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PHOTOELECTRON MEAN FREE PATHS IN BARIUM STEARATE
LAYERS
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Department of Materials Science and Engineering and Surface Analysis Laboratory,
University of Utah, Salt Lake City, Utah 84112 (U.S.A.)
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ABSTRACT

Barium stearate monolayers were deposited on polished clean germanium and copper
substrates using the Blodget technique, Film thicknesses were determined by ellipsometry
by assuming the films were optically isotropic with a refractive index of 1.5 and an
absorption coefficient of zero. X-wray photoelectron spectroscopy intensity ratios,
obtained at 223 K to minimize vaporization, were used to determine electron inelastic
mean free paths (IMFP) in the barium stearate layers. The substrate photoelectron lines
cover a binding energy range of 1200 eV. IMFP values range from approximately 27 £ 5 A
at about 230eV to 65+ 12 A at about 1480 eV kinetic energy. The approximately linear
shape of this function, together with the throughput function of the instrument, suggests
that over the binding energy range of 0—600eV, the photoelectron mean free paths and
throughput effects in the Hewlett-Packard instrument approximately cancel,

INTRODUCTION

The interpretation of X-ray photelectron spectroscopy data often requires
information on electron mean free paths as a function of electron kinetic
energy in a variety of materials. Such data are important in determining the
escape depth or the sampling depth from which the X-ray photoelectron
spectroscopy signal arises in order to evaluate the surface sensitivity or
insensitivity of a particular experiment properly and to perform quantitative
analyses [1]. Mean free path data as a function of photoelectron kinetic
energy are required in order to quantitate properly regions of the photo-
electron spectrum differing widely in binding energy. A number of authors
have argued that photoelectron mean free paths in various classes of solids
should be considerably different [2]. Others argue that photoelectron mean
free paths in solids ought to be approximately the same and should follow
the same kinetic energy function [3].

* To whom correspondence and reprint requests should be addressed.
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A number of studies have appeared in which X-ray photoelectron mean
free paths in organic solids have been measured [3—6]. The most common
method utilizes the organic overlayer technique in which a homogeneous
organic thin film of known thickness is deposited on an appropriate
substrate, generally a metal. X-ray photoelectron spectra are then deter-
mined for the main photoelectron lines of the substrates as well as for those
of the film. The film and substrate peak intensities are a function of film
thickness. It is usually assumed that substrate line intensities decay
exponentially with increasing thickness of the organic overlayer and that the
organic overlayer line intensity increases until a signal corresponding to an
infinite film thickness is obtained. The equations and expressions have been
presented in the literature [3] and need not be repeated here. Another
approach is to utilize essentially infinitely thick solids of different types and,
knowing the photoelectric cross-sections, to measure absolute intensities
directly and utilize this information for determining photoelectron mean
free paths [4].

The range of values at present available in the literature extends from the
work of Clark and Thomas [3] as a lower limit to the works of Cadman et al.
[4] and Evans et al. [5] as more or less an upper bound. The range in values
is quite considerable; the issue is still controversial and unsettled [7, 8].

Our own studies were initiated largely for internal use in the Surface
Analysis Laboratory. In view of the present controversy, it may be useful to
present them to the scientific community. The study is based on organic
overlayers deposited on well characterized metal substrates with photo-
electron lines of widely varying kinetic energies, for the purpose of obtaining
photoelectron mean free paths as a function of kinetic energy on a
commercial spectrometer.

MATERIALS

Germanium and copper were chosen as substrates for several reasons:
(1) availability; (2) characterized optical properties; (3) the photoelectron
lines from germanium and copper cover a wide range of kinetic energy and
vet overlap sufficiently to provide a test for the possible effect of the
properties of the substrate on electron mean free path data. Polished
germanium single crystals were obtained from Harrick Scientific Corporation,
Ossining, New York. High-purity (99.999%) copper was obtained locally.
The copper samples were polished with 0.5-um alumina paste, washed in
distilled water, ultrasonically cleaned in methanol, and dried in a laminar
flow filtered air bench [9] . Film thicknesses were obtained from ellipsometry
data, using a Rudolph Research model RR2000 automatic laser ellipsometer
with a 6328-A wavelength and a 70° angle of incidence in air. A refractive
index, n, for barium stearate monolayers of 1.50 was assumed; the absorption
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coefficient, k, was assumed to be zero [10]. Given these assumptions the
organic film thickness is a simple calculation from straightforward ellip-
sometry equations [11]. Barium stearate monolayers were prepared in a
conventional Langmuir trough by standard methods [12] and transferred to
the clean metal substrates by withdrawing the previously immersed metal
substrate through the film and up into the air phase [9]. The solution was
3 x 107° M barium chloride and 5 x 10™ M KHCO; with a pH of 7.0—7.2.
Barium stearate was deposited onto the trough surface from a hexane
solution. The compression pressure of the monolayer was maintained at
16—17 dyn cm™!. The layers were transferred to the solid at a rate of 0.5 cm
min!. Deposition ratios were monitored by comparing the geometric area
of the substrate to the change in the area of the monomolecular film
maintained at constant pressure.

A potential problem with such layers used for high vacuum photoelectron
spectroscopy may be the vacuum stability of the films at 1077—107° torr. A
number of previous studies suggested the films might not be vacuum stable.
For example, Gaines and Roberts [13] showed that for barium stearate
up to 10% of the film disappears upon pumping at a 107 -torr vacuum for
30min at room temperature. For stearic acid the vapor pressures can be
considerably higher, leading to a greater loss under the same conditions.

The vacuum stability of the films was evaluated at 223 K at 1 x 107° torr.
At this temperature hydrocarbon and other impurities in the vacuum could
be expected to condense on the sample and increase the apparent thickness
of any layer, To test the cleanliness of the vacuum a copper sample was
inserted, cooled to 223 K and repeated carbon and copper scans taken as a
function of time. No mechanical pumping or oil diffusion pumping was used.
No significant change in carbon or copper intensity occurred in 2h of
vacuum exposure. The same experiment was repeated for barium stearate
monolayers and multilayers deposited on copper substrates. Samples were
handled and loaded in a dry nitrogen atmosphere. There was no detectable
contamination nor loss of organic film at 223 K for up to 1h of vacuum
exposure, the maximum time utilized for these studies. We thus conclude
that the films are stable at 223 K for the purposes of this study; we further
conclude that no significant hydrocarbon contamination occurred during the
photoelectron spectroscopy analyses.

X-ray photoelectron spectroscopy was done with a Hewlett-Packard
5950B ESCA spectrometer using monochromatic Al Ko, , radiation. The
sample X-ray source analyzer geometry is such that the take-off angle with
respect to the sample normal is 51.5° [14]. Photoelectron spectra were
obtained utilizing ten scans over a 20-eV binding energy range. The carbon
peak was scanned on each and every sample. Because the metal substrates
were not sputter-cleaned in vacuum, each initial metal sample did contain a
layer of organic contamination as determined from the carbon scans. This, of
course, influenced the ellipsometry readings, so that the substrate optical



184

TABLE 1

ORBITALS SCANNED AND ENERGIES SAMPLED FROM EACH OF THE SUB-
STRATES

Substrate Orbital Binding Kinetic
energy (eV) energy (eV)
Cu 3d 3 1480
3p3;2,1;2 75 1408
3s 122 1361
Auger
L3MasMys BEAA 913
Auger
L3My3 My “650"? 833
2p3, 932 551
2p1;2 952 531
Ge 3d3/3, 52 30 1453
3P1s2 30 122 1361
3s51/2 182 1301
Auger
L3Mgs Mys g0 1141
2P3; 1217 266

? Position of Auger peak in photoelectron spectrum,

parameters represent an average of the pure metal, metal oxide and organic
contamination layer. Table 1 lists the binding encrgies, atomic orbitals, scan
conditions, and kinetic energies for the two different substrate materials.

The basic experiment was as follows: a clean substrate was examined in
the ellipsometer to determine substrate optical constants. The same substrate
was then utilized in the electron spectrometer and the intensities of the
appropriate lines determined and recorded. The substrate was then removed
and the organic film deposited on it; the sample was analyzed by ellipso-
metry to obtain the film thickness, inserted into the electron spectrometer,
and cooled to 223 K [9]. The photoelectron intensities were then obtained.
The same probe position was used for each experiment. The sample was again
studied by ellipsometry to confirm the film thickness and optical properties.
The experimental conditions for the examination of coated and uncoated
samples were essentially identical.

The electron mean free paths were determined by simple peak intensity
ratios of the coated and uncoated samples, thus instrument throughput
function and photoelectron cross-section corrections were not necessary.

RESULTS AND DISCUSSION

Ellipsometry readings were taken at four different sites on the sample in
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TABLE 2

COMPILATION OF THE EXPERIMENTAL POINTS OBTAINED ALONG WITH THE
AVERAGE INELASTIC MEAN FREE PATH, A, FOR EACH PEAK AND THE
STANDARD DEVIATION s FOR THIS AVERAGE

BE KE Sample A A s
¥

3 1480 Cul 57.2 65.2 12.2
Cu2 82.6
Cud 64.3
Cud 56.5

30 1453 Gel 67.8 65.6 11.8
Ge?2 53.3
Ge3 80.9
Ge4d 60.5

75 1408 Cul 56.9 64.4 13.0
Cu2 83.8
Cu3 60.3
Cu4d 56.7

122 1361 Cul . 43.3 58.6 13.5
Cu2 56.4
Cu3 77.3
Cu4d 48,1
Gel 61.3
Ge2 49.9
Ge3 79.9
Ged 52.4

182 1301 Gel 62.4 63.6 1.0
Ge2 64.3
Ged 63.8

342 1141 Gel 56.3 49.8 8.8
Ge2 41.1
Ge3 58.4
Ged 43.3

570 913 Cul 38.2 40.8 4.3
Cu?2 46.7
Cu3 41.1
Cu4d 37.2

650 833 Cu?2 47 .5 42.6 5.0
Cu3 37.6
Cu4d 42.8

932 551 Cul 31.3 32.1 5.7
Cu2 40.4
Cu3 28.8

Cu4 27.8
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TABLE 2 (Continued)

BE KE Sample A A 5
952 531 Cul 31.3 33.4 8.9
Cu? 46.3
Cu3 25,9
Cu4 29.9
1217 266 Gel 28.8 26.6 4.7
Ge2 22.1 N
Ge3 32.1
Ged 23.2

the region which would be examined by X-ray photoelectron spectroscopy.
The four different regions sampled about 50% of the total surface area
examined by XPS. At each different reading site, four different polarizer
settings were chosen and azimuth (@) and ellipticity (¢) recorded for each
of these settings [11]. The details of the ellipsometry calculations are
available [9, 11]. « and e were converted to A and i by classical equations
[11] and then utilized to calculate the refractive index, n, and the absorp-
tion coefficient, k, for the substrate [9]. The coated samples were measured
in the same way; thickness was calculated from the & and ¢ data by using the
deduced n, k values for the substrate and assuming n for the film was 1.5 and
k for the film was zero. The values obtained were in general agreement with
published data for the thickness of barium stearate films [9, 12]. The thick-
ness calculated was corrected for the take-off angle geometry of 51.5° to
obtain an effective film thickness for the particular experiment. The
intensity values for the particular photoelectron line for each substrate and
substrate—film combination were then appropriately ratioed and the mean
free path, X, was calculated from the equation: A = d' In I/l , where d' is the
effective film thickness; d’' = d/cos 51.5° = 1.606d, where d is the actual
film thickness; I, is the intensity of the particular line on the uncoated
substrate; and [ is the intensity on the stearate-coated substrate.

Table 2 is a compilation of the experimental points obtained and the \
values calculated for each peak. These values are plotted in Fig. 1 as a
function of both binding energy and kinetic energy; the kinetic energy is
estimated to be 1487 — ¢ — BE, where BE is the charge-corrected binding
energy, and ¢ is assumed to be 4.0 eV, the photoelectric work function of
gold. The center line in Fig. 1 is the average data. The upper and lower lines
represent the + and — single standard deviation values of the fitted curve.
Although the data have been plotted as and fitted to a second-order poly-
nomial [9], it is clear that it can be fitted just as well by a straight line
(Fig. 2). These studies suggest that over the kinetic energy range of the
Hewlett-Packard instrument photoelectron mean free paths in barium
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Fig. 1. Binding energy and kinetic energy vs. mean free path, Center line is the best-fit
polynomial [9] for the kinetic energy range from 250 to 1480eV of the average values
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standard deviations (Table 2).
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Fig. 2. Same as Fig. 1 but plotted assuming a linear funection for the kinetic energy range
from 250 to 1480eV.

stearate monolayers range from approximately 27 +5A at 230eV to
65 +12A at about 1480eV kinetic energy. The data do not suggest any
special exponential dependence on kinetic energy.

Although the film molecules may be tilted with respect to the surface
normal, the tilt would not be expected to be very great. In view of the
51.5° take-off angle in this experiment, it is unlikely that channeling could
have played any major role in these experiments.

Since one might be tempted to use such data to attempt to depth-profile
organic surfaces non-destructively by ratioing photoelectron lines of
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different binding energies, it is appropriate to examine the instrument
throughput function for the Hewlett-Packard spectrometer. Some estimates
have been made by the Hewlett-Packard design staff during the early design
of the instrument. The throughput function increases in a roughly linear
manner with binding energy in the range of 0—600eV and curves upward
significantly for higher binding energy (lower kinetic energy) electrons [9].
Because of the nature of the throughput function and the mean free path—
kinetic energy relationship (Fig. 1), the product of the inelastic mean free
path, A, and the throughput is approximately constant over the binding
energy range of 0 to about 600eV [9]; thus, in this range, the effects of \
and throughput approximately cancel. Neglecting mean free path and
throughput in this binding energy range introduces an error no greater than
about 10% [9] . This is not true, however, for binding energies above 600 eV
as the throughput-IMFP product is a strong function of binding energy in this
region [9]. Better measurements will, of course, provide better throughput
and mean free path values. Until then, for semi-quantitative ESCA purposes
with the Hewlett-Packard instrument, one can assume the two effects
approximately cancel over the range of 0—600 eV binding energy.

A serious deficiency in this study is that the organic contamination layer
may affect the ellipsometry results and thus the deduced thickness of the
organic layer. Although the values we obtained were reasonable considering
the deposition ratios and the known properties of barium stearate layers, this
is a possible error and should be checked in more refined studies. Substrate
effects did not significantly influence the experimental results as indicated
by the overlap of the copper and germanium data in Tables 1 and 2.

CONCLUSION

The fact that these data agree with the data obtained by Cadman et al.
[4] and Evans et al. [5] using an entirely different technique and a different
instrument, and with the data obtained by Anderson and Swalen [6] using a
similar technique, suggests that the errors may not be too great. Our
intention is to use these numbers as estimates until better numbers become
available. The question of mean free paths in organic materials is still largely
open, as evidenced by the substantial controversies in the literature [7, 8].

ACKNOWLEDGEMENTS

This work was supported in part in NIH grants HL 16921 and HL 18519.
The support of the University of Utah Faculty Research Committee is
appreciated. The assistance of Dr. Mike Kelly, Surface Science Laboratories
and Hewlett-Packard Co. in providing information on the instrument
throughput function is greatly appreciated.




189

REFERENCES

1
2

3
4

o

oo

10
11
12

13
14

C. d. Powell, Am. Lab., April (1978) 17,

R. Holm and 8. Storp, in A. R. West (Ed.), Molecular Speectroscopy, Heyden, London
1977, p. 482.

D. T. Clark and H. R, Thomas, J. Polym. Sci., Polym. Chem. Ed., 15 (1977) 2843,

P. Cadman, G. Gossedge and J. D. Scott, J. Electron Spectrosc. Relat. Phenom., 13
(1978) 1.

S. Evans, R. G. Pritchard and J. M. Thomas, J. Phys. C, 10 (1977) 2483.

H. R. Anderson, Jr. and J. D. Swalen, J, Adhesion, 9 (1978) 197.

P. Cadman, 8. Evans, G. Gossedge and J. M. Thomas, J. Polym. Sei., Polym. Lett., 16
(1978) 461.

D. T. Clark, H. R. Thomas and D. Shuttleworth, J. Polym. Sci., Polym, Lett., 16
(1978) 465,

S. Hall, B.S. Thesis, Department of Materials Science and Engineering, University of
Utah, August 1977; single copies available upon request.

R. Steiger, Helv. Chim. Acta, 54 (1971) 2645.

H. R. Muller, Adv. Electrochem. Electrochem. Eng., 9. (1 973) 167.

G. L. Gaines, Jr., Insoluble Monolayers at Liquid—Gas Interfaces, Interscience N.Y.,
1966, 386 pp.

G. L. Gaines, Jr. and A. W. Roberts, Nature, 197 (1963) 787.

M. A. Kelly and C. E. Tyler, Hewlett-Packard J. July (1973) 2.



660 BIOLUMINESCENCE AS AN EDUCATIONAL TOOL [43]

[43] Bioluminescence as a Classroom Tool
for Scientist Volunteers

By Mara HaMmMER and Joserd D. ANDRADE

“One of the best tools any teacher can have is a person who knows
and understands science and technology.” A practicing scientist.

Background

A major shift in science education is now being implemented. There is
a growing interest in hands-on, discovery-based science education. There
is also interest in treating science as a coherent, integrated field of inquiry
that can deal with complex multidisciplinary subjects and problems.?

Bioluminescence is an ideal subject with which to experience the scien-
tific process and critical science concepts and themes, particularly in upper
elementary and junior high school? We have developed bioluminescent
dinoflagellate cultures that enable teachers and students to experience bio-
luminescence, as well as closed ecosystems, circadian rhythms, and a vaziety
of principles related to protozoa, optics, and chemistry. Much of the experi-
ence is conducted in the dark. Science in the dark has been an effective
way to reduce science anxiety and fears and to encourage teachers to
develop fresh, positive, and instructive attitudes toward hands-on science
in their classrooms,

The intrigue of bicluminescence reaches far beyond the science class-
room, For example, the beautiful blue light can be an inspiration to students
interested in creative writing. Experiences with the dinoflagellate, Pyro-
cystis lunula (little fire moons), can begin with a poem:

Little fire moons dance in the sea
Making the waves glow mysteriously
Little fire moons come play with me,
And we will dance together in the sea

! Sharing Science With Children: A Survival Guide for Scientists and Engineers, North
Carolina Museum of Life and Science, P.O. Box 15190, Durham, North Carolina 27704,
2F. I. Rutherford and A. Ahlgren, “Science for All Americans (The Project 2061 Report).”

Oxford Univ. Press, 1990.
M. G. Jones, Bioluminescence: Activities that will receive glowing reviews. The Science
Teacher, Jan, 19 (1993).

Copyright © 2000 by Acaderic Press
All rights of reproduction ip any forit reserved.
METHODS IN ENZYMOLOGY, VOL. 308 0076687500 $30.00
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Tiny artists can be captivated by their mystery and beauty, Aldo Leopold,
the noted conservationst, relates an account of when he first became a
conservationist. He saw a gray wolf die and noticed the “ferce green fire”
in her eyes. It was a moment he never forgot,* Perhaps seeing the “cold
blue fire” of nature’s living lights can inspire others in the same way.
Thereisa growing awareness of the need for scientists and other profes-
sionals as role models in school classrooms. Students need to learn science
skills in elementary school that cag be built upon in the upper grade levels,
Unfortunately, many elementary school teachers do not have any science
background and are, therefore, uncomfortahle teaching science, In many
cases they do not have the resources to conduct meaningful science experi-
ments. Bioluminescence is wonderful tool to help students and teachers
start thinking and acling like scientists. Practicing scientists are needed as
regular, serious volunteers in the classroom, By volunteering your time at

years is a primary reason for the inadequacy of the learning of science in
later years,”55 Unfortunately, many students do not receive a background
in science. What they do receive is often book learning, rote answers and
memorization.” They are not taught to think like scientists. They are not

provide a vital link in encouraging today’s students to become tomorrow’s
responsible, informed citizens and scientists. In mogt cases, when the student
reaches college, it is much harder to capture their interest, and it is a
daunting task 1o teach them basics they should have learned in middle and
high school.

The way science is commonly taught leads many students to believe it

* A Leopold, “A Sand County Almanac,” Balantige Books, New York, 1959,

* National Research Coungil, “Fulfilling the Promise; Biology Education in the Natian's
Schools,” p, 6, National Academy Press, 1990,

¢ Academic Preparation in Science: “‘Teaching for the Transition from High Scheal to Col-
lege,” 2nd ed. The College Entrance Examination Board, New York, 1990,

? Foundations: The Challenge and Promise of K-g Science Education Reform, National
Science Foundation, NSF 97-76, p. 68.



662 BIOLUMINESCENCE AS AN EDUCATIONAL TOGL [43]

/ The Scientist —‘\
|__Field Trips | \ Classroom

Science Club Teacher Resource

| Science Fair

Fia. 1. Ways in which practicing scientists can participate in school-hased science education.

is a “hard subject.” A possible reason for this attitude is the difficulty of
relating abstract concepts to concrete, real-life situations. The National
Research Council has recommended that “the major objective of elemen-
tary school science courses should be to foster positive attitudes about and
respect for the natural world, rather than to acquire detail. Children in
grades 3—6 might be especially sensitive, because it is in those grades that
“likes” and “dislikes” become established. . . . Exciting experiences in
the early grades can lead to science-related career decisions.”> This is why
it is vital that scientists become involved in precollege education.

Involvement

There are many ways to become invoived in K-12th grade science
education and many resources are available to help you have a productive,
enjoyable visit and to establish a relationship with the students and teacher.
Some of these resources include *“Chemists in the Classroom,” a brochure
produced by the American Chemical Society.® and “Sharing Science with
Children: A Survival Guide for Scientists and Engineers™ (Fig. 1).

Becoming invalved is the first and sometimes the most difficult step. A
- good way to begin is to participate in one of the national “Weeks.” National
Science and Technology Week has been designated by the National Science
Foundation as the tast week in April, National Chemistry Week is usually
in early November, and National Engineering Week is the third week in
February. Other professional societies also support community cutreach
programs through schools, museums, and other institutions. Contact your

& +Chemists in the Classroom” Prehigh School Science Office, American Chenical Society,
1155 Sixteenth St., NW, Washington, DC 20036, phone: {202)452-2113.
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national professional organization to find out what programs and resources
are available, If you are a parent, talk to your child’s teacher or school
principal about volunteering in the classroom,

Planning your visit: Find out at what level the teacher and the students
feel comfortable. Ask for suggestions. Consult with the teacher about the
level and depth of your presentation. Find out if the topic, demonstrations,
and experiments are appropriate for the age and attention span of your
audience. Teachers are not experts in teaching science, but they are experts
in teaching children. Remember, you are there to be a role model, to
present a lesson and experience on a specific topic, and to offer career
information. One of the most interesting topics is you and what you do.8

Presenting the topic: Involve the students in the activities. Doing is a
lot more interesting than lecturing. Involve the teacher as wall as the
students. Do not let the teacher leave, Make it clear to the teacher that
Your participation is a partnership with him/her. Gne of your goals is to
educate and empower the teacher, as well as the students. Ask questions
that encourage students to make predictions, offer explanations, state an
opinion, or offer conclusions. Be aware of your vocabulary. Define words
that students may not know and relate those terms to common everyday
experiences. Use analogies and metaphors, It may be helpful to give the
teacher a vocabulary list before your visit. You must connect and telate
your topics to the students and to the world around them. It is important
that the students leave with the connection between experimental science
and practical applications. Remember tg emphasize the importance of
safety, Demonstrate to students the proper way to handle and dispose of
chemicals. i the students are tequired to wear safety gear, set the example,
Before you Icave, belp set up an experiment that the class can continue,
Give the students an assignment that they can complete on their own.
Invite them to write, call, or e-mail if they have any questions,'#

Finally, follow up with the teacher and the class. This is essential to
reinforce the concepts that you presented. Ways to follow up can include

a related science topic, the history of that aspect of science, an experiment
that can be done as a class, or ways to connect the science topic with art,
literature, or other subjects in the curriculum.

Other ways to become involved are 10 participate as a judge at a science
fair, act as a consultant/advisor to students on their science fair projects,
organize or be a guest speaker at an after school science club, provide
Summer research opportunities for high school students and teachers in
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Strugture
Diversity

Bioluminescence:
Light, Photons, Circadian Rhythms,
Chemistry, Environmental Science, Science
Biology, Ecosystems, OJzone Hole,
iGell Fission, Scientific Method

Interdependence
of Life
Technology

Fic, 2. Some of the Project 2061-Benchntarks for Science Literacy concepts and themes
that can be expetienced using bioluminescence.

your laboratory or institution, and organize field trips through your research
facilities or to a local spot of scientific interest.®

What You Can Do with Bioluminescent Dinoflagellates

Benchmarks for Science Literacy—Project 2061' is a set of guidelines
established by the American Association for the Advancement of Science.
The benchmarks are guidelines for what all students should know and be
able to do in science at given grade levels (Fig. 2).

Bioluminescent dinoflagellates can be an effective way to teach and
reinforce these basic science concepts. Bioluminescent dinoflagellates are
an ideal teaching tool because they are unique. Few students or teachers
have ever experienced them, so they do not have any preconceived notions
about what to expect. It is a subject they have never failed. Much of the
teaching and discovery is done in the dark where people are inherently
less intimidated.

Bioluminescent dinoflagellates are available from many sources.! The

7 A. K. Campbell Field Trip, 2-3 September, 1994, Marine Biological Association, Plymouth,
in “Bioluminescence and Chemiluminescence: Fundamentals and Applied Aspects™ (A, K.
Camphbell, L. J. Kricka, and P. E. Stanley, eds.), p. 232. Wiley, New York, 1994,

19 American Association for the Advancement of Science, “Benchmarks for Science Literacy
(Project 2061)."* Oxford Univ, Press, New York, 1993,

1 Source for bioluminescent dinoflagellates: Provasali-Guillard National Center for the Cul-
tare of Marine Phytoplankton (CCMP), Bigelow Labaratory for Ocean Science, P.O. Box
475, McKnown Pcint, West Boothday Harbor, Maine (4575-0475. hitp:/fcemp.bigelow.
org, phone; (20M633-2173, fax: {207)633-6584 Carolina Biological, e-mail hitp:/living@
carolina.com, phone: 1-800-334-5551, fax: 1-800-222-7112.



[43] BIOLUMINESCENCE AS A CLASSROOM TOOL 665

University of Utah’s Center for Science Education and Outreach?? pro-
vides Pyrocystis lunula sealed in small polyethylene bags, essentially a
“miniecosystem,” Pyrocystis fusiformis is available through Carolina Bio-
logical. We also use dried “sea fireflies” (Vargula hilgendorfi) in some of
our demonstrations (available from Sigma), .

By involving students and teachers in the exploration of topics and
phenomena they have never seen before, they experience the scieatific
process in action and learn basic science skills and processes. Dinoflagellates
motivate the asking of questions; the students become detectives solving
the mysteries of the world around them. Students learn to understand that
hypotheses are to be tested ang retested. A simple question such as “why
is the light blue” can become a whole research project involving light,
photons, optics, evolution, adaptation, and the optical properties of water.

It is very interesting to involve the students and the teacher in the
nature of [uminescence itself —what is light, where does it come from, how
does it originate ?—and to observe, compare, and contrast stich phenomena
8s thermal luminescence, Auorescence, phosphorescence, chemilumines.
cence, and bioluminescence, Chemiluminescent demonstrations are readily
available and are exciting for the students.>"* An explanation of the differ.

minescent light sticks, available in most hardware stores, as well as in
science-related gift shops, have been used and ¢xperienced by many of the
children and teachers, but with little scientific thought or consideration.
Once the comcept of chemically generated light, so called cool light, is
firmly established, then the connection can be made that bioluminescence
1s basically chemical luminescence produced by living organisms,

2 Center for Science Education and Outreach, University of Utah, Bioengineering, 50 §
Central Campus DR. RM 2480, Salt Lake City, Urah 84112-9202, phone (B01)S8L4171. -
mail:http;ﬂww.utah.edufcisefbiolumincscence.html

FH. Brandl, §, Albrecht, and T, Zimmermann, in “Bioluminescence and Chemiluminescence:
Molecular Reporting with Photons” (J. W. Hastings, L. J. Kricka, and P. E, Stanley, eds.),
p. 196, Wiley, New York, 1997,

" F. McCapra, Methods Enzymol, 305 [42) 2000 (this volume).

* 8. Brolin and G. Wettermark, “Bioluminescence Analysis,” p. 1. VCH, New York, 1992,

¥ M. Toner, Ins, Wildlife May/June, p. 33 {1994).
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The firefly analogy is always useful and popular, Fireflies have a short
season and are unavailable in some parts of the country at any time. A
short film clip of fireflies in action is incredibly popular. A particnlarly good
video of bioluminescent organisms, including a good section on fireflies, is
David Attenborough’s “Talking to Strangers,” a program in the Trials
of Life series.”” From fireflies one can get into a discussion of marine
bioluminescence, including the more spectacular jelly fish and giant squid
type species well illustrated in the Attenborough video. We usually use the
excuse that it is hard to carry the organisms around, so we prefer to work
with microscopic ones, the dinoflagellates. It is useful to begin this discussion
with marine bioluminescence as observed by sailors and fishermen through-
out history: the blue glow of the sea and of the waves.

Dinoflagellates are unicellular, flagellated organisms. They are found
throughout the world in both marine and freshwater environments and are
responsible for many of the algae blooms known as red tides. Biolumines-
cent dinoflagellates are found only in marine habitats. There are no known
freshwater bioluminescent dinoflagellates. Most, but not all, of the biclumi-
nescent dinoflagellates are photosynthetic. The best known bioluminescent
dinoflagellates are Gonyaulax polyedra, Noctiluca scintillans, Pyrodimium
bahamense, and several species of Pyrocystis.'® These dinoflagellates can
be cultured in the laboratory or classroom. They require a light/dark cycle
with 6-8 hr of darkmess in a 24-hr period. They also require moderate
temperatures, generally between 11.5 and 21.5°. Bioluminescent dinoflage!-
lates are regulated by a circadian rhythm. They produce light most intensely
during their night phase. For classrcom presentations the dinoflagellates
should receive light at “night™ and dark by “‘day,” reversing their normal
cycle, to maximize light production during normal classroom hours. In
dinoflagellates, bioluminescence is produced in response to mechanical
stimulation. Light is also produced when weak acid is added to a sample
of dinoflagellates.

Closed Ecosysterns

We seal our dinoflagellates in low-density polyethylene bags, using a
heat sealer. Each bag becomes its own colony. When we visit classrooms we
often get questions about how living things can live in a sealed environment,
which leads to a wonderful discussion on closed ecosystems. We talk about

17 David Attenborough, “Talking to Strangers.” The Trials of Life series, available from
Ambrose Video, 1290 Avenue of the Americas, Suite 2245, New York, NY 10104, The last
15 min of the video are on bicluminescence.

18R, I, R. Taylor, “Biology of Dinoftagellates.” Blackwell Scientific Publications, Palo Alto,
CA, 1987,



43] BIOLUMINESCENCE AS A CLASSROOM TOOL 667
what living things need to survive and the different requirements for plants
and animals, One of the requirements of P. lunulz is light. Dinoflagellates
are considered “masters of photasynthesis, 19,20 They have the ability to
harvest light in wavelengths that green plants miss and are abje to convert
light into stored energy very efficiently ! After we discuss the importance
of light, we talk about Mutrient requirements and how the dinoflagellates
Use vitamins and minerals from the fortified sea water, The bags we use
are semipermeable, allowing the exchange of gases. We also discuss Bio-

sphere2? and the closed systems that will be required for long duration
space travel,

Division Rotes

Students can set Up microscopes focusing on a single cell and can watch
daily 1o see the changes as the celi divides, P. lunuia divides approximately
every 7 days. However, at any point in time a colony of dinoftagellates wil]

division scavenger hunt, where the students look for, and draw, as many
stages of the dinoflagellates’ division process as they can find, For studen(s
who have never used 5 microscope, the dinoffagellates make an interesting
subject to learn microscope skills and to teach concepts such as scale. Many
elementary classrooms donot have microscopes, so youmay need to borrow
and bring one or more,

Circadian Rhythms

In humans, a biological clock, or circadian rhythm, is responsible for
when we get tited, hungry, and why we feel jet lag. In bioluminescent
dinoflagellates, the circadian rhythm regulates when the cejl should bio-
luminesce angd photosynthesize 2236.24 [y oot cases, the dinoflagellates will
only produce light during the “night.” The intensity of continuous light

PR, Lewis, Photosynthesis the Plankton Way. Photonjes Spectra, Sept., p. 46 {1996),

L Hoffman, p. M. Wrench, F. P, Sharples, R, G. Hilfer, W. Welte, and K. Diederichs,
“Structural Basis of Light Harvesting by Carotenoids: Peridinin{llﬂorophyll-l’rotein from
Amphidinizen cartereq,” Science 272, 1738 {1996).

L A, 8. Moffat, Form Follows Function When Plants Harvest Light, Science 272, 1743 (1996).

ZD, A, Sieloff, “Biosphere 2: A World in Our Hands.” Bisophere Prass, Oracle, Arizona, 1995,

B D. Morse, L. Fritz, and J. w, Hastings, “What is the Ciack? Transitional Regulation of
Circadian Bicluminescence,” Biochem, Physiol. 94 ¢ 128 (1989),

ZaT, Roenneberg ang W, Tavlor, Methods Enzymol, 305 [7] 2000 {this volume),

#p, Colepicolo, T, Ronneberg, D. Morse, W, Taylor,and I. W, Hastings, Circadian Repulation

of Bioluminescence i the Dinoflagellate Pyrocystis lunula, 7, Phyeol 28, 173 {1993).
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has a large effect on how the natural clock runs. Different colors of light
have different effects on dinoflagellates. For example, bright red light makes
the clock “tick” slower, lengthening its day. Continuous blue light shortens
the phytoplankton’s day.’ You can reset the biological clock in your dino-
flagellates so that day is night, manipulating them to glow during class time.
To do this, give the dinofiagellates light at night and keep them in the dark
during the day. For P, Junula, 3 to 4 days are needed for complete resetting
of the clock.

Several classroom experiments can focus on circadian rhythms. For
example, the physiological changes that occur during the dinoflagellates’
night and day phases can be seen by putting one dinoflagellate colony on
a regular light-dark cycle where it gets light during the day and darkness
at night and a second colony on an alternate cycle where it gets light at
night and is in the dark during the day. The class can compare both colonies
under the microscope at the same time. Another experiment could be to
deprive the dinoflagellates of light completely, give them light continuously,
give them varying degrees (1, 2, 5 hr) of light a day or give them different
intensities of light and observe the luminescence and physiology of the
dinoflagellates over time.

Toxicity/Environment

Bioluminescent dinoflagellates have been used to test sea water for the
toxicity of pollutants. Classroom projects involving bioluminescent bacteria
can be used as well. % To perform this experiment, several different house-
hold chemicals can be used. Students can bring the chemicals from home
or you can provide them. Chemicals can include laundry soap, bleach,
vinegar, milk, baking soda, and oil. Before anything is added to the sample,
students should be able to observe and roughly quantitate the dinoflagel-
lates’ bioluminescence. A small amount of each chemical is then added to
the sample of bioluminescent dinoflagellates. It is important to deal with
control experiments and basic chemical parameters such as pH. There are,
of course, many measures of toxicity. One might be an acute toxicity, in
which the presence of the chemicals directly impacts the chemical/biclogical
nature of the dinoflagellates, directly impairing their ability to produce
light. Another form of toxicity might be more “chronic” in nature, perhaps

2 w. 1. Cromie, Bioluminescence: Evolution's Novelty. Harvard Gazerte, Feb. 16, p. 13 (1990).

26y, A, Kratasyuk, A. M. Kuznov, and 1. . Gitelson, Bacterial Bioluminescence in Ecological
Education, in *Bioluminescence and Chemiluminescence: Molecular Reporting with Pho-
tons™ {J. W. Hastings, L. J. Kricka, and P, E. Stanley, ¢ds.) p. 177. Wiley, New York, 1997.

77 D. Lapota, D. E. Rosenberger, and D. Duckworth, A Bioluminescent Dinoflagellate Assay
for Determining Toxicity of Coastal Waters, “Bioluminescence and Chemiluminescence:
Fundamentals and Applied Aspects” {A. K. Campbell, L. J. Kricka, and F. E. Stanley,
eds.), p. 156. Wiley, New York, 1994,
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impairing the organism’s health and well-being over a period of several
days. Still another may have to do with the ability of the organism to
continue to divide and expand the population. The degree of “‘toxicity”
could be measured by how long the dinoflagellates continue to glow.

The conclusions from such experiments can be related to the effects of
pollution on the environment, Photosynthetic dinoflagellates and other
marine phytoplankton utilize carbon dioxide from the atmosphere. On a
global scale, annual phytoplankton photosynthesis is roughly equivalent to
that of plants and trees on land. Organic matter, including phytoplankton,
settles slowly to the deep ocean in the form of dead particulate matter,
This organic carbon is colonized by bacteria and other microorganisms and
slowly degrades to carbon dioxide as it descends to the ocean floor. This
whole process creates a carbon sink that serves to concentrate carbon
dioxide in the deep sea. If phytoplankton cease to exist, the deep sea
reservoir of carbon dioxide would eventually equilibrate with the atmo-
sphere, tripling the atmospheric carbon dioxide and altering the earth’s
climate through the greenhouse effect.?® This discussion can lead to the
topics of photosynthesis, the ozone hole? the greenhouse effect, and the
food web. Photosynthetic dinoflagellates are primary producers.>® Much of
the life in the ocean is dependent on phytoplankton, without which there
would be very little life in the world’s oceans, 2831

By integrating these different concepts students can see that although
science is normally separated into small parts in order to be investigated and
studied, all the parts are interrelated and interdependent. Bioluminescent
dinoflagellates are a valuable tool for teaching integrated science themes
and concepts.

COur Experiences®s?

When we introduce students to bioluminescence using dinoflagellates,
we make sure the room is completely dark. A room with no windows is

8. W. Chisholm, What Limits Phytoplankton Growth? Oczanus 35, 36 (19923,

BR. C. Smith, B. B. Prezelin, K. 8. Baker, R, R. Bidigare, N. F. Boucher, T. Coley,
D. Karentz, S. MacIntyre, H. A. Matkick, 1. Menzies, M. Ondrusek, Z. Wan, and K. J.
Waters, “Ozone Deplstion: Ultraviolet Radiation and Phytoplankton Biclogy in Antarctic
Waters,” Science 228, 925 (1992),

*K. Steidger, Phytoplankion Ecclogy: A Conceptual Review Based on Eastern Guif of
Mexico Research, CRC Crit. Rey. Microtiol,, Sept., p. 49 {1973).

5L R, Baum, Phytoplankton Seen as an Atmospheric CO, Control, C & EN, May 28, p. 7 (1950).

7. D. Andrade, J. Tobler, M. Lisonbee, and D. Min, in “Bioluminescence and Chemilurmines.
cence: Status Report” {A. A. Szalay, L. I. Kricka, and P. E. Stanley, eds.), p- 69. Wiley,
New Yoark, 1993.

*J. D. Andrade, M. Lisonbee, and D. Min, in “Bioluminescence and Chemiluminescence:
Fundamentals and Applied Aspects” (A. K. Campbell, L. J. Kricks, and P E. Stanley,
eds.), p. 371, Wiley, New York, 1994,



670 BIOLUMINESCENCE AS AN EDUCATIONAL TQOL [43]

ideal but black paper or aluminum foil over windows and in cracks works
well. We allow the students to become dark adapted. While their eyes are
adjusting, we talk about how the eyes dark adapt. In some cases, we excite
a light stick and pass it around. We explain chemical reactions and how
the chemicals in the light stick make cold light. We also use wintergreen
lifesavers to introduce the students to triboluminescence.> When the stu-
dents’ eyes have adapted and the room is completely black, we gently
and unexpectedly toss out the dinoflagellates in sealed bags. Ideally every
student catches their own bag. This is when the fun really starts. The
questions start to pour out. What is it? Why is the light blue? When we
tell them that the contents of the bags are alive, the students want to know
what is in the bags, how do they get air? Why do they only make light
when they are shaken? Will shaking kill them? We encourage them to
formulate hypotheses and to discard hypotheses. After many of the ques-
tions are addressed we turn on the lights. The students are usually a bit
disappointed when the bags appear to contain only murky water. We usually
use a microscope so the students can see the dinoflagellates. This introduc-
tion is only the first step. Now the students can do experiments using their
dinoflagellates. They take the bags home and are encouraged to continue
their observations and experiments.

What Others Are Doing

D1. Mariam Polne-Fuller, at the University of California, Santa Barbara,
uses bioluminescent dinoflagellates to enhance lessons for K-12 grades.
She has found bioluminescent dinoflageliates to be a wonderful too] for
sharing the excitement of research and the fun of learning and teaching.
Some of these lessons are

K-3 Light, Invisible Partners, the Scientific Method, and Let Us See
the Lights in the Dark Sea

3-6 The Living Cell, Plankton, and the Surprises in Science

7-12 Water Column Migrators, Intracellular Motion, and Do Plants
See Light.%*

Dr. Polne-Fuller runs the Young Marine Scientists® program as part of
the Marine Science Institute at the University of California, Santa Barbara.

3w, L. Dills, Jr., “The Great Wintergreen Candy Experiment,” Science Scope, Nov./Dec.,
p. 24 (1992).

%5 M. Pelne-Fuller, Personal Correspondence, e-mail: polne@lifesci ucsb_edu.

¥ Young Marine Scientists -hitp:/fresearch uesh.edu/msi/msitexts/'YMSP/ymsp.htm
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This program provides research opportunities for undergraduates and K—12
teachers and their students, The participants are involved in hands-on
activities using practical materigls, Through this program, teachers and
students are offered direct €xposure to working scientists,

Real Scientist is a commercially available kit that utilizes biolominescent
bacteria and CD-ROM technology 1o provide hands-on science experi-
ences.??

Green fluorescent protein (GFP)® from the bicluminescent jellyfish
Aequorea victoria has been used in cell and developmental biology as a
fluorescent marker for gene expression. ¥ These techniques are being
developed for high school laboratory yse, Kratasyuk ef al,? at the Russian
Academy of Science have used bioluminescence ag 3 tool in ecological
education by using bioluminescent bacteria to test toxic substances and
media. There is a new coloring book on bioluminescence by Edith Widder
(published by the Harbor Branch Oceanographic Institute, 1998), which is
an ideal way (0 reach very young children. There are also several excellent
web pages featuring bicluminescence! ang articles on bioluminescence for
science education.

Summary

There is a great need for practicing scientists to volunteer their time
and expertise in the K-12th grade science classroom. We have found that
bioluminescence is a fun and exciting way to teach basic science concepts
and is an excellent tool for the volunteering scientist. We have had very
positive reactions from both teachers and students, The excitement of the

*P. E, Andreotti, T. Berthold, P, E, Stanley, and F. Berthoid, iz “Bioluminescencs and
Chemiluminescence: Molecutar Reporting with Photans” {J. W. Hastings, L. J. Kricka, and
P.E. Stanley, eds.), p. 181, Wiley, New York, 1997, Microlab Systems Corporation, Boca
Raton, FL 33428,

¥, W, Cutler, D. F, Davis, and W. W. Ward, in “Bioluminescence and Chemiluminescence:
Fundamentals and Applied Aspects” (A, K. Campbell, L, J. Kricka, and, P, B, Stanley,

YD, A Yernoon, P, Vv, Reddy, D. F, Davis, and W, W, Ward, in *Bioluminescence and
Chemiluminescence: Molecular Reporting with Photons” (J. w. Hastings, L. J. Kricka, and
P. E, Stanley, eds), p. 102, Wiley, New York, 1997,

“ The Bioluminescence Web Page http:ﬁ[ifesci.ucsb.edu!~bi0[mn.-’http:fa’cd]ib.phys.msu.su!
GenPhysiOpﬁcWWL@czwbiolumm.hun

2 http:!fhiotech.binlugy.atimna.edufprim er/readings/bioluminescence. him]
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students when they first see bioluminescence is contagious. Bioluminescent
dinoflagellates are one of the easiest ways to introduce students to this
fascinating topic. Many activities and experiments can be done using the
bioluminescent dinoflagellates and many students and teachers could bene-
fit from your knowledge and expertise. See you in the classroom!®

“ Please share your bioluminescent classroom £xperiences with Mara, ¢-mail: pid@msn.com,
or Joe, e-mail: joe.andrade@m_ceutah.edu.
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THE ADSORPTION OF LYSOZYMES: A MODEL SYSTEM

a) a) b) x
J. Hansen®, K. Ely, D. Horsley"; J. Herron, V. Hlady , and J. D. Andrade

Department of Bioengineering. University of Utah, Salt Lake City, Utah,
84112, USA
b) R, Boskovic Institute, Zagreb, Yugoslavia

Abstract — Hen egg white lysozyme was adsorbed onto clean borosilicate
glass and n-pentyl silane-treated glass surfaces. Both modified
treductively methylated) and native lysozyme were studied. Variable
angle X-ray photoelectron spectroscopy (VA-XPS) suggested differences in
the nature of the adsorbed layer depending on substrate properties, as
well as on degree of methylation of the protein. Adsorbed film
thickness (as measured in the dehydrated state by XPS) ranged from

14 & on hydrophilic glass to 25 A on the hydrophobic surface. Degree of
surface coverage ranged from 45% on the hydrophobic to 69% on the
hydrophilic surface. The results suggest that lysozyme unfolds to a
greater extent and covers more surface on the hydrophilic glass,
possibly due to strong electrostatic interactions at the pH 7.4
conditions used in the study. BAn analysis of the surface structure of
native hen lysozyme by molecular graphics has alsc been performed,
suggesting that adsorption on hydrophobic surfaces should occur via the
hydrophobic patch opposite the enzyme active site cleft.

