55.32
100 *
70.6
71.48
10
60.1
105.8
10*
75.42
93.9
3
206.9
91.02
3*
51.9
49.6
Blank
99.39
60.9
Blank *
61.6
58.9
’“denotes cell lysate; first values are for supernatants
++ value questionable/ from other data

Time 4 hours
125.9
85.6
194.6
77.2
209.5
64.1
209++
92.8

Time 24
hours
77.2
70.1
101.7
94.7
206.8
50.8
94.5
64.7

Table 23: Neutral Red Testing of L929 Cells Exposed to DMA
Concentration of DMA ppm
5000
4500
4000
3500
3000
2500
2000
1500
1000

% lysosome damage versus control
37.3 /37.6
37.9/ 37.1
37.9/35.8
41.1/44.2
39.8 /37.2
36.6/46.0
72.6/82.8
77.6/92.2
96.5 / 89.9
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TNF Standard Curve for WEHI Cells
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Figure 51: Actimomycin D / TNF-alpha Exposed WEHI Clone 13 L929 Cells
Standard Curve
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Neutral Red Assay
HCE-T cells were treated for 24 hours with DMA at concentrations varying form
5000 ppm to 1000 ppm. After testing, the cells were exposed to neutral red for 2 hours
for staining. The level at which 50% of the cells were lysed in relationship to the control
was between 2500 - 2000ppm, see Table 23. Neutral red testing involves a rinse step
before reading, which causes there to be variation in the data produced. The adherence of
IC 21 cells is very susceptible to removal from the plate surface by even gentle flicking
or rinsing. An appropriate method to be used with both cell lines was found in MTS/PES
kit by Roche. Its mechanism of action is the conversion of the dye in the cell supernatant
and does not involve a rinse or fixation step as in NR or a cell lysis step as in LDH.
Permeation Assay
Table 24 has the results of a test of the permeation or the loss of tight junctions in
HCE-T cells when exposed to chemical agents. The test is run where the movement of
the NaFL from the apical container to the basal container is measured over time. The
relationship between the movement of the NaFL across the control well insert test
well and the untreated filter determine the permeation index of a chemical. The
following formula is used to determine permeation changes over time.
The use of a cell permeation model was abandoned due to the involved process
development needed and the previous overall knowledge gained in testing done to that
point in the dissertation. It was decided that this test method would be best discussed as a
possible mode of testing to evaluate other possible cellular mechanisms of action by the
test solutions.
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Table 24: Permeation Values for HCE-T
Time

Control

2.125
Apical
starting
conc.
0.0443
IS minutes
0.109
45 minutes
0.0327
90 minutes
0.073
3 hours
All read in units of fluorescence

DMA
3250 ppm
2.129

DBTDL5
ppm
2.09

0.0195
0.031
0.086
0.0522
0.102
0.084
0.0131
0.145
by a cytofluorometer

BAK 25
ppm
2.147

No CeUs
Filter

0.017
0.0773
0.123
0.2695

0.3098
0.361
0.72
0.94

Crystal Violet Assay
Crystal violet staining provides a method that allows the protein material from the
adherent cell culture remaining on the plate well to be compared to the control well.
This will not give a direct value for the protein found on the well as a protein assay. The
BCA method of protein determination has been used before and is another method to
identify cell proliferation values.
Valuable knowledge was gained and these techniques will be used again in the
future by the use o f better evaluated kits or references, better honed laboratory technique
and skill.
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CHAPTER FIVE

