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University of Washington
Abstract
Growth and Function of Transgenic Endocrine Cells on Silanized Surfaces

by James Raymond Bain

Chairperson of the Supervisory Committee: Professor Allan S. Hoffman
Department of Bioengineering

Interactions of transplantable cells with synthetic polymers might influence the function
of biohybrid artificial organs. This study explored growth and secretion of human insulin
by transgenic BG /17 insulinoma cells cultured on surfaces bearing diamine groups (N2),
trifluoropropyl groups (F3), and mixtures of the two. Glass and untreated polystyrene
served as controls. Composition of N2-F3 surfaces was controlled by the ratio of
monomers in the silanization bath, as confirmed by electron spectroscopy for chemical
analysis and by conjugation of surface amines with fluorescein-5-isothiocyanate.
Atomic-force microscopy revealed that silanized surfaces were patchy, though their root-
mean-square roughnesses did not differ significantly from that of smooth glass (0.3 nm).
Surfaces richest in trifluoropropyl residues were the most hydrophobic, with advancing
water-contact angles > 90 °. Cells cultured on pure F3 and pure N2 surfaces spread well,
grew rapidly, and produced > 1.8 moles lactate per mole glucose consumed, closely
resembling cells grown on the permissive control, glass. On one mixed surface, 33 N2:
67 F3, cells had a lower lactate/glucose ratio, adopted a rounded form, grew slowly, and
were quick to form emergent aggregates, similar to cultures on the inhibitory control,
untreated polystyrene. Cultures on F3-rich surfaces secreted the most insulin, and, in the
case of the pure F3 surface, showed improved responsiveness to secretagogues. F3
surfaces conditioned by BG 1/17 cells stimulated insulin secretion by subsequent cultures.
Incubation of conditioned surfaces with high concentrations of a polyclonal anti-laminin
serum prior to re-plating partially abolished this improvement in secretory function.
Together, these observations suggest that polymers bearing trifluoropropyl groups and
coated with laminin might be attractive candidates for use in the artificial endocrine
pancreas.
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Chapter 1. Tissue-culture surfaces with mixtures of aminated and
fluorinated functional groups: Growth and function of transgenic rat

insulinoma cells (BG 1/17)

1.0. Summary

Interactions of transplantable cells with synthetic polymers might influence the
function of biohybrid artificial organs. This study explored growth and secretion of
human insulin by BG 1/17 cells cultured on surfaces bearing diamine groups (N2),
trifluoropropyl groups (F3), and mixtures of the two. Glass and untreated polystyrene
served as controls. Composition of N2-F3 surfaces was controlled by the ratio of
monomers in the silanization bath, as confirmed by electron spectroscopy for chemical
analysis and by conjugation of surface amines with fluorescein-5-isothiocyanate.
Atomic-force microscopy revealed that silanized surfaces were patchy, though their
root-mean-square roughnesses did not differ significantly from that of smooth glass (0.3
nm). Surfaces richest in trifluoropropyl residues were the most hydrophobic, with
advancing water-contact angles > 90 °. Cells cultured on pure F3 and pure N2 surfaces
spread well, grew rapidly, and produced > 1.8 moles lactate per mole glucose
consumed, closely resembling cells grown on the permissive control, glass. On one
mixed surface, 33 N2: 67 F3, cells had a lower lactate/glucose ratio, adopted a rounded
form, grew slowly, and were quick to form emergent aggregates, similar to cultures on

the inhibitory control, untreated polystyrene. Cultures on F3-rich surfaces secreted the



(88

most insulin, and, in the case of the pure F3 surface, showed improved responsiveness
to secretagogues. Polymers bearing trifluoropropyl groups appear to be attractive
candidates for use in the artificial endocrine pancreas.

1.1. Introduction

Surgeons might someday be able to restore function of diseased tissues by
implanting composites of living cells and artificial materials. Since chemistry and
morphology of biomaterials can influence the phenotype of transplantable cells,
knowledge of these interactions is fundamental to the creation of successful biohybrid
organs, including the artificial endocrine pancreas. Type I or insulin-dependent diabetes
mellitus arises from autoimmune destruction of the B cells of the pancreatic islets of
Langerhans. Millions of Americans suffer from Type I diabetes, and incidence of this
serious disease is increasing worldwide [1-3].

Despite massive investments in research in recent decades, the etiology of this
devastating disease remains obscure. Insulin-replacement therapy by injection has been
the standard treatment for decades. Though injection therapies improve the quality and
length of life, they are not able to provide the close control of blood glucose necessary
to prevent diabetic complications in later life, including damage to the kidneys, nerves,
blood vessels, and eyes [3].

Treatment of human patients by transplantation of islets or whole pancreata from
humans (allografts) and pigs (xenografts) has had variable success. Challenges include
limited donor supply, immune reactions, and the fastidious nature and limited growth

potential of human B cells [4-19].

To overcome these challenges, proliferative cells capable of processing and secreting



human insulin are attracting interest as platforms for the creation of transplantable 8-
cell surrogates by genetic engineering. Popular candidates include insulinoma cell
lines, which are derived from rare B-cell tumors (Fig. 1.2a), along with other cell types
that share the insulinoma's secretory phenotype [3, 10, 12, 15, 17, 20-67].
Concomitantly, synthetic materials are being developed to serve as anchorage supports
or immune-protection barriers to foster growth of B-cell surrogates in the human body.
Hybrid artificial organs employing mitotically-expanded islets, insulin-secreting cell
lines, or fragments of insulinoma tumors have been grown in vitro, implanted in
laboratory animals, and used to treat several cases of human diabetes [11, 13-14, 19, 23,
25, 36-37, 54, 60, 63, 68-87], but little is known about the effects of device composition
on the phenotype of transplantable insulinoma cells {84, 88-91].

In the present study, I examined the growth and phenotype of BG I/17, a line of
genetically modified rat insulinoma cells (RINs), cultured on borosilicate glass
modified with organosilane coupling agents to create surfaces rich in diamine groups,
trifluoropropy! groups, and mixtures of the two. I chose silanized borosilicate glass as a
model system because I was able to fine-tune the surface chemistry by competitive
chemisorption from binary, aqueous solutions of silane monomers. Silanization of glass
surfaces results from the hydrolysis and subsequent condensation of chloro- or
alkoxysilanes with surface silanols (SiOH, Fig. 1.1). Lateral condensation
polymerization of silanes on the surface creates thin deposits of polysiloxanes [92-93].
Numerous investigators have employed silanes and the related silazanes to create

chemically defined surfaces for the study of cell-material interactions [94-132]. Swalec



[113] created cell-culture surfaces of mixed character by vapor-phase deposition of
methyl- and chloropropy! silanes. I hoped that competitive chemisorption from aqueous
solutions of mixed silanes would offer a practical, controllable, and inexpensive
alternative to vapor-phase deposition. Competitive chemisorption of organosilanes
from water and other solvents has previously been used to create surfaces of mixed
character [92-93, 133-139], but to my knowledge such surfaces have not heretofore
been evaluated in cell culture.

Portions of this Chapter are reproduced from my preliminary report [140].

1.2. Materials and methods

1.2.1. Selection of silane monomers for competitive chemisorption

A priori, I expected amine-rich surfaces to favor cell growth and perhaps gene
expression, and surfaces rich in fluorine atoms to be less suitable for RIN cells, so |
selected silane monomers bearing these tunctional groups. I sought a competitive pair
of monomers that are stable for a reasonable time in a common aqueous solvent, and in
which the pendant chains of both moieties are grossly similar in length.

1.2.1.1. Diamine monomer "N2:" 3-(2-Aminoethylamino ltrimethoxysilane

Many anchorage-dependent vertebrate cells spread and grow well on surfaces rich in
amines, amides, and other nitrogen-containing groups, including surfaces rendered
nitrogenous by organosilanization [95, 97-98, 103, 106, 115-119, 123, 141-142, 127,
131]. Limited data indicate that some insulin-secreting endocrine cell lines will grow
and function on amide- and amine-rich surfaces [88, 143-145]. I chose silane N2, with
its primary and secondary amine groups, because it has been used in previous studies to

create surfaces acceptable to a wide variety of mammalian cells, including such
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fastidious cells as neurons and endothelial cells [98, 100, 102-104, 108, 112, 120, 122,

124-126]. For the promotion of cell attachment, spreading, and growth, N2’s diamine
structure might be preferable to monoamines and other common aminosilane structures
[124]. The residue remaining after aminosilanization with N2 is shown in Fig. 1.1.
Several hypotheses have been put forth to account for the "cell-friendly” nature of N2
residues (i.e., 3-(2-aminoethylamino) propyl- pendant groups) and other solid-phase
amines, including direct association of cell-surface proteoglycans with synthetic cations
by electrostatic or hydrogen-bonding interactions [102, 112, 115, 118, 120, 124, 126,
141, 146-149] and the preferential adsorption of soluble cell-attachment proteins, such
as fibronectin and vitronectin, to nitrogen-rich surfaces (103, 125-126, 141-142, 150].

1.2.1.2. Trifluorinated monomer "F3:" (3,3.3-Trifluoropropyl) trimethoxysilane

I chose F3 because I expected surfaces rich in fluorine atoms groups to be relatively
poor growth substrata for RIN cells. In general, well-fluorinated materials have large

advancing contact angles with water (8, > ~85 °), low critical surface tensions

(Zisman’s y, < ~25 dynes/cm), and do not support vigorous cell growth [151-157].
Previous work by several laboratories indicates that the poor cell growth seen on many
fluorinated materials might be due to low binding strengths or unfavorable binding
conformations adopted by physisorbed cell-adhesion proteins [158]. I was unable to
find evidence that surfaces modified with silane F3 have previously been evaluated in
cell culture. The C, residue resulting from its use is shown in Fig. 1.1.

Silanized surfaces bearing longer, partially fluorinated, aliphatic side chains have
been shown to inhibit growth of mammalian cells. Side-chain lengths in past studies

have included C,[112], C,,[131], and C, [107]. Silanes with such long fluoroalkyl side



chains were not considered for use in the present study, because they are insoluble in
the aqueous solutions I wished to use for deposition with the diamine co-monomer, N2.
Although a perfluoropropyl side chain would give a higher surface density of fluorine
upon chemisorption, the side chain in silane F3 is not fully fluorinated, since fluorines
on the two carbons nearest the silicon atom would be unstable, due to rearrangements
with the reactive methoxy groups around the silicon atom, high susceptibility to
nucleophilic attack, and poor thermal stability [159]. As with similar halogenated
silanes, stability is imparted by the -(CH,),- bridge between silicon and the -CF, group
[160]. "The trifluoropropyl group is the smallest fluorine-containing nonreactive group
on Si that is chemically stable..." [161]. Once chemisorbed to glass and annealed in an
air oven, I predicted that siloxane deposits containing F3 would give acceptable stability
in the aqueous environment of tissue culture. A monofunctional analog of the
trifunctional F3, trifluoropropyldimethylsilyl-N-methylacetamide, has been used to
prepare commercial chromatographic supports for biochemical separations in aqueous
media [161-162]. Finally, in selecting the hydrophobic member of the monomer pair, I
chose the fluoroalkyl silane F3 over nonfluorinated alkylsilanes because it bears an
element (F) not present in N2. Extreme electronegativity of fluorine makes it especially
easy to detect at low degrees of incorporation; F3’s fluorines provided a strongly
reporting atomic marker for surface characterization by electron spectroscopy for
chemical analysis, or ESCA [162].
1.2.2. Glass selection, cleaning, and etching

Conventional borosilicate cover glasses for microscopy (thickness ~200 um) were

purchased from Carolina Biological Supply (Burlington, NC). Raw glass sheets of the



borosilicate glass D263 were poured by Schott-Deutsche Spezialglas (Mainz,
Germany), and cut into the final shape and sold under the trade name "Assistent" by
Glaswarenfabrik Karl Hecht GmbH and Company (Sondheim/Rhon, Germany).
According to the manufacturer, the bulk formulation, in weight percent, is 65 % SiO,,
12 % (Na,0 + K)0), 7.5 % B,0,, 6.5 % Zn0, 5.5 % TiO,, 3 % ALO,, and 0.5 % Sb,0,.
This formulation is expressed in terms of atomic percentages in Table 1.1. Squares (12
mm) provided a constant circumference for Wilhelmy-plate, contact-angle goniometry
(infra). Circles (15 mm diameter) fit snugly in 24-well plates for cell cuiture. Cleaning,
etching, and silanization were conducted on cover glasses mounted in custom racks
machined from polytetrafluoroethylene (PTFE). Two such racks (holding 32 slides
each) were placed side-by-side in a Wheaton histological staining dish with a matching
glass lid (Wheaton 400 USP Type I borosilicate glass; Wheaton Industries, Millville,
NJ). Volumes of reagents for glass treatment were 150 mL unless otherwise noted.
Aqueous solutions were based on deionized, then distilled water (ddH,0), resistance
~18 MQ/cm. Organic solvents were from J.T. Baker, Inc., Phillipsburg, NJ, and were
"analyzed-reagent” grade or better. Reaction vessels were etched with 0.5 N NaOH
between uses. After two dip rinses in fresh acetone, racked cover glasses were
ultrasonically clcaned 10 minutes in 2 % Micro All-Purpose Liquid Cleaner
(International Products Corporation, Burlington, NJ) in ddH,0, pH 9.6, at 335 W, 47
kHz (Bransonic model B3210DTH, Branson Ultrasonics Corporation, Danbury, CT).
Micro is an aqueous solution of N,N'-1,2-ethanediylbis(N-(carboxymethyl)) glycine,
tetrasodium salt; benzenesulfonic acid, dimethyl-, ammonium salt; benzenesulfonic

acid, dodecyl-, compounded with 2, 2', 2"-nitrilotris(ethanol); and poly (oxy-1,2-



ethanediyl), a-(nonylphenyl)-w-hydroxy, branched. Samples were then rinsed in
running ddH,0, followed by three dip rinses in ddH,0, an acetone dip, 5 minutes
ultrasonication in methylene chloride, then dried at 90 °C in air until just dry, and stored

in vacuo at ~0.5 mm Hg in polystyrene Petri dishes. On the day of silanization, glass

surfaces were etched in unstirred 0.5 N NaOH for 30 minutes at ~20 °C, followed by
three dip rinses in ddH,O.
1.2.3. Silanes, silanization, and annealing

(3,3,3-Trifluoropropyl) trimethoxysilane, or F3, and 3-(2-aminoethylamino)
propyltrimethoxysilane, or N2, were used as received from PCR, Incorporated
(Gainesville, FL). In all cases, silanization mixtures had a total silane concentration of
0.1 M in 50: 50 ddH,O: isopropanol, apparent pH 4.75. Extensive experimentation
showed that departures from this solvent condition led to instability of mixtures of N2
and F3, with rapid polymerization or precipitation of the monomers, particularly those
richest in the F3 monomer. Solutions were used immediately after adjustment of pH.
Silanization proceeded 2 hours at ~20 °C, with stirring, followed by extensive rinsing in
50: 50 ddH,O: isopropanol, apparent pH 4.75, followed by a final rinse in 70 % v/v
ethanol in ddH,O to disinfect samples in preparation for cell culture.

