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Albumin consists of three large domains with differences in
electrostatic nature, charge-pH characteristics, and denaturability.
The interfacial activity of albumin is due, at least in part, to the
interfacial activity of its constituent domains. Consideration of
the structure and interfacial activity of the various domains per-
mits new and more precise hypotheses to be developed, with
which new and better experiments can be designed. Such hypo-
theses allow one to evaluate and compare adsorption data, inclu-
ding kinetics and fisotherms, adsorbed layer thickness, refractive
index, lateral cohesion, multilayer formation, ete.

We feel strongly that each different protein is a unigue mo-
lecular personality, which must be understood and considered if
we are to more fully understand and apply the interfacial be-
havior of complex proteins.

INTRODUCTION

, The adsorption of simple, model proteins at simple, model interfaces is
qualitatively understood. We'® and others® have hypothesized and shown that
adsorption at short contact or residence times can be qualitatively predicted
from, and correlated with, the surface chemistry of the protein globule, as
deduced from x-ray crystallographic coordinates. Wei and others have de-
monstrated that adsorption at the air-water interface at long residence times
correlates with the conformational stability of the model protein.! This cor-
relation has also been suggested by Lyklema and Norde® and by others.233

Although much work remains before a reasonable theory is available
for the prediction of model protein adsorption at model interfaces, we feel
that it is now possible to cautiously and qualitatively approach the problem
of the adsorption of complex proteins at model interfaces.

The objective of this paper is to outline an approach to the problem and
lo consider the adsorption of a »model« complex protein, albumin, at model
interfaces. We expect to address other complex proteins in subsequent papers.

* Based on an invited lecture presented at the 8th »Ruder Bofkouvide Institute’s
International Summer Conference on the Chemistry of Solid/Liquid Interfaces Red
Island, Rovinj, Croatia, Yugoslavia, June 22 — July 1, 1989,
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SAZETAK

Tumaéenje adsorpeije kompleksnih proteina teorijom domena: prethodna analiza
i primjena na albumin

J. D. Andrade, V. Hlady, Ai-Ping Wet i C.-G. Gilander

Albumin se sastoji od tri razli¢ite domene, koje se razlikuju u strukturnom
pogledu, karakteristiénom odnosu naboja i pH, te prema sklonodéu prema glena'}t'l—
raciji. Medupovriinska aktivnost albumina odredena je, velikim dijelom, aktivnodéu
svake od te tri strukturne domene, Uzimajuéi u obzir medupovriinsku alktivnost
svake struktiurne jedinice, moZe se rastumaciti i sveukupna medupovriinska aktiv-
nost albumina. Takav pristup analizi koji se oslanja na strukturne jedinice albu-
mina, omoguéuje razvijanje novih i preciznijih pretpostavki, pomotu kojih se mogu
dizajnirati novi i bolji eksperimenti. Iste predpostavke dozvoljavaju novu ocjenu i
usporedbu dosadadnjih eksperimentalnih podataka za kinetiku adsorpeije i adsorp-
cijske izoterme, debljinu adsorbirancg sloja i stvaranje wiSestrukih slojeva, indeks
loma, lateralnu koheziju itd. Pristup opisan u radu zasniva se na hipotezi da
svald jednostavni protein ima jedinstvenu molekularnu osobenost, gije je poznava-
nje preduvjet za tumatenje i koriStenje medupovriinske aktivnosti kompleksnih
proteina.
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EROM COMPLEXITY TO SIMPLICITY

Although the behavior of 'simple’ proteins at ‘simple’
tatively understood, the many plasma proteins responsible

tion and blood »compatibility« are not simple and their
not known. Likewise

interactions are also

interfaces is quali-
for blood coagula-
3-D structures are
» many of the tear proteins implicated in contact lens
complex and structurally undefined.

Complex proteins can be made simpler by ireating them as if they are
constructed of functional and structural domains®’. Struetural domaing are
generally defined and identified as regions of the protein of relatively high

packing density, which can be identified from the x-ray crystallographic co-
ordinates using various algorithms.f10

sequence." These methods, ¢
the various domains, have
toons« of the functional st
proteins. '3t

The identity and thermodynamic autonomy of structural domains can
often be deduced from denaturation (unfolding)'® and calorimetric studies,16-18
The intrinsic stability of the protein is the free energy of'folding and can
be obtained from calorimetric or solution (urea or guanidinum chloride) de-
naturation studies.'%!* Advances in the sensitivity of calorimetry and in the
analysis of the scanning curves show, for many complex proteins, that the
individual domains are calorimetrically independent and their individual
thermal characteristics can be resolved.!”18

The »surface chemistry« of proteins can be obtained directly from X-ray
crystal structures or from 2D NMR solution structures, when such data are
available. By use of molecular computer graphics, one can readily discern
the nature of the protein »surface«!- Such analysis leads to a much better
appreciation of the surface chemical virtuosity of a protein. One rapidly
begins to appreciate that different »faces« or regions on the protein surface
can have very different surface and interface activities. '

In the many cases where the three dimensional structure is not known,
a simple analysis of the amino acid sequence is often helpful. Today most
of the known sequences are organized in protein data banks which can be
accessed via computer, using a modem and a telephone line, such as the
Protein Identification Resource (PIR) in the USA* and the Institute Pas-
teur in Europe® Both of these databases contain annotated protein amino
acid sequences. To use these data banks effectively, one also needs access to
programs which can search the database, extract the raw information and
process the data®®" One initial question to ask is how homologous is the
sequence in comparison to other known sequences. Homologous proteins may
have similarities in main-chain folding and possibly in interfacial behavior.
Aligning sequences is particularly useful when one of the homologous pro-
teins has a known tertiary structure.

oupled with careful analysis of the functions of
allowed the development of schematics or »car-
ructures of 'complex proteins, including plasma

In addition to homology searches one can predict protein secondary

structure from the amino acid sequence.®® Four common areas of predictions
are: ol

]
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Typical secondary structures (helices, turns, coils);
Trans-membrane helices;

Antigenic sites;

Signal and target sequences.

icti othods s
As the overall accuracy of secondary sirucfture pmdlfctmrflur:ihe;cr}‘lomom
only about 60%, they can only provide a starting point lor ;
refined analysis by other methods.

i ids the surface of the protein, re-
d amino acids are generally on e .
ics. Such an analysis rea-
19-21 35 they all have do-

As charge : i
gions of unusually high electrostatic character, posi

clues to particular electrostatic .binding charactfli';sst
dily identifies the heparin-bindmg plgsma pros A.r
mains or amino acid sequences rich in Lys an g. >
chemistry can be derived from appropriate
using fluorescent probes. 'Probes are .av{:\i:
1abl hich sense or sreport« on many differm:;t microenvu}-lonmznttsl,laltn(; =
g o tential, and hydrophobicity. Wei' recently s owed e
e I:’Ob 'useé to obtain an »apparent surface hyd_rophoblmtya ptaf :
iy CaF:Juse model proteins. The surface hydropho_biclty ofithe proteins
g:;t'eelia{zz ‘:\?1.1‘:}1 their surface activity at the air/water interface.

ith
The interactions of proteins and their protegse r:leavagﬁ fra%;;r;:ss v&:n .
chromatographic surfaces provides clues as to mtgljl:;ce vcalil:;e ey
iviti ini hy data are especially va
tivities. Affinity chromatograp : ;
?;‘mg »é.pec‘:ific« binding properties of proteins and fragments

e snated

The interfacial behavior of a complex pro_tem may bealagfggui?g:.la]?m:

by the interfacial activity of only o_ne_d.omal_p or even 2 esn gl

4 sle; expostre of blood plasma to heparln-bepharusg mater: By

“axa:l?g ?i'e ?legc)ion of heparin-binding proteins, such as antxth.rotnb_m ex, v
i?ttle deplI::tion ‘of the other plasma proteins.!®* Although this is an exp

ivi in-bindi oteins
result, it suggests that the interfacial activity of the heparin-binding pr

qor e i o
—_ on a sulfonated surface — is dominated by their richly pesitive region
domains.

We propose that the.
facial activity of the vari
rily on the particular surf

rotein — solid surface syste :
glina.tea the interfacial activity of the protein, f

Certain aspects of the su}-face
ligand-binding studies, especially

initial adsorption event is a functior} of tge lr}te;:
ous domains or regions of t_he proten.n, ar}1? P‘I’ll‘:n
ace chemistry of the domain or reglon:. dort rrldi
tems one of the domains can be expected to

or example:

i ; i rfaces;
domains with large hydrophobic patches at hydrophobic su .
anionic protein regions on cationic surfaces; and
cationic protein regions on anionic surfaces.

i »denatura-

: tional accommodation (»dena ;

ther propose that the conforma : : g

‘ionﬁjv eofﬁ"?l:le Epr;)teirl: at the interface will be ; fun;:ltxog oofr t)};zf:.tai;]; gad‘

. i ing — 1 ow »hard« « 3

v individual protein domains i.e. ‘ x50 oo

E?c:‘hgfdzhriali?ms,“ﬁ-“ Domain hardness or softness can b? lﬂ&ahtatwely asses
sed by thermal or solution denaturation measurements.



530 J. D. ANDRADE ET AL.

0-9-£

Globular Protein: Three Globular Domains:  Fine Structure of Protein and Its Domains:

general size, size, stability, IEP, etc, sequence and topography of amino
isoelecric point, for gach domain. acids.
solubility, stability.

b)

%A A AR,

Adsorption via Two domains
(side-on)

Adsorption via End

Adsorption via One Domain
Domain (end-on)

with Considerable

Conformational Changes
; Pigure 1. The domain concept for protein in
a) Left: the »classical« approach: proteins are colloidal s
particle characteristics; center:

terfacial activity.

articles with certain average
the domain approach: globular proteins, such as
albumin, consist of structural and functional domains interconnected by flexible,
hinge-like regions: right: each domain can be treated and modelled to determine its

unique properties and charactenistics.
b) Multi-domain proteins at a rigid interface; left: adsorption via one of the two
domains; center: adsorpbion via one terminal domain (end on); right: adsorption
via one dominant domalin which conformationally alters and sspreads« on the surface
with time,

Our simplistic model of a complex protein (Figure 1) is that it is a col-
lection of simple domains, tied together via relatively flexible polypeptide
segments. Clearly such a model is naive, simplistic, and unrealistic — but it

is far better, in our opinion, than treating a protein as an undefined, un-
known globule.

APPLICATION TO ALBUMIN
Albumin is a useful protein with which to b
contains no carbohydrate;

consists of three fairly distinet domains;
has a high g-helix content;

has many —S—S— bonds;

has important ligand binding properties; and

the 3D x-ray structure is now available for human albumin (35).

egin our analysis beecause it:™

Albumin is the major protein component of blood plasma and serum. Its

collision rate with surfaces and interfaces is over 7 times greater than that
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of any other plasma protein®. It is ngt surpris‘i:ng, therei:rz,t Z};itrtdiziﬂgl
e g e - dplasgnz pfl?ti(:;?n aiiipgéoﬁerﬁg?:d from the surface,
times*. At longer times adsor ed albu 2y g Seny
3 Leing wi igher interfacial activity may more strongly

;‘Soro t‘ill'neils, i?;egtiefli};azgﬂ?ral complex adsorp.xtion hierarchy }is ‘otl)):;vs;iuc; 3
most surfaces exposed to blood plasma?®?®; this phenomenon as,d Eelleg
!th »Vroman Effect«™®, What one »sees« on an interface expose tc}lcp i
{nre to any other complex protein solution) deper_ids on whg:n?ne »lookse, i
is, the surface composition is — in general — time depen 3

o
Le 141 A i
r :
| ne
Net charge: =10 -8 0 Bovi

-8

————

+2  Human

i i y j lomains and
Figure 2. The stennis balle model of ail'bumn-_n, shnwmg, ﬂie.- th;?é Q—ig:-;m ?r?:l;? 1:1 s Bl
th disuf[ide—bonded alpha helical subdomains. Domain [ is | Do ,d-«ma.lvns
IIIe the C-terminal. Note the differences im overall charge in the vari =
(from Ref 34}).

Figure 2 (modified from Ref.®) sho“fs the general_mzt.a, shapg, {1111;21 aaélm;r;gu?r(:;i
sequence folding pattern for albumin. ‘Although oovm}e! a:ne e
are similar in general folding properties, their net c’algd e T
tributions are different. The general shz.lpe ciin be viewe

balls (the large domains) in a can or cylinder.’

The large domains are normally ca_lled I, II, and III., gi':nrexﬁdf1:;:;irr1;1dSthée:ull\"uP
terminal (left in Fig. 2) to the C termmgl, 'I.‘helN telftmma e i
and Ni*, The two high affinity fatty _ac1d bm{%mg si ?s a}-E(; S Sy
and in Domain II near the interface with Domain Ig {.see_ g}[I s s
Other fatty acid sites are located in the _centers‘uf : omm?:me Sl
are a variety of binding sites for other hg‘andﬁ._ T F plri': o
significantly enhances the conformational stability of albu :

is incr ¢ 60° C
The overall denaturation temperature is increased .fror.n dk'nc;;tin 5
{ ’ 0° C (fatted) at pH 7.0%, which must reflect an increas
g ; i d to have higher individual de-
bility in Domain III. Domains II and III tend to I R
naturation temperatures than Domain I, probably due largely
acid binding®®. | 5 dns
Domain I has the highest net charge (—9 for llmman,Rw?11;4[);m;;r-:u1amd
+2 in human and zero in bovine albumin, .accordmg toh e .E‘ m.l e o
titration of bovine albumin reveals the estimated netl charge
three domains (Figure 3).
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Domains : : ~ NetCh arge:

[ It m

H7
°° «

Figure 3. Simulated charge of the three domalins in bovine albumin using following

L PE values*: pEa, = 1248, pK,, =10.79, pKu, = 6.00, pKa, = 3.65, pHo. = 4.25,

PEr. =10.18, pKe, = 8.3, N-termmnal pK = 9.6, C-terminal pK = 2.34. Newly created

N-terminal and C-terminals of each domain were made untitratable by sefting the

PK equal to 1 or 13, respectively. Note the close agreement with the values reported

in Ref, 34 (Figure 2). These results are also in qualitative with Norde's data on the
titration of adsorbed and solution human albumin (55).

-18

pHS

pH4

Albumin undergoes several pH sensitive transitions, especially the N—F
transition in going from pH 7 to pH 4 or lower. Most of the expansion of
the molecule at lower pH (the F form) is probably the result of expansion
or unfolding of Domain III*,

There is some evidence that the C-terminal {Domain IIT) may be looser
or less compact that the N-terminal (Domain )Y however the N- terminal
region may refcld more rapidly than the C-terminal®®, The evidence sug-
gests that Domains I, II, and IIT fold and refold somewhat independently®t,

Alkyl chain surfactant binding occurs towards the C-terminal, leading
to loss in g-helix content; »... the more stable N-terminal unfolds later.. .«
(Ref. 41, p. 125). Although surfactant treatment leads to a loss in a-helix, it
is believed »... that the large loops are the most stable against denaturation
by surfactants.« (Ref. 41, p. 125).

Various peptic and tryptic fragments of albumin have been studied, "
The peptic fragments have been exposed to surfactants and to urea and
GdnCl denaturants, Urea denaturation is at about 6M, GdnCl denaturation at
about 2M*:. No dramatic differences were observed, although much of Do-

main III was not represented in these fragments. The thermal denaturation
studies of albumin which are available™ are on dilferent fragments and the-
refore difficult to compare to the solution denaturation studies.

It is interesting to compare the Brown model of albumin®® with the
newly available 3D structure (see Fig. 3 in Refl. 35). Feng, et al. recently
succeeded in obtaining high resolution scanning lunneling micoscopy (STM)
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indivi i les on a single erystal graphite
i f individual human albumin molecu s on a % y
;Txafgaii“‘? Their images exhibit a remarkable similarity to the published 3 D

image?®.
TABLE 1

: ; a7
i in structural properties to interfacia
-elimi hypotheses coupling human albumin s
EREHIRANEA activity at pH e 7.

Surface

i i harged and would
Domains 1 and 11 are negatively ¢ ; ‘
be preferentially bound. As these domains are lea;
stable than Domain III, one would expect the adsorbe
alburmin to be more denatured than on other surfaces.

Positively Charged

i tend to
't in ITT is weakly positive and would
Negatgell'{a C;;larEEd ]a::df:r:::bm there is little denaturation due to the sta.b_ﬂlty
g of D»Evmazin 111 when it contains beund fatty acid.

i i i i drophobic
st 1 in domain I is pmbably_ hy .
:‘u}'}g \txlrtr;uldogé’nd to bind. As this loop is less stable
than other loops, a slow time dependent denaturation
can be expected.

Hydrophobic Surfaces

Based on an analysis of the available structures and images, Ta?ljitl,
presents several very preliminary hypotheses regarding the surface activity
of albumin.