A comparison with human lysozyme has also been made using total internal
reflection fluorescence (TIRF) spectroscopy to measure protein
adsorption on model surfaces. The two proteins have significantly
different interfacial properties.

INTRODUCTION

A better understanding of protein adsorption is needed in many areas of
medicine and biology. The general factors involved in protein adsorption are
qualitatively recognized. The key problem is to begin developing medels and
mechanisms to understand and predict protein adsorption, hopefully
quantitatively (1).

Protein structure is complex, with a maltiplicity of intermolecular
interactions, surface functional groups, and conformational dynamics (2).
Relatively simple, well-understood proteins (such as lysozymes) can now be
viewed and modeled using interactive computer graphics, permitting all
possible orientations of the pretein with respect to the surface to be sampled
and "viewed," thereby permitting the formulation of specific interaction
hypotheses (1,2). Modern molecular modelling, using the atomic coordinates
for proteins with known three-dimensional structures ({over two hundred
proteins), allow the investigator to more fully appreciate and understand the
richness and distribution of protein surface structures and domains.

Detailed studies and models of lysozyme adsorption are an appropriate first
step to a general understanding of proteins at interfaces. Hen and human
lysozymes form an ideal model system with which to initiate the effort because
their 3-D structures are well-known, because they are readily available,
because they are resistant to denaturation, thereby simplifying the analysis,
and because they are important to tears and contact lenses. An understanding
of human lysozyme interactions with contact lens materials is essential to the

a)Submitted in partial fulfillment of the M.S. degree in
Bioengineering, University of Utah
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resistant to denaturation (3).

Hen lysozyme is one of the most extensively studied an:id we:}l—-undegstood

proteins (3,4). It has a net positive charge‘due to 1t5‘hlgh %ys_meqs

content. Its surface is relatively hydrophomc.t_'I'afcl);thlrilﬁeopr;E:in 2 S
obic amino acid residues are at least partia on

gﬁgmeigosed to solvent. The combination of bol_:h a strc_mg hydrophgabic and

electrostatic (positive) character results in interesting adsorption

properties (5,6).

Lysozyme is second only to lactoferrin as th.c_.‘ major protein c:omggnent of the
tears in the human (7,8). It is also found in human milk andd?edeio . SR
secretions. The primary structure of all’human 1)_:$ozymes Stl:t i s

identical (4). Lysozyme is a bacterio%ytlc protein, catalyzmcé 'k:icus b
decomposition of cell wall polysaccharides of lrlicrococcus_lyso 31 i z
addition to binding to a variety of mono- and p<?1ysacche_1r1des {3), i{sgl?‘e 4
binds to acidic proteins (including albumin), llmprotelns, and_to r at.:.-r
dimer form becomes pronounced at ~pH 7 for sol!.utlon concentratlc;ns tg emnmﬂer
than 2 to 10 mg/ml. Lysozyme in normal tears is expected to be in the

form.

i cial properties of hen lysozyme are.ezctensively_ reviewed in
g:‘feeiglﬁggfg—mucg o?ethe available work has utilized the alr/sotlzgtlors}tﬁg?es i
oil/aqueous solution interfaces (9). Only recently have adsorp! ﬁn s
polymers and contact lens materials begun to appear (10-16). Ho ylit;l e
did much of the earlier work (10). Ratner and Horbeti': have.: shownl( S
high water content lenses, particularly the methacrylic acid copo ym?;lllenses
adsorb (and possibly absorb) large amoL_mtg of lys.ozyr_ne. The oonmer:lal iy
studied have very different lysozyme—bn)dmg properties. Gachon e 4 r
showed that lysczyme is the major constituent adsorbed from a llumgﬂ ?‘:ctivel
analog solution. Castillo et al. (13) have ghotyn that 1¥sozyme is ss adsorbeg
adsorbed on high water content gels, and mucin is the major cﬁgpoBr;:nkin id
on pure polyhydroxyethyl methacrylate (PHEMA)_ gels. Proust a : ?n Sl
also studied mucin adsorption (14,15). Cagtlllo t_et al. s1_:udles g, e
spoiled lense show that lysozyme is the main constituent in the eposi .

a problem with the effect of the label on the adsor._'ptlon
g?g;:rggsl.)e C}F:en et al, have shown (16) that heq lysogym radlo»-la%;g?bsby
reductive methylation (which dimethylates_the_lysme amino groﬁlgs) ’ e
differently from unlabeled material. It is likely that iocdination may
affect the adsorption process (17,18).

Clearly lysozyme is adsorbing at least in part by an elecl‘:rostatl];c mzchanlsm
on methacrylic acid—containing lenses. It 1s known that }?naeyltc pﬂ?lngunit o
chromatography of lysozyme is very pH sengltlve—changes 0 .67?) e
lead to significant differences in retention (Reference 3, p. s
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PH can vary from 7.1-7.8 (7), possibly having an effect on lysozyme
adsorption.

Hen and human lysozymes are significantly different (6,31). It is reasonable
to expect that the two Proteins will exhibit different adsorption
characteristics. The human material is less resistant to denaturation and
crystallizes differently than the hen—-also the two proteins do not exhibit
Strong cross reactivity with antisera, suggesting substantial differences in
the surface nature of the two proteins.,

EXPERIMENTAL (5,6)

Materials. Amorphous silica microscope slides were obtained from ESCO
products. The silanes 3—amino~propy1triethoxysi1ane {APS) and

standard, 5-hydroxytryptophan methyl ester hydrochloride (TrpOH) was also a
preduct of Calbiochem. PBS buffer (pH 7.4, [KH2P041=0.(}13M, [NaZHPO4]=0.054M,
[NaC1]=0.1M) made from analytical grade reagent$ and low conductivity water
was used to prepare all protein and fluorescence standard solutions. These
solutions were prepared fresh, prior to each experiment.

Preparation of Surfaces. Adsorption studies were performed using charged and
hydrophobic surfaces. Amorphous silica microscope slides were used as the
Substrate for all surfaces. Slides were cleaned in hot {80 degrees C) chromic
acid for 20-30 minutes, cooled to room temperature, and then rinsed well in
ultra-pure water (Milli-0 reagent water system). Slides were then desiccated
for 12 hours at 100 degrees C. Cleanliness was confirmed by the measurement
of Wilhelmy plate contact angle (no hysteresis with a clean surface).

The amorphous silica microscope slides exhibit an intrinsic negative charge at
PH 7.4 (the surface silanol groups have been determined as having a PK. of 5-7
by several workers (19-21)) and were used without further modification for
adsorption of lysozyme onto negatively-charged surfaces. The average

£ potential of equivalent silica slides was determined by Van Wagenen et al.
(22) to be —65 my.

Positively-charged surfaces were prepared by reacting the cleaned microscope
slides with B—mnino—propyltriethoxysilane (APS). At pH 7.4, the end amino
group (pK_=10-11) of the immobilized APS molecule bears a positive charge.
Clean slides were dip cast in a solution of 5% APS (v/v) in ethanol-H.O
(95:5), and allowed to react for 30 minutes. Slides were then rinsed several
times in H50, followed with ethanol.

Non-covalently bound APS was removed by vacuum desiccation at &g degrees C for
12 hours. The measured contact angles of the APS coated slides exhibited mean
values of 70 degrees advancing angle and 20 degrees receding angle with less
than 10% variability among several aps coated surfaces. The average

L potential of similarly prepared aps coated slides was determined by Van

Rydrophobic surfaces were Prepared by dip casting cleaned microscope slides
with dimethyldichlorosilane (DDS). A similar Protocol was used for DDS as for
APS, except that the reaction mixture for DDS was 10% DDS (v/v) in dry
toluene, and slides were rinsed with ethanol before rinsing with H,0 in order
to remove the toluene. The measured contact angles of the DS coaged slides
exhibited mean values of 110 degrees advancing angle and 90 degrees receding
angle with less than 10% variability among several DDS coated surfaces.
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Earlier studies (5) employed n-pentyl silanized glass slides.

Hen Lysozyme Solutions. High labeled lysozyme was prepared by reductive
methylatl.on (16, 23) with slight modifications. Hen egg white lysozyme in the
amount of 200 mg in 100 ml of phosphate buffered saline (PBS), 1.14 g l\laZHPC!4
+ 0.22 g KH,PO, + 8.5 g NaCl to 1 liter, pH'?d. was reacted with 0.295 ml
fermaldehyde (% 100 37% formaldehyde: H,0 Prior to the addition of
formaldehyde, 0.1255 g sodium cyanahoro}%ydrlde (NaCNBH3} diluted in 1 ml PBS
buffer was added to the protein solution. The mixture was allowed to react
for 24 hours at 4°C with mild stirring. & Sephadex G-25 column pre-—
equilibrated with- PBS buffer was then used to remove reactants from the
protein sample.

Medium labeled and low labeled lysozyme solutions were preduced by diluting
the high labeled solution with PBS, 1:10 and 1:100, respectively. Native or
unlabeled lysozyme was then added to these two solutions until the same
protein concentration was reached as the high labeled material.

The labeling process was identical to that performed by Chen et al. (16)
except for the fact that the formaldehyde was not tritiated.

A solution of native lysozyme (hereafter referred to as unlabeled lysozyme)
was prepared by diluting native crystallized lysozyme with PBS buffer to a
concentration equal to the high labeled lysozyme solution.

The concentration of all lysozyme/PBS solutions was determined to be 1.44
mg/ml in PBS by absorbance measurements at 280 nm using a Beckman model 35 UV-
visible spectrophotometer with PBS as a rsferfnce The molar extinction
coefficient was determined to 3.1 x 10 The molecular weight used for
the calculations was 1.39 x 10° g/mole.

High labeled and unlabeled lysozyme solutions were characterized by UV
absorption and emission fluorescence.

Adsorption Experiments. Protein adsorption experiments were performed at 20°c
using the prepared glass surfaces and the unlabeled, high, medium, and low
labeled hen lysozyme solutions. All glass cover slips were hydrated in FBS
buffer for 15 minutes prior to the experiment. The adsorption was performed
in 1 dram glass vials. Each vial contained a glass bead (3 mm in diameter) to
support a glass cover slip and 0.33 ml of PBS buffer (see Reference 5 for
details). Protein solution was injected below the air-water interface into
the PBS sclution with a 3 cc disposable syringe. A clean syringe was used for
each vial.

Triplicate experiments were performed. The matrix of conditions consisted of
three time intervals (1, 10, 100 minutes), two types of glass (cleaned-
hydrophilic and silanized hydrophobic), and four types of lysozyme (unlabeled,
high labeled, medium labeled, and low labeled).

The adsorption phase was followed by a 1 1/2 minute rinse with PBS buffer.
The vial served as a "flow-through” cell and at no time during the rinse did
the cover slip pass through an air-water interface. The flow rate was
approximately 50 ml/minute. The flow was begun by the slow injection of PBS
buffer through the system by a 30 cc disposable syringe. After the injection
of 30 cc of PBS buffer, a valve was changed to allow the flow to continue by
atmospheric pressure. The 1 1/2 minute rinse with PBS buffer was followed by
a rapid rinse of the glass cover slip in double—distilled water. This rapid
rinse was performed to ensure removal of buffer salts from the sample which
could possibly interfere with the XPS analysis.
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The cover slip was then placed in appropriately labeled disposable Petri
dishes (Falcon #1029, 100 x 15 mm) with one edge of the cover slip resting on
the bottom and one edge of the cover slip resting on the side of the Petri
dish. The side of the cover slip which did not contact the 3 mm glass bead
was noted, and this side only was analyzed by XPS. The cover slips were
allowed to air dry under the hood of a Farr clean bench.

XPS . These adsorption samples were analyzed by XPS. Only samples adsorbed
using high labeled and unlabeled hen lysozyme solutions at the 100 minute time
interval were analyzed by the variable angle XPS method, described in the next
section. XPS is a surface-sensitive, semiquantitative, nondegrading technique
used to chemically analyze polymer surfaces. Recently it has been explored as
a possible method to analyze protein adsorption (24-26). It is possible to
ascertain relative amounts of protein adsorbed on surfaces through XPS
analysis.

Radiolabeling provides information on the actual surface concentration of the
adsorbed protein, which cannot be determined directly with XPS. However, the
radiclabeling procedure allows counting of only those molecules with a

label. It is not possible to study the adsorption of unlabeled lysozyme. XPS
has the advantage of accounting for all protein molecules on the surface,
whether they are labeled or unlabeled. The XPS technique was chosen in order
to compare directly the adsorption of labeled lysozyme with that of unlabeled
lysozyme. Labeling procedures similar to those of Chen et al. (16) were
followed to allow correlation of the results of both studies.

XPS5 was also performed at variable angles to further analyze the adsorption of
labeled and unlabeled lysozyme, providing an estimate of the thickness of the
adsorbed protein film and the fraction of surface covered by adsorbed

protein. Such information can be useful in examining possible modes of
lysozyme adsorption. For example, estimates of the amount of thickness can be
compared to the size of the protein to determine probable amount of
denaturation or possible number of multiple layers of native protein.

The photoelectron escape depth, which is a function of kinetic energy,
determines the volume sampled. The escape depth, or mean free path, for most
polymers is 30 to 65 A (26). The XPS technique is therefore extremely surface
sensitive, and thus particularly well-suited to the study of protein
adsorption.

Application of the XPS technique to the study of protein adsorption requires
an understanding of the effect of an overlayer (i.e., adsorbed protein) on the
signal of the substrate (i.e., the glass cover slip). This effect is
discussed in detail in Reference 26, where the appropriate equations are
derived and presented.

It Is necessary that the element used to represent the overlayer (i.e., a
layer of adsorbed protein) is not present in the substrate and the element
used to represent the substrate (i.e., a glass cover slip) is not present in
the overlayer. To study the adsorption of lysozyme on glass surfaces, we
chose nitrogen to represent the protein and silicon to represent the glass
substrate. The nitrogen to silicon ratio clearly enhances any difference in
protein adsorption between different samples. As the nitrogen signal is
increased, the silicon signal is correspondingly decreased, owing to
attenuation of the substrate signal by the protein overlayer. This ratioing
process also simplifies several aspects of the XPS data quantitation.
Although absolute concentration cannot he ascertained by XPS, relative amounts
of protein adsorbed can be compared from sample to sample (26).
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Estimates of the mean free paths were derived using the Ashley theory and
parameters discussed in detail in Reference 26.

A Hewlett-Packard 5950B mcnochromatic AlK a X-ray photoelectron spectrometer
was used. The energy of the X-rays was 1487 eV. A variable angle probe !
(Surface Science Labs, Palo Alto, CA) was used, and the photoelectron exit
angles examined varied from 18.5 to 78.5° (with respect to the plane of the
sample}. The data are processed by the expression (26): |

Ip  Ip°f(1 - exp (-d/A,sin 6)) ]
SR (1}
Is  1s° ((1-f) + £ exp (-4/h,sin 6))

where

Is = observed intensity of the substrate signal (silicon-2s)
1s° = the intensity of the signal from the clean substrate
f = the fraction of the substrate surface covered by the protein
d = thickness of the protein layer
Ays Ay = inelastic mean free path for the appropriate photoelectrons
photoelectron take—off angle

i3
Ip

observed intensity of the protein signal (nitrocgen-1s)
the intensity of the signal from a pure, thick sample of
protein

TIRIF. The TIRIF apparatus used in the later experiments has been described
in detail elsewhere (31). The incident light totally internally reflects at |
the quartz-aqueous interface and produces a standing wave normal to the ’
reflecting interface inside the quartz (the optically more dense medium) due
to the superposition of the incident and reflected waves. The electric field'
of the standing wave has a non-zero amplitude (E®) at the interface which |
decays exponentially with distance (z) normal to the interface into the
aqueous phase (the optically less dense medium), thereby creating a surface |
evanescent wave that selectively excites molecules within a few thousand
angstroms from the surface.

TIRIF adsorption isotherms were determined at room temperature. Fluorescence '
emission was generated by exciting at 280 nm and collecting at 335 nm (several
workers have shown that tyrosine emission at 335 nm of both human and hen
lysozymes is insignificant when exciting at 280 nm (28-30)). Slits of 16-nm
half-bandwidth were used in both excitation and emission monochromators. For |
in situ protein adsorption experiments, the TIRIF cell was first primed with
buffer and the background fluorescence was taken. The buffer solution was
then replaced with external standard (TrpOH) solutions of increasing
concentration and the fluorescence intensity recorded (31). After the f
fluorescence of the TrpOH standard of the highest concentration was recorded, |
the cell was again flushed with buffer to return the signal to the background |
level. At this point, 5 ml of the least concentrated protein solution was '
injected into the cell at a flow rate of 20 ml/min after which the flow was |
stopped and the protein was allowed to adsorb for 50 minutes (30 minutes after
no further increase in surface fluorescence was seen)., A shutter was used tob
prevent overexposure to UV light during the adsorption time. At the end of 50
minutes, the shutter was opened and fluorescence signal was recorded (N otls
The cell was then flushed with buffer (20 ml/min ) to remove nonadsorbeé
proteins and the resulting signal recorded (N.). The procedure was then
repeated for the protein solution of the nextahigher concentration and so

on. In this manner, a step-adsorption experiment was performed as opposed to
a single-shot adsorption experiment where the clean surface is exposed only
once to each protein solution.
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The quantitation scheme developed by Hlady et al. (32) was then used to
quantitate the amount of protein adsorbed at each protein concentration from
the recorded fluorescence intensities.

The earlier computer graphics display(s) of the a -carbon backbone of hen
lysozyme was implemented with an Evans and Sutherland Picture System II
interfaced to a DEC 1170 computer. Side chains of selected aminoc acids were
co—displayed for identification of surface residues.

The recent molecular graphics studies of hen and human lyzsozymes (6,31) were
performed, using a Silicon Graphics IRIS-2400 graphics workstation. Computer
programs for displaying and manipulating protein models were developed by the
computer graphics laboratory at the University of California at San
Francisco. The principal program, called MIDAS,acts as a display vehicle for
several different data structures, including atomic coordinates in Protein
Data Bank format, wvan der Waals surfaces, solvent-accessible surfaces, and
electrostatic potential surfaces.

Atomic coordinates for both hen egg-white and human lysozymes were based on
crystallographic structures determined by Blake et al. (33-37) and deposited
in the Protein Data Bank (Brookhaven Mational Laboratory). The distribution
of hydrophobic, polar, and charged atoms on the surface of the two proteins
was analyzed by calculating Corey-Pauling-Kaitun (CPK) surfaces and coloring
atoms according to two coloring schemes {31). Both the Feldmann scheme (38)
and the scheme based on the Elsenberg Atomic Solvation Parameter (ASP) (39)
were based on how each residue would be charged at pH 7.4.

RESULTS

Computer Modeling for Variable Angle XPS In order to obtain an appreciation
for the nature of equation 1, we chose reasonable values for the photoelectron
take-off angle, © ; the mean free paths for the nitrogen (1s) and silicon
(2s) in the adsorbed hen lysozyme f£ilm, hy and Ao, respectively; thickness
of adsorbed protein, d; and fraction of surface covered by adsorbed protein,
£. Ip/Is was computed by substituting o = 15, 30, 45, 60, 75, and 90°,
f=1/4, 1/2, 3/4, and 1, d=10, 25, 40, and 554, and R], =20, 40, and A0A. We
assumed A, = l?, for this portion of the analysis. 'Tﬁe mean free paths were
chosen baséd on“studies by Ashley, Clarke, Hall, and others (26). 'The
photoelectron take—off angles were chosen to be evenly dispersed within the
range .of acceptable valves (i.e. 0°-90°). vValues below 15° were considered
not to be within the working range of the instrument.

The set of theoretical graphs is presented in Figure 1. The logy,y Ip/Is was
used because of the wide range in the Ip/Is values.

The next step was to determine Ip® and Is® experimentally. Ip° represents the
intensity of the signal of nitrogen (1s) from a pure, thick sample of
powdered, crystalline hen lysozyme. It was derived both thecretically and by
actual XPS analysis (5).

Is° represents the intensity of the signal from a pure, thick sample of the
glass substrate. This Factor was determined by XPS analysis and was slightly
different for hydrophilic (cleaned) glass and hydrophobic (silanized) glass
(28.8 + 0.2 and 27.3 £ 0.6, respectively). These values were not determined
theoretically (i.e., from empirical formulas for glass) because the exact
stoichiometry of the silanized glass was not independently known.

Appropriate experimental Ip/Is values were determined by first dividing the
peak areas for nitrogen (1s) and silicon (2s) by their appropriate cross
sectional values and then dividing these two values. These cross section
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log o (IP/15)

log,g(1P/15)

Figure 1:
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values (1.96 and 0,93, respectively) incorporated the instrument throughput
function for the Hewlett-Packard 59508 photoelectron spectrometer (40).

The data are summarized in Table 1.

Experimental Ip/Is values were then compared graphically and numerically with
those calculated from assumed values of £ and d. (Figure 1) (5).

A =258 and A_=36R were the best simultaneocus solutions for all sets of

data. Assumi g these mean free path values, the thickness of protein
adsorbed, d, and the fraction of surface covered by adsorbed protein, £, were
then analyzed by using various possible combinations of d and f to fit the
experimental Ip/Ts values. The most precise combination of d and f for each
sample condition could usually be found by assuming the mean of the possible
theoretical thicknesses to be d and then substituting various values of £
{which were also close to the mean of the possible theoretical f's) until the
best matched profile using the criterion of the least sum of squares was
obtained. Details are given in Reference 5.

Unlabeled (native) hen lysozyme and low,

at the normal angle (38.5%) were obtained and are available (5). There was
not much difference between unlabeled lysozyme, medium labeled lysozyme, and
low labeled lysozyme at 100 minutes adsorption time (i.e., the values are
clustered together between N S/SJ'.ZS ratios of 0.43 and 0.51). However, there
is a significant difference In the range of these values when compared to the
le/Si ratios of high labeled lysozyme (i.e., 0.25 - 0.32). There is
generaﬁy greater protein adsorption on hydrophobic (NPS) glass when compared
to hydrophilic glass.

Figure 2 presents the experimental XpS adsorption data for four sample
conditions (high labelled and unlabeled on each of the two surfaces) at the
normal angle (38.59), including all data for one standard deviation from the
mean (5). The range of values for each sample condition is shown at 1, 1o,
and 100 minutes. The N S/Si2 ratios at 100 minutes indicate a clear
difference in adsorption” behavior between unlabeled lysozyme and high labeled
lysozyme on hydrophobic glass and hydrophilic glass. on hydrophobic surfaces
alone, a significant difference was obseryed between unlabeled and medium
labeled lysozyme (data not shown—see Ref. 5). These results Suggest that

N /5125 values for adsorption of low labeled and medium labeled lysozyme at

l(].ig minites differ very little from the N,_/si ratios presented in Figure 2
1s/°"2g

for unlabeled lysozyme (5).

Adsorption Results—\fariable_ le. We further studied the high labeled and

unlabelt_ad samples by variable angle XPS. Experimental variable angle XPs

photoelectron take—off angles for each of the four sample conditions. The
Ip/Is values present qualitatively the amount of Protein present on the
Experimental variable angle adsorption data, including data for one
standard deviation from the mean of triplicate samples, are presented in
Figure 3 for each of the four sample conditions. The data at higher angles
{i.e., 78.5° and 58.5°) have a greater reproducibility than the lower angles
(i.e., 18.5%) . fThis is to be expected owing to the structure of the Xps
instrument and position of the variable angle probe. Precision was
compromised by the relatively low signal intensity at 18.5°,
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Table 1: Summary of Labeled Hen Lysozyme study* (5)

Percent

surface Concengration pg/cm

— 1§° (Ret. 16)

;e =ik2
1 9adv.=lUtl,Orec_
[(2; (—)adv.=891:1:f-}rec—-61-1_—3
n-pentyl silane treated

) best fit to all data +
& % N 1ls in lysozyme = 258 .
» 5izZp in glass/lysozyme = 36

100 T (pg/cmzj (1.4 gr/ce)y

¥ % coverage
protein density = 1.4 gr/cc

(4) from: d

nn

% 100 min adsorption +ime from pH 7.4, PBS,
degree of labeling =

~ 1.4 methyl groups per lysozyme Mo

~ lmg/ml lysozyme, 20° C.
lecule

2

ickness |

314 r;e (3) Coverage (3) xps (4) |

|

: 3 : 3 |

Native l-l3 Native e Native| H Native | B .

.10 2 A

Hydrophilic 14 69 54 .15 ..
Glass (1} ..
18 51 bl [N s21

i 23 53 45 £ ‘
Hydrophobic 25 :
Glass (2) |
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Figure 2: Experimental XPS adsorption data, including data for one
standard deviation from the mean, for four sample conditions at the normal
angle (38.5°%). The range of values for the Ny o/8isq core level intensity
ratios for triplicate samples is depicted for unla%eled and high labeled hen
lysozyme adsorbed onto hydrophobic and hydrophilic glass for 1, 10, and 100
minutes. Protein concentration was 1.07 my lysozyme/ml PBS buffer, pH 7.4, at
20°%. The Ny /S:T.25 ratios at 100 minutes indicate a clear difference in
adsorption beﬁavior between unlabeled lysozyme and high labeled lysczyme on
hydrophobic glass and hydrophilic glass
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Figure 3:

adsorbed onto hydrophobic glass, (b) unlabeled lysozyme adsorbed onto
hydrophilic glass, {c) high labeled lysozyme adsorbed onto hydrophobic glass,

and (d) high labeled lysozyme adsorbed onto hydrophilic glass.

A dashed curve'

connects the mean Ip/Is values (®) for three replicates at the four angles
shown. The vertically lined area surrounding these four data points

represents one standard deviation on either side of the mean.

Protein

concentration was 1.07 mg lysozyme/ml in PBS buffer at pH 7.4, 20°C.

Adsorption time was 100 minutes.

These four dashed curves were compared with

theoretical curves developed by substituting various values for d,

£, A, and A

in Equation 1 as described in Figure 1.

Values for the mean free

pathlfor ad8orbed lysozyme, the mean free path for glass through the adsorbed
and A, respectively ), thickness of the protein overlayer (d)

lysozyme ( A

and the frac&ion of2

the substrate surface covered by the protein (f) were
thereby determined for the four sample conditions
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The 12 samples analyzed by variable angle were the same samples analyzed with
the normal XPS probe and discussed earlier. Although the Ny /512si ratio had
already been calculated for the normal angle (i.e.. 38.59%), %hese values were
recalculated using the variable angle probe. MNo significant difference was
found.

By using le/Si 5 ratios to calculate the Ip/Is values at all five angles for
four sample Congltions, it was possible to correlate experimental data with
theoretical data, as described earlier. The probable thickness of adsorbed
lysozyme, fraction of surface covered by adsorbed lysozyme, mean free path in
lysozyme, and mean free path in glass for each of the four sample conditions
were calculated. The individual Ip/Is experimental and Ip/Is theoretical
values were very close and in no case was the difference greater than 6.5%
(5). The average percent difference of an individual Ip/Is experimental value
with its theoretical counterpart for all four sample conditions was 2.7%.

The thickness of the adsorbed hen lysozyme film on hydrophobic glass was

234 and 24R for high labeled lysozyme and unlabeled lysozyme, respectively,
and 14A and 16A on hydrophilic glass for high labeled lysozyme and unlabeled
lysozyme, respectively. The fraction of surface covered by adsorbed lysozyme
is also different for the four sample conditions. On hydrophilic glass, the
unlabeled lysozyme film showed a higher coverage (approximately 15% more) than
high labeled lysozyme. On hydrophobic glass, the unlabeled lysozyme film
showed a greater percent coverage (approximately 8% more) than high labeled
lysozyme. When adsorption of unlabeled lysozyme is compared on hydrophilic
and hydrophobic glass, a greater thickness of adsorbed protein is noted on the
hydrophobic surface (i.e., an increase of 94 ) but the percent coverage is
less (i.e., 16% less). Comparison of adsorpticn of high labeled lysozyme on
the hydrophilic and hydrophobic surfaces vields a similar result: a greater
depth of adsorbed high labeled lysozyme (i.e., an increase of 94 ) is found on
the hydrophobic glass, but again the percent surface covered by protein is
less (i.e., 9% less). The data suggest two separate mechanisms for adsorption
of lysozyme on hydrophilic and hydrophobic surfaces.

The following equation from Ragz-ner et al. (25) was used to compute the amount
of lysozyme adsorbed in pg/cm®:

d =100 (pg/cm?)/1.4f (2)

where

d = thickness of protein layer
f = the fraction of substrate surface covered by the protein

The density of the protein is assumed to be 1.4g/cm3 (5,36). On_hydrophilic
glass, high labeled lysozyme adsorbed in the amount of 210 pg/em” and
unlabeled lysczyme adsorbed in the amount of 0.15 pg/cm“. On hydrophobic
glass high labeled lysozyme adsorbed in the amount of 0215 ug/em® and
unlabeled lysozyme adsorbed in the amount of 0.18 pg/cm®.

A more accurate picture of the theoretical comparison possible with the
experimental data is shown in Figure 4. Computer analysis was utilized to
compare experimental Ip/Is values within one standard deviation with possible
theoretical models whose Ip/Is values would fall within this range for all
five angles (5). Once the computer noted a match at all five angles, the
thickness of adsorbed lysozyme and fraction of surface covered for adsorbed
lysozyme were printed. These combinations of thickness of adsorbed protein
and fraction of surface covered by adsorbed protein were plotted in Figure 4.
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Figure 4: Results of computer analyses which compared the experimental
data one standard deviation from the mean with the possible theoretical
combinations of thickness of protein layer (d) and fraction of the substrate
surface covered by the protein (f) of Equation 1. When considering one
standard deviation from the mean, multiple thickness/percent coverage
solutions are possible within this range of Ip/Is values. The different
allowable combinations of d and f were calculated and plotted. Three samples
each of the four sample conditions were studied at five different angles to
make a total of sixty observations. "1", "2", "3", and "4" represent the
best-matched profile for combination of thickness of adsorbed lysozyme and
fraction of surface covered for the mean Ip/Is values for the conditions
indicated, as determined by the criterion of the least sum of the squares.
The wide variation of combinations of thickness/percent coverage surrounding
1, 2, 3, and 4 represent the standard deviation on either side of these mean
Ip/Is values, as shown in Figure 3. Clear differences in the adsorption
behavior of unlabeled and labeled lysozyme on hydrophobic and hydrophilic
glass exists despite the many allowable combinations of d and f for Ip/Is
values within one standard deviation

40
Unlabeled/ hydrophobic

[T unlabeled/hydrophilic
B High labeled/hydrophobic
E High labeled/ hydrophilic

DEPTH OF ADSORBED LYSOZYME (A)
n
(m]
1
(7]

o T = T T T T T ===
3/8 172 5/8 3/4 8 1

FRACTION OF SURFACE COVERED BY ADSORBED LYSOZYME
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Figure 4 shows that clear differences in the adsorption behavior of unlabeled
and high labeled lysozyme on hydrophobic and hydrophilic glass exist despite
the many allowable combinations of d and f for Ig/Is values within one
standard deviation.

A one-tailed t-test was performed between the sample conditions to determine
the significance of the differences noted. Ip/Is values were used at 38.5°
(the normal angle).

As shown in Figure 4, there is no significant difference in the adsorption of
unlabeled lysozyme onto hydrophobic or hydrophilic glass. The adsorption of
high labeled lysozyme onto hydrophobic and hydrophilic, as compared by a one-
tailed t-test, differed by only 5%. High labeled lysozyme and unlabeled
lysozyme, when compared for adsorption to hydrophilic glass, displayed a 5%
significant difference. The greatest difference in degree of adsorption was
noted between high labeled and unlabeled lysozyme adsorbed onto hydrophobic
glass. This difference was found to be significant to the 5% level.

The TIRF-determined step-adsorption isotherms for both hen and human lysozymes
on hydrophobic (DDS), negatively-charged (silica), and positively-charged
(APS) surfaces have been presented (31). Since the TIRIF quantitation scheme
used assumes that the gquantum yield of the protein does not change upon
adsorption (an assumption we are currently trying to test), the actual amount
adsorbed may differ from that presented in Reference 31 if this assumption
proves to be invalid for these proteins (see discussion below).

The order of both lysozymes' affinity toward the three model surfaces was
found to be DDS > silica > APS . The human lysozyme exhibited well defined
plateaus on all three surfaces at relatively low protein concentrations ( >10
mg/ml), while for the hen lysozyme a definite plateau could only be seen on
the DDS surface. Moreover, the amount of human lysozyme adsorbed per surface
area appeared to be roughly three times that of the hen lysozyme on equivalent
surfaces at low protein concentrations (<5mg/ml). Again, these results may
not be accurate due to the limitations of the TIRIF quantitation scheme.

The molecular graphics images of the two lysozymes from a few different
viewpoints have been presented (31), using both the Feldman (38) and
Eisenberg-based (39) coloring codes. Both lysozymes exhibited a number of
similarities. To a first approximation, positively-charged residues were
fairly evenly spaced over the entire protein, although the electrostatic
surface potentials (ESP) computed for the two proteins showed a slight
assymetric distribution of surface positive charge, with the larger lobe
showing more positive character than the smaller locbe (6). Both proteins were
seen to have long positive side chains extending into the solvent.

There were approximately one-third as many negatively-charged groups as there
were posltively-charged groups on the surface of both proteins. These
negatively-charged residues barely reach the surface and are not nearly as
accessible as the positively-charged residues. ESP calculations have shown
that the active site cleft shows the greatest concentration of negative
surface charge on both proteins (6).

Nonpolar residues formed a hydrophobic patch in the middle of the back side
(opposite the active site cleft) of both proteins. The hydrophobic patch on
the human lysozyme appeared to be slightly larger than that on the hen

lysozyme.

Perhaps the most dramatic difference in the surface properties of the two
lysozymes was seen by the ESP calculaticons which showed that the human
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lysozyme had a significantly greater overall electrostatic surface potential
than the hen lysozyme had (6).

DISCUSSION

Labeled Hen Lysozyme XPS Studies (5) Labeling of hen lysozyme by reductive
methylation results in the addition of one or two methyl groups on the &-
amino group of lysine. High labeling results in the addition of approximately
1.4 methyl groups per protein molecule. The added methyl group will produce
gome change in the overall hydrophobicity of the molecule and some change in
ionic interactions. _

While this method of protein modification maintains the gross charge of the
molecule, the individual positive changes may be displaced (41). The addition
of a methyl group and possible displacement of the individual positive charges
may result in some ionic-hydrophobic interaction synergism. Warshel discussed
such phencmena briefly in his study of the role of hydrophobic, environments
in ionic interactions in lysozymes active sites (42).

Although formation of dimers and higher aggregates is possible, especially
between pH 5 and 9, hen lysozyme normally exists as a monomer at
concentrations of 2.0 mg/ml or lower. Labeling may provide a different result
i.e., labeled lysozyme may have a greater tendency toward dimerization. We
did not test for all possible aggregation states in our study, but the
possiblity that lysozyme does not remain monomeric was considered in the
evaluation of our results.

The average thickness of adsorbed unlabeled and labeled hen lysozyme on
hydrophobic glass, 24, was significantly greater than the average thickness
on hydrophilic glass, 158. The two different thicknesses suggest two separate
mechanisms for adsorption of hen lysozyme on these hydrophilic and hydrophobic
surfaces. One possible explanation for the decrease of thickness of adsorbed
protein is an increase in unfolding or denaturation of adsorbed lysozyme on
hydrophilic glass. Although lysoczyme has a +8 charge at pH 7.4 (41), it also
has several hydrophobic patches on its surface. There are 22 apolar residues
on the surface of lysozyme fully or partially exposed to solvent. These
residues form a band around the center of the molecule and a significant
number of hydrophobic residues which project extensively into solvent are
concentrated in an area opposite the cleft (5,6,31). when lysozyme adsorbs
onto a hydrophobic surface, it may adsorb at this site opposite the cleft.
This position would allow the protein to retain much of its ordered secondary
structure. Comparing lysozyme dimensions (30 X 30 X 45 A) to the average
thickness (24 R) of adsorbed protein on hydrophobic glass further enhances the
theory that little unfolding has occurred.

When lysozyme adsorbs onto a hydrophilic surface, it may unfold or denature.
This adsorption may be influenced by ionic interaction of the negatively-
charged glass with the positively-charged lysozyme. An unfolding of the
molecule would permit the positively-charged residues to more uniformly spread
out and interact with the surface. These residues also project quite far from
the surface of the molecule and ionic interaction could cause conformational
changes. If lysozyme unfolds then it would cover the glass surface to a
greater extent, inhibiting further adsorption. This inhibition of adsorption
could account for the decrease in total adsorption on the glass as compared
with the hydrophobic surface. The average greater fraction of surface covered
by adsorbed lysozyme on a hydrophilic surface (62%) as opposed to the
hydrophobic surface (49%) was shown by the XPS results.
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Considering lysozyme dimensions (30 X 30 X 45 A) and its two lobe structure
{Figure 6a,6b), unfolding of the molecule could easily result in an average
thickness on hydrophilic glass of 15 A.

On hydrophilic glass, unlabeled hen lysozyme adsorbs to a slightly greater
thickness and with greater coverage than does high labeled hen lysozyme. The
labeled protein adsorbs 33% less on hydrophobic suyfaces anq 42% less con
hydrophilic surfaces than does the unlabeled protein. .Tﬁe increase of
hydrophobicity and displacement of the lobe of the positive charges of the
labeled lysozyme could both increase adsorption on the hydrophoblc_surface and
decrease adsorption on the hydrophilic surface, resulting in the difference in
adsorption on the two surfaces.

The concentration of hydrophobic residues opposite the cleft may affect
adsorption on a hydrophobic surface; when the distribution of hydrcphoblc'
patches is changed such as by reductive methylation labeling, the adsorptive
interaction may be affected.

Hen and Human TIRLF Studies (6) The primary problem with the TIRIF :
quantitation scheme Is the fact that it ignores changes that might occur in
the guantum yield of the protein upon adsorption. Hlady et al. (32) u§ed a
radiolabeling technigque to estimate the change in quantum yield that might
occur upon adsorption of BSA and IgG onto hydrophilic silica and found that
the quantum yield decreased by a factor of at least two for both proteins.
Consequently, the TIRIF isotherms for BSA and IgG were at least two—fold less
than the isotherms determined by radiolabeling the proteins. The origin of
the decreased quantum yield of adsorbed protein would most likely be due to a
change in the conformation of the protein upon adsorption.

Several reports have pointed out that iodination of proteins_nay affect their
adsorption to solid surfaces and their chromatographic ?ehavlor (43-46) .
Consequently, we have chosen to determine the quantum yield of uqlabeled,
adsorbed lysozyme via fluorescence lifetimes. We are currently in th? process
of modifying our fluorescence equipment to obtain such fluorescence lifetimes

(59).

The TIRIF adsorption isotherms for the two lysozymes (31) seem to imply that
the human protein has a higher affinity for all three surfaces examined than
the hen protein does. Until quantum yield determinations are made, nothing
quantitative can be said about these differences in isotherms. However, these
TIRIF isotherm differences do suggest an interesting point. Namely, if
further research shows that there isn't a significant difference between the
two lysozymes with respect to the amounts adsorbed, then these TIRIF isot@erms
clearly indicate that the adsorption process results in a greater qhange in

& /& (¥ = quantum yield of adsorbed protein, @ b = Quantum yield of
prgteinbin 8olution) for one of the lysozymes than for the other lysozyme.

The many differences between human and hen lysczymes have been di59ussed
(5,6,31). From these results, one would expect that the two proteins would
exhibit differences in their adsorption characteristics, due to their surface

differences.

The fact that the human protein has one less disulfide bond and a greater
susceptibility to thermal denaturation than the hen protein, suggests that_the
human protein might alsc be more susceptible to surface denaturation. Iodide
quenching studies of adsorbed lysozyme recently performed in our laboratory,
have partially confirmed this prediction on the two hydrophilic surfaces (6).

The TIRIF isotherm results, suggesting that both lysozymes exhibited the
overall order of affinity DDS > silica » APS was not surprising. Many
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studies of lysozyme adsorption have shown that it has a higher affinity to
hydrophobic surfaces than to hydrophilic surfaces (5,16,47). Lysozyme
adsorption on hydrophobic surfaces may occur at the site of the hydrophobic
patch seen on the back side of both proteins. At pH 7.4, both lysozymes are
positively-charged and would be expected to adsorb more strongly to the
negatively-charged silica surface than to the positively-charged APS
surface. This was seen to be the case for both proteins. As noted above,
both lysozymes have long positive side chains extending out into the solvent
while the surface negative charges are not nearly as accessible. This point
further suggests a preferential adsorption onto negative surfaces. With
regard to the effect of electrostatic repulsion between lysozyme and the
positively-charged APS surface, it is interesting to note that hoth Perkins
(48) and Salton (47) found that lysozyme activity was inhibited by positively-
charged groups in the mucopeptide of bacterial cell walls (lysozyme's
biological substrate), presumably due to electrostatic repulsion since the
activity was increased when the free amino groups in the mucopeptide were

neutralized.

The hen lysozyme showed non-saturating adsorption behavior on both charged
surfaces. This may suggest that charged surfaces promote the formation of
multiple protein layers at the surface in some manner which is not yet

clear. Hen lysozyme forms dimers and higher aggregates under conditions of
high protein concentration (5-10 mg/ml) and pH > 5 (3,50,51). This kind of
self-association might be going on at the surface where the adsorption process
inherently concentrates the proteins.

CONCLUSIONS

X-Ray Photoelectron Spectroscopy (XPS) appears to provide unigue and useful
information on the adsorption of lysozyme (Table 1). The degree of coverage
deduced by the XPS variable angle technique is in the same range as that
expected on the random collision frequency/occupancy model (57), which
concludes that the percent coverage is in the 55-57% range for random
sequential filling of a surface. The difference in thickness between
adsorption on hydrophobic and hydrophilic glass may be significant as
discussed earlier. There is a difference in percent coverage of the native
hen lysozyme on hydrophilic and hydrophobic glass. It is clear that the human
and hen material behave wvery differently. It is also clear that there is
considerable evidence that at least the human material undergoes some
significant denaturation upon adsorption (6). Recent studies by Karger (52),
Sandwick and Schray (55), Regnier (54), and Wada (53) all suggest
conformational changes upon adsorption of hen lysozyme. We have recently
suggested (58) that adsorption of protein at solid/liquid interfaces,
particularly the conformational alteration upon adsorption, can be expected to
correlate with their solution denaturation characteristics and with their
ability to adsorb at air/water interfaces, i.e. surface tension properties.
Such studies are presently ongoing in our laboratories and will be reported at
a later date (592).

ACKNOWLEDGMENTS

Portions of the earlier phases of this work (5,16) were supported in part by
the Syntex Corp. and NIH grant HL 18519. We thank D. Dong, J. Chen, N.
Ellict, J. Warenski, and J. Geisler for their advice, help, and assistance.
The more recent work (6,31) was supported by the Center for Biopolymers at
Interfaces, University of Utah. We thank J-N Lin and P. Dryden for their help
and assistance.