Annealing by heat is necessary to give stable deposits of siloxanes on glass surfaces,
but can destroy amines if carried to excess [93, 163-164]. To assess the effects of
annealing regimens on amine reactivity, I conjugated fluorescein-5-isothiocyanate

(FITC; Aldrich Chemical Company, Milwaukee, WI) to surfaces, using 1 mg/mL FITC
in N,N-dimethylformamide (DMF), with 0.712 yL/mL triethylamine as a base catalyst

(Fig. 1.2). Thiourea conjugation proceeded 2 hours at ~20 °C, unstirred. After a 30-



minute rinse in DMF, samples were rinsed thrice in ddH,0, and dried in vacuo at ~20
°C, ~0.5 mm Hg. Bound FITC residues were then stripped in 0.1 M NaOH, 2 hours,
unstirred, at ~20 °C. Fluorescence of the acid-neutralized stripping solution was
determined in a Perkin-Elmer LS-5B luminescence spectrometer, using a xenon source
(excitation 495 nm, emission 519 nm; Perkin-Elmer Corporation, Norwalk, CT).

1.2.4. Electron spectroscopy for chemical analysis (ESCA)

Analyses were performed with an X-Probe ESCA instrument (Surface Science
Instruments or SSI, Mountain View, CA). This instrument permits analysis of the
outermost ~50 A of a sample in an elliptical area whose short axis was ~600 pm [165].
An aluminum Kal,2 monochromatized X-ray source was used to stimulate
photoemission. Energy of the emitted electrons was measured in a hemispherical
energy analyzer at pass energies ranging from 25 eV to 150 eV. Spectral data were
collected with the analyzer at 55 © with respect to the surface normal of the sample. SSI
data-analysis software was used to calculate the elemental compositions from the peak
areas and to peak-fit the high-resolution spectra. An electron flood gun set at 5 eV was
used to minimize surface charging. The binding energy (BE) scale was referenced by
setting the CH, peak maximum in the Cls spectrum to 285.0 eV. Typical pressures in
the analysis chamber during spectral acquisition were 10 torr.

1.2.5. Contact-angle goniometry

Advancing (6,) and receding contact angles (8,) with ddH,O, pH ~7.4, were
determined by the Wilhelmy-plate method [166], using a Cahn DCA 312 Contact Angle
Analyzer (Cahn Instruments, Inc., Cerritos, CA). Purity of ddH,0O was monitored by

daily measurements of the surface tension of water (y,, ddH,0), using freshly-flamed
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cover glasses, which were used as soon as they cooled to room temperature. Crosshead
velocity was 10 mm/minute. Three independent samples were assayed, and 6, and 6,
were measured during the first three immersion-emergence cycles. Data presented
below are the means of these nine values. Throughout this report, error bars show + one
standard deviation.

1.2.6. Atomic-force microscopy (AFM)

Annealed, silanized surfaces were imaged in air in tapping mode with the
NanoScope Dimension 3100 Scanning Probe Microscope (Digital Instruments, Inc.,
Santa Barbara, CA). Root-mean-square (RMS) roughness, the standard deviation of
height measurements (z), was calculated over a square sample area 3 um on a side (512
x 512 pixels). Heights, widths, and lengths of randomly-selected surface features were
measured in the same area. Images were recorded with a false-color scheme showing a
5-nm full z-axis in all cases.

1.2.7. Culture in 24-well plates

Etched and silanized glass discs were mounted for cell culture in the bottom of 24-
well, surfaced-oxidized, tissue-culture plates (Falcon Multiwell 3047, Becton Dickinson
Labware, Franklin Lakes, NJ), and were held in place by fluoroelastomeric o-rings
made of poly (vinylidene fluoride-co-hexafluoropropylene), size 014 (Viton A, Kontes
Glass Company, Vineland, NJ). Prior to use, o-rings were ultrasonically cleaned 10
minutes in neat ethanol, rinsed thrice in ddH,O, ultrasonically cleaned 10 minutes in 2
% Micro, rinsed four times in ddH,O, dried at 90 °C, and autoclaved. In addition to
wells containing glass circles, o-rings were placed in wells of untreated polystyrene

(Falcon 1147), the negative control.
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1.2.8. Cell line and cell culture

The lineage leading to the engineered insulinoma cell line, BG I/17, began with a rat
insulinoma (RIN) that developed in an NEDH rat (New England Deaconess Hospital)
after high-dose X-irradiation [167] (Fig. 1.2a). The cell line RINr was established from
this insulinoma after nine serial tumor transplants in NEDH rats [12, 168]. RINr
secretes both somatostatin and insulin. A RINT clone, RINr1046-38, or RIN-38 for
short, secretes insulin, but not somatostatin [169]. RIN-38 has a faster growth rate and
a more clustered morphology than the parental RINr [169]. Low-passage RIN-38 cells
demonstrate glucose-induced secretion of native rat insulin [170-171]. Genetic
engineers at BetaGene, Inc. (Dallas, TX), created BG I/17 from RIN-38 by transfection
with a human proinsulin cDNA. BG I/17 contains approximately 410 ng insulin per 6
ug DNA, more than tenfold that of the parental RIN-38 line, and is capable of
processing human proinsulin to insulin [29, 172-173]. Its transgenic phenotype has
been maintained after a year of continuous culture [173]. BG I/17 has retained its
ability to grow as a solid tumor in both nude and NEDH rats. In time, these tumors
grow large enough to secrete sufficient insulin to cause hypoglycemia. In the present
study, BG 1/17 was used at the 53" passage after introducticn of a single copy of the
human proinsulin gene, under the influence of the cytomegalovirus promoter/enhancer
element, as confirmed by Southern analysis [173]. BG I/17 expresses aminoglycoside
phosphotransferase, which confers neomycin resistance [173]. I maintained it under
selection with the neomycin analog, G418 sulfate (Geneticin, GibcoBRL, Life

Technologies, Grand Island, NY), until the 27" passage. Phenotypic expression was
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stable at the 53" passage, as demonstrated by background production of human insulin.
Immediately prior to use in this study, BG I/17 was shown to be free of contamination
with mycoplasmata by the Hoechst bisbenzamide 33258 fluorochrome (Sigma
Chemical Company, Saint Louis, MO).

For this study, near-confluent cultures of BG I/17 on tissue-culture polystyrene were
rinsed twice with Hanks' balanced-salt solution without CaCl,, MgCl,, MgSO,, or
Phenol Red (HBSS; Gibco BRL Products, Grand Island, NY), then trypsinized (0.05 %
porcine trypsin, 0.53 mM tetrasodium salt of ethylene diamine tetraacetic acid, in
HBSS; GibcoBRL). Cells were suspended and centrifuged in the culture fluid, Medium
199 (with Earle's salts, 100 mg/L L-glutamine, 2.2 g/. NaHCO,, and 25 mM N-2-
hydroxyethylpiperazine-N'-2-ethane sulfonic acid (HEPES) buffer; Gibco BRL), plus
4.8 % v/v fetal bovine serum (HyClone Laboratories, Inc., Logan, UT), and 7.54 mg/L
gentamicin sulfate (Gibco BRL), enriched to a final concentration of 188 mg/dL (10.4
mM) D-glucose using 10 % w/v glucose (Sigma). Supernatant was aspirated; cells were
resuspended in culture medium, and counted (Coulter Counter, model ZBI, Coulter
Electronics, Inc., Hialeah, FL). A final cell suspension was prepared in culture media
such that 1 mL of media was added to each dry sample well, with a plating density of
80,000 cells/cm’, approximately one fifth of confluence. Cultures proceeded seven days
in a humidified incubator set to 95 % air, 5 % CO,, 37 °C, with daily changes of media.
Conditioned media were frozen for later assays of metabolites.

1.2.9. Basal insulin secretion at seven days
After a week of culture, insulinoma cells were washed twice for 15 minutes at 37 °C

in RPMI Medium 1640 (300 mg/L L-glutamine, and 0 mM D-glucose; GibcoBRL)
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containing 0.1 % w/v radioimmunoassay-grade bovine-serum albumin (RIA-BSA;

Sigma), pH adjusted to 7.4. Basal levels of insulin secretion were then established by a
one-hour 37 °C incubation in RPMI 1640, with 0.1 % RIA-BSA, 20 mM HEPES, 100
MM 7-chloro-3-methyl-2H-1,2,4-benzothiadiazine 1,1-dioxide or diazoxide (Sigma), pH
7.4. Diazoxide, or DZ, is a strong inhibitor of regulated insulin secretion [174]. Under
the influence of DZ, secretion is reduced to basal levels, and occurs only by the
constitutive pathway of secretion. DZ is poorly soluble in water at neutral pH, so it was

necessary to first create a 1000-x stock solution by suspending 23 mg DZ in 600 uL

dimethyl sulfoxide, adding 5 uL. 10 N NaOH, agitating until the DZ dissolved, then
diluting to 1 mL with ethanol.
1.2.10. Maximal stimulation of insulin secretion

Cultures were then washed for 15 minutes with RPMI 1640 containing 0.1% RIA-
BSA, then stimulated for one hour with a "Swiss cocktail” of secretagogues to assess
their maximum potential for insulin secretion. Formulation of the cocktail used in the
present study was devised by workers at BetaGene, Inc. (Dallas, TX), based on one
originally developed by Doctor Philippe Halban, Laboratoires Jeantet, Centre Medical
Universitaire, University of Geneva, Switzerland. In the present study, the cocktail
comprised 0.1 mM 3-isobutyl- 1-methylxanthine or IBMX, 12.1 mM L-arginine, 5 mM
(90 mg/dL) D-glucose, 10 mM L-leucine, 10 mM L-glutamine, 0.11 mM
carbamylcholine chloride or carbachol (an acetylcholine analogue), 20 mM HEPES
buffer, and 1 mg/mL RIA-BSA (all "Swiss cocktail” reagents were from Sigma),
dissolved in RPMI 1640, pH adjusted to 7.4. Finally, samples were fixed in 10 %

neutral, buffered formalin, stained with Harris's hematoxylin and eosin, inverted, and
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mounted on microscope slides.
1.2.11. Assays of glucose consumption and lactate production

Media conditioned by the BG I/17 cultures were frozen in polypropylene
microcentrifuge tubes, thawed, and assayed for glucose consumption and lactate
production on a Kodak Ektachem DT60 II dry-slide analyzer (Ortho-Clinical
Diagnostics, Inc., Johnson and Johnson, Rochester, NY). Unconditioned media were
assayed daily to assure consistency in the initial glucose concentration (~188 mg/dL)
and the presence of minimal initial lactate introduced by the fetal-calf serum (1.0 mM).
Aliquots of 10 pL conditioned media were spotted onto dry slides. Reagents in each
slide consisted of 0.7 Units of the oxidases of glucose and lactate, respectively, with a
chromogenic system based on 7 Units peroxidase, 150 g 1,7-dihydroxynaphthalene,
and 250 pg 4-aminoantipyridine hydrochloride.
1.2.12. Assay of human insulin

Insulin levels were assessed in the conditioned media from the seventh day of routine
culture, the basal incubation under diazoxide, and the Swiss-cocktail stimulation, using
the radioimmunoassay (RIA) kit from the Incstar Corporation (Stillwater, MN),
calibrated for detection of human insulin. Calibration history is traceable to World
Health Organization insulin standard 66/304. Briefly, a sample is incubated with guinea
pig anti-insulin serum and a known quantity of competitive '*I-porcine insulin, and then
incubated at 4 °C for 16 to 20 hours. A precipitating complex is then added. This
complex comprises normal guinea pig serum, pre-precipitated with goat anti-guinea pig

serum and poly (ethylene glycol). After 20 minutes incubation at room temperature, the
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precipitate is centrifuged 20 minutes at 760 x g at 20-25 °C (Beckman TJ-6, Beckman

Instruments, Inc., Palo Alto, CA). Supernatant is decanted, assay tubes are blotted, and
activity of the precipitate so obtained is counted in a gamma counter (model 1282
Compugamma CS, Pharmacia-LKB Wallac, Turku, Finland). Porcine-insulin standards
are used to create a calibration curve, using a curved spline fit. Data are then converted
from uU/mL to ng/mL using a conversion factor of 25 pU/ng. Finally, where
necessary, insulin secretion is expressed in molar units using a molecular weight of
5.808 kiloDaltons for fully processed human insulin.
1.2.13. Statistical analysis

Pair-wise comparisons of data from physical and biologic experiments were
evaluated post hoc with the Tukey-Kramer "honestly significantly different” (HSD) test
[175], using version 3.0 of the JMP software (SAS Institute, Inc., Cary, NC).
Differences were considered significant at p < 0.05. In some data sets, the Tukey-
Kramer HSD test separated results into discrete groups, in which no group member
differed from any other member of that group, and there was no overlap among
different groups. Such results are presented as simple tables. Where relationships
among groups were more complex, data for treatment groups are compared to the glass
and polystyrene controls, or data are presented for every possible pair-wise comparison,
in tables resembling the mileage charts showing city-to-city distances on highway maps.

1.3. Results

1.3.1. Surface composition by electron spectroscopy for chemical analysis

Silicon and oxygen dominate the surface of borosilicate cover glasses cleaned with

acetone (Table 1.1). Theoretical values for composition are based on formulation data
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from the glassmaker. Presence of carbon is the most striking departure of the observed

composition from theoretical values. This optical glass does not contain carbonates--
carbon is probably introduced by physisorption of hydrocarbons and other organic
contaminants onto the surface from the atmosphere. This is perhaps inevitable on such
high-energy surfaces as clean metals and glasses [135, 176-178). Though the surface
can be cleaned by flaming, as was done with the standards used in the Wilhelmy-plate
experiments (infra), it rapidly fouls upon standing in the laboratory air (in ~20 minutes).
Carbon is further enriched in the alkaline-detergent-washed sample (Table 1.1),
possibly by deposition of surfactants from the Micro cleaning solution. Detergent
residue would also account for the appearance of small amounts of sulfur and nitrogen
at this stage (Table 1.1). Nitrogen, sulfur, and nearly half the carbon are subsequently
removed by etching in 0.5 N NaOH on the day of silanization (Table 1.1). Consistent
with published reports that describe etching of glass surfaces at extremes of pH, the two
alkaline treatments (Micro detergent, followed by the 0.5 N NaOH etchant) depleted the
surface of most minor elements (Na, B, K, Zn, and Ti), and the surface was
concomitantly enriched with silicon and oxygen [176-177]. Antimony (Sb) was not
detected by ESCA (Table 1.1), probably because it is present at less than 0.1 atomic
percent, and because of strong interference from the 2s and 2p lines of silicon.
Silanization with pure, 0.1-M solutions of the diaminosilane, N2, gave 2.5 atomic
percent nitrogen, while the pure, 0.1-M trifluoropropyl silane, F3, gave 8.1 atomic
percent fluorine (Table 1.1). The trace amount of nitrogen present in the surface
silanized with a pure solution of F3 might represent residual soap scum. Normalized

data on atomic ratios of nitrogen and fluorine show good agreement between observed
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surface compositions and those predicted from stoichiometry of the reactive silane
monomers (Fig. 1.3). A slight excess of nitrogen was observed in every case except the

pure aminosiloxane deposits.