ALBUMIN AT MODEL INTERFACES

There is a large literature on the adsorption of human apd bm_;;lle ;r?;:
bumin. Here we briefly review a number of key papers dealing with
1 surfaces and interfaces. aes :
w The Brown model of albumin is based on an ass?natlon htff hflll‘e h};il::e
i i ins¥*. The amphiphilic n
hobic faces of the u-helices in the subdomains ampl )
gf these helices suggest that an apolar interface could significanlty disturb
the normal hydrophobic association of albumu‘}. 3
Peptides an proteins often assume amphiphilic secondary structurfest ;et
oil/water, lipid/water, and air/water interfaces. The apol.ar n:aturn:i o | 5
interface, may induce an amphiphilic structure or may dr_we. ‘th‘e a fscpll;rpmlm
and ordering of an existing helical structure*®#, The amph.lphi_hcity od n 2
helices can be viewed using the Edmundson »wheel«wpro]ectmn and quan-
ifi i i ! i lysis®.
tified using Eisenberg's hydrophobic moment ana N
Krebsgand Phillips have studied the a-helix contribution to the surface
activity of proteins'’ as probed by surface pressure measurergents.
There is a strong correlation between helix amphiphilicity and surface
activity. ' ‘ o
Ali*umin readily adsorbs at air/water and oil/water mgerface.? Dtr}:ie
™ i d interfacial tensions can be easily moni-
resulting decreases in surface an ’ i
5 been reported on the surface or i
tored.®®-51 Although no work has yet . . o
faci i i indivi Ibumin fragments, Damodaran a
acial tension behavior of individual a an
.:Song52 have published a most interesting study on the surface actw1rtly oé'
bovine serum albumin (BSA) »structural intermediates.« They fully reduce
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As the individual albumin domains are roughly 40 X 40 A in size, it is
clear that only a small part of one of the domains can dominate the electro-
static adsorption process; note that at physiologic ionic strength the Debye
length is less than 10 A.

The presence of various counterions may significantly alter the electro-
static behavior, particularly multivalent anions (POs3, 504% and cations
(Ca*, Mg*, Al** etc). Ions may serve as bridging agents as well as serving
to mask surface charged groups on the protein

It is also clear, however, with reference to Pigure 4, that protein-protein
lateral interactions can be very important. This is the normal explanation
for the maximum in adsorbed amount at ‘the isoelectric point, a behavior,
which tends to be more pronounced on hydrophobic surfaces where the ad-
sorptive interaction is predominantly hydrophobic. If we assume that the
intrinsic surface hydrophobicity of each of the domains are comparable, then
that domain exhibiting the least charge, and thus the least solubility, at a
particular pH might tend to be preferentially adsorbed. At pH ~1T7 the least
charge is on domain III, while at pH 5 it is domains I IL. Thus as the pH

decreases there may be a transition from send on« to a partial »side one«
orientation.

We must examine the actual position and distribution of charges and of

hydrophobic residues in each domain and even in each subdomain. Such
analyses are in progress.

We will not attempt here to review and analyze the voluminous litera-
ture on albumin at solid/liquid interfaces. A more complete analysis of the
domain characteristics of albumin and of the albumin adsorption litera-
ture will be presented in a later, more complete paper. Our purpose here is
merely to set the stage for a domain approach to protein adsorption. With
a set of cartoons and hypotheses in mind (Table 1, Figure 4), we are now in

a position to wade into the enormous literature on albumin adsorption, Please
wish us luck!

Acknowlegements — We thank our colleagues and co-workers over the years
for interesting discussions on these topics, particularly J-N Lin, J. Herron, and E.
Brynda. This work was supported by the Center for Biopolymers at Interfaces —
a University of Utah-industry consortium.
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Immunosensors: Remaining Problems in the
Development of Remote, Continuous, Multi-
Channel Devices

J.D. Andrade, J-MN. Lin, V. Hladwv, J. Herron, D. Christensen, and J.
Kopecek, Department of Bicengineering, Univezsity of Utah, Salt
Lake City , Utah, 84112

1 GOALS AND OBJECTIVES

The goals and cbjectives of the Immunosensors Progrem at the Uni-
versity of Utah are to develop the science and engineering basis
for optically based immunosensors. This includes the development
of sensors for proteins and other antigens, the development of
multi-channel sensors (including built-in calibration and refer-
ence channels), the development of sensors which are capable of
remute on-line and continuous or semi-continuous function and the
development of sensers which are biocompatible and stable., This
chapter will serve as a 1989 progress report on these wvaricus
gcals and objectives. (1)

Figure 1 summarizes these goals. An animal or patient is
shown, which could also represent a bioreactor or biochemical
reactor. An extracorporeal lecop is shown, for example, the extrca-—
corporeal blood pathway in hemodizlysis or cardiopulmonary bypass
during open-heart surgery. A connector is shown in that loop
which contains & mulvi-channel immunosensor. Outputs of the wvari-
ous channels are sppropriately referenced, raticed, and ctherwise
processed to permit the guantitative analysis of the analytes of
interest. The cutput is shown on a continuous or semi-continuous

plot of analyte coacentration as a function of time.
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On line, continuous, remote sensing is the long-range goal of the
Utah program. An array of such sensors can be applied in
extracorporeal blood circuits for the monitoring and control of
cardiovascular devices, in process control in the bictechnology
and biochemical engineering industries, and for water monitoring
in environmental engineering. Our focus is on immunoassay
technologies for proteins, hormones, and drugs.

Application areas include:

1. Biochemical engineering and biotechnolegy, primarily for
process control;

2. Medical diagnostics;

3. Extracorporeal device monitoring and control (Figure 1};

4. Implanted device monitoring and control;

5. Biomedical research, such as the monitoring of analyle
concentrations in experimental animals and in cell

cultures;
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G. Water and waste-water menitoring of environmental pollu-
tants and contaminants,
Our approach is based largely on immuncassay; thus, we are
interested in applying these sensors to the assay of the following

general classes of antigens/haptens:

1. Coagulation proteins
2. Complement proteins
3. Antibody levels

4. Lipoproteins

5. Enzymes

6. Enzyme inhibitors

7. Hormones

8. Growth factors and regulators
9. Drugs

10. Viruses and bacteria

Coagulation proteins are our current applications focus.

2 INTRODUCTION AND BACKGROUND

Most of our work is based on the use of antibody or antigen immo-
bilized on a guartz or amorphous silica surface.(2) Silica is
used because of its optical properties, specifically its high
optical transmission, low fluorescence, and relatively high
refractive index. The latter permits one to use total internal
reflection optics and the interfacially bound evanescent wave as a
means to excite fluorescence on the sclution side of the solid
liquid interface without exciting bulk fluorescence in the
solution phase. (3)

This approach has been studied by a large number of groups

for its possible immunosensor application
have used principally a flat quartz plate
tatal internal reflection geometry. This

reflection fluorescence (TIRF} method has

.(4-8) In our case, we
excited by a single
so called total internal

been widely used by us

and others for the fundamental study of protein adsorption and

immobilization at solid liquid interfaces

as well as for fluores-

cence immunosensor development. (1,3} We have also used silica
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optical fibers and developed a sensing region in the fiber by the
appropriate removal of cladding and coating (4), as have
others. (4, 5)

In Figure 2 a conventional silica core fiber is shown, but
with the end stripped to remove the cladding and protective
coating. The distal end of the fiber has been coated with a black
rubber or epoxy to prevent light from propagating from the end of

the fiber into the bulk solution. The stripped fiber surface is
shown to contain immobilized Immunoglobulin and, after exposure to

specifically bound antigen, the fluorescence intensity plot demon-

a) sensor TIP

STRIPPED FIBER CORE

I —

evanascant

of

lluorescence

AAERS

c) d) e)

ANTIGEN
/—/ FLUORESCENCE
AND
ANTIBODY

FLUCRESCENCE INTENSITY

ANTIBODY
-EEEEEEE‘ FLUORESCENCE FLUORESCENCE
FIGURE 2
A typical optical fiber evanescent ;i
ol L immunosensor desi : o
Reichert et al. (Ref. 16) 3 e -
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strates that the same fiber can be used to excite interfacial
fluorescence as well as to collect a portion of the fluorescence
generated. If the excitation wavelength is in the range of 280-
290 nanometers, the intrinsic UV fluorescence of proteins is
detected. (3) Thus, the immobilization of an unlabeled antibody
can be directly probed and monitored. (6) In addition, if the
antigen is fluorescent or if a fluorescently labeled antigen is
added as a reagent to compete with unlabeled antigen for the
antibody binding sites, then a conventional competitive
fluoroimmunoassay is produced, and the visible fluorescence of the
labeled antigen can be readily detected and measured.

More recently we have been working with multi-channel
detection primarily through the use of a two-dimensional CCD
(charge coupled device) camera.(7) We have demonstrated that
various channels, ie., different spatially distinct regions of
immobilized antibody, can be readily detected. Figure 3

demonstrates the optical geometry for such an experiment.

3 ANTIGEN-ANTIBODY BINDING

The sensitivity and specificity of an immunosensor is based on the
sensitivity and specificity of the interaction of specific anti-
bodies with a particular antigen.

Figure 4 présenns the bgéic antibody antigen equilibrium
equation and the plot based on the assumed reversibility of these
interactions. The plot shows antigen binding as a function of
antigen concentration. The dynamic range of an immunoassay or
immunosensor is usually considered to be roughly from 10 to 20%
saturation of the antibody used, or about two orders of magnitude
in antigen concentration.(B) If one wishes to sense a much wider
range of concentrations, then two or more antibody channels are
required each with a different antibody with the appropriate bind-
ing constant.

In the case of a multi-epitope antigen it may be desirable
to use an array of channels, each containing a different mono-

clonal antibody. In this way, the dynamic range could be enhanced
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FIGURE 3

Use of the single reflection TIRF geometry for the development of
multi-channnel immuno sensors. A cooled CCD is used as a position
and wavelength sensitive detector. Four different immobilized Ab
regions are detected. (From Ref. 7)
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Bound Ag - Bulk Ag equilibrium curves, based on a reversible Ag-ADb
interaction:

on
Ky

_ [Ab-Ag]

Ab + Ag Ab-Ag; Ky, = Kyj/K; = {Ab] [Ag]
Ky
off

when K; ~ 1/[Ag], Ab sites are ~ 50% saturated.

Range of immuncassay is usually defined as:

g4 10
K, < [Ag] < K,'

i.e. 10 to 90% saturation results in two orders of magnitude range
for [Ag].

and discrimination against nonspecific binding could be improved
as well.

For much of our work, we have chosen to work with a mode 1l
system of anti-fluoroscein monoclonal antibodies developed by Voss
and coworkers at the University of Illinois. (9) The binding ther-
modynamics of this system have been studied and presented by

Herron et al. (10} The overall association constant as a function
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optical fibers and developed a sensing region in the fiber by the
appropriate removal of cladding and coating (4), as have
others. (4, 5)

In Figure 2 a conventional silica core fiber is shown, but
with the end stripped to remove the cladding and protective
coating. The distal end of the fiber has been coated with a black
rubber or epoxy to prevent light from propagating from the end of
the fiber inte the bulk solution. The stripped fiber surface is
shown to contain immobilized Immunoglobulin and, after exposure to

specifically bound antigen, the fluorescence intensity plot demon-
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A typical optical fiber evanescent immunocsensor design. From
Reichert et al. (Ref. 16)
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Strates that the same fiber can be used to excite interfacial
fluorescence as well as to collect a portion of the fluorescence
generated. 1If the excitation wavelength is in the range of 280-
290 nanometers, the intrinsic UV fluorescence of proteins is
detected. (3) Thus, the immobilization of an unlabeled antibody
can be directly probed and monitored. (6) In addition, if the
antigen is fluorescent or if a fluorescently labeled antigen is
added as a reagent to compete with unlabeled antigen for the
antibody binding sites, then a conventional competitive
fluoroimmunoassay is produced, and the visible fluorescence of the
labeled antigen can be readily detected and measured.

More recently we have been working with multi-channel
detection primarily through the use of a two-dimensional CCD
(charge coupled device) camera.(7) We have demonstrated that
various channels, ie., different spatially distinct regions of
immeobilized antibody, can be readily detected. Figure 3

demonstrates the optical geometry for such an experiment.

3 ANTIGEN-ANTIBODY BINDING

The sensitivity and specificity of an immunosensor is based on the
sensitivity and specificity of the interaction of specific anti-
bodies with a particular antigen.

Figure 4 presents th% bésib antibody antigen equilibrium
equation and the plot based on the assumed révbrsibility of these
interactions. The plot shows antigen binding as a function of
antigen concentration. The dynamic range of an immunoassay or
immunosensor is usually considered to be roughly from 10 to 90%
saturation of the antibody used, or about two orders of magnitude
in antigen concentration.(8) If one wishes to sense a much wider
range of concentrations, then two or more antibody channels are
required each with a different antibody with the appropriate bind-
ing constant,

In the case of a multi-epitope antigen it may be desirable
Lo use an array of channels, each containing s different mono-

clonal antibedy. In this way, the dynamic range could be enhanced
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when K, ~ 1/[Agl, Rb sites are -~ 50% saturated.

Range of immunoassay is usually defined as:

0.1 10
P [Ag] Ky

i.e. 10 to 90% saturation results in two orders of magnitude range
for [Ag).

and discrimination against nonspecific binding could be improved
as well,

For much of our work, we have chosen to work with a model
system of anti-fluoroscein monoclonal antibodies developed by Voss
and coworkers at the University of Illineis.(3) The binding ther-
modynamics of this system have been studied and presented by

Herron et al.(10) The overall association constant as a function




226 Andrade et al.

of temperature for three different anti-fluoroscein moneoclonals is
given in Figure 5. This is bulk solution data and demonstrates
that the overall association constant can vary by up to two orders
of magnitude over a temperature range of some 40 to 50 degrees
centigrade. It was this behavior that led to the concept of the
thermal regulation of antigen antibody binding which our group is

now studying. {8}

In Ka
@
1

&—— 20-19-1|
12 o—o 20-20-3

|

1 1 Il 1 1 1 |

30 31 32 33 34 35 36
(1/T) % 103 (k71)

FIGURE 5
Lssociation constants, Ka, as a function of reciprocal temperature
for 3 antifluorescyl maonoclonal antibodies. (from Ref. 10)
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Table 1 presents the binding kinetics for five of the anti-
fluoroscein monoclonals, ranging in overall association constant
from 5 X 107 to 3 X 10'? moles ~!. The table shows that the
association rate constant is relatively constant (of the order of
5 % 105 while the disscciation constant or its reciprocal, the
dissociation lifetime, changes by a factor of 500. It is clear,
therefore, that the overall association constant of an antigen-
antibody complex can be governed almost entirely by the
dissociation rate constant. The dissociation lifetime is the
response time of an immunosensor as it attempts to respond to
changes in circulating analyte concentration. Therefore, for the
development of a truly reversible, continuous immunosensor, the

dissociation lifetime issue has to be addressed and considered.

TABLE 1

Ag-Ab binding data for 5 antifluorescyl monoclonal antibodies.

The "sensitivity" of a sensor is best indicated by Ka, the overall
affinity or association constant. The sensitivity of 50% Ab
saturation is shown at the far right. The response time is given
by the dissociation lifetime, which is the reciprocal of the off-

rate constant (from Ref. 10).

Clone Association Dissociation Affinity [Ag] at 50%
Rate X Lifetime = Ka Saturation
Ml -t < p-l M
4-4-20 6.28 x 108 5376 3.38 x 1010 3.10°11
20-19-2 1.28 x 108 454 5.81 x 108 2,107
20-20-3 1.08 x 107 38 4.10 x 108 2.1079
6-10-6 5.33 x 108 14 7.46 = 107 1.10°%
20-4-4 4.67 x 10° 11 5.14 x 107 2,107
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Figure 6 presents the dissociation lifetime data for one of
the antibodies, the 4-4-20 clone, as a function of temperature.
Here one can readily see that the response time of a sensor can be
improved by an order of magnitude with a 20 degree change in local
temperature.

This discussion of antigenfantibody binding, howewver, has
used data taken in bulk solution. Under theose conditions, anti-
genfantibody interactions are reversible., However, the situation
may changes significantly when one of the components in the binding
reaction is immobilized aE a solid liquid interface. We will next
discuss the question of antibody immobilization followed by the

issue of the reversibility of antibedy/antigen interactions at
intecfaces.

4 RANTIBODY IMMOBILIZATION

A wide range of immobilization methods have been developed and

applied. We have experimented with: (11}

surface modification by the use of silane chemistries:
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* the use of cross-linking and coupling agents, including
glutaraldehyde;

' the uwse of a precursor film of protein (such as bovine
gerum albumin);

. the use of proteins which may help to at least partially

orient the immobilized antibodies, such as protein A.

In our case the reactions are constrained by the fact that
we need to immobilize at an interface which is optically compati-
ble with the total internal reflection/evanescent wave optical
separation method previcusly described. In addition to the
detailed immobilizatien chemistry, it is important to consider the
collision and adsorption of the antibody to the intecface, a pre-
cursor step to the covalent chemistry employed in the
immobilization process. (12} Thuas, it is important to understand
the collision, orientation and adsorption of antibedy at the
solid/liquid incerface.

An up-to-date, although qualitative, picture of protein
adsorption is presented in Figure 7. The protein must ficst
approach and cellide with the surface, given by an overall adsorp-
tion rate constant. It may also desorb from the surface, given by
the deserption rate constant. When these two processes are equal,
then we say we have an equilibrium amount of protein adsorbed on
the surface. However, Langmuir adsorption does not generally
apply to the adscrption of macromolecules because a wariety of
other processes and interactions are present. one of the most
interesting is the fact that the protein may conformationally
change and the degree of that change may be a function of
residence time at the surface. This is indicated by the cime
dependent conformational change depicted in Figure 7.