153

l. J. D. Andrade, ed., Protein Adsorptiocn, Plenum Press, New York, 1985
2. G. B. schulz and R. H. Schirmer, Principles of Protein Structure,
Springer-Verlag, New York (1979)
3. T. Imoto, L. N. Johnson, A. C. T. North, D. C. Phillips, and
J. A. Rupley, in The Enzymes, Vol. 7, 3rd ed., P. D. Boyer, ed.,
Academic Press, pp. 665-868 (1972)
4. E. F. Osserman, R. E. Canfield, and 5. Beychok, eds., L sozyme, Acad
Press (1974) o AESE
5. J. Hanson, M.S. thesis, University of Utah (1985)
6. D. Horsley, M.?. thesis, University of Utah (1987)
7. N, J. Van Haeringen, Surv. Ophthal. 26, 84-96 (1981)
8. R. N. Stuchell, R. L. Farris, I. D. Mandel, Ophthal 88, 858-862
{1981) AR
9. M. C. Phillips, Chem. and Ind., pp. 170-176 (March 5, 1977)
10. F. J. Holly and M. F. Refojo, in J. D. Andrade, ed., Hydrogels for
Tidical and Related Applications, ACS Symp. Series #31, 267-282
976)
11. B, D. Ratner and T. A. Horbett, Trans. Soc. Biomat. 10, 76 (1984)
12. i?igrgé)(;achon, T. Bilbaut, and B. Dastugue, Exp. Eye Res. 40, 105-116
13. E. J. Ca§tillo, J. L. Koenig, and J. M. Anderson, Parts 1-4,"
Biomaterials 5, 319-325 (1984); 6, 338-345 (1985); and 7, 9-16, 89—
96, 247-251 (1986) s =
14, A. Baszkin, J. E. Proust, and M. M. Boissonnade, Biomaterials 5, 175-
179 (1984) ; . =
15. J. E. Proust, A. Baszkin, E. Perez, and M. M. Boissonnad 1loi
Surfaces 10, 43-52 (1984) e
16. J. Chen, D. E. Dong, J. D. Andrade, J. Colloid Interface Sci. B89,
577-580 (1982) “FanE
17. A. Vander Scheer, et al, J. Colleoid Interface Sci. 66, 136 (1978)
18. F. H. Royce, B. D. Ratner, T. A. Horbett, in S. L. Cooper, N. A.
Pep?as, A. S. Hoffman, B. D. Ratner, ed., Biomaterials, Adv. Chem.
Series 199, 453-464 (1982) o T
19. R. A. Van Wagenen, J. D. Andrade, J. B. Hibbs, J. Electrochem. Soc.
123, 1438 (1976) Ty
20. M. L. Hair and W. J. Hertl, J. Phys. Chem. 74, 91 (1970)
21. K. Marshall, G. L. Ridgewell, C. H. Rochester, J., Simpson, Ch
, + Hi W « Ind.
(London) 19, 775 (1974) ; e
22. R. A. Van Wagenen et al., J. Colloid Interface 5ci 84, 155 {(1981)
23. N. Jentoft and D. G. Dearborn, J. Biol. Chem. 254, 4359 (1979)
24, l?igani)Ratner and T.A. Horbett, J. Colloid Interface Sci. 83(2), 630
25. R. Paynter and B. D. Ratner, Chapter 5 in Protein Adsorption, J. D.
Andrade, ed., Plenum Press, New York, 189-216 (1985)
26. g: D.d?ndrade, Chapter 5 in Surface and Interfacial Aspects of
iomedical Polymers 1, J. D. Andrade, ed., Plenum Press, N
105-196 (1985) =4 y e
2l W Hladyf R. A. Van Wagenen, and J. D. Andrade, in Surface and
Interfacial Aspects of Biomedical Polymers, Vol 2 Protein Adsorption,
55 g. D. Andrade, ed., Plenum Press, p. 81 (1985)
5 + Imoto, L. 5. Forster, J. A. Rupley, and F. Tanaka, Proc. Nat
Acad. Sci. 69, 1151 (1971) . L
29. V. I. Teichberg, T. Plasse, S. Sorell, and N. Sharon, Biochim.
Biophys. Acta 278, 250 (1972) X 3
30. ?iggé)Lehrer and G. D. Fasman, Biochem. Biophys. Res. Comm. 23, 133




PHUTODEGRADATIOH OF POLYMERS
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§ polymeric materials is 2 subject with both
prnctical and theoretical interest. studies will be described
of various types of degradation reactions, both in solution and
ip the solid phase, It is shown that many of these reactions
have strong requirements of molecular mobility which, in turno,
depend opn the phjsicll and chemical state of the substrate.
ocesses RTE also jmportant ip both the
pbilization of photocbeuicnl processes and

y of such processes.

Photodegradation o

degradation apd sta
exsmples will be given of the efficienc
ons can be conveniently followed by changes 1n

the molecular weigbt of the polymer. Since molecular weight
can, in some ipstances, be measured very precisely, oDe may use
degradation reactions as 2 probe to study other kinds of photo-=

chemical processes ip solution.

pegradation reacti
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Introduction

These experiments were originall
y initiated in at

::::E:;:i“:zrizttota which affect interaction of wlwna;::::ze;i s:ln S
e Lcei. Employing contemporary culture technigques % _% 31!1{3 .
R gical properties have been examined when placed 1’ mdial
e variaglzover glass, Lux plastic cover slips and Teflo Fn i

s investigated included media compo i gt sk
tact of the cells with the substrates. position and time gFEon..

Materials and Methods

Macrophages used in these studies were
o obtained from
inimilzeZZ;zrdzr B:LBIQ mice of either sex. Under ether :n::téo :eek Sad
s h caE tated and bleed out. The abdomen was disinfees il
S 123 851: removed. _Fd!ouing-in}ectian of 4 ml of Dulzted ?ith
hegtie Lhi s Medium (DME) into the peritomeal cavity and 11 hecco ¢
i ua;‘ 3 suspensions of cells were harvested. The resul e

ted in fresh medium and resuspended to know e
upan hemocytometer counté. § Guucentiaticpsipeet

Macrophages from both normal mice and
i;::i: 2f1¥?cobacterium tuberculosis were ui?iize;ni:c::gszizg ;:E o
ace uhei iz,szzrmediactivared macrophages, exhibit increased :g ;:;1 e
Hew 018 (SCiEpens gn-(J. Immunol. 101:296, 1970), a decreasedgte dna“
fo i o n:e 153:80, 1966), enhanced phagocytosis of opsonizndency
Ll iaiad . Immunol. 110:321, 1973) and the capacity ro kil 3
ct-inhibited tumor cells in vitro (Science 180:868 Y1973) e

The medium used in these res
earches was DME
tions of fetal calf serum as determined by the e!:::Zn:zizinge:?ncentraa
. BD-

The three materials, glass L
’ . Lux coverslips
for X ps and FEP, wer
Bcca::: :¥ s:lvent cleaning followed by distilled water and iazreparEd
to sterili : :hIEIQ:ively short observation times, no atremprs e aryng.
terized b zg e materials. The prepared surfaces were parfiall £ mide
y determination of both water and octane contact angle y charac-
s.

Observations of the murine macro h
i phages on the above sur
sugeuigct:::iu::y:.b C::l morphologies and the relative degre::c:: :ere
ook Eo sl ed by both cprical and scanning electron microsco presa-
o ity sion was quantitated employing a rotating disc-sh o

que. is procedure will be described in detail elsewheres i
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Results and Discussion

In initial experiments serum concentrations ranging from 0 to 50 per—
cent in DME were used. It was soon seen that fev microscopic differences
could be noted among macrophage populations on the three surfaces which
ranged widely in surface energies. The majority of subsequent studies in-
volved use of 0 to 5 percent serum.

Based upon light microscopy observations, it was evident that even
though large differences did exist among the surface properties of the
paterials used, these differences were not wholly reflected in the morpho-
logles of the cells cn the different surfaces except inthe case of activa-
ted macrophages on the FEP. All macrophages were seen, with time, to
sssume similar degrees of spreading on all surfaces, the main difference
being primarily the rime it took for the cells to spread to their final
state. It was clearly observed that at a 5 percent serum concentration
macrophages tended te spread in a longitudinal form more and to greater ex-
tents on the FEP surface than on either the Lux or glass cover slips.

Ezploying the scanning electron microscope, both normal and activated
macrophages were studied on all three surfaces. Fifteen minutes after
normal cells were allowed to settle on the three surfaces, some spreading
was seen on FEP and Lux materials; a lesser degree of spreading was noted
on glass. With increased {ncubation times, normal cells were well spread
on both FEP and glass, but to a lesser extent on the Lux cover slips.
Macrophages on the FEP showed an increased tendency to form clumps.

Activated macrophages spread extremely rapidly and extensively in all
cases. Within 15 cinutes these cells were spread to their full extents
on all surfaces irrespective df widely different surface energies.

The one distinct morphological difference indicating intense cellular
response to a given surface was seen in the case of activated macrophages
in contact with the low energy FEP surface. Extensive cellular aggrega-
tion was seen after times as short as two hours in media with either no
calf serum or with 5 percent and was more evident in Hank's balanced salt
solution with or without 5 percent calf serum. The same reaction was evi-
dent with activared macrophages allowed to settle on paraffin coated
glass cover slips

Adhesion experiments performed tended to show that normal macrophages
adhered less to the low energy FEP surface after 30 minutes settling time
than to either of the other two surfaces. Adhesion after this same time
to both the Lux cover slips and to glass appeared to be approximately
equivalent. After a 4 hour settling time, the adhesion of the macrophages
to the FEP surface appeared to be at least as great, if not greater, as
to either glass or Lux. Whereas at a 30 minute settling time, the macro-
phages adhered about equally to either glass or Lux cover slips; afrer &
hours adhesion to the Lux surface appeared to be slightly higher. This
discrepency in adhesion patterns may be explained by considering that the
competitive adsorptien of protein versus cells fre= the medium ento the
three surfaces would be comparatively minimal after 30 minutes. Therefore,
when the cell settles onto the surfaces afrer 30 minutes it could be
expected to encounter the surfaces devoid of protein. Thus, it would be
expected to adhere less to the lover energy more hydrophobic FEP surface
than to the higher energy, moTe hydrophilic Lux cover slip or glass sur-
faces. After 4 hours, howvever, adsorption of protein would have occurred
on all three surfaces, if ror at the point where the cell initially makes
contact, then at least over that area upon which the cell would eventually
spread. Thus, the cell would encounter a substrate whose surface pro-
percies may be entirely different than those without adsorbed protein.
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Since different proteins are adsorbed at varying rates onto different sur-
faces, and since configurational changes may occur for the sazme protein on
the three different surfaces used, the properries displayed by these pro-
teinated surfaces used may be quite different in each case, As found from
the results after 4 hours, the proteinated surface displayed tc the macro-
phage by the FEP surface shows greater adhesive properties than either of
the other two surfaces. Physically, it might be envisioned that the hydro-
phobic side chains on thie protein molecules could bond to the FEP surface
through a form of hydrophobic bonding, while the hydrophilic side chains
would bond to the hydrophilic macrophage surface through dipole-dipole
interactions.

Again, for activated macrophages, a lower amount of adhesion between
the cell and the FEP surface than between the cell and either the glass or
Lux cover slip after 30 minutes was noted. One may again postulate that
this was due to the fact that there was no adsorbed protein film on the
surface after this time, and the activated macrophages were contacting the
surfaces directly. After a four hour settling rime, however, the activared
pacrophages still showed less adhesion to the FEP surface than to either
the glass or Lux surfaces. Since the same protein film which was specu-
lated to be present on the surface of FEP for the experiment run with
normal macrophages could still be expected to be coating the surface for
the activated macrophage experiments, this lesser adhesion of activated
macrophages on FEP after 4 hours cannot be explained by considering the
surface and its adsorbed film alone. However, it has been noted that mac-
rophages, when activated, tend to show an increased tendency to clump to-
gether in suspension (J. Immunol. 101:296, 1970). This, one may speculate,
could be due to an increase in the hydrophobicity of the cellular membrane.
1f the activated macrophage were to assume a more hydrophobic surface than
the normal macrophage, then it could be expected to adhere less to the
hydrophilic protein layer we earlier theorized to be present on the FEP
surface. This could explain why, after a 4 hour sertling time, activated
macrophages adhere less to FEP than to glass or Lux cover slips. We must
note here that the tendency for macrophages to become more hydrophobic
when activated is not substaniated by work done by Thrasher aand coworkers
(J. Immunol. 110:321, 1973) who found, using contact angle data, that
activated macrophages were in fact more hydrophilic.

Lux cover slips and glass surfaces were shown to have similar ad-
hesion properties for macrophages. In the analysis of their surface pro-
perties, their toral interfacial free energies were found to differ by

enly 4 dynes/cm. FEP, on the other hand, shoved a considerably lower
interfacial free energy, and also differed greatly in adhesive properties
from the other two surfaces used. Thus, whether the cell, when settling
onto a substrate, encounters the base inert surface itself or an adsorbec
protein film, its adhesive properties appear to be influenced by the inter-
facial free energy of the base uncoated surface.

It was also noted in the adhesion experiments that the cells which
would remain on the surface after the shear force was applied would not
aluays be those same cells that vere most well spread. Many of the cells
would be in a rounded form. Thus it is postulated that while a cell that
1s spread is probably fairly well attached to the surface, a cell thac is
attached to the surface need not necessarily be spread on ir.

185




Journal of Bioengineering Vol. 2, pp 113-118, 1978. Pergamon Press Inc.

Printed in the United States.

BRIEF COMMUNICATION

SURFACE TENSION MEASUREMENTS ON METHACRYLATE
MONOMER SOLUTIONS, SELECTED SOLVENTS,
AND GEL EXTRACTS

S. Hattori, R. N. King and J. D. Andrade
Department of Materials Science and Engineering
University of Utah
Salt Lake City, Utah 84112

(Received In Final Form 3 February 1978)

Summary

The surface tensions of selected methacrylate monomer
and solvent solutions were measured, and calibration
curves were generated. The curves were then used to
deduce the amounts of water soluble extractables in
methacrylate hydrogels by measuring the surface ten-
sion of the extractant. The detectability limit (parts
per 10,000) and the overall sensitivity of the method
suggests its possible use as an extraction monitor
test for related biomaterials.

Introduction

It has become increasingly important to ascertain the purity of hydrogels
as more of them are developed for biomedical purposes. Solvents and unreacted
monomers must be thoroughly extracted. The usual procedure is to extract the
gels in water for a designated time. It is assumed that in a matter of days
most water soluble impurities are reduced to acceptable levels.

A simple semi-quantitative extraction test for biomaterials is
Baier's "Teflon Test" (1). In this test a drop of clean water is placed on a
smooth fluoropolymer substrate. The contact angle is measured and recorded.
The test material is then allowed to touch the water drop. If there are any
water soluble extractable impurities they will lower the surface tension of
water and the contact angle will decrease accordingly. This should be a
fairly widespread phenomenon, since most organic materials are surface active
owing to the differences in bonding characteristics from water. The change
in contact angle is read against a contact angle - surface tension chart. The
method is a quick semi-quantitative check for the presence of water-extractable
impurities. One can utilize the principle of this method and obtain a more
quantitative result by direct surface tension measurements.

Methods and Procedures

A Fisher tensiometer was used to determine surface tension by the Du Noily
ring method (2,3). Total wetting of the ring is a major assumption in this
method, necessitating rigorous cleaning procedures. The Platinum-Iridium ring
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(6 cm circumference) was radiofrequency glow discharged (Tegal Corp., Plasmod
System) in dry air at 300 u Hg for 3 minutes just prior to use. The setup
requires about 20 ml of liquid for measurements.

Solutions of both solvents and monomers used for hydrogel polymerization
were prepared in known concentrations to generate calibration curves of surface
tension versus solution concentration. Solvents of interest included ethylene
glycol (EG - Mallinkrodt), triethylene glycol (TEG - Union Carbide), and dimethyl
formamide (DMF - Burdick and Jackson Labs). Several monomers of the methacrylate
family were evaluated by this method. A typical monomer is 2-hydroxyethyl
methacrylate (HEMA - Hydromed Sciences). Methoxyethyl methacrylate (MEMA) and
methoxyethoxyethyl methacrylate (MEEMA) represent relatively hydro-
phobic monomers. They were prepared in this laboratory by transesterification
of methyl methacrylate with the appropriate alcohol (4). Methacrylic acid (MAA -
Eastman Kodak Co.) and dimethyl aminoethyl methacrylate (DMAEMA - Polysciences)
are used to introduce fixed charges into the hydrogels (4). As a consequence
of having ionized moieties, HEMA copolymers of MAA (negatively charged) and
of DMAEMA (positively charged after quaternization with methyl iodide) are
highly swollen in water.

The measurements were taken as follows: The containers with the solutions
are set on the stage of the tensiometer. The ring hangs down above the container
at the end of a balance arm, which is connected to a torsion wire. The ring is
then lowered about 3 mm into the solution. To measure surface tension, the ring
is pulled slowly through the solution-air interface by increasing the torque on
the wire while simultaneously lowering the stage. When the ring finally breaks
through the surface, surface tension is read directly on the calibrated dial in
dynes/cm.

Three readings were taken for each solution concentration. The standard
deviations were small enough that they are absorbed into the points plotted.
The surface tension of distilled water was measured with each set of experiments
along with the room temperature, and all subsequent solution values are normal-
ized with respect to the reported value for water of 72.0 dynes/cm at 25° C (5).

Results

Solvents and monomer solution surface tensions are shown in Figures 1 and
2. The surface tension of water is used as a reference. Other reported values
are listed in Table 1. For the solutions studied, a 1.0 vol. % concentration
of monomer in water was chosen as the upper limit in this work. In the case of
MEMA, the solubility limit was reached before 1%. As shown in Figures 1 and 2
the lower limit of detectability of this test is about 5 parts per 10,000 for
the monomers and solvents used. In between these limits the curves have linear
and non-linear portions. The linear portion would enable one to use the curves
as fairly accurate calibration standards for samples with unknown amounts of
impgrities. Both figures show roughly linear portions to exist between 1 and
0.1%.

Comparison between the surface tension of the pure material with the aqueous
solution curves shows that the lower the surface tension of the pure material,
the lower the solution surface tension - which is to be expected. HEMA, MAA and
EG have fairly strong hydrogen bonding capacities like water, while DMAEMA and
DMF have more hydrophobic hydrocarbon side chains. Therefore, for DMAEMA and
DMF the overall bonding characteristics are different from that of water, and
the result is a strong depression of the solution surface tension.

L._‘\\
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TABLE 1

SURFACE TENSION MEASUREMENTS

Some Reported Surface Tensions

REPORTED OBSERVED
MATERIAL (DYNES/CM) (DYNES/CM) REFERENCE
Ethylene Glycol 47.7 48.6
Dimethyl Formamide 35.2 37.2
Methacrylic Acid 26.5 28.9

Preliminary extraction data were compared to these calibration curves and
are shown in Table 2. HEMA - 10% MAA and HEMA - 10% DMAEMA copolymers were made
with EG (40% [v/v]) as the diluent. The gel is later exchanged with water after
polymerization. These were investigated since it was suspected that ionization
might make these hydrogels more prone to extraction. The monomers and solvents
were degassed and introduced into polypropylene molds. Azobis (methyl isobuty-
rate) prepared in this laboratory (4) was the initiator. Polymerization pro-
ceeded at 60° C for 24 hours under argon. All gels contained 1% (v/v monomer)
tetraethylene glycol dimethacrylate (TEGDMA - Polysciences) crosslinker.
of the polymerized samples (about 100 mg) were placed in 20 ml vials with 20 ml
distilled water and subsequently transferred to vials of fresh water at the end

of 1, 2, and 4 hours. The surface tension of the water from these vials was
measured.

TABLE 2

Preliminary Extraction Data (surface tensions [dynes/cm] of
extraction water of hydrogels at the end of 1, 2, and 4 hours,
listed in that order)

UNIONIZED IONIZED
HYDROGEL NOT
DRIED DRIED DRIED
71.1
PHEMA 71.9
71.8
71.7 69.8 71.5
P(MAA-HEMA) 71.2 71.5 71.2
71.2 71.5 71.4
70.3 '66.9 71.2
P (DMAEMA - 71.6 70.5 71.8
HEMA) 71.5 70.6 71.7

Aliquots
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Some of the hydrogel samples had to be vacuum dessicated (2 hours at 60° C)
s they would not phase separate during the ionization procedure. When they
were thus dried, no significant depression could be seen in the surface tension
of the extraction water. This implies that vacuum d¢ssication removes most of
the solvent and unreacted monomer. It also tells something about polymeric
impurities. Had there been any low molecular weight linear polymers, they
would probably not be removed by vacuum déssication. Such polymeric impurities
are expected to depress surface tension considerably if they are water soluble.
Direct immersion of hydrogels in water after release from the mold resulted in
significantly lower surface tensions, especially for the one hour values. From
the calibration curves, this roughly corresponds to about 1.0% of extractable
material. The nature of these impurities, however, cannot be determined since
the impurities extract as mixtures. However, all surface tension values eventu-
ally approach the surface tension of water at the end of four hours. Experiments
with radiolabelled monomers have shown that for many hydrogels, one hour seems
sufficient time for extraction (4). The thickness of these hydrogels was about
1 mm. Faster extraction rates can probably be expected with thinner samples.

The data also substantiate the stability of ionized hydrogels. The ioniza-
tion procedure does not appear to change the network structure enough to make
them any more extraction prone than their unionized counterparts.

Discussion

The above method helps one determine the extent of water soluble impurities
in a material. To make a complete calibration requires all possible extractables
and their combinations with each other in varying concentrations. Unfortunately,
this has some practical limitations such as solubility (e.g. MEMA), and a precise
knowledge of all types of impurities within the polymer. Much more precise

methods of detecting low molecular weight extractants are available for more
detailed studies.

The absence of any significant surface tension depression in small volumes
of water used for extraction merely indicates that large amounts of water-extract-
able surface-active materials are not present in the gels. Such gels can then
be studied by contact angle and related surface chemistry methods with little
risk of artifact due to water extractable impurities.

The technique of water soluble impurity detection can possibly.be used in
other systems with different solvents, though not for polyacrylamides.
The acrylamide monomer is highly polar. One would therefore expect the
bonding characteristics, hence the surface tension, to be similar to that of
water. This would result in little depression in surface tension of aqueous
monomer solutions. Since the monomer is a solid, surface tension values are not
available. The polymer solution surface tension values, however, are available
(Process Chemicals Department, American Cyanamid Company: CyanamerR A-370,
P-26, P-250; surface tensions 67.4, 61.1, 75.5 dynes/cm, respectively). Surface
tension measured in this laboratory for a 1% (w/w) monomer solution was about

71 dynes/cm. This value, compared to those of the methacrylate monomers, is
much closer to that of water.
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Conclusion

The technique and measurement of surface temsion of the extraction water
of hydrogels is discussed. Results from several solvents and monomer solutions
indicate the test can detect impurities such as methacrylate monomers and
certain solvents as low as 5 parts per 10,000. Comparison with actual extrac-

tion data shows monomer and solvent curves can be used as calibration standards.

The absence of strong surface tension depression indicates lack of detectable
contamination, which will ensure subsequent surface chemical studies, such
as contact angle, to be relatively free from water-extractable impurities.
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Two fibroblastic cell lines, 3T3 and 3T12, were grown on hydrophilic hydrogel substrates containing
various amounts of positive or negative charge. The materials were copolymers of hydroxyethyl
methacrylate (HEMA) and methacrylic acid (MAA), N, N-dimethylaminoethyl methacrylate hydro-
chloride (DMAEMA-HCI), or trimethylaminoethyl methacrylate chloride (TMAEMA-CI). The samples
were prepared as spun cast films on ultraclean glass microscope slides. The cells were grown in 10%
fetal bovine serum supplemented Dulbecco’s modified medium (DMM). Both cell lines survived and
proliferated on the positively charged DMAEMA-HCI or TMAEMA-CI copolymers with HEMA.
Cells did not survive on the negative MAA-HEMA copolymers nor on the neutral HEMA homopol-
ymers. Proliferation did not correlate with water content of the gel materials. Attachment as well as
proliferation did correlate well with zeta potential and mole percentage positive charge as determined

by bulk titration data. @ 1985 Academic Press, Inc.

INTRODUCTION

Studies of cell adhesion and/or proliferation
on synthetic materials incorporating charged
moieties have been reported (1-4). To date,
however, there has been no systematic char-
acterization of the materials used in such
studies, and consequently the interpretation
of cell behavior on charged substances re-
mains an open question.

In this paper, the results of cell survival
and cell proliferation kinetics are reported as
a function of the measured charge on copol-
ymer substrates using standard mouse fibro-
blast cell lines.

MATERIALS AND METHODS

Polymers. The general polymer system used
in this study is shown in Table I. The prep-

! Presented at the symposium “Initial Events on Bioat-
tachment at the Solid-Liquid Interface,” held at the
American Chemical Society meeting, Las Vegas, Nevada,
March 1981, under the auspices of the Colloid Chemistry
Division.
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aration and characterization details have been
previously outlined (5, 6). The polymers were
used as thin films obtained by spin casting 1
wt% linear polymer solutions in dimethyl
formamide (DMF) onto particulate-free bo-
rosilicate glass coverslips (No. 2, 24-mm
diam, Sargent-Welch, Anaheim, Calif.). The
initial solution contained 1 mole% hexame-
thylene diisocyanate (HMDIC) as a post-
crosslinking agent. The coverslips were
cleaned by standard methods in a clean room
(6, 7). The polymer surfaces were random
and homogeneous, thus minimizing structure
effects (8, 9) on the cell growth results.

The positively charged copolymer series
(DMAEMA-HCI/HEMA and TMAEMA-CIl/
HEMA) adhered strongly to the negatively
charged glass substrate. The negatively
charged MAA/HEMA series, however, re-
quired silanization of the glass support with
aminopropyltriethoxy silane (Aldrich Chem-
ical Co., Milwaukee, Wisc.) to ensure good
bonding with the MAA/HEMA copolymers
(5, 6).

Journal of Colloid and Interface Science, Vol. 104, No. 1, March 1985
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TABLE I

Polymers Used in Characterizing Cell Growth on Charged Copolymer Substrates

r CH;

|

“ : methacrylate esters
)j|:

General system 4= CH,—C
|
|_ C=C
|
@ ~R
R Name Abbreviation Property
—CH,—CH,—0H Hydroxyethyl methacrylate HEMA Neutral
—H Methacrylic Acid MAA Negatively charged
(pH dependent)
B CH; Dimethylaminoethyl DMAEMA-HCI Positively charged
| methacrylate-hydrochloride (pH dependent)
—CH,—CH,—*N—H | CI” (ionically guaternized)
|
= CH;
= CH; Trimethylaminoethyl TMAEMA-CI Positively charged
| methacrylate chloride (pH independent)
— CH,—CH,—+N—CH; | CI” (covalently quaternized)
|
. CH;

Prior to casting the polymer solutions were
filtered through 1-um Fluoropore filters (Mil-
lipore Corp., Bedford, Mass.). Spin casting
was performed in a class 100 laminar flow-
hood using a Headway Research Model
EC101 spin coater operating at 4000 rpm for
10 sec. Samples were subsequently oven cured
under dry nitrogen at 80°C overnight. Three
coatings (200 wl total solution volume) were
given to assure complete coverage.

The coatings were characterized by X-ray
photoelectron spectroscopy. Coating thickness
was determined gravimetrically to be greater
than 200 A. Prior to use, the coverslips were
stored individually in polystyrene petri dishes
(Becton Dickinson Labware, Oxnard, Calif.).
Streaming potential measurements (10) were
obtained on similarly polymer-coated 1 X 3-
in. microscope slides.

Coverslips were extracted in serum-free
Dulbecco’s modified media (DMM) 1 day
prior to the experiments. This step was de-
signed to extract residual solvent from the

polymer, and at the same time equilibrate
the polymer in the media. Each coverslip
was placed in 2 ml of DMM and was incu-
bated overnight at 37°C. The following day
the extractant media was discarded and the
cells were seeded.

An inhibition of cell growth (ICG) test was
run on the extracts (Microbiological Devel-
opment and Control, Inc., Salt Lake City,
Utah). The procedure used is a modified
version of the Autian method (11) for the
evaluation of polymer toxicity to various cell
lines. The procedure is based on the premise
that cells in the presence of leached toxins
would show an inhibited rate of metabolism
and hence produce lower than usual amounts
of protein. Briefly, the procedure is as follows:
modified Eagle’s medium (MEM) was used
with serum for extraction to conform with
the toxicity test protocol. The coverslips were
equilibrated overnight at 37°C as usual, and
the media (extract) were collected. The ex-
tracts were mixed with double strength MEM

Journal of Colloid and Interface Science, Vol. 104, No. 1, March 1985
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and added to an L929 mouse fibroblast cell
growth assay tube. After 72 hr of incubation,
the total protein content of each tube is
measured using the colorimetric methods of
Lowry. Percentage inhibition (% ICG) is taken
as the percentage change in optical density
of the sample tubes over the control tubes,
adjusted for zero time, in the absence of
extracts. The precision of the ICG procedure
is approximately +10%. Values of 10-15%
inhibition suggest a low level of inhibition,
while values of over 15% are generally con-
sidered to be indicative of a toxic material.
These values are derived from extensive ex-
periments utilizing direct tissue reaction
studies (11). The MEM used in the extraction
did not affect cell growth differently compared
to DMM as observed in the polymers ex-
tracted in both media.

Cells. 3T3 and 3T12 cell lines were ob-
tained from the American Type Culture Col-
lection (ATCC, Rockville, Md.) and main-
tained in DMM with 10% fetal bovine serum
(FBS) at pH 7.4. Cells were trypsinzed,
counted, and resuspended in DMM + 10%
FBS. Trypan blue dye exclusion showed
greater than 95% viability. Cells were seeded
at low density, 1.3 X 10 cells/dish, for the
kinetic studies and 10 times that for the
high-density growth studies. The cells were
fixed and stained in 2% gluteraldehyde and
10% Giemsa and counted using light micros-
copy at about 100X. Twenty-six measure-
ments were taken at 1-mm intervals across
the coverslips and the average number of
cells/mm? was calculated.

The kinetic study is defined as follows: the
cells were seeded into petri dishes. They were
fixed, stained, and counted at intervals of 1,
2, and 3 days for 3T12 cells, and at 2, 4, and
6 days for the slower growing 3T3 cells. The
kinetics of cell proliferation are determined
from the number of cells counted at these
intervals.

In addition 10-min adhesion (attachment)
studies were done. The cells were allowed to
settle on the coverslips for 10 min and were
then fixed and counted. Standard glass and
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surface modified polystyrene tissue culture
substrates were used as controls. Proliferation
at high seeding density (1.3 X 10° cells/dish)
was observed at 1 day (3T12) or 2 days (3T3)
to see if any difference in proliferation existed
between the two cell lines that may not be
apparent at low seeding density.

RESULTS
Toxicity

The ICG test showed that the 35%
DMAEMA-HCI/HEMA copolymer may be
mildly toxic (5). All other materials were
nontoxic by the ICG assay.

Cell Attachment and Proliferation

Figures 1 and 2 show the growth curves of
3T3 and 3T12 cells on the various substrates.
Symbols of the same type lined up vertically
represent the same copolymer type with in-
creasing amounts of added charge. Generally,
increasing positive charge supports increasing
growth. As seen in Fig. 1, the negatively
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FiG. 1. 3T12 cell proliferation at low seeding density
on the substrates indicated. Note particularly the solid
circles which are the highly positively charged covalently
quaternized copolymer. The cell density increases dra-
matically between Days 2 and 3 to nearly 250 cells/
mm?, Referring to Day 3 data, the four solid circles in
that column represent increasing positive charge density,
showing that the cell density increases with increasing
positive charge density. Note that the negatively charged
material at comparable charge densities does not support
cell growth, as indicated by the solid triangles, even at 3
days. The neutral material, the open triangles, supports
some growth but it is minimal even at 3 days. Each
point represents three replicates.
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FiG. 2. 3T3 cell growth at low seeding density up to
6 days. The same general results are shown here as in
Fig. 1 except that the growth period goes out to 6 days
with the consequent higher cell density. In this cell line
at 6 days, there is a considerable greater spread in cell
density with positive charge character of the copolymer
as indicated by the spread in the solid and open circles
at Day 6 (compared with Fig. 1).

charged MAA/HEMA copolymers do not
support proliferation to any measureable ex-
tent. This trend can be seen more clearly in
the 2-day growth studies at high seeding
density (10X higher than used for Figs. | and
2) in Figs. 3 and 4. Here cell growth is
plotted against mole% charge, i.e., moles of
charged comonomer, expressed as % of total
monomer. Both plots confirm the results
shown in Figs. 1 and 2.

There are two aspects that might affect cell
proliferation that could be influenced by
mole% charge: water content (wet weight of
gel/weight of dry polymer) and zeta potential
(10). The data for 3T3 cell growth plotted

SURFACES 75
570F A HEMA % ‘

L A MAA
5. 475F O DMAEMA-HCI L
— - ® TMAEMA:-CI T
& 380} |
E 3 2-DAYS I
= 285: E
|
= o0k
il L
QO 95fb A®

OL & A A

-75 -56 -37 -IB 2 2l 40

MOLE % CHARGE

FIG. 4. 3T12 cell growth at 2 days for high seeding
density vs mole% charge.

against each of these variables are shown in
Figs. 5 and 6. Here cell growth is predomi-
nantly dependent on the interfacial charge
character, i.e., more growth with positive
potential, and to a lesser extent on the degree
of swelling.

The trend of cell proliferation on positively
charged copolymers presented thus far is
initially noticeable in the attachment stage
(zero time growth or plating efficiency). Using
3T12 cells as an example, this trend is shown
in Fig. 7 (16). In fact, both 3T3 and 3T12
cells attached and proliferated more rapidly
on positively charged copolymers. This trend
was established 10 min after seeding and
persisted throughout the experiments.

In this study the majority of the copolymers
contained 1 mole% crosslinker. To see if
substrate rigidity (tightening of the network)
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FiG. 3. 3T3 cell growth at 2 days for high seeding
density vs mole% charge.
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FiG. 5. 3T3 cell growth at two days for high seeding
density vs swelling degrees in PBS. Swelling degree
= weight of swollen gel/weight of dry gel.
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had any effect, 2% crosslinker concentrations
were used for the copolymers containing the
highest amounts of charge (hence the highest
degree of swelling). The swelling degrees of
these polymers (measured on 3% positively
and negatively charged HEMA copolymers)
were reduced to levels close to those of
PHEMA. The cell density results, however,
were within the standard deviations of the
1% crosslinker values. If a tighter, more rigid
copolymer resulted from the 2% crosslinker,
one might expect better growth, especially
with the anchorage dependent 3T3 cells. This
was not seen.

DISCUSSION
Toxicity

The toxicity test results suggest that, in
general, the materials used for this study were
not toxic to cells. Therefore, nonproliferation
when observed is unlikely to be due to toxic
substances leaching from the polymer. The
35% DMAEMA-HCI/HEMA copolymer may
be toxic. Although cells generally proliferated
on this material, it should be remembered
that the charge character of a DMAEMA-
HCI/HEMA copolymer is pH dependent
thereby influencing both toxicity and cell
culture measurements locally. Since the per-
manently quaternized TMAEMA-CI/HEMA
copolymer is nontoxic, one might speculate
that the DMAEMA moiety is the potential
toxicant. More rigorous toxicity studies
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should be carried out to answer the many
questions raised.

Cell Attachment and Proliferation

Since gels are generally regarded as non-
supportive for normal cell growth (11-13), it
is interesting to note that both 3T3 and 3T12
cells grow on the positively charged gel sub-
strates. According to Figs. 1-4, neither 3T3
nor 3T12 cells appear to prefer DMAEMA-
HCI/HEMA copolymers over TMAEMA-CIl/
HEMA copolymers or vice versa. In other
words, it seems to be the positive charge
environment that encourages cell prolifera-
tion. In some cases DMAEMA-HCI/HEMA
copolymers appeared to support more cell
proliferation than TMAEMA-CI/HEMA co-
polymers, but not consistently. This incon-
sistency may be due to the pH dependence
of this particular copolymer. The ratio of
DMAEMA to DMAEMA-HCI could change
with small pH fluctuations. It is conceivable
that minute media pH changes could bring
about a favorable or hostile growth environ-
ment. Even if the bulk media pH were
constant, the cells themselves as a result of
their metabolism influence the local pH. It
is evident that, when working with ionizable
species, the importance of maintaining the
desired pH cannot be over stressed.

-
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FIG. 7. 3T12 cell attachment (zero time adhesion) at
low seeding density vs mole% charge. This is analogous
io a plating efficiency assay measured after 10 min of
contact time. Cell density in number of cells/mm?Z
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Although both 3T3 and 3T12 cells grow
on positively charged gels, the 3T12 cells
grow more rapidly (Fig. 1) and within a given
time period to a high density (Fig. 4). This
behavior is generally expected for the trans-
formed 3T12 cells (12).

In the figures containing cell proliferation
against zeta-potential or against water con-
tent, it should be noted that pHEMA shows
a net negative interfacial charge character,
despite the lack of any incorporated charge,
perhaps due to adsorbed anions and/or. or-
ganized water (6). Also, swelling degrees for
this particular polymer are quite low, and it
may be possible that a rigidity effect offsets
the negative interfacial character, resulting in
an unexpected marginal growth.

However, as indicated under Results, dou-
bling the amount of crosslinker still does not
make cells proliferate on MAA/HEMA co-
polymers. It appears that constraining the
swelling degree to that of a pHEMA is not
enough to offset the negative charge of a 3%
MAA/HEMA copolymer. If rigidity affected
cell proliferation and the apparent amount
of negative charges was minimal, by intro-
ducing more rigidity into a pHEMA, one
might expect to see an increased degree of
cell proliferation.

The films cast on glass have different swell-
ing capacities than bulk gels. The exact swell-
ing characteristics of these thin film gels are
unfortunately not known. Some of the more
highly charged gels have on occasion been
noted to be somewhat “slick” on the surface.
This could indicate a looser and/or more
swollen network at the surface, possibly with
dangling ends. In the process of making three
coatings, each coating step resolvates the
prior one, and also adds more chemical
crosslinker (HMDIC). It is reasonable to sug-
gest that the first coat of each film is some-
what immobile. Additional layers, despite the
added HMDIC, tend to be less constrained
by the rigid glass substrates. Hence the out-
ermost gel coat could conceivably mimic
bulk-gel behavior, and results obtained here
may apply to bulk gels. On the other hand,

subtle coating thicknesses were shown to
affect cell growth. Even though pHEMA is
known as a non-cell-adhering material, in
thin film form one pHEMA coat supported
cell growth. Two or more coatings showed
the classical neutral pHEMA gel response,
i.e., minimal growth. The results are very
similar to those reported by Folkman and
Moscona (13). This experiment may suggest
the importance of the rigidity of the substrate,
i.e., the second and other coats may not have
the same rigidity as the initial coat. It may
also suggest substrate show through.

The subject of rigidity is important to
remember when arriving at a cell proliferation
criteria for this system. In this charged hy-
drogel system, initial attachment reflected
subsequent proliferation. However, in a sys-
tem such as the charged methyl methacrylate
copolymers, cells show low or nonexistent
attachment to neutral and charged materials,
but proliferate after 24 hr, as much as they
would on glass.

CONCLUSIONS

This work presents evidence that charge,
positive charge in particular, does affect cell
adhesion and growth. The involvement of
positive charge has been cited by others
implying similar adhesion mechanisms (1-4,
14, 15). There is a body of literature, however,
which contends negative charge to be most
important (16-18). Much of the negative
charge work is based on surface-oxidized
polystyrene and glass. The charge in these
systems has been estimated by dye binding
(16, 17). However, these surfaces differ from
those of the present work in that they are
not hydrophilic in the sense of having an
extensive gel interfacial region. Also their
surface rigidity is completely different from
the materials used in this work. The copoly-
mer gels used in this study exhibit a highly
hydrophilic, soft interfacial region (8).

The effect of positive charge at gel-like
interfaces has been investigated by others
with similar results (2-4, 19, 20) and has
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been commercialized for mass cell culture
application. Actual measurements of surface
charge density are very rare, however (20).
Although the proliferation trends of the
cells implied cell/substrate electrostatic inter-
actions, the exact mechanism of adhesion is
not known. Different adhesion mechanisms
may operate for substrates with different
amounts of charge (positive or negative),
surface rigidity, and other factors probably
mediated by specific protein adsorption
properties (21). A more definite interpretation
of cell adhesion must await further work
with well characterized model materials, in-
cluding protein adsorption studies, where
these factors may be investigated together.
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Interaction of plasma proteins with heparinized gel
particles studied by high-resolution
two-dimensional gel electrophoresis

C-H. Ho,* V. Hlady,' G. Nyquist, J. D. Andrade,* and K. D. Caldwell
Department of Materials Science & Engineering, Center for Biopolymers at Interfaces, and
Department of Bioengineering, 2480 MEB, University of Utah, Salt Lake City, Utah 84112

In order to further the understanding of
protein—surface interactions in the coagu-
lation system, we have chosen to study
plasma protein adsorption onto heparin-
immobilized surfaces. Heparin-binding
proteins are abundant in plasma: a search
of amino acid sequences revealed that
many plasma proteins have possible hep-
arin binding sites. Plasma protein ad-
sorption to the heparinized surfaces is
monitored by a novel technique in which
the solution depletion of proteins is ana-
lytically determined using quantitative
two-dimensional polyacrylamide gel elec-
trophoresis (2-D PAGE). This method
enables simultaneous, quantitative detec-
tion of the majority of plasma proteins be-
fore, during, and after their adsorption
onto high surface area adsorbents. Using
computerized densitometry of silver-
stained 2-D PAGE gels, the amount of

each protein can be determined from the
integrated optical density of each protein
“spot.” Kinetics of adsorption and adsorp-
tion isotherms of four important heparin
binding proteins, antithrombin III (ATIII),
complement factor C3 (C3), apolipoprotein
Al (Apo-Al) and apolipoprotein AIV (Apo-
AIV) are reported in this paper. From the
adsorption isotherms, the apparent bind-
ing constants of each protein-immobilized
heparin complex, K,, were calculated. The
surface binding constants were of the
same order of magnitude as the respective
solution binding constants in the litera-
ture. The surface binding constants fol-
lowed the same order as the respective
solution binding constants: K, (ATIII) >
K, (Apo-AlV) > K, (C3) > K, (Apo-Al),
indicating that protein binding to the im-
mobilized heparin used is not essentially
different from solution binding.

INTRODUCTION

There are over 200 proteins in human plasma.”” Most plasma proteins are
highly surface active*® and their interfacial processes can result in coagula-
tion, activation of the complement system or cell adhesion, particularly of
platelets and leukocytes. In addition, cell-surface interactions, generally me-
diated through protein interfaces, are important in endothelial cell adhesion
and culture.®

*Submitted in partial fulfillment of the requirements for the MSc degree in Materials
Science and Engineering.
'On leave of absence from “Ruder Boskovic” Institute, P. O. Box 1016, 41000 Zagreb,
Croatia, Yugoslavia.
o whom correspondence should be addressed.
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Plasma protein adsorption is a complex process and includes the competi-
tion between different proteins for the surface binding site(s). This competi-
tive adsorption, often referred to as the Vroman effect,*® is a function of the
particular protein-surface affinity and concentration. Analytical techniques
for studying protein adsorption from plasma are usually limited by a diffi-
culty in determining the contribution of a particular protein. The usual
method is to label one particular protein and then add it to plasma so that its
adsorption can be measured. Several different experiments are needed, each
performed with a different labeled protein, in order to obtain composite ad-
sorption information. This is a tedious task when many plasma proteins need
to be considered. Besides, the use of the label creates a possibility of per-
turbing the protein or influencing the adsorption process.

Here we report the development of an experimental method by which the
competitive adsorption of plasma proteins can be studied without the use of
labels. We employ high-resolution quantitative two-dimensional polyacryl-
amide gel electrophoresis (2-D PAGE) for detection of the amount of plasma
protein in the solution, prior to and after adsorption. Thus, 2-D PAGE applied
as a solution depletion method enables both simultaneous identification and
quantitative detection of most plasma proteins at the same time. The protein
in the gels is detected by silver staining; the sensitivity of the method is ap-
propriate for adsorption studies. So far, one dimensional electrophoresis has
been used by Mulzer and Brash® and by Horbett et al.” to study the composi-
tion of adsorbed protein layers after their elution from surfaces. Interactions
of plasma proteins with artificial surfaces in vivo and in vitro was studied
qualitatively by Owen et al. in 1985 using 2-D electrophoresis.”

For the purpose of development and verification of the method, we have
selected a well-characterized model system for initial studies: a subset
of plasma proteins which bind heparin and heparin-derivatized adsorbents.
Heparin-binding domains are present in many plasma proteins. For exam-
ple, fibronectin, an important cell adhesion protein, contains several different
binding domains, including heparin-binding regions.” Heparin-binding pro-
teins are among the most important proteins in plasma with regard to coagu-
lation and thrombosis, and their specific binding functions and amino acid
sequences are relatively well defined. Antithrombin IIT and thrombin adsorp-
tion on sulfonated polystyrene, a synthetic heparin-like material, was studied
by Jozefowicz et al® Interaction between thrombin and heparin-PVA
hydrogel was studied by Sefton et al.”