1.3.2. Reactivity of amine groups with fluorescein-35-isothiocyanate

Organosiloxane deposits condensed on glass are unstable in water, a property that is
often overlooked by biologists who culture cells on silanized surfaces. Hydrolysis of
organosiloxanes can be greatly slowed if surfaces are heat-annealed prior to use [93,
138, 178]. An interactive series of short studies on annealing, contact-angle goniometry,
and reactivity of FITC toward surface amine groups (Fig. 1.2) demonstrated that an air-
oven cure of 2 hours at 100 °C offered an acceptable compromise between annealing
and loss of amine reactivity, producing silanized surfaces resistant to hydrolysis, while
at the same time preserving ~85 % of the reactive amines of the uncured surface (data
not shown). Gradual loss of amine reactivity upon heating aminosiloxanes in air might
be due to reactions with CO,, conversion of amines to amides, or the formation of
internal zwitterions when amines "bite back" with free silanol anions or other anions on
the surface (e.g., borates, metal oxides) [179-180]. Fig. 1.4 shows a monotonic
decrease of binding and subsequent alkaline hydrolysis of FITC residues with
increasing mole fraction of silane monomer F3 in surfaces of mixed composition.
These surfaces were annealed at 100 °C for 2 hours.

1.3.3. Contact angles

All pure and mixed surfaces of N2 and F3 showed advancing contact angles, 6,,
greater than 80 °, and receding contact angles, 6,, greater than 55 ° (Figs. 1.5 and 1.6).

The relatively high contact angles observed on many aminosilanized surfaces have been
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ascribed to the aforementioned formation of internal zwitterions and concealment of
high-energy head groups among alkane and siloxane groups [181]. Heat-annealed

surfaces were stable during repeated wetting, showing only a slight decrease in 8, and
0, as the polysiloxanes hydrated during the first three immersion-emergence cycles

(Fig. 1.5). Surprisingly, both 6, and 6, reach their maxima at a mole fraction of 2/3 F3
(Fig. 1.6), and not at 100 % F3, as expected. Surface roughness, hydrogen bonding
(e.g., -F,CFeesHNH-), or heterogeneity in surface chemistry might account for the peak
in 0, and 6, at intermediate mixtures of N2 and F3. Nanometer-scale roughness, as
studied with the AFM, did not vary significantly among the glass and silanized surfaces
(p > 0.05, infra). In view of the insular nature of the silanized surfaces (infra),
patchiness in surface chemistry seems to be the most likely explanation for the peak in
8, and 6, at 2/3 silane F3 [152].

Chemical heterogeneity of surfaces is often invoked to explain contact-angle
hysteresis, 0,,, defined as 0, - 9, [154]. Though I had expected 6, to reach its maximum
in mixed surfaces of N2 and F3, 6, was in fact greatest in surfaces of pure N2 (26.6 °),
and declined gradually with increasing mole fraction of F3, reaching a minimum of 17.9
° in surfaces of pure F3 (Fig. 1.7). Declining 6, with increasing fluorine content was
significant at p < 0.05 (Tukey-Kramer HSD test; Fig. 1.7). This might have been due
to greater hydration of the diamino functional groups on surfaces richer in N2 residues.

Hydration is manifest as an upward shift in measured load between the first and third

immersion-emergence cycles in Fig. 1.5.
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1.3.4. Atomic-force microscopy (AFM)

As expected, solvent-cleaned and alkaline-etched borosilicate glass surfaces were
extremely smooth. Four randomly selected spots were evaluated on both materials, and
every area sampled had a root-mean-square (RMS) roughness less than 0.5 nm (Figs.
1.8 and 1.9). This is consistent with previous reports of roughness values < 0.5 nm for
the smoothest known surfaces of glass, muscovite mica, silica, and silicon [181-189].
On all seven silanized surfaces studied by AFM, the RMS roughness averaged more
than 0.5 nm (Figs. 1.8 and 1.9). Four of the seven silanized surfaces had average RMS
roughness values greater than 0.9 nm (viz., the pure diaminosilanized surface, 0/3 F3,
along with three mixed surfaces, 1/2 F3, 2/3 F3, and 5/6 F3; Fig. 1.9). These same four
surfaces exhibited the most striking decoration with ellipsoid, elevated features in the
false-color portraits (Fig. 1.8). Such features, which Brunner et al. [190] called
"submonolayer islands," probably represent domains of polymerized silanes on a
background of flat, unmodified glass. This is consistent with the strong reporting by
minor constituents of the underlying borosilicate glass in all samples evaluated by
ESCA (e.g., Na, B, K, Al, Zn, and Ti; Table 1.1). Lateral variability in surface
roughness was most pronounced in the 0/3 F3 and 1/2 F3 surfaces (Fig. 1.9). One
randomly selected area on the 1/2 F3 surface had an RMS roughness in excess of 7 nm
(Fig. 1.9). Roughness and its variability (Figs. 1.8 and 1.9) showed no clear relationship
with contact angle and its hysteresis (Figs. 1.6 and 1.7).

Section analysis was performed to profile individual, randomly selected surface
asperities on all materials (data not shown). Ellipsoid excrescences on silanized

surfaces generally had lengths of 140 to 240 nm, and aspect ratios (greatest length over
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narrowest width) of 1.3 to 1.9. Heights generally ranged from 1.5 to 5 nm. Previous

investigators have noted asperities of similar size emerging from flat backgrounds of
silanized surfaces. Several studies suggest that the size and shape of features on
silanized surfaces are influenced by such variables as cleaning, etching, and hydration
prior to surface modification, as well as silanization conditions, and any subsequent
annealing by heat [139, 181, 183-199].

In the most heavily studied silanized surface, residues of octadecyltrichlorosilane or
OTS silanes, with their long (C,,), pendant alkyl chains, are known to form orderly
structures under some conditions, including densely packed, self-assembled
monolayers. Independent observers have measured the height of condensed phases of
OTS residues as ~2.2 to 2.5 nm, which corresponds well to the theoretical extended-
chain length of the OTS residue [183, 190, 192-193, 198, 200]. In contrast to these
orderly OTS systems, I speculate that the short, chemically disparate, trialkoxy silane
monomers used in the present study (viz., N2, F3) form more random or dispersed
networks, without discernible microstructure [181]. False-color images such as those
shown in Fig. 1.8 might give the reader an exaggerated impression of surface
roughness. Please note that while each image covers an area of 3 um x 3 um, the
vertical scale is in nanometers. Though slightly rougher than clean glass, all surfaces in
this study were quite smooth on the scale of cells.

1.3.5. Growth form of 17 transgenic rat insulinoma cells

The rat insulinoma (RIN) line, G I/17, exhibits an unusual morphology when grown
on planar substrata in vitro. Unlike many cell lines, which exhibit contact inhibition

and cessation of growth when cultures mature to a confluent monolayer, cultures of BG
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1/17 sprout emergent foci (supra-confluent structures) in late log phase when grown on
such permissive surfaces as glass, as shown by white arrows in Fig. 1.10. Cell-material
interactions appear to dominate early development of G /17 cultures, while cell-cell
interactions dominate late events. In this study, growth of BG I/17 cells to near
confluence, followed by formation of emergent foci, was quite similar on alkaline-
etched borosilicate glass (Figs. 1.10 and 1.11), the pure aminosiloxane, N2 (Figs. 1.11
and 1.12), surfaces with a mole fraction of 1/3 F3 (not shown), and the pure
fluorosiloxane, F3 (Figs. 1.11 and 1.13).

A generic description of the growth of BG 1/17 on these permissive surfaces follows.
At one day, BG I/17 cells, smaller than most immortal mammalian cells, exhibit an
unremarkable attachment and spreading into irregular bipolar, three-pointed, or stellate
shapes, with pronounced, neurite-like cytoplasmic processes [12, 47] (Figs. 1.10 to
1.13). Cells are dispersed. Doublets, triplets, and higher aggregates are rare at 24
hours. During days three to five, BG I/17 cells spread further, and grow rapidly by
mitosis (Figs. 1.10 to 1.13). The underlying surface is never fully covered. Groups of
spread cells have scalloped margins, leaving bare lacunae demarcated by cells. By days
five to seven, most cells appear to be joined by cytoplasmic processes, large areas of
nearly-confluent cells are seen, and it becomes increasingly difficult to distinguish
individual cells (Figs. 1.10 to 1.13). A similar sequence of morphologic events has
been observed when disaggregated islet cells from normal rats are grown in plate
culture [201].

Emergent, multicellular domes then begin to appear, progressing to oblate, tethered
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spheroids, apparently by combined processes of mitosis, aggregation, and local
delamination of cell sheets. Incipient supra-confluent structures are visible at seven
days along the margins of a delaminating cell sheet on etched borosilicate glass in Fig.
1.11. Multcellular character of these emergent structures is evident after Swiss-
cocktail stimulation, formalin fixation, and staining with hematoxylin and eosin (Fig.
1.11). Occasionally, these large aggregates become lobulate, grow to macroscopic
dimensions, and develop arms hundreds of microns in length (¢.g., Fig. 1.14, day 5,
taken at low magnification). In similar studies, I have sectioned such macroscopic
aggregates and stained them, using standard histologic techniques. Internal regions of
emergent structures deeper than approximately five to at most ten cell diameters from
the surface of the cell mass show blebbing and nuclear fragmentation, followed by
extensive death and disintegration of cells. Ultimately, these dead areas become
hyalinized. DNA "laddering” indicates that this is a process of apoptosis and not
necrosis (data not shown).

Similar observations have been made in studies of the rat insulinoma cell line,
RINmSF [202], which was derived from the same tumor as the ancestors of G 1/17
(Fig. 1.2a). In such large, three-dimensional colonies, the endocrine BG /17 and
RINmS5F cells do not appear to be polarized, and hollows do not develop, as is seen
when some other types of secretory cells sprout emergent structures in plate culture
[203]. In the present study and similar studies in my laboratory, domes and larger
colonies of maturing BG I/17 cells sometimes break free from the surface. Such
"floaters" might be lost during daily changes in media. Concomitant with the scattered

and apparently stochastic development of domes, spheroids, and larger colonies at the
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end of the week of culture, well-to-well variability in metabolic measurements tended to

increase (data on glucose and lactate, infra).

I have seen this formation of three-dimensional structures and a loss of strong
adherence to the substratum in maturing cultures of fG I/17 cells grown on other
permissive materials, including tissue-culture polystyrene (TCPS, data not shown).
Fong et al. [204] grew the closely rat insulinoma line, RINr, on TCPS. Morphology of
their five-day cultures is strikingly similar to my own (compare their Fig. 2A to Figs.
1.10, 1.12, and 1.13 in the present work). Clark and Chick [205] also noted
delamination of maturing RINT clusters. As described in detail above, RINT is ancestral
to my BG I/17 [173] (Fig. 1.2a). A similar morphologic progression occurs when
diverse lines of insulin-secreting cells from mice are grown on permissive surfaces [25,
206-208]. These findings of adhesion to surfaces by freshiy-plated cells, followed by
later aggregation and partial delamination, contrast sharply with studies of two related
insulinoma lines from rats, RINmSF and BRIN-BD11, in which cultures grow on TCPS
as a monolayer of well-spread, stellate cells {12, 88-89, 209]. Many, perhaps most
insulin-secreting cell lines are unstable, and change their phenotype with time [10, 12,
15, 20, 68, 210, 211].

In the present study, growth form of BG I/17 correlated with some measures of
metabolic performance (infra). But generalizations about form-function relationships in
cultured insulinoma cells must be made with caution. Functional significance of the
diverse growth morphologies observed when insulin-secreting cells are grown on
permissive culture surfaces is uncertain [12, 169]. Confounding the interpretation of

published studies is the apparent genetic heterogeneity of many insulin-secreting lines:
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BG I/17 is clonal {173], but many other insulinoma lines are not [12, 27, 34]. Similarly,

great caution must be exercised when making predictions about in-vivo performance
from studies in vitro. Whether implanted into laboratory animals or humans,
insulinoma cells encapsulated in an artificial endocrine pancreas exist under conditions
substantially different from those experienced by the exponentially-growing plate
cultures of the present study [212]. Further study is needed to ascertain whether slow-
cycling, space-limited insulinoma cells are sensitive to biomaterials chemistry and
morphology in vivo.

To my surprise, some aminofluorosiloxane surfaces of mixed character inhibited
growth of BG I/17 cells. Depression of cell growth was most pronounced at a mole
fraction of 2/3 F3, where cells never approached confluence (Figs. 1.11 and 1.15).
Sparse aggregates of poorly-spread cells were visible at 24 hours (Fig. 1.15).
Compared to cells grown on more permissive surfaces, cells on 2/3 F3 displayed an
earlier tendency toward the formation of emergent domes and spheroids, often giving
isolated small aggregates a "sunny-side-up, fried-egg" appearance (Figs. 1.11 and 1.15).
In all these characteristics, BG I/17 cells grown on 2/3 F3 resembled cultures grown on
the negative control, untreated polystyrene (Fig. 1.14). Thivolet et al. [213] made
similar observations when they cultured the rat insulinoma line, RINmSF, on uncoated
"plastic" dishes, which might have been untreated polystyrene. Phenotype of cells
grown on mixed surfaces with a mole fraction of 5/6 F3 (not shown) was intermediate
in appearance between the inhibitory 2/3 F3 (Fig. 1.15) and the permissive 100 % F3
(Fig. 1.13).

I have grown other types of mammalian cells on silanized surfaces of the N2-F3
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series, and I have not yet found another case where the culture surface has such striking
effects on cellular morphology. When grown under serum-containing medium, the
human melanoma cell line, A-375 (American Type Culture Collection, Manassas, VA),
for example, spreads and grows equally well on all surfaces of the N2-F3 series (data
not shown).
1.3.6. Glucose consumption and lactate production

Metabolic data from assays of conditioned media correlated well with the qualitative
observations of cell growth described above. BG I/17 insulinoma cells have a highly
active metabolism, as measured by their consumption of glucose and production of
lactate (Figs. 1.16 to 1.18). My plate cultures of BG 1/17 cells grew so rapidly that by
the end of the first week, they consumed more than half of the available glucose in 24
hours (Fig. 1.16). Related rat insulinoma (RIN) cell lines exhibit a similar voracious
appetite for glucose, which is much higher than that of the native B cells from which
they were derived [12]. In the later days of the present seven-day study, rapid glucose
consumption produced so much lactate in 24 hours that the Phenol Red in the media
changed from red to orange-yellow, indicating that the pH had dropped from ~7.4 to
~7.0. A plot of raw data of lactate and glucose concentration in one representative well
shows the "saw tooth” profile (Fig. 1.16) characteristic of intermittently fed plate
cultures. With appropriate scaling, the lactate profile would nearly mirror the glucose
profile. Papas et al. [14, their Fig. 2c] reported a similar stoichiometry in glucose-
lactate metabolism in cultures of the mouse insulinoma cell line, BTC3.