Another problem is that antibedies, in addition to being
large macromolecules, have different, distinct domains. The
domains may have their own particular intecface activity
characteristics. This is indicated at the bottom cight of
Figure 7 which shows & two-domain protein interacting with a

surface by cone of its domains.
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If there is more than one type of protein present in the
solution, then there are multi-component, competitive adsorption
and immobilization processes which also ogcur. This is

illustrated at the bottom left of Figure 7.

T IT T E T T

£

®
Loy
ST T T

FIGURE 7

Top: Adsorption from a single protein solution can be described
in terms of adsorption (Ka) and desorption (Kd) rate constants at
initial contact (£=0). With increasing residence time, t, at the
surface the adsorbed protein may conformationally change or
denature, generally resulting in a greatly decreased desorption
rate, represented by Kd{t).

Bottom Left: Adsorption from a multi-component protein
solution can be treated in terms of the concentrations and
diffusion coefficients of each component--ie., in terms of the
collision rate of each component--and a measure of the affinity of
each component for the interface and the denaturability of each
component . (17,18)

Bottom Right: The adsorption of complex, multi-domain
proteins may be dominated or controlled by the interface activity
of one key domain, such as the positively charged binding domains
in the heparin-binding plasma proteins. (19,20)
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Immunoglobulins are highly complex proteins with a variety
of distinct functional and structural domains. There are hinge
regions and switch regions, the function of which might depend on
the local micro-environment and mode or mechanism of adsorption
and immobilization. These regions, in turn, may affect the
binding constant of the active site in ways which are not fully
understood at present. Intentionally denaturing IgG prior to its
adsorption at a solid/liquid interface (12) can result in a
significant increase in the surface antigen binding capacity.

Lin, et al. demonstrated that it is possible to engineer the
immobilization of antibodies to optimize their properties at the
interface by control of their structure in solution.(12) This
work is continuing with a detailed investigation of the solution,
denaturation and structural characteristics of model antibodies in
the hopes of optimizing means to adsorb and then immobilize these

molecules with enhanced antigen binding characteristics.

5. ANTIGEN/ANTIBODY REVERSIBILITY

A true immunosensor requires that the sensor respond to changes ir
the circulating analyte concentration. Most immuno "sensors"
developed to date are not true sensors but rather are detectors.
They are designed to measure the analyte concentration and then
either are discarded or regenerated by some process.

Qur goal is to develop immunosensors which are inherently
reversible and can continuously sense circulating analyte concen-
tration. The problem is illustrated briefly in Figure 8. The
bottom half basically demonstrates immobilized antibody interact-
ing with its antigen and shows that although the on-rates in the
bulk solution and interface case may be similar, the off-rate
constant is much smaller in the case of immobilized antibody,
meaning that the dissociation lifetime is much longer, which mean
then that the response of the sensor is very slow. The question
is why?

This issue has been addressed briefly by several authors

{15) and more completely by Lin et al. in a recent paper which
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presents six general hypothesis for the observation of partial

irreversibility in immobilized antibody systems. (2)

1.

piffusion and mass transport effects. In many systems, par—
ticularly highly porous particulate systems, these effects
can be very pronounced and indeed dominate the system, 50
that the irreversibility is only apparent. When proper
account is taken of concentration, diffusion, and mass
vransport effects, the system may be behaving reversibly or

similarly to its behavior in bulk solution.

Solution:
ks
Ab + Ag .\_‘ﬁ Ab-Ag
Ka
K =] |
s e T
Ky
Suriace:
Ab K Ab-Ag
1
+ Aa ——\.:_
Ab Ka Ab-Ag
{Ka}sudace 5 [Ka}SMUﬁnn

(K2 ) surface << (%2) satution

FIGURE B
Bulk solution Ab-Ag equilibria (left) are not generally observed
when Eb or Ag is immobilized at an interface {right)--see Ref. 3.
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The immobilized antibody is in a different gonformation than
the antibedy in solution, thus influencing the nature of the
antibody/antigen interaction. This is very difficult to
directly measure, other than through on and off rate
constants, because the conformational change of the antibody
need not necessarily be a gross or vexry major change.
Protein conformational changes are normally detected by
changes in the circular dichroic spectra, infrared or Raman
spectra, or by tryptophan fluorescence emission. All of
these are relatively global measures of protein structural
conformation, There could be a significant alteration in
the Fab antigen binding site without a global conformational
change. Such a local conformational change weould not be
detected by common technigues.
Antibody/antibody lateral interactions. The concentration
of antibody at an interface is generally significantly
higher than the concentrations used in bulk solution
studies. Antibodies are known to readily aggregate,
particularly under elevated concentration conditions. It
may well be that two dimensional aggregaticn, perhaps due to
lateral interactions at an interface, may significantly
affect the antigen binding characteristics, which could
result in a slow off-rate.

Change in solution micro-epviropment. It is well known that
a change in local sclution environment can change the nature
of antigen/antibedy interactions. For example, in affinity-
chromatography columns immobilized antigen is normally
released through the use of eluents which change the local
solution environment and therefore the nature of the
antigen/antibody binding. Although this is not fully under-
stood, it is well known that low pH, eluents containing
chaotropic salts, and eluents containing substances which
minimize hydrophobic interactions are particularly effective
in the removal of bound antigen from immobilized antibody

columns.
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5. Mon-specific adsorption. The antigen may bind to the anti-
body through its particular epitope interacting with the Fab
region of the antibody, but it may also bind by non-specific
mechanisms to perhaps other parts of the immobilized
molecule and to regions of the surface which are not covered
with antibody. Such non-specific binding is a particular
problem in the case of protein antigens, which are large
macromolecules and can undergo noen-specific interactions by
a variety of mechanisms. This was illustrated nicely by Lin
et al. (2) and also by Schram et al.(15)

6. Multi-wvalenr bipding. This is particularly important for
larger antigens. 1If the antigen can be bound by more than
one binding site, then it is a cooperative binding process.
If there are two or more distinet and perhaps even indepen-
dent binding events or binding sites holding down the
antigen, then even if the antibody-antigen bond is released,
the non-specific bond to the surface at that instant in time
is maintained. This increases the probability that the
antigen antibody bond will reform or reassociate. That
makes it almest impossible to ever completely desorb or
remove a bound antigen. This is exactly the mechanism
believed to be responsible for the irreversibility of
physical adsorption processes of proteins and other
macromolecules. The multiplicity of binding sites means
that the probability that all of the binding sites would bhe
released at the same time is zero; thus, desorption does not
cccur. This would be expected to be observed in the case of
large antigens, but not necessarily in the case of a very
small antigens or haptens.

It is clear that all six of the above hypotheses and mecha-
nisms are operable, some more so than others, in a particular
experimental situvation. It will be very difficult to isolate and
Sert out the individual components responsible for the irre-

versibilty of antigen/antibody interactions at interfaces. Lin
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et al. have summarized the veriables affecting the behavior of

immobilized antibedy/antigen interactions, (2)

E. OTHER ISSUES

A truly remote fluoro-immunosensor will require some means to
deliver fluorescently labelled antigen, as the basic principle of
such a sensor is that a fluorescently labeled antigen competes
with unlabeled circulating antigen for the finite number of anti-
body binding sites. We have previously described a number of
approaches to solve this problem. Those studies are ongoing.

Dr. J. Kopecek and co-workers are continuing the development of
controlled delivery methods for fluorescent antigens. (21)

Earlier it was noted that it might be possible to regulate
the antigen/fantibody binding constant by changes in temperature or
even by other means. We have performed a number of studies along
these lines. However, it is necessary to immobilize antibody by
means that perxmit the reversibility of the antibody/fantigen
interaction, before one can expect to regulate the nature of the
binding constant. Our studies on binding constant regulation are
continuing, based on the assumption that we will indeed develop
%Ethcds to solve the "irreversibility" problem described above.

Non-specific binding is, of course, a problem which must be
minimized. Although certain aspects of the problem can be over-
come by the use of appropriate reference channels, it is clearly
desirable to minimize the problem as much as possible. In our
case, this is done through the use of polyethylene oxide as a
"protein-repulsive" coating to minimize protein adsorption. This
has been discussed extensively elsevhere. (22) We are also
developing methods to immobilize antibody through the use of
polyethylene oxide tethers or spacers in the hopes of minimizing
non-specific adsorption to the spacer or to the chemical linkage
itself.

Finally, there may be znother problem with the development

of truly remote sensors based on immobilized antibodies, particu-
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larly in blood and related environments. Blood is knawn to
contain a variety of protease pro-enzymes, which can become
activated under appropriate conditions to produce proteolytic
activity. If protease actiwity is indeed generated locally at the
surface of an immunosensor, perhaps due to non-specific binding of
coagulation or complement proteins, and if such proteases attack
the immobilized antibedy, then the sensor surface will degenerate
with time and will eventually cease to function, That is one of
the reasons why it is so important to build multi-channel dewvices
with the appropriate calibration and reference channels to account
for decrease or change in immobilized antibody concentration or
activity. It is alsoc why the non-specific adsorption problem is
so important to eliminate and not simply to reference or calibrate
out, as noted earlier. If we minimize the non-specific adsorption
of all proteins then we also minimize the possibility of interfa-
cially induced protease activation. Again, our approach to this
problem is through the polyethylene oxide surface approach.
Studies on the stability of immobilized antibodies are only now

peing initiated in our laboratory.
7. CONCLUSIONS

The development of truly remote, continuous, high sensitiwvity and
specific immunosensors, capable of functioning remotely in blood
or in other biclegical environments, is still in its early stages.
There are a number of important technologies which must be devel-
oped. As the work progresses, one can envision the development
and eventual production of multichannel biocsensors based on
microintegrated devices incorporating biochemical, optical and
even electronic functions.

This paper has briefly reviewed the general concept and at

least one approach to each of the major problems.
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Introduction

There is a growing dissatisfaction in the engineering and
industrial communities with the present nature of engineering
education. A variety of studies and reports have recommended
significant modifications of engineering curricula. Bioengineer-
ing can — and perhaps should — serve as a model, aparadigm, for
all of engineering education. Bioengineers — with their broad
perspectives in science and technology — can and should assist in
the curriculum modification and development at all levels of the
education system.

Engineering Education Today

“‘The primary task has always been to make practical use of
converting scientific theory into useful application . . . to provide
for mankind’s material needs and well-being . . . The engineer
must have a fertile imagination, must be creative . . . accept new
ideas” (1).

This implies that engineering students and engineers must
know science and they must have some appreciation and knowl-
edge of man’s ‘‘material needs and well being.’” The problem with
engineering education today is that it is focused almost entirely on
science and technology rather than on mankind’s needs. Most
curricula are heavily loaded with basic and applied science courses
and with the methods and techniques ‘‘required’’ to apply scien-
tific information to practical ends. There is a heavy emphasis on
mathematics, computer simulation, computer aided design and
analysis and on the basic and applied sciences relevant to the
engineering discipline being studied.

Very few engineers in society know much about engineering
fields different from their own. Most students receive little
introduction to general engineering and spend most of their time,
after learning the basic science and mathematical principles, on
highly specialized courses in their particular engineering disci-
pline. Although most engineers today work in teams, they have
difficulty communicating and interacting with one another.

A very important problem deals with mankind’s *‘material
needs and well being.’” Engineering educators and their students
generaily leave it to non-engineers to decide what mankind’s
material needs and well being should be. Engineers are not
interested in societal or social problems. They have difficulty in
dealing with issues and problems that are not analytical or
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quantitative. They have difficulty in communicating and interact-
ing with non-engineers. They are perceived by the general public
as not interested in important social issues, more or less irrespon-
sible or aresponsible with respect to societal problems and
concerns, and generally ignorant, or at best apathetic, about such
issues, They tend to take a dim view of encouraging students to
partake in liberal or general education courses. They oppose any
significant modification in curricula, in particular any that would
decrease the emphasis on highly specialized engineering courses.
These are some of the fundamental problems with engineering
education today.

The National Academy of Engineering and the National
Research Council recently issued a report, Engineering Education
and Practice in the United States (2). They made 23 major
recommendations on the subject of engineering education and
practice, including:

‘‘the curricula must be expanded to include greater

exposure to a variety of non technical subjects . . .”’

‘‘improve the communication skills of engineers, as well

as their ability to understand and adapt to changing

conditions . . ."’

‘¢, . . require restructuring of the standard four year cur-

riculum by various means. The committes recommends

that extensive disciplinary specialization be postponed to

the graduate level.”’

* American engineers must become more seasitive to cul-

tural and regional differences . . . and need to appreciate

the financial, political, and security forces at play inter-

nationally. The non technical components of engineering

education ought to include exposure to these aspects of
contemporary engineering.’’

This report was issued in 1985. Although there has besn
considerable discussion and concern with its recommendations, it
has not yet had a dramatic impact on engineering education.

Engineers, when they do speak up on social and political
issues, tend to criticize social, economic, and political leaders for
their lack of scientific and technical background and for their
inability to deal with complex problems. And those same engi-
neers who are doing the criticizing generally fail to become
involved in the solutions to these complex problems. It is simply
easier to criticize than to act.

It is beginning to be said widely that *‘we increasingly nesd
effective leaders in business, politics, and education who possess
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souqd training in science and engineering, and who also have
personal skills, aesthetic experience, and a knowledge of history
and culture’’ (3). And yet there is little or nothing in most
engineering curricula to encourage and develop the leadership
talents of scientists and engineers.

Samuel Florman, a civil engineer who has written and spoken
widely on these issues, has expressed it very well: *‘Something is
very wrong with a profession whose young people, starting at age
eighteen, turn their backs on the general culture and immerse
themselves totally in technical studies . . . If engineers were to
become more liberally educated, the profession as a whole would
improve and become more worthy of esteem’’ (4). And yet it is
quite common knowledge in engineering colleges and departments
that ‘‘most faculty and students have viewed non engineering
courses as a bothersome waste of time’” (4).

Edward Wenk, of the University of Washington College of
Engineering: ‘‘Higher education should be distinguished by
breadth, rather than specialization, and should be problem cen-
tared, rather than discipline centered. Graduates should be versa-
tile, capable of self discovery and self expression, able to distin-
guish truth from propaganda and hyperbole, eager to participate
in governance, able to make discussions, prepared for lifelong
learning and willing to assume a balance between self interest and
social interest, between getting and giving’’ (5).

A number of national engineering leaders are also mow
beginning to speak out on these issues. In particular, Dr. George
Bugliarello, president of the Polytechnic University of New York
and a bioengineer, has argued that ‘‘Engineering can best carry out
its social purpose when it is involved in the formulation of the
response to a social need, rather than just being called on to
provide a quick technological fix.”” He continues, ‘‘engineering
as a foree of society can and should intervenein correcting a social
purpose it perceives as detrimental...the dominance of a purely
technical role of engineering, particularly in our country, can be
attributed primarily to the sociological characteristics of engineer-
ing, and to the inadequacy of engineering education in preparing
for broad society leadership. The rigorous professionalism of
engineering has been achieved in our country at the expense of
preparation for broader leadership roles’ (6).

Karl Pister, former dean of the College of Engineering at
U.C. Berkeley: ‘“We must not continue to isolate the education
and experience of engineers from the environment in which
engineering is practiced. We must respect the principle that the
significance of something lies primarily not in itself, but in its
relation to other things.”” He also stated, “‘it is a bit ironic to
deplore the problem of communication between engineers and non
engineers when there is a serious problem of communication
among engineers of differing disciplines’™ (7).

What does all of this have to do with bioengineering?

What is Bioengineering?
Bioengineering is a complex inter- and multi-discipline. To
some it means biomedical engineering, the application of engi-

neering principles and methods to the practice of medicine and the
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improvement of health care. To others it means biotechnology and

biochemical engineering and the use of biological principles and

processes for the production of chemicals, materials, and drugs.
To others it means agricultural engineering, or a modified and
modernized version of agricultural engineering. There is a very
small, but growing, group that sees biology as just as critical and
important to all of engineering as are chemistry, physics, and
mathematics today (8-10). To those of you reading these pages,
however, it primarily means biomedical engineering.

Is there anything unique or special about biomedical engineer-
ing that can serve as a paradigm or model for the necessary changes
in engineering education? I think so. Most biomedical enginesring
programs require a strong background in human or mammalian
physiology, and most require at least some background in organic
chemistry and biochemistry. Most curricula also include some n-
troduction to medicine, medical problems, and pathology. Al-
though one can argue that much of this background may not be in
great depth, it does provide an appreciation and awareness of the
multivariate and complex nature of living systems, and particu-
larly of the human organism. Thus of all engineering disciplines,
bioengineers are the most prepared to address *‘mankind’s mate-
rial ne=ds and well being’”, which was part of our eariier definition
of engineering. The issue is one of awareness and perspective in
order to design and build an object or device that will help enhance
maokind’s *‘well being.”” One cannot be ignorant in the nature of
man and mankind, and of the perturbations and perhaps problems
that our devices can produce and cause. This is the fundamental
argument for the broadening of an engineering education, and an
argument for including a biological and life sciences component
in all of engineering education. How can you produce goods and
devices for man if you know nothing about man himself or herself?