BACKGROUND
Heparin
Heparin is an important anticoagulant, used clinically to minimize throm-

bus formation on artificial surfaces. Heparin has the ability to combine with
a large number of proteins. The complexes can be distinguished as those
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which originate from relatively nonspecific heparin-protein interactions and
those which are due to more specific heparin-protein interactions, such as the
heparin binding sites in antithrombin III (ATIII) or fibronectin (FN).

From the structural point of view, heparin is a sulfated polysaccharide com-
posed of alternating units of hexuronic (p-glucuronic or 1-iduronic) acid and
D-glucosamine.” Heparin preparations are heterogeneous with respect to
molecular weight, ranging from 3 to 40 KD. Heparin fragments consisting
of at least- 18-20 monosaccharide units are needed for the thrombin-
antithrombin III interaction. The basic unit structures for heparin binding
with protein are pentasaccharide, hexasaccharide, and octasaccharide.”

Heparin-binding proteins

Antithrombin III (ATII) is a natural anticoagulant with a major role in con-
trolling the activity of proteases in the blood coagulation system. Its inhibitory
properties are accelerated by the presence of heparin, which binds to ATIII
and dramatically increases the rate of enzyme—inhibitor complex formation.
The association constant of ATIII and heparin is approximately 107 M7,
which makes ATIII the highest affinity heparin-binding protein.”

Other plasma proteins that can bind to heparin include: fibronectin (FN),
vitronectin (VN), complement factor C3 (C3), histidine-rich glycoprotein
(HRG), plasminogen (PMG), heparin co-factor II (HC II), apolipoproteins
(Apo-Al, Apo-All, Apo-AlV, Apo-B, Apo-CI, Apo-CII, Apo-CIII, Apo-E), and
others. The basic data for heparin-binding proteins are listed in Table I" and
Table IL.”

Using the amino acid sequence of these proteins (available in the literature,
see Table III) we have identified their potential heparin-binding sites. In each

TABLE I
Summary of Properties of Major Heparin-Binding Proteins
(Excluding Apolipoproteins'~)

Protein Symbol ATIII FN VN HRG PMG HCII C3
Conc. in human plasma
(mg,/100 mL) 20-40 25-40 25-30 5-15 6-25 =9 55-120
M.W. (Dalton) 56,000 440,000 65,000 58,500 92,000 65,600 185,000
Isoelectric
point (IEF) 49-52 55-6.2 4.8-53 — 5.6 5.0-5.2 5.5-6.0
Carbohydrate
content (%) 15 5 10 11 1.5 9.9 2
Saw (S) 4.1 12-14 4.6 3.8 4.2 4.31 9.5

E zaoy (1%) 6.5 12.8 — 5.9 17.0 11.7 10.0




TABLE II
Summary of Properties of Apolipoproteins®
Protein Symbol Apo-Al Apo-All Apo-AlV Apo-B Apo-CI Apo-CII Apo-CIII Apo-E
Conc. in human plasma (mg/100 mL) 100-200 3040 16-20 90-110 4-6 3-5 12-14 3-6
M.W. (Dalton) 29,016 17,440 46,000 500,000 6,300 8,824 34,145
Isoelectric point (IEP) 45-5.9 4.9 — 7.5 4.9 4.7-5.0 5.9
Carbohydrate content (%) 0 0 0 0 0 0
TABLE III
List of Known Heparin-Binding Proteins, Their Plasma Concentrations, Estimated Heparin-Binding Affinity,
and Their Possible Heparin-Binding Site Sequences and Related Changes
Protein® Affinity" Possible Heparin-Binding Sequence® Charges (+/-) Reference
ATII High(l0' M™") -Arg Arg-Val-Trp— ++ 20
~Lys————- Pro-Glu--——Lys——— Ser-Leu-Ala Lys Val-Glu Liys= ofor—sboes apie—df
PMG -Lys——Phe-Pro-Asn—— Lys———-——, Asn-Leu Lys 1By 7 e SORE e o -
-Lys ——Lys Cys-Pro-Gly———— Arg- e bk 21
-Arg——— Pro-Asn--—-Lys——Pro-Gly-Val-Tyr-Val-— Arg Val-Ser ATge-. il v g et ks
HRG —-Lys Arg Arg -Arg— ++++ 22
VN ~Arg Phe Arg His Arg- do bk 23,24
—Arg——-- Ser-Gln———- Arg——— Gly-His-Ser Arg -Gly g St wenpions i
c3 —Lys Thr-Pro Lys Tyr-Phe Lys— oo ip e
-Lys Gly - Arg Leu-Leu Lys Ala—Gly- Arg- +-4+: -+ -+ 25
—Lys Lys Asn Lys-Leu-Thr-GIn-Ser-Lys— ++ -+ -+
-Arg———— Met-Asp——— Lys— Val-Gly- Lys Tyr-Pro Lys= i omsd v sbninip
—Lys Asp Lys Asn Arg- ey o
-Lys—-Glu-Asp-Gly— Lys——————-] Leu-Asn————— Lys————-Leu-Cys—— Arg- +—-—-+- -+
—Lys Cys Arg Glu-Ala-Leu——---Lys Leu-Glu-Glu Lys— +-+---+-——+
FN -Arg Val Arg- Val-Thr—Pro-- Lys Glu | £ TSI e S e
—Arg—————- Ala————— Arg-Tle-Thr-Gly-Tyr-Ile-Ile-Lys Tyr-Glu- Lysgss Hrrghe s w0 e 28
—-Arg-Glu-Val-Val-Pro—-Arg Pro Arg— - R s
ApoC-III ~Lys—--His-Ala-Thr——-Lys Thr-Ala Lys— S S R 25
ApoB —Arg: Lys Tyr- Arg— ++- +
—Lys- Lys Tyr Arg— e
—Lys Lys Asn. Lys His Arg— ++-+-+
—-Arg Lys Arg: Gly-Leu———-Lys— +++- -+ 25,29,30,31
—-Arg Arg—--- Gln-His-Leu————- Arg— +4+ -+
ApoE —Arg Lys Arg- 4+ 25,2932
—Arg Leu Arg Ala Arg- P
ApoA-1V —Arg——-- Leu-Ala——— Lys—————Asp-Ser-Glu Lys Leu Lygs s e 25
ApoA-l Low —Arg -Gln Arg Leu-Ala-Ala—————Arg-Leu—Glu-Ala-Leu-Lys— + -+ - -+ — 25




TABLE III (continued)

Protein® Affinity® Possible Heparin-Binding Sequence® Charges (+/—) Reference
ApoA-TI I -Lys-Ser-Tyr-Phe-Glu- Lys Ser Lys— R 25
ApoC-I . -Lys Val Lys Glu Lys Leu Lys— +-+—+-+ 25
ApoC-1I Low(10° M™") -Lys Leu Arg——-Asp-Leu-Tyr-Ser--- Lys— f R 25

Sgi Si)’j Sj))i 503
| | | |
Heparin Model® GLN 1IDU GLN DU GLN GLU GLN

*Abbreviations: ATIII = Antithrombin III; PMG = Plasminogen; HRG = Histidine-rich glycoprotein; VN = Vitronectin;
FN = Fibronectin; C3 refers to the binding of C3b, derived from complement C3; Apo refers to the Apolipoproteins; ApoA
proteins are primarily in high density lipoproteins (HDL); ApoB is the major protein in low density lipoprotein (LDL) and is also
in very low density lipoproteins (VLDL); ApoC proteins are found in VLDL; ApoE is in VLDL and also in LDL;

"Affinity: Depends on the particular heparin-binding sequence, binding constant, hydrophilicity, charge (+/-) etc. [18, 26, 27],

(i). highest is ATIII at about 10’M " (ii) lowest may be around 10°M ™

‘Possible heparin-binding sequence: We have used ATIII and ApoE, whose sequences have been identified, as a model to predict

the heparin binding sequences in the other proteins.

“Heparin model: GLN: D — glucosamine; GLU: D — glucuronic acid; IDU: L — iduronic acid.

Sh . e e am

o L
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protein the predicted heparin-binding site contains three or four basic amino
acids, arginine or lysine, which alternate every three or four amino acids.
Similar regions have been recently identified as heparin-binding sites in 21
different proteins.” Table III lists probable heparin-binding regions in many
heparin-binding proteins.

MATERIALS AND METHODS

The adsorbent

The study of protein adsorption by any solution depletion method requires
the use of an adsorbent with a high surface area. We chose typical affinity
chromatography materials as adsorbents. Three different commercially avail-
able heparin-agarose particles, Heparin Sepharose CL-6B (Pharmacia, Piscata-
way, NJ), Affi-Gel Heparin (BIO-RAD, Richmond, CA) and Progel-TSK
Heparin-5PW (Supelco Inc., Bellefonte, PA), were initially evaluated by mea-
suring their binding capacity for each of three purified proteins: ATIII (Sigma,
St. Louis, MO) HRG (Calbiochem, San Diego, CA), and FN (Calbiochem, San
Diego, CA), respectively. The amount of adsorbed protein was determined by
the difference in UV absorbance in the solution. It was found that the Hepa-
rin Sepharose CL-6B had the highest binding capacity of the three materials
examined (Fig. 1). On the basis of this result Heparin Sepharose CL-6B was
chosen for all further experiments. One gram of dry Heparin Sepharose CL-
6B is approximately equal to 4 mL of hydrated, packed gel.

The adsorbate

We chose human plasma as our adsorbate-solvent mixture. Blood was
drawn from several healthy human donors and collected by using 5 mL
Vacutainer Brand evacuated blood collection tube (Becton Dickinson and
Company) which contained 0.05 mL of 15% EDTA solution (7.5 mg). Plasma
was separated from the blood cells by centrifugation at room temperature for
20 min at 1790g. The plasma was pooled from various donors and stored
frozen at —20° C.

The adsorption kinetics experiments

In these experiments, the concentration of plasma solution and the amount
of Heparin Sepharose CL-6B were kept constant while the adsorption time
was varied (from 10 min to 780 min). Typically, 0.02 g Heparin Sepharose CL-
6B particles and 0.5 mL human plasma were mixed in a 1.5-mL vial and di-
luted with Tris-buffer at pH 7.4 to 1.5 mL. The plasma was diluted to 1/3.
After continuous mixing by rotation at room temperature, the mixture was
allowed to sediment by gravity (about 3 min) and 10 uL of the supernatant
was removed for 2-D PAGE analysis.
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25

ATIII

Protein (mg) / Sepharose-heparin (ml)

I Pharmacia : Heparin Sepharose CL-6B

BIO-RAD : Affi-Gel Heparin
Supelco Inc. : Progel-TSK Heaprin-5PW

Figure 1. Binding of three proteins: antithrombin III (ATII), histidine-
rich glycoprotein (HRG), and fibronectin (FN) to three different commer-
cially available heparinized gel particles.

The adsorption “isotherm” experiments

In these experiments the concentration of plasma solution and the adsorp-
tion time were kept constant while the amount of Heparin Sepharose CL-6B
was varied from approximately 0.01 g to 0.09 g (0.04 mL to 0.36 mL packed
gel). Adsorbent was diluted with Tris-buffer at pH 7.4 to 1.0 mL and
0.5 mL human plasma was added. After 13 h of continuous mixing by rotation
at room temperature, the mixture was allowed to sediment by gravity (about
3 min) and 10 uL of plasma sample was removed for 2-D PAGE analysis.

The protein separation and detection method

We used high-resolution quantitative two-dimensional polyacrylamide
gel electrophoresis (2-D PAGE) for protein separation and detection. In this
method unknown proteins from a mixture are first separated according to
their isoelectric point (in the first dimension) and then according to their mo-
lecular weight (in the second dimension) (Figs. 2 and 3).
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Figure 2. Schematic of the protein adsorption experiment: a sample of
protein solution is analyzed using 2-D PAGE before and after the solution
is depleted by adsorption on high-surface-area adsorbent.
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Figure 3. Resolution of proteins by 2-D PAGE. The protein sample is
loaded on the basic side (pH 10) of the IEF tube gel (first dimension), and
then separated by the respective isoelectric points. Following the separa-
tion in the first dimension, the IEF gel is placed on the top of a slab gel (sec-

ond dimension) in which proteins are separated by their respective
molecular sizes.
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We have used the ISO-DALT system (Hoefer Scientific Instruments, San
Francisco, CA), developed by Anderson and co-workers.*** The chemicals for
2-D PAGE process were purchased from different sources:

(1) Sodium dodecyl sulfate (SDS), urea, Nonidet P-40 (NP-40), glycine, N,
N'-methylene-bis-acrylamide (BIS) and acrylamide (for IEE first dimension
gel), (BDH, imported by Hoefer Scientific Instruments, San Francisco, CA).

(2) 3-[(3-cholamidopropyl) dimethylammonio] 1-propanesulfonate (CHAPS),
Tris-HCl, Tris-base, glutaraldehyde (Sigma, St. Louis, MO).

(3) Dithiothreitol (DTT), N, N, N’, N'-tetramethylethylene-diamine
(TEMED), ammonium persulfate, bromophenol blue and acrylamide (for
DALT, second dimension gel) (BIO-RAD, Richmond, CA).

(4) Glycerol, ammonium hydroxide (E.M. Science, Cherry Hill, NJ).

(5) Ampholyte (3-10) (Serva, Westbury, NY).

(6) Silver nitrate (Aldrich, Milwaukee, WI).

(7) Formaldehyde solution (Mallinckrodt, Inc., Paris, KY).

(8) Phosphoric acid, hydrochloric acid, and acetic acid (JT. Baker Inc., Phil-
ipsburg, NJ).

First, the isoelectric focusing (IEF) gel was prepared as ISO-mix solution
containing 4% cross-linker with acrylamide and BIS, urea, CHAPS, NP-40,
and carrier ampholytes 3-10. After polymerization, the gels were prefocused
for 1 h at 200 V before the samples were loaded. Plasma samples to be ana-
lyzed were diluted with solubilization buffer (1:1) containing 2% SDS, CHAPS,
DTT, glycerol, and Tris-HC1 at pH 7.4 and loaded with a Hamilton micro-
syringe on top of the IEF tube gel. The tube gels were run at 20,000-22,000
Volt-hours (from 20 h at 1,000 V to 22 h at 1,000 V).

Second, the slab gels used for the second dimension were formed by feeding
heavy and light acrylamide solutions to the DALT gradient maker, thereby
creating a density gradient in the gel. After polymerization of the slab gels,
the protein-containing IEF gels, together with the equilibrium solution (10%
glycerol, DTT, 2% SDS, Tris-base, bromophenol blue and HC1), were applied
on top of the slab gels and fixed in place with the agarose. Electrophoresis
was carried out at 50—-60 mA per gel for 9-12 h.

Finally, high-sensitivity silver staining was employed for protein detection
after the separation.” The freshly run slab gels were fixed in a solution of 50%
ethanol and 10% acetic acid overnight. After rinsing, the gels were placed in a
2% glutaraldehyde solution buffered to pH 9.5, for at least 1 h. The gels were
then stained in diluted solution of 0.7% silver nitrate, rinsed, developed, and
“stopped” according to the ISO-DALT manual.*® The 2-D PAGE gel of normal
human plasma (1/30 dilution) is shown in Figure 4.

The quantification of proteins in gels

In order to find the most optimal densitometric system for the quantita-
tive detection of proteins in the two-dimensional gels, we have evaluated sev-
eral commercial products and finally decided to custom-build a computerized
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(a)

Figure 4. 2-D PAGE gel for normal human plasma sample (1/30 dilution),
mixed with sample solubilizer 1:1, 25 pL loaded onto gel. Soybean trypsin
inhibitor (STI), used in adsorption experiment as external standard, is also
indicated. (a) Photograph picture of the part of actual gel, (b) outline of the
same region of the same gel with identified proteins: (1) albumin; (2) trans-
ferrin; (3) fibrinogen « chain; (4) fibrinogen S chain; (5) Ig y chain; (6) fibri-
nogen vy chain; (7) Ig A chains; (8) Ig « chains; (9) haptoglobin «; chain; (11)
prealbumin; (10) hemoglobin B chain; (12) soybean trypsin inhibitor (STI);
(13) Apo-AlL (14) Apo-AlV; (15) haptoglobin 8 chain; (16) Gc globulin; (17)
antithrombin III; (18) «; antitrypsin; (19) Ig A; (20) hemopexin; (21) a;-
antichymotrypsin; (22) a;-B glycoprotein; (23) a; HS glycoprotein.

densitometric system. The basis of the system is a thermoelectrically cooled
charge-coupled device (CCD) camera (14-bits, Photometrics LTD, Tucson, AR)
interfaced with a Macintosh II computer via appropriate electronics and a
DMA board NB-DMA-8, (National Instruments, Austin, TX). Typically, the
two-dimensional gels were placed on a cold-light source (Aristo, Roslyn, NY)
and a transmission image of the gel was recorded. The resulting intensities
were corrected for uneven output of the light source and compressed to 8
bits/pixel.

Images of the gels were stored in the computer for further processing. Im-
age 1.26 (W. Rasband, NIH) software was used to analyze the data. The
images were calibrated using optical density standards (precalibrated photo-
graphic step tablet by Kodak). The photographic step tablet was recorded by
the CCD camera and a corrected transmission of each step was measured to
obtain a calibration curve. The calibration was then applied to each of the
two-dimensional gel images. The measurement of the optical density of each
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Figure 4. (continued)

protein spot was made by drawing the outline of each spot or of a region.
The software automatically subtracts local background and calculates the in-
tegrated optical density for a given area.

Because we used pooled plasma in our study, the absolute initial concen-
tration of each protein was not precisely known. Instead, we used the frac-
tional depletion, E, of each protein to describe the binding of a specific protein
to the surface. F was calculated as a ratio of the integrated optical volume
densities of a given protein after and before solution depletion by adsorption,
respectively:

_ _(integrated optical density) after depletion by adsorption
~ (integrated optical density) before depletion by adsorption

The fractional depletion can be easily transformed into the corresponding
fractional adsorption, 1 — E The results presented in this paper are plotted as
1 — F vs. time (min) or vs. adsorbent weight (g).

To fully correct for experimental differences between different gels within
one batch, a known standard protein was incorporated into each sample.
This protein can be added separately onto the IEF gel before sample is loaded
on the IEF tube gel (so-called extrinsic standard), or it can be chosen from
among those existing plasma proteins which do not become depleted by ad-
sorption in the sample (so-called intrinsic standard). In either case, normali-
zation of integrated optical density of proteins of unknown concentration
with respect to the integrated optical density of such standard will account
for variations in staining and loading procedures during each experiment.
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We used soybean trypsin inhibitor (STI) as our extrinsic standard, because it
showed only a single spot on the two-dimensional gel, and its location did
not overlap with other plasma protein patterns.

Of the heparin-binding proteins, only ATIII, C3, Apo-Al and Apo-AIV were
easily detected on the two-dimensional gels. The reasons that other heparin-
binding proteins could not be detected was due mainly to inappropriate gel
cross-linking density and staining conditions for those particular proteins.
For example, FN is a high-molecular-weight protein (220KD after DTT treat-
ment) which penetrates into the gels very slowly due to our gel cross-linking
density range (9%T to 20%T). Apo-All, Apo-CI, Apo-CII, and Apo-CIII are
low-molecular-weight proteins (lower than 10KD) and pass through the gel
to its lowest part under present gel cross-linking density range. To detect
those proteins, gels with a different cross-link density should be used, i.e.,
< 9%T for FN and > 20%T for Apo-All, Apo-CI, Apo-CII, and Apo-CIIL. VN,
HRG, and HCII were not detected in the diluted plasma sample, but could be
easily detected using purified protein samples. Their poor detectability from
plasma is not fully understood yet. It is probably related to their efficiency of
silver staining and/or their loss to the walls of vials or electrophoresis plates.
This problem will be addressed in future studies. In this paper we chose to
focus on the adsorption of four heparin-binding plasma proteins: ATIII, C3,
Apo-Al, and Apo-AlV.

RESULTS AND DISCUSSION

The adsorption kinetics and “isotherm” experiments were performed in
triplicate. The error bars represent the standard deviation of three different
experiments. Figure 5 shows the results of the adsorption kinetics experi-
ments for C3, ATIII, Apo-AlIV, and Apo-Al The rapid increase in fractional ad-
sorption of ATIII and Apo-Al indicates a high affinity to Heparin Sepharose
CL-6B: ATIII was almost completely removed from solution; the fractional
adsorption for Apo-Al at 30 min was up to 0.55 + 14%. The fractional adsorp-
tion of C3 was up to 0.15 + 9% and Apo-AIV was up to 0.20 + 11% after ap-
proximately 200 min. Assuming that equilibrium has been reached after 13 h,
ATIII showed the highest binding affinity with Heparin Sepharose CL-6B
(Fig. 5). The pore size of Heparin Sepharose CL-6B is about 100 A and the
porosity is about 65%. The estimated time for ATIII to diffuse into Heparin
Sepharose CL-6B is of the order of 1 to 2 min. Therefore, the initial diffusion
process was complete before our first sampling time (10 min after initiation
of adsorption).

The results of the adsorption “isotherm” experiments are given in Figure 6,
where the fractional adsorption of the four proteins is given as a function of
the amount of the adsorbent in the system. The maximal fractional adsorption
value of ATIII was the largest (ca, 1.0), C3 was second (ca. 0.60 + 15%), Apo-
Al (ca. 0.40 = 12%) and Apo-AIV were the smallest (ca. 0.40 = 14%).
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Figure 5. Results of the adsorption kinetics experiments: fractional ad-
sorption, 1 — E of ATIII, C3, Apo-Al, and Apo-AIV shown as a function of

the adsorption time.

In order to compare the heparin binding by these four proteins in solution
and at the heparin gel/solution interface, we have estimated the apparent
protein-immobilized heparin binding constants, K ,utce, from the initial por-
tions of the adsorption isotherms (dashed lines in Fig. 7), using the following
binding reaction scheme: P + As = PA; and equations

Ka{surface) = [PAS:V[P] § [ASJ
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Figure 6. Results of the adsorption “isotherm” experiments: fractional ad-
sorption, 1 — E of ATTII, C3, Apo-Al, and Apo-AIV shown as a function of

the amount of Heparin Sepharose CL-6B in the system.
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Figure 7, Results of the adsorption “isotherm” experiments: fractional ad-
sorption, 1 — F of ATIII, C3, Apo-Al, and Apo-AIV. The initial slopes of the

adsorption isotherms used in calculation of K, 2re shown by dashed
lines.

=5 [PAS] - Ka[mriacej [AS] (2)
[P] * [PAS] 75 Ka[surface) [AS]

where [ ] denotes concentrations of protein, P, surface-immobilized heparin,
As, and surface protein-heparin complex PAs and v is the bound fraction of
protein, which is equal to (1 — F). The weight fraction of heparin in the Hepa-
rin Sepharose CL-6B was 0.4% (as communicated by Pharmacia). Total molar
concentration of heparin in the experimental system, As (tot), was calculated
using a heparin molecular weight of 11.2 KD. Equation (2) can be rewritten as:

Ka(su.rface} = V/(l = V) ([AS[ED{}] o V[PLOL:D (3)

where subscripts tot denote total concentrations of A and P, respectively. The
apparent binding constants are listed in Table IV.

We note the K, values are in the same order of magnitude as the respective,
estimated solution binding constants given in Table III. We also note that the
apparent binding constants of the protein-heparin complexes follow the same

v

TABLE IV
List of Apparent Binding Constants
of ATIII, C3, Apo-Al, and Apo-AlIV for Heparin-Sepharose CL-6B

Protein P(m:} Ka (surface)

ATIII 23 %X 10°M 13 x 10° M
Apo-AIV 14 x107° M 0.8 x 10°M™!
C3 22x10°M 04 x 1°M™!

Apo-Al 12 % 10°M 02 x 1°M™
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order as in solution: K,(ATII) > K,(Apo-AlV) > K,(C 3) > K.(Apo-Al), indi-
cating that protein binding to the immobilized heparin is not essentially dif-
ferent from binding in solution.

Equation (2) implies reversible binding of protein to Heparin Sepharose
CL-6B. In the present study the desorption of bound proteins was not studied.
Therefore, the application of Equation (2) is not entirely supported by our ex-
periments. Heparin is frequently used as a chromatographic ligand in the
separation and purification of proteins from complex mixtures. Its binding to
proteins is largely electrostatic in nature and, hence, reversible.® In addition,
proteins bind very weakly to unsubstituted Sepharose as determined in pre-
liminary experiments (not shown here).” Hence, the assumption of reversible
binding to Heparin Sepharose CL-6B is probably justified.

The sensitivity of 2-D PAGE as applied to plasma protein adsorption de-
pends on several factors: concentration of given protein in plasma, its staining
efficiency, and linearity of integrated optical density with protein concentra-
tion. Ideally, small changes (a few percent) of protein concentration can be
easily determined as a change in the optical density. However, the accuracy
of the method is still far from satisfactory. It appears that the loading of the
sample on the first dimension gel, transfer of the IEF gel to the second di-
mension slab gel, and variation in silver staining and developing conditions
are the “weakest” points in the method. Full analysis of how these and other
factors influence overall sensitivity and accuracy of this novel tool for pro-
tein adsorption is under investigation.”

CONCLUSIONS

(1) Almost 50 plasma protein patterns have been identified on two-
dimensional gels, and a subset of heparin-binding plasma proteins has been
mapped and identified.

(2) Quantitative two-dimensional polyacrylamide gel electrophoresis has
been successfully used as a method to study the competitive adsorption of
plasma proteins.

(3) An external standard of known concentration, soybean trypsin inhibitor,
was used to normalize the measurement of optical density for gel-to-gel
variations.

(4) We have custom-built a densitometric apparatus based on a CCD camera
and image analysis software and used it to analyze the two-dimensional gels.

(5) Adsorption results using four heparin-binding proteins (ATIII, C3, Apo-
AlV, and Apo-Al) showed that the method is applicable for the study of
protein adsorption from complex mixtures like plasma. Both adsorption
kinetics as well as binding data were obtained.

(6) The apparent binding constants of the surface protein-heparin complex
were found to be of the same order as the respective binding constants in the
solution: 1.3 x 107 M~ (ATIII), 0.8 x 10° M~ (Apo-AIV), 0.4 x 10° M~ (C3),
and 0.2 x 10° M~ (Apo-Al).
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(7) The advantage of the present method is that it requires no label, and the
adsorption of many proteins can be studied simultaneously. The disadvan-
tages are that it is time-consuming, staining is difficult to control, it requires
large surface area materials, and its sensitivity and accuracy at the present
stage are not as good as with the traditional labeling methods.
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contact angles of methyl methacrylate (MMA) copolymers containing hydrophilic or charged units
were decreased as compared to the MMA homopolymer. When charged hydroxyethyl methacrylate
(HEMA) copolymers were compared with the HEMA homopolymer, the advancing contact angles
increased, probably due to reorientation of surface polymer chains. The receding contact angles of
poly(alkyl methacrylates) first increased and then decreased with increasing side-chain lengths. These
changes were related to the mobility of the different polymers. Incorporation of positively or negatively
charged groups in MMA or HEMA po!ymc:s accordingly changed the { potential of the polymers.

© 985 Academic Press, Inc.

INTRODUCTION

The tissue or blood compatibility of ma-
terials implanted or inserted in the human
body is strongly dependent on the surface
properties of the materials (1, 2). The char-
acterization of the biomaterial surfaces is
considered of ultimate importance for the
development of improved biomedical devices
(3, 4).

To study the effects of different substrate
surface properties on biological interactions,
a series of materials with well-characterized
surface properties was prepared. Methacrylate
polymers and its copolymers were chosen as
model systems with varying surface hydro-
phobicity, surface charge, or polymer chain
mobility. The synthesis and surface charac-
terization of these polymers are described.
The wéitability and surface mobility of the
polymers were determined by the Wilhelmy

plate technique (5). The { potentials of a
series of charged copolymer surfaces were
determined by streaming potential measure-
ments (6). Results obtained for the methyl
methacrylate, hydroxyethyl methacrylate, and
alkyl methacrylate (co)polymers are discussed
in terms of interfacial energies and surface
mobility.

. MATERIALS AND METHODS
Polymer Synthesis and Characterization

The synthesis of methacrylate polymers
and copolymers is well known (7-14). The
methacrylate polymers and copolymers used
in this study were poly(methyl methacrylate)
(MMA), poly(hydroxyethyl methacrylate)
(HEMA), and MMA/HEMA copolymers
(mole ratios (%): 75/25, 50/50, and 25/75),
copolymers of MMA with methacrylic acid
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(9?. MMA/3 MAA and 85 MMA/15 MAA),

-~ and with trimethylaminoethyl methacrylate-
"~ HCI salt (97 MMA/3 TMAEMA-CI and 85
- MMA/15 TMAEMA-CIl), copolymers of

HEMA with MAA (97/3 and 85/15) and
with TMAEMA-CI (97/3-and 85/135), poly(n-
butyl methacrylate) (BMA), poly(n-hexyl
methacrylate) (HMA), and poly(n-dodecyl
methacrylate) (DDMA). The polymers were
synthesized by radical polymerization using
2,2"-azobis(methyl isobutyrate) as initiator as
described earlier (8—10). MMA was purchased
from Aldrich Chemical Company, Milwau-
kee, Wisconsin; HEMA was a gift from Hy-

dro-Med Sciences, Inc., New Brunswick, New.

Jersey; TMAEMA was purchased from Al-
colac, Inc., Baltimore, Maryland; the other
methacrylate esters were purchased from Po-
lyscience, Inc., Warrington, Pennsylvania.

'H-NMR spectra (270 MHz) were recorded
on a Jeol FF270 NMR spectrometer. Mole
ratios in the MMA/HEMA copolymers were
calculated from the integrated peak areas of
the HEMA-ester CH, protons and the poly-
mer backbone CH, and CHj; protons. The
mole ratios in the HEMA/TMAEMA-CI co-
polymers were calculated from the ratio of
the TMAEMA-CI tri-N-methyl protons and
the polymer CH, and CH; protons of the
backbone. The samples were analyzed in 5%
(w/v) solutions in CDCl;, DMSO-46, or D;0.
~ The amounts of MAA and TMAEMA-Cl
in the copolymers were determined by titra-
tion of methacrylic acid groups in MMA/
MAA and HEMA/MAA copolymers in a
chloroform, dimethyl formamide, ethanol,
and water mixture with 0.1 N NaOH using
a combined glass—calomel electrode. The
amount of chloride in the trimethylamino-
ethyl methacrylate-HCl groups in MMA/
TMAEMA-Cl and HEMA/TMAEMA-CI co-
polymers was determined by potentiometric
titration with 0.01 N AgNO; in an acetic
acid-water mixture using a combined silver
electrode. Mole ratios of monomers in the
copolymers calculated from NMR and titra-
tion data are given in Table I. Titrations
were performed in duplicate.

Journal of Colloid and Interface Science, Vol. 106, No. 2, August 1985
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Copolymer Mole Ratios Calculated from 'H-NMR

TABLE I

and Titration Data

Mole ratio

Copolymer NMR* Titration
75 MMA/25 HEMA 78:22 —
50 MMA/50 HEMA 51:49 —
25 MMA/75 HEMA 29:71 —
97 MMA/3 MAA — 97.0:3.0
85 MMA/15 MAA —_ 88.9:11.1
97 MMA/3 TMAEMA-C1 — 96.2:3.8
85 MMA/15 TMEAMA-CI — 86.2:13.8
97 HEMA/3 MAA — 97.5:2.5
85 HEMA/I5 MAA —_ 89.4:10.6

97 HEMA/3 TMAEMA-CI ~  95:5 96.9:3.1
85 HEMA/15 TMAEMA-CI 82:18 86.8:13.2

“ Mole ratios calculated from integrated peak areas.

Preparation of Polymer Films

Polymer films were prepared by slow, uni-
form ‘dipping of chromic acid cleaned glass
slides (Bev-l-edge, No. DSO, Propper Man-
ufacturing Co., 3 X 1 in,, 0.9-1.0 mm) or
microscope coverslips (Corning Type 2940,
No. 14, 24 X 50 mm, 0.16-0.19 mm) in
polymer solutions (3-6% (w/v)) which were
filtered through Teflon membrane filters (0.5
pm, Type FHLPO 4700, Millipore Corp.,
Bedford, Mass.).

Silane pretreatments were sometimes re-
quired to improve the adhesion of polymers
to the glass. A vapor-phase silanization treat-
ment similar to that described by Haller (15)
was .used. vy-Aminopropyl triethoxysilane
(APS, Aldrich) and n-pentyl triethoxysilane
(amyltriethoxysilane, nPS, Petrarch Chemi-
cals, Inc., Bristol, Penn.) were applied. To
solutions of HEMA, HEMA/MAA, and
HEMA/TMAEMA-CI copolymers, 1 mole%
hexamethylene diisocyanate (HMDIC, Ald-
rich) based on the amount of the moles of
HEMA present was added as a crosslinker.
In this way the films were effectively bound
to the aminopropyl silanized glass. The films
were cured for 3 h at 60°C in a nitrogen
atmosphere. The polymer films used for




* streaming potential measurements were
 coated on the glass or silanized glass slides
by spin casting using a Speedway Model
+ECI01 spinning device (Speedway Research,
* “Inc.; Garland, Tex.) in order to obtain slides
entirely covered on one side, A clean solvent-
rinsed glass pipet was used to dispense 2 m]
of polymer solution onto the slide covering
' the entire surface, Typically, the slides were

-Spun at 4000 rpm for 15 to 20 s. This coating
procedure was repeated twice to assure film
uniformity. Slides were dried as described
above for the dipcoated films. The thickness
of the coatings was in the range 0.1-0.7 um
as determined gravimetrically. The surface
uniformity and possible surface contamina-
tion with particulates were checked with light
microscopy. The data for the preparation of
the thin polymer films are given in Table II.

Contact-Angle Measurements

- Most polymers demonstrate both an ad-
vancing and receding water contact angle (8).
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The difference between § advancing and §
receding is defined as contact-angle hysteresis.
The contact angles were measured by using
the Wilhelmy plate technique (5) as described
previously (16).

The contact angles were calculated from

cOsﬂ=-r_n_g.+—F:‘9§., [1]
Py py

where m is mass (g) of the slide as measured
with the electrobalance as a function of the
immersion depth of the slide; g is local
gravitational force (Salt Lake City, 979.3
dyn/g); p is perimeter of slide (cm); « is
surface tension of wetting liquid: for water ¥
= 72.6 dyn/cm at 20°C; V is volume of
immersed slide at particular depth; and pis
density of wetting liquid, Straight-line ap-
proximations of the advancing and receding
slopes of the measured force with the balance
are made and extrapolated to zero depth of
immersion of the slide, and the buoyancy
factor in Eq. (1], Vpg/py, can then be elim-

TABLE I

Preparation of Thin Polymer Films on Glass by Dip Coating

Cone Adhesion Approximate film
Polymer Solvent . (%) promotor thickness (um)
- MMA Toluene 6 nP§® 0.3
75 MMA/25 HEMA DMF 3 APS? 0.7
50 MMA/50 HEMA DMF 3 APS 0.3
25 MMA/75 HEMA : DMF - 3 APS 0.2
HEMA ; Methanol 3 APS 0.3
97 MMA/3 MAA : CHCl, . 3 APS ND?
85 MMA/15 MAA . CHCl 3 APS 0.5
97 MMA/3 TMAEMA-CI CHCl, e nPS ND
85 MMA/15 TMAEMA-CI DMF s o — 0.2
HEMA DMF* ¢ I APS 0.3
' 97 HEMA/3 MAA DMF 3 APS 0.5
85 HEMA/15 MAA DMF 3 APS 0.2
97 HEMA/3 TMAEMA-CI DMF 3 — 0.2
85 HEMA/15 TMAEMA-C DMF* 3 —_-. 0.1
BMA Toluene 6 nPS ' 0.4
HMA Toluene 6 nPS 0.3 !
DDMA Toluene 6 nPS 02

* n-Pentyl silanized glass.
* Aminopropyl silanized glass,

“ND, not determined.

HMDIC (1% with respect to moles HEMA) crosslinker added.
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- The weight afler slide retraction js
- used for measuring the force displacements,

Eastman-Kodak
Co., Rochester, N. Y.) was added to this
.~ 'water to prevent microorganism contamina-
* tion, Wettability of the charged copolymers
- was determined using phosphate-buffered sa.
line (PBS, 140

20°C using completely wetting glass micro-
Scope coverslips which were cleaned in
chromic acid followed by a 3-min oxygen
radiofrequency glow discharge treatment at
200 um Hg at 35 W (Plasmod, Tegal Corp.,
Richmond, Calif)) (17). In Eq. [1] 6 is set
€qual to zero, and 7, the surface tension of
water, is thus calculated. = '

In order to investigate the effect of hydra-
on on the surface properties of films of the
charged MMA and HEMA copolymers, con-
tact angles were measured before and after

equilibration of the films in PBS for 3 and .

18 h, respectively.

Streaming Potential Measurements

¢cm Hg, -

In this range 3 laminar Poiseuile flow is
established and AE/AP is linear. The ¢ po-
tential is calculated from
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AEK,
B m

= 8
¥ = 8.4922 X 10 -

2]

V.

ture (19). Specific conductance of bulk elec-
trolyte, Ky, was calculated on the basis of a
measured ac resistance (Rec = 190 ohm) in
a precalibrated, platinum conductivity celi
(C=0.274 cm™") where Ks was C/R,.. The
streaming electrolyte was 0.01 MKCI, 8 X 104
M Na;_HP04, 2X 10~ MKI‘I:PO.‘, pH 74.

AX-Ray Photoelectron Spectroscopy

X-Ray photoelectron Spectroscopy (XPS)
studies were done with a Hewlett-Packard
5950B instrument using monochromatic
AlKa,, radiation (1487 eV) with 800 w
power at the anode; the spectra were charge
referenced to the C 15 alkyl binding energy
at 284 ev. Photoelectron Spectra were ob-
tained utilizing high-resolution scans over a

. in a path 38.5° from the surface plane, about

63% of the signal detected is from the topmost
40 A of the sample, ,

_ RESULTS
" Polymers and Polymer Filmg

Methyl methacrylate and  hydroxyethy]
methacrylate homopolymers angd copolymers,
charged copolymers with methacrylic acid or
tnmethylaminoethyl methacrylate, and dif.
ferent poly(alkyl methacrylates) (BHA, MMA,
and DDMA) were synthesized and analyzed
by 'H-NMR Spectroscopy and titration (Table
D). Calculated copolymer compositions from

Polymerization Mmixtures,

The thin polymer films coated on glass or
silanized glass were homogeneous, particulate
free, and stable in PBS for at least 24 h. The
approximate film thicknesses are given in
Table II.
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FiG. 1. Advancing (®) and receding (O) contact angles
of methacrylate (co)polymers as determined by Wilhelmy
plate technique: Bars indicate SD of the means of at
least two triplicate measurements,

Contact Angles

Dynamic advancing and receding water
contact angles were determined for the poly-
mer films using the Wilhelmy plate method.
Contact angles decreased with increasing
HEMA content in MMA/HEMA copolymers
(Fig. 1). Receding contact angles of MMA/
MAA and MMA/TMAEMA-C] copolymers
decreased with increasing MAA or TMA-
EMA-CI content, while the advancing angles
were  virtually unchanged (Fig. 2a). In
HEMA/MAA copolymers, advancing angles
slightly decreased but receding angles were
Practically unchanged with higher MAA con-
tent of the copolymers (Fig, 2b). The ad-
vancing contact angles of HEMA/TMAEMA-
Cl copolymers increased with higher TM-
AEMA-C] content, while the receding angles
did not change or only slightly increased
(Fig. 2b). For the alkyl methacrylate polymer
series the advancing angles increased with

a b
100 MMA copolymers - 100 HEMA copotymers

80¢ 4 $ 807 .
g { {
=3
Z 60 60
- =]
Em & 40
g 1
UZO 0 8 o
2

03 15 et 15
¥ HAA or THAEMA -

Fic. 2. Advancing (e, 4) and receding (O, A) contact
angles of (a) copolymers of MMA with MAA(e, O) or
with TMAEMA-C] (4, A); and (b) copolymers of HEMA
with MAA (e, O) or with TMAEMA-C] (4, A).

—1201
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S 40
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=

0246 810p
No.of C atoms in
alkyl side chain

FiG. 3. Advancing (@) and receding (O) contact angles
of poly(alky| methacrylates) with different alkyl side-
chain lengths,

longer alky] side-chain length (Fig, 3). The
receding angles of these polymers were in-
creased from the methyl- to butyl-substituted
polymers, but decreased for those with hexyl
to dodecyl side chains,

The receding angle for MMA slightly de-
creased after 3-h preequilibration in PBS,
while the advancing angle was unchanged.
The contact angles of HEMA were unchanged
after equilibration of the films in PBS (Fig.
4a). The advancing angles of the MMA/

? 100 100 ml v ,
£ a “
5 1] !0+ [ ] -
"] .
2 L)
=
=
£ w0 40 40
=T
£ {8 2
0 gi—i—_____.j o &

HYDRATION TIME (p)

o 0,0 100 MMA

bo0.0 9T MMA/IMAL C 209 HEHAIIMAA
4,8 100 HEMA

A8 05 MHA IS MAA LA HEMA 11 AL
B0 97 MHATI THAEMAD ® O 9T HEMA 13 THAEHA-(1
v T EMMA/S THAEMA-C| * VESHEMA/S THAEMA-£]

FIG. 4. Effect of preequilibration of methacrylate
(co)polymer films in PRBS on the advancing (closed
symbols) and receding (open symbols) contact angles of
(a) MMA and HEMA polymers, copolymers of (b)
MMA and (c) HEMA with MAA or with TMAEMA-
Cl.

JWq(CdimHW!mdm&im. Vol. 106, No. 2, August [985




MAA copolymers decreased after equilibra-
tion of the films in PBS (Fig. 4b). The
receding angles of 97 MMA/3 MAA strongly
decreased after equilibration times up to
18 h in PBS. The low receding angles of
the MMA copolymers with 15 MAA or
TMAEMA-CI did not decrease much fur-
ther after equilibration in PBS. The contact
angles of the MMA/T MAEMA-Cl copoly-
mers showed the same pattern as that of the
MMA/MAA copolymers. (The 97 MMA/3
TMAEMA-CI1 copolymer film was not tested
after 18 h, because this film coated on APS
was unstable.) After 3 h of equilibration in
PBS, the advancing angles of the charged
HEMA copolymers were increased, while
their receding angles were decreased (Fig.
4c). The increase of the advancing angles was
higher for the copolymers with 15% charged
monomer units than for those with 3%

charged units.

Surface ¢ Potential

Streaming potential measurements were
performed to determine the charge at the

294 HOGT ET AL.

polymer film-water interface. The AE/AP
ratios and calculated { potentials of polymer
films of charged MMA and HEMA copoly-
mers preequilibrated in PBS for 3 h are given
in Table ITI. Radiofrequency glow discharge
cleaned “Bev-l-edge” glass slides had negative
¢ potentials and were commonly used as a
standard in the streaming potential measure-

ments. The electrokinetic potential of the

MMA and HEMA polymers was net negative.
MMA and HEMA polymer films with incor-
porated MAA units showed increasingly neg-
ative { potentials with an increasing amount
of bulk charge. The MMA/T MAEMA-CI
and HEMA/TMAEMA-Cl copolymers
showed less negative { potentials than the
base homopolymers. For the higher mole
ratios of TMAEMA-CI the { potentials of the
copolymers became net positive,

The increased negative ¢ potentials of
MMA/MAA copolymers with respect 1o
MMA after preequilibration in PBS for 3 h
were diminished after preequilibration in PBS
for 18 h, whereas those of the HEMA/MAA
copolymers remained constant after preequi-
libration in PBS for 3 to 18 h (Table V).

TABLE III

AE/AP Ratios and { Potentials for Glass and Polymer Films

AEfAP

Material {m¥/cm Hg) ¥ (m¥}) n Comment”

Glass (Bev-l-cdge) —0.332 + 0.008* -508 £ 1.3 3 ad

—0.295 + 0.013 —448+ 1.8 3 ae

—0.324 = 0.014 —493 + 2.1 9 af
MMA —0.189 £ 0.013 —289+122 3 c. g
97 MMA/3 MAA -0.223 = 0.012 -34.1+ 19 2 d g
85 MMA/15 MAA —0.271 £ 0.016 —41.1 £23 2 d g
97 MMA/3 TMAEMA-Cl —-0.056 = 0.022 —8.6 £3.4 3 C, B
85 MMA/15 TMAEMA-Cl +40.027 £ 0.002 +42 03 3 a8
HEMAS® —0.054 = 0.007 8210 3 b, g
97 HEMA/3 MAA® =0.114 = 0.005 -17.3 0.7 3 b.g
85 HEMA/15 MAA® —0.155 £ 0.012 -238 £2.0 3 b, g
97 HEMA/3 TMAEMA-CI —0.023 £ 0.013 ;—3.4 +20 3 a,B
85 HEMA/15 TMAEMA-CI® +0.034 + 0.012 49 2 1.9 3 a,g

« Silane linkage: (a) none, (b) APS, (c) nPS. Cleaning: (d) none, () chromic acid cleaned, () RFGD cleaned.