Roughly exponential plots of glucose consumption (Fig. 1.17) and lactate production
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(Fig. 1.18) during the week of culture confirm observations of morphology (Figs. 1.10

to 1.15). Culture surfaces of glass, pure N2 (0/3 F3), 1/3 mole fraction F3, and pure F3
are permissive. Solid lines in Figs. 1.17 and 1.18 show data for cultures grown on these
permissive surfaces. Untreated polystyrene and 2/3 mole fraction F3 are inhibitory, and
5/6 mole fraction F3 is intermediate. Broken lines in Figs.1.17 and 1.18 show
metabolic data for the latter three, less-than-permissive surfaces.

Pancreatic B cells, hepatocytes, myocytes of skeletal muscle, K cells of the gut, and
white adipocytes are key fuel-sensor cells in the human body. Any attempt to replace
them with genetically engineered surrogates must include a consideration of their use of
and response to metabolic fuels. Mammalian cells can exploit several biochemical

pathways as energy sources in vitro and in vivo [214-216]. Insulinoma cells and normal
B cells can switch among energy sources with changing conditions [215, 217-219]. The

following account of energy metabolism by BG I/17 cells of the present study addresses
several of the major metabolic pathways that yield high-energy molecules, such as
adenosine 5'-triphosphate or ATP, when nutrient fuels are consumed.

In cultured vertebrate cells, oxidation of amino and fatty acids is often an important
source of energy, especially the conversion of glutamine to glutamate, which in turn
enters the citric-acid cycle as a-ketoglutarate [216]. This pathway is said to provide a
major energy source in many mammalian-cell-culture systems [216, 220], especially
tumoral cells, such as the rat insulinoma line, RINmSF [144, 214]. Catabolism of
glutamine by this route generates the toxin, ammonia [216, 221]. When fresh, my cell-

culture medium, based on Medium 199, contained approximately 0.6 mM glutamine,
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which is relatively sparse in comparison to many other conventional media used for
mammalian cell culture. Late in the present study, I determined that BG I/17 cells
consumed glutamine and produced ammonia when cultured on the N2-F3 series of
surfaces, but I was unable to fully develop assays for these labile metabolites before
samples of conditioned media were degraded by repeated freeze-thaw cycles (data not
shown).

Complete catabolism of glucose to carbon dioxide via glycolysis, the citric-acid
cycle, and the electron-transport chain requires oxygen, but yields a large amount of
energy, typically 36 to 38 moles of ATP per mole of glucose [216, 220, 222]. Aerobic
mitochondrial respiration is known to occur in native pancreatic B cells [215, 218, 223-
225] and in the insulinoma lines derived from them [61, 223-226].

Alternately, giucose can undergo catabolism to pyruvate, and then to lactate.
Glycolysis to lactate yields relatively little energy, only two moles of ATP per mole of
glucose consumed [216, 220, 222], but this chain of reactions is rapid, and can proceed
under anaerobic conditions. "Most of the glucose consumed by mammalian cells
cultivated in vitro is converted to lactate” [221]. Normal pancreatic B cells and
insulinoma cells are known to express the enabling enzyme, lactate dehydrogenase or
LDH [215, 217-218, 223-224, 226]. In a third pathway of glucose catabolism,
conversion of glucose to glucose-6-phosphate, then to ribulose-5-phosphate, and
subsequent steps in the pentose-phosphate shunt can provide substantial metabolic
energy to some specialized mammalian cells [214, 227]. Though I did not assay for the

distinctive intermediates of the pentose-phosphate shunt, this shunt is not suspected to

be a dominant energetic pathway in natural islet B cells or insulinoma cells [215, 223,
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The molar ratio of lactate produced to glucose consumed provides a useful measure
of cell metabolism in vitro [220]. In the present study, the roughly two-to-one
stoichiometry of production of the triose, lactate, to consumption of the hexose, glucose,
remained relatively stable throughout the week of culture (Figs. 1.16 to 1.21). This
suggests that catabolism of glucose to pyruvate to lactate was a significant energetic
pathway in these rapidly growing cultures of insulinoma cells. To facilitate comparison,
data on consumption of glucose and production of lactate during the seventh day of
culture are plotted as a function of surface composition in Fig. 1.19. Analysis of lactate
and glucose data (Fig. 1.19) with the Tukey-Kramer HSD statistic separated cultures
into three exclusive groups, based on identity of their culture surfaces: Group A
surfaces are permissive, those in Group B are inhibitory, and surfaces with a mole
fraction of 5/6 F3 are intermediate (Group C). Group separations were significant at p <
0.05. These correspond to the three classes defined by growth morphology.

BG 1/17 cells grown on permissive surfaces converted more glucose to lactate than
those grown on inhibitory or intermediate surfaces. The molar ratio of glucose
consumed to lactate produced was > 1.90 for cultures grown on the permissive
aminofluorosiloxane surfaces (Fig. 1.20), indicative of a highly anaerobic metabolism.
Cultures on the other permissive surface, alkaline-etched borosilicate glass, were
similar, and produced an average of 1.84 moles lactate per mole glucose (Fig. 1.20).
Cultures on the inhibitory and intermediate surfaces averaged less than 1.80 moles
lactate per mole glucose. Many paired comparisons were significant (Tukey-Kramer

HSD test, p <0.05, Fig. 1.20).
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Thus, in the present study, a picture emerges that rapidly growing cultures tended to
be more anaerobic in their metabolism than cultures with slower growth. Confirming
this, a cross plot of glucose consumption and the lactate/glucose ratio (Fig 21) shows a
weak, positive correlation between these two variables (r* ~0.6), and a separation of data
into groups based on the permissiveness of the growth surface. Constantinidis and
coworkers [229] observed a similar relationship between growth morphology and
glucose/lactate metabolism when they compared gel-entrapped and plate cultures of the
mouse insulinoma cell line, BTC3.

Poorly differentiated rat insulinoma lines, such as RINmSF, are known to express
much higher levels of lactate dehydrogenase (LDH) than natural islet B cells or well-
differentiated insulinoma lines, such as INS-1 from rats, and MIN6 from mice (Figs.
1.2a and b) [219, 224-225, 230]. Some RIN lines show high conversion of glucose to
lactate, with only minor reliance on aerobic oxidation of glucose to CO, [224, 231].
Under the conditions of the present study, this appears to be the case with the
engineered RIN line, BG I/17. Combined effects of hypoxia and proliferation in vitro
might stimulate elevated expression of LDH, which is observed during the initial
establishment of a wide variety of mammalian cell lines [227]. When oxygen
concentration is decreased, one mouse insulinoma line, BTC3, shows an increasing ratio
of lactate production to glucose consumption in vitro [14). This ratio approaches 2.0
under complete hypoxia [232]. In studies similar to the present investigation, I have
observed that the lactate/glucose ratio of BG I/17 cultures falls well below 2.0 when

aeration is improved by convection or by increasing the oxygen concentration in the
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headspace of the flask (data not shown). Together, these observations suggest that the

oxygen supply might have been suboptimal in the present study, possibly due to the
depth of the liquid medium. Freshney made a general recommendation that media be
no deeper than 2 to 5 mm in stagnant cultures of vertebrate cells [233]. Liquid medium
was at least 6 mm deep over my cultures, and this might have posed a diffusional
barrier to oxygenation of the highly active BG I/17 cells.

1.3.7. Secretion of human insulin

All cultures in this study secreted 17 or more nanograms of human insulin per well
per hour on the seventh and final day of culture (Fig. 1.22). Moreover, all cultures
grown on aminofluorosiloxane surfaces showed a higher mean seventh-day and Swiss-
cocktail-stimulated insulin secretion than cultures grown on the two reference materials,
etched glass and untreated polystyrene. Insulin secretion was highest when the
transgenic insulinoma cells were grown on the three surfaces with the highest fluorine
content (Fig. 1.22 and Table 1.2).

Fig. 1.22 illustrates an important limitation of extant the insulinoma cell lines that are
candidates for therapeutic use in the artificial endocrine pancreas. In the present study,
cells in routine culture secreted maximal levels of insulin. That is, secretion stimulated
by the Swiss cocktail of secretagogues was no different than secretion during normal
culture (Fig. 1.22). Fresh media in the present study had glucose concentrations (10.4
mM) well above the diabetic threshold for human plasma (~7.8 mM), so maximal
insulin secretion was appropriate in fresh media. But maximal insulin secretion by BG
I/17 apparently persisted when glucose was depleted down into the range of plasma

from normal humans (~3.9 to 6.1 mM). Ideally, a cell used in an artificial pancreas
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would cease insulin secretion when normoglycemia was attained. In fact, G I/17 and
many other rodent insulinoma cell lines exhibit glucose-stimulated insulin secretion, but
the glucose-response curve is shifted far to the left of the curve characteristic of the B
cells of healthy pancreatic islets. That is, insulin secretion is hyper-stimulated under
normoglycemia, and insulin secretion is not "turned off™ until perilously low glucose
concentrations are reached, often < 1 mM (10, 11, 68, 83-84, 172, 234]. A human
patient with plasma glucose levels this low would be dangerously hypoglycemic and at
risk of convulsions, ketoacidotic coma, and death. Engineering appropriate glucose-
stimulated insulin secretion into transplantable cells is a central focus of current efforts
in this field (10, 12, 21, 27-28, 43-44, 56, 59, 60-62, 172, 225]. Unfortunately, most
cellular engineering efforts to date have resulted in B-cell surrogates with maximal
insulin secretion at micromolar, not millimolar concentrations of environmental glucose
[61].

Cell biologists evaluating responsiveness 10 secretagogues by primary pancreatic 8
cells, insulinoma cells, hepatocytes, hepatoma cells, and similar secretory cells often
examine the ratio of stimulated to basal secretion (10, 12, 27-28, 31, 51, 61-62, 84, 172,
235]. In the present study, the "fold stimulation” was similar for G 1/17 cells grown
the two reference materials, etched glass and untreated polystyrene (2.3- and 2.4-fold,
respectively; Fig. 1.23). This surprised me, since the insulinoma cells showed strikingly
divergent morphology and glucose-lactate metabolism on the two materials. In all
cases, the mean responsiveness of BG I/17 cells grown on N2-F3 surfaces was ~3-fold

or greater. The broad similarity in responsiveness between cells with a spread
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morphology (e.g., those grown on glass and 0/3 F3) and a rounded morphology (e.g.,

2/3 F3 and untreated polystyrene) contrasts with the results of Grampp et al. [234], in

which the mouse insulinoma, BTC3, showed better responsiveness when spread, rather

than crowded. In the present study, mean responsiveness averaged high as 5.0-fold for
cultures propagated on the pure F3 surface, a significant departure from the two control
materials (p < 0.05; Fig. 1.23).

Once again, these data illustrate limitations of G 1/17 as a potential islet surrogate.
When subjected to the same regimen of diazoxide inhibition, followed by Swiss-

cocktail stimulation, natural human P cells and the newer rat insulinoma line,

BG11/3E9, a descendant of BG I/17, can show a greater-than- 19-fold stimulation of
insulin secretion [28].

I was intrigued to find high insulin secretion in the 2/3 F3 wells (Fig. 1.22), even
though there were seemingly fewer cells in these wells, as estimated by gross
observation and photomicrography (Figs. 1.11 and 1.15), and by assays of glucose-
lactate metabolism (Figs. 1.17 and 1.18). Note especially that while the untreated-
polystyrene control wells showed growth morphology, glucose consumption, and
lactate production similar to the 2/3 F3 wells, and apparently had a similar number of
cells, mean insulin secretion was much lower in cultures grown on untreated
polystyrene. Human insulin secreted per cell was apparently higher in cultures grown
on the 2/3 F3 materials than those propagated on the other materials examined in this
study, during both routine culture and "Swiss-cocktail” stimulation. While no attempt

was made to assay cell numbers per se at the end of this study, it might be instructive to
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examine insulin secretion as a function of glucose consumed in the final day of routine
culture (Fig. 1.24). In exponentially-growing, regularly-fed plate cultures such as these,
I have found that glucose consumption is grossly indicative of cell number (data not
shown). Regardless of whether glucose consumption is interpreted as an indicator of
cell number [64] or not, the ratio of insulin produced to glucose consumed is of interest
to those using insulinoma cells to produce human insulin in bioreactors [27, 44, 64,
234].

Insulin/glucose ratios were highest when BG I/17 cells were cultured on the more-
highly-fluorinated members of the N2-F3 series, peaking at 2/3 F3 (Fig. 1.24). Cultures
on untreated polystyrene were intermediate in rank between the aminofluorosiloxanes
with a high insulin/glucose ratio (i.e., those with a mole fraction > 50 % F3) and those
with a lower insulin/glucose ratio (i.e., surfaces relatively rich in N2 residues).
Surprisingly, during both routine culture and "Swiss-cocktail” stimulation, the ratio of
insulin secreted to glucose consumed was lowest on the classic permissive material,
glass (Fig. 1.24).

1.4 Discussion
1.4.1. How might the surface influence growth and function of G I/17 insulinoma

cells?

Table 1.2 summarizes the results of this study. As I had hoped, I was abie to control
the surface chemistry by adjusting the reaction mixture. ESCA and FITC binding
confirmed this (Figs. 1.3 and 1.4). Topography of silanized surfaces was insular and
complex, though their root-mean-square roughness did not differ significantly from that

of smooth glass (Figs. 1.8 and 1.9). Surfaces richest in trifluoropropyl residues were the
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most hydrophobic (8, > 90 °, Fig. 1.6), and I was surprised that they supported cell

growth and function. A priori, I had expected F3-rich surfaces to be poor culture
supports (supra). Not only did BG 1/17 insulinoma cells grow on F3-rich surfaces, but
the pure F3 surface supported cell growth and glucose-lactate metabolism equivalent to
the positive control, alkaline-etched borosilicate glass (Figs. 1.10, 1.13, 1.11, 1.17, 1.18,
1.19, and 1.21). Most surprising of all, cultures grown on surfaces richest in
-CH, CH.CF, residues showed the highest secretion of human insulin (Figs. 1.22, 1.24),
and, in the case of the pure F3 surface, improved responsiveness to secretagogues (Fig.
1.23).

Mammalian cells that can be grown on artificial materials generally do best when the
surface has an advancing water contact angle, 0,, between 20 and 60 ° [115], though

exceptions are known [142, 131]. The 20-to-60 ° range includes tissue-culture
polystyrene, the dominant commercial culture material in the world today. Why do BG

1/17 cells grow and function well on the hydrophobic, F3-rich materials (8, > 90 °, Fig.
1.6)?
1.4.2. Does cell spreading influence insulin secretion?