In addition to its multidisciplinary nature, bicengineering is
inherently interdisciplinary. A bioengineer is not simply someone
who knows some medicine and physiology, and perhaps some
electrical engineering. If that wereall that were required, then one
would be far better off in getting an electrical engineer and a
physician together to solve the problem. Suchacollaboration does
not work unless the physician is committed to learning some
electrical engineering, or the electrical engineer is committed to
learning some medicine. The problem is not simply ome of
multidisciplines, it is one of interdisciplines.

J. Prausnitz, Professor of Chemical Engineering at Berkeley:
“Scholars in the history of knowledge have shown convincingly
that in any discipline significant growth inevitably occurs at the
periphery, at the interface that separates one discipline from
another. When communication between disciplines declines,
creation of new knowledge is impaired.” Thus biophysics came
out of the junction between biology and physics, biochemistry
between biology and chemistry, materials science is an interdisci-
pline involving chemistry, physics and engineering, and now is
even beginning to involve biology. The best and most effective
bioengineers are not multidisciplinarians; they are interdiscipli-
parians. They look at the problems or opportunities in one ared
from the perspective of another area.

Every established discipline carries baggage — @& set of
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implicit assumptions and understandings about what is known,
what is possible. A team of individual disciplinarians brings those
constraints and boundary conditions through its members to each
problem that the team addresses. Expert A tells Expert B that we
can do this and we cannot do that. Expert B doesn't challenge that;
after all, who is he to challenge Expert A’s analysis and decision?

The interdisciplinarian, on the other hand, “*diffuses’” along
the interface between the two disciplines and is either ignorant of
the implicit assumptions and boundary conditions, which the
experts accept, or is so confident that he ignores them. In a sense
that's what bioengineers are. They think they kmow enough
physiology, and they think they know enough engineering, to
attack these interdisciplinary problems, and they are generally
successful. If they knew far more engineering, or far more
physiology, or were specialists in a particular medical area, they
might know that what they were trying to do would not be possible
for various ‘‘reasons’’ — reasons often inherent to and limited to
that particular discipline. Basically, an interdisciplinarian has
little respect for disciplines. Bioengineers have emough back-
ground to feel comfortable with the terminology, the problems,
and some of the basic science, and they have the self confidence
and the motivation to learn what they need to know to solve the
problem and complete the project.

There is a major problem with bioengineering education,
however, and it is the same problem that faces all of engineering.
Although we have been very successful in merging the life sciences
and the medical sciences with engineering, and have been success-
ful developing mew devices and methods for application to
medicine and health care, we, like our engineering brothers in the
more classical disciplines, have not really considered whether
“‘mankind’s material needs and well being’’ are being improved
by our activities.

There is growing concern in this country with the costs of
health care, with maintaining life, and extending life under
conditions where the patient’s quality of life is. very poor.
Although undergraduate engineering education usually includes a
token course in economics and in cost-benefit analysis, graduate
engineering education, including graduate bioengineering educa-
tion, has generally ignored such issues. Those days are over.

In our own department we are now teaching a course titled
Bioengineering and the Costs of Health Care to introduce our
students to the problem. The solutions are not analytical, they are
not quantitative, they are not simple; they are highly societal and
political in nature — topics with which bioengineers, as well asall
other engineers, generally feel uncomfortable.

Another attribute of bioengineering education is communica-
tion. Bioengineers often function as bridges between disciplines in
order to help facilitate communication between medical special-
ists, life science specialists, and engineering specialists.

So What?
Bioengineers tend to work with people. They have some

appreciation of mankind’s social and material needs. They tend to
have broader interests than engineers in the more classical disci-

Volume 15/1, 1391

plines. They tend to work in multi- and inter-disciplinary teams
and often function as catalysts and communicators in such teams.
They are often hired by industry to help lead and manage product
development teams. They thus have a perspective and background
that can be very useful to their colleagues in academia and
industry. They can speak out and offer their assistance in the
modification and enhancement of enginesring education. Bioengi-
neering can serve as a model or paradigm for engimeering
education in general.

Bioengineering students can become involved as teaching
assistants in introductory and more general engineering courses,
using their background and experience to provide a multi- and
inter-disciplinary perspective which might otherwise be lacking in
such courses.

Bioengineering educators can involve their more classical
colleagues not only in research, but particularly in teaching
activities, and offer their own services as lecturers and participaats
in key engineering courses.

Although changing the perceptions and assumptions of pro-
fessionals is extremely difficult, we cannot wait for the present
generation of relatively conservative engineering educators to
retire before engineering education is substantially changed.
Although education is an excruciatingly slow process, we should
all become involved in that process.

The sooner we modify and enhance engineering education,
the sooner we can expect engineering graduates to improve the
nation’s economic competitiveness; more importantly, the sooner
we can expect them to begin to utilize rational, logical, and
quantitative skills in leadership positions in all areas of society.

How Should We Change Engineering Curricula?

One possibility is to minimize the overspecialization within
single, well defined disciplines. Some of the departments in my
own College of Engineering list and teach nearly 100 different
courses in their specific disciplines!

Many schools have found considerable success with a more
project-oriented curriculum. After obtaining an appropriate
grounding in basic science and the major courses in the particular
discipline, students go on to participate in projects, often team
projects, in which they learn what they need as they go along, and
much of that learning is done independently. This has been called
“‘just in time learning’’ or *‘just in time education’’, analogous to
“‘just in time manufacturing’’ processes. Such an experience
prepares students for real world, problem-solving activities.

Nobody really remembers much of their highly specific
engineering courses five years into their career. In fact, itis highly
probable that some of the methods and even principles that are
being taught in these courses will be obsolete, or at least inappro-
priate, five years from now.

Education should emphasize lifelong learning and should
provide students with an awareness and respect for all parts of the
library, not just their own narrow discipline. A projects orienta-
tion also facilitates the inclusion of such topics as environmental
impact, cost-benefit analysis, benefit-risk analysis, and ethics and
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societal responsibilities. Historical and cultural perspectives can
also be easily woven in.

There have been pleas from major engineering educators {0
unjam the curriculum (71). It could be significantly unjammed by
just eliminating the highly specific courses and replacing them
with a projects-oriented approach to learning. The problem is that
most engineering educators are uncomfortable with project
courses because many of them have not had relevant project
experience. Many of the present generation of engineering profes-
sors feel uncomfortable on any subject outside of their own
particular course specialty. This of course argues for some creative
leadership at the department and dean level, including workshops,
conferences, and industry experiences for those faculty who most
desperately require them.

We must encourage students (and faculty!) to take courses in
the humanities and liberal arts. We must convince them that such
courses are just as important — even more important — than
specific engineering courses (12, 13). They must learn to write, to
speak, to communicate. They must learn that mankind’s material
needs and weil being involve far more than *‘material” things.
They must assume some leadership in society.

Change does not happen spontaneously. The only thing we
can count on happening without our intervention is the increase of
entropy and the aging process. Positive change requires planning,
leadership, and motivation. Take the time to become involved!
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Biomedical Engineering Applications in the Life
Sciences Programs for Space Station Freedom
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The approaching construction of Space Station Freedom
(SSF) has presented the engineering community with a wide range
ofchallenges to overcome. From a biomedical engineering (BME)
standpoint, problems must be addressed concerning various
equipment design parameters (weight, mass, volume, power, run
time, amount of automation, data generation, efc.) as well as the
condition of the equipment operators (astronauts). SSF currently
has three different programs to fill the requirements for basic
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human research in microgravity, in-flight operational monitoring
and countermeasures, and on-orbit acute clinical care. These are
respectively the Space Biology Initiative (SBI), Biomedical
Monitoring and Countermeasures program (BMAC), and the
Crew Health Care System (CHeCS).

In the SSF scenario, the three life sciences programs follow
a prescribed pattern in function and organization, with SBI being
the research program, BMAC being the operationally designed

Voluma 15/1, 1991



I Biomater. Sci. Pofymer Edn, Yol. 2, No. 3, pp. 161-172 (1991}
© VSP 1991,

T

@%fﬂects, techniques, and philosophies

J. D. ANDRADE* and V. HLADY
MEB, Satt Lake City, UT 84112, USA

Received 25 Juns 1990; accepted 20 August 1990

phenomena, and scientific communicarion and education.

denaturarion.

INTRODUCTION

3
2§
b
b

TR A

of proteins at interfaces.

A gl
Ty

Rl
e L.
ettt

b o]
i

number of research groups worldwide [2].

il R

*To whom correspondence should be addressed.

Deparrment of Bioengineering and Center for Biopolymers at Interfaces, University aof Utah, 2480

Abstract—Leo Vroman’s work on blood-materials interaction over the vears has morivaied and
influenced much of our work in this field. Here we show how most of our studies on proteins at interfaces
can be traced to Vroman’s ideas presented in Blood over 25 vears ago. Specifically, we briefly discuss
simple proteins at simple interfaces, complex interfaces, ¢omplex proteins at interfaces, multi-parameter

Key words: Vroman effects; blood; protein adsorption; competitive adsorption; gradient surfaces;

In 1967 a lirtle red book entitled Bfood was published by the American Museum of
Natural History [1]. Although designed as a popular science bock, it proved to be
the most complete and thorough trearment of blood and blood proteins at interfaces
then available. The hvpotheses, methods, and general approach to the problem of
contact activation in blood compatibility presented in that book have served as the
basis for the research careers of many investigators, and indeed of the field in
seneral. There are a number of reasons for the book’s major influence and
popularity: (1) it is exceptionally well written, it is a delight to read, and, through the
entertaining and effective use of metaphor and analogy, 1t helps 1o present very
difficult concepts in very understandable ways; (2) Vroman, in the book, and indeed
throughout his carcer, tends to take a more global, panoramic view of a
phenomenon than do most scientists. He tends to be much more interested in seeing
and deducing the nature of the forest rather than experimenting upon and describing
each individual tree and branch: (3) a variety of methods and techmiques are
presenied in the book and have been employed by Leo Vroman during his research
career to detect, illuminate, and generally understand the behavior and interactions

One of us (J.D.A.) literally stumbled across this book in 1967 in the chiidren’s
section of a small Denver library. Leo Vroman kindly agreed 1o advise Paul
Predecki and Joe Andrade at the University of Denver in a study dealing with blood-
compatible materials. He first suggested that albumin might be a particularly com-
patible protein to atrempt to bind and immobilize at material surfaces, which led to
the formation of the albumin hypothesis, which was later extensively studied by a
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investigators. The book (s a delight to read. Leo’s expert use of w ord-: of fm ages,
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advancing mar. THC foresis drain themselves of beasts and flatten into
meadows, 1he meadows are turned into suburbs, and the suburbs are
swallowed by our cities. The only thriving wildlife still barely touched by
the mind is the hot, confusing, and poorly lit world within himself. I am
a nature lover; but maybe for lack of larger scenery, I have learned to
enjoy the tabletop-size scenery inside me, and inside you of course, The
strangely shaped glands, and bones, the transparent lungs, the madly
dense tangle of cells in the brain hold worlds within worlds; and, through
it all and alwavs, sireams the blood. (p. ix)

r!“'

Unlike the machine gur, the svringe is an awesome weapon 1o hold,

because it forces the attacker so close to his vicum, who will then look at
him and think: What do vou think vou are doing? It is easier to kill a
distant crowd with a missil2 than to prick a child with a pin.  (pp. x-xi)

Jif soamerthing clivea g normally invieible, it will become guite abnor-

mal as soon as it is made visible. If vou want to see an earthworm as it
normally lives, vou must look at it only when it is gone, (p. xi)

I knew my rabbits. [ made it a point to look deeply into the eves of
each new arrival. Into its long, hot ears I would softly discuss the
weather, so that when the time came for me to design litle tesrs for my
little theories, I would think long and hard in order to be sure there was
no way but through an animal’s death. And then, like all biologists I am
sure, I tried to do as many quick little 1ests as possible in the short twi-
light of life remaining within the organs, like a man making light for
reading a map by setting it on fire. (p. 17)

When [ was a little boy, I loved our piano and I hated playing it. One
of the few really good things I could do with it was to undamp its strings
with the pedal, meanwhile open the top lid, stick my head inside, and
shout. All through its eternal darkness I could then hear the echo of my
colorless vell breaking into a brilliant spectrum of pure notes, as gach
string vibrated in resonance with its own pitch that it had recognized in
the mixture of my voice. The energy it needed for this resonance could
have come from only one source: my own sound. It must have absorbed
that particular bit of energy. (p. 56)

. . . globular protein molecules have their hydrophobic amino acids
hidden inside them to keep them dry. I now believe that those which can
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The book did more than present the current status of the field of contact activa-
tion. It basically presented a philosophy, a way of looking at the world, and a way
of doing science which tended to stimulate and encourage a generation of
investigators. The book is a delight to read. Leo’s expert use of words, of images,
of metaphor have made the book a science classic. Here follow a number of quota-
tions from the book:

The last jungles in the world seem to withdraw almost eagerly from
advancing man. The forests drain themselves of beasts and flatten into
meadows, the meadows are turned into suburbs, and the suburbs are
swallowed by our cities. The only thriving wildlife still barely touched by
the mind is the hot, confusing, and poorly lit world within himself. I am
a nature lover; but maybe for lack of larger scenery, I have learned to
enjoy the tabletop-size scenery inside me, and inside you of course. The
strangely shaped glands, and bones, the transparent lungs, the madly
dense tangle of cells in the brain hold worlds within worlds; and, through
it all and always, streams the bloed.  (p. ix)

Unlike the machine gun, the syringe is an awgsome weapon 1o hold,
because it forces the attacker so close to his victirm, who will then ook at
him and think: What do vou think you are doing? It is easier to kill a
distant crowd with a missile than to prick a child with a pin.  (pp. x-xi)

. .. if something alive is normally invisible, it will become quiie abnor-
mal as soon as it is made visible. If vou want to see an earthworm as it
normally lives, vou must look ar it only when it is gone. (p. xi)

I knew my rabbits. I made it a point to look deeply into the eyes of
each new arrival. Into its long, hot ears 1 would softly discuss the
weather, 30 that when the time came for me to design little tests for my
little theories, [ would think fong and hard in order to be sure there was
no way but through an animal’s death. And then, like all biologists I am
sure, I tried to do as many quick little tests as possible in the short twi-
light of life remaining within the organs, like a man making light for
reading a map by setting it on fire. (p. 17)

When I was a little boy, I loved our piano and I hated playing it. One
of the few really good things I could do with it was to undamp its strings
with the pedal, meanwhile open the top lid, stick my head inside, and
shout. All through its eternal darkness 1 could then hear the echo of my
colorless vell breaking into a brilliant spectrum of pure notes, as each
string vibrated in resonance with its own pitch that it had recognized in
the mixture of my voice. The energy it needed for this resonance could
have come from only one source: my own sound. It must have absorbed
that particular bit of energy. (p. 56)

. . . globular protein molecules have their hydrophobic amino acids
hidden inside them to keep them dry. I now believe that those which can
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open easily will do so when they see a hydrophobic surface, and will turn
themselves inside out to paste themselves with their fatty hearts onto that
surface. (p. 63)

We may have grown like that, onto specific spots of rock with electric
charges on their surface just right 10 form patterns from the molecules of
protein they adsorbed, forming lacey films tied together with hydrogen
and hydrophobic bonds, mutating, bur growing their way out of one
disaster into another, and meanwhile trapping chaos in our meshes and
creating order from it, locking in fats and phospholipids, and blowing
micelles up to bubbles that adsorbed more protein and held specific
enzymes safely inside them. One very special bubble, a deceptively simple
one, is the red blood cell . . . (p. 100)

It is bad enough that we cannot see small enough; it is worse that we
cannot see briefly enough. If we could see one million times one millions
times faster, we could see that the water is made up of always forming
and breaking clusters, but our slow senses only give us an unchanging,
smudged image, a statistical, dead average for our slow, long-living
mind. One minute in a uniformly moist, white fog 10 us may be a year
long series of floods interrupted by many dry spells 1o a tiny, fast, and
briefly living bug. (p. 137-138)

1think the most obvious property, the verynature even of life, seemstobe
its dedication 1o making simple matter more complicated, mor¢ and more
structured, thereby opposing the physical laws that want lifeless marter 1o
become less and less shaped, less organized, more chaotic. (pp. 157-158)

. . . simplification means giving more structure, not less. A c¢hair will
ook like a very complex structure if vou force yourself to forget its
purpose. (p. 138)

A careful reading of the book leads us to conclude that 25 years ago Lee Vroman
asked the critical questions and set the directions which have governed the last
quarter century of work on blood compatibility and bicinterfacial chemistry. With
the benefit of 25 years of experience and hindsight, the reader can find references in
the book to:

(1) the complex, competitive, adsorption hierarachy, which came to be known later
as the Vroman effect;

(2) the concepts of hydrophobicity and hydrophilicity of surfaces and interfaces,
including the question of the hydrophilicity of the endothelium;

(3) the role of polymer surface dynamics in biointerfacial processes, including the
unique structure and properties of lipid bilayers and cell membranes;

(4) the importance of protein structure and composition, including the important
effect which a single amino acid replacement can have on the behavior and
properties of a protein;

(5) the importance in looking at complex biological phenomena as a whole, as an
image, rather than in attempting to overly dissect it into an infinity of
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individually meaningless variables — he emphasized the need to ook for cor-
relations and relationships between sets of variables rather than to overly focus
on or quantitate one or two individual parameters; and

(6) the importance of communicating our scientific philosophies, theories, and
results in a manner which can be readily assimilated and understood.