Preequilibration: (g) for 3 h in electrolyte.
5 Mean + SD of n measurements.

cHEMA, HEMA/MAA, and HEMA/TMAEMA-CI1 copolymers with 1% HMDIC.
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TABLE v

{ Potentials of MMA/MAA and HEMA/MAA Copoly-
mers after Preequilibration in PBS for 3 and 1§ h

¥ (mV)
Precquilibration = Preequilibration
Material for 3 hin PBRS for 18 h in PBS
MMA =289%22° 2714+ 14
97 MMA/3 MAA -34.1+19 —283 + 0.1
85 MMA/15 MAA 41223 -252+06
HEMA? 8210 -7.8
97 HEMA/3 MAA® -173+ 0.7 —16.2
85 HEMA/15 MAA® -238+20 —24.2

“Mean + SD of at least duplicate measurements,
® Crosslinked with 1% HMDIC.

X-Ray Photoelectron Spectroscopy

From XPS data for the TMAEMA-C] co-
polymers obtained at normal electron take-
off angles of 38.5° the atomic percentage of
nitrogen with respect to oxygen was measured
based on the peak areas and sensitivity factors
of the N 15 and C Ls signals (Table V). The
measured N/C atomic ratios of the MMA
and HEMA copolymers with TMAEMA-CI
were close to or slightly lower than the cal-
culated values. In the calculated values of
theoretical N/C ratios, the amount of nitrogen
from the diisocyanate crosslinker was ne-
glected, because in the base polymer HEMA
with 1% HMDIC no N signal could be
detected at the surface using XPS,

DISCUSSION

Contact-angle measurements give usefy]
information about the polymer-water inter-
face. Contact angles are determined Primarily
by the atoms exposed in the outer 10 A of
the solid surface (20). In hydrogel interfaces,
which are more diffuse than those of hydro-
phobic polymers, the transition region be.

study measurements were performed op
polymer coatings thicker than 0.1 um, it is
unlikely that the angles are influenced by the
Support materials,

Contact-angle hysteresis of polymer sur-
faces, as measured by the Wilhelmy plate
technique, are caused by the mobility of
surface polymeric chains and their side groups
Or segments when no other disturbin_g factors
are present (3, 21). These factors can be
surface roughness or surface heterogeneity.
The advancing angle is then sensitive to the
low surface energy domains and the receding
angle to the high surface énergy domains in
heterogenous materials. Because random co-
polymerization can be assumed for the co-
polymers MMA/HEMA, MMA/TMAEMA.-
Cl (22) and for the charged HEMA copoly-
mers (11), phase Separation would not be
present in the methacrylate polymers used in
this study. Contact-angle hysteresis phenom-
ena observed are therefore unlikely to be due
1o surface heterogeneity.

The contact-angle hysteresis observed in
the HEMA hydrogel system can be explained
by the fact that the apolar polymer backbone
and a-methy] group dominate the surface in
air, while the hydrophilic hydroxyl group

for the changes in the orientation of the
surface molecules in different environ-
ments (3).

" MMA showed contact-angle hysteresis, al-
though it is a rigid polymer with a glass

TABLE v

Atomic Percentage of Nitrogen with Respect to Carbon
» Measured by XPp§

N/C (=)
—_——

Material Measured Calculated®

97 MMA/3 TMAEMA-C] 0.7 0.8
85 MMA/15 TMAEMA-C1 2.2 25

97 HEMA/3 TMAEMA-C] 0.6 0.5
85 HEMA/15 TMAEMA-C] 1.5 2.1
R
“ Nitrogen originating from the HMDIC crosslinker was
neglected, since the N/C ratio was very low for HEMA
% HMDIC. N/C values were calculated from the mole
ratios determined by titration (Table 1),
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transition temperature above 100°C. Side-
chain 8 relaxations and small amounts of
plasticizing water at the polymer-water in-
terface are considered to be the cause of this
hysteresis (3). The decreasing receding contact
angles and increased contact-angle hysteresis
in MMA/HEMA and charged MMA copol-
ymers with higher contents of the hydrophilic
or charged moieties are therefore likely due
to the increased water content and surface
mobility of the polymers and the ability of
the charged moieties to dominate at the
surface in an aqueous environment (10).
Incorporation of charge in the polymer
films considerably affects the surface prop-
erties of the films. The charged MMA copol-
ymers absorb more water than does the MMA
homopolymer and their receding angles ac-
cordingly decreased with higher mole per-
centages of charged units incorporated. The
advancing angles were virtually unchanged.
The uptake of water appeared to be slower
for the MMA copolymers with 3% charged
units than for those with 15% charged units
as suggested by the steady decrease of the
receding contact angle of 97 MMA/3 MAA
with hydration times up to 18 h. The incor-
poration of charge in the HEMA hydrogel
materials either does not or only slightly
affects the receding contact angles. The
HEMA/TMAEMA-CI copolymers showed
increased advancing angles in contrast to the
unchanged advancing angles for the MMA/
TMAEMA-CI copolymers with increasing
TMAEMA-CI content. This difference might
be explained by the surface polymer ghain
mobility in HEMA systems, especially when
they are hydrated, which enables most
charged groups to be buried into the hydrogel
when the films are exposed to air, thereby
reducing the interfacial energy. The hydro-
phobic polymer backbone is in this way
preferentially exposed at the surface and
causes the increased advancing contact angles.
This rotation of surface polymer chains
would not be possible in MMA copolymers.
The same effects as with HEMA/TMAEMA.-
ClI were observed with HEMA/MAA copol-
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ymers, when the MAA groups were ionized
after hydration in PBS. If these groups were
not ionized, the increase in advancing angle
with higher MAA content was not observed,
because the MAA groups were not buried in
the bulk due to the absence of charge, and
the backbone chains were thus not prefer-
entially exposed at the surface.

In the poly(alkyl methacrylate series), lon-
ger hydrophobic alkyl side chains caused

_increased advancing contact angles, as ex-

pected, paralleled by an increase of the re-
ceding angles from the methyl- to the butyl-
substituted methacrylate polymers. However,
for the polymers with octyl to dodecyl side
chains the receding angles decreased and thus
the contact-angle hysteresis substantially in-
creased. This effect might be ascribed to the
lowering of the polymer glass transition tem-
perature by the longer alkyl side chains to
below room temperature for HMA and
DDMA. This would enable these polymers
to decrease their interfacial energy in water
by additional backbone chain reorientation
besides side-chain relaxations,

The neutral MMA and HEMA polymers
as well as glass had a net negative { potential,
which is generally explained by the specific
adsorption from solution of potential-deter-
mining ions such as phosphate ions, OH-,
and CI™ (23).

The difference in ¢ potential between
MMA and HEMA might be explained by
differences in the orientation and structure
of water at interfaces of different hydrophil-
icity, influencing specific anion adsorption
and subsequent interfacial charging. Glass
might, moreover, expose ionized surface sjl-
anol groups (pK ~ 5.6). Differences in mea-
sured streaming potentials between rigid sur-
faces and hydrogel surfaces might also occur
because of differences in the position of the
hydrodynamic shear region at the surface.
Furthermore, surface conduction of hydrogel
surfaces by means of ion migration and
electroosmosis might contribute to a de-
creased streaming potential (24).

The incorporation of positively charged
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TMAEMA-CI or negatively charged MAA

moieties in MMA or HEMA polymers re-
sulted in a decrease or increase in net negative
{ potential, respectively. The determined ¢
potentials for the hydrogels, HEMA and
HEMA/MAA, were somewhat less negative
than reported by Van Wagenen er al. (6). In
this study 3% polymer solutions were used
for spin casting of the polymer films, probably
resulting in thicker films as compared to the
films cast from 1% solutions by Van Wagenen
et al. Longer preequilibration of MMA/MAA
copolymers in the phosphate buffered K(CI
or NaCl solutions from 3 to 18 h caused a
continued uptake of water as indicated by
the decrease of the contact angles. The dj-
minished { potentials of the MMA/MAA
copolymers after longer preequilibration time
in buffer might thus be caused by the in-
creased hydrogel character of the surface. In
the HEMA/MAA hydrogel series, i.e., HEMA

already be fully hydrated within 3 h of pree-
quilibration in buffer, no changes were ob-
served in the { potential Or contact angles
after a longer preequilibration time in buffer.

CONCLUSIONS

—Receding contact angles as determined
by the Wilhelmy plate technique of MMA
copolymers containing hydrophilic or charged
units were decreased as compared to the
MMA homopolymer, while their advancing
contact angles were changed only slightly or
not at all,

—In comparison with the HEMA homo-
polymer, charged HEMA copolymers showed
similar receding contact angles, but showed
increased advancing contact angles, probably
due to reorientation of surface polymer
chains.

—Advancing contact angles of poly(alkyl
methacrylates) increased with increasing side-
chain lengths. Their receding contact angles
increased from methyl- to butyl-substituted
polymers, but decreased from hexyl- to do-
decyl-substituted polymers, probably due to
increased mobility of these polymers.

—¢ Potentials of MMA and HEMA co-
polymers as determined by streaming poten.-
tial measurements Were more negative when
negatively charged roups were incorporated,
and less negative or even positive when pos-
itively charged groups were incorporated. [
Potentials of charged MMA copolymers var-

‘ied with the preequilibration time of the

polymers with water.
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Chapter 19

Human and Hen Lysozyme Adsorption:
A Comparative Study Using Total Internal Reflection
Fluorescence Spectroscopy and Molecular Graphics

D. Horsley, J. Herron, V. Hlady, and J. D. Andrade

Department of Bioengineering, College of Engineering, University of Utah,
Salt Lake City, UT 84112

Total internal reflection intrinsic fluorescence (TIRIF)
spectroscopy and molecular graphics have been applied
to study the adserption behavior of two lysozymes on a set
of three model surfaces. A recently devised TIRIF
guantitation scheme was used to determine adsorption
isotherms of both hen egg-white lysozyme (HEWL) and
human milk lysczyme on the three model surfaces. This
preliminary study suggests that the adsorption properties of
the two lysozymes are significantly different, and that
further comparative studies of the two lysozymes might
prove to be beneficial in understanding how protein
structure might influence adsorption properties. Molecular
graphics was used to rationalize the adsorption results
from TIRIF in terms of the proteins' surface
hydrophobic/hydrophillic character.

The understanding and control of the interactions of proteins with solid
surfaces is important in a number of areas in biology and medicine. In the
last twenty years there has been considerable interest in protein
interactions with materials used in medical devices (1-3). One area of
particular interest to the contact lens industry is in the interaction of tear
proteins with contact lenses. One of the major constituent of protein
deposits on lenses is lysczyme. An understanding of human lysozyme
interaction with contact lens materials is essential to the minimization and
elimination of contact lens deposits. .

In view of the importance of tear protein interactions to the long-term ,
efficacy of contact lenses, it is surprising that so few basic studies are

0097-6156/87/0343-0290806.00/0
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available. Only recently have lysozyme adsorption studies on polymers
and contact lens materials begun to appear (4-14).

Our lab is using two rather recently introduced techniques to offer a
comparative study of human and hen lysozyme adsorption on three
different model surfaces.

The first technique is known as total internal reflection intrinsic
fluorescence spectroscopy (TIRIF). This recent technique provides a
sensitive, real time, interfacial method for detecting the flucrescence of
proteins {labeled or non-labeled) adsorbed to the totally reflecting
interface. The technique was recently reviewed {(15-17) and has been
used by a number of biomaterial research groups to study protein
adsorption (15-20). Up to this peint, the major problems with using TIRIF
have been its lack of reproducability and its inaccuracy in measuring
absolute amounts of protein on the surface (due to the fact that changes in
the quantum yield of the protein upon adsorption are ignored). A recently
devised quantitation scheme developed in our lab has facilitated our
acquisition of reproducable adsorption data from TIRIF {21), but its
absolute accuracy in quantitating the amount of protein adsorbed on the
surface remains to be improved (see discussicn below).

The second technique is the use of molecular graphics. Although still
in its infancy stage, it appears to have a very promising future. Using
molecular graphics we have been able to rationalize our data obtained
from TIRIF by examining the surface hydrophobic/hydrophillic
characteristics of the two lysozyme molecules.

Experimental

Materials. Amorphous silica microscope slides were obtained from
ESCO products. The silanes 3-amino-propyltriethoxysilane (APS) and
dimethyldichlorosilane (DDS) were both purchased from Petrarch
Systems Inc.. Hen egg-white lysozyme (3X crystalline) and human milk
lysozyme (highly purified, salt free powder) were products of Calbiochem.
The fluorescence standard, 5-hydroxytryptophan methyl ester
hydrochloride (TrpOH) was also a product of Calbiochem. PBS buffer (
pH 7.4, [KHoPO4]=0.013M, [NapHPO4]=0.054M, [NaCl]=0.1M ) made

from analytical grade reagents and low conductivity water was used to
prepare all protein and fluorescence standard solutiocns. These solutions
were prepared fresh, prior to each experiment.

Preparation of surfaces, Adsorption studies were performed using
charged and hydrophobic surfaces. Amorphous silica microscope slides

were used as the substrate for all surfaces. Slides were cleaned in hot
(80 degrees C) chromic acid for 20-30 minutes, cooled to room
temperature, and then rinsed well in ultra-pure water (Milli-Q reagent
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water systermn). Slides were then desiccated for 12 hours at 100 degrees
C. Cleanliness was confirmed by the measurement of Wilhelmy plate
contact angle {no hysteresis with a clean surface).

The amorphous silica microscope slides exhibit an intrinsic negative
charge at pH 7.4 ( the surface silanol groups have been determined as
having a pK, of 5-7 by several workers (22-24) ) and were used without

further modification for adsorption of lysozyme onto negatively charged
surfaces. The average £ potential of equivalent silica slides was

a Hydrophillic Silica

determined by Van Wagenen et al. (25) to be -65 mV. <
Positively-charged surfaces were prepared by reacting the cleaned i
microscope slides with 3-amino-propy|triethoxysilane (APS). At pH 7.4 OH

the end amino group (pK4=10-11) of the immobilized APS molecule

bears a positive charge. Clean slides were dip cast in a solution of 5%
APS (v/v) in ethanol-H»0 (95:5), and allowed to react for 30 minutes.

Slides were then rinsed several times in HoO, followed with ethanol. b 3-Aminapropyltriethoxysilane (APS) silica

Non-covalently bound APS was removed by vacuum desiccation at 60
degrees C for 12 hours. The measured contact angles of the APS coated
slides exhibited mean values of 70 degrees advancing angle and 20
degrees receding angle with less than 10% variability among several
APS coated surfaces. The average { potential of similarly prepared APS
coated slides was determined by Van Wagenen et al. (25) to be -32 mV.
Hydrophobic surfaces were prepared by dip casting cleaned
microscope slides with dimethyldichlorosilane (DDS). A similar protocol ¢ Dichlorodimethylsilane (DDS) silica
was used for DDS as for APS |, except that the reaction mixture for DDS
was 10% DDS (v/v) in dry toluene, and slides were rinsed with ethanol
before rinsing with H,O in order to remove the toluene. The measured

bk M
contact angles of the DDS coated slides exhibited mean values of 110 N _ /
degrees advancing angle and 90 degrees receding angle with less than R 0/5' s
10% variability among several DDS coated surfaces. M

All of the model surfaces were used within 4 days of preparation.

Figure 1 illustrates the proposed surface structure of the silanized : b, Sl
surfaces as well as the untreated silica surface (26,27). Figure 1._ .Proposed surface structures of a) hydrophillic silica, b) APS
treated silica, and ¢) DDS treated silica.

i =]

[c]

Experimental Apparatus. The TIRIF apparatus used in these
experiments has been described in detail elsewhere (28). The incident

light totally internally reflects at the quartz-aqueous interface and
produces a standing wave normal to the reflecting interface inside the
quartz (the optically more dense medium) due to the superposition of the
incident and reflected waves. The electric field of the standing wave has
a non-zero amplitude (E©) at the interface which decays exponentially
with distance (z) normal to the interface into the aqueous phase (the
optically less dense medium), thereby creating a surface evanescent
wave that selectively excites molecules within a few thousand angstroms
from the surface.
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Adsorption Isotherms, All protein adsorption isotherms were

determined at room temperature. Fluorescence emission was generated
by exciting at 280 nm and collecting at 335 nm (several workers have
shown that tyrosine emission at 335 nm of both human and hen
lysozymes is insignificant when exciting at 280 nm (29-31)). Slits of
16-nm half-bandwidth were used in both excitation and emission
monochromators. For in situ protein adsorption experiments, the TIRIF
cell was first primed with buffer and the background fluorescence was
taken. The buffer solution was then replaced with external standard
(TrpOH) solutions of increasing concentration and the fluorescence
intensity recorded (fig. 2). After the fluorescence of the TrpOH standard of
the highest concentration was recorded, the cell was again flushed with
buffer to return the signal to the background level. At this point, 5 ml of the
least concentrated protein solution was injected into the cell at a flow rate
of 20 ml/min. after which the flow was stopped and the protein was
allowed to adsorb for 50 minutes (30 minutes after no further increase in
surface fluorescence was seen). A shutter was used to prevent
overexposure to UV light during the adsorption time. At the end of 50
minutes, the shutter was opened and fluorescence signal was recorded
(Niot)- The cell was then flushed with buffer (20 ml/min.) to remove

nonadsorbed proteins and the resulting signal recorded (Ng). The

procedure was then repeated for the protein solution of the next higher
concentration and so on. In this manner, a step-adsorption experiment
was performed as opposed to a single-shot adsorption experiment where
the clean surface is exposed only once to each protein solution.

The quantitation scheme developed by Hlady, et al. (21) was then
used to quantitate the amount of protein adsorbed at each protein
concentration from the recorded fluorescence intensities.

Molecular Graphics. Molecular graphics studies of hen and human

lysozymes were performed using a Silicon Graphics IRIS-2400 graphics
workstation. Computer programs for displaying and manipulating protein
models were developed by the computer graphics laboratory at the
University of California at San Francisco. The principal program, called
MIDAS acts as a display vehicle for several different data structures
including atomic coordinates in Protein Data Bank format, van der Waals
surfaces, solvent-accessible surfaces, and electrostatic potential surfaces.

Atomic coordinates for both hen egg-white and human lysozymes
were based on crystallographic structures determined by Blake et al.
(32-36) and deposited in the Protein Data Bank (Brookhaven National
Laboratory). The distribution of hydrophobic, polar, and charged atoms
on the surface of the two proteins was analyzed by calculating
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Signal Intensity

Buffer

Tryptophan Flush
Standards

Buffer
Flush

Time

Protein Protein Protein
Injection Injection Injection

Figure 2. Time course of a typical step-adsorption expe_rimem.
Ntot : Signal due to adsorbed and bulk protein,
Nb : Signal due to bulk protein only.
Na : Signal due to adsorbed protein only.
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Corey-Pauling-Kaitun (CPK) surfaces and coloring atoms according to

two coloring schemes (see tables | and I1). Both the Feldmann scheme Table |
(37) and the scheme based on the Eisenberg Atomic Solvation Parameter :
(ASP) (38), were based on how each residue would be charged at pH Coloring of atoms according to their hydrophobicity is based on D. Eisenberg's Atomic
7.4. Solvation Parameter {(Ac) : Ao = AG/A
Results where AG = free energy of transfer of the
I' atom from n-octanol to water
The step-a_dsorption isothe_'rms for both hen_and human I_ylsozymes on l A =Waler Bochesle stifioe ansa ol
hydrophabic (DDS), negatively-charged (silica), and positively-charged the atom

(APS) surfaces are presented in figure 3. Since the TIRIF quantitation

scheme used assumes that the quantum yield of the protein does not Atom Ao (cal A-2molT) Color
change upon adsorption (an assumption we are currently trying to test),

the actual amount adsorbed may differ from that presented in the figure if

this assumption proves to be invalid for these proteins (see discussion S +21 (+/- 10} 1 (green)
below). ;

Th)e order of both lysozymes' affinity toward the three model surfaces & HRH-2) 2 (light green)
was found to be DDS > silica > APS. The human lysozyme exhibited well N/O -6 (+-4) & (light blue-green)
defined plateaus on all three surfaces at relatively low protein
concentrations (< 10 mg/ml), while for the hen lysozyme a definite plateau O- -24 (+/- 10) 10 {light blue)
could only be seen on the DDS surface. Moreover, the amount of human
lysozyme adsorbed per surface area appeared to be roughly three times Ly -50 (+/-9) 15 (blue)

that of the hen lysozyme on equivalent surfaces at low protein
concentrations (< 5 mg/ml). Again, these results may not be accurate due
to the limitations of the TIRIF quantitation scheme.

The images of the two lysozymes from a few different viewpoints are Table Il
shown in figure 4. The coloring schemes are as outlined in tables | and 1.
Both lysozymes exhibited a number of similarities. To a first
approximation, positively-charged residues were fairly evenly spaced
over the entire protein, although the electrostatic surface potentials (ESP)
computed for the two proteins showed a slight assymetric distribution of Atom Color
surface positive charge, with the larger lobe showing more positive
character than the smaller lobe (39). Both proteins were seen to have ,
long positive side chains extending into the solvent. Catbon Whie

There were approximately one-third as many negatively-charged

Feldmann's Functional Color Code

ot Sulfur Yelow

groups as there were positively-charged groups on the surface of both
proteins. These negatively-charged residues barely reach the surface _ Oxygen (&) Pink
and are not nearly as accessible as the positively-charged residues. ESP ]
calculations have shown that the active site cleft shows the greatest Oxygen (-) Red
concentration of negative surface charge on both proteins (39). J

Nonpolar residues formed a hydrophobic patch in the middle of the Nitrogen (8+) Light Blue
back side (opposite the active site cleft) of both proteins as can be seen in ]
figure 4 e & f. The hydrophobic patch on the human lysozyme appeared Nitrogen (+) Blue

to be slightly larger than that on the hen lysozyme.
Perhaps the most dramatic difference in the surface properties of the
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Figure 3. Comparison of lysozyme adsorption on hydrophobic (DDS),
negatively-charged (silica), and positively-charged (APS) surfaces. Step
adsorption isotherms for the hen egg-white protein are plotted in Panel A,
and for the human milk protein in Panel B.

19. HORSLEY ET AL.
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Figure 4. (A) Front view (looking into the active site) and (B) back view of hu
lysozyme colored according to Feldmann’s functional color scheme. Front vie

{ra 41 -human lysozymes colored according to Eisenberg’s atomic solvation parametes

tophan residues are additionally colored red. Continued on next page.
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LanLiLs) . :
Figure 4.—Continued. Front view of (D}i}%m lysozymes c_olorcd accorc‘h.‘ng rLul W
Eisenbct:g’s atomic solvation parameters. Tryptophan residues are additionally colorec

i o s colored according to Eisenberg's
. Back view of (E)-human-and (F) lysoz me o Eisonborg
;‘:grrﬁc solvation para térs. Note th rophobic patch seen on the back view ol

both proteins.
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two lysozymes was seen by the ESP calculations which showed that the
human lysozyme had a significantly greater overall electrostatic surface
potential than the hen lysozyme had (39).

Discussion

As stated above, the primary problem with the TIRIF quantitation scheme
is the fact that it ignores changes that might occur in the quantum yield of
the protein upon adsorption. Hlady, et af. (21) used a radiolabeling
technigue to estimate the change in quantum yield that might occur upon
adsorption of BSA and IgG onto hydrophillic silica and found that the
quantum yield decreased by a factor of at least two for both proteins.
Consequently, the TIRIF isotherms for BSA and lgG were at least two-fold
less than the isotherms determined by radiolabeling the proteins. The
origin of the decreased quantum yield of adsorbed protein would most
likely be due to a change in the conformation of the protein upon
adsorption.

Several reports have pointed out that iodination of proteins may affect
their adsorption to solid surfaces and their chromatographic behavior
(40-43). Consequently, we have chosen to determine the quantum yield
of unlabeled, adsorbed lysozyme via fluorescence lifetimes. We are
currently in the process of modifying our fluorescence equipment to obtain
such fluorescence lifetimes.

The TIRIF adsorption isotherms for the two lysozymes presented in fig.
3 seem to imply that the human protein has a higher affinity for all three
surfaces examined than the hen protein does. Until quantum yield
determinations are made, nothing quantitative can be said about these
differences in isotherms. However, these TIRIF isotherm differences do
suggest an interesting point. Namely, if further research shows that there
isn't a significant difference between the two lysozymes with respect to the
amounts adsorbed, then these TIRIF isotherms clearly indicate that the

adsorption process results in a greater change in O, /Py, (D= quantum

yield of adsorbed protein, ®,= quantum yield of protein in solution) for

one of the lysozymes than for the other lysozyme.

Table lll is a brief synopsis of some interesting differences between
human and hen lysozymes. As can be seen in the table, the two enzymes
show little antibody cross-reactivity and different amino acid compositions
on their surfaces. From these results, one would expect that the two
proteins would exhibit differences in their adsorption characteristics, due
to their surface differences.

The fact that the human protein has one less disulfide bond and a
greater susceptibility to thermal denaturation than the hen protein does,
suggests that the human protein might alsc be more susceptible to
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Table Il

Differences Between Hen and Human Lysozymes

PROTEINS AT INTERFACES

Property Ditferences Reference
Amino Acid Composition 40% of positions are different, 51,52
most of which are on the surface
of the protein.
Disulfide Bonds 4 in hen; 3 in human. 51
Tryptophans 6 for hen; 5 for human. 51
Secondary Structure .
CD-far L?\’a’ Far UY spectra are similar, 52-55
suggesting similar secondary
structures.
CD-near UV Spectra are very different, 51,55
suggesting different Trp and Tyr
environments.
Fluorescence Emission max. is 330 for_human: 51, 62, 56, 57
336 for hen. Quantum yields are
different.
Denaturation Human is more susceptible to 51
thermal denaturation.
Enzymatic Activity Human is 3 times more active. 51, 52
Antibody Reactivity Little to no antibody cross-react_ivity, 58, 59
suggesting different surface epitopes.
Crystal Group Different, suggesting surface groups 53, 54

Self-Association

and inter-molecular associations are

different.

Hen'lysozyme dimerizes and oligome_rizes 49-51
at pH > 5 and high protein concentrations.
Little is known about the human protein.
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surface denaturation. lodide quenching studies of adsorbed lysozyme
recently performed in our laboratory, have partially confirmed this
prediction on the two hydrophillic surfaces (39).

The TIRIF isotherm results, suggesting that both lysozymes exhibited
the overall order of affinity, DDS > silica > APS was not surprising. Many
studies of lysozyme adsorption have shown that it has a higher affinity to
hydrophobic surfaces than to hydrophillic surfaces (44-46). Lysozyme
adsorption on hydrophobic surfaces may occur at the site of the
hydrophobic patch seen on the back side of both proteins. At pH 7.4, both
lysozymes are positively-charged and would be expected to adsorb more
strongly to the negatively-charged silica surface than to the
positively-charged APS surface. This was seen to be the case for both
proteins. As noted above, both lysozymes have long positive side chains
extending out into the solvent while the surface negative charges are not
nearly as accessible. This point further suggests a preferential adsorption
onto negative surfaces. With regard to the effect of electrostatic repulsion
between lysozyme and the positively-charged APS surface, it is
interesting to note that both Perkins (47) and Salton (48) found that
lysozyme activity was inhibited by positively charged groups in the
mucopeptide of bacterial cell walls (lysozyme's biological substrate),
presumably due to electrostatic repulsion since the activity was increased
when the free amino groups in the mucopeptide were neutralized.

The hen lysozyme showed non-saturating adsorption behavior on
both charged surfaces. This may suggest that charged surfaces promote
the formation of multiple protein layers at the surface in some manner
which is not yet clear. Hen lysozyme forms dimers and higher aggregates
under conditions of high protein concentration (5-10 mg/ml) and pH>5
(49-51). This kind of self-association might be going on at the surface
where the adsorption process inherently concentrates the proteins.
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The iodide quenching of protein fluorescence was used to study the effect of surface adsorption on the
conformation of human and hen lysozymes. Three different types of surfaces were used for protein
adsorption: (a) hydrophobicized, uncharged DDS-silica; (b) unmedified, negatively charged silica; (c)
positively charged APS-silica. The evanescent surface wave generated by total internal reflection was
used to excite intrinsic fluorescence from the tryptophanyl residues of irreversibly adsorbed lysozymes.
The extent of quenching of the adsorbed lysozyme fluorescence was shown to be a function of hoth the
species of lysozyme studied (human vs hen) and the type of surface to which the protein was adsorbed.
A modified Stern-Volmer quenching model, which assumes accessible and inaccessible populations of
protein fluorophores, was applied to analyze the experimental results. The change in the fractional
accessibility of fluorophores due to the adsorption was taken as a measure of protein conformational
change. Both lysozymes appeared to exhibit smaller denaturation at the DDS-silica surface than on the
other two surfaces. According to the quenching results both lysozymes were at least partially denatured
upon adsorption to the unmodified, negatively charged silica surface as well as on the positively charged
APS-silica surface. Human lysozyme displayed much larger changes in the denaturation parameters upon
adsorption to the three surfaces than the hen lysozyme, indicating that it is less conformationally stable
at interfaces. It was found that the effective quenching constant of iodide anion depended largely on the

charge of the surface.

Introduction

The understanding and control of the interactions of
proteins with solid surfaces are important in a number of
areas of biology and medicine, In the last 20 years, there
has been considerable interest in protein interactions with
materials used in medical implant devices.l® One area of
particular interest to the contact lens industry is the
interaction of tear proteins with contact lenses.#® Dep-
osition of proteins on contact lens surfaces cause a loss of
visual acuity (due to the opaque nature of the adsorbed
protein film), wearer discomfort, and, in some cases, acute
eye diseases.®10 Lysozyme is a major protein constituent
in tear fluids and has been shown to also be a major
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component in soft contact lens deposits.!'-13 Conse-
quently, the use of lysozyme in protein adsorption studies
has great practical value. Furthermore, since lysozyme is
arather simple, well-understood protein,#15 it can easily
serve as a model for understanding the general principles
that seem to govern protein adsorption.

Experimental methods used to study the structural
changes that occur in proteins as they undergo adsorption
at interfaces are currently very limited. Total internal
reflection intrinsic fluorescence (TIRIF) spectroscopy
combines well-known advantages of fluorescence spec-
troscopy with the surface sensitivity of internal reflection
optics and it has been used in different aspects of protein
adsorption.'®® One of the fluorescence techniques that
is often used to probe protein conformational changes in
solution is the technique of fluorescence quenching.20-2¢
Presently, very little is done with this technique to probe
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the conformation or orientation of adsorbed proteins. In
this study we have extended TIRIF to study iodide
quenching of hen egg-white lysozyme and human milk
lysozyme, which were irreversibly adsorbed to a set of
model silica surfaces. These results are compared with
those obtained for the two lysozymes in buffer solution.
We then propose a simple model to explain our findings.

Materials and Methods

TTIRIF Apparatus. The total internal reflection intrinsic
fluorescence (TIRIF) apparatus used in these experiments was
identical with that used by Hlady et al.!s except that the y-photon
detection system was not used. Bulk solution fluorescence was
measured by placing a rectangular fluorescence cuvette in place
of the TIRIF cell, thus maintaining the same geometry between
the excitation and the emission light path (70° angle).

Preparation of Adsorption Surfaces. The silica surface
was prepared by cleaning amorphous hydrophilic silica micro-
scope slides (ESCO Products) in hot (80 °C) chromic acid for 30
min, cooling to room temperature, and then rinsing thoroughly
in ultrapure water (Milli-Q reagent water system). The slides
were then desiccated for 12 h at 100 °C. Cleanliness was
confirmed by the absence of hysteresis in the Wilhelmy plate
water contact angle measurement.

The 3-(aminopropyl)triethoxysilane (APS) surfaces were pre-
pared by dip-casting clean silica slides in a solution of 5% (v /¥)
APS (Petrarch Systems) in ethanol-water (95:5) mixture and
allowing silanization to proceed for 30 min at room temperature.
After the silanization the slides were rinsed several times in
purified water, followed by rinsing in 100% ethanol. The slides
were then desiccated under vacuum for 12 h at 60 °C.

Dimethyldichlorosilane (DDS) surfaces were prepared via a
protocol similar to that for APS surface preparation except that
the reaction mixture was 10% (v/v) DDS (Petrarch Systems) in
dry toluene and slides were rinsed in ethanol before rinsing with
water in order to remove the residual toluene first. All of the
prepared surfaces were kept covered and used within 4 days of
preparation.

Buffers and Lysozyme Solutions. The bulfer used for the
adsorption experiments was a phosphate buffer (PBS, pH 7.4,
[KH,PO,] = 0.013 M, [Na,HPO,] = 0.054 M, [NaCl] = 0.1 M)
made from analytical grade reagents and low-conductivity water.
Both the hen egg-white lysozyme (3% crystalline) and the human
milk lysozyme (purified via ion exchange chromatography, salt
free powder) were obtained from Calbiochem and used without
further purification. The proteinsolution was made by dissolving
10.0 mg of lysozyme in 10.0 mL of the PBS buffer. The final
protein concentration was checked spectrophotometrically by
using the absorptivity, @ = 2.56 and 2.69 L gt em™ at 280 nm
for the human and hen lysozymes respectively.2h28

The buffer used for the fluorescence quenching experiments
was identical with the PBS buffer above except that instead of
[NaCl] = 0.1 M, the sum [NaCl] + [KI] =0.5 M. Thesix quencher
solutions had iodide concentrations of 0.0, 0.1, 0.2, 0.3, 0.4, and
0.5 M, respectively.

All buffers were prepared fresh, prior to each experiment.

Lysozyme Adsorption Experiments. Ten milliliters of the
1 mg/mL protein solution was injected into the TIRIF cell and
allowed to adsorb to a particular surface for 1 h. The 280-nm
evanescent surface wave created by total internal reflection at
thesilica/buffer interface was used to excite intrinsic fluorescence
of lysozyme (measured at 335 nm) by which the kinetics of
adsorption were followed (D). Horsley et al., in preparation). The
excitation and the emission half-handwidth was set to 16 nm.
After 1 h the cell was flushed repeatedly with 20 mL of the 0.5
M NaCl buffer solution until further flushing did not result in
a further decrease in fluorescence. This ensured the removal of
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allof the nonadsorbed and weakly adsorbed protein and provided
abaseline fluorescence signal for irreversibly adsorbed lysozyme.

Todide Quenching Experiments. Since the quenching of
fluorescence of protein tryptophanyl residues was the subject of
these experiments, tryptophanyl fluorescence emission was
generated by exciting at 295 nm rather then at 280 nm and by
collecting the emission at 335 nm. Following the buffer flushes
with the 0.5 M NaCl buffer solution, the sequence of quenching
solutions of increasing iodide quencher concentrations was
injected into the TIRIF cell and the fluorescence intensity was
recorded. After the quenching solution with the highest iodide
concentration was injected and the fluorescence signal recorded,
20 mL of the 0.5 M NaCl buffer solution was injected to determine
if the fluorescence returned to the baseline value (indicating the
absence of additional desorption). In all instances, the fluores-
cence signal recovered almost fully (>90%); the tryptophanyl
fluorescence at each iodide concentration was corrected for this
decrease, assuming that an equal fraction of the signal was lost
due to desorption at each injection of quencher solution. The
iodine quenching experiments using lysozyme dissolved in buffer
solutions were performed as a reference by standard tech-
niques.?42

Experimental quenching data were analyzed by using the
Stern—Volmer equation?!

Fy/F =1+ Kq[Q] (1)

where F; and F are the fluorescence intensities in the absence
and presence of quencher, respectively, and Kq is the Stern-
Volmer quenching constant.

A modified form of the Stern-Volmer equation originally
proposed by Lehrer was also used to analyze the experimental
data??

E})‘!‘AF = lfr([aKQa[QJ} S ]-J"lf;l (2)

where AFis defined as AF = F;,— F\ f, is the fractional accessibility
of tryptophanyl residues in lysozyme, and Kg, is an effective
quenching constant. Three independent measurements had been
made for each iodide concentration. When the modified Stern—
Volmer equation (eq 2) was used, a weighted least-squares linear
regression method was applied to calculate the slope and the
intercept of the Fy/AF vs 1/[Q] plot.?® This analysis takes into
account the fact that each mean ohservation has its own parent
distribution and is weighted inversely as the variance of its parent
distribution. The complete analysis can be also found in ref 30,

Appendix B. From theslope and the intercept one can determine
fa and Kg,.

Results and Discussion

All of the quenching systems studied exhibited down-
ward curving Stern—Volmer plots when the quenching
results were plotted according to eq 1 (Fy/F vs [Q], data
not shown here).?® Accordingly, the experimental results
were analyzed by using the modified Stern—Volmer
equation (eq 2) by plotting Fo/AF vs 1/[Q]. Figures1and
2 show the result of iodide quenching experiments for hen
egg-white and human milk lysozymes dissolved in buffer
solution, respectively. Figures 4 through 8 show the
modified Stern—Volmer plots for the irreversibly adsorbed
layers of two lysozymes at different surfaces. Eachdatum
is the mean value of three independent measurements
while error bars represent one standard deviation. The
straight lines were determined by the best fit using the
welghted least-squares linear regression analysis.2? Table
I lists the parameters f, and Kq, which were determined
from the best fit.

Comparison between the solution quenching of hen and
human lysozyme (Figures 1 and 2) indicated different
fractional accessibility of the tryptophanyl residues in these
two proteins: fuihen) = 0.37 VS fathuman) = 0.18, respectively.
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Figure 1. Modified Stern—Volmer plot for the hen egg-white
lysozyme in buffer solution. The value of the correlation

coefficient, R?, is indicated. For explanation of other symbols
see text.
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Figure 2. Modified Stern—Volmer plot for the human milk
lysozyme in buffer solution. The value of the correlation
coefficient, K2, is indicated. For explanation of other symbols
see text.

Table I. Stern—Volmer Quenching Parameters for Human
and Hen Lysozymes

solution/surface

and protein combination fa® Kqa (M)
huffer solution

hen lysozyme 0.37 £ 0.02 2.8+ 0.3

human lysozyme 0.18 £ 0.03 26=x0.6
DDS-silica surface

hen lysozyme 0.34 £ 0.04 3.3 +0.7

human lysozyme 0.20 £+ 0.04 42+16
unmodified silica surface

hen lysozyme 0.56 £ 0.10 1.7+£04

human lysozyme 0.53 £0.23 0.9+0.4
APS-silica surface

hen lysozyme 0.36 £ 0.03 5.7+ 1.1

human lysozyme (.68 £ 0.10 50+ 1.6

= +1 standard deviation.

The effective quenching constants were roughly the same
(KQﬂ{henJ == KQa(humanJ = O M_I) (Table I) OI’IB should
note that hen lysozyme has six tryptophanyl residues, as
compared with five residues in human lysozyme, a fact
that can account for different accessibility of these flu-
orophores. The location of tryptophanyl residues in both
lysozymes can be visualized by using the protein atomic
coordinates and molecular graphics, as described earlier.31:32
It is known, however, that most of the lysozyme fluores-
cence comes from tryptophanyl residues located on the
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Figure 3. Modified Stern-Volmer plot for the hen egg-white
lysozyme adsorbed to the DDS-silica surface. The value of the
correlation coefficient, R?, isindicated. Forexplanation of other
symbols see text.
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Figure 4. Modified Stern-Volmer plot for the human milk
lysozyme adsorbed to the DDS-silica surface. The value of the
correlation coefficient, R?, isindicated. For explanation of other
symbols see text.

surface of the active site cleft.?3-3 For example, it has
been estimated that as much as 38% of the fluorescence
of hen lysozyme is emitted from the active site trypto-
phanyl residue alone (Trp 62).35 Tt is likely, therefore,
that the solution fluorescence from these tryptophanyl
residues will be principally affected by the presence of
quencher.

When adsorbed onto the hydrophobicized, uncharged
silica surface (DDS-silica surface) both lysozymes showed
almost no change in the fractional accessibility of tryp-
tophanyl residues, while the effective quenching constants
increased to a different extent (Figures 3 and 4, and Table
I), as compared with the reference state (i.e. lysozyme in
the buffer solution). In contrast, adsorption onto the un-
modified, negatively charged silica surface caused an
increase of f, for both lysozymes to approximately f, = 0.5
and a decrease of Kq. (Figures 5 and 6, Table I).

The change in the fractional accessibility can be
tentatively interpreted as an extent of the conformational
alteration of protein after adsorption at the particular
surface. According to this simple model one can conclude
that the lysozyme adsorption onto the hydrophobicized,
uncharged silica surface (DDS-silica surface) does not cause
asignificant conformational change in both hen and human
protein since there was no change of f; (Table I). On the

(33) Mulvey, R.; Gaultieri, R.; Beychok, R. Biochemistry 1973, 12,
2683.
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Figure 5. Modified Stern—Volmer plot for the hen egg-white

lysozyme adsorbed to the unmodified silica surface. The value

of the correlation coefficient, R2, is indicated. For explanation
of other symbols see text.
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Figure 6. Modified Stern—Volmer plot for the human milk
lysozyme adsorbed to the unmodified silica surface, The value
of the correlation coefficient, B2 is indicated. For explanation
of other symbols see text.
contrary, the adsorption onto the unmodified, negatively
charged silica surface brings a change of f, for both
lysozymes, indicating that the silica surface does induce
conformational changes in both proteins. The difference
inthe hen lysozyme conformation at the DDS-silica surface
and at the unmodified silica surface was supported by
variable angle ESCA studies, which showed that the
thickness of the adsorbed lysozyme layer was less on the
silica surface than on the DDS surface 316 Namely, a
denatured protein is expected to spread out on the surface
and thereby decrease its adsorbed layer thickness. The
interaction of the positively charged amino acid residues
(Lys, Arg), which are present on the surface of the
lysozymes,* with the negative groups on the silica surface
may be responsible for “spreading” the lysozyme molecule
outon the surface. A similar ESCA studyand comparison
were not available for human lysozyme. The fractional
accessibility of silica-adsorbed human lysozyme changes
more than the fractional accessibility of hen lysozyme at
the same surface; for example, fachanges from 0.18 t0 0.53
for human vs from 0.37 to 0.56 for hen lysozyme,
respectively (Table I). A larger fraction of the human
lysozyme tryptophanyl residues which become accessible
after adsorption indicated that more extensive confor-
mational changes were taking place in the silica-adsorbed
human lysozyme as compared to the hen lysozyme
molecule,

It is also interesting to compare how the effective
quenching constant changes for the two lysozymes at these

(36) Hansen, J.; Ely, K.: Horsley, D.; Herron, J.; Hlady, V.; Andrade,
J. D. Makromol. Chem., Macromol. Symp. 1988, 17, 135.
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twosurfaces. The Kq, parameter reflects how easilyiodide
lon can find its way to the accessible tryptophanyl
population. In an analogy to the association binding
constant, the large Kq, values indicate that iodide ion
“associates” on average more readily with the trypto-
phanyl excited state. The penetration of iodide ion into
an optimal quenching position is largely affected by the
electrostatic repulsive forces, because of the charged nature
of this quencher. It is known that a negative charge on
the protein will be effective in preventing iodide ion from
accessingneighboringtryptophanylresidue(s).25 By taking
the buffer solution as a reference state, one notes from
Table I that the absolute value of the effective quenching
constant change was always larger for human lysozyme
than for hen lysozyme (i.e., [AKQahuman)| > |AKQathen)])- In
the case of lysozyme adsorption onto hydrophobicized,
uncharged DDS-silica, the value of Kqa increases approx-
imately 18% for hen and more than 3 times as much
(approximately 62%) for human lysozyme, respectively.
Although the total fractional accessibility and the total
electric charge (protein + surface) in the case of both
proteins remained unchanged, it is the human protein that
was more affected by the adsorption onto the DDS-silica
surface than the hen protein. The larger increase of
KQa(human) indicates that the same accessible fraction of
fluorophores in the two lysozymes was more easily
quenched in the case of the human protein because of the
adsorption.