While the cell-culture phase of the present study was underway, my attention was
first drawn to the observed correlation of a spread phenotype with rapid growth. Cell
shape is suspected to be an important determinant of growth and function for many
types of vertebrate cells, including such secretory cells as hepatocytes and mammary
epithelium [10, 203, 236-238]. Several insulin-secreting cells are known to exhibit such

form-function relationships, including the rat insulinoma line, RINmSF [20, 88-89, 145,
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213, 234, 239-241]. In this study, PG I/17 insulinoma cells showed striking differences

in morphology when cultured on surfaces ranging from the pure diaminosilane (viz., 0/3
F3) to the pure trifluoropropyl silane (3/3 F3), particularly over the narrow range
between 2/3 F3 to 3/3 F3 (Figs. 1.11, 1.12, 1.13, and 1.15, and Table 1.2). Webb et al.
[127] recently suggested that cell behavior is sometimes "surface chemistry dependent,
and [varies] with individual functional groups rather than general surface properties
such as wettability."

But while it is true that BG I/17 cells grew more rapidly when spread than when
rounded, the three cultures with the highest insulin production (Fig. 1.22) had cell
morphologies that were variously rounded (2/3 F3), well spread (3/3 F3), and
intermediate (5/6 F3). Moreover, cultures with similar morphologies and similar
glucose-lactate metabolism, but grown on other materials, produced less insulin (e.g.,
spread cells on glass, rounded cells on untreated polystyrene).

Together, these observations prompted me to shift my attention away from cell shape
as a proximate cause of increased insulin secretion by BG I/17 cells grown on surfaces
rich in trifluoropropyl groups.

Instead, I wonder whether cell function was influenced by:

soluble siloxane oligomers of monomer F3.

surface density and mobility of the trifluoromethyl group (-CF,), or

cell-adhesion ligands adsorbed or secreted onto the surface.

Let us examine these three hypotheses in more detail.

1.4.3. Do eluted F3 oligomers promote insulin secretion?

It is conceivable that F3 monomers or oligomers came off of the glass surface during
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the week of culture and that the eluted substances or condensates thereof had drug-like

effects on the BG I/17 insulinoma cells (Figs. 1.25 and 1.26). In this scenario, F3
oligomers might have influenced such phenotypic traits as the amount of insulin
secreted and responsiveness to the Swiss cocktail of secretagogues.

As noted above in sections 1.2.3. and 1.3.2., all silanized surfaces are inherently
unstable in water. The heat-annealing protocol developed in the present study permitted
the creation of surfaces that were far more stable in water than surfaces created by
silanization alone. Still, in aqueous media, over time, all such polysilane films are
inherently susceptible to hydrolysis by water. This applies to all silanized systems
exposed to water, including clinical dental varnishes and coupling agents used to bond
industrial polymers to glass fillers. Decades of work on industrial coupling agents have
failed to overcome this fundamental property of materials whose fabrication relies on
chemisorption of silanes to glasses, ceramics, or minerals.

Certain siloxane oligomers, especially small cyclic compounds, are known to exert
biologic effects, both in vitro and in vivo [130, 242-245] (Fig. 1.27). This includes
small cyclic silicones bearing the trifluoropropyl group employed in monomer F3 of the
present study (Figs. 1.1 and 1.27). In particular, some cyclic polysiloxanes are known
to have potent estrogen-like effects in mammals [249]. Insulin production by natural B
cells and insulinoma cells is responsive to many known polypeptide and steroid
hormones [250], and might conceivably be influenced by silane oligomers.

The hypothetical F3 condensation products proposed in Fig. 1.26 would be poorly
soluble in aqueous media, but such fluorinated silsesquioxanes might be able to form

and persist in solution in the lipid bilayer of cell membranes. Even still, the doses
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would be vanishingly small. Of the hypotheses I have proposed to explain enhanced

insulin secretion on F3-rich surfaces, drug-like effects of eluted F3 oligomers seem to
be the least likely.
1.4.4. Do solid-phase trifluoropropyl residues promote insulin secretion?

Based on previous work, it is tempting to speculate that the pendant functional group
on F3-rich surfaces, -CH,CH,CF,, might promote tight binding or favorable
conformations of physisorbed proteins [251-252]. Steele, Griesser, and their coworkers
have demonstrated that relative affinities and binding states of adsorbed cell-adhesion
proteins can in turn influence cell function {142, 150]. The ways in which the terminal
-CF, group is tethered to the surface and the chemical nature of the underlying and
surrounding groups all appear to be important determinants of protein binding to
surfaces bearing the trifluoromethyl group. Horbett, Hoffman, and their coworkers
have previously observed that -CF, groups created by certain radio-frequency, glow-
discharge (RFGD) plasmas seem to favor tight binding by a variety of proteins [251-
252], while the -CF, groups on the surface of perfluorinated poly (ethylene-co-
propylene) or FEP do not [158].

It is tempting to speculate that mobility of -CF, groups might affect the tightness
with which proteins adsorb to surfaces bearing this group. In the FEP molecule, -CF,
groups are bound directly to the polymer's rigid backbone (-CF,CF-), without tethers.
Atomic-scale morphology of fluorine-rich deposits created by RFGD plasmas is
indeterminate. In the present study, it seems possible, though unlikely, that the short
ethylene tethers (-CH,CH,-) could provide their -CF, termini with a mobility that favors

strong interaction with the fatty milieu of cell membranes.
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Rather than a direct cell-surface interaction, -CF, groups might modulate cellular

response via adsorbed proteins. Proteins adsorbing to hydrophobic surfaces tend to
undergo a high degree of conformational change, favoring unfolding, multi-point
attachment, and tight binding [252-253]. Mobile -CF, groups might conceivably
enhance these conformational changes and binding events. As discussed above in the
section on atomic-force microscopy, the short F3 residues employed in the present
study probably form random or dispersed networks, without discernible microstructure
[181). Interestingly, surfaces silanized with longer, fluorine-rich monomers, such as
-(CH,),(CF,) ,CF, [107] and -(CH,),(CF,) ,CF, [112], do not support growth and function
of mammalian cells, possibly because these residues have a greater tendency toward
self assembly into crystalline structures, reducing the mobility of their -CF, termini.
Alternately, condensed phases of these long, fluorine-rich residues might attract tight
binding by albumin, which does not favor cell spreading and growth [198, 254].
Tightness of protein binding might also be affected by the nanometer-scale, insular
morphology of the F3-silanized surfaces (Fig. 1.8). Investigators examining protein
adsorption to surfaces with silane gradients [114, 191, 255-257] have commented on the
patchy nature of silane residues [191]. Anomalously tight protein binding in transition
regions led one group to speculate, "such increased adsorption affinity of an
amphiphilic molecule can be envisaged if such a molecule can interact with
hydrophobic and hydrophilic adsorption sites simultaneously” [255]. Thus, in the
present study, boundaries between un-silanized glass and islands rich in -CF, groups
(Fig. 1.8) might have constituted sites that favored strong adsorption of cell-adhesion

proteins. Protein ligands bound tightly or in favorable conformations might have in turn
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influenced the secretory phenotype of BG I/17 cclis.

1.4.5. Do cell-adhesion ligands adsorbed or secreted onto the surface favor promote
insulin secretion?

Which cell-adhesion ligands are used by native islet B cells and the insulinomas
derived from them? In vivo, the connective tissue supporting pancreatic islets contains
collagens, laminins, and fibronectins. Interactions between pancreatic endocrine cells
and their extracellular matrix, or ECM, might influence such processes as
embryogenesis, proliferation, secretion, inflammation, healing, neoplasia, senescence,
apoptosis, and necrosis [17, 258-265].

In vitro, islets of Langerhans, purified beta cells, and insulinoma cells from
mammals, as well as the homologous cells from birds, typically grow and function well
on surfaces or inside gels comprising collagen, fibronectin, laminin, or ECM [17, 24,
39, 51, 57, 69, 86, 202, 205, 208, 213, 235, 239-240, 259, 265-279]. The present study
is one of many to demonstrate that some mammalian insulinoma cell lines will spread
and grow on glass when cultured under serum-containing medium, a source of such
attachment factors as vitronectin, fibronectin, and laminin [142, 150].

Which cell-surface receptors mediate interactions of the islets and insulinomas with
their surrounding ECM? Islets, adenomas (benign tumors), and carcinomas (malignant
tumors) of the human pancreas express laminin and laminin receptors in vitro and in
vivo (e.g., a6B4, a3p1, a6B1), including some primary insulinomas [264, 275, 280-
285]. The present study employed rodent cell lines. Fewer data are available for

rodents. Rodent islets and at least some rodent insulinoma lines express laminin and

laminin receptors, including various combinations of the a3, B1, and a6 integrin



subunits [42, 241, 266, 285-286, and my unpublished results].

Effects of integrin-ECM interactions on the secretory phenotype of insulin-secreting
cells are largely unknown and in need of further investigation. Even in long-term
culture, BG /17 and similar rodent insulinoma lines secrete very little ECM of their
own. When designing artificial endocrine organs containing transgenic insulinoma
cells, it might be advantageous to provide the cells with an appropriate ECM in the form
of fibers, gels, or surface coatings. This hypothesis is examined in Chapter 2.

1.5. Conclusions

In this study, I was surprised to find that BG 1/17 insulinoma cells grown on surfaces
richest in the trifluoropropyl group, -CH,CH,CF,, exhibited the greatest insulin
secretion and responsiveness to secretagogue drugs (Table 1.2).

Polymers bearing trifluoropropyl residues might therefore be attractive candidates for
use in the artificial endocrine pancreas. Silicone polymers that include this pendant
group have been used clinically in contact lenses, voice prostheses, and a variety of
soft-tissue implants [244, 247-248, 287-290].

Four hypotheses were generated to explain the improved insulin secretion by BG I/17
insulinoma cells grown on F3-rich surfaces:

1. Cell spreading influences insulin secretion.

2. Eluted F3 oligomers promote insulin secretion.

3. Solid-phase trifluoropropyl! residues promote insulin secretion.

4. Cell-adhesion ligands adsorbed or secreted onto the surface promote insulin

secretion.

In view of the available data, the fourth hypothesis seems to offer the best
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explanation of enhanced insulin secretion by BG 1/17 cells grown on F3-rich surfaces.
This hypothesis is explored in Chapter 2.

1.6. Tables
Table 1.1. ESCA characterization of borosilicate glass surfaces after cleaning, etching,

and two different organosilanizations (atomic percentages). *Theoretical values.
** Approximate values.

a -]
G .| 2 ) 'F..‘. "E’
5 gl .E . & 2 ~ _
$_28|% s | ,4 |2 2|3 E
ES3 S 23 |Ev |fm|Sm
SEE 38 |28 |E££ |Sc8|8e8
Gesl<m RS < S e |Fe=
O | 61.79 | 532 | 494 57.0 48.8 49.4
Si | 22.60 | 22.8 | 21.8 24.4 243 239
Na | 4.04**| 45 3.0 2.6 23 1.9
B | 450 | 3.0 3.4 2.5 2.8 1.9
K | 2.66**| 24 1.3 1.5 0.6 1.0
Al | 123 | 1.5 2.0 1.6 2.1 1.9
Zn | 167 | 15 0.6 1.0 0.6 0.6
Ti | 1.44 | 06 0.6 0.6 0.4 0.6
Sb | 007 | 0.0 0.0 0.0 0.0 0.0
S | 000 | 00 0.8 0.0 0.0 0.0
N | 000 | 00 1.4 0.0 2.5 0.4
F | 000 | 0.0 0.0 0.0 0.0 8.1
C | 000 | 105 | 158 8.9 15.6 10.4
=Si(CH,);NH(CH,),NH,
Pure N2 residue
2Si(CH,),CF;

Pure F3 residue



Table 1.2. Summary of physical and biological studies of silanized surfaces and two
reference materials. nd = experiment not done. ESCA = electron spectroscopy for
chemical analysis. UPS = untreated polystyrene. Contact angles on glass refer to
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freshly flamed material.
Etchedglass | 0/3F3 | 2/3F3 | 3/3F3 UPS
Atomic ratio (F/F+N) by 0% 0% 72 % 96 % nd
ESCA
Reactive amines by FITC nd high low trace nd
binding
Advancing water-contact <10° 83° 99 ° 90° nd
| angle, 65
Receding water-contact <i0° 57° 76 ° 72° nd
_angle, 6
Contact-angle hysteresis, <-~5° 26° 23° 18 ° nd
Ou
Roughness by AFM, 0.32 nm I.Inm | 1.0nm | 0.58 nd
root-mean-square nm
Morphology at smooth islands | islands | islets nd
nanometer scale
Growth rate, G I/17 rapid rapid slower | rapid slower
insulinoma
Growth form. BG /17 spread spread | round | spread | round
insulinoma
Formation of emergent late late early late early
cell aggregates
Glucose consumed, day 7 high high lower high lower
Lactate produced, day 7 high high lower high lower
Moles lactate/mole 1.85 1.95 1.76 1.91 1.79
glucose, day 7
Insulin secreted, day 7 modest higher | highest | highest | modest
Secretagogue sensitivity <35« <35x | <35x | >50x | <3.5x%
(Swiss/basal)
Insulin secreted per modest modest | highest | highest | modest
_glucose consumed
Na: / \T.
= Si(CH;);NH(CH,),NH, = Si(CH,),CF;

Pure N2 residue

Pure F3 residue



1.7. Figures

(CH30)3Si(CH;)3;NH(CH;);NH;
Reactive monomer N2

N2 residue
(:) F3 residue
*—Si—0Si(CH,),CF;

s
5% 5 Si—0Si(CH,);NH(CH,);NH,
i hdy O

PN

N2 residue

Figure 1.1. Silanization of etched borosilicate glass with monomers N2 and F3. A
monolayer is shown for simplicity. Silanized surfaces are in fact patchy (see text).
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Figure 1.2. Reactivity of aminosiloxane (N2) residues with fluorescein-5-
isothiocyanate.
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Figure 1.2a. Interrelationships among rat insulinoma (RIN) cell lines discussed in the
text. All derive from a single, radiation-induced tumor in the New England Deaconess
Hospital NEDH) rat [167-168, 173, 209]. These and related RIN lines have become
mainstays of diabetes research, worldwide. RIN line G /17 was used in the present
study.
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C57BL/6 mouse

Pronucleus of fertilized egg injected with
the human insulin gene linked to the SV40
large T gene

'

IT6 transgenic mouse — .y Spontaneous 5 MING cell line
insulinoma

Pronucleus of fertilized egg C57BL/6 mouse

transfected with the rat insulin /

promoter (RIP) driving expression of
the SV40 large T antigen (Tag)

l

RIP-Tag transgenic .y Spontaneous —p BTC-3 cell line
mouse insulinoma

Figure 1.2b. Derivations of mouse insulinoma cell lines discussed in the text (14, 20,
206-207, 229, 232, 234]. Both development efforts relied on the same oncogene, the
simian virus 40 large tumor antigen (SV40 T), to effect cellular transformation.
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Figure 1.3. Normalized ESCA data on atomic percentages of nitrogen (N) and fluorine
(F) in mixed aminofluorosiloxane surfaces, expressed as the ratio F/(F+N).
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Figure 1.4. Decrease in binding and subsequent lysis of fluorescein-5-isothiocyanate
residues in’ silanized surfaces with increasing mole fractions of the trifluoropropyl
residues (r" =0.977).
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This surface contains
~.. )
9 ZSiCHyCF3 . | ZSi(CHy);NH(CHy;NH,
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E
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Figure 1.5. Typical raw data from the Wilhelmy-plate experiment [166], which is
performed to glean data on advancing (04) and receding (8r) contact angles. For this
specimen with a mole fraction of 2/3 F3. 04, = 100.5 °, and Og; = 74.8 °; 843 =99.3 °,
and Og3; = 73.7 °. These data demonstrate a slight swelling of the sample with repeated
wetting, manifest as an increase in load.
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Figure 1.6. Advancing and receding water-contact angles (04 and g, respectively) for

silanized surfaces.