SIMPLE PROTEINS AT SIMPLE INTERFACES

It was clear to Leo Vroman that the composition and structure of a protein was
responsible for its interfacial behavior, and that its conformational stability
influences its behaviour at interfaces, particularly at the nonpolar air-water interface,
where it could distort, denature, and expose its hydrophobic heart to the surface.

Many years later, long after techniques and methods became readily available to
present the three-dimensional structure and chemistry of a protein molecule on a
computer s¢reen, we initiated a study of human and hen lysosyme adsorption at
solid-liquid interfaces [3] and, later, at air-water interfaces. That study has since
been expanded to include other model proteins whose three-dimensional structures
are known. Their adsorption at the air-water interface was studied by dynamic
surface tension methods. The surface nature and structure of each of the proteins
were examined by displaving the three-dimensional crystal coordinates on a com-
puter screen and studyving the various ‘faces’ or surfaces of the individual molecules.
The surface hyvdrophobicity of each of the proteins was further explored through the
use of fluorescent probe titration to develop an ‘effective surface hydrophobicity’
parameter. Finally, each of the proteins was studied in solution via urea and
guanidinium chloride perturbation of their solution structure, thereby evolving a
free energy of folding, from which an estimate could be derived of the stability of
each of the proteins emploved. These various parameters — effective surface
hydrophobicity, intrinsic stability, and interfacial behavior from the dynamic
surface tension technique — are correlated.

These studies have led to the following hypotheses: (1) the initial collision or
contact event between a protein and an interface is influenced, and even controlled,
by the external surface chemistry of the individual protein molecule. Although pro-
teins collide with the interface in a variety of different orientations, many, if not
most, of those collisions will be ineffective. Only those collisions in which the
protein presents a face or surface which leads to a significant adsorption free energy
will have the appropriate residence time to result in adsorption. (2) After the initial
collision event, the protein may conformationally adapt to its new environment.
Those proteins which are the least stable will have the greatest probability of confor-
mationally adapting or denaruring at the interface. Figure 1 [4]} qualitatively presents
four limiting cases for adsorption at the air-water interface: proteins which have a
high degree of surface hydrophobicity and are either hard, i.e. stable, or soft, i.e.
unstable, in solution; and proteins which have very little surface hydrophobicity and
are hard or soft in solution. This leads to four limiting classes of adsorption
behavior at the air-water interface, and probably at hydrophobic interfaces in
general. Proteins with high surface hydrophobicity result in a large decrease in
surface tension, even at very short times. Soft or unstable proteins denature at the
surface, thereby exposing their nonpoiar interior and resulting in a further decrease
in surface tension with time. (See ref. {4] for further explanation.)



Vroman effects, techniques, and philosophies 163

A i "e A

t f
Q
lh 2 3h 4h 5h

(dyn?;:s!cm]
(d y:.ll:sslcm)

lh 2h 3h 4h Sh .
Lt 1 iy, Time ] ] f I b Time
t
" inrial eq " nital 'eq
{2) High Effecrive Hydrophobicity (b) Low Effective Hydrophobicity
and High Stabiliry angd Low Stability

&

e ._ s
i ‘.’m'ﬁ- PRFET S i ':.,n::j

t t
‘\ initial eq
2 B | N
= 3
= 3 -3
= z
th Zh 3k 4h Sh ih 2 3h  4n 5
t, .. t t t
initdal eq initial eq
() High Effective 'HydmpH{’thiciry () Low Effecdive Hydrophobicity
and Low Stabiliry and High Stability

Figure 1. Conceptual illustration of the role of stability and effective hvdrophobicity in the reduction of
surface tension of small model proteins in high bulk concentrations at the air-water interface (taken from
ref. [4]) {see tex: for discussion).

These studies were done using model, small, single-domain proteins in the hope of
serving as a basis for application to larger, more complex multi-domain prozeins.
Such studies are now in progress [5].

COMPLEX INTERFACES

Classical surface chemistry assumes that its solid surfaces are homogeneous, rigid,
and immobile. Blood clearly suggests that Leo Vroman appreciated and understood

. why most biological interfaces are not rigid or immobile. He also treated the topic
in his scientific papers.

. blood flows over the soft bed of endothelial membrane molecules
that bend with the slightest atom wind too softly for protein molecules to
adhere. (Thromb. Res. 1, 437 (1572))
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.- the apparent simplicity of the interactions of plasma and
endothelial surfaces is maintained by the complexity of the substrate.
The complexity of the interaction of plasma and polymer surface is
caused by the simplicity of the substrate. Ann. N.Y. Acad. Sci. 516,
300 (1987))

Although we feel that the latter quotaticn has one or two decades to go before it
is fully appreciated, the biomaterial/biocompatability community has responded to
the need for an appreciation of the surface properties and surface nature of the
materials placed in contact with blood and blood proteins.

In Biood, Vroman clearly talked about the surface characteristics of different
adsorbants and chromatographic supports used for the purification of different
classes of plasma proteins. He was also clearly tuned to the dynamics of the
endothelium and of cell membranes in general. It was his demonstration that the
endothelium was hydrophilic which led one of us, many years ago, to begin to for-
mulate the interfacial free energy hypothesis, which provided a rationale for the
study and application of hydrogels as blood-contacting materials [6].

The dynamics of surfaces have really formed the basis of the current large interest
in polyethylene oxide surfaces as protein-resistant, or protein-repulsive, materials
[7]. One could even say, with the curremt interest and activity in block co-
polyurethanes, particularly the parts dealing with their dynamics and restructuring
in various environments [8} can at least be qgualitatively traced to the interface
dynamic concepts suggested in Blood.

COMPETITI¥VE ADSORPTION AND DESORFPTION — THE VROMAN EFFECTS

The development of specific antibodies as probes and detectors for adsorbed pro-
teins by Vroman and co-workers in the 1960s and 1970s confirmed his earlier obser-
vations and suspicions that blood protein adsorption involved a hierarchical series
of collision, adsorption, and exchange processes. These observations and concepts
were confirmed by Horbett [9], Brash and Ten Hove [10], and others, and came to
be known as ‘the Vroman effect’ [9,10}. The effect turned out to be a series of
effects which are now widely studied and the subject of this symposium, One of
those effects relates to competitive collision, adsorption, and exchange processes
dependent on concentration, diffusion coefficient, and adsorption affinity, This
Vroman effect is now reasonably well modeled, assuming rigid protein molecules
which do not denature. The problem of incorporating the denaturability of a
protein, and particularly of a complex multi-domain protein, into such multi-
component kinetic adsorption models has yet to be effectively formulated and
presented.

Our interest in the Vroman effect led to our application of a powerful, albeit
somewhat cumbersome and time-consuming, analytical method known as ‘two-
dimensional gel electrophoresis’. In Blood, Vroman clearly presented the concept of
electrophoresis as a means for protein separation and even identification. In the
chapter which he cleverly called *How We Play with Proteins’, he briefly presented
chromatography and electrophoresis: ‘But all never goes well with plasma. It con-
tains so many proteins that it would demand an impossibly sharp image to reveal all
its components.’ (p. 52). Twenty-five years later, protein separation techniques have
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indeed advanced and developed to the point where the individual components of
plasma can be separated, detected, and even quantified. Instruments and techniques
for high resolution two-dimensional gel electrophoresis became readily available
several years ago. We chose to apply the method to the study of the competitive
adsorption of plasma proteins using high surface area particies and a solution deple-
tion methodology. Until recently, our group had focused primarily on flat surfaces
of low surface area and on the use of radio-labeled and fluorescently labeled pro-
teins for our studies. But it was clear to us that the ability to see 50-100 different
plasma proteins, competitively interacting in real time withour labels or other poten-
tial artifacts, provided a seductive and powerful opportunity with which to study the
Vroman effect. With the kind assistance and tutelage of the Andersons, pioneers in
the development of two-dimensional gel electrophoresis [11}, and with the help of
Dennis Reader and Jess Edwards ar the National Institute for Standards and Tech-
nology, we have shown that this technique is indeed immensely powerful [12].
Although at this stage in its development it is only semi-quantitative, it does provide
a multi-parameter, multi-protein assessment of the Vroman effect. The work to date
has focused on heparin-binding proteins interacting with heparin-Sepharose par-
ticles and, more recently, on plasma proteins interacting with a set of polyether
urethanes [8]. The major advantage of, and problem with, the technique is the
immense volume of data generated. Since 50-100 different proteins can be detected,
it is virtually impossible to look at all of the proteins in every experiment. Although
all of the data are recorded and available, we have found it necessary to limit our
attention and analysis to only certain subsets of proteins, such as the heparin-
binding proteins [12] or those proteins which appear 10 be unusually depleted and,
therefore, active for the particular surfaces being studied. For example, in the case
of the polyurethanes, preliminary data suggest that three major proteins have par-
ticular affinities for polvether urethanes [8}: fibrinogen, lipoproteins, and
hemopexin, a protein with a strong homology with vitronectin, but which has been
little studied with respect 10 protein adsorpion.

COMPLEX PROTEINS AT INTERFACES

Now that methods are available for studying the competitive adsorption of complex
plasma proteins, we have become interested in attempting 1o develop mechanisms
and hypotheses for the interfacial activity of the individual plasma proteins. Since
each plasma protein is a unique molecular personality, and generally has an
unknown three-dimensional structure, it becomes necessary to use approximation
technigues to begin to assess the interfaciai activity of the individual proteins. Build-
ing on our limited success with model proteins at air-water interfaces, discussed
earlier, and on the rapid development over the last 10 years of the domain concept
of complex globular protein structures [13], we have begun to examine key plasma
proteins in terms of their individual domain building blocks and the potential intet-
facial activity of each individual building block. The analysis for albumin utilizes the
Brown model of the structure of albumin {14], coupled with an analysis of the low
resolution X-ray crystal structure which became available in 1989 [15]. Since the
three major domains of albumin vary significantly in terms of charge characteristics
as a function of the pH, it is possible to develop electrostatic models for the interac-
tion of albumin at various chargzed and uncharged surfaces as a function of the pH.
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Such models suggést hypotheses related to orientation and thickness of adsorbed
layers [5], which can be readily tested using existing literature data or through newly
designed experiments. The amphilicity of the helical structure of albumin also
suggests strong interactions of hydrophobic interfaces. One could even imagine
that adsorption at hydrophobic interfaces would not necessarily require a signi-
ficant change or decrease in alpha helical content because of the amphiphilic
nature of the helices and the tendency of the hydrophobic interface to partially
siabilize amphiphilic helices. Theses concepts and approaches have already been
presented in a preliminary way [3]. The availability of a refined structure for
albumin [16] now permits a detailed analysis of the charge distribution and
hydrophobic amino acid distribution of the molecule, and should allow the formu-
lation of specific and testable hypotheses. An analysis of fibrinogen from a domain
point of view is now In process. Although the three-dimensional structure of
fibrinogen is not available, domain-based models are known, and are sufficient
for at least a preliminary assessment of interfacial activity. A comparable situ-
ation is the case for IgG: its general domain structure and characteristics are well
known.

MULTI-PARAMETER PHENOMENA

Vroman clearly understood and predicted the complex multi-parameter nature of
plasma protein interfacial processes. In the 25 vear since Biood was written, it has
become possible to observe directly a number of the key variables simultanecusly
and in real iime using opticai and speciroscopy techniques which have become avail-
able in recent years.

Abour 10 vears ago, we chose to apply total internal reflection fluorescence
(TIRF) spectroscopy to study the kinetics of adsorption processes at low surface
area flat interfaces. Fluorescence is a useful technique because it also provides infor-
mation on the micro-environment of the fluor, which can be interpreted in terms of
its local conformation and structure,

Vroman is a master at developing simple means for the observation of complex
phenomena. A technique which stimulated a great deal of thinking and activity in
the interface community was the elegant convex lens on slide method, which was
developed to study surface to volume ratio effects in plasma protein adsorption [14].
The establishment of a surface to volume ratio gradient, and the ability to observe
the effects of such a continuous gradient on protein adsorption, was, we think, what
really led to the verification and acceptance of Vroman’s concepts on competitive
protein adserption and exchange. We think that this development helped lead the
blomaterials community to consider other possible gradients and multi-parameter
¢xperiments. The introduction by Elwing et @l. of surface compositional gradients
[17] thus received an enthusiastic acceptance by many parts of the biointerface
COMIMunity,

Our own group adopted Elwing’s methods and coupled them with total internal
reflection fluorescence and fluorescent labeling methods to permit the study of the
Vroman effect in the time range from seconds to minutes using surfaces with con-
tinuous surface property gradients. This work has led to the direct visualization of

adsorption and exchange processes, now commonly known as the Vroman effect
{Fig. 2).

o M Ay
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Figure 2. Three-dimensional presentation of fluorescein-labzled-IgG adsorption/desorption kinetics
onto a wertability gradient surface as measured by spatially resolved TIRF. Ths phosphate buffer solu-
tion contained 1gG (cq,5,=0.013 mg/ml} and two other unlabeled proteins: albumin and fiorinogen
(ciamy=0.041 mg/ml, ¢zpn =0.003 mg/ml). The adsorbed amount of 1gG is proporiional to the fiuor-
escence signal, Adsorprion of the labeled 12G is thus detected in the prasence of the unlabeled albumin
and fibrinogen — all three proteins are, of course, competing for the limhed number of binding sites.
Note that the fluorescence intensity in the center of the gradient (the wettability transition region) first
increases and then decreases, suggesting that 1gG adsorbs but is then replaced by albumin and/or
fibrinogen. This directly demonstrates the protein/surface/time dependence of competitive protein
adsorption, i.e. the Vroman effect (taken from ref. [18]).

DISCUSSION

In the past 25 years it has become possible to directly measure and present the
phenomena, the trends, and the images which have been in Leo Vroman’s mind for
over 25 vears. Although he was able to translate those images into sketches and car-
toons, the images and cartoons were treated by many as somewhat fanciful, and
perhaps even as fantasy. It is really only now, with 25 years of hindsight behind us,
and with techniques and equipment which permit those images to be derived from
actual experiments rather than mental constructs, that his ideas have become accept-
able to the general scientific community.

It is now safe to say that protein adsorption is, at least qualitatively, reasonably
well understood. In our opinion, the next big hurdle is a chemical one. Mest of our
models, theories, and interpretations assume that protein molecules are stable with
respect to their primary chemical bonds. Although we tolerate secondary bonding
changes, i.e. denaturation, we generally assume, implicitly, that changes in covalent
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bonds are not occurring. We can no longer tolerate such simplification and such
luxury. We all know that there are innumerable proteases and preproteases present
in plasma, many of which are activated by interfacial processes. Some of Leo
Vroman’s initial and early experiments with the ellipsometer dealt with protease
effects at interfaces. Protease-dependent enzyme cascade systems of blood coagula-
tion and protease-dependent systems of complement activation are well known, and
yet we generally ignore the protease effects and changes which are complicating our
ultra-simplified protein adsorption experiments and their interpretations. John
Brash, Leo Vroman, and -others have clearly shown that protease-dependent
cleavage and fragmentation of proteins does indeed occur. Given that we can
identify, or at least predict, the nature of the protease activity which may be present,
and knowing the amino acid sequence and structure of the proteins with which we
are dealing, we can predict the cleavage profile for virtually all of the proteins of
interest. The task now is to couple that information with our knowledge of
denaturation and stability at interfaces and t¢ begin to evolve a comprehensive and
global picture of plasma proteins at interfaces.

SCIENTIFIC COMMUNICATION AND EDUCATION

Part of the major success of Blood was its very effective use of analogy and
metaphor. This is clearly shown in most of Leo Vroman’s writings in both the
literary and the scientific literature. For example:

Introducing plasma to a relatively artificial surface the way we do is,
on a small scale, like using a pocketknife to section 1tissue, and then
peering at the knife for an image of what we cut. The simpler the knife,
the harder it is, and the sharper the false image of mnature it
creates. (Thromb. Res. 1, 437 (1972))

Facing a hail of miscellaneous eggs, we cannot expect to come away
clean. Unless they are hard-boiled ones, we are most likely t¢ become
coated rapidly with a relatively thin film of matter from the most
numerous and most fragile eggs. Similarly, no interfaces may exist that,
facing bload plasma, can escape being coated with the most abundant
and fragile plasma proteins. (J. Biomed, Mater. Res. 3, 43 (1969))

.. . Wherever the well trained scientist aims he must dive into detail 10
crash with his brain impaled on his pinpoint specialty. {(Thromb. Diath.
Haemorrh. Suppl. 42, 167 (1970))

Leo felt strongly that his experiments and results must be relevant to and relatable
to the general public:

Whenever I become so lost into the beauty of smaller and smaller
things that no one will tunnel behind me, I must stop and turn myself
around, and come back to the world. The day I come home unable to
explain to a child what I did, that day is lost, and that child has receded
from me.
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In this day and age when we are all very concerned with the scientific literacy of
the general population, and indeed even with the scientific population, it is
imperative that all of us attempt to effectively communicate the joys, rewards, and
achievements of science to our acquaintances, our children, our grandchildren, and
to the general community at large. It is only if ali scientists and technical people do
their part in communicating that we can expect the community at large to appreciate
and support our work, and, even more importantly, to be able to make intelligent
judgements and decisions regarding scientific and technological issues. Leo’s artistic
and literary skills, coupled with his exquisite scientific intuition and perspective,
have been very effective. Perhaps the greatest honor that we can bestow upon Leo
Vroman is our own commitment to attempt to emulat¢ him in some limited ways.