In the case of lysozyme adsorption onto unmodified,
negatively charged silica surfaces, the interpretation of
the effective quenching constant change becomes com-
plicated by the presence of negative charges on the silica
surface and by the unknown compensation of these
negative charges by the positive charges of lysozymes. An
overall decrease of the Kq, values was presumably the
result of the presence of negative surface charges, which
were repelling iodide anions, rather than the result of some
specific conformational change of adsorbed lysozymes.
Human lysozyme at silica surfaces showed a larger change
in the fractional accessibility of its tryptophanyl residues
aswell as a larger decrease of Kq. (by approximately 65 % )
from the respective buffer solution values as compared
with hen lysozyme. Itis also known that human lysozyme
is more susceptible to thermal denaturation than hen
lysozyme.30

It is interesting to see how the experimental results of
lysozyme quenching at the modified, positively charged
silica surface (APS-silica surface) fit in this simplified
model, in which the adsorption-induced conformational
alterations are to be inferred from the fluorescence
quenching. Namely, the positively charged surface of APS-
silica should, in principle, increase Kq, values for both
lysozymes (due to the fact that electrostatic attraction
forces make more iodide ions available for quenching at
the surface) while the difference between the conforma-
tional stability of the two proteins should be reflected as
a change of the parameter f,. The experimental evidence
for overall larger stability of hen lysozyme can be found
in Figures 7 and 8 and in Table I; the Kq, values of hoth
lysozymes approximately doubled and, while fa(hen) remains
unchanged, the fuymuman) increased from fathuman) = 0.18
(buffer solution) to the largest fractional accessibility found
in this study, fahuman) = 0.68 (APS-silica surface). Thisis
a clear indication that human lysozyme is also confor-
mationally more unstable when adsorbed onto positively
charged surfaces than the hen lysozyme.

The technique of fluorescence quenching is relatively
simple to execute in the study of irreversibly adsorbed
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Figure 7. Modified Stern—Volmer plot for the hen egg-white
lysozyme adsorbed to the APS-silica surface. The value of the
correlation coefficient, 2, isindicated. For explanation of other
symbols see text.
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Figure 8. Modified Stern-Volmer plot for the human milk
lysozyme adsorbed to the APS-silica surface. The value of the
correlation coefficient, R2, isindicated. For explanation of other
symbols see text.

protein layers. However, as discussed in ref 21 protein
fluorescence quenching data are easily overanalyzed. The
use of modified Stern—Volmer plotsis straightforward only
in the case in which a protein contains one fluorophore
population accessible to quencher and one totally inac-
cessible, as proposed by Lehrer in his derivation of eq 2.2
The presence of the surface presents an additional level
of complexity: it can specifically interact with a quencher.
Itis also hypothetically possible to have a grossly denatured
protein which is adsorbed at the surface in such an
orientation that all of the fluorophores are exposed toward
the surface and effectively shielded from the quencher.
The proposed simple model for the analysis of confor-
mational alterations of adsorbed protein from the fluo-
rescence quenching data should be, therefore, taken as a
first approximation in the conformational analysis, which

(=]
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should be supplemented by different quenchers and
different methods of fluorescence spectroscopy. For
example, the conformational change of hen egg-white
lysozyme adsorbed onto the chromatographic hydrophobic
silica gel had been inferred from the 8-nm red shifts of the
lysozyme fluorescence emission maxima.3? We have
recently used a combination of total internal reflection
fluorescence and phase-resolved fluorescence spectroscopy
in the study of surface-induced quenching of rhodamine-
labeled bovine serum albumin at silica—solution interface.®
It is our long range goal to apply the same technique to
adsorbed proteins by using their intrinsic fluorescence.

Conclusions

Total internal reflection intrinsic fluorescence (TIRIF)
spectroscopy was used to study the effect of surfaces on
the conformation of irreversibly adsorbed human and hen
lysozyme by using the iodide fluorescence quenching
technique. Three different surfaces were used: (a) hydro-
phobicized, uncharged DDS-silica; (b) unmodified, neg-
atively charged silica; (c) positively charged APS-silica.
The quenching of the adsorbed lysozyme fluorescence was
shown to be a function of both the species of lysozyme
studied (human vs hen) and the type of surface to which
the protein was adsorbed. A modified Stern—Volmer
quenching model, which assumes accessible and inacces-
sible populations of protein fluorophores, was applied to
analyze the experimental results. The change in the
fractional accessibility of fluorophores due to the adsorp-
tion was taken, in a first approximation, to represent a
measure of protein conformational change. We conclude
that both lysozymes appeared to experience smaller
denaturation at the DDS-silica surface than on the other
two surfaces. According to the present results both
lysozymes were at least partially denatured upon adsorp-
tion to the unmodified, negatively charged silica surface
as well as on the positively charged APS-silica surface.
Human lysozyme displayed much larger changes in the
denaturation parameters upon adsorption of the three
surfaces than those for hen lysozyme, indicating that it is
less conformationally stableat different types of interfaces.
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Minimizing interferences in the quantitative
multielement analysis of trace elements in
biological fluids by inductively coupled
plasma mass spectrometry
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The determination of trace and ultratrace elements in
biological fluids, including urine and serum, by induc-
tively coupled plasma mass spectrometry (ICP-MS) is
discussed. Nonspectral interferences and their correc-
tions by external calibration and calibrator addition are
discussed in detail. External calibration with internal
calibration and dilution is mostly sufficient to correct
for encountered biological matrix effects. For some
elements, such as Cs and Zn, the use of calibrator
addition provides more accurate results. The importance
of spectral interferences and their elimination by iso-
tope selection was also studied. Two examples, Cu and
Zn, demonstrate the prime importance of selecting an
isotope with minimal polyatomic interferences for anal-
ysis. By using ®Cu and **Zn, accurate results for urine
and serum can be obtained without excessive pretreat-
ment of samples. Two reference materials, Bio-Rad
Lyphochek urine and Kaulson Contox sera, were ana-
lyzed. Accuracy was evaluated by comparison with
target values, and precision was estimated by the CV
within 95% confidence.

Of the body mass of humans, 98% is made up of nine
nonmetallic elements. Trace elements occupy just 0.012%
of the body weight of humans [1]. However, the determi-
nation of trace elements is increasingly crucial since they
play important roles in both normal biological function
and toxicity [2-9]. Several of these elements are indispens-
able and essential for life; others and their compounds are
simply inert or inocuous at usual exposure concentra-
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tions, and others exhibit a high toxicity even in low
concentrations. Even essential elements present in too
high concentrations may lead to deleterious effects. The
reliable monitoring of trace elements has become an
important function of many clinical, industrial, and gov-
ernmental laboratories. Different specimens can be used
to best reflect body status. Tissue may be the best speci-
men but is not easily obtained, and adequate reference
information is not available to aid with interpretation of
the results. The use of hair is controversial since external
contamination is an ever-present problem. Analysis of the
relevant elements in biological fluids, either serum/
plasma, whole blood, or urine specimen, provides useful
information on disturbances of metabolism that involve
metals [10-15].

Analysis of trace elements in biological fluids demands
a versatile and reliable technique. The analytical method
used must be sensitive, precise, accurate, and relatively
fast. Since the first inductively coupled plasma mass
spectrometry (ICP-MS) instrumentation was introduced
in 1980 [16], this hybrid technique has become an impor-
tant method for the analysis of trace elements in biological
fluids.® ICP-MS is capable of direct analysis of solution
samples with coverage of most elements in the periodic
table [17]. Moreover, compared with inductively coupled
plasma atomic emission spectrometry (ICP-AES), ICP-MS
provides much lower detection limits, simpler spectral
interpretation, and reliable isotopic analysis [18]. Yet,
several factors are still of concern in the analysis of trace
elements in biological matrices with ICP-MS. Most bio-
logical fluids contain large amounts of organic com-
pounds and inorganic salts, which can lead to spectral
and nonspectral interferences. Spectral interference occurs
because typical ICP-MS instruments use quadrupoles as

# Nonstandard abbreviations: ICP-MS, inductively coupled plasma mass
spectrometry; PP, polypropylene; and AAS, atomic absorplion spectrometry.
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mass analyzers, which limits the resolution to approxi-
mately unit mass. Signals between the analyte and any
interferent with a mass larger than the resolution thus
cannot be distinguished. Analysis for some elements of
biological interest, such as first-row transition metals, as
well as As and Se, are thus compromised. Nonspectral
interference is a change of signal intensity that cannot be
accounted for by recognizable spectral interferences. The
interference can be due to either enhancement or suppres-
sion. The concentration of the analyte is thus over- or
underdetected.

Nonspectral and spectral interferences can seriously
affect the analytical performance of ICP-MS. To obtain
accurate results for biological fluids, the influences from
both interferences must be investigated and eliminated.
External calibration and calibrator addition coupled with
internal calibration were used to correct for nonspectral
interferences. External calibration is based on a set of
external calibrators containing elements of interest and
internal calibrators in a simple acid. Success in correction
of nonspectral interferences depends on the effectiveness
of internal calibration. Selection of internal calibrators can
be crucial for the accuracy and precision of trace element
analysis in biological fluids [19]. Calibrator addition is
performed by adding increasing quantities of the ele-
ments of interest to multiple aliquots of the sample to be
analyzed. The calibration set has an identical sample
matrix and hence corrects for nonspectral interferences.
Internal calibration is preferably combined with calibrator
additions to correct for instrumental drift. To eliminate
spectral interferences, a careful selection of the analyte
isotope is of prime importance. By correctly selecting an
isotope with minimal interferences, accurate results can
be obtained with no tedious sample pretreatment. Exam-
ples of isotope selection for analysis of Cu and Zn are
discussed. The feasibility of ICP-MS for direct, quantita-
tive analysis of trace and ultratrace elements in biological
fluids is demonstrated by analyzing two reference mate-
rials, Bio-Rad vahochek urine and Kaulson Contox sera.

Materials and Methods

REAGENTS AND CALIBRATORS

All solutions were prepared with trace-grade nitric acid
obtained from Mallinckrodt Specialty Chemicals, without
further purification, and with reagent-grade deionized
water. Metal-free polypropylene (PP) vials and pipette
tips were used throughout without precleaning. Plasma
quality single-element solution calibrators at 1000 mg/L
were obtained from Spex (certified by comparison with
NIST SRM 3124a). Stock solutions of internal calibrators,
Be and Ga at 1000 ug/L, as well as In and Ir at 500 pg/L,
were prepared with 5% nitric acid. Cocktails of multiele-
ment calibrators (100 pg/L for cach element) were pre-
pared from single-element solutions with 1% nitric acid.
Sodium chloride solutions for the study of matrix effects
and polyatomic interferences for Cu were prepared by
dissolving ACS-grade sodium chloride powder from
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Fisher Scientific in 1% nitric acid. Analytical reagent-
grade sulfuric acid was obtained from Mallinckrodt Spe-
cialty Chemicals for study of polyatomic interferences of
Zn.
SAMPLE PREPARATION G
Serum. The preparation of serum specimens for ICP-MS
usually requires a simple dilution [20-24]. However, a
precipitation method with nitric acid at room temperature
to precipitate protein is preferred in our laboratory; this is
important to minimize the occurrence of permanent
blockage of the nebulizer, the torch, and the sampling
orifice resulting from high concentrations of proteins, as
well as to reduce p(}lvatomlc ion interferences such as
PC™*N on *AL The specimen is treated with nitric acid to
precipitate proteins and quantitatively release the trace
elements, and then diluted with deionized water. The
precipitate is removed by centrifugation and the superna-
tant is used for analysis. DLprotemIzatlon should be
processed with care to prevent the coprecipitation of trace
metals of interest with residues. For some elements, like
Fe, precipitation of proteins in plasma or serum with
nitric acid is not appropriate because of the low recovery.
Freeze-dried lyophilized serum metals reference mate-
rials obtained from Kaulson Lab. were reconstituted with
5 mL of deionized water and 1-mL aliquots placed into
10-mL PP vials with metal-free PP pipette tips. All ali-
quots were then frozen until used. For analysis, serum
was defrosted and a 1-mL stock solution of internal
calibrators in 5% nitric acid was added. Protein precipi-
tation occurred upon the addition of internal calibrators,
owing to the high nitric acid concentration. The solution
was then adjusted to 5 mL with deionized water and
centrifuged. The clear supernatant was transferred to
another PP vial through a filter for analysis.

Urine. The specimen preparation required for urine is a
simple dilution with nitric acid; then the sample is ready
for analysis. The urine is the product of a set of complex
processes in the kidneys that removes low-molecular-
mass molecules without loss of proteins. Thus, no depro-
teinization is required unless protein concentration is
high; in this case, the precipitate should be removed by
centrifugation.

Freeze-dried lyophilized urine metals reference mate-
rials obtained from Bio-Rad were reconstituted with 25
mL of deionized water and 1-mL aliquots placed into
10-mL PP vials with metal-free PP pipette tips. All ali-
quots were then frozen until used. For analysis, urine was
defrosted at room temperature. After the addition of 1 mL
of stock solution of internal calibrators in 5% nitric acid,
the solution was adjusted to 5 mL with deionized water to
a final nitric acid concentration of 1%

INSTRUMENTATION
The instrument used is a Perkin-Elmer Sciex Elan 5000a
ICP-MS equipped with an AS 90 autosampler. A cross-
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flow nebulizer, a standard Elan torch, and a Scott-type
spray chamber were used. Platinum sampling and skim-
mer cones were used for all studies. Solution uptake was
controlled by a peristaltic pump.

To obtain optimum signal intensity for multielement
analysis at the trace and ultratrace concentrations, it is
necessary to consider the optimization for the entire mass
range because optimum ICP-MS instrumental parameters
vary from element to element [25]. Therefore, three ele-
ments, Mg at low mass, Rh at medium mass, and Pb at
high mass, at 10 pg/L in a calibrator from Perkin-Elmer,
were used to optimize ICP-MS instrumental parameters,
including the nebulizer gas flow rate, ion optics voltage,
and aerosol injector orifice position relative to the sam-
pling cone, at 1.0 kW power, on a daily basis. By using this
three-element optimization, general signal optimization
for multielement analysis can be achieved. The instru-
ment operating parameters and the data acquisition pa-
rameters are listed in Table 1.

Results and Discussion

For the determination of trace elements in biological
materials, additional variables must be considered. Be-
cause the metal concentrations in the matrix are extremely
low, calibrators and reference materials, as well as the
analytical procedure, have to meet very stringent require-
ments. In biological specimens, the matrix plays an im-
portant role. Nonspectral interference can be induced
physically and spectral interference can originate from
chemical sources. Because interferences can have a large
effect on the results, they need to be understood.

Table 1. ICP-MS instrument operating and data acquisition
parameters.
Instrument operating parameters
Inductively coupled plasma
R.f. power
Gas flow rates

1.0 kW
Plasma: 12 L/min
Auxiliary: 1.2 L/min
Nebulizer: optimized for 10 ug/L **Mg,
. 1{’3Rh, 208p)
Sample uptake rate 1.0 mL/min
Interface
Sampling cone
Skimmer cone
Aerosol injector orifice
position
Mass spectrometer
lon lens voltages

Pt cone, 0.045" orifice

Pt cone, 0.035" orifice

Optimized for 10 pg/L #*Mg, T°°Rh,
2UBPb

Optimized for 10 pg/L 2“Mg,
1D3Rhl208Pb

Resolution mode Normal
Scanning mode Peak hop
Dwell time 50 ms
Replicate time 500 ms
Number of replicates 3
Sample read delay 60 s
Wash-out time 180 s
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NONSPECTRAL INTERFERENCES

Nonspectral interferences in ICP-MS refer to analyte sig-
nal intensity changes where the change cannot be ac-
counted for by a recognizable spectral overlap. The ana-
lyte signal intensity change can be either a suppression
[26,27] or an enhancement [27-32]. The causes of non-
spectral interferences or so-called matrix effects are due to
the presence of matrix components. The magnitude of the
matrix effects depends on the mass and ionization energy
of the matrix elements. It has been reported that the
higher the mass of the matrix element, the larger the
matrix effects [29-32]. However, high mass matrix ele-
ments are rare in biological fluids. For ionization depen-
dence, Olivares and Houk [28] found that the trend of
matrix effects was in the order of most easily ionized
matrix element, i.e., Na (5.319)>Mg (7.646)>1 (10.451)=>Br
(11.814)=Cl (13.618), where the first ionization energy in
eV is noted in parentheses. In contrast, biological speci-
mens contain relatively large concentrations of easily
ionized matrix elements, such as Na, K, Ca, and Mg,
which makes analysis of these samples difficult. Such
matrix effects need to be eliminated to obtain accurate
results. Errors associated with matrix-induced signal vari-
ation can be corrected by means of an appropriate cali-
bration method. The merits of external calibration with
internal calibration and sample dilution, and the alterna-
tive strategy of calibrator addition in correction for matrix
effects were compared.

EXTERNAL CALIBRATION

There are several approaches to overcome matrix effects
[33, 34]. The most widely used calibration method is by a
set of external calibrators containing elements of interest
and internal calibrators in a simple acid. Several calibrator
solutions are needed to cover the range of expected
analyte concentrations. The success of external calibration
to correct for matrix effects depends on the effectiveness
of internal calibration and dilution of samples.

INTERNAL CALIBRATION

The calibration or correction of one element by using a
second as a reference point has been used in a variety of
analytical atomic spectrometry and is termed “internal
calibration.” An element with a known concentration is
added to all solutions, including the blank, calibrators,
and unknowns. The analyte signal is then normalized to
the signal of the internal calibrator. The effectiveness of an
internal calibrator requires that its behavior accurately
reflects that of the elements of interest to be measured.
Selection of an internal calibrator is of great importance.
Ideally, an internal calibrator should undergo the identi-
cal matrix suppression or enhancement as that of the
analyte element. However, matrix-induced analyte signal
changes are not uniform for all elements, but depend on
the mass of the element [21, 35, 36]. As a consequence, a
close match of the mass number between the analyte and
internal calibrator is of prime importance to effectively
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correct for matrix effects. Fig. 1 shows the effectiveness of
the internal calibration in NaCl solutions as a function of
NaCl concentration. The Ge signal (line B) is suppressed
by NaCl. After normalization to the close-mass internal
calibrator "*Ga signal, the *Ge signal (line A) is then
independent of NaCl concentration and comparable with
the signal in a solution without NaCl. The matrix effect
can thus be effectively corrected by using a suitable
internal calibrator with a mass close to that of the analyte
element. However, it is obvious that one internal calibra-
tor cannot be used for all elements, since the matrix-
induced signal variation is mass dependent. Several in-
ternal calibrators should be used over the entire mass
range. Yet, using a large number of internal calibrators
does not necessarily guarantee more accurate analytical
performance, Too many internal calibrators (e.g., 10) may
result in a practical problem of selecting internal calibra-
tors and higher errors [37]. In general, three or four
elements as internal calibrators are considered to be
adequate for the multielement analysis [21, 34, 36, 38, 39].
However, one internal calibrator still covers a group of
analyte elements, even though four internal calibrators
are used for the multielement analysis. It is impossible to
accurately correct for all elements of interest in that group
by one internal calibrator. In addition, even an element
with similar chemical and physical properties and similar
atomic mass may behave in a different way in certain
matrices [34, 40]. Therefore, some procedure must be used
to improve the deficiency of internal calibration.

DILUTION OF SAMPLE

Specimen dilution is necessary for ICP-MS analysis of
biological samples because large amounts of proteins and
salts can cause an irreversible reduction of the analyte
signal intensity due to clogging of the nebulizer, torch,
sampling, and skimmer orifices. One solution is to dilute
biological samples with a solvent before injection. In
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Fig. 1. Effectiveness of an internal calibrator to correct for signal
suppression caused by various NaCl concentrations: 4, signal ratio for
the analyte "2Ge to the internal calibrator “*Ga and B, signal for the
analyte "“Ge.
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addition, dilution can also reduce matrix effects while the
sample is being measured, since matrix effects are depen-
dent on the absolute amount of matrix element rather
than the relative confentration of matrix to analyte
[32, 33].

Besides preventing clogging and reducing the matrix
effect, dilution is also necessary to improve the accuracy
of internal calibration. Fig. 2 illustrates the effectiveness of
internal calibration as a function of NaCl concentrations.
The Se signal (line B) was largely suppressed by NaCl.
Normalizing to the ”'Ga internal calibrator, the *Se signal
(line A) is still influenced by NaCl concentrations but the
effectiveness of the internal calibration is enhanced when
NaCl concentrations are decreased. The effectiveness of
internal calibration can be improved by dilution.

CALIBRATOR ADDITION
Calibrator addition is performed by adding increasing
quantities of the elements of interest to multiple aliquots
of the sample to be analyzed. The calibration set therefore
consists of several supplemented samples plus an un-
supplemented original sample, all of which have an
identical matrix. Matrix effect is corrected for and highly
accurate and precise data can be produced. Internal
calibration is also included to correct for instrumental
drift. X

From a practical viewpoint, external calibration with
internal calibration and dilution is most attractive for
routine application since it is less time consuming and
results in less introduction of matrix materials into the
instrument than the other calibration methods. However,
the use of calibrator addition provides a way to evaluate
the accuracy of external calibration and is sometimes
necessary to compensate for the insufficiency of external
calibration. External calibration is shown to be adequate
to correct for encountered biological matrix effects for
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Fig. 2. Effectiveness of an internal calibrator to correct for signal
suppression caused by various NaCl concentrations: A, signal ratio for
the analyte ®°Se to the internal calibrator "*Ga and B, signal for the
analyte ®°Se.
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most elements. (Data are discussed later.) Yet, external
calibration was inadequate for some elements, such as Cs
and Zn. For Cs the results obtained for reference urine
levels T and TI from external calibration, with In as the
internal calibrator, are only 67.32% and 68.65% of those
from calibrator additions, probably due to the large mass
difference between '*Cs and °In. However, insufficient
correction for ®Zn via external calibration was also ob-
served, even with the close-mass internal calibrator "*Ga.
The results for both urine and serum reference materials
(data shown in Tables 4 and 5) from external calibration
were located in the very low end of acceptable ranges and
the recoveries were poorer than those from calibrator
addition. On the other hand, a better agreement between
calibrator additions and target values was found. The
insufficient corrections for Zn are probably caused by the
discrepancy of the first ionization potential between the
analyte and the internal calibrator: Zn (9.394 eV) and Ga
(5.99 €V). Even after fivefold dilution, internal calibration
was still ineffective for the correction of the remaining
signal suppression. Calibrator addition is thus an im-
provement over external calibration for those elements.

SPECTRAL INTERFERENCES

Spectral interferences can be a major limitation since most
ICP-MS units are equipped with a quadrupole mass
analyzer that limits the resolution to approximately unit
mass. Therefore, ions with the same nominal mass as the
analyte, resulting from singly charged ions, doubly
charged ions, and polyatomic ions, cannot be resolved.
Polyatomic interferences, resulting from combination of
precursors in the Ar plasma, entrained atmospheric gases,
reagents, or biological matrices, are more problematic.
Elements =82 amu are essentially free of polyatomic
interferences and suitable for ICP-MS analysis, but ele-
ments between 40 and 82 amu can be compromised by
these interferences. Accurate analytical results require
that spectral interferences be identified and then avoided
or corrected.

CHOICE OF THE ISOTOPE

The polyatomic interferences can be avoided in different
ways [24, 33, 34]. A simple way is to carefully select an
isotope for analysis free from significant interferences. An
accurate and precise result can thus be obtained. To
eliminate the interferences effectively, the encountered
polyatomic ions must be identified and the extent of these
interferences must be assessed. Since it is impossible to
address all polyatomic interferences for every element of
interest, only Cu and Zn are discussed to illustrate that the
correct choice of the available analyte isotope is of prime
importance to obtain an accurate result and minimize the
interference.

DETERMINATION OF CU

Cu has two stable isotopes: **Cu (69.09%) and “*Cu
(30.91%). The determination of Cu is complicated because
of polyatomic ion interferences from Na at mass 63
(**Ar**Na) as well as from Ca and S at mass 65 (**Ca'*OH,
BCal70, 3Pgle01eQ, 328190170, 325%8), where Na, Ca, and
S are abundant in biological fluids. Table 2 shows the
results of Cu analysis on urine and serum reference
materials with masses 63 and 65 under external calibra-
tion and calibrator addition. For Bio-Rad Lyphochek
urine levels 1 and 11, the results under both calibrations
and historically established values by the former method
of ARUP with **Cu were higher than the target values.
%Cu signals were largely influenced by the spectral
overlap of **Ar*Na since the Cu concentration in this
sample is low. On the other hand, the determinations
made at mass 65 showed excellent agreement. The poly-
atomic ions at mass 65, from S or Ca, do not result in
significant interferences. For Kaulson Contox serum levels
I and II, because the serum Cu concentration range is high
the signal at mass 63 is not as susceptible to *’Ar”Na
interference. However, the results by ®*Cu under calibra-
tor additions are still too high. Again the determination
made at mass 65 agreed well with the target values.
Therefore, we can conclude that the ICP-MS Cu method

Table 2. Results of Cu analysis in Bio-Rad Lyphochek urine and Kaulson Contox serum.

Bio-Rad urine, pg/L?

Kaulson serum, pg/L®

Level 1 Level Il Level | Level I
Cu Target 49 + 10 B4 = 13 1000 = 150 1450 = 200
850y External calibration 41.74 * 6.65 57.86 = 5.51 974.6 = B68.1 1393.7 = 172.8
Calibrator addition 43,10 = 5.64 58.07 + 6.84 1080.3 = 33.6 1490.0 + 31.7
ARUP® 41 = 20 65 = 20
53Cu External calibration 62.12 = 2.23 79.14 = B.83 1052.5 = 36.0 1494.8 + 85
Calibrator addition 66.51 + 2.68 81.24 + 3.55 12565.7 = 44.2 1715.8 = 34.7
ARUPY 85 + 30 95 = 30

2 Concentrations obtained by external calibration and calibrator addition are presented as means = SD within 95% confidence (n = 3).
° Congentrations obtained by external calibration and calibrator addition are presented in means = SD within 95% confidence (n = 2.
= Current ARUP’s method under external calibration with ¥ internal calibrator and 10-fold dilution.

9 Historical ARUP's method under external calibration with Y internal calibrator and 10-fold dilution.
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based on the isotope 65 is suitable for analysis of urine
and serum and avoids the major interference.

DETERMINATION OF ZN
Zn has five stable isotopes: #Zn (48.89%), %*Zn (27.81%),
877n (4.11%), *°Zn (18.56%), and "°Zn (0.62%). Different
Zn isotopes, including **Zn [36], “°Zn [20, 22-24, 36, 41],
and “*Zn [21], have been attempted for Zn determination
in the biological fluids.

The determination of Zn in body fluids can be compli-
cated by the different degrees of S-containing interfer-
ences on the Zn isotopes (Table 3) [21]. Fig. 3 gives the
apparent concentration of Zn at masses 64, 66, 67, and 68
as a function of sulfuric acid concentrations. The apparent
Zn concentrations at masses 64, 66, and 67 increase
linearly with the sulfuric acid concentration. The S-con-
taining polyatomic ions interfere at mass 64 and to a lesser
extent at masses 66 and 67. Only mass 68 shows no
interference due to S. S-containing polyatomic ions at
mass 68 were not detected. This means determination of
Zn with masses 64, 66, and 67 may be compromised by S
interferences, and mass 68 is more suitable for analysis.
The agreement between the target values and the results
for urine and serum reference materials with **Zn is
illustrated in Table 4 and Table 5. The results obtained by

Table 3. S-containing potential polyatomic interferences for
the determination of Zn.

Zn isotope Abundance, % Polyatomic ifons

54Zn 48.89 325180160
32g32g
5671 27.81 35160160 33516016{:”_" 32816015
328348
57Zn 4.11 345180150H, 3251501%0H
SBZn 18.56 368180160. 3451{30.1 RO
328368, ??S?EAr
?Ozn 0.62 368160180.. 3451_801'.-'0r 3351801 BOH
3415368.. SASSEAI.
_ 00
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Fig. 3. Apparent Zn concentration at masses 64, 66, 67, and 68 as a
function of H.SQO, concentration.
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external calibration are in poorer agreement with the
target values than calibrator addition because of the
occurrences of matrix suppression. However, the results
indicate that ®"Zn is generally suitable for body fluids. The
use of “*Zn for routine clinical analysis is recommended to
completely eliminate the interferences from S, leading to
falsely higher results with ®#Zn and **Zn.

ANALYSIS OF URINE AND SERUM REFERENCE MATERTALS
Table 4 and Table 5 summarize the results of multiele-
ment analysis obtained on a reconstituted solution of the
Bio-Rad Lyphochek urine and Kaulson Contox serum
reference materials, respectively. For all reference materi-
als, both external calibration and calibrator addition were
applied for analysis. Four internal calibrators were used
for multielement coverage: “Be for low masses; "'Ga for
first transition metals as well as for As, Se, Rb, and Sr;
"In for medium masses; and 'Ir for high masses. In
consideration of balancing the requirement of high sensi-
tivity for ultratrace concentrations and reduction of ma-
trix effects, a fivefold dilution was applied. The isotopes
measured and internal calibrators used are given together
with the analytical results within 95% confidence limits.
For urine, each result is based on three sample aliquots,
analyzed with three repeats, for a total of nine measure-
ments. The results are compared with the target values
verified by atomic absorption spectrometry (AAS). For
serum, each result is based on two sample aliquots,
analyzed with three repeats, for a total of six measure-
ments. The results are compared with the target values
referenced by AAS.

In urine, for cight trace elements (As, Cd, Co, Cu, Mn,
Ni, Pb, Sb), the results obtained from both calibration
methods are in good agreement with target values. For Zn
the results obtained from calibrator addition are in better
agreement with the target values than external calibra-
tion. For Al the results are at the lower end of certified
acceptable ranges. For Se the results are higher than the
acceptable target ranges, except level II with calibrator
addition. However, in comparison with the values, level I:
76.50 = 551 ug/L and level II: 22925 = 16.56 pg/L
obtained by ARUP, in which the methodology was veri-
fied by interlaboratory correlation with certified AAS
methods [42], the agreement is excellent. For Tl the results
are lower than the acceptable target ranges but in good
agreement with ARUP’s values (level I: 8.38 = 0.52 pg/L;
level II: 167.43 = 6.95 ug/L). For seven other elements (Bi,
Cs, Mo, Rb, Sn, S5r, W) no data are available for the
comparison.

In serum, the results obtained for level II agreed with
the target values, except for Mn under external calibra-
tion. The results obtained for level | agreed with the target
values, except for Ni and Bi. For Ni the results were
higher than the target value, which is probably because
the signal at mass 60 is susceptible to the *Ca'®O inter-
ference at low concentration. For Bi the concentration was
lower than the detection limit.
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Table 4. Multielement analysis of Bio-Rad Lyphochek urine Level | and Level Il.
: Level |
Target value External calibration Calibrator addition
Acceptable
Element Mean® range” Mean® sD* CV, % Mean” sD* CcV, %
2TAl 68 54-81 59.18 2.91 5 55.06 i 2
SEMn 5.5 4.4-6.6 5.16 0.70 14 5.18 0.24 5
“5Co 4.2 3.4-5 4.04 0.68 17 3.94 0.14 4
SONj 17.9 14.3-21.4 19.28 4,77 25 19.58 2.02 10
55Cu 49 39-59 41.73 6.66 16 43.10 5.64 13
8871 643 515-772 547.09 27.81 5 654.58 35.02 5
"Shs 64 51-77 67.49 891 13 63.64 7.89 12
82gg 56 44-87 76.67 6.88 9 73.84 12.34 17
25Rb 610.60 44.86 7 660.79 38.34 6
88gp 190.64 31.14 16 175.66 5.18 3
Mo 51.44 3.45 7 45,57 2.41 5
11ed 6.7 5.3-8 4.95 0.56 11 6.41 0.87 14
18y 0.63 0.21 33 0.61 0.09 14
1215h 20.3 16.2-24.3 19.42 2.42 12 18.42 2.06 11
1330 2.30 0.71 31 3.42 0.18 5
182y 0.33 0.12 37 0.31 0.06 20
2057 11.3 9-13.6 7.79 1.33 17 851 0.23 3
208pp 135 10.8-16.2 12.14 0.91 7 13.09 0.75 6
208gj 0.59 0.19 31 0.82 0.17 27
Level Ii
27Al 104 83-125 83.85 3.98 5 7727 3.90 5
*Mn 23.8 19.1-28.6 22.48 4.36 19 22.28 2.93 13
59Co 12.2 9.8-14.7 10.90 1.04 10 10.60 0.58 5
BONj 33.4 26.7-40.1 35.33 2.04 6 35.21 TR 5
S5Cu 64 51-77 57.88 5.88 10 58.07 6.84 122
%8Zn 1047 837-1256 947.16 62.24 7 1070.01 54.58 5
A 163 130-195 168.86 18.94 11 157.04 14.24 9
B2g5g 162 130-194 214.59 16.80 8 187.02 18.97 10
25Rb 624.03 70.13 11 655.08 23.67 4
Bagp 190.43 27.75 15 174.82 7.57 4
“BMo 52.06 4.21 8 45.77 1.86 4
ed 12.8 10.2-15.3 9.58 .58 12 11.78 0.93 8
118gn 0.43 0.34 79 0.40 0.27 67
121gh 79.1 63.2 =945 75.24 11.27 15 68.94 7.45 11
1330 2.31 0.56 24 3.36 0.09 3
182y 0.33 0.10 32 0.30 0.08 25
25T ' 212 169-254 157.69 18.15 12 166.98 8.20 5
208pp 63 50-75 59.98 3.75 5 60.49 6.93 11
209 0.62 0.12 20 0.65 0.27 42
7 g/l

¥ 5D within 95% confidence limits (n = 3).

PRECISION

Precision is evaluated by the CV of the repetitive analysis
of reference urine and serum under external calibration
and calibrator additions. Each result is the average of
levels I and II and corresponds to 95% confidence limits.
For urine most of the elements in calibrator addition have
a comparable and higher precision than external calibra-
tion. For either calibration method, elements with ultra-
trace concentrations (<1 wg/L) have poorer precision.
Elements with concentrations >1 ug/L have better preci-

sion. The imprecision in the collected data is significantly
smaller than the uncertainties of the target values. For
serum, the precision for both calibration methods is
comparable. The use of calibrator addition does not
particularly enhance precision over external calibration.
For elements 5n and Pb, precision is poorer, especially in
level I, owing to the very low concentrations.

In conclusion, ICP-MS is a practical, versatile method for
the determination of many trace and ultratrace elements
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Table 5. Multielement analysis of Kaulson Contox serum Level | and Level Il.

Level 1

Target value

External calibration

Callbrator addition

CV, % Mean® sb® CV, %
14.90 9.96
11.62 45.23 2.33 Bl
21.36 2.65 0.76 28.59
19.18 0.71 0.24 33.87
18.75 12.78 3.59 28.09
6.98 1080.3 36.3 3.36
5.71 678.3 38.0 5.61
106.15 1.03 1.48 143.07
74.57 1.78 1.46 107.08
0.11 =<0.17 0.21
Level 1l
0.31 27,55 3.88 10.33
22.186 102.19 10.41 10.18
5.07 193.72 24.59 12.96
33.05 0.90 021 23.98
24.80 19.43 4.52 23.26
12.40 1490.0 31.7 213
6.13 1790.2 59.4 332
65.43 4.07 1.68 41.18
4797 3.38 0.60 17.79
47.82 5.92 1.50 25.31

Element Mean® sD Mean" sp®
“5Mg 15¢° 0.5 14.90 1.65
(%200 dil.)
27a)1 50 8 49,05 5.70
55Mn 4 2 2.53 0.54
*¥Co 0.76 0.14
SONj 5 3 11.88 2.23
S8¢u 1000 150 974.6 68.1
BEFH 780 120 590.9 233.7
118gp 2 1 0.96 1.02
208pp 1.91 1.42
209B; 2 4 <0.18
Mg 4a0¢ 8 37.21 0.12
(X200 dil.)
274 100 15 114.66 25.41
SSMn 170 25 207.88 10.53
i 23 0.96 0.32
BON 20 6 17.95 4.45
“20u 145 20 1393.7 172.8
&37n 170 25 1504.5 92.2
118g, 6 4 4.03 2.64
208py 3.17 1.51
283 8 4 4.87 2.33
F ugil.
2 5D within 95% confidence limits (n = 2).
“mg/L.

in the clinical laboratory. However, nonspectral and spec-
tral interferences need to be taken into consideration for
the analysis of elements in biological matrices. With
internal calibrators of close mass, internal calibration is
able to effectively correct for encountered nonspectral
interferences; however, specimen dilution is still neces-
sary to improve the effectiveness of internal calibration.
With four internal calibrators (Be, Ga, In, Ir) across the
entire mass range and fivefold specimen dilution, external
calibration is able to accurately measure a variety of trace
and ultratrace elements in urine and serum, with the
exception of some elements (e.g., Cs, Zn) that have a large
discrepancy in atomic mass and ionization energy with
that of the internal calibrator. Calibrator addition pro-
vides an alternative method to compensate for the insuf-
ficiency of external calibration and yields more accurate
and precise results in certain cases. Spectral interferences
can be eliminated by a simple approach of selecting the
isotope with minimal interferences. With proper analyti-
cal processes, ICP-MS is generally suitable for the routine
multielement analysis of body fluids.
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Pyrolyzed, Conducting Kapton Polyimide: An
Electrically Conducting Material

C.Z. HU* and J. D. ANDRADE,! Department of Materials Science and
Engineering, College of Engineering, University of Utah, Salt Lake City,
Utah 84112

Synopsis

Polyimide was pyrolyzed in an argon atmosphere at 900°C for 1h. The room temperature
conductivity of the polyimide gradually increased from 15 to 100 S/e¢m with increased pyrolysis
time. Further increase in the pyrolysis time did not increase the conductivity. X-ray photo-
electron spectroscopy (XPS) showed that the polyimide changed from pure insulator to con-
ductor; detailed XPS spectra of carbon, nitrogen, and oxygen 1s bands showed no further
elemental decomposition of the polyimide at 900°C. The high temperature treatment results
in internal rearrangement to form a large, dense heterocyclic network. The film probably
congists of tiny conductive particles dispersed in an amorphous carbon matrix. The polyimide
is placed between two quartz plates during pyrolysis; the resulting film is flat, has uniform
conductivity, is nonbrittle, has high chemical resistance, and shows better mechanical strength
than films pyrolyzed in free-standing conditions.

INTRODUCTION

The pyrolysis of polyimide results in elimination of all elements except
carbon, forming an extended aromatic ring structure similar to graphite.
The extended aromatic rings are dispersed in an amorphous carbon matrix.
It is believed! that in the early stages of pyrolysis defined domains of con-
densed rings start to form; free radicals are also formed. Later a continuous
network of condensed aromatic structure with strong w-orbital overlap is
formed. The w-electrons within this aromatic ring network are to a certain
degree delocalized (depending on the pyrolysis conditions) and not limited
to individual aromatic rings. The strong w-orbital overlapping results in a
conductivity in the range of 102 S/cm. The free radicals can act as donors
or acceptors.

Charge transfer between rings can be described mainly by two
mechanisms?? : (a) for small interring distances (less than 10 A), the tun-
neling mechanism is available; (b) for large interring distances (greater
than 10 A), the hopping mechanism is available. Under an electric field
electrons excited to the empty states can tunnel through the potential
barrier between the rings to the empty states of other rings; the hole created
can tunnel in the opposite direction. When the distance between rings is
large, the electron cannot tunnel from one ring to another, but can transfer
by a hopping mechanism.

* This work was submitted in partial fulfillment of the M. S. degree in Materials Science
and Engineering, University of Utah.
tTo whom correspondence and reprint requests should be directed.
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MATERIALS AND METHODS

The Kapton polyimide free-standing films are products supplied by Du
Pont de Nemours and Co. and have the following structure:

(0]
b I H H H_H
— i,
{5
H Il H H H H

(0]

The sample heating system consisted of a high temperature oven, com-
pressed argon gas tank, quartz tube, control valve, and vacuum pump.

Thermogravimetric Analysis (TGA). The polyimide sample is placed
inside a small quartz tube oven; high purity argon gas is passed through
the inside of the tube at 4 cc/s. At Du Pont 990 Thermal Analyzer records
the weight loss as a function of temperature.

X-Ray Photoelectron Spectroscopy Analysis (XPS). XPS analyses of
the polyimide samples at different stages of pyrolysis provides information
on elemental ratios and bonding environments. Combined with other data,
it permits the determination of composition and structure changes during
the different stages of pyrolysis. XPS analyses was performed on a Hewlett-
Packard 5950B ESCA Spectrometer, using a monochromatic AlKa X-ray
source.

Four-Point Probe Conductivity Measurement and Ohmic Contact
Test. Four-point probe conductivity methods are described by several au-
thors.* The basic principle is the placement of four sharp, equal distance
probes on the flat surface of the material. Current is created by a current
source and passed through the two outer probes dand the voltage created is
measured across the inner two probes. If the sample is relatively large
compared with the distance between the probes, the resistivity can be cal-
culated. Our four-point probe measurement used an HP 3465A Digital Mul-
timeter, HP 6181C DC Current Source, and Alessi Industries Four-Point
Probe. In order to electrically test the sample, an ohmic contact test between
the sample and the silver epoxy paint is a must. The silver epoxy paint is
coated at the corners of the sample. The current is introduced at each
diagonal lead; If V=IR is obeyed, ohmic contact is present.

=}

DG =

RESULTS

TGA. The polyimide was heat-treated in two different gas environments:
One was heat-treated in an oxygen atmosphere; the other was heat-treated
in an argon atmosphere. The heating rate was 5°C/min. The TGA data are
presented in Figure 1. Polyimide samples in oxygen started to dissociate at
about 425°C; the weight loss continuously increased with temperature to
about 525°C, at which point all of the polyimide was gone. Polyimide in an
argon atmosphere started to dissociate at about 500°C. The slope of weight
loss vs. temperature increased as temperature increased, reached a maxi-
mum at 560°C, then started to decrease, and approached zero at about 700°C.

100

B0

WT%

60

40

100 300 500 TOO S007C
TEMPERATURE

Fig. 1. The thermogravimetric analysis of Kapton polyimide: (
(= — = =) argon atmosphere.

) oxygen atmosphere;

At this stage the total weight loss of the polyimide was about 38%: the
weight was then nearly constant to 900°C. The polyimide sample was held
at 900°C for up to 1 h. For the first 40 min an additional 1-2 wt. % decrease
was observed; after 40 min no further weight loss could be detected.

XPS. Wide scans of the polyimide at the different temperature stages
are presented in Fig. 2. Nitrogen and oxygen contents decreased as the
temperature was increased. Even with the electron flood gun on, the carbon
1s peak position suggests that the 900°C treated polyimide is at least sem-
iconducting. Detailed analyses of carbon, oxygen, and nitrogen are pre-
sented in Fig. 3.

The polyimide has three carbon peaks at binding energy 288.4, 286.2, and
284.6 eV, respectively (see Table I). When the temperature is increased to
600°C, the peaks at 288.4 and 286.2 eV were decreased, and the C—C main
peak was increased. After heating to 900°C, the peaks at 288.4 and 286.2
eV were not changed and the C—C main peak was increased further. Also,
the shape of the C—C main peak was very similar to that of graphite.’
Further heating at 900°C further reduced the peaks at 288.4 and 286.2 eV;
the main C—C peak remained the same.

Two oxygen peaks at binding energies of 534.0 and 532.6 eV, respectively
(see Table I), were reduced as temperature increased above 500°C. When
the temperature reached 900°C, all the remaining oxygen was of the
C—O type. Further heating at 900°C did not further reduce the oxygen.

The nitrogen analyses were most interesting; the peak is at 400.7 eV.
After the polyimide was heated to 600°C, a new peak appeared at 398.6 eV
(see Table I), suggesting two different nitrogen environments,

Conductivity. The room temperature conductivity of pyrolytic polyimide
is presented in Fig. 4, showing the conductivity as a function of pyrolysis
time at 900°C. The epoxy silver paint did make ohmic contact with the
polyimide samples.
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Wide Angle X-Ray Analyses. Wide angle X-ray analyses was performed
on a General Electric DIANO model. The wide angle X-ray analyses using
Cuy,, monochromatic radiation showed that there was no long-range crystal
structure.

DISCUSSION AND CONCLUSIONS

The TGA and ESCA studies clearly indicate that the polyimide was py-
rolyzed. Most of the aliphatic C—N and C—O bonds are broken below
600°C, releasing N,, CO, and CO, gases. At the same time the carbon starts
to form'a heterocyclic structure. Above 600°C weight loss is insignificant.
Some oxygen and nitrogen are incorporated into the heterocyclic rings. It
is believed that the structure rearranges or recombines to a larger and
denser heterocyclic network, resulting in increased conductivity. This con-
clusion is supported by both the ESCA and conductivity data. At 900°C, the
elemental composition of the polymer stays nearly the same. After 1 h at
900°C, there is no further increase in conductivity, indicating no further
structural change.