Data enclosed in dashed ellipses do not differ from one another

(Tukey-Kramer HSD test, p > 0.05).
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Figure 1.7. Contact-angle hysteresis (8y) for silanized surfaces. Data enclosed in

dashed ellipses do not differ from one another (Tukey-Kramer HSD test, p > 0.05).
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Glass glass 0/3 F3 )

1/6F3  13F3  12F3

2/3F3 5/6 F3 3/3F3

Figure 1.8. False-color portraits of glass, etched-glass, and silanized-glass surfaces
under atomic-force microscopy. Each image represents a square sample area 3 microns
on a side.
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Figure 1.9. Root-mean-square (RMS) roughness of silanized and glass surfaces. Note
the logarithmic scaling. Average RMS roughness values for all materials are
statistically indistinguishable (p > 0.05, Tukey-Kramer HSD test).
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Figure 1.16. Characteristic "saw tooth" profile of raw data on glucose consumption and
lactate production by a single culture grown a mixed aminofluorosiloxane surface with

a mole fraction 1/3 silane F3. This is a permissive surface, allowing growth as rapid as

alkaline-etched borosilicate glass, the positive control. Culture volume =1 mL.
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Figure 1.17. Glucose consumption by BG I/17 cells cuitured on aminofluorosiloxanes
and two reference materials.
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Figure 1.18. Lactate production by BG I/17 cells cultured on aminofluorosiloxanes and
two reference materials.
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Figure 1.19. Glucose consumption and lactate production for the final 24-hour culture
period, plotted as a function of the mole fraction of silane F3 residues in the culture
surface. UPS = untreated polystyrene.
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untreated polystyrene.
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Figure 1.21. Cross plot of the lactate/glucose ratio as a function of glucose
consumption. Rapidly growing cultures on permissive surfaces are apparently more
anaerobic than slower, more rounded colonies growing on inhibitory surfaces.
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Figure 1.22. Insulin secretion by BG I/17 cells cultured on aminofluorosiloxanes N2-F3
and two reference materials. UPS = untreated polystyrene.
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Figure 1.24. Hourly insulin secretion by G I/17 cells normalized to daily glucose
consumption during the final day of culture.
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Figure 1.26. Clathrate fluorosiloxane oligomers that might have been generated in vitro
from hydrolyzed F3 residues (Fig. 1.25). Trifunctional silanes are known condense into
such silsesquioxanes. The quasi-cubic octamer (above) is octa [(3,3 ,3-trifluoropropyl)-
silsesquioxane]. The quasi-triangular-prismatic hexamer (below) is hexa [(3,3.3-
trifluoropropyl)-silsesquioxane]. Other common forms include the decamer and the
dodecamer. Certain silsequioxanes of these shapes are known to have biologic activity
[246].
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Figure 1.27. Exemplars of cyclic siloxane oligomers used in human implants. All four
are known to have biologic activity [130, 242-245). Cyclomethicones D4 and D5,
above, and linear oligomers are eluted in vivo from gel-filled breast and testicle
implants [242-243, 245, 247]. The fluorinated oligomers (below) are components of
fluorosilicone oils that are injected into the eye for tamponade in severe cases of retinal
detachment [244-248].
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Chapter 2. Laminin-containing extracellular matrix secreted by BG /17

insulinoma cells onto trifluoropropyl surfaces promotes insulin secretion by

subsequent cultures of the same cells

2.0. Summary

In culture systems, growth and function of secretory cells can be affected by the
physical environment. In particular, coatings of extracellular matrix proteins are known
to help some specialized cells maintain and express differentiated phenotypes in vitro.
This short study evaluated growth and insulin secretion by BG I/17 transgenic insulinoma
cells on trifluoropropyl-silanized (F3) surfaces that had been previously conditioned by
BG I/17 cells. Growth rates were the same on conditioned and unconditioned surfaces.
Hormone secretion, when normalized to nanograms human insulin secreted per hour per
million cells, was roughly 50 % greater on the conditioned surface during the seventh
day of culture. Incubation of conditioned surfaces with high concentrations of a
polyclonal anti-laminin serum prior to re-plating partially abolished this improvement in
secretory function. Laminin-coated F3 surfaces might be useful in bioreactors and
artificial organs.

2.1. Introduction

When designing artificial endocrine organs containing transgenic insulinoma cells, or
when culturing such cells in bioreactors for the mass production of polypeptide
hormones, it might be advantageous to provide the cells with an appropriate extracellular

matrix (ECM) in the form of fibers, gels, or surface coatings (Chapter 1, supra).
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This study evaluated growth and function of transgenic BG I/17 insulinoma cells when

cultured on trifluoropropyl or F3 surfaces previously conditioned by BG /17 cultures.
2.2. Materials and methods

2.2.1. Surface synthesis and conditioning by insulinoma cells

Surfaces were silanized with the monomer, (3,3,3-trifluoropropyl) trimethoxysilane or
F3, then annealed, as described in sections 1.2.1.2 to 1.2.3 (supra). The transgenic
insulinoma cell line, BG 1/17, was cultured on the F3 surface for seven days, exactly as
described above in sections 1.2.7 to 1.2.8, with three exceptions. First, a lower passage
of cell stock was employed in this investigation (passage 14 for surface conditioning,
passage 15 for re-plating). Second, different lots of serum and medium were used.
Third, at the end of 7 days of growth, rather than treating the cells with drugs that inhibit
and stimulate insulin secretion (Chapter 1), the maturing cells were stripped from the
surface without the use of enzymes. This was accomplished by rinsing the cultures twice
with Hanks' balanced-salt solution without CaCl,, MgCl,, MgSO,, or Phenol Red (HBSS;
GIBCO-BRL Products, Grand Island, NY), then incubating them under a proprietary,
isotonic, enzyme-free, chelating solution (GIBCO-BRL catalog number 13151-014).
Two sequential chelation treatments were performed, each followed by a firm smack of
the plate onto the lab bench. This caused most cells to break free into the overlying
chelation bath. Cells removed in this manner were removed with a pipette and discarded.

The very few cells remaining on the surface were then lysed with 20 mM, sterile-
filtered ammonium hydroxide for 5 minutes at room temperature, a procedure that

previous workers developed to remove cells while at the same time preserving ECM
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molecules in a functional state [291-292]. Finally, plates were rinsed extensively with

HBSS, given fresh, dry lids, and stored briefly under HBSS at 37 °C in preparation for
re-plating. Some plates were incubated with antibodies prior to re-plating (vide infra).
2.2.2. Rationale for the selection of anti-laminin reagents to challenge re-plating

To gain insight into the mechanisms of any differences observed between cultures

growing on fresh F3 surfaces versus BG I/17-conditioned F3 surfaces, [ sought to

challenge the re-plating exercise with immune reagents raised against ECM proteins that
might be involved.

This led me to ask, ‘which cell-adhesion ligands are known to be used by native islet
B cells and the insulinomas derived from them?’

In vivo, the connective tissue supporting pancreatic islets contains collagens, laminins,
and fibronectins. Interactions among pancreatic endocrine cells and their surrounding
extracellular matrices, or ECMs, are thought to influence such processes as
embryogenesis, proliferation, hormone secretion, inflammation, healing, neoplasia,
senescence, apoptosis, and necrosis [17, 258-265].

Which cell-surface receptors mediate interactions of islets and insulinomas with their
surrounding ECM? Healthy islets, adenomas (benign tumors), and carcinomas
(malignant tumors) of the human pancreas express laminin and laminin receptors in vitro
and in vivo (e.g., @684, a3B1, a6P1), including some primary insulinomas [264, 275,
280-285]. The present study employed a cell line derived from a rat insulinoma (Fig.
1.2a, supra). Fewer data on ECM receptors are available for rodent versus human

pancreata, but rodent islets of Langerhans and at least some rodent insulinoma lines are
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known to express laminin and laminin receptors, including various combinations of the
a3, B1, and a6 integrin subunits [42, 241, 266, 285-286).

Taken together, these published observations, along with my preliminary
immunofluorescence results (infra), suggest that laminin might be secreted onto F3
surfaces by BG I/17 rat insulinoma cells during the first week of culture. [ therefore
decided to challenge re-plating onto conditioned surfaces with anti-laminin antibodies,
rather than with antibodies to other pancreatic ECM proteins, such as fibronectin or
collagen IV.

2.2.3. Selection of anti-laminin reagents by indirect immunofluorescence

First, I searched for antibodies against rat laminins. Eight antibody preparations were
procured and screened. Monoclonals (Table 2.1) were obtained from Dr. David R. Soll,
Developmental Studies Hybridoma Bank, National Institute of Child Health and Human
Development, Department of Biological Sciences, University of Iowa, lowa City, IA. All
monoclonals were produced in mouse-mouse hybridomas. Two polyclonal antisera were
evaluated (Table 2.1): Z0097 (Dako A/S Produktionsvej, Glostrup, Denmark) and 5620-
3019 (Biogenesis, Ltd., Poole, England). Negative controls for monoclonals and
polyclonals were the mouse Ig; xappa, MOPC-21 (catalog number 03171D, Becton-
Dickinson PharMingen, San Diego, CA) and rabbit serum (catalog number R-9133, Sigma
Chemical Co., Saint Louis, MO), respectively.

Phosphate-buffered saline or PBS (GIBCO-BRL catalog number 10010-023) with 1 %
w/v radioimmunoassay-grade bovine-serum albumin (RIA-BSA; Sigma catalog number A-

7888) served as a diluent for antibodies. The RIA-BSA was not heat-treated prior to use.



76
PBS-RIA-BSA solution was sterilized by filtration. All monoclonals except D5 were

evaluated at dilutions of 1:100, 1:200, and 1:300. DS, received as a raw culture
supernatant (Table 2.1), was used full strength, and at dilutions of 1:10 and 1:100. Dako
polyclonal Z0097 was diluted 1:25, 1:50, and 1:100. Rabbit serum and Biogenesis
polyclonal 5620-3019 were diluted 1:30, 1:100, and 1:300.

BG 1/17 cells grown for one week on 3/3 F3 and other members of the
aminofluorosilane series (Chapter 1) were rinsed thrice with 1 mL. warm PBS, fixed in situ
with ice-cold methanol for ten minutes, again rinsed thrice with 1 mL warm PBS,
incubated for an hour at 37 °C under the primary antibodies, rinsed twice with PBS, then
incubated under the appropriate, fluorescently labeled, secondary antibody, for one hour at
37 °C. Secondary antibodies were Texas-Red-X®-conjugated goat anti-mouse IgG for
monoclonal preparations, and Texas-Red-X-conjugated goat-anti-rabbit IgG for
polyclonals (catalog numbers T-6390 and T-6391, respectively, Molecular Probes, Inc.,
Eugene, OR). Cultures were rinsed yet again, then examined and photographed
immediately using a Diaphot 300 inverted microscope (Nikon, Inc., Melville, NY). This
microscope was equipped with an epifluorescent apparatus with a Texas Red filter set
(Chiu Technical Corporation, Kings Park, NY).

2.2.4. Antibody challenge to re-plating

Results of the indirect immunofluorescence studies (infra) suggested that Biogenesis
polyclonal 5620-3019 might be able to inhibit cellular responses to laminin deposited on
the conditioned surfaces by the initial cultures of BG I/17. Insulinoma-conditioned

surfaces were incubated for 90 minutes under antiserum diluted to 1:30 and 1:300 with
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PBS-RIA-BSA. Controls included conditioned F3 surfaces incubated under rabbit serum

(diluted 1:30) and F3 incubated under plain PBS-RIA-BSA.
2.2.5. Re-plating and secon culture

Cells propagated on tissue-culture polystyrene (TCPS) T-flasks were plated into
sample wells and fed daily for seven days, exactly as described in section 1.2.8 (supra).
Note that these cells were exposed to trypsin immediately prior to the plating experiment.
Controls included TCPS (Falcon Multiwell 3047, Becton Dickinson Labware, Franklin
Lakes, NJ) and fresh, unconditioned F3 wells. TCPS was used as received.
Unconditioned F3 controls were incubated under RIA-PBS prior to use.

At the completion of the week of secondary culture, media conditioned during the
final 24 hours of cell growth were removed and sealed in polypropylene cryobiology
vials, where they were held at —20 °C for later analysis of insulin.

2.2.6. Terminal cell counting

Plates were rinsed in HBSS, and then trypsinized (0.5 mL 0.05 % porcine trypsin,
0.53 mM tetrasodium salt of ethylene diamine tetraacetic acid, in HBSS; GibcoBRL.).
Cells were suspended in their individual culture wells by repeatedly pipetting up and
down with a 1 mL disposable pipette tip. Because I knew it would take many hours to
count all the samples (allowing for the occasional aperture jams that are perhaps
inevitable with such preparations), I lightly fixed each individual culture by adding 0.5
mL of 0.05 % v/v glutaraldehyde in GIBCO-BRL cell-dissociation buffer (catalog

number 13151-014), for a total volume of 1 mL per well. Aliquots of the fixed cell
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suspensions were diluted in Coulter Isoton® for counting in a Coulter Counter (model
Z1, Coulter Electronics, Inc., Hialeah, FL).
2.2.7. Insulin assay

Human insulin was assayed in media conditioned during the seventh day of culture
using an insulin radioimmunoassay kit (Coat-A-Count® insulin kit number TKIN2) and a
bench-top gamma counter, both from the Diagnostic Products Corporation (Los Angeles,
CA). Statistical analysis is described above in Chapter 1.

2.3. Results

2.3.1. Surface conditioning

At no time did the initial cultures differ in appearance from cultures of the later-passage
cells used in Chapter 1 (Fig. 1.11, lower left, and Fig. 1.13). No cells survived lysis in
ammonium hydroxide, as evidenced by background insulin levels in three control wells, in
which cells had been lysed, and then the wells had been fed daily during the week of
culture (data not shown).
2.3.2. Indirect immunofluorescence

None of the monoclonal antibodies (Table 2.1) gave a response above the background
fluorescence seen with the negative control (viz., the mouse Ig; xappa, MOPC-21). Dako
polyclonal Z0097 showed only slightly more fluorescence than the negative control, rabbit
serum (Table 2.1).