SUMMARY AND DISCUSSION

Research Findings
The overall objective o f this project was to determine the toxic levels and possible
cytokine stimulation from the polymeric chemical components, DMA and DBTDL and
from BAK, an ophthalmic preservative, on two cell lines. The cells lines were tested in
in vitro assays modeled for possible early detection of damaging cellular outcomes. 159 38
Growth curves were performed on IC 21 Murine macrophages (IC21) and SV-40
transformed Human Epithelial Cells (HCE-T) and results found that each cell line had
different dynamics for proliferation based upon seeding. HCE-T cells were found to have
a doubling time of approximately 24 hours when plated at a level of 1 to 1.5 x lO3
cells/ml. These doubling times coincide with those reported in the literature. 121 These
cells are very hardy cells and are able to grow at these doubling times in serum free
media. They can survive with media exchanges for up to two weeks for permeation
studies and cell differentiation.
IC 21 cells were seeded at 1.5 - 2 x 105 cells/ml and dependent on the plating
density have a doubling time o f 30-60 hours.128 IC 21 cells do not continue under culture
even with media change after a complete monolayer has been reached due to acidic
byproducts from the cell line. (ATCC) This can limit the testing parameters allowed. To
have a longer time period for testing beyond the methods stated, for example 48 hours,
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the seeding concentration would have had to be lower and solutions
concentrations altered.126
Solutions did not interfere with the media or the dyes used in the in vitro testing
methods. Non-soluble solutions of DBTDL were diluted in DMSO. DBTDL levels were
tested at very low concentrations, 5 ppm that allowed the final level of DMSO, 0.1%, to
be well below the toxicity level of DMSO found in the literature. 147 Other solutions
were omitted from final testing because of there insolubility and final concentration of
DMSO was too high for solution solubility and overall operator toxicity.
MTS/PES cytotoxic levels for HCE-T cells for DMA, DBTDL and BAK were
determined at 4, 8 and 24 hours. Twenty four hour cytotoxicity levels were used to
calculate the IC 5024 levels. All tested concentrations of DMA were non-cytotoxic at 4
and 8 hours. At 24 hours, 5000 and 2500 ppm DMA were found cytotoxic to the HCE-T
cells. All tested concentrations of BAK were non-cytotoxic at 4 hours. Twenty and 10
ppm o f BAK were cytotoxic to the HCE-T cells at 8 hours exposure. All concentrations
of BAK (5, 10 and 20 ppm) were cytotoxic to HCE-T cells at 24 hours exposure.
DBTDL at 5 ppm was considered cytotoxic at 24 hours but was non-cytotoxic at 2.5 ppm
at 24 hours exposure. The cytotoxicity percentage value for MTS/PES was any resulting
test percentage, as compared to control, < 70%.
IC5024 levels for HCE-T were approximately 2900 ppm for DMA, 7 ppm for
BAK and 4.9 ppm for DBTDL. Microscopic pictures of cultures exemplified the
changes in cell morphology from the common cubodial shaped epithelial cell to an
elongated fibroblastic appearing cell. Further testing was performed to try to identify the
impact o f this cell morphology on the culture viability and proliferation.
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DMA is a known neurotoxic monomer analog o f the neurotoxic polymer
acrylamide. Acrylamide neuropathy can be found in the inhibition of glycolytic
enzymes, such as glyceraldehydes-3-phosphate dehydrogenase.161 DMA has been found
to have a neurotoxic metabolite, N-methylacrylamide when exposed to microsomal
enzymes in vitro. DMA did not show toxicity in mice, its metabolite did have cytotoxic
affects in vitro. 162 These cytotoxic affects for DMA can be seen with HCE-T and IC 21
cells in vitro. The mechanism is not neurotoxicity, yet there are evident changes in the
cell functions at higher DMA concentrations.
Digital imaging of the HCE-T did show strong morphological changes when
exposed to a 2000 ppm solution of DMA for 24 hours. The direct count of the cell
numbers of HCE-T cells at 24 hour exposure to 2000 ppm DMA did show cell growth
inhibition (CGI%) value of 34.5% as compared to a cytotoxicity standard of <30%.
MTS/PES values at 2000 ppm DMA did not show decreased mitochondrial activity with
a percentage of 79.7%, while at 1000 ppm DMA the MTS/PES value was increased to
100%. The CGI% value was 28.8% for DMA at 1000 ppm and considered non-cytotoxic.
BrdU values for DMA at 2500 ppm were 40 %, and verifies the cells had
impaired DNA synthesis or proliferation near the predicted IC5024 value for DMA and
HCE-T cells. DMA exposure at 1250 ppm did exhibit a non-cytotoxic level of DNA
synthesis or proliferation with a value of 90.7%. These values show that though the
IC5024 for DMA is at or near 2300 ppm, some cellular functions are affected or impaired.
The values found for DMA at 1000 ppm did not exhibit any cytotoxic responses with
MTS/PES, BrdU or CGI% values. DMA at 2000 ppm, below the IC 5024 level, exhibited
cytotoxic BrdU and CGI% values but non-cytotoxic for MTS/PES. These values may be
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explained as increased metabolism with decreased DNA synthesis and may be potentially
a signal of secondary apoptosis.
BAK is a biocidal agent used in ophthalmic solutions at 0.01% or 100 ppm.
Testing of BAK in vitro was below this level but exposure was for a longer period of
time. In vitro exposure of cells to BAK at 0.01% ppm has shown immediate cell lysis
after 24 hours treatment. 38 44 Aliquots of 1, 5 and 10 ppm solutions of BAK induced
growth arrest apoptotic cell death in 24 hours. Concentrations as low as 0.0001% or 1
•jo