The following quotarion from one of his artistic colleagues may be appropriate:

So how do you go about teaching them something new? By mixing
what they know with what they don’t know. Then when they see in their
fog thev think, ‘Ah, [ know that,” and then it’s just one more step to,
‘Ah, 1 know the whole thing,” and their mind thrusts forward into the
unknown and they begin to recognize what they didn’t know before, and
they increase their powers of understanding. (Pi¢asso)

HAPPY BIRTHDAY, LEO!
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Needs, Problems, and Opportunities in Biomaterials

and Biocompatibility

J. D. Andrade

Department of Bioengineering, Center for Biopolymers at Interfaces, University of Utah, Salt Lake City, Utah,

USA

Abstract: There are four topics related to biomaterials and biocompatibility
which I feel are key problems, arc often unrecognized, and are therefore rich
opportunities for work in the near future: (i) the covalent instability of proteins.
(i) the concept of statistical specificity and statistical heterogeneity, (iii) the issue
of solid surface dynamics and surface relaxation, and (iv) the growing concern
with the costs of health care and of medical rescarch. Each is briefly discussed in

this paper.,

THE COVALENT INSTABILITY OF
PROTEINS

It is normally assumed in the treatments of protein
adsorption that proteins are stable with respect to
their covalent bonds (see Andrade et a/. and Norde
in this volume). It is of course well known to protein
chemists that proteins are not particularly stable,
but this instability has been largely ignored by the
biomaterials community. In addition to problems
with sulfhydryl and disulfide chemistries and the
general oxidation of proteins, there is the perhaps
even more ubiquitous and important issue of
protease effects at interfaces. The contact activation
system of blood coagulation and the complement
system largely consist of pro-enzymes, which are
activated to have various protease activities. These
proteases act on subsequent proteins leading to a
cascade behavior, resulting in coagulation or com-
plement activation. In the case of contact activation
it is interaction of selected proteins at an interface
that leads to protease activity and subsequent
activation steps. Thus it is reasonable to expect that
adsorbed proteins, particularly in studies involving
complex protein mixtures such as plasma or tears,
are likely to be modified by protease components of
the mixture or by pro-enzymes which have in turn
been activated by interfacial processes.

19

It is particularly surprising, for example, that in
electrophoretic studies of adsorbed proteins, which
have been eluted from surfaces by surfactant or
other means, the electrophoresis pattern shows a
high concentration of material in the 10-20
kilodalton range. This is exactly what one expects
from nonspecific protease cleavage of complex
proteins. In addition, adsorbed proteins, due to
conformational alterations imposed by the ad-
sorption process, may experience very different
protease susceptibilities from the same proteins in
their native conformation in solutions. Thus, not
only are proteins likely to be covalently altered at
interfaces, but the nature of that covalent alteration
may be very different from that of the same protein
exposed to the same enzyme in solution. The good
news, however, is that control studies of adsorbed
proteins exposed to protease enzymes, followed by
subsequent elution and analysis, should provide
unique information as to the conformational
changes in the adsorbed state (Fig. 1).

Surface oxidation and disulfide/sulfhydryl
changes may be particularly pronounced with
protein studies at air/water interfaces. Those inter-
ested in this area should look to protein food and
foam literature where such effects have been
considered in some detail. Biologically modified
material surfaces will of course also be suscep-
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Fig. 1. A schematic view of some protein interfacial processes. At the top is the now commonly accepted phenomenon of protein
adsorption, followed by conformational change (denaturation) in the adsorbed state. Below that is illustrated the phenomena of
protein absorption, or penetration, into certain polymer systems. This is of concern in the case of very high water content, loosely
crosslinked systems interacting with very small proteins, such as certain hydrogel contact lens material interacting with lysozyme and
other small proteins in the tears. The center panel shows the phenomena of polymer surface relaxation or denaturation, in response
to an adsorbed protein. If the polymer surface is particularly soft it may relax, flow, or otherwise adapt to the presence of the
adsorbed protein. We may say that the polymer surface now ‘denatures’ in response to the new protein microenvironment. This, of
course, could be a precursor to the absorption or penetration step illustrated just above. The bottom two panels refer to the chemical
changes that we have been discussing. First a protein in solution that is normally resistant to certain enzyme or protease attack may,
as a result of conformational changes imposed by the adsorption process, be susceptible to protease attack in the adsorbed state. Thus
an adsorbed protein may show decreased protease resistance. This of course can be used in a positive way by using various protease
cnzymes as probes of adsorbed proteins, and then examining the digest by electrophoresis and other techniques. The bottom panel
attempts to illustrate the activation of a pro-enzyme 1o an enzyme as a result of conformational changes imposed by the adsorption
process. The adsorbed enzyme is now protease active and can act on other proteins colliding with the surface, again to produce
protein fragments. This can also be turned around and used as a probe of the adsorption process by simply attempting to measure
the enzyme activity of adsorbed proteins.

tible to protein covalent chemical changes and an aqueous environment, the polar components
problems. tend to dominate, thereby minimizing the interfacial
free energy. The relaxation process can be rapid or
slow, depending on the intrinsic dynamics of the

SOLID SURFACE DYNAMICS AND polymer involved. Although this has not been

RELAXATION thoroughly studied, it is generally accepted that the

surface relaxation times will be of the same order as

It is now generally accepted and understood that the bulk relaxation times. Some of the bulk

polymer surfaces are dynamic and relax or change relaxation mechanisms that have been discussed

in response to a change in environmental conditions, include the glass transition temperature and the

particularly if the polymer is amphilic in nature, beta relaxation, which occurs in the vicinity of room
that is it contains both polar and nonpolar groups temperature in most methacrylate systems.

or components.* In equilibrium with air or vacuum, The subject of polymer dynamics and relaxation

the nonpolar components tend to dominate the is well treated in all basic polymer science and

interface, thereby minimizing the surface energy. In polymer materials textbooks. Although it is gen-
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erally understood that the same polymer exhibits a
different surface under water than it does in air,’
what is not generally understood is that it exhibits
still a different surface when in contact with protein.
This is illustrated in a schematic way in Fig. 2. In
the upper right we show a polymer with hydrophilic
side chains or side groups at the air interface. The
side groups tend to be buried inside the polymer,
thereby minimizing its surface free energy. When
exposed to water, the controlling thermodynamic
parameter is the interfacial free energy; thus the
polar groups tend to migrate to the interface,
thereby minimizing the interfacial free energy. This
is the part that is well understood and has been
reasonably well studied.

If a protein now contacts a surface, then of course
the principles of protein adsorption apply, and the
initial contact of protein is a function of the surface
chemistry of the polymer, equilibrated in water, and
the surface chemistry of the protein molecule. This
has already been discussed (see Andrade et al. in
this volume). However, once the protein has
adsorbed and makes contact, then of course the
protein has its own interface and its own dynamics,
and begins to conformationally adapt and denature
in response to its interfacial environment. For
example, in the bottom left illustration in Fig. 2 we
show the dark hydrophobic patches on the protein
surface. These hydrophobic patches now provide an
environment in many ways similar to the air

environment illustrated in the upper left. The
polymer now senses this more hydrophobic en-
vironment and begins to adapt its surface locally to
that environment. Thus, we may have regions of the
polymer surface in which the polar chains are
oriented outwards and other regions where they are
oriented inwards. Thus the adhesion mechanism
may be considerably different at various contact or
residence times. The initial adhesion in the early
stages of adsorption, as indicated in the bottom
center, may be very different from the long-term
adhesion in later stages of adsorption, indicated at
the bottom left.

The hypothesis, therefore, is that the surface
denatures or conformationally adapts in response
to the adsorbed or adsorbing proteins. This, of
course, has not been well studied. There is probably
some data in the chromatography. literature, but
there is very little in the biomaterials literature.

STATISTICAL SPECIFICITY

Although most polymer and protein adsorption is
considered to be nonspecific in nature and most
biochemical processes are considered to be highly
specific, it is clear that these are merely limits.
Biochemistry is indeed primarily based on func-
tional group matching, steric complementarity,
steric adjustment, and cooperativity. This leads to
association constants that are quite high and
interactions that are highly specific.

Nonspecific binding or adsorption of proteins
and polymers generally occurs with low binding
energies per segment. The large number of segments
or contact point leads to very high binding energies
but relatively low specificity.

Figure 3 attempts to illustrate how a family of
more or less random synthetic polymers can contain
individuals that can combine with high specificity to
biomolecules. This merely has to do with the
statistical placement of groups involved in the
binding process. This can be called the ‘Jacqueline
and Marcel effect’, in honor of the Jozefowicz’s and
their coworkers who have demonstrated such
behavior with modified polystyrene systems.?

Let us assume that the biomolecule, perhaps
heparin which binds through its anionic groups to
cationic groups, requires a certain minimal number
and appropriate placement of sites for effective
binding. Using affinity chromatography with an
immobilized heparin column, one could clearly
select for those components of the polymer mixture
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Fig. 3. Schematic illustration of the concepts of biochemical
and btdtlbtlcal specificity. The upper panel demonstrates the
typical view of biochemical specificity, which is based on
functional group complementarity and matching, steric comple-

Ligand with Binding Groups:

mentarity, steric adjustment, and cooperativity. The statistical

specificity approach is shown on the lower panel. Here we see
five different synthctic polymer molecules which have been
statistically or randomly derivitized, shown by the circles. The
functional groups are shown at different concentrations and at
different regions of the molecule. The polymer molecule is itself
shown in a number of different conformations. One must now
imagine how such a statistical distribution of conformations
and arrangement of functional groups will interact with a
particular ligand, illustrated at the far right. Simply make a
transparency of that ligand and play with it on this particular
figure and you will see how certain orientations and combin-
ations should lead to specific and strong binding, whereas most
of the orientations and interactions will lead to weak and
relatively nonspecific binding.

which indeed do bind to heparin with a particular
binding constant or binding strength. That subset
of the population could then be said to ‘specifically’
interact with heparin, whereas those polymers
whose statistical placement of cationic groups is
different would not bind or would bind much less.
They would then be said to not bind or to bind
nonspecifically.

Clearly the random nature of synthetic polymers
would lead to a binding constant distribution
function and one could define high binding, low
binding, specific binding, etc., with respect to the
nature of the distribution function. This approach
helps explain the specificity observed with the

sulfonated polystyrenes and related polymers de-
veloped by the Jozefowicz’s and their coworkers,?
and should be readily modeled using standard
statistical synthetic polymer concepts. This concept
is well developed in biochemistry and indeed has
been used to model the specificity and cross-
reactivity of antibodies.?

ETHICS AND THE COSTS OF HEALTH
CARE

The costs of health care appear to be rising in most
parts of the developed world, from a low about 6 %
of gross national product in Britain to about 12 %
in the United States. Most of Europe is somewhere
in between. There are major driving forces, par-
ticularly in the United States, to reduce the costs of
health care. This is already starting to lead to
changes in research and development funding
priorities. One can expect that in the near future all
research proposals in the biomaterials and bio-
engineering areas will require a justification in terms
of their potential impact on decreasing, or at least
evidence that their successful implementation will
not increase, the costs of health care; that is
proposals will have to contain a cost-benefit
analysis.

We should begin asking the question: ‘How can
biomaterials and bioengineering research and de-
velopment be used to decrease the costs of the more
expensive procedures?” We can also expect that
there will be an increased emphasis on prevention
and cures rather than on device-related treatments.

The increasing concern with animal experimen-
tation will also lead to an increased emphasis on
modeling, simulation, hypothesis formulation, and
general full and effective use of existing information
before proceeding with animal experimentation.
There are many instances in modern biomaterials
research where the investigators are not fully aware
of relevant work which preceded their interest or
activity in the area; that is “many people do not do
their homework’. This is of course difficult in our
field because of its broad and interdisciplinary
nature, but it is essential that we make effective use
of all existing information. Ignorance of the
literature will be no excuse.

There has also been the tendency to approach
problems in a ‘shotgun’ fashion, that is to simply
try a wide variety of approaches and mix up a large
number of variables, rather than to think through
the problem. Such an approach is no longer
tolerable and, indeed, from a cost-benefit analysis
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point of view can be considered completely ineffec-
tive and possibly even unethical. At least qualitative
modeling and simulation must be done in order to
formulate testable hypotheses and thereby design
efficient experiments.

There is also a tendency in many quarters to
argue that one cannot begin to appreciate the
literature outside one’s own speciality and that
therefore there is a right, or even an obligation, to
ignore it. This is, and will become increasingly,
intolerable. If the investigator chooses not to make
the commitment to learn the appropriate literature,
collaborators must be found in those allied fields
who will, by working together, make full and
effective use of the existing information and of the
resources available.

The increasing concern with bioethics, with the
minimization of animal and human experimen-
tation, and the drive to reduce the cost of research
and development and of health care in general, will
make it essential that research and development
proposals in biomaterials and bioengineering con-
sider these points. There is certainly going to be
increased emphasis on modeling and simulation, on

hypothesis formulation, on in-vitro testing, and on
the increased use of cell culture and simple
organisms in lieu of more complex animal and
human experimentation (see Harmand in this
volume).
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Abstract - We have previously shown that the adsorption of model proteins at model
interfaces can be quantitatively understood via a careful consideration of the proteins' three
dimensional structure and its stability. Using computer molecwlar graphics, dynamic surface
tension, fluorescence probes and labels, and solution denaturation data, we can relate the
chemical and structural properties of proteins to their interface behavior. We have devsioped
a novel means 10 present these data and correlations in a simple radial plot (the "Tatra® plot).
We are now extending these approaches to complex multi-domain proteins. Albumin
consists of three large domains with differences in electrostatic nature, charge-pH
characteristics, and denaturability. The interfacial activity of albumin is due, at leastin part, to
the interfacial activity of ils constituent domains. Consideration of the structure and interfacial
activity of the various domains permits new and more pracise hypotheses to be developed,
with which new and better experiments can be designed. Such hypotheses allow one to
evaluate and compare adsorption data, including kinelics and isotherms, adsorbed layer
thickness, refractive index, multilayer formation, etc. We feel strongly that each different
protein is a unique moiscular personality, which must be understood and considered if we
are to more fuily understand and apply the interfacial behavior of complex proteins.
Expanded treatments of these topics are available in References 1-4.

PRINCIPLES OF PROTEIN ADSORPTION

The principles of protein adsorption have been presented in a number of monographs, review
papers, and conference proceedings [1-8).

The arrival of protein at the interface is assumed to be driven solely by diffusion processes, which
are dependent on bulk concentration and diffusion coefficient. That results in a coliision frequency
[9). The particular surface chemistry of the protein and of the surface dictates the residence time
due to the initial interaction energy. The surface dynamics, or denaturakbility, of the protein itself,
together with the residence time, probably controls the surface denaturability of the protein. The
protein tends to denature with time at the interface. With increasing residence time, denaturation
reaches a maximum. With increasing denaturation, the interaction energy in the adsorbed state is
increased, and the probability for desorption, or the rate of desorption, is decreased.

The reality of the process of course is that proteins are not homogeneous particles. Not all
collisions are equally effective in adsorption, and different protein "surfaces,” or faces, result in
different interaction energies with the protein, and therefore different tendencies for surface
denaturation. We attempt to iliustrate this in Figure 1, in which the protein is shown as having four
*faces:" a hydrophobic face, a positively charged face, a negatively charged face, and a neutral
hydrophilic face. Although alt collisions are equally probable, it is only those collisions which result
in interaction energies in the range of kT which will provide the residence times necessary for
subsequent interfacial processes to occur. Protein adsorption on neutral hydrophilic surfaces, for
example, tends to be relatively weak, whereas adsorption of proteins on hydrophobic surfaces
tends to be very strong and ofien partiafly irreversible. Adsorption on charged surfaces tends to be
a strong function of the charge charactar of the protein, the pH of the medium, and the ionic strength
[8].

1777
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Figure 1. A schematic view of four-sided "protein,” with one face baing hydrophobic, one face being
negatively charged, one face positivaly charged, and one face of nautral hydrophilic character,
shown intaracting with surfaces ol comparable character. In the case of a neutral hydrophilic
polymer surface, one would expact weak or little adsorption, wheraas in the case of a hydrophobic
polymer one would expect strong adsorption via the crientation shown. In the case of charged
surtaces, one would axpect moderata or variable adsorption, dapending on the electrostatic
nature of the interaction, a function of the ionic strength and pH of the solution, charge density,
charge location, etc. (from Ref. 1),

In order 1o pradict the initial contact event, or the orientation of adsorbed protein which would Jead to
the maximum interaction, we need to know something about the external surface chemistry ot the
proteins themselves. This is a simple problem for proteins whose three dimensional structures are
well known, such as insulin, myoglobin, and lysozyme. In these cases the X-ray crystallographic
coordinates of the protein are readily available, and can be displayed on a computier sereen. One
can very easily visualize the different faces or surfaces of the protein with respect to their
hydrophobic, charge, and neutral hydrophilic character and readily formulate hypotheses as to their
possible surtace interaction [10,11].