Biogenesis polyclonal anti-laminin, 5620-3019, yielded immunofluorescence that was
strong and localized to specific sites on cell surfaces and inside cells that had been

disrupted during processing. Fluorescence was strongest at the 1:30 dilution. Brightest
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staining was seen on the undersurfaces of cell sheets at sites of local delamination. There

appeared to be a polarization, with the greatest amount of presumptive laminin on the
surfaces of cells in contact with the F3 surface, and on the silanized surface itself, where
“footprints” of cells and their neurite-like processes fluoresced brightly. These
observations were the basis for the use of 1:30 Biogenesis 5620-3019 antiserum to
challenge the re-plating exercise.

2.3.3. Secondary cultures: Insulin secretion and cell numbers at the end of one week

To my surprise, morphology of the growing cultures never differed appreciably from
that seen on permissive surfaces evaluated in Chapter 1 (e.g., etched borosilicate glass,
pure F3, or pure N2). TCPS and fresh-F3 controls had much less amorphous debris on
their surfaces at the micron scale than the cell-conditioned surfaces, but the morphologic
progression of the cell cultures was the same in all cases: solitary cells and small groups
with neurite-like processes grew into sheets fenestrated with lacunae, with formation of
emergent dome-like structures in the final days of culture (e.g., Fig. 1.10).

Terminal cell counts (Fig. 2.1) confirmed the morphologic findings. Populations on all
surfaces were statistically equivalent (Tukey-Kramer HSD test, p > 0.05). Conditioned F3
surfaces and unconditioned F3 were equally permissive to cell growth as TCPS, the
positive control.

Bulk insulin secretion (Fig. 2.2, in ng human insulin secreted/well/hour) and insulin
productivity normalized to cell number (Fig. 2.3, in ng human insulin secreted per million

cells per hour) were ~ 50 % greater on conditioned versus unconditioned surfaces. Pre-
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treatment of conditioned surfaces with high concentrations of the Biogenesis anti-laminin
reagent partially abolished this improvement in secretory function (Figs. 2.2 and 2.3).
2.4 Discussion

In vitro, whole islets of Langerhans, purified beta cells, and insulinoma cells from
mammals, as well as the homologous cells from birds, have been observed to grow and
function well on surfaces or inside gels comprising collagen, fibronectin, laminin, or
crude ECM. Increasingly, laminin-coated surfaces are identified as desirable culture
substrata for such cells and tissue fragments [17, 39, 51, 57, 69, 86, 202, 205, 208, 213,
235, 239-241, 259, 265-279, 291, 293].

The present work confirms and extends these prior observations.

2.5. Conclusions

Conditioning of trifluoropropyl (F3)-silanized surfaces by 8G 1/17 cells promoted
insulin secretion by subsequent cultures. A polyclonal antiserum raised against rat laminin
largely negated this effect, indicating that laminin might be involved.

F3 silicones, which are already used in approved medical devices [244, 247-248, 287-
290], or F3-silanized surfaces (Chapters 1 and 2), when coated with laminin, might be
useful in bioreactors and in artificial organs that employ transgenic insulinoma cells.

In particular, should anyone ever develop a stable, glucose-sensitive, implantable line of
human insulinoma cells, scaffoldings of F3 silicones coated with recombinant human

laminin might be useful cell supports inside the artificial endocrine pancreas.



2.6. Table

Isotype
Epitopic {(monoclonals) or ' Indirect immuno-
specificity Reagent species Antigen; remarks fluorescence of
immunized insulinoma cell ECM
(polyclonals)
Human laminin from term
placenta; thought to bind at
Mono- Clone the center of the laminin .
clonal 2E8 [gG1, kappa cross; known to cross-react Negative
with some rat laminins
[294].
Embryonic rat spinal cord
Mono- Clone 1gG membranes; known to cross- Negative
clonal 3.1Cl12 react with some rat laminins
[295].
190 kiloDalton s-laminin
M Clones &OT m:;n l:b'r oo
ono- . capsule of the bovine eye; .
clonals E:dll))s‘l lgGl known to cross-react with Negative
some rat laminins (296-
297].
200 kiloDalton B2 fragment
Mono- Clone of rat laminin, from the .
clonal DIS IgG glomelular basement Negative
membrane of the kidney
{296].
Polyclonal 20097 xtﬁogm Rat mmfg;‘l ‘l‘hﬁ’_“‘ % Weakly positive
Rabbit,
Polyclonal %%21(; nm:l: 3:0% Rat laminin, 96 % pure. Strongly positive
fraction

Table 2.1. Monoclonal and polyclonal antibodies screened for reactivity against
extracellular matrix secreted by BG I/17 cells. *DS was received as a raw culture
supernatant—all other monoclonals were partially purified gamma globulins.
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2.7. Figures
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Figure 2.1. Insulinoma cell numbers one week after re-plating. All six populations are
statistically equivalent (Tukey-Kramer HSD test, p > 0.05, n = 6 in each case).
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Figure 2.2. Bulk insulin secretion during the seventh day of culture after re-plating.
*Differs from cultures on the unconditioned F3 surface, p < 0.05, Tukey-Kramer HSD
test; n = 6 in each case.
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Figure 2.3. Insulin productivity on the seventh day, normalized to cell number. *Differs

from cultures on the unconditioned F3 surface, p < 0.05, Tukey-Kramer HSD test; n = 6
in each case.
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Chapter 3. Glycophase glass is neither protein- nor cell-repellant

3.0. Summary

Glycophase glass has been promoted as a non-fouling surface, resistant to protein
adsorption and cell attachment. But I found that glycophase glass adsorbs more
albumin than glass. Moreover, the growth rates, morphologies, and functions of
transgenic BG I/17 insulinoma cell cultures were equivalent on the two surfaces.
Glycophase glass is neither protein- nor cell repellant.

3.1. Introduction

Biomaterials scientists have long sought to create surfaces that would resist fouling
by adsorption of proteins and attachment of living cells [298-299]. Such protein- and
cell-repellant surfaces would be useful in numerous applications, including medical
implants, immunoassays, bioreactors, pharmaceutical packaging, and surfaces exposed
to seawater.

In a much-cited series of papers, Hubbell and coworkers promoted “glycophase
glass” as a non-fouling surface on which one could create cell-type-specific culture
surfaces via covalent immobilization of oligopeptide cell-adhesion ligands (quotes and
citations below in section 3.7, Endnotes). Glycophase glass, prepared by hydrolysis of
an oxirane silane residue (Figures 3.1 and 3.2), bears pendant diol groups on its surface.
While my data confirm observations that this surface is a useful support for ligand
immobilization [300-316], I cannot support Hubbell’s contention that glycophase glass
resists protein adsorption and cell attachment.

Glycophase glass is therefore not suitable for use as a non-fouling surface.
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Portions of this Chapter are reproduced from my preliminary reports [317-318].

3.2. Materials and methods
3.2.1. Selection, cleaning, and silanization of borosilicate glass

Borosilicate glass coverslips (12 mm circles) were purchased from Carolina
Biological Supply (Burlington, NC). Briefly, the coverslips were manufactured as
follows: sheets of borosilicate glass D263 were poured by Schott-Deutsche Spezialglas
(Mainz, Germany), and cut into the final shape and sold under the trade name
"Assistent®" by Glaswarenfabrik Karl Hecht GmbH and Company (Sondheim/Rhén,
Germany). Procedures for cleaning glass samples, along with the glassmaker’s
formulation and my own data on chemical analysis and wettability of this glass, are
given in detail in Chapter 1.

Unless otherwise noted, all reagents employed in this study were from Sigma-
Aldrich-Fluka (Saint Louis, MO).

Clean borosilicate glass coverslips were etched with sodium hydroxide (pH 13.7) for
30 minutes at 20° C to expose free silanol anions, then silanized with a 1 % v/v solution
of (y-glycidoxypropyl) trimethoxysilane (Hiils America, Inc., Piscataway, NJ) in water,
pH 5.3, for 2 hours at 90° C (Fig. 3.1). Epoxy groups were then hydrolyzed to the diol
by immersion in 1 mM hydrochloric acid for 1 hour at 90° C (Fig. 3.2), creating
glycophase glass.

A brief note on nomenclature is in order. The term “glycophase glass,” alone and
with several suffixes, has been used to denote a variety of different surfaces, including

several ion-exchange resins. To complicate matters further, the word “Glycophase” and
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some of its variants were formerly registered trademarks of the Pierce Chemical
Company (Rockford, IL) and Coming, Inc. (Corning, NY). As used here, “glycophase
glass” refers to glycerylpropyisilyl glass, as shown schematically in Fig. 3.2.

3.2.2. Ligand design, iodination, and covalent immobilization

[ sought to create culture surfaces attractive to cells bearing the integrin, a4p1.
Useful cells that express a4B1 include certain h2matopoietic progenitors [317, 319),
among many others. The heptapeptide ligand, Gly-Ile-Asp-Ala-Pro-Ser-Tyr or
GIDAPSY, was selected for solid-phase immobilization. I designed the GIDAPSY
molecule around the fibronectin sequence, IDAPS, a ligand of the integrin, a4pf1. An
amino-acid sequence bound by the 41 cell-surface receptor is variously given as
IDAPS or IDAP [320-324]. All immobilizations were carried out via the amino (or N)
terminus. N-terminal glycine was added as a steric swivel, and C-terminal tyrosine was
added to enable radio-iodination {325]. The Howard Hughes Medical Institute,
University of Washington, synthesized and purified GIDAPSY, and provided it to me
in lyophilized form.

All investigators handling radionuclides during the present study passed the required
University of Washington course on Principles of Radiation Protection prior to
performing lab work, and were subject to thyroid monitoring in the days following
radio-iodinations. In preparation for radio-iodination reactions, three Iodo-Beads®
(Pierce, Rockford, IL; Fig. 3.5) were rinsed in phosphate-buffered saline (PBS; catalog
number P3813, Sigr.na, Saint Louis, MO; 0.138 M NaCl and 0.0027 KCl, pH ~7.4) to

remove any oxidant that was dislodged from the surface during shipping and handling
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(Fig. 3.5). The three nonporous beads were then incubated for 5 minutes at ~20 °C

with a mixture of 10 pL. Na'”I in water (~100 milliCuries/mL; Amersham Life Science,
Inc., Arlington Heights, IL) and 490 uLL PBS. Oligopeptide solution was then added to
the reaction mixture (50 uL at 1.0 mg GIDAPSY/mL PBS). lodination proceeded 20
minutes at ~20 °C, and was terminated by removal of the beads with forceps.

For separation of peptide from free iodine species, the reaction mixture was
immediately loaded onto a disposable C,, column (Waters SepPakPlus®, catalog
number 20515, Waters Chromatography Division, Milford, ME). Just prior to loading,
the C,, columns were rinsed with 0.8 mL of a mixture comprising: 80 % v/v methanol;
19.8 % v/v deionized, distilled water (ddH,O); and 0.2 % v/v trifluoroacetic acid
(TFA); they were then equilibrated with PBS. Once loaded, columns were eluted by
sequential reversal of the mobile phase, beginning with 99 % water: 1 % TFA
(99W1TFA), and followed by stepwise ten-percent increases in methanol, to a
maximum of 30 % 99WI1TFA: 80 % methanol. Most free iodine eluted in the zero-
percent-methanol loading solution, while approximately 90 % of the peptide eluted in
the 40-to-60-percent-methanol fractions. These three fractions were pooled,
lyophilized, and stored frozen at —20 °C for later use.

Glycophase glass discs were loaded into fluoropolymer racks (described in detail in
Chapter 1). For peptide immobilization, glycophase glass was activated for 15 minutes
with 2.5 % w/v 1,1’-carbonyldiimidazole (CDIZ) in acetone (Fig. 3.3). The activated
glass was rinsed twice in fresh acetone to remove free CDIZ. Many coupling

experiments were performed. In a typical experiment, coupling proceeded unstirred for
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20 hours at 20 °C, with the oligopeptide dissolved in 0.2 M NaHCO, buffer, pH

adjusted to 9.0. The covalent linkage that forms between the peptide and the surface is
an N-alkyl-carbamate or urethane (Fig. 3.4). After ligand immobilization, racked glass
discs were rinsed five times in large volumes of fresh ddH,O, with blotting on
Kimwipes® (Kimberly-Clark Corporation, Roswell, GA) after the first three rinses.
Gamma counting (Gamma Trac 1185, TM Analytic, Elk Grove Village, IL)
consistently showed that radiation levels in the rinse baths fell to background after the
third rinse. In some experiments, the effects of a subsequent blocking reaction were
evaluated. The blocking solution, 0.8 M ethanolamine, pH 9.0, in 0.2 M NaHCO,, was
applied for 2 hours, followed by three aqueous rinses.

3.2.3. Why study protein adsorption and cell growth on glycophase glass?

My suspicions that glycophase might not be a useful non-fouling surface were first
aroused when I observed that the a4f1-positive human melanoma cell line, A-375
(American Type Culture Collection, Manassas, VA), attached, spread, and grew equally
well on tissue-culture polystyrene, glycophase glass, etched glass, and GIDAPSY-
liganded glycophase glass. I performed the A-375 cultures under serum-containing
medium [317-318]. This observation caused me to question claims that the short
glyceryl groups on the surface of glycophase glass are able to repel protein adsorption
and cell attachment (section 3.7, Endnotes, infra). I therefore endeavored to study
protein adsorption and cell growth on glycophase glass.

3.2.4. Protein selection, iodination, adsorption, and desorption

Bovine serum albumin (BSA; Sigma catalog number A7638) was chosen as a model
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protein, since it is the most abundant protein in most cell-culture systems, and the only
extracellular protein in many cell-attachment assays and cell-sorting procedures [317-
318]. A sub-sample of BSA was radiolabeled with iodine-125 using lodo-Beads
(supra), and then separated from free iodine species by two passes on disposable gel-
filtration columns (Sephadex® G-25M, Amersham Pharmacia Biotech AB, Uppsala,
Sweden). Non-labeled albumin was spiked with radiolabeled albumin to a specific
activity of two million cpm/mg [318].

Adsorption studies were conducted at 0.1 mg BSA/mL in CPBSzI buffer (0.01 M
sodium citrate, 0.01 M Na,HPO,, 0.11 M NaCl, 0.01 M Nal, 0.02 % w/v NaN,, pH
adjusted to 7.4). This phosphate-saline buffer included citrate for consistency with
concomitant studies of fibrinogen adsorption in which citrate served as an anticoagulant
(data not shown). lodide was added to competitively reduce binding by any free
iodine-125 species, and sodium azide (NaN,) was employed as an antimicrobial agent.
Samples subjected to protein adsorption-desorption studies included low-density
polyethylene (LDPE, Penn Fibre and Specialty Company, Inc., Fort Washington, PA),
etched borosilicate glass, glycophase glass, CDIZ-activated-then-ethanolamine-blocked
glycophase glass, and glycophase glass liganded with 10 picomoles/cm’ GIDAPSY
(Fig. 3.4) [318]. Prior to adsorption experiments, samples were hydrated overnight in
CPBSzI at 4 °C. Adsorption proceeded 2 hours at 37 °C, and was terminated by
dilution-displacement rinsing with 25 volumes (100 mL) CPBSzI delivered
hydraulically at a flow rate of 100 mL/minute [318]. During and after gamma counting
of the protein adsorbate (supra), desorption in citrate-phosphate buffer, along a pH

series 2.2 - 7.4, proceeded for 48 hours at ~20 °C, followed by dip rinsing and
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recounting [318].