ppm induced cell growth arrest and apoptosis in Chang conjunctival cells in vitro.
Imperia followed DNA synthesis of in vitro cultures of corneal epithelial cells exposed
for 5, 30 or 60 minutes to BAK concentrations ranging from 0.04% - 0.0001%. Previous
studies in vitro o f BAK concentrations from 0.04 -0.0001% showed significant decreased
DNA synthesis. 45
The data gained with BrdU values for BAK at 10 ppm (8%) or 5 ppm (36.9%)
verifies the cells were not undergoing DNA synthesis or proliferation at or near the >
70% value with respect to control. BAK exposure at 2.5 ppm (0.00025%) did exhibit
DNA synthesis or proliferation with a value of 76.3 %. The direct count of the cell
numbers of HCE-T cells at 24 hour exposure to 5 ppm BAK did show cell growth
inhibition with a value of 43.5 % as compared to a cytotoxicity standard of < 30%.
MTS/PES values at 5 ppm BAK did show decreased mitochondrial activity with a
percentage of 47.5 %. While at 2.5 ppm BAK the value was increased to 97.6 % for
MTS/PES and 26.3 % for CGI%. These values show that though the IC5024 for BAK is
at or near 7 ppm, some cellular functions are affected and the MTS/PES values did
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indicate this response along with BrdU values. No gross visible cell morphology was
seen at 5 ppm BAK for 24 hours.
DBTDL is a catalyst which has been found to be cytotoxic at IC 5 O72 2.34 ppm to
human endothelial cells and 3.48 ppm for 3T3 fibroblastic cells in vitro. 12 DBTDL
exhibited a 4.9 ppm IC50 24. BrdU tested levels of DBTDL did not show decreased DNA
synthesis. Five ppm was at 101% while 2.5ppm gave a value of 111%. Two and one
half ppm DBTDL did show an increase in cell proliferation above that of the control but
was not considered statistically significant by a post-hoc test. The corresponding tests
run in comparing the coulter counter values for cell growth inhibition and MTS/PES did
not show any significant alterations to cellular functions or number at either
concentration. Morphological evaluation of HCE-T cell cultures exposed to DBTDL did
not exhibit characteristic changes.
MTS/PES cytotoxic levels for IC21 cells for DMA, DBTDL and BAK were
determined at 4, 8 and 24 hours. Twenty four hour cytotoxic levels were then used to
calculate the IC 5 O24 levels. All tested concentrations of DMA were non-cytotoxic at 4
and 8 hours. At 24 hours, 3250 and 1625 ppm DMA were found cytotoxic to the IC21
cells. Ten ppm BAK was cytotoxic to the IC21 cells at 4 and 8 hours. All concentrations
of BAK were cytotoxic at 24 hours. DBTDL was not cytotoxic at 5 or 2.5 ppm at 4 and 8
hours. DBTDL at 5 ppm was considered cytotoxic at 24 hours but was non-cytotoxic at
2.5 ppm at 24 hours exposure. The cytotoxicity percentage value for MTS/PES was any
test percentage, as compared to control, < 70%.
IC 21 cells IC5 O24 levels were approximately 1800 ppm for DMA, 4.4 ppm
DBTDL and 1.5 ppm for BAK. The values for IC 21 are lower for DMA and BAK than
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those of HCE-T cells. This may be due to cellular differences between the two cell types.
IC 21 cells are less adherent than HCE-T to the flask surface and HCE-T do have cellular
tight junctions which the IC 21 cells do not posses. These tight junctions and adherence
qualities of HCE-T cells could make them more tolerant to higher levels of test solutions.
The IC 21 cells were extremely affected by the test solutions when comparing the digital
imaging photographs o f the cell lines. The number of morphologically normal cells
compared to the control was low while there appeared to be activated macrophages in all
of the test solutions.
BrdU values for DMA at 2500 ppm, 52.6%, verifies the cells were not undergoing
DNA synthesis or proliferation at or near the > 70% value with respect to control. DMA
exposure at 1250 ppm did exhibit DNA synthesis or proliferation with a value of 75.5%.
The direct count of the cell numbers of IC21 cells at 24 hour exposure to 2000 ppm DMA
did show cell growth inhibition with a value of 78.3% as compared to a cytotoxicity
standard of <30%. MTS/PES values at 2000 ppm DMA showed decreased mitochondrial
activity with a percentage of 51.2%, while at 1000 ppm DMA the value was increased to
85.5% and the CGI% was significant at 51.7% as compared to control. These values for
cell growth inhibition and BrdU show that though the IC50i4 for DMA at approximately
1800 ppm, DMA would exhibit altered cellular functions at a much lower level than that
shown with MTS/PES. Again a possible increased cell metabolism could be present from
DMA exposure to IC 21 cells.
BAK cytotoxicity values for MTS/PES, cell growth inhibition and BrdU all
exhibited positive cytotoxic responses for BAK at 5 ppm at 24 hours. These values were
27.2%, 73.7% and 36.9%, respectively. BAK at 2.5 ppm did not show cell growth