Wide angle X-ray data indicates that the pyrolyzed polyimide does not
have long-term periodic structure. Apparently, the dense aromatic structure

consists of small particles uniformly dispersed in a carbon matrix. Small-
anele Xorav dAata ara naracoarsr #a bnck #hin hamatlomeie Mo cwal oo, .5
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Fig.3. XPS narrow scan spectra for carbon, oxygen, and nitrogen 1s peaks: (a) raw material; -
(b) at 600°C; () at 900°C; () at 900°C for 1h. . - e

electron or hole conduction in this material is complex. In each individual
particle, the electron requires energy to overcome the intrinsic band gap
and create electron and hole pairs. For simplicity, it is assumed that the
band gap energy of all particles is approximately the same. The electrical
carriers created must jump over or tunnel through the energy barrier be-
tween the particles. The average distance between the particles may de-
termine which process is dominant. The energy barrier and structure
change can be determined by optical measurements. Such work is in pro-
gress. . i ' :

When the polyimide film is placed between quartz plates, the resulting

TABLET .
Elemental Binding Energy of Polyimide

Element
Bind_ing ;
energy (eV) [ (0} N

C—C 284.6

cC—o0 ; 286.2 534.0

C—N 286.0 400.6

(o]
S
6= 288.4 532.6
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Fig. 4. Four point probe conductivity measurements of pyrolyzed polyimide. Conductivity
vs. time at temperature of 900° C. v ;

pyrolyzed material shows nonuniform conductivity. The conductivity is
much lower at the edges than in the bulk. The rest of the sample has a
relatively uniform conductivity. When the polyimide starts to dissociate at
-about 500°C, the volatile gases can only go through the space between the
two plates. The large heterocyclic network does not form as effectively at
the edges; the result is lower conductivity.

The mechanical strength of the pyrolytic polyimide is greatly improved
by putting the polymer film between the quartz plates. Mass transfer of
volatile gases is restricted to the direction of arrows in Fig. 5. This restriction
causes the formation of a heterocyclic structure more ordered along the
arrow directions, resulting in improving mechanical strength.

Pyrolyzed polyimide has conductivity of the order of 10% times greater
than the parent polyimide, and it may be doped to produce n-type or p-type
material. Pyrolyzed polymers (both doped and undoped) are air stable and
can function at very high temperatures without degradation.® They show
excellent binding to ceramics, metals, silicon, or other semiconductor com-
pounds.” The material has dependable and controlled conductivity®® with
reasonable mechanical strength. In contrast, polyacetylenes or polydiacet-
ylenes!®-!? are brittle, not air stable, oxidize rapidly when exposed to air;
and the dopants often migrate out of the bulk polymer after a period of
time.

Electrically conducting pyrolyzed polyimide can be used to produce cir-
cuitry on metal or semiconductor substrates by using photosensitive poly-
imide. Most other means of producing conductive polymers result in insol-
uble or difficult to process materials.

s

AR -

Fig. 5. The directions of volatile gas transport during pyrolysis, indicated by arrows.

This process of making conductive polymer is simple and cheap. Such
materials could replace metal-filled polymer, molecularly doped poly-
enes,’? part of semiconductor devices,* and has the potential of making
some practical photo-devices. Pyrolytic polyimide is easy to fabricate for
commercial manufacture.

Pyrolyzed polyimides certainly deserve to be further studied as light-
weight materials for unique conductive or semiconductive applications.

This work was supported by University of Utah funds and a grant from the Teledyne Corp.
to Dr. L. M. Smith. We thank Dr. L. M. Smith and Dr. D. E. Gregonis for their assistance and
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Eiectrical conductivity and electron spin
resonance studies of pyrolysed polyimide
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Recent studies of polymer-based pyrolytic amorphous carbon for use in organic electrolyte-lithium batteries
and as metal-doped carbon electrodes show considerable promise. Polyimide can be thermally converted to
amorphous carbon films. The irreversible evolution of polyimide under progressive heat treatment is
characterized by threc successive structural changes: pyrolysis, carbonization and graphitization. Four-point
contact conductivity and electron spin resonance (e.s.r,) measurements were used to study and correlate
electrical conduectivity changes with unpaired electrons. From these studies it is concluded that at low
pyrolysis temperature (< 650°C) the pyrolysed polyimide is a nonmetallic amorphous carbon incorporating
residual oxygen and nitrogen. At higher pyrolysis temperatures (>700°C) a microcrystalline graphite-like
metallic domain starts to appear in the amorphous matrix. The development of this ‘metallic domain’ causes
the conductivity of the pyrolysed polyimide to increase sharply.

(Keywords: conductivity; electron spin resonance; pyrolysed polyimide)

INTRODUCTION

The major means of making conducting polymers has
been by various treatments which change the insulating
nature of the polymer to a semiconductor or conductor.
Conducting polymers have been achieved in three distinct
ways. The first method for increasing the conductivity of
polymers is through incorporation of Macroscopic pieces
of conducting materials, such as metal flakes or carbon
black particulates, into host polymers to form conducting
composites'. The second method of producing
conducting polymers is by means of chemical doping,
electrochemical treatment, etc. The two polymers of this
type that have been studied most extensively in the past
several years are polyacetylene and polydiacetylene? *.
The third method of making a conducting polymer is by
modifying the intrinsic bulk properties of polymers by
pyrolysis. Recently studies have shown drastic changes in
electronic properties of some aromatic base polymers
after pyrolysis®©.

The main reasons for selecting polyimide for the
pyrolysis work are: (a) Polyimide is available in plastic
sheet, fibre and solution forms. Almost any desired shape
of polyimide can be achieved by these three forms. For
example very thin polyimide can be obtained by the spin-
casting technique and patterned polyimide can be
obtained by photolithographic techniques. (b) The
pyrolysis process of making polyimide conductive is
simple and inexpensive, unlike most other methods of
producing conducting polymers which require complex
laboratory equipment and skill. (c) By controlling the
pyrolysis conditions, the polyimide conductivity can be
made to range from 107° to 10> S em ~". This wide range
of conductivities warrants further study of pyrolysed
polyimide as a light weight material for unique conductor
or semiconductor application. (d) Polyimide makes an
nteresting model compound for studying amorphous
carbon. Pyrolysed polyimide is an amorphous carbon

0032-3861/87/040663-05%03.00
© 1987 Butterworth & Co. (Publishers) Ltd.

(>907; carbon content) and since it can be prepared by a
variety of experimental methods it is a good candidate for
studying the properties of amorphous carbon. (e)
Pyrolysed polyimide has great potential for applications
in  carbon electrodes, biomedical devices, low
temperature heating elements, patternable conductor
circuitry, electromagnetic shielding. radiation and gas
detectors -8,

EXPERIMENTAL

Materials

The material investigated in this study was Kapton"
film. supplied by DuPont, in sheet form (0.13 mm
thickness). Pre-cut Kapton films were sandwiched
between 1o quartz plates to prevent the Kapton film
from curling during pyrolysis. The Kapton films were
pyrolysed in an argon atmosphere at various
temperatures and times. The resulting pyrolysed
polyimide was a flat black film with reduced flexibility
and a metallic lustre.

Conductivity measurements

The electrical conductivity of pyrolysed Kapton was
measured by a four-point contact method®. and the
measurement of temperature dependence of the
conductivity was achieved with a DISPLEX compressor
system.

E.s.r. absorption measurements

Pyrolysed Kapton films produced by various pyrolysis
conditions were ground under a nitrogen atmosphere,
and the resulting powder was loaded into e.s.r. sample
tubes. The tubes were then held under vacuum for 24
hours prior to esr. measurement. The €.5uE:
measurements were made with a Varian Model E-3 ESR
spectrometer in which the resulting spectra were first
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derivatives of absorption vs. applied magnetic field. The
free radical concentration of each pyrolysed Kapton
sample was obtained by double integration of these
spectra and comparison with a standard pitch sample
(supplied by Varian) as described in ref, 10.

RESULTS AND DISCUSSION

The room temperature conductivity of pyrolysed Kapton
as a function of pyrolysis temperature is given in Figure /.
For pyrolysis temperatures above 700°C, conductivity
gradually increased to 107 Scem ™! up to a temperature
of approximately 800°C. This was followed by a rather
abrupt incrcase in conductivity as the pyrolysis
temperature was increased from 800 to 850°C, from
approximately 3.5 to 20Scm~'. For temperatures
greater than 850°C, conductivity again slowly increased
with increasing pyrolysis temperature. Samples held at a
pyrolysis temperature for 1 hour (line B in Figure /)
exhibited similar behaviour for conductivity vs. pyrolysis

100
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o0}
(@)
T

60

Conductivity (S cm™!)

700 800 900

Pyrolysis temperature (°C)

Conductivity (S em™ D)

1072 ! :
700 800 900

Pyrolysis temperature (°C)
Figure 1 (1) Conductivity versus pyrolysis temperature for Kapton,
Line A: sample cooled immediately after reaching the desired
temperature and line B: sample held at desired temperature for 1 h. (b)
Conductivity versus pyrolysis temperature for Kapton. Line A:a sample
cooled immediately after reaching the desired temperature and line B:
sample held at desired temperature for | h
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Figure 2 Temperature dependence of conductivity rersus T-' for
Kapton pyrolysed 1 h at 700, 800 and 900°C

Table I Temperature-independent conductivity of pyrolysed Kapton

Pyrolysed Kapton T (Sem™') "TI.C. (Sem )
TJOOC. 1h 448 (.25

SO0PC, 1h 31.8 10.5

900°C. 1h 91.7 59.0

¢ T=Total conductivity
* T.1.C.=Temperature-independent conductivity

temperature with a similar step increase in conductivity
from 24 to 83Scm ™! as the pyrolysis temperature was
increased from 800 to 850°C. These conductivity
experiments indicate that the polyimide changes from an
insulator to a semiconductor at pyrolysis temperatures of
the order of 700°C (>10"2Scm™!) and to a ‘metallic’
conductor at pyrolysis temperatures higher than 900°C
(~10*Scm™!). The step change in conductivity between
800°C and 850°C suggests the presence of a thermally
activated process which results in the formation of dense
heterocyclic carbon ring networks in the polymer.

The inverse temperature dependence of the electrical
conductivity (log f vs. 1/T) of the polyimide pyrolysed at
T, (pyrolysis temperature)=700"°C, 800°C. 900°C is
shown in Figure 2. The plots of conductivity vs.
temperature in Figure 2 exhibit temperature-independent
conductivity at low temperatures. The amplitude of this
temperature-independent conductivity is dependent on
the pyrolysis temperature is shown in Table I. The
temperature-independent conductivity was subtracted
from the original temperature dependent conductivity
data for each pyrolysed Kapton sample. Plots of log
conductivity vs. T °2°  after subtracting the
temperature-independent conductivity. are shown in
Figure 3. The total conductivity of the pyrolysed
polyimide at various pyrolysis temperatures can be
closely approximated by an equation of the form

B=pim)+B(T)=Pp(m)+p, exp[ —(T,/T)""*]
where fi(m) is the temperature-independent conductivity
and B, exp[ —(T,,/T)'*] is the temperature-dependent
conductivity. This is consistent with Mott’s variable-
range hopping mechanism!'!.
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Figure 3 Temperature-dependent part of the conductivity versus
T 1" for Kapton pyrolysed at 700, 800 and 900°C

The existence of a temperature-independent
conductivity at low temperature is thought to involve an
irreversible disorder-induced nonmetal-metal transition.
The Cohen—Jortner Transition model (CJT) for such a
transition has been proposed for amorphous carbon!?. In
contrast to the Anderson—-Mott Transition'®, the CJT
model explains inhomogeneous material conductivity.
Pyrolysed polyimide is considered to be a type of
amorphous carbon. According to this model different
structure changes of pyrolysed polyimide are considered
to occur during three pyrolysis temperature dependent
regions: pyrolysation at temperatures less than 700°C,
carbonization at temperatures between 700°C and
1800°C, and graphitization at temperatures greater than
1800°C'“. The microscopic inhomogeneities of pyrolysed
polyimide are caused by growing heterocyclic carbon
rings within the amorphous carbon matrix at pyrolysis
temperatures higher than 700°C. These structural
inhomogeneities also cause inhomogeneities in the
electronic structure. From an electric conduction point of
view, the pyrolysed polyimide has metallic domains in a
nonmetallic amorphous carbon medium. These metallic
domains are the result of local development of
heterocyclic carbon rings which form graphite-like dense
heterocyclic/carbon ring networks with strong m-orbital
overlap.

The conductivity experiments clearly demonstrate that
the pyrolysed polyimide is converted to a high electrical
conductor by pyrolysis. At low pyrolysis temperatures the
pyrolysed polyimide is in an amorphous state and electric
conduction is due to variable-range hopping. At
temperatures higher than 700°C, the pyrolysed polyimide
is in a heterogeneous state with two conducting paths:
one is a metallic channel with extended electronic states
for which the conductivity has no temperature
dependence, and the other is a disordered system where
the electron conduction is by a variable-range hopping
mechanism.

Electron spin resonance spectroscopy was used to
probe the ‘break up’ of the polymer structure through
thermal degradation (scission) of covalent bonds. The
resulting spectra had no fine structure to identify the

location of the unpaired electrons. It is not certain if these
unpaired spins (hereafter referred to as free radicals or
spins) are associated with specific organic free radicals or

" perhaps on isolated very small clusters of amorphous

carbon. The g value of the spectra was very near the ‘free
electron’ value of 2 consistent with organic free radicals.

The time dependence of the e.s.r. spin concentration for
Kapton pyrolysed at 550°C is shown in Figure 4. The
corresponding weight loss is also shown in Figure 4. The
initial e.s.r. spin concentration was about 6 x 10'® spins/
gram. The maximum spin concentration reached
9.8 x 10'8 spins/gram after 50 min pyrolysis, after which it
started to decrease and became flat at a spin
concentration near 6 x 10'® spins/gram after three hours
pyrolysis. The sample heat treated at 550°C shows that
the e.p.r. spin concentration increases with pyrolysis time
and reaches a maximum after 50 min of heating. Most
polyimide weight loss also occurs during the first 40 min
of the heating period, with only a slight change in weight
observed beyond 40min. During this time hydrogen,
carbon monoxide and carbon dioxide are given off as the
result of cleavage of polyimide functional groups and C—
H bonds, simultaneously creating reactive f-radicals.
Once reactive fi-radicals are created, followed by a limited
polycondensation of the aromatic rings through the
reactive f-radical, stable n-radicals are formed'*. The
process of forming stable n-radicals is described by
Lewis'?. After the spin concentration reaches a
maximum, at about 50 min pyrolysis, a drastic decrease of
spin concentration is observed which finally levels off
after about 120min. This diminishing of the spin
concentration is thought to arise from a pairing of the free
radicals during the pyrolysis process. At 550°C the
reorganization of scissioned aromatic rings through free
radical pairing is limited by this low temperature with the
result that only isolated or semi-isolated condensed
aromatic rings are formed. The material in this stage is
still an insulator (>10"°Scm™') and no conductivity
can be detected at this pyrolysis temperature.

A comparison between the time dependence of the e.s.r.
spin concentration and four-point contact conductivity
for Kapton pyrolysed at 650°C is shown in Figure 5. The
e.s.r. spin concentration vs. time curve exhibits an initial
spin concentration of about 5.3 x 10'® spins/gram, with a
distinct drop of spin concentration to nearly 1.6 x 108
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Figure 4 Timedependence ofe.s.r.spinconcentration (H)and percent
weight loss ([]) for Kapton pyrolysed at 550°C for different periods of
heating time
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Figure 5 Time dependence of cs.r. spin concentration and
conductivity for Kapton pyrolysed at 650°C for different periods of
heating time

spins/gram after 20 min (region 1), followed by a gradual
decrease to 1.3x 10'® spins/gram after 40min heating
(region 1II), and subsequently decreasing to 2.3 x 10*®
spins/gram (region III). The conductivity of the pyrolysed
Kapton sample was 9 x 10™*Scem ™! after 20min heating
and reached a plateau value of 3.2x1072Scm ™! for
heating periods greater than 60min. For polyimide
pyrolysed at 650°C the spin concentration did not
increase nor was significant weight loss detected. The
samples for the 650°C esr. time dependent
measurements were prepared by heating the polyimide
from room temperature to 650°C at a constant heating
rate of 10°C/min. After the polyimide sample reached the
desired temperature it was maintained at that
temperature for the desired time, and then cooled to room
temperature. During this heating process when the
temperature only exceeded 550°C slightly, the polyimide
started to dissociate reaching near completion at
temperatures above 600°C. At this time the free radicals
had already been created and then paired during the
heating stage from 330°C to 650°C of the pyrolysation
treatment. The spin concentration vs. time curve of
Kapton pyrolysed at 650°C can be divided into three
regions as follows: (I) A step decrease of spin
concentration within 20min pyrolysis time associated
with the radical pairing process. (II) A very gradual
decrease in spin concentration observed in the 20 to
40min heating period. The flat region corresponds to the
change in conductivity of pyrolysed Kapton from
insulator to semiconductor (conductivity greater than
10~*Scm ). It is hypothesized that this is the result of
the semi-isolated or isolated heterocyclic carbon rings
gradually merging into a continuous network of dense
heterocyclic carbon rings with the development of
increasingly effective m-orbital overlap'®, In order to
initiate the development of dense and continuously
heterocyclic carbon ring networks, the pyrolysis
temperature of polyimide should be no less than 600°C.
This is a thermally activated process. (I11) A step decrease
of spin concentration is observed alter a 40 min heating
period. The diminishing of the free radical concentration
in this stage is caused by the growth of heterocyclic
carbon rings, followed by sufficient development of z-
orbital overlap to induce a change in the electronic
structure of the material from insulator to semi-metallic.
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Experimentally, electron spin resonance of conduction
electrons has been observed in only a small number of
metals'”'®. This is very likely due to the fact that in many
metals the electronic resonance line width (which is
inversely proportional to the spin-lattice relaxation time
T,) is so large that the signal is unobservable. Therefore a
possible reason for the observed decrease in spin
concentration, in the present study, may be that the
mobility of those free radicals, which exist in the
heterocyclic carbon ring networks, gradually increases
and becomes more and more like conducting electrons in
metals. If this hypothesis can be accepted, the increase of
mobility of those free radicals will cause the spin-lattice
relaxation time T, to decrease. The result of this structural
change is that the es.r. absorption intensity and the
measurable free radical concentration decreases. Because
the pyrolysis temperature is insignificantly high, only a
portion of the isolated heterocyclic carbon rings in the
sample can further recombine into dense heterocyclic
carbon ring networks and only those regions will be
converted from insulator to semi-metallic. Free radicals
in those semi-metallic regions are undetected by es.r.
spectroscopy. By comparing the degree of decreasing free
radical concentration and the increase of conductivity
between the 550°C and 650°C samples, it is concluded
that the size of this heterocyclic carbon ring network is
determined by the pyrolysis temperature and time. The
rule of thumb is the higher the pyrolysis temperature and
longer the time the larger the heterocyclic carbon ring
network.

The pyrolysis temperature dependence of the e.s.r.
absorption measurement is shown in Figure 6. A plot of
full width half maximum (FWHM) of the e.s.r. peak vs.
pyrolysis temperature is shown in Figure 7 (in arbitrary
units). The FWHM was increased from 8.5 to 11.9 Gauss
with a pyrolysis temperature change from 550 C to
650°C. Figure 6 illustrates the e.s.r. absorption
measurement of Kapton as a function of different
pyrolysis temperatures along with the corresponding
weight loss. The spin concentration initially increased
from 5.8 x 10'® to a maximum of 9.4 x [0'® spins/gram
(corresponding to pyrolysis temperature increase from
550°C to 600°C) followed by a rapid decrease to
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Figure 7 E.s.r. peak width as a function of pyrolysis temperature for
Kapton

9.5x 10'% spins/gram at a pyrolysis temperature of
700°C. The corresponding weight loss slowly increased
from 20to 37.4 %,. Most polyimide weight loss also occurs
during the temperature change from 550°C to 650°C with
only a small change in weight observed beyond 40min.
The e.s.r. absorption curve of Kapton at temperatures
below 700°C shows a Curie doublet type spectrum. A
gradual increase of spin concentration at temperatures
between 550°C and 600°C is matched by the strong
dissociation of the polyimide. The free radicals generated
during this period of strong dissociation are still limited to
isolated individual aromatic carbon rings. At pyrolysis
temperatures between 600°C and 700°C, the Kapton
sample is in transition between the two different
processes. At temperatures just higher than 600°C,
continuous thermal dissociation (which creates the free
radical) and limited heterocyclic carbon ring
condensation (with free radical pairing) are possible.
Apparently, in this temperature range the latter process
dominates and the spin concentration of the pyrolysed
Kapton gradually decreases as the pyrolysis temperature
increases. As the pyrolysis temperature is further
increased, the thermal degradation and free radical
pairing process continuously decreases. Eventually, both
processes will become insignificant at temperatures
higher than some critical temperature T, (T} is between
600°C and 700°C). With temperatures above this critical
temperature, the carbonization process becomes
dominant. Pyrolysed polyimide at this stage starts to form
a continuous dense heterocyclic carbon ring network and
sufficient m-orbital overlap is developed to form semi-
metallic regions. Conductivity at 700°C approaches
10-2Scm ™! indicating the pyrolysed polyimide has
become a semiconducting material. As pyrolysis
temperatures exceed 700°C, there is an abrupt
disappearance of the e.s.r. absorption spectra and an
increase in conductivity indicating the formation of
metallic-like conduction electrons. As mentioned earlier,
the conduction electron has a very short spin-lattice
relaxation time T, and a corresponding e.s.r. peak width
inversely proportional to Tj, resulting in a significantly
broadened e.s.r. peak width resulting in a disappearance
of the e.s.r. signal. The increasing e.s.r. peak width versus
pyrolysis temperature probably implies a gradual
increase in semi-metallic regions.

CONCLUSIONS

The temperature dependent conductivity experiments
suggest that pyrolysed polyimide from low temperature
pyrolysis (less than 700°C) contains homogencous

~amorphous carbon consistent with the Mott variable-

range hopping mechanism. At temperatures higher than
700°C. metallic conductivity arises (temperature-
independent conductivity), due to the inhomogeneity of
the pyrolysed polyimide. It is proposed that this metallic
conductivity is due to the formation of graphite-like
metallic domains with extended electronic states that
increase with pyrolysis temperature. The total
conductivity of pyrolysed polyimide is equal to the
conductivity contributed by metallic conduction, which is
independent of temperature, f(m), plus the temperature-
dependent conductivity contributed by the non-metallic
amorphous carbon medium, $(T), which obeys the Mott
variable-range hopping conduction mechanism.

The free radicals created during polymer scission can
be investigated by e.s.r. There are three major processes
occurring during high temperature heat treatment. At low
pyrolysis temperature (less than 600°C), stable n-radicals
are created by thermal degradation of polymer chains. At
pyrolysis temperatures higher than 600°C, but less than
700°C, free radicals created by thermal scission of
polyimide chains are paired with each other and form
larger heterocyclic carbon rings. Finally. at pyrolysis
temperatures higher than 650°C, a decrease in es.r.
signals observed associated with a corresponding increase
in conductivity suggesting that the formation of
conduction electrons during carbonization leads to
formation of continuous dense heterocyclic carbon ring
networks with suflicient w-orbital overlap to result in a
disappearance of the e.s.r. signal.
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Structural Determination of Pyrolyzed
P1-2525 Polyimide Thin Films

C.Z. HU, J. D. ANDRADE, and P. DRYDEN, Department of
Materials Science and Engineering, and Department of
Bioengineering, College of Engineering, University of Utah,
Salt Lake City, Utah 84112

Synopsis

Polyimide was pyrolyzed in an argon atmosphere at various temperatures, and thermally
converted to amorphous carbon films. The irreversible change of polyimide under progressive heat
treatment is characterized by three successive structural changes: pyrolysis, carbonization, and
graphitization, X-ray photoelectron spectroscopy (XPS) studies show that the polyimide starts to
dissociate at pyrolysis temperatures above 500°C. At temperatures higher than 650°C most
functional groups of polyimide decompose to evolve gases from the sample. The polyimide then
gradually becomes more carbon rich. It is believed that at pyrolysis temperature higher than
650°C the polyimide starts to form heterocyclic structures with residual oxygen and nitrogen
incorporated into the heterocyclic carbon rings. X-ray analyses indicate that the polyimide at
pyrolysis temperatures less than 1000°C is amorphous carbon and no long-term periodic structure
can be detected. At pyrolysis temperatures higher than 2000°C, the polyimide is converted to
microcrystalline graphite.

INTRODUCTION

Carbon fibers have been prepared by thermal treatment of a large variety of
polymeric precursors such as cellulose, rayon, polyacrylonitrile, and aromatic
polyamides."? The polymer-based, high temperature-treated carbon fibers are
used in high-performance composite materials in aeronautic and aerospace
applications. Later pyrolysis studies on other polymers such as polyphenyl-
ene-1,3,4-oxadiazole, polyaminoquinones, and aromatic polyimide have focused
on their conductivity properties.’-®> High temperature pyrolysis of these
aromatic-based polymers converts them from insulators to semiconductors
and then to metallic-like conductors.®

Pyrolyzed polyimide is somewhat different from other graphitizable poly-
mers such as polyacrylonitrile and rayon. The latter are usually heated to
very high temperatures (over 2000°C), resulting in short, thin graphitized
carbon fibers. In our experiment, the polyimide is pyrolyzed mainly at
temperatures below 1000°C. The resulting pyrolyzed polyimide thin film is a
highly conductive carbon-rich film which may be useful for applications
requiring light weight, flat, chemical, and heat-resistant conducting materials,
and it already shows a promising future in gas and radiation detectors.”

MATERIALS AND METHODS

In our experiment, two kinds of commercially available pelyimides (manu-
factured by DuPont de Nemours and Co) were used; PI-2525 polyamic
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solution and Kapton. PI-2525 polyamic acid solution was used for XPS, 1.60
X-ray, and Raman analyses. The polyamic acid solution was spin-cast on the
substrate, followed by two drying and curing stages in a nitrogen atmosphere
at 100 and 200°C each for 2 h, during which the polyamic acid was undergoing 1.55
the imidization process. After 2 h at 200°C, the polyamic acid was fully cured
and converted to polyimide. Kapton is a fully cured polyimide and was used
for density and X-ray studies. Both polyimides are chemically identical and
have the structure which was described in a previous paper.?

For pyrolysis, the polyimide sample was placed inside a small quartz tube
oven, and low pressure argon gas was passed through the quartz tube. The
argon gas was adjusted to approximately 5 cc/s flow rate. Gas flow was
maintained at least 5 min to allow the system to reach steady state before 1.40
heating began. The polyimide was brought to the desired pyrolysis tempera- ¥ . 1 2 1 . 1
ture by setting a fixed heating rate (10°C /min). Usually, the pyrolysis 600 700 800 900
temperature was in the range of 500-900°C. After the desired conditioning,
the pyrolyzed polyimide was cooled down to room temperature under argon Pyrolysis Temperature C)
atmosphere to prevent possible oxidation and then removed from the furnace.
The film was then ready for examination.

3

Density (g/cm)

1.50

145

Fig. 1. Apparent density of polyimide film as a function of temperature of pyrolysis.

Wide Angle X-Ray Analysis

Structural features of pyrolyzed polyimide were studied by wide angle S
X-ray analyses. From these analyses, one can determine at what pyrolysis
temperature the pyrolyzed polyimide starts changing from amorphous state
to microcrystalline graphite. Wide angle X-ray analyses were performed in the
DIANO Diffractometer, using CuK , monochromatic radiation.

Raman Spectroscopy Analysis

Raman studies can provide further information about whether the pyro-
lyzed polyimide is in amorphous or crystalline state. In our experiment, an
Ar-laser was used to emit an intense laser beam with a fixed wavelength (488
nm). The emitted laser light passed through a lens and was focused on the
pyrolyzed polyimide sample. The scattered Raman light was collected, passed
through a monochromator, and detected by a photon counter. The final
output was a plot of photonintensity (count) versus the wavenumber shift

a
from the laser line. X10

X-Ray Photoelectron Spectroscopy Analysis (XPS)

RELATIVE INTENSITY (COUNTS)

XPS analysis provides information on chemical states and elemental ratios -
of polyimide pyrolyzed at various temperatures. XPS analyses were per-
formed on a Hewlett-Packard 5950B Electron Spectrometer, using a mono-

chromatic AIK , X-ray source. 1 s P=i
19 21 23 25 27 29 53 55

RESULTS 26 ANGLE (DEGREE)
4 [ig. 2. Wide-angle X-ray diffraction of polyimide pyrolyzed at the temperatures noted: Line
Apparent Density a: 2100°C, line b: 1500°C; line ¢z < 1000°C.

The apparent density of polyimide pyrolyzed at temperatures between 700
and 900°C is plotted in Figure 1. It shows that the density of pyrolyzed
polyvimide increased from 1.49 to 1.57 g/cm?.




X-Ray

In the X-ray diffraction experiments, the 28 angle was swept from 15° to
80°. The results of X-ray diffraction are shown in Figure 2. Polyimides
pyrolyzed at temperatures between 500 and 900°C showed no diffraction peak
and only a very broad and weak peak appeared at 26 angle from 22° to 28°
(curve c in Fig. 2). For polyimide pyrolyzed at 1500°C, a diffuse amorphous
carbon peak was seen in the 28 angle between 24° and 28° (curve b in Fig. 2).
For polyimide pyrolyzed at 2100°C, a strong but broad diffraction peak
appeared at a 28 angle equal to 26.5° and a much weaker diffraction peak
appeared at 2 equal to 54.2°. Both diffraction peaks are shown in Figure 2
curve a.

Raman

The Raman spectra of polyimide pyrolyzed at 700, 800, and 900°C are
shown in Figure 3. All three pyrolyzed polyimide samples at different heat
treatments showed almost identical Raman spectra. Two Raman peaks ap-
peared at 1640 and 1370 cm™". The intensity of the peak at 1640 cm™! was
higher than the peak at 1370 cm~L

gooc L

800C

700C
I | 1 1
800 1200 1600 2000

WAVE NUMBER
Fig. 3. Raman spectra of polyimide treated at 700, 800, and 900°C.

XPS

The detailed chemical state analysis of carbon, oxygen, and nitrogen of
polyimide are shown in Figure 4. Polyimide has two carbon peaks at binding
energies 288.3 and 284.6 eV, and has an unresolved carbon peak at binding
energy 286.0 eV. The peak at 288.3 eV represents the imide carboxyl-type
bonding and the peak at 286.0 eV represents C—O and C—N-type bonding.?
The peaks at 288.3 and 286.0 eV decreased as the pyrolysis temperature
increased. At temperatures above 650°C, the imide carboxyl-type carbon 1s
peak disappeared and only weak and broad oxygen and nitrogen carbon 1s
peaks near 286.0 eV coexisted with the strong C—C main peak. As tempera-
ture exceeded 900°C, only a graphite C—C main carbon 1s peak was seen and
no oxygen and nitrogen-bonded carbon 1s peak was detected.

Polyimide has two oxygen peaks at binding energy 533.3 and 532.0 eV. The
peak at 532.0 eV represents C=O-type bonding and the peak at 533.3 eV

Carbon
@ aa:.a ®) 28;-0
281!.3 :
2814.6 28 r.&
(c) (d)
;
E
E 286.0
:
BINDING ENERGY (EV)

Fig. 4. Polyimide XPS narrow scan spectra of carbon, oxygen, and nitrogen 1s peaks: (a) raw
material; after treatments at: (b) 600°C, (c) 650°C, and {d) a00°C.



§32.0

(a) : b) 5310
| (c) (d)
;
E
B S VO W
BINDING ENERGY (EV) )

Fig. 4. (Continued from the previous page.)

represents C—O-type bonding.® The total oxygen content decreased as the
pyrolysis temperature increased and became insignificant at temperatures
higher than 900°C. The relative intensity of the C=0O-type oxygen 1s peak
decreased as the pyrolysis temperature increased. At 650°C both C=0 and
C—O-type oxygen peaks have the same intensity, and at above 650°C, these
two oxygen peaks merged and became a very broad peak at 533.1 eV. At
temperatures above 900°C this broad oxygen 1s peak became insignificant.
Polyimide has one nitrogen 1s peak at 400.5 eV. The peak at 400.5 eV
represents the C—N-type nitrogen bonding.®? A new nitrogen peak appeared
at 398.5 eV at temperatures of 600°C. At pyrolysis temperatures above 600°C,
the total intensity of the nitrogen peaks decreased sharply. At temperatures,
above 650°C, both nitrogen peaks had the same relative intensity, and as the
temperature reached 900°C, the two nitrogen 1s peaks become insignificant.
The theoretical elemental C: O : N ratio of polyimide is 76.0:17.4:6.9 XPS
analyses showed the elemental C:0:N of polyimide was 77.5:16.5:6.0,

(a) 4010.5 m)
400.2
1
srs.s
) @
5
a 40‘;'1 315'6 400.7
A M’_
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Fig.4. (Continued from the previous page.)

which shows the XPS analyses indeed agreed quite well with the theoretical
prediction. .

The ?ercent change of carbon, oxygen, and nitrogen in polyimide versus
pyrolysis temperature is shown in Figure 5, and elemental compositions versus
Pyrolyms temperature are listed in Table I. Figure 5(a) shows that the carbon
mcre'ased from-77.5 to 95.6% as the pyrolysis temperature increased from 450 .
(undissociated temperature) to 900°C. A step increase of carbon from 79.1 to
92.1% occurred between 550 and 650°C, and at temperatures above 700°C
there was no significant increase in carbon content. Figure 5(b) indicates that
the oxygen content decreased from 16.5 to 3.5% as the temperature changed
from 450 to 900°C. A step change of oxygen content from 15.1 to 4.1% was
observed as the temperature changed from 550 to 650°C. Figure 5(c) shows
that the nitrogen content was constant at 6% at temperatures below 550°C,
arlld started to decrease at temperatures higher than 550°C. The percent of
nitrogen was changed from 5.8 to 0.9% as the temperature increased from 550



100

Carbon %
s b

?0 2 1 a 1 " [ i [} " 1 M
400 500 600 700 800 900 1000
Pyrolysis Temperature ("C)

(b)

20

0 i 1 A 1 " ] i i 1 L i
400 500 600 700 800 900 1000
Pyrolysis Temperature (°C)

Fig. 5. The percent change in elemental carbon, oxygen, and nitrogen as a function of
pyrolysis temperature for polyimide. (a) carbon, (b} oxygen, and (c) nitrogen.

to 900°C. At temperatures above 700°C no major changes of elemental
composition were detectable. 4

DISCUSSION

Pyrolysis studies of polymeric material such as polyacrylonitrile (PAN)
always show that at high enough pyrolysis temperatures (> 2000°C), the
polymer is converted to microcrystalline graphite.? X-ray studies of micro-
crystalline graphite show the interplane diffraction at (002) and two-dimen-
sional lattice diffractions at (10) and (11). The 28 angle for (002) diffraction is
about 26.5°, for second-order (002) diffraction about 54.2°, for (10) about
44.5°, and for (11) about 78°.1°

Nitrogen %

0 - 1 A 1 L 1 i 1 A A i
400 500 600 700 800 S00 1000

Pyrolysis Temperature ("C)

Fig. 5. (C\ itinued from the previous page.)
TABLE 1
Elemental Ratio of Pyrolyzed Polyimide at Different Pyrolysis Temperatures
Pyrolysis temp.
€S c o N
450 716 w186 g 6.0
560 79.1 ‘1581 5.8
650 92.1 4.1 38
800 94.8 34 ! 1.8
500 95.6 3.5 0.9

X-ray studies of polyimide pyrolyzed at different temperatures show that at
temperatures less than 1000°C the material is in an amorphous state.!"'2 The
polyimide undergoes reorganization of short-range order of heterocyclic carbon
ring units incorporating a small percent of residual oxygen and nitrogen. It is
believed this local structural reorganization of heterocyclic carbon rings begins
to form dense heterocyclic carbon domains (graphitic domain) with strong
w-orbital overlap in the amorphous carbon matrix. No long-range ordered
graphite layer structure has been observed and the inhomogeneity of polyim-
ide due ‘to the growing of graphitic domains cause the conductivity of
pyrolyzed polyimide to increase into the semiconductor range.'? At tempera-
tures above 1500°C, continuous growing of graphitic domains with increasing
size of layer structure causes further increases in conductivity.'® The pyro-
lyzed polyimide in this stage is an inhomogeneous amorphous carbon. At
temperatures above 2000°C, graphitization is complete, and the pyrolyzed



1158 HU ET AL.

polyimide becomes microcrystalline graphite. The “apparent” size of the
graphitic layer estimated by the Scherrer formula is in the range of 70 A. The
pyrolyzed polyimide in this stage is no longer amorphous carbon; the entire
carbon matrix is polycrystalline graphite.*~'® The lack of (hk) diffraction may
be caused by the following: Higher disorder and defect density along the (hk)
planes, structural fluctuation of (hk) planes, and random organized layer
structure. All these factors may make the intensity of (hk) diffractions become
too weak to be detected by the X-ray diffractometer.

Other evidence that pyrolyzed polyimide is still an amorphous carbon at
pyrolysis temperatures less than 1000°C is by Raman analyses. Vidano and
Fischbach® show the Raman spectrum for crystalline graphite has two
strong peaks at 2700 cm ' and 1580 cm !, and one weak peak at 1360 em™l,
The Raman peak at 2700 cm ™! is sensitive to the crystallinity of the graphite;
this Raman peak is not detectable for amorphous carbon. The Raman spec-
trum for amorphous carbon shows two Raman peaks; one at 1620 cm 1 and
the other at 1360 cm .17 In graphite the Raman peak at 1580 cm ! is caused
by in-plane vibrations of the layer.' 19 In amorphous carbon this peak still
exists but becomes broadened and shifted to above 1600 cm~'. The Raman
peak at 1360 cm !, which exists in both crystalline graphite and amorphous
carbon, is also associated with in-plane vibrations and results from structural
imperfections and finite graphite size. 20" 2

The Raman spectra of polyimide pyrolyzed at temperatures ranging from
700 to 900°C are very similar to the amorphous carbon.'” The Raman peaks of
polyimide at various pyrolysis temperatures all show two Raman peaks; one
at 1640 cm ! and the other at 1370 cm~'. These peaks are almost identical to
the peak positions of the amorphous carbon. The relative peak intensity
between these two peaks is very similar for both pyrolyzed polyimide and for
amorphous carbon. It is believed that polyimide pyrolyzed at temperatures
below 1000°C is amorphous carbon with a small percent of oxygen and
nitrogen incorporated into the heterocyclic carbon rings. The microcrystalline
graphite-like domains at this temperature are still insignificant but the
growing graphitic domains have started to form microinhomogeneities in the
pyrolyzed polyimide matrix.

Previous thermogravimetric studies indicate that the polyimides dissociate
at temperatures between 500 and 600°C.% At temperatures above 600°C, the
weight loss rate slows and finally becomes insignificant above 700°C. The
corresponding ESCA data show that most imide carbonyl functional groups
indeed disappear at 600°C and the remaining oxygen is incorporated into the
aromatic carbon rings and possibly form either quinone (—C=0) or bridging
aromatic ether types of bonding with the graphitic carbon rings. A large
decrease of C—N-type nitrogen above 600°C and the appearance of a new
peak at 398.5 eV indicate that the nitrogen loss has started and the remaining
nitrogen has either formed aromatic C—N-type bonding or has been con-
jugated into the aromatic carbon ring networks.?

Both ESCA and weight loss data show no significant weight loss or
elemental ratio change at pyrolysis temperature between 700 and 900°C. This
data indicates that the polyimide chain dissociation is nearly complete at
temperatures higher than 700°C. The increasing density in this temperature
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puly’]mlde may be starting to recombine to form a larger and denser het

<'._Y(‘]:(: network. For temperatures higher than 1500°C, the ESCA data sh:3 0
{nl;mgen con?pnn‘ent and only a few percent of remaining oxygen. The rex)r‘lv .
ing oxygen is either due to the oxygen incorporated into thp: heteroc EL]l!f']-
f:arbon rings or to carbon oxidization during the pyrolysis.?? Since the oxyc S
content decreased as the pyrolysis temperature increased, the major pzau}'(tgirf1

the remaining oxygen is most lik i
[ ely due to o i
heterocyclic carbon rings network. i Ry R e

CONCLUSIONS

: Experimental analyses indicate that when polyimide is pyrolyzed, its fu
tmna.l groups are broken below 650°C. This chemical evolution’ is hnc‘
acten_zed by _the presence of strong electron paramagnetic resonance . a{s-
:1ssoc1{ated .w11:h unpaired electrons due to the existence of broke S;)gnii
(described in detail in Ref. 23). The pyrolyzed polyimide in this sta, enis Oil ;
glegs t.har_l 90%) carbon content amorphous material. Above 700°C \fei h: lOW
is u?mgmﬁcant.. Some oxygen and nitrogen is incorporated into the E{mt o
cyclic carbon rings or 1s continuously released from the sample. From de‘nsz :
;ujd X-ray_studles, it is believed that those heterocyclic carbon ﬁngs rearran 3;
01 recumbm_e to form larger and denser heterocyclic carbon ring networkgs
Inhon_m.genelty_ of the pyrolyzed polyimide will occur when those metall"
gra p_h11;10 domains start to appear in the amorphous matrix. Raman and X-r :
Tg:}([hoes: s.ho“{ that the polyimide at low pyrolysis tempefature (less th:fl
{J(‘L{.) ('i‘)hls _stlll an amqrphous carbon with high carbon content (greater than
96%). The inhomogeneity of the material causes the increase of conductivity,

f}ll’!;ﬂl;ib&d in deta_jl .in Ref. 23. Finally, at pyrolysis temperatures higher than
2000°C, the polyimide becomes microcrystalline graphite.
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SURFACE STRUCTURE OF PYROLYZED POLYIMIDE
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Abstract—X-ray photoclectron spectroscopy analysis shows that polyimide is thermally converted to
glassy carbon during pyrolysis. Scanning tunneling microscopy gives direct evidence of the existence of
small graphitic domains in the amorphous carbon matrix, and we believe that those surface graphitic
structures may play a major role in the biocompatibility of carbon surlaces.

Key Words—X-ray photoclectron spectroscopy, glassy carbon, scanning tunneling microscopy, surlace

structure.

1. INTRODUCTION

Blood compatibility of carbon surfaces has received
much attention in the past several years[1,2]. The
surface properties and structures of different kinds
of carbon surfaces need to be studied in more detail
in order to understand how the surface carbon atoms
interact with protein and how the surface graphitic
structure and its electrical conductivity affect the in-
teraction process. Most important is to learn how
we can modify the surface to get the best blood-
compatible surface.

There are different kinds of carbon materials:
glassy carbon, made from high temperature polymer
pyrolysis; diamondlike carbon, made from ion-beam
deposition or plasma deposition of gasecous hydro-
carbons; and amorphous carbon, made by irradiating
graphite substrates. The surface structure of glassy
carbon produced by high temperature polyimide
pyrolysis was studied by our lab and the results are
presented here.

Pyrolytic carbon was produced by heat treatment
of Kapton® polyimide sheet material, supplied by
DuPont. The polyimide was pyrolyzed in an argon
atmosphere at 2100°C for 1 h. Previous X-ray and
Raman studies show that pyrolyzed polyimide forms
metallic graphitelike domains in an amorphous car-
bon matrix[3].

In order to understand the surface structure of
pyrolyzed polyimide, X-ray photoelectron spectros-
copy was used to determine surface compositions,
and scanning tunneling microscopy (STM) was used
to search for surface graphitic structure. The STM
technique has been used to image the surface struc-
ture of many semiconductors and conductors[4,5]
and also has been used to image organic molecules
adsorbed on various substrates[6,7]. STM images of
some amino acids adsorbed onto freshly peeled
graphite substrates were also studied in our lab and
will be published later.

1.1 Basic principles of STM
When the metal tip is within a few Angstréms from
a conductor or semiconductor surface, and under the

proper bias voltage, electrons are able to tunnel
through the gap between the sample surface and the
metal tip due to a possible overlapping of electron
wave functions (i.e., the tunnel effect[8]). The tun-

- nel current J, is exponentially related to the gap

distance and the average barrier height (i.e.,
Joexp (—APY%)), where A = ((dnw/h)2 m)'?, D is
the average barrier height, and s is the gap dis-
tance[9]. Tt seems that carbon surfaces are insensitive
to surface hydrocarbon contamination since good
STM images of graphite are routinely obtained in
the daily check of the STM instrument. Therefore,
it is appropriate to use the STM to study the surface
structure of pyrolyzed polyimide in air.