We have studied a matrix of model proteins at airwater interfaces by dynamic surface tension
technigques [13). Our goal was 1o coirelate the three-dimensional and surface structure of the
protein in solution, its initial adsorption at air/water interfaces (determined by dynamic surface
tension methods), its stability or denaturability in solution, and its tendency to denature upon long
term contact at the air/water interface (again using dynamic surface tension). Denaturability was
assessed by calorimetry and by urea and guanidinium chloride perturbation deduced by
fluorescence changes. The surface chemical nature of the protein was assessed by examination of
its external surface chemistry using molecular graphics and by the use of fluorescent probe titration.
A relative, effactive surface hydrophobicity (ESH) parameter was then deduced [11,12).

After consideration of a wide range of parameters, we selected twelve variabies and began o
qualitatively examine the correlations between them using radial axes with the axes arranged and
scaled s0 as to emphasize and even exaggerate ¢orrelations among the various parameters. We
call this multi-parameter radial piot a "Tatra Plot" [11].

Figure 2 presents the Tatra Plot for superoxide dismutase, a highly stable protein whose surface is
extremely hydrophylic and thus exhibits little surface activity at the air/water interface. The upper left
quadrant depicts protein surface hydrophobicity. The lower left quadrant depicts the stability of the
protein. The upper right reflects surface activity, We are still experimanting with the variables, their
placement, and their scaling, and the Tatra Plot is far from being completed or optimized at this time.
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Figure 2. The Tatra Plot, Tatra parameters, and the data for superaxide dismutase and ribonuclease
{dotted linas). Axes 1-5 are stability or stability related parameters. Axes 7-9 are parameters of
sffective surface hydrophobicity or related to it. Axes 10-12 are steady state surface activity. The
directions for all axes, excapt for 3 and 7, are increasingly outward. It is clear that supsroxide
dismutase is a very stabls, hydrophilic and relatively non-surface active protfein {irom Reference
11).

Figure 2 also gives comparable data for ribonuclease. It is less stable than superoxide dismutase,
as indicated by the partial collapse of the points in the lower right quadrant; ribonuclease has
slightly tess surface hydrophiobicity and less surface stability.

The proteins studied 1o date fall into three different categories in terms of their structure, function,
and surface activity refationships [11].

Given the apparent success of the multi-variate Tatra Plot approach to correlating the behavior of
model proteins at airfwater interfaces, we are now extending the approach to the solidliquid
interface [1]. We have taken a limited set of parameters and used them to develop a preliminary
Tatra Plot representation for model protein adsorption on polystyrene lattices, using the data of
Norde and co-workers [8,13].
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In the airwater interface case, hydrophobic interactions are believed to dominate the adsorption
behavior and this is clearly reflected in the strong correlation with the hydrophobic surface character
of the protein. In the case of charged surfaces electrostatics plays a major role, and this is strongly
reflected in the shape of these preliminary Tatra Plots. Hydrophobic interactions aiso play a major
role

We are still in the process of optimizing the Tatra Plot representation for solidfliquid interfaces [14).

COMPLEX PROTEINS

What do these concepts and results have to do with the more practical problem of the
behavior of complex plasma and tear proteins at biomaterials surfaces? We fesl strongly that the
way 10 understand the behavior of a complex protein is to look at its various structural domain
building blocks. In the last 10 years it has become evident in structural biochemistry that, although
each protein is a unique and distinct molecular machine and molecular personality, proteins can be
considered as constructed of a multiplicity of smaller domain subunits. For example, in the case of
coagulation proteins, functional and structural domains include heparin binding domains, growth
factor domains, kringle sequences, carboxy-giutamic acid-rich calcium binding domains, and
others. Fibrinogen is an excellent example. High sensitivity calorimetry studies of fibrinogen and of
its protease derived fragments suggest 12 domains in the fibrinogen molecule with denaturation
temperatures of 45°, 55°, 80°, and 100° C [15). We are only now beginning t o analyze fibrinogen in
terms of its domain structure, with the hope of beginning to understand its behavior at solidfiiquid
interfaces. Fibronectin is another example. It has at least 20 calorimetrically identified domains
[16], and it is likely that its complex adsorption behavior will be partially understood through a
domain approach,

The optimistic view is perhaps best described by Chothia [17]: "The apparently complex structure of
proteins is in fact governed by a set of relatively simple principles. Individual proteins arise from
particular combinations of and variations on these principles. An analogous situation is found in
linguistics, where a set of simple grammatical rules govern the generation of different , and
sometimes complex, sentences." Others have suggested a protein structural linguistics [18).

We have attempted to apply some of these concepts to the analysis of the interfacial behavior of
aibumin [19]. Albumin is perhaps the simplest of the multi-domain proteins with which to initiate this
analysis. Itis a major component of blood plasma; it has no bound carbohydrate; it consists of
three, roughly 20 kilodaiton domaing; it is high in alphahelix content, high in disulfide cross-link
content. It has a high degree of alpha-heiicity and is somewhat myogiobin-like; it binds a variety of
ligands, including fatty acids and calcium. The crystal structure, refined to the four angstrom level,
for human albumin is now available [20].

We have taken the three domain model of albumin and done a very preliminary analysis from an
electrostatic peint of view. A computerized simulated titration of the three domains as a function of
pH, and a simple analysis of the possible electrostatic behavior of those domains at various
interfaces, allowed us to begin to formulate a number of hypotheses regarding the possible
interfacial activity of albumin. These hypotheses now allow us to probe into the voluminous albumin
adsorption literature and try to begin to make sense of that enormous data base. The analysis is
continuing.

It is clear that a domain approach to protein adsorption and immobilization helps to greatly simplify
the apparent complexity of the process. In fact, we have been quite successful in applying these
concepts to a variety of problems involving the covalent immobilization of antibodies for biosensor
and related applications [21).

SUMMARY

We feel that the adsorption of simple proteins at simple interfaces is qualitatively understood. This
understanding is being extended to the bshavior of complex proteins, even at complex solid
interfaces, by the careful consideration of domains, domain properties, patchiness of the surface,
and domain-patch interactions. In fact, this can be used to develop the concept of statistical
specificity of surface interactions [2]. The various domains of complex proteins and the various
domains and patches on complex surfaces each have their own surface activity and "denaturability”
which must be characterized and incorporated in the analysis.
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We must also note that surtaces which greatly decrease adsorption and may even be resistant to
protein interactions are becoming available. Models and simulations, as well as experimental
results of protein interactions with PEO surfaces, suggest that such surfaces do indeed work, and
can be further oplimized and enhanced for biomaterials and related applications {22-24].

We must algo note that the new technigue of scanning force microscopy shows potential not only in
the direct imaging of proteins and complex biomaterial surtaces, but, perhaps even more
importantly, in the manipuiation, processing, and fabrication of protein intertaces [25,26].
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10. Immuno-Biosensors:
The Clinical Chemistry and Coagulation
Laboratory on a Chip

Joseph D. Andrade, Jinn-Nan Lin, Vladimir Hlady, and James Herron

INTRODUCTION AND BACKGROUND

The 21st century is only 9 years away. Many of our preliminary ideas and experiments
today will be commercial products by the beginning of the 21st century. Japan has a national
program in Bioelectronics and Biochips [1]. Some of the first medical products using bioelec-
tronics/ biochip concepts will be biosensors [2—5]. Biosensors have the potental of replacing
and enhancing many of the tests and functions now provided by clinical chemistry and coagu-
lation laboratories. Virtually any clinical chemistry test can, in principle, by transferred to a
chip. A chip here means any small, integrated device with high reliability. The integrated minia-
ture clinical chemistry laboratory could include micro electron-mechanical, optical, and biochem-
al systems, or MEMOBS for short.

There are two fundamentally different objectives and directions in the miniature clinical
chemistry field: 1) the development of simple, easy to use methods and devices for the quan-
titative and specific assay of clinical chemistries in individual blood, urine, or tear samples;
this approach is often called a single or “‘one-shot” measurement device; and 2) the develop-
ment of remote biosensors suitable for continuous monitoring and perhaps for feedback con-
trol of artificial organs and/or drug delivery devices [5]. :

The “one-shot’’ device is analogous to the present day clinical laboratory, where a patient
sample is measured for various analytes of interest. The remote, continuous device—a true
sensor—is analogous to an on-line pH or pO: electrode, which can respond continuously—
und remotely—to a change in analyte concentration.

Just as the development of immunoassays revolutionized clinical chemistry, the develop-
ment of immunosensors will revolutionize immunoassay. The increasing sensitivity of multi-
monoclonal antibody based immunoassay makes it possible to perform highly sensitive meas-
urements with small sample volumes. It is possible to do a number of different immunoassays
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with a small volume of serum or plasma. The techniques and methods being developed to produce
one-shot *“sensors” for single analytes can be readily combined and multiplexed to provide many
different analyte sensors or channels on a single device. One can envision, for example, a liver
function chip—or 2 thyroid function chip—which would measure all of the biochemistries needed
for a clinical chemistry assessment of liver or thyroid function. One can even imagine 100 or
more channels—the only real limitation is the total sample volume required and the individual
channel or analyte sensitivities needed.

A problem is how to display and utilize multiple channels of biochemical information [6].
Specialized clinical chemistries are expensive, so they are generally used to confirm diagnosis.
The availability of many different clinical chemistries will allow chemistry-assisted diagnosis,
as well as the confirmation of diagnosis. Multi-channel analyte date will also permit physicians
to more completely and quantitatively assess the effect of their treatments and therapies.

The development of one-shot, miniature automated biochemical measurement systems
is relatively straight forward. What is required is a sufficiently long range and appropriately
funded effort.

A more difficult problem is the development and practical application of truly remote and
continuous biosensors—that has been the goal of our group [5] (Figure 10-1).

An animal or patient is shown, which could also represent a bioreactor or biochemical reactor
(Figure 10-1). An extracorporeal loop is shown, for example, the extracorporeal blood pathway
in hemodialysis or cardiopulmonary bypass during open-heart surgery. A connector is shown
in that loop which contains a multi-channel immunosensor. OQutputs of the various channels
are appropriately reference, ratioed, and otherwise processed to permit the quantitative analy-
sis of the analytes of interest. The output is shown on a continuous or semi-continuous plot
of analyte concentration as a function of time,

Extracorporeal
device

e

/ Multichannel
sensor -
continuous and
remote

AL LTV ITTSTFTT

Sensor

output ’ : e . :
Fig. 10-1. An animal or patient is shown, which could

also represent a bioreactor or biochemical reactor. An ex-

tracorporeal loop is shown, for example the extracorporeal

blood pathway in hemodialysis or cardiopulmonary bypass

during open-heart surgery. A connector is shown in that

[Conc] loop which contains a multi-channel immunosensor. Qut-

puts of the various channels are appropriately referenced,

rationed, and otherwise processed to permit the quantita-

$ f tive analysis of the analytes of interest. The output is shown

on a continuous ot semi-continuous plot of analyte con-
centration as a function of time.
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Application areas include:
1. Biochemical engineering and biotechnology, primarily for process control:
2. Medical diagnostics;
3. Extracorporeal device monitoring and control (Figure 10-1);
4. Implanted device monitoring and control;
5. Biomedical research, such as the monitoring of analyte concentrations in experimental
animals and in cell cultures:
6. Water and waste-water monitoring of environmental pollutants and contaminants.
Our approach is based largely on immunoassay; thus, we are interested in applying these:
sensors to the assay of the following general classes of antigens/haptens: ‘
1. Coagulation proteins
. Complement proteins
. Antibody levels
. Lipoproteins
. Enzymes
. Enzyme inhibitors
. Hormones
. Growth factors and regulators
. Drugs
. Viruses and bacteria
Coagulation proteins are our current applications focus.
Most of our work is based on the use of antibody or antigen immobilized on a quartz or
smorphous silica surface [7]. Silica is used because of its optical properties, specifically its high
~“active index, which permits one to use total internal reflection optics. The interfacially bound
cvanescent wave is the means to excite fluorescence on the solution side of the solid liquid in-
terface without exciting bulk fluorescence in the solution phase [8].
More recently we have been working with multi-channel detection primarily through the

S S A

COND 0O ~1 Gy s

—

;, use of a two-dimensional CCD (charged coupled device) camera [9]. We have demonstrated
i that various channels, i.e., different spatially distinct regions of immobilized antibody, can be
; readily detected. b s

ANTIGEN-ANTIBODY BINDING

The sensitivity and specificity of an immunosensor is based on the sensitivity and specifici-
ty of the interaction of specific antibodies with a particular antigen.

Figure 10-2 presents the basic antibody antigen equilibrium equation and the plot based
' on the assumed reversibility of these interactions. The plot shows antigen binding as a function
F of antigen concentration. The dynamic range of an immunoassay or immunosensor is usually
considered to be roughly from 10 to 90 % saturation of the antibody used or about two orders
‘ of magnitude in antigen concentrations [10]. If one wishes to sense 2 much wider range of con-
<trrations, then two or more antibody channels are required, each with a different antibody
.. the appropriate binding constant.

In the case of a multi-epitope antigen it may be desirable to use an array of channels,
¢ach containing a different monoclonal antibody. In this way, the dynamic range could be en-
: hanced and discrimination against nonspecific binding could be improved as well.

Although we have done some work with antibodies against prothrombin, antithrombin
1L, and albumin, most of our work has been with a model system of anti-fluoroscein monoclonal
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when Ko ~ 1/[Ag], Ab sites are ~ 50 % saturated. Range of immunoassay is usually defined as:

0.1 A 10
< o
X, [Ag] K,

i.e. 10 to 90 % saturation results in two orders of magnitude range for [Ag].

antibodies developed by Voss and coworkers at the University of Illinois [11]. The binding ther- ¥
modynamics of this system have been studied and presented by Herron et al. [12]. The overall |
association constant as a function of temperature for three different anti-fluoroscein monoclonal®
is well known [12]. The overall association constant can vary by up to two orders of magnitude
over a temperature range of some 40 to 50 degrees centigrade. It was this behavior that led
to the concepr of the thermal regulation of antigen antibody binding which our group has been
studying [10].

The binding kinetics for five of the anti-fluoroscein monoclonals have been determined
[12]. The overall association constants range from 5 X 107 to 3 X 100 moles 1. Although
the association rate constant is relatively constant (of the order of 5 X 10), the dissociation
constant or its reciprocal, the dissociation lifetime, varies by a factor of 500. Therefore, the overall
association constant of an antigen-antibody complex can be governed almost entirely by the
dissociation rate constant. The dissociation lifetime is the response time of an immunosensor
as it attempts to respond to changes in circulating analyte concentration. Therefore, for the
development of a truly reverssible, continuous immunosensor, the dissociation life time issue
has to be addressed and considered [8, 10].

Figure 10-3 presents the dissociation lifetime data for one of the antibodies, the 4-4-20
clone, as a function of temperature. Here one can readily see thar the response time of a sensor
can be improved by an order of magnitude with a 20 degree change in local temperature.

This discussion of antigen/antibody binding, however, has used dara taken in bulk solu-
tion. Under those conditions antigen/antibody interactions are reversible. However. the situa- 2
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Fig. 10-3. The dissociation lifetime (on the left) for the 4-4-20 antifluorescyl monoclonal antibody as a func-
cion of temperatures. Log K, data is given on the right axis. Note that K, decreases an order of magnitude with
+ 20° increase in temperature (from Ref. 12).

tion may change significantly when one of the components in the binding reaction is immobilized
at a solid liquid interface. We will next discuss the question of antibody immobilization fol-
lowed by the issue of the reversibility of antibody/antigen interactions at interfaces.

ANTIBODY IMMOBILIZATION

A wide range of immobilization methods has been developed and applied [5]. In our case
the reactions are constrained by the fact that we need to immobilize at an interface which is
optically compatible with the total internal reflection/evanescent wave optical separation method
previously described [8, 9]. In addition to the derailed immobilization chemistry, it is impor-
tant to consider the collision and adsorption of the antibody to the interface, a precursor step
to the covalent chemistry employed in the immobilization process [13].

Immunoglobulins are highly complex proteins with a variety of distinct functional and
structural domains. There are hinge regions and switch regions, the function of which might
- oend on the local micro-environment and mode or mechanism of adsorption and immobili-

<ztion. These regions, in turn,may affect the binding constant of the active site in ways which
are not fully understood at present. Intentionally denaturing IgG prior to its adsorption at a
solid/liquid interface [13] can result in a significant increase in the surface antigen binding
capacity. Lin, et al. demonstrated that it is possible to engineer the immobilization of antibod-
ies to optimize their properties at the interface by control of their structure in solution [13].
This work is continuing with a detailed investigation of the solution, denaturation, and struc-
tural characteristics of model antibodies in the hopes of optimizing means to adsorb and then
immobilize these molecules with enhanced antigen binding characteristics.