R e p ro du ced with permission o f the copyright owner. Further reproduction prohibited without permission.

194
inhibition, 20%, MTS/PES cytotoxicity, 88% or BrdU decreased DNA synthesis, 76.3%.
DBTDL was non-cytotoxic at 2.5 ppm for all test values.
IC 2 1 macrophages provide a general model for release of several mRNA proinflammatory cytokines. 130 IC 21 cells can express TNF-a in a dose dependent increase
when incubated with LPS. 130 126 IC 21 cells expressed TN F-a when exposed to LPS for
4, 8 or 24 hours. The level of TN F-a released decreased as the incubation time
increased. This compares to the results found at 24 hours by Ryan. Tu et al., did show a
similar phenomenon with 5 fig/ml LPS on IC 21 over a 24 hour period. LPS was used as
a successful positive control for TN F-a release with IC 21 cells. IL-1J3 was not detected
in any of the test samples at any time points. Twenty-four hour supernatants did show
the presence of IL -la when exposed to LPS or IFN-y. 126 LPS did not yield high values
for IL -la release with IC 21 cells, though II-la release increased in value over time.
Cytokine or chemokine identification did not demonstrate any stimulation by the polymer
components, DMA or DBTDL, at any of the levels tested. BAK did elicit IL -la cytokine
response from IC 21 cells at all time points tested.
IL 8 release from cultured human comeal epithelial cells and keratocytes was
found when exposed to T N F -a and IL -la concentration. 63 64 83 HCE-T cells exposed to
20 ng/ml IL -la produced high levels of IL 8. These values of IL 8 were found at 4, 8
and 24 hour exposure time points. Epithelial cells possess receptors for IL l-a on their
cell surface.64 TNF-a stimulation of IL 8 was not followed in the research
BAK was significant for IL 8 reiease at 24 hours in HCE-T cells. This response
could be found from the late cytotoxic response of HCE-T to BAK at 24 hours. Cell lysis
can cause the release of cytostol factors into the supernatant for detection. BAK at 5 ppm

Reproduced with permission o f the copyright owner. Further reproduction prohibited without permission.

195

was found to be cytotoxic to HCE-T at 24 hours and may have caused this release of cell
material to occur.
The results of this project found values of cytotoxic exposure to DMA, DBTDL
and BAK for two differing cell lines. Their cytotoxicity increases for IC 21 and HCE-T
cells in the order: DMA < DBTDL< BAK. The concentration levels for each cell line
are different, where HCE-T cells have a higher threshold concentration than do IC 21
cells. Morphological changes were evident after exposure to these chemicals over time.
IC 21 cells produce TNF-a when stimulated by LPS and release I L - la when exposed to
BAK. HCE-T cells were found to produce IL 8 when stimulated by human IL l-a and
release IL 8 when exposed to BAK for 24 hours. DBTDL and DMA did show toxicity in
vitro.
All toxicity information gained will be helpful in setting future testing of
extractions or solutions. The results o f tissue culture tests are influenced by various
factors such as cell type, application o f the test materials and biological endpoints. The
use of controlled cell culture studies allows for evaluation or screening of isolated
components.163 The objectives o f this thesis did demonstrate the importance of the two
principles explained by Geursten.
Further Studies for Increased Understandings
The testing of solutions or extracts should involve the use o f a battery of in vitro
models. These models have been developed to identify specific metabolic features by the
use MTS/PES, BrdU and LDH and NR Release. Revaluation of a NR Release Assay for
HCE-T cells and the use of a less labor intensive LDH assay will add needed cellular
information about the cytotoxicity o f these or other polymer or contact lens solutions.
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Cytotoxicity combines some values of necrosis and apoptosis but does not
distinguish either o f these cellular processes specifically. These two distinctive cell
processes could be studied for a better understanding of some of the cell morphological
changes found during this research. Table 25 differentiates the differences between
necrotic and apoptosis in cell systems. An assay to identify the necrotic effect of
solutions can be found with the use of Propidium iodine (PI) in conjunction with Annexin
V testing for apoptotic cells. The identification of a solution's necrotic or apoptotic
affect on a cell culture can be the first process for an increased knowledge about cell
responses in vitro. The apoptotic features of the cell lines used must first be identified by
the use of an apoptotic inducing agent (AIA). Then the affect of the test solutions can be
determined in reference to the AIA.
Table 25: Differential Features and Significance o f Necrosis and Apoptosis
Necrosis
Morphological Features
Loss of membrane integrity
Swelling of mitochondria, cytoplasm
Ends with cell lysis
No vesicle formation
Disintegration of organelles
Biochemical Features
Loss o f ion homeostasis
Not energy dependent
Random digestion of DNA