2. EXPERIMENTAL

2.1 X-ray photoelectron spectroscopy
analysis (XPS)

XPS is a surface sensitive spectroscopy. It provides
clemental composition and chemical states of carbon
surfaces within a 30-A depth range. The XPS anal-
ysis was done on a Hewlett-Packard 5950B Electron
Spectrometer, using an A1K, monochromatic X-ray
source.

2.2 Scanning tunneling microscopy analysis (STM)

The STM used in this study is a tube-scanner-type
STM provided by Tunneling Microscope Co., Menlo
Park, California. The general design and construc-
tion has been described[10]. The STM was operated
in the constant height mode[11], where the tip scans
at such high speed that the electronic feedback sys-
tem cannot follow the atomic features on the sample
surface but maintains an average distance from the
surface. Due to the exponential relationship between
tunneling current and gap distance, and under the
proper bias voltage, the variation of the tunneling
current gives information on the sample topography.

3. RESULTS AND DISCUSSION

The XPS carbon 1s spectra of polyimide and heat
treated polyimide are shown in Fig. 1. Polyimide has
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Fig. 1. XPS narrow scan spectra of carbon 1s peaks from
Kapton Polyimide. (a) Raw material, (b) heat treated in
argon atmosphere at 2100°C.

three carbon peaks at binding energies 288.4, 286.0,
and 284.6 eV. The peak at 284.6 eV represents the
carbon in the aromatic rings, the peak at 286.0 eV
represent C-O- and C-N-type bonding, and the peak
at 288.4 eV represents the C—O type bonding[12].
The heat-treated polyimide shows only the graphitic
type carbon 1s peak at 284.6 eV[13], The elemental
analysis of heat treated polyimide shows 98% car-
bon, 2% oxygen, and no nitrogen. Since only 2%
oxygen can be detected within a 30-A depth from
the surface, the heat-treated polyimide surface is
basically a carbon surface,

Large-scale STM images of the heat treated
polyimide surface are similar to that of heat-treated
pitch[14]. The surface mainly consists of large areas
of rough and featureless amorphous regions, and
between these, small planar regions are found. The
size of these planar regions are in the range of 30 to
60 A. A representative large scale STM image of
heat-treated polyimide is shown in Fig. 2. In this
figure, a planar region can be seen in the lower cen-
ter of the picture and it has an x—y dimension of
roughly 40 A x 35-A. We believe the planar regions
to be graphite or graphite-like regions as described

‘previously[15]. A representative STM image of the
graphite structure of the planar regions is shown in
Fig. 3. In this figure, a regular graphite layer can be
seen in the center area. The bright spots are the
carbon atoms that directly overlay carbon atoms in
the underlying layer. The dark spots represent car-
bon atoms with no counterpart in the underlying
layer[4]. By comparing a sketch of the graphite unit
cell in Fig. 4 with the STM graphite image in Fig.
3, the centered hexagonal array of carbon atoms are
well observed and the two dimensional unit cells of
graphite can be constructed by either two rows of
bright spot carbon atoms or two rows of dark spot
carbon atoms. Also in Fig. 3, less regular areas ap-
pear in the upper left portion of the picture. These
irregular regions are assumed to be the boundary

Fig. 2. Large-scale (approximately 100 A % 100 A) STM

image of heat-treated polyimide.” A planar region (indi-

cated by arrowhead) is surrounded by rough and featureless
regions.

between the graphite layer (ordered re gion) and the
amorphous matrix (disordered region). Previous
conductivity and electron spin resonance studies
show that highly conductive (>300 S/cm) heat-
treated polyimide is the result of formation of me-
tallic domains in the nonmetallic amorphous ma-
trix[15]. These metallic domains consist mainly of
graphite or graphitelike heterocyclic carbon ring net-
works and are well enough organized to have de-
localized  electrons, giving a metallic conductivity
to the heat-treated polyimide. By the aid of scanning
tunneling microscopy we can identify the existence
of graphitic structures in heat-treated polyimide.

4. CONCLUSION

During the high temperature pyrolysis, the poly-
imide chains undergo thermal scission with the for-
mation of free radicals and heterocyclic carbon

Fig. 3. A regular graphitic region of heat treated poly-

imide. [rregular regions are in the upper left portion of the

picture. The horizontal bar corresponds to 3 A and the
vertical bar corresponds to 2.5 A, roughly,
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Fig. 4. Two-dimensional unit cell of crystalline graphite.

Open circles indicate the carbon atoms that directly overlay

carbon atoms in the underlying layer. The dark circles rep-

resent carbon atoms with no counterpart in the underlying
layer.

fragments. By free radical recombinations, those
heterocyclic carbon fragments begin to grow larger
and denser, and finally, at the end of pyrolysis, the
heat-treated polyimide should become microcrys-
talline graphite, Unfortunately, the final product of
heated-treated polyimide at 2100°C is a nongraphitic
carbon called “glassy carbon” consisting of graphite
regions (ordered regions) and amorphous regions
(disordered regions). The low conductivity amor-
phous matrix is formed by those heterocyclic carbon
rings whose growing processes were terminated dur-
ing the early stage of pyrolysis due to lack of free
radicals. The graphite regions are those heterocyclic
carbon fragments that continuously grew during the
high temperature pyrolysis, which finally became the
finite-sized graphite layers as seen in Fig. 2. The high
conductivity of heat-treated polyimide is mainly at-
tributed to those graphite regions forming metallic
paths throughout the sample. By the aid of scanning
tunneling microscopy, the graphitic and amorphous
regions of heat-treated polyimide surface can be
viewed on an atomic scale.
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work. We also thank Dr, Calvin F. Quate, Stanford Uni-
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For Cost-Reducing
Technologies, Knowing
Marketsisto Change Them

Benefiting from an Understanding of Economic and

Political Markets Includes Recognition That Engineers

ROBERTP. HUEFNER,
NORMAN WAITZVIAN,
JOSEPH D. ANDRADE,
AND STEVEN E KERN

onsored research from a NSF Foundation/Whitaker
oundation initiative on cost-reducing technologies
ought together faculty from engineering, medicine,
d social sciences to link economic and policy as-
sessments to engineering design. The technology under devel-
opment is to be an inexpensive, easy-to-use monitor for
self-management of metabolic diseases by patients, with spe-
cific application to phenylketonuria (PKU). While the tech-
nology remains in development, the experience, including
discussions with others in the Whitaker and National Science
foundations’ program, raised interesting issues about eco-
nomics, policy, and cost-reducing technologies.

The project’s initial focus and purpose, of enhancing cost-
consciousness in healthcare technology, evolved to consider
opportunities of the information age and changing expecta-
tions of patients’ roles in their own healthcare management.
Technology development is an iterative experience that, when
thus understood, 1) is benefited by economic and policy anal-
ysis that is incremental and integrated rather than definitive
and independent, 2) has more cost-reducing potential as mar-
ket incentives change, 3) can be efficiently improved by a
stronger base of accessible information, and 4) has potentially
important roles for patients in using, facilitating, and shaping
future technology.

Two additional thoughts concern presumptions of policy
and economic analyses. First, in assessing policies and poli-
tics on the basis of the distribution of benefits and costs,
avoid presumptions that politics are zero-sum confronta-
tions. Second, in assessing economic markets by the ways
healthcare fails to meet presumptions of classical economic
theory, consider not just the present market but future
changes and supplements.

Leaming Through Incremental

and Integrated Analysis

While the purpose of this multidisciplinary project concerned
the influence of economics and policy upon technology, the
work soon surfaced the reversed linkages: the influence of
technology upon economics and policy, particularly by the ef-
fects of technology that increases the role of patients in select-
ing and managing their care. Exploring, with clinicians and
families, the economics of PKU suggested that inexpensive
and easy-to-use monitors could change treatment. Monitoring

IEEE ENGINEERING IN MEDICINEAND BIOLOGY MAGAZNE
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Themselves Can Change These Environments

could be far more frequent (even several times per day rather
than once per month), would provide more reliable measures
(for example, reducing the temptation to relax compliance
with dietary guidelines between tests), and give instant feed-
back (rather than the days or weeks for present testing) to
more clearly relate body chemistry to behavior (eating and ex-
ercise). This would increase the family’s understanding of the
condition and its treatment and the family’s ability, approach,
and motivation for managing it. It also could change treat-
ments by providing new insights among clinicians and more
powerful tools for researchers.

The potential evolution in treatment and family responsi-
bility reinforced an initial presumption that was made in this
project that economic and policy assessments should not be
made as one-time studies that, while sophisticated and thor-
ough, are expensive in dollars and time and can provide infor-
mation that is too late to assist technology development. Like
the technology development itself, economic and market im-
pact assessments seem most helpful as a succession of in-
creasingly sophisticated and targeted analyses, achieving a
progressive precision as technology is developed and inte-
grated into practice. This allows an earlier connection with the
technology development, enabling the assessments and the
technology development to guide each other as they progress.
Besides making sense, this is consistent with studies of inno-
vation [1], [2], which find that innovative technology develop-
ment is aided by having connections within a project
development group between technical, commercial, and regu-
latory personnel.

Understanding healthcare and other technology markets
includes an understanding that the markets sometimes don’t
just exist—they are altered and sometimes created by the
technology. The common direction of development is for a
technology to go looking for a use, rather than for a need go-
ing looking for a new technology. Innovation tends to be
“technology-push” rather than “demand-pull” [3].

For all the above reasons, economic and policy assess-
ments are better used in technology development as ways of
thinking rather than as hard decision rules. They often offer
incomplete answers to questions such as whether the market
will support a developing technology, in our case a blood
phenylalanine monitor, whose development had not yet deter-
mined whether the technology would develop into a
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stand-alone monitor or as a platform technology that will be
applied to and supported by the treatment of a number of con-
ditions. But as ways of thinking, they are important in identi-
fying and understanding other important questions. Thus, in
the case of phenylalanine monitors for PKU, questions raised
included how benefits would be distributed among patients as
well as among suppliers of medical services and technology.
Also, how effectively would the market monetize benefits?
Such questions lead the assessments and the technology de-
velopment to explore ways to better design a product or to a
broader agenda about how to improve incentives by restruc-
turing the market. Does, or can, the monitor reduce, or in-
crease, the costs of physician support? Is, or could, quality of
life be monetized by the market?

Technology, Costs, and Incentives

The presumption of the NSF/Whitaker initiative, that
technologies including devices can be cost saving, was not
that technology alone could reduce the growth in health-
care expenditures. At the heart of the motivation behind
the initiative was the growing consensus that technology de-
velopment was a cost-driver in the healthcare system as cur-
rently configured, and as the market for healthcare is being
revolutionized, the development of cost-saving technologies
may lag behind the emerging incentives to adopt such tech-
nologies. So the initiative’s limited expectation was that
cost-saving technologies can make significant differences in
the future expenditures for healthcare. But this limited ex-
pectation still faced cynicism and perhaps even opposition
from some observers of, and participants in, biotechnology
who engaged in the discussions held as part of the initiative.
The cynicism came because of the role technology has
played in the escalation of healthcare expenditures. There
may have been another concern, or even opposition, that a
focus upon cost savings might jeopardize future high-cost,
but ultimately worthwhile, advances.

The disagreements too often built upon failures to clarify
terminology of purpose: was the project seeking technolo-
gies a) that individually reduce costs of treating (or prevent-
ing) an instance of a particular condition, even though the
availability of the new technology may increase total health-
care costs by being used to treat conditions that otherwise
would be untreated or less effectively treated; b) that individ-
ually reduces costs even when considering all uses of this
particular technology; or c) that collectively, with all other
new technologies, reduces the total cost of healthcare?
Some, especially among the skeptics, considered anything
short of the third (collective savings) a failure but worried
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that such an outcome itself would constitute failure because
it could be accomplished only by damaging the market for
new technologies that, like the preponderant new technolo-
gies of the 20th century, provided treatments that increased
the costs of healthcare and may or may not have passed a
cost-effectiveness test.

Skeptics also presented arguments based upon inadequa-
cies of the market. Cost savings may more likely be found in
technologies with early expenditures for future savings, as in
the case of preventive treatments. But, skeptics point out, the
market undervalues the long-term because of corporate quar-
terly reports and provider reluctance to make changes in pro-
cedures; the market fails to monetize quality of life for
patients and their families; benefits may not be recouped by
units that incur cost; and market forces, as configured, may be
inadequate to support development of treatments for rare con-
ditions (such as PKU), even when they offer promise of reduc-
ing costs for the individual patient.

Some technologies escape these market barriers, such as im-
munizations and fluoridation. They may, as in immunizations,
mean government or foundation subsidies of development,
moving primary support from the for-profit to the public or
not-for-profit sectors. Or they may, as in fluoridation, mean
public assumption of operating costs. They also may mean, as
they have in both of these cases, public programs of regulation
and/or distribution to assure appropriate usage.

In other cases, various circumstances or means allow these
barriers to be hurdled. As healthcare costs become concen-
trated among a few payers (for example, federal and state gov-
ernments), the full societal benefits of cost-reducing
technologies are more fully recognized, increasing the incen-
tives and means to finance and apply such technologies. Im-
proved information also reduces the limits of healthcare
markets. Outcome and expenditure data help understand cost
implications of new technologies. Prevalence data, of condi-
tions and treatments, help predict the market and determine fi-
nancing for proposed technologies.

Information Is Efficient Support
Opportunities to connect technology development with eco-
nomic and policy assessments are enhanced by two aspects of
information-age technology. The first is the expansion of data
from healthcare payers/providers and of tools of medical in-
formatics. The second is the exploding possibilities of greater
patient participation, especially through the Internet.

The first of these includes aggregation and use of clinical
and administrative data. It addresses a major limitation of
healthcare markets: lack of information, for example, for as-
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sessing effectiveness and cost-effectiveness of treatments and
technology. Information systems, joining clinical data to as-
sess effectiveness and administrative data to assess cost-effec-
tiveness, promise both problems and benefits. If developed for
managing the costs, and not also regularly employed to moni-
tor quality, such quality will be particularly susceptible to
compromise. If more carefully developed, they can be cost-re-
ducing and quality-improving technology themselves and, ad-
ditionally, provide data to target and assess new technology.
Developing and providing access to these data are means to
stimulate and support technology development. If these are
considered as government subsidies, they have potential ad-
vantages of 1) neutrality, 2) openness, 3) ease of administra-
tion, 4) a narrower range of uncertainty, 5) shorter product
development time, and 6) provider and consumer education
(for rational treatment and product demand).

The importance of data is a theme that quickly developed
during the project. Risk limits investments, of time or money,
in technology development. Risk may be reduced by public
investments, including investments in information, in loan
guarantees, or in direct subsidies (of grants or tax prefer-
ences). Of the three, information does the least to distort, and
the most to promote, natural market forces. Finally, by in-
creasing understanding of care and outcomes, it offers guid-
ance in designing the technology.

In this project, we found that economic assessments of
healthcare technologies are made easier, more complete, and
more accurate by the growing collections of patient care and
outcome data. These collections include the federal data for
Medicare, the states’ data for Medicaid, the federal assem-
blage of Medicaid data for a number of states, the claims of
the private carriers, and the procedures and billing records of
large providers. Because this project concerned a rare condi-
tion whose management is particularly important in infants
and children, the Medicaid data and the data of large providers
(e.g., Kaiser/ Permanente) offered particular value.

The potential advantage of these data sets, however, was
limited by the difficulty of gaining access to them. The expen-
ditures of time and money experienced in seeking access were
beyond that affordable without the support of a foundation
grant. The problem of gaining access to the data appeared to
be problems of economics, not privacy. Particularly frustrat-
ing was the inability to access the federal depository of
Medicaid data without paying fees of $50,000 to $100,000.
These fees apparently are intended to help finance the data set
itself, rather than the much smaller costs of accessing the data.
But if the public interest in technology innovation is sufficient
to justify public support, one mechanism should be the rela-
tively inexpensive, neutral, and market-correcting approach
of improved access to information: to support technology as
the Census supports commerce and industry.
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Patientsas Primary Players, in Care and in Policy

An interest that developed with the project was how informa-
tion facilitates patient involvement. Technologies that provide
easy, frequent, accurate, and relevant monitoring of chronic
conditions can enhance patient involvement in their own
healthcare. An inexpensive and simple monitor allows more
frequent testing of body chemistry and immediate reading of
test results. This means quicker alerts to problems and imme-
diate feedback to encourage appropriate management. The
project’s experiments with frequent monitoring and rapid
feedback suggested that patient involvement can enhance un-
derstanding of the condition and increase commitment to
treatment protocols, as well as enabling more sensitive treat-
ment of the condition.

The project found it necessary to contrast these purposes
with some rhetoric of patient empowerment. The perspective
of the project was not upon a power struggle between patient
and practitioner. In fact it was the opposite: to facilitate pa-
tient/practitioner, and even payer, teamwork in managing
chronic conditions. It did open up the thinking of providers,
payers, and patients by engaging the perspectives of the pa-
tients and their families. It surfaced an originally unantici-
pated value of the monitor: providing a tool for finer-grain
research of the cycles, progression, and treatment of PKU. It
also revealed that payers, supplying the data base for the as-
sessments, were not aware of, and showed initial disbelief of,
co-morbidities that providers and patients recognized and that
their own data proved to be additional costs of poor manage-
ment of PKU.

It brought better understanding to the technology develop-
ment by connecting the development with the experiences of
patients and families, both directly in the trials and less di-
rectly through the Internet connections of families concerned
with PKU. It raised, and helped assess, questions of how im-
portant is it to the patient that such a monitor not involve the
uncomfortable access to draw blood and how important is it to
the physicians’ trust and acceptance that blood, the tradition-
ally tested body fluid, be used rather than other body fluids not
requiring such invasive access.

The growing Internet connections of patients and families
open a final possibility of their involvement: the development
of an effective political clientele to support the public policies
to correct the limits of the market. These might include im-
proving the quality and availability of information, financing
of research on the nature and treatment of the condition, or di-
rect services or financial support for those with the condition.

Reflections on Policy Perspectives

The project to engage economics, the “dismal science,” and
political science, rooted in Machiavellian ruthlessness,
needed the nourishment of optimism inherent in engineering.
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The focus on PKU added challenges of a limited market and
little political clout. Further, the project involved a small re-
search operation, while a common (though questioned) pre-
sumption of the literature says the complexity of our
science-based society favors large organizations to internalize
a knowledge base and link R&D to production and marketing
[4], [5], [3]. Attempts to marry economics and policy too eas-
ily see zero-sum contests. But new technologies can lift policy
beyond zero-sum conflicts by providing new benefits with
which to oil compromise and cooperation that in turn further
enhance benefits. A less expensive and more effective means
to monitor a disease such as PKU enhances the likelihood that
insurers will cover costs of such monitoring, hence enhancing
the prevalence of the monitoring and reducing the costs of
poor management of PKU.

One aspect of policy assessments is to understand the pol-
icy environment, at present and as it might evolve, in order to
better see opportunities and challenges. Incentives supporting
cost-saving technologies particularly depend upon the level
and nature of pressures to contain costs.

For example, what interests will be particularly concerned
with costs of healthcare? Society ultimately pays for health-
care, whether payment is made by patients, employers, or
government. But who writes the check makes a difference in
terms of what other expenditures compete with healthcare ex-
penditures: retirement benefits compete for federal expendi-
tures; education competes for state expenditures; and personal
consumption competes for employer and patient expendi-
tures. Who writes the check also makes a difference in terms
of market power and in the interests pursued by this power:
government payment can concentrate bargaining power and
can represent a particularly broad opportunity for affecting
healthcare benefits and costs. But realization of this breadth is
challenged by the very complexity of government that may
relegate influence to narrow interests or concentrate upon a
singular broad interest such as the budget.

This leads to a second aspect of policy analysis: how might
the future policy environment be influenced? Will future pol-
icy be shaped by broad public discussion or by relatively pri-
vate negotiations in legislative committees and administrative
agencies? Types of politics may be distinguished by how a
proposal concentrates or distributes benefits and costs [6]. As
an example, subsidizing medical technology to manage PKU
concentrates benefits (for those suffering from the condition)
and distributes costs (across the general public, as taxpayers),
producing a “client” politics highly dependent upon organiz-
ing an effective interest group for private negotiations.

Policy changes may be critical, say, to use public subsidies
to correct for a market that fails to recognize quality-of-life
benefits from better technology for orphan conditions. Engi-
neers and patients interested in the technology usually lack the
political capacity to make such changes, especially in the case
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of orphan conditions. Cost-saving technologies can be
valuable in these instances, if they make patient support less
expensive and/or provide financial incentives for payers and
providers to add their much more substantial political capaci-
ties. The connection between product development, practitio-
ners, and families with PKU was important in designing the
sensor’s properties, in financing the design, as well as think-
ing prospectively about selling the product.

This is not analysis of zero-sum conflicts, and it is signifi-
cantly different because the approach is to engineer better
healthcare technology solutions. Successful engineering re-
duces costs relative to benefits, irrespective of whether or not
it reduces costs. It offers a broader range of possibilities for
managing politics: to whom and how might benefits be dif-
ferently distributed to adjust incentives for cost-effective
healthcare?

Reflections on Economic Perspective

Economic analysis for the PKU monitors considered prob-
able expenses and returns within the present market. But it
needed more: to consider how policies affect incentives for
the development and use of the monitors, with special at-
tention to managing orphan conditions and to serving popula-
tions disadvantaged by chronic conditions.

Much is made of possibilities of market forces to contain
healthcare costs, including incentives for cost-reducing in-
novation [7]. But the absence of conditions for a perfect mar-
ket also has been cataloged. Markets can encourage
efficiency by allowing individuals to choose, on the basis of
full costs, goods and service they value from competing pro-
ducers. But healthcare does not meet many market assump-
tions. For example, prices do not incorporate full societal
costs. Consumers’ tastes are not predetermined and are sub-
ject to influence through advertising and prevailing culture.
Tastes also are not necessarily independent of the distribu-
tion of resources. Markets do not capture the satisfaction
garnered by healthy individuals who desire that the sick and
disabled be treated [8]. These actual, not perfect, markets
bias outcomes and produce inefficiencies.

Present markets work poorly for PKU. Being a rare condi-
tion, technology is seldom attentive. For the same reason, PKU
families have difficulty becoming well informed. For technol-
ogy to manage chronic conditions that heavily burden patients
and families, markets more likely capture cost savings to the
payers (private insurance or government) than those generating
better quality of life for patients and families. Low prevalence
of orphan conditions limits demands for, and economic returns
to, technologies. Low prevalence limits understanding of con-
ditions and their consequences, making the development and
dissemination of technologies more difficult.

The types and extent of market inefficiencies and biases
depend upon whether physicians, healthcare plans, or pa-
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tients predominate in purchasing choices. Especially when
price does not include all benefits and costs, it makes a dif-
ference who does the buying and how the markets influence
their tastes. Technology also is affected by the categorization
of expenditures, as in capitated coverage that encourages de-
velopment and use of drugs and disease management tech-
nologies when they cost less than the alternative of acute-
care procedures.

As a cottage industry, medicine favored procedures under-
stood by, controlled by, and beneficial to physician practitio-
ners. This resulted in a proclivity to value procedures over
prevention. Institutionalization of medical care shifted the
bias to products and services profitable to large organizations.
Both cottage-industry physicians and provider institutions
may give less priority to cost-effectiveness than would those
paying for the care, and less priority to long-term quality of
life than would their patients. The shifts in market structure to
prospective payments and capitated care encourage cost man-
agement. Future changes in market structure, such as patient
concerns about quality and choices of providers, will further
adjust priorities.

Predictions are inherently uncertain and rewards limited in
markets for cost-saving technologies. This is partly because
markets are not perfect, and healthcare markets will not be
perfect. Further, because of the unequal distribution of re-
sources and of disease conditions, neither perfect nor imper-
fect markets will fully nor fairly meet the needs for health
care. Finally, these circumstances are exaggerated for orphan
conditions. Yet markets have important roles—that may be in-
creased or improved—to allow for greater exercise of choice,
to accommodate change, and to stimulate innovation. The
Utah project showed the importance of going beyond the
question of how the market is likely to accept proposed prod-
ucts and assess related policy questions about the importance
of future market changes or supplements.

Since improvements in quality of life are inadequately
captured by the market, will political “markets” develop sub-
sidies or regulations to encourage technology? Will a growing
understanding of PKU by families increase their power and
initiative to pressure for public programs supporting technol-
ogy development? Will family understanding of co-morbidi-
ties be shared with insurers, increasing insurers’ interest in
better treatment of the condition?

Challenging Markets

The environment for technology reflects two markets: eco-
nomic and political. In both cases, money is only part of
what shapes and is transacted in these markets. These com-
plex markets, going beyond money, challenge simplistic
predictions and easy rules of management. Individual pref-
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erences shape the economic environment; these are unsta-
ble preferences, influenced by cultures, promotions,
events, and politics. Policy is at least as complicated; cul-
tures and events, as well as leadership, influence and
change politics, the politics that adjust public, and private,
policies. Technology shapes both the economic and politi-
cal markets. Persons developing technologies can benefit
from an understanding of these two environments, espe-
cially an understanding that includes recognition that they
can themselves change these environments.

Recognizing the complexity of economics and policy rec-
ognizes that understanding sometimes comes in a burst of in-
sight but more usually, and surely, builds in steps. The speed
by which these steps are taken, as well as their direction, are
different when the incremental efforts is integrated with
technology development. It then is less likely to set bound-
aries, of limits and requirements described by outside advi-
sors, and more likely to open up thinking and possibilities.
Integration also increases the chances that the lack of stabil-
ity in these markets offers opportunities as well as complica-
tions, as with the PKU importance of piggybacking the
development and marketing of monitors upon similar tech-
nology for other conditions.
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MOLECULAR WEIGHT CHARACTERIZATION OF PRE- AND POSTIMPLANT
ARTIFICIAL HEART POLYURETHANE MATERIALS :

S. K. Hunter, D. E. Gregonis, D. L. Colman,
J. D. Andrade, and T. Kessler

The scope of this study is to analyze the molecular weight changes of Biomer® (Ethicon Corporation,
Somerville, NJ), a segmented polyether urethane-urea, as a function of fabrication conditions, and implant time
for the Utah artificial heart. The overall molecular weight distribution was determined by gel permeation
chromatography (GPC). Biomer was used for fabrication of most artificial heart and cardiovascular assist devices.

Recently, Lemm et al have studied the biodegradation of Biomer along with other polymers, using in vitro
enzymatic hydrolysis studies® and retrieval of subcutaneous implants2, In general, Lemm et al have shown that
the average molecular weight of Biomer decreases more than 509 after enzymatic exposure, and by approximately
20% after 6 mos subcutaneous implantation. Since the molecular weight distribution influences the mechanical
characteristics of a polymer, changes in this distribution may adversely limit the durability life of the polyure-
thane materials used for long-term implant devices.

METHODS AND MATERIALS

Polymer samples from various portions of postimplanted artificial hearts, as well as different lots of as-
received Biomer -I-‘), were analyzed using GPC. Briefly, GPC is a form of liquid chromatography which separates
constituents on the basis of their solvated dimensions, which is a function of their molecular weight and solubility
characteristics. The polymer is dissolved in a suitable solvent and is eluted by a mobile liquid phase through
packed columns. The packing material for the GPC columns is a rigid or semi-rigid porous material of controlled
pore sizes. As the constituents which make up the polymer are eluted through the columns by the mobile liquid
phase, they are separated by the pores according to their sizes. Larger molecules which cannot diffuse into the
smaller pores of the packed gel are cluted first, while the smaller molecules, which are able to diffuse into many
of the gel pores, thus having more column volume available, are cluted last. Since the porous gel contains a
gradient of pore sizes, the whole spectrum of molecular weights which commonly are found in synthetic polymers
¢an be separated by GPC. The column eluent is measured by suitable detectors and provides the overall molecu-
lar weight distribution of the polymer.

All polymer samples tested were dissolved at a 1% wt/vol concentration in dimethylacetamide (DMAc) con-
taining 0.05 M lithium bromide (LiBr). Lithium bromide helps break up hydrogen bonding associations found in
the urethane polymers. The p-styrogel columns (Waters Associates, 103, 104 and 105 f&) were eluted with the
same DMAc-LiBr solvent solvent at a flow rate of one ml/min, and were monitored with a differential refractometer
(Waters Model No. R-401). Calibration of the columns was accomplished with narrow, molecular-weight distribu-
tion polystyrene standards giving the calibration profile, as shown in Figure 1. By this analysis, correlations
with these polystyrene calibration standards to the Biomer polyurethane material yields relative, not absolute,
molecular weight values for Biomer. A typical chromatogram for Biomer is shown in Figure 2.

All samples were measured in duplicate and the number average molecular weight (Mn) and weight average
molecular weight (Mw) are calculated using the following equations:

Mn = INiMi/ZNi and
Mo = INiMi2Z/INiMi

respectively, where Ni = the number of molecules having molecular weight of Mi. The value Ni is obtained directly
from the chromatogram (Figure 2), and the value of Mi is determined from the straight line fit of the calibration
plot (Figure 1).

Several preliminary studies were initiated as background for this work. TFive different lots of as-received
Biomer were analyzed to determine molecular weight variability, as shown in Figure 3.

To determine the effects of fabrication, diaphragms were cast from a single lot of Biomer using various
fabrication conditions, these conditions being:

1. Cast and dried at room temperature (RT).
Cast and dried at RT and then soaked in Hy0 for 24 hrs.
Cast at RT and dried at 35°C.
Cast at RT and dried at 35°C, then soaked in HyO for 24 hrs.
. Cast at RT and dried at 60°C.
6. Cast at RT and dried at 60°C, then soaked in H,0 for 24 hrs.
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The molecular weights of each of these conditioned diaphragms are compared to the same as-received
Biomer lot and are shown in TFigure 4.

RESULTS AND _ DISCUSSION

The as-received lots of Biomer that were measured have only small variations in molecular weight:
Mn=1.48+1x 10a Mw = 2.14 + 1.4 x 102 daltons. Molecular weight increases are noted by increasing the
heat during solvent r'emoval of cast Biomer samples. Slight increases are also observed after water soaking, but
not at the same extent as the heat curing (Figure 4).

Samples were obtained for analysis from retrieved artificial hearts, which had been implanted in calves
for times ranging from 7 to 221 days. These samples were obtained from various portions of each heart: non-
flexing housing, air interfacing pumping diaphragm, and blood interfacing pumping diaphragm. The data from
these studies are shown in Figures 3 and 5 through 7. Each of these retrieved hearts were fabricated from dif-
ferent lots of Biomer. Because of the possible lot-to-lot variability of Biomer, scatter exists in the data for
molecular weight versus implantation time (Figures 5 through 7). Unfortunately, the original lots of Biomer from
which the hearts had been fabricated were no longer available; however, the molecular weight of each heart sam-
ple was compared to the average molecular weight obtained from 5 different lots of as-received Biomer. It is
noted that in no case was the molecular weight of any retrieved heart sample lower than the average molecular
weight value obtained for these 5 lots of Biomer. This fits with the data presented in Figure 4, which show an
increase in molecular weight with fabrication. Much scatter is seen in these data, but no systematic decrease in
molecular weight is noted, in contrast to Lemm et al's studies1?2, n the case of almost all retrieved hearts,
the flexing or pumping diaphragms exhibit the largest molecular weights, and an increase in the blood interfacing
diaphragm is especially observed (Figure 3). To further substantiate these molecular weight changes found in
various portions of the retrieved hearts, one lot of as-received Biomer was compared with 3 retrieved hearts
prepared from this same lot. The data for these 3 hearts are shown in Figure 8. Once again, an increase in the
molecular weight of all portions of the heart is seen as compared to the as-received Biomer, also in agreement
with the results shown in the fabrication study (Figure 4). The blood diaphragm again exhibits the greatest molecu-
lar weight inerease found for the portions of the heart measured.

Not knowing the complete molecular sequences in the Biomer structure, we can only speculate on some of
the results observed in this study. The initial molecular weight increase found during fabrication probably is due
to residual free isocyanate groups present in the as-received Biomer. Upon fabrication and exposure to moisture
- possibly from air - these isocyanate groups are able to chain extend® and result in molecular weight increases.
This chain extension process should be a relatively fast reaction and does not explain the molecular weight in-
creases found in the flexing portions of the fabricated heart, which appear to result after implantation in the ani-
mal. Strain-induced orientations of the polymer chains probably will have to be included in any mechanism ex-
plaining these molecular weight increases found in both air and blood inferfacing pumping diaphragms.

Calcification has been a more recent problem in long-term implanted animals, but no correlations could
be found between the molecular weight or lots of Biomer and degree of calcification?» 2, indicating the animal's
blood chemistry may dominate this responsc (Table I).

CONCLUSIONS

This study demonstrates that biodegradation of the polyurethane, Biomer, is not significant even after
several months implantation time. In contrast to the expected molecular weight decreases from hydrolysis chain
scission mechanisms, a slight molecular weight increase is observed in the fabricated and retrieved hearts.

This study does not exclude biodegradation of Biomer when it is exposed to other testing formats, as subcutaneous
implantation.

REFERENCES

1. Lemm W, Pirling ES, Bucherl S. OBiodegradation of some biomaterials in vitro. Proc Eur Soc Artif
Organs 7:86, 1980.

2, Lemm W, Krukenberg T, Regier G, Gerlach K, Bucherl ES. Biodegradation of some biomaterials after
subcutaneous implantation. Proc Eur Soc Artif Organs 8:71, 1981.

3. Braun D, Cherdron H, Kern W. Techniques of Polymer Synthesis and Characterization. New York:
John Wiley and Sons, 1971, p 245,

4, Coleman DL, Lim D, Kessler T, Andrade JD. Calcification of nontextured implantable blood pumps.
Trans Am Soc Artif Intern Organs 27:97, 1981.

5. Coleman DL. Mineralization of blood pump bladders., Trans Am Soc Artif Intern Organs 27:708,
1961.

474




Hunter et al.

Artificial heart materials

TABLE |. MOLECULAR WEIGHT VERSUS CALCIFICATION AND HEART TYPE
Implant Mw Mn Heart
Exp No. Time Heart Portion (x 1072) (x 1073) Mw/ Mn Calcium Type
TH79C]1 7 days Housing 3.08 2.19 To i) J5
Air diaphragm 3.2k 2,24 1.45
Blood diaphragm 3.46 2.42 1.43 0
THBIC1 L 29 days Housing Sy 1.88 1.45 J7
Air diaphragm 2.92 2.03 1,44
Blood diaphragm 3.32 2.35 1.41 0
TH79C6 34 days Housing 2.28 1.59 1.4k J7
Air diaphragm 2.40 1.66 1.45
Blood diaphragm 2.49 1.69 1.47 0
THE1C13 L4l days Housing 2.50 1.69 1.48 J5
Air diaphragm 2.88 1.95 1.48
Blood diaphragm 3.15 2.14 1.47 0
TH81512 56 days Hous ing 2.65 1.84 1,44 J7
Air diaphragm 2.50 1.67 1.50
Blood diaphragm 3.14 2.07 1.52 0
THBOCE 83 days Housing 2.86 1.97 1.45 J7
Air diaphragm 2.73 1.84 1.48
Blood diaphragm 2.78 1.94 1.43 No data
TH79C2 124 days Housing 3.15 2.09 15 Js
Air diaphragm 3.02 2.07 1.46
Blood diaphragm 3.20 i .44 1+
TH79C12 151 days Housing 233 | 1.36 J5
Air diaphragm 2.48 1.80 1.38
Blood diaphragm 2.75 1.92 1.43 2+
TH76C22 184 days Housing 2.9] 1.99 1.46 J5
Air diaphragm 3.10 1.97 =57
Blood diaphragm 2.78 1.73 1.56 2+
TH79CI15 221 days Housing 239 1.63 1.47 J7
Alr diaphragm 3.03 2.15 1.41
Blood diaphragm 2.98 2.02 1.48 1+
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HOUSING MOLECULAR WEIGHT VS IMPLANTATION TIME
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Figure 5. Mn and MW values from nonflexing hous-

ing after various times of implantation. Only
the 29-, 44-, and 56-day values are from the same
lot of Biomer. The average value from 5 lots of

as-received Biomer is shown at 0 implantation
time.

BLOOD DIAPHRAGM MOLECULAR WEIGHT VS IMPLANTATION TIME
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Figure 7. Mn and Mw values from blood interfac-

ing pumping diaphragms after various times of
implantation. Only the 27-, Lb-, and 56-day
values are from the same lot of Biomer. The
average value from 5 lots of as-received Biomer
is shown at 0 implantation time.
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AIR DIAPHRAGH MOLECULAR WEIGHT VS IMPLANTATION TIME
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Figure 6. Mn and Mw values from air interfacing

pumping diaphragms after various times of im-
plantation. Only the 29-, Li-, and 56-day values
are from the same lot of Biomer. The average
value from 5 lots of as-received Biomer is shown
at 0 implantation time.

3 HEARTS FROM SAME BIOMER LOT VS IMPLANT TIME
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PHOTOELECTRON MEAN FREE PATHS IN POLY(DIACETYLENE)
MONO- AND MULTI-LAYERS

B. HUPFER', H. SCHUPP', J. D. ANDRADE?" and H. RINGSDORF!

Institut fiir Organische Chemie, Johannes Gutenberg Universitit, D-6500 Mainz
(W. Germany), and *Department of Bicengineering, University of Utah, Salt Lake City,
Utah 84112 (US.A,)

Electron inelastic mean free paths (IMFP) in organic media are still a sub-

ject of some controversy. Clark and Thomas [1] measured a value of 1.4 nm
for thin films of poly(para-xylylene) at 960 eV kinetic energy, whereas Cad-
man et al. [2] obtained 3.7—7.1 nm for some carbon-containing polymers at
1000eV. Other investigators have measured mean free path data for Cd-
arachidate multilayers [11] and obtained a value of 3.6 nm for 1117-eV elec-
trons. A recent study [3] of barium stearate monolayers on Cu and Ge sub-
strates, prepared by the Blodgett technique, determined an electron mean
free path of 2.7 £0.2nm at 230eV up to 6.5 £1.2nm at 1480 eV kinetic
energy, although there was considerable scatter in the data.
- " In this work values were determined using better deposition and more-
stable mono- and multi-layers of the Cd salt of a diacetylene carbonic acid
(1) [4], after polymerization via UV irradiation to yield polymer 2 according
to the reaction:

I:HJ I|:H3 CH

E+Hzllz (CHa ¥y (CHy)yp (cH

(1)

* To whom correspondence and reprint requests should be addressed.
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The substrates used in the present study were cleaned glass chips (12.5 x 9
x 1 mm) or glass onto which an ~40-nm thick film of the particular metal
had been vapor-deposited. For this purpose the glass samples were fixed onto
a rotating stage using double-sided adhesive tape, A tungsten wire basket was
filled with 60 mg of the particular metal (chromium evaporation chips, silver
wire; Ted Pella, Inc., Tustin, CA). The rotating stage was 8 cm from the tung-
sten basket. The entire system was closed by a bell jar, and under a vacuum
of 2x107° torr. The tungsten basket was heated by resistance heating to a
temperature above the melting point of the metal, while the stage was rotated
at 10r.p.m. After 3 min, the sputter coating process was finished. The coated
or uncoated glass was additionally subjected to radiofrequency glow dis-
charge (Plasmod System, Tegal Corp., Richmond, CA) in oxygen at 150 um
Hg and an r.f. intensity of 30 W for 1 min.

The synthesis of an analog of 1 has already been described in the literature
[5]; the preparation of 1 is done in a similar manner, 1-iodopentadecyne-1
and 10-undecynoic acid being the starting compounds. Monolayers of 1 were
spread from solutions in chloroform; mono- and multi-layers of the Cd salt
of 1 were obtamed by the Langmuir—Blodgett technique [6], with a dlppmg
rate of 5 mm min~! under a constant surface pressure of 10mN m~! at 20°C
using a Langmuir trough with a movable barrier and a-10™® M solution of
CdCl; in doubly distilled water (pH 5.5 at 20°C) as sub-phase [4,7]. At
10mNm™ during the dipping procedure the Cd salt of 1 forms an X-layer
[6] with the hydrophilic head-groups of one layer pointing towards the
hydrophobic alkyl chains of the preceding monolayer.

Polymerization of these mono- and multi-layers was achieved by UV ir-
radiation (mercury low-pressure lamp; intensity 1 mW ¢m™ ) under nitrogen,
yielding layers of the highly oriented Cd salt of polymer 2 [4]. These films
have a very high vacuum stability and showed no change of the photoelec-
tron carbon 1s signal after exposure to a vacuum of 5 x 107 torr for 6 h at
room temperature,

XPS spectra were obtained with a Hewlett—Packard 5950B ESCA spectro-
meter, using monochromatic Al K¢, , radiation. Further experimental de-
tails have been described elsewhere [3]. Table 1 summarizes the substrate
orbitals used for the determination of the photoelectron intensities. The
details of the ellipsometric determination of the thicknesses of the layers of
2 will be published elsewhere [8] (see also ref. 3). One layer of the Cd salt
of 2 was determined to be 2.63 nm thick, in good agreement with the value
of 2.83nm obtained by Wegner et al. [4] for multilayers of poly(penta-cosa-
10,12-diynoic acid).

Assuming an exponential decrease of substrate line intensities with in-
creasing thickness of the organic layer [1], the electron mean free path, A,
can be calculated from the equation:

d‘ = A-In Ioff {2)

LS

TABLE 1
INELASTIC ELECTRON MEAN FREE PATHS A FOR EACH PEAK, AND MEAN
SCATTER m OF STRAIGHT LINES USED IN CALCULATIONS?

Binding Kinetic Sample Orbital AMnm) m
energy (eV) energy (eV)

3 1480 Ag 4d s 12.1 0.7
43 1440 Cr 3Py 11.5 0.7
74 1409 Cr 35440 12.7 0.4

102 1381 Si (glass) 2p 12.1 0.2
152 1331 Si (glass) 2s 11.4 0.4
367 1116 Ag 3d s 10.6 0.3
373 1110 Ag 3dy2 11.3 0.2
571 912 Ag 3pan 8.9 0.3
575 908 Cr 2pan 8.7 0.5
584 899 Cr %P1 10.5 0.6
602 881 Ag 3p11"2 8.8 0.4
695 788 Cr 2512 8.2 0.8

a Refer to text and Fig. 1.

=] =}
in =

{In Ia/1)-COS5 51.5° —
o
w

al

1

263 526 [:E]
——FILM THICKNESS  d,nm —==

Fig. 1. Cos 51.5° X In (I /) versus actual film thickness, d, for the 25y, (0) and 2py/2 32
(@) orbitals of silicon. Data for other orbitals were similar.

where d' is the effective film thickness (for the HP 5950B ESCA instrument
used here, d' = d/cos 51.5° = 1.606d, where d is the actual film thickness
[3]). I, and I are the intensities of the particular peak from the uncoated
and coated substrates, respectively. A linear plot of (In Iy /I) cos 51. 5° versus
d yields a straight line of slope 1/A for each line of each substrate. Figure 1
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shows an example of this for the 2s,,, and 2p,,; 5, orbitals (BE 152 and
102 eV, respectively) of silicon in the glass substrates. Studies using variable
take-off angle would be useful in guarding against film imperfections and re-
lated problems [11].

In Table 1 the IMFP values obtained as in Fig. 1 for each line of the sub-
strates used are summarized. It becomes obvious that there is no effect of
the substrate on the mean free path data. The values range from 12.1 nm at
1480 eV to 8.3 nm at 788 eV kinetic energy.

The data presented in Fig. 2 show sufficient scatter that a functional
dependence of mean free path on kinetic energy cannot be determined.

These mean free path values are about a factor of two greater than those
observed previously for barium stearate films [3], and higher than values
normally reported for organic films [1,2,11]. It is possible that these high
values may be peculiar to the particular poly(diacetylenes) used in this study.
These data should be considered [12] in future compilations and generalized
treatments of photoelectron mean free paths in solids.

Our experiments show that highly oriented polymer films are useful for
the determination of electron mean free path values. Although our IMFP
data are higher than some reports for polymers [1,2], the variety of sub-

strates used and the high stability of the uniform polymer layers, which can -

be handled in the XPS spectrometer without cooling, suggests that the
numbers are reasonable. The values obtained range from 8.3 nm at 788eV to
12.1nm at 1480eV kinetic energy. These relatively high electron mean free
path values may be peculiar to and characteristic of poly(diacetylene)
materials. There exists the chance that the films may contain defects or
pin-holes. A more complete study of these films using variable-angle tech-
niques is in progress.

KINET!IC EMERGY | eV

1483 1263 10 & 7
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Fig. 2. Binding energy versus mean free path. The bars indicate the mean scatter, m, of
the slopes of the straight lines as in Fig, 1: A, glass; ®, silver; O, chromium,
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