3.2.5. Culture of 17 transgenic insulinoma cells on glycophase glass

Unconvinced that glycophase glass was cell-repellant, as had been claimed by
Hubbell and his coworkers (section 3.7, Endnotes, infra), I cultured the transgenic
insulinoma cell line, BG /17, on glycophase glass and on two controls, etched
borosilicate glass and untreated polystyrene, exactly as described in Chapter 1. Assays
of outcome included glucose consumption, lactate production, and insulin secretion
(supra, sections 1.2.7 to 1.2.13).

Statistical methods are described in Chapter 1.

3.3. Results

3.3.1. Solid-phase immobilization of the heptapeptide. GIDAPSY

Empirical experimentation with reaction conditions led to a coupling procedure that
yielded defined surface concentrations of the fibronectin-inspired ligand spanning three
logarithmic decades (Fig. 3.6). In the example shown in Fig. 3.6, the coupling reaction
was allowed to continue for 20 hours at 20 °C, in stagnant 0.2 M NaHCO, buffer, pH
adjusted to 9.0. In this case, variability in the outcome was most pronounced at low
peptide concentrations, due to radiation levels near background, and at high
concentrations, where the peptide approached the limit of its solubility in the linkage
buffer (Figure 3.6). Under similar conditions, when peptide concentration was raised
above 2.0 mg/mL in an attempt to create even higher surface densities of the ligand, the

solution became cloudy, and the oligopeptide began to precipitate during the 20-hour

incubation.
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For protein-adsorption studies, I selected glycophase glass liganded with 10

picomoles GIDAPSY/cm’, because Massia and Hubbell reported that at this surface
density, another fibronectin-inspired oligopeptide, GRGDY, provided a useful cell-

culture surface [326].
3.3.2. Adsorption and desorption of the model protein, bovine serum albumin
Contrary to Hubbell’s claims (vide infra, section 3.7), plain glycophase glass

adsorbed more protein than the glass control (Fig. 3.7) [317-318].

GIDAPSY-linked glycophase glass adsorbed half the BSA of glass, and a third as
much as glycophase glass (Fig. 3.7). The positive control, low-density polyethylene,
adsorbed more than six times the BSA of all glass-based surfaces (216.3 + 11.1 ng
BSA/cm® adsorbed on LDPE, n = 27).

Desorption in the pH series (Fig. 3.8, n = 3 at each point) revealed that albumin was
most tightly bound to all surfaces near its isoelectric point (pI ~4.9). Above BSA's pl,
all glass-based surfaces showed decreasing protein retention with increasing pH. This
included surfaces bearing the immobilized oligopeptide, with its two carboxylate
groups (Asp, pKa ~3.9, C-terminal Tyr, pKa ~2.2). Borosilicate glass, which I had
etched at pH 13.7 to expose silanol anions prior to use (Chapter 1, supra), showed the
strongest effect of pH on albumin desorption (Fig. 3.8). Tight binding of albumin to
LDPE was relatively insensitive to pH (Fig. 3.8). Not unexpectedly, in all cases, at pH
7.4, 1 % w/v sodium dodecyl sulfate in buffer was more effective at stripping albumin

from surfaces than buffer alone (data not shown).
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3.3.3. Cell culture on glass and glycophase glass

Growth of the transgenic insulinoma line, BG /17, was equivalent on glass and
glycophase glass in the week of culture, as evidenced by data on glucose consumption
and lactate production (Figs. 3.9 and 3.10). Insulin secretions under diazoxide
inhibition and secretagogue stimulation were equivalent (Fig. 3.11).

When comparing cultures on glass and glycophase glass, neither I nor any of my co-
workers in the lab could distinguish the morphology of the living cultures under phase-
contrast microscopy. Nor could we detect any morphologic differences when
examining the fixed, stained cultures by conventional bright-field microscopy.
Photomicrographs documenting morphology of cultvres grown on glycophase glass are
qualitatively indistinguishable from those of cultures grown on glass (e.g., Figs. 1.10
and 1.11, supra).

3.4. Discussion
3.4.1. Carbonyldiimidazole-activated glycophase glass is a useful support for
immobilization of oligopeptide ligands

My data confirm that glycophase glass is useful support for solid-phase
immobilization of organic molecules [300-316].

By chance, in the present study, I was able to achieve much higher surface densities
of fibronectin-inspired oligopeptides than Hubbell’s group was able to create on
glycophase glass, probably because the reactive intermediates formed by their sulfonyl-
chloride methods are less stable in water than the imidazolyl-carbamate intermediate

that I employed (Fig. 3.3). By working near the limits of solubility of the GIDAPSY
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oligopeptide ligand in the linkage buffer, I achieved ligand densities that were more

than a hundredfold greater than the highest densities of sundry ligands achieved by
Massia and Hubbell (compare my Fig. 3.6 to their Fig. 1 [327]). However, this result
came at a cost. Their sulfonyl-chloride method creates a given surface concentration of
peptide at much lower input concentrations of peptide. Thus, in choosing between the
two methods for immobilizing ligands on glycophase glass, one might select the
sulfonyl-chloride chemistry for economy of peptide, or the carbonyldiimidazole
chemistry to achieve high ligand densities.

3.4.2. Glycophase glass is not protein-repellant

Under the conditions of this study, glycophase glass adsorbed more protein than
glass itself (Fig. 3.7). Moreover, at physiologic pH, albumin bound more tightly to
glycophase glass than to glass (Fig. 3.8). Clearly, glycophase glass cannot be
considered a non-fouling surface.

As early as 1989, Bruin et al. {303] reported that chromatographic surfaces with
immobilized poly (ethylene glycol) or PEG provided better non-fouling surfaces than
glycophase glass. In their study, glycophase glass exhibited strong interactions with
lysozyme, trypsin, and chymotrypsinogen at pH > 5 (their Fig. 5b). Similarly, Xiao and
Truskey [316] observed more fibronectin adsorption to glycophase glass than to glass
under two of the three adsorption conditions they evaluated (their Table 1).

In the current study, relatively low binding of albumin to GIDAPSY-liganded
glycophase glass at pH 7.4 (Fig. 3.7, note logarithmic scaling) might have been due in
part to charge-charge repulsion between the net negative charges on albumin (pl ~4.9)

and the N-terminal-immobilized GIDAPSY groups (pKa Asp ~3.9, pKa carboxy



95
terminus ~2.2).

Binding of bovine serum albumin to glass was strongest near BSA’s isoelectric point
(pI ~4.9; Fig. 3.8), a phenomenon observed by others since at least the 1950s [328].
Glycophase glass and GIDAPSY-liganded glycophase glass also showed decreasing
BSA retention with increasing pH above pH ~5 (Fig. 3.8). Many proteins exhibit
adsorption maxima near their isoelectric points, particularly when adsorbed from
unitary solutions onto uncharged or weakly charged surfaces [329-330].

The positive control, low-density polyethylene, adsorbed much more albumin than
any glass-based surface (Fig. 3.7). Binding of BSA to LDPE was relatively tight and
pH-insensitive (Fig. 3.8), presumably due to hydrophobic interactions between the
protein adsorbate and the surface of this polyolefin [318].

3.4.3. Glycophase glass is not cell-repellant

Neither morphologic appearance nor metabolic data revealed any substantive
differences between cell growth and function on glycophase glass and glass (Figs. 3.9
to 3.11). For most anchorage-dependent vertebrate cells that can be propagated in
vitro, glass is a permissive culture surface. This observation dates from the earliest
days of vertebrate cell culture {331-333]. In serum-containing media, BG [/17
insulinoma cells, which can be exquisitely sensitive to surface chemistry (Chapter 1,
supra), grow and function equally well on glass and surface-oxidized, tissue-culture
polystyrene (TCPS, data not shown). In recent decades, TCPS has come to supplant

glass as a routine, inexpensive, and permissive culture surface in laboratories

worldwide.
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In view of all this, glycophase glass should be consi rmissive culture
surface, perhaps on par with glass and TCPS, and not a cell-repellant surface, as
proposed by Massia, Hubbell, and their coworkers (section 3.7, Endnotes, infra).

In the present study, one datum did suggest a subtle difference in cell function on
glass versus glycophase glass. Hourly insulin secretion during the seventh and final day
of routine culture (Fig. 3.11) was significantly higher on glycophase glass. This
apparent difference was not confirmed under the more rigorous metabolic conditions of
diazoxide inhibition and secretagogue stimulation (Fig. 3.11). Such drug-influenced
secretory changes serve as standards by which the performance of many endocrine cells
is evaluated [10, 12, 27-28, 31, 51, 61-62, 84, 172, 235]. Therefore, I attach no great
biologic importance to the apparent differences in insulin secretion during the seventh
day of routine culture.

Independent studies support the notion that cells can attach, spread, and grow on
glycophase glass. After publication of my results in abstract form [317-318], Clémence
et al. [305] suggested, “unmodified glycophase glass is an adhesive substrate for NG
108-15 [neuroblastoma X glioblastoma] cells, both in serum-containing medium and in
serum-free medium,” and Xiao and Truskey [316] found that bovine aortic endothelial
cells adhered well to fibronectin adsorbed onto either glass or glycophase glass.

Moreover, concomitant with and subsequent to my initial reports [317-318], one
member of the Hubbell lab reported data that conflicted with the group’s earlier claims
that glycophase glass repelled adhesion by cells. Drumheller [334-335] found that 100

% of the human foreskin fibroblasts (HFF) he plated onto glycophase glass had adhered
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to the surface within the first day of culture. This finding is in stark contrast to earlier

studies from the same lab, in which it was claimed that HFF and other cell types did not
adhere well to glycophase glass (reviewed in section 3.7, Endnotes, infra).
3.5. Conclusions

I do not doubt that Hubbell’s group observed differences in the attachment and
spreading of cells in the initial minutes and hours after plating cells onto glycophase
glass and sundry surfaces derived from it. In serum-containing media, I suspect that
most such differences would disappear in a day or two. In view of the data presented
here, and considering the very short-term nature of their studies, Massia and Hubbell’s
claims that glycophase glass resists protein adsorption and cell attachment (section 3.7,
infra) must be interpreted narrowly.

While it might indeed be possible to create cell-type-specific culture surfaces by
immobilizing ligands on non-fouling surfaces, I consider Massia and Hubbell’s claims
of success to have been premature.

At the time this manuscript was written (June 2001), glycophase glass products were
no longer commercially available. A search of trademark records at the United States
Patent and Trademark Office (Washington, DC) uncovered no active trademarks based
on the term “glycophase.” Few chromatographers reported the use of homemade
glycophase glass after about 1990.

Those in search of non-fouling surfaces might find more productive hunting in the

great diversity of poly (ethylene glycols) and polysaccharides.
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3.6. Figures

v-Glycidoxypropyl trimethoxysilane
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(H3CO)3Si(CH2)3’O\ /C_CHZ

¢\ /
2 O

y-Glycidoxypropyl silanized glass

Figure 3.1. Organosilanization of etched borosilicate glass with an epoxy silane. A
monolayer is shown for simplicity. Surfaces silanized with short silane monomers are
typically patchy (Chapter 1).
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Figure 3.3. Activation of glycophase glass with 1,1'-carbonyldiimidazole.
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Figure 3.4. Solid-phase immobilization of the oligopeptide ligand, Gly-Ile-Asp-Ala-
Pro-Ser-Tyr or GIDAPSY.
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Figure 3.5. Radio-iodination of the tyrosine residue on the synthetic oligopeptide
ligand, Gly-Ile-Asp-Ala-Pro-Ser-Tyr or GIDAPSY. N-chlorobenzenesulfonamide
reagent or chloramine-T immobilized on polystyrene (Iodo-Beads®, Pierce Chemical
Company, Rockford, IL) oxidizes the iodide anion (I') to a reactive, weakly
electropositive state (I”"), which is capable of inserting itself onto the tyrosine ring
ortho to the phenolate oxygen [336-337]. Under the reaction conditions used here and
in most biologic studies, the mono-iodotyrosinyl form (upper right) probably dominates
the population of iodinated peptides [338]. Fortunately, the heptapeptide, GIDAPSY,
does not contain other amino-acid residues that can be halogenated by the | o
electrophile (viz., histidine, phenylalanine, cysteine, methionine, and perhaps
tryptophan), some of which form unstable adducts with iodine {337, 339, 340]. Most or
all of the bound '*I was therefore probably on tyrosyl residues, as shown.
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Figure 3.7. Albumin adsorption on model surfaces. n =27 in all cases, except CDIZ-
activated, ethanolamine-blocked glycophase glass, where n = 3. Adsorption on etched
glass, GIDAPSY-liganded glycophase glass, and LDPE differed significantly from
adsorption on glycophase glass (Tukey-Kramer HSD test, p < 0.01).
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Figure 3.9. Glucose consumption by transgenic G /17 insulinoma cells cultured on
glycophase glass and two control materials. At no time point did cultures on glass differ
from those on glycophase glass (p > 0.05).
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Figure 3.10. Lactate production by transgenic G I/17 insulinoma cells cultured on
glycophase giass and two control materials. At no time point did cultures on glass differ
from those on glycophase glass (p > 0.05).
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Figure 3.11. Insulin secretion by transgenic G 1I/17 insulinoma cells cultured on

glycophase glass and two control materials. *Differs significantly from glass (0.05 > p
> 0.01).
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3.7. Endnotes. Characterizations of glycophase glass as a non-fouling surface

“cell nonadhesive” [325].

“cell nonadhesive or poorly adhesive™ [341].

“effects of potentially adsorbing proteins from cellular or culture medium sources were
minimal” [342].

“Glycophase glass—a model cell nonadhesive substrate to which peptides can be
coupled” [341].

“Glycophase glass was examined as a cell-nonadhesive substrate prior to modification
[...] glycophase glass did not support adhesion or spreading even in the presence
of serum” [343].

“Glycophase glass, the nonadhesive substrate, supported spreading and adhesion of cells
only when adhesion peptides were immobilized on this surface” [343].

“no spreading or adhesion occurred on the unmodified glycophase glass™ [344].

“nonadhesive” [327, 345].

“nonadhesive modified glass surface” [327].

“no spreading occurred on these substrates, and most of the cells were observed to be
nonadherent. This can be interpreted to mean that adsorption of cell adhesion
proteins on the glycophase glass is minimal.” [327].

“poor substrate for cell adhesion without further modifications” [344, 345].

“poorly adhesive” {326, 342].



109
“poorly adhesive silane-modified glass” [346].

“poorly cell adhesive” [347].

“poor protein-adsorbing properties of the base glass substrate” [326].

“relatively poorly cell adhesive™ [348].

“Untreated glycophase glass supported no cell adhesion, even when cells were incubated
on this substrate in serum-supplemented medium” [327].

“Untreated glycophase glass was found to support no cell adhesion, even when cells
were incubated on this substrate in serum-supplemented medium, which is

indicative of a low protein-binding substrate” [341].
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