Physiological significance
Phagocytosis by macrophages
Inflammatory response
Induced by non-physiological stimuli

Apoptosis
Membrane blebbing, no loss of integrity
Aggregation of Chromatin
Ends with fragmentation into smaller
bodies
Membrane bound vesicle formation
Mitochondria becomes leaking due to
be 1-2 proteins
Activation and enzyme steps
Energy (ATP)- dependent
Non-random fragmentation of DNA
Release of factors into the cytoplasm
from the mitochondria
Activation of caspase cascade
Affects individual cells
No inflammatory response
Induced by physiological stimuli
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MTS/PES, BrdU, LDH and NR tests are considered indirect measures of ceil
culture health. The Coulter Counter is a direct measure of cell health by the counting of
the cells remaining in culture. This is a good model, yet it involves an extensive amount
of time versus the microplate systems of identification, or high throughput testing.
Overall viability of the cells can be observed by exchanging the media and allowing the
cells left on the surface of the plate to recover. This is a possible further study to
understand the recovery of cells when the test solution is removed. Corneal recovery can
be seen within hours upon the removal of a device from an immunologically comprised
eye. Recovery of the cells in culture may help the understanding of extended exposure of
eye tissue to solutions or devices and the principles of daily versus continuous wear and
identify viable cells versus compromised cells.
Cytokine level testing using ELISA kits is a very precise, repeatable and
reproducible assay when using commercially developed test kits. The kits do not identify
mRNA markers with in the culture as PCR testing methodology. PCR testing allows the
identification of numerous cytokines within one test.

Unfortunately, the high cost can

allow their use to be very cost prohibitive. Improvements to the test models used would
be to test PMA on both the cell lines for release of ILl-ot, shorter time points for early
release and acute, lower levels tested. PCR systems have become very prevalent in
recent years, but these also involve a large upfront expenditure and expensive
instrumentation materials.
Verified release of different cytokines by differing cell lines used in in vitro cell
culture can help set parameters for test models. Conjunctiva cells are a major source of
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inflammatory cells that respond to irritation found in the cornea. The conjunctival cell
line, Chang cell line CCL-20.2, was abandoned and not used for research purposes
because of cross-contamination with He-La cells. These systems take extensive
development and screening. The use of manufactured in vitro organ cultures from
transformed cells can mimic a possible human on eye cytotoxic or inflammatory reaction
to test solutions or devices. These systems are also very expensive and would be
valuable only at the final analysis of biomaterials before in vivo animal testing.
The carcinogen phorbol 12-myristate- 13-acetate (PMA) could be studied in the
future for IL l-a release by IC 21 cells. PMA must be solubilized in either ETOH or
DMSO for testing in cell culture systems. Human TNF-a could be used to stimulate the
release of IL-1 levels in HCE-T cells.
Another area o f study is the method of extraction used on the biomaterial to best
mimic the in vivo exposure. A comparison of different methods could yield the
extraction of hydrophobic materials from a biomaterial versus the standard USP method
of extraction in 0.9% saline under harsh autoclaving conditions.
Finally, increased permeability of the corneal epithelium in vivo has been found
to accompany inflammation and surface damage. Validation of a good permeation model
for HCE-T cells on filter inserts will be helpful in investigating the compromise to the
epithelial surface by chemicals or extracts by the movement of sodium fluorescein across
the filter membrane. Permeation testing can determine the loss of tight junctions,
strength of the tight junction and its recovery after an insult. This test will allow
pharmaceutics' flux differences to be determined between the apical and basal
compartment for transport properties of drugs.
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