ANTIGEN/ANTIBODY REVERSIBILITY

A true immunosensor requires that the sensor respond to changes in the circulating ana-
lyte concentration. Most “‘sensors”’ developed to date are not true sensors but rather are detec-
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tors. They are designed to measure the analyte concentration and then either are discarded or
regenerated by some process. i

Our goal is to develop immunosensors which are inherently reversible and can continuous-
ly sense circulating analyte concentration. The problem is illustrated briefly in Figure 10-4. The
bottom half basically demonstrates immobilized antibody interacting with its antigen and shows
that although the on-rates in the bulk solution and interface case may be similar, the off-rate
constant is much smaller in the case of immobilized antibody, meaning that the dissociation
lifetime is much longer, which means then that the response of the sensor is very slow. The
question is why?

This issue has been addressed briefly by others [14] and more completely by Lin, et al.
in a recent paper which presents six possible reasons for the observation of partial irreversibility
in immobilized antibody systems [7]:

1. Diffusion and mass transport effects.
2. The immobilized antibody is in a different conformation than the antibody in solution,
thus influencing the nature of the antibody/antigen interaction.
Antibody/antibody lateral interactions.
Change in solution micro-environment.
Non-spectfic adsorption.
Multi-valent binding.
All six of the above hypotheses and mechanisms are operable, some more so than others,
in a particular experimental situation. It will be very difficult to isolate and sort out the in-

dividual components responsible for the irreversibility of antigen/antibody interactions at in-
terfaces.

[ L, TN SR G X

OTHER ISSUES

A truly remote fluoro-immunosensor will require some means to deliver fluorescently la-
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beled antigen, as the basic principle of such a sensor is that a fluorescently labeled antigen com-
petes with unlabeled circulating antigen for the finite numb_er of antibody binding sites. We
have previously described a number of approaches to solve this problem. Those studies are on-
going [15]. _

Earlier it was noted that it might be possible to regulate the antigen/antibody binding
constant by changes in temperature or even by other means. We have performed a number
ot studies along these lines. However, it is necessary to immobilize antibody by means that
permit the reversibility of the antibody/antigen interaction before one can expect to regulate
the nature of the binding constant. Our studies on binding constant regulation are continuing,
based on the assumption that we will indeed develop methods to sole the “irreversibility” problem
described above.

Non-specific binding is a problem which must be minimized. Although certain aspects
of the problem can be overcome by the use of appropriate reference channels, it is clearly desirable
to minimize the problem as much as possible. In our case, this is done through the use of poly-
ethylene oxide as a “‘protein-repulsive” coating to minimize protein adsorption. This has been
‘iscussed extensively elsewhere [16]. We are also developing methods to immobilize antibody
through the use of polyethylene oxide tethers or spacers in the hopes of minimizing non-specific
adsorption to the spacer or to the chemical linkage itself.

Finally, there may be another problem with the development of truly remote sensors based
on immobilized antibodies, particularly in blood and related environments. Blood is known
to contain a vatiety of protease pro-enzymes, which can becon:e activated under appropriate
conditions to produce proteolytic activity. If protease activity is generated locally at the surface
of an immunosensor, perhaps due to non-specific binding of coagulation or complement pro-
reins, and if such proteases attack the immobilized antibody, then the sensor surface will de-
~-nerate with time and will eventually cease to function. That is one of the reasons why it is
so important to build multi-channel devices with the appropriate calbration and reference channels
to account for decrease or change in immobilized antibody concentration or activity. It is also
why the non-specific adsorption problem is so important to eliminate and not simply to refer-
ence or calibrate out as noted earlier. If we minimize the non-specific adsorption of all proteins
then we also minimize the possibility of interfacially induced protease activation. Again, our
approach to this problem is through the polyethylene oxide surface approach [16]. Studies on
the stability of immobilized antibodies are only now being initiated in our laboratory.

CONCLUSIONS

The development of truly remote, continuous, high sensitivity and specific immunosen-
sors, capable of functioning remotely in blood or in other biological environments,is still in
its early stages. There are a number of important technologies which must be developed. As
the work progresses, one can envision the development and eventual production of multichan-
nel biosensors based on microintegrated devices incorporating biochemical, optical and even
electronic functions.
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Artificial Heart:

The Development of Biomation in the 21st Century

Editor: Yukiyasu Sezai, M.D. FACS.

Published by W. B. Saunders Company, Harcourt Brace Jovanovich, Inc. Philadelphia.

Copyright by Nihon University, 1992. $120.00
by Elaine Duncan

The attractive cover of this book beckons the die-hard
artificial heart “‘groupie’’. “‘Buy Me!"’, it cries. A book this
pretty must have the very latest information on artificial
hearts, right? Well, not exactly.

“‘As part of the events marking the centenary of Nihon
University, an international symposium was held on The
Artificial Heart-Biomation in the 21st Century.” This book
is a compendium of the papers by the participants in the
symposium. It strives to include a medical anthropological
point of view and the role and contribution of the artificial
heart to the humanity, as well as ethical aspects of the
technological revolution of “biomation.”” This goal was
intriguing and unique.

There are sixty-four chapters in the book, contributed by
world-wide authors from universities, companies and
consortiums from around the globe. For this reason alone
it is shocking to see how many photographs in the book
appear to be Jarvik-clones (such as the Thomas 60).
Artificial heart “‘success’’ is repeatedly measured by
survival times of animals in days.
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The chapter by the Pierce group at Pennsylvania State
University presented their original work on the electrical
heart assist device, but at the time of this book, only
sketches of human implant locations could be provided.
The steam artificial heart from Russia certainly seemed
interesting, but the technical discussion was scanty.

This is a continuing difficulty with books generated by
symposia. By the time the hard-cover is published, the
information is dated. Worse, the papers cannot be
adequately critiqued and so the authors may produce any
information that they choose.

One of the most ironic statements in the book was the
conclusion offered in “The Total Artificial Heart — A
subjective view from Berlin”, by Dr. Klaus Affeld. He
stated, ** After many years of development of the artificial
heart, a light is finally visible at the end of the tunnel, the
reasans for this is that the basics of heart replacement
and heart assists are understood and that the tools for the
design of these devices are developed.” Oh really?

The book has merit, don't misunderstand. In fact, some-
one went to a great deal of work to get these authors to
return their manuscripts and photographs. This book is a
lasting tribute to the extremely hard work of all of these
scientists and engineers. What seems amazing, reading
through chapter after chapter is that with all of this work,
worldwide, why is there yet no total artificial heart on the
market in the U.S.?

Simple answers are hard to come by, but it seems that
eventually one program will succeed. When it does, this
book will have collector’s value, as well as merit as a
general reference text.

The least interesting chapters deal with the “clinical
experience’’ of use of the hearts in different countries.
The statistics are numbing and have little appeal to the
technologist. There is little or no discussion of the
biomaterials testing conducted for these various devices
and there is only meager emphasis on design
qualification. The promised ethical and anthropological
assessment of the artificial heart was not delivered.

(Continued on page 17)
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Proteins at Interfaces: Principles, Multivariate
Aspects, Protein Resistant Surfaces, and Direct
Imaging and Manipulation of Adsorbed Proteins

J. D. Andrade, V. Hlady, A-P. Wei, C-H. Ho, A. S. Lea, S. L. Jeon, Y. S. Lin
& E. Stroup

Department of Bioengineering, Center for Biopolymers at Interfaces, University of Utah, Salt Lake City,
Utah, USA

Abstract. The principles of protein adsorption are briefly reviewed with emphasis
on model proteins at model interfaces. Using a data set for protein behavior at the
air/water interface, a multi-variate, multi-axes treatment of protein adsorption
behavior is developed: the Tatra plot. By the careful placement and scaling of
radial axes, representing 12 protein, surface, and interface parameters, one can
begin to deduce various correlations between these parameters. The correlations
are then used to formulate hypotheses with which to design additional
experiments. The treatment is extended to the solid/liquid interface using data
available in the literature for model proteins on model solid surfaces. We then
present brief discussion of the extension of the technique to more complex
surfaces, including means to parameterize solid/liquid interfacial properties,
before proceeding to more complex proteins based on a structural domain
approach to protein structure and function. A preliminary analysis employing
albumin is briefly presented. We move on to protein resistant surfaces based on
polyethylene oxide and present a rationale for the properties and behavior of
such interfaces, including a preliminary theoretical model which may be useful for
the design and optimization of protein resistant surfaces. Finally, we briefly
present some preliminary atomic force microscopy studies of immunoglobulins on
mica surfaces, demonstrating not only direct imaging of proteins at interfaces in
an aqueous environment but, perhaps even more importantly, their manipulation,
processing, and ordering.

PART 1: PRINCIPLES OF PROTEIN
ADSORPTION

The principles of protein adsorption have been
presented in a number of monographs, review
papers, and conference proceedings.’™ The chapter
by Norde in this volume, and related papers by him
and his co-workers, should also be consulted.

We like to begin a discussion of protein ad-
sorption by reference to the complexity axis concept
(Fig. 1), wherein the complexity of protein is
represented as one qualitative axis. This axis ranges
from relatively simple proteins, such as insulin,
myoglobin, or lysozyme, to very complex proteins,
such as lipoproteins and other multi-domain plasma
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proteins, for example fibronectin and fibrinogen.
Very complex multi-component protein solutions,
such as blood plasma and tears,* are also repre-
sented.

The surface or interface on which these proteins
are acting is also considered in terms of complexity
and represented on the horizontal axis.* One
normally thinks of the air/water interface as
perhaps being the simplest, possibly followed by
model lipid/water interfaces or liquid/liquid inter-
faces. One can then consider polymer/water inter-
faces and finally very complex solid surfaces, such
as the block co-polyurethanes. As protein and
interface complexity increase, the type and number
of interfacial interactions increase.

6-2
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Fig. 1. A protein adsorption and complexity matrix. The lower

left corner represents simple proteins at simple interfaces,
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as increasing on the horizontal axes. (See text for details from
Ref. 4.)
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Fig. 2. A general kinetic model for protein adsorption.
(From Ref. 4.)

We must consider the dynamics of the process .

and the ability of the protein and the surface to
undergo conformational change. In the case of the
protein this is called denaturation.” In the case of
the solid surface this is often called surface
dynamics® (see also the chapter by Andrade in this
volume).

We begin our discussion by considering the lower
left-hand corner of the complexity axis, i.e. simple

proteins at simple interfaces, and we will focus on
the air/water interface. Figure 2 summarizes much
of what we think we know about protein ad-
sorption.* Here we show a kinetic model for
adsorption of a single protein onto a model surface.
The arrival of protein at the interface is assumed to
be driven solely by diffusion processes, which are
dependent on bulk concentration and diffusion
coefficient. That results in a collision frequency.*
The particular surface chemistry of the protein and
the surface dictates the residence time due to the
initial interaction energy. The surface dynamics, or
denaturability, of the protein itself, together with
the residence time, probably controls the surface
denaturability of the protein. We assume that the
protein denatures with time at the interface; in this
simple model system that is represented by a rate
constant. With increasing residence time, denatur-
ation reaches a maximum. With increasing denatur-
ation, the interaction energy in the adsorbed state is
increased, and the probability for desorption, or the
rate of desorption, is decreased. This is all illustrated
in Fig. 2.

The reality of the process of course is that
proteins are not homogeneous particles. Not all
collisions are equally effective in adsorption, and
different protein surfaces, or faces, result in different
interaction energies with the protein, and therefore
different tendencies for surface denaturation. We
attempt to illustrate this in Fig. 3, in which the
protein is shown as having four faces: a hydro-
phobic face, a positively charged face, a negatively
charged face, and a neutral hydrophilic face. Al-
though all collisions are equally probable, it is only
those collisions that result in interaction energies in
the range of kT that will provide the residence times
necessary for subsequent interfacial processes to
occur. Protein adsorption on neutral hydrophilic
surfaces, for example, tends to be relatively weak,
whereas adsorption of proteins on hydrophobic
surfaces tends to be very strong and often partially
irreversible. Adsorption on a charged surface tends
to be a strong function of the charge character of
the protein, the pH of the medium. and the ionic
strength (see Norde in this volume).

In order to predict the initial contact event or the
orientation of adsorbed protein that would lead to
the maximum interaction, we need to know some-
thing about the external surface chemistry of the
proteins themselves. This is a simple problem for
proteins whose three-dimensional structures are
well known, such as insulin, myoglobin, and
lysozyme. In these cases the X-ray crystallographic
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Fig. 3. A schematic view of a four-sided protein, with one face being hydrophobic, one face being neghtively charged, one face

positively charged, and one face of neutral hydrophilic character, shown interacting with surfaces of comparable character. In the

case of a neutral hydrophilic polymer surface, one would expect weak or little adsorption, whereas in the case of a hydrophobic

polymer one would expect strong adsorption via the orientation shown. In the case of charged surfaces. one would expect moderate

or variable adsorption, depending on the electrostatic nature of the interaction, a function of the ionic strength and pH of the
solution, charge density, charge location. etc.

Table 1. The set of model proteins chosen for the basic study of model proteins at the air/water interface. (From refs 9 and 13)

Proteins Species Strands of Number of Number of Molecular Dimensions Number of pl Nonpolar
(abbreviations) [-sheets®  w-helices® amino acids®  weight® (A) S—S bonds residues®
(%)

Cytochrome-c Tuna heart 0(0%) 5(52%) 103 11353 25x25%x37 0 10 38
(CYTC)

Myoglobin Sperm whale 0(0%) 8(79%) 153 17183 44 %44 %25 0 7-8 46
(MYG)

Superoxide Bovine liver 8(36%) 0(0%) 151 15534 36 x40x38 1 4-6 35
dismutase
(SOD)

Lysozyme Hen egg 5(16%) 4 (27 %) 129 14296 45x30x30 4 10-7 37
(LYZ)

Ribonuclease-A  Bovine pancreas 3 (37%) 3(27%) 124 13673 38 x28x22 4 96 35
(RNase)

* Calculations were based on data obtained from the Protein Data Bank, Brookhaven National Laboratory, Upton, New York,
1973. The percentage of o-helices and f-sheets are given in parentheses.

coordinates of the protein are readily available” and
can be displayed on a computer screen. One can
very easily visualize the different faces or surfaces of
the protein with respect to their hydrophobic,
charge, and neutral hydrophilic characters and
readily formulate hypotheses as to their possible
surface interaction.®*?

In an early study we showed that the adsorption
of hen and human lysozyme on neutral, apolar, and
charged surfaces could be at least qualitatively
understood by consideration of the external surface
chemistry of the two different lysozyme molecules.

We could also rationalize the difference in ad-
sorption behavior of human and hen lysozyme by
this process.® "

We then expanded our matrix of model proteins
(Table 1) and studied their behavior at air/water
interfaces by dynamic surface tension techniques.*
Our goal was to correlate the three-dimensional and
surface structure of the protein in solution, its initial
adsorption at air/water interfaces (determined by
dynamic surface tension methods), its stability or
denaturability in solution, and its tendency to
denaturate upon long term contact at the air/water
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Fig. 4. The relationships between protein structure in solution,
protein solution denaturability, and protein behavior at the
model air/water interface. (See text for discussion.)

interface (again using dynamic surface tension).
Figure 4 illustrates the objectives of this study, that
is the correlation of surface properties in solution,
solution denaturability, and behavior at the air/
water interface. Denaturability was assessed by
calorimetry and by urea and guanidinium chloride
perturbation deduced by fluorescence changes. The
surface chemical nature of the protein was assessed
by examination of its external surface chemistry
using molecular graphics and by the use of
fluorescent probe titration.'*'* A relative effective
surface hydrophobicity (ESH) parameter was then
deduced.®

After consideration of a wide range of parameters,
and particularly the adsorption principles illustrated
in Figs 2 and 3, we selected 12 variables and began
to qualitatively examine the correlations between
them® !® (Table 2). The variables were plotted on
radial axes with the axes arranged and scaled so as
' to emphasize and even exaggerate correlations
among the various parameters. We call this multi-
parameter radial plot a ‘Tatra plot’; it is described
in detail in Ref. 9.

Figure 5 presents the Tatra plot for superoxide
dismutase, a highly stable protein whose surface is
extremely hydrophilic and thus exhibits little surface
activity at the air/water interface. The upper left
quadrant depicts protein surface hydrophobicity.
The lower left quadrant depicts the stability of the
protein. The upper right reflects surface activity. We
are still experimenting with the variables, their
placement, and their scaling, and the Tatra plot 1s

far from being completed or optimized at this
time.

Figure 6 gives the comparable data for lysozome
and ribonuclease. The lysozome data are clearly
pulled into the upper left quadrant, indicating its
high surface hydrophobicity. It is much less stable
than superoxide dismutase, as indicated by the
partial collapse of the points in the lower right
quadrant. Compare this with ribonuclease, which
has slightly less surface hydrophobicity and less
surface stability.

Figure 7 shows the data for myoglobin and
cytochrome C—two proteins with similar Tatra
patterns. In this case the surface hydrophobicity is
lower than in Fig. 6 and the stability is much lower.
These are more denaturable proteins. This ease in
denaturability is reflected in the increased surface
activity (the upper right quadrant), with myoglobin
being more surface active than cytochrome.

It is clear that proteins studied fall into three
different categories (Figs 5, 6, and 7) in terms of
their structure, function, and surface activity
relationships (for further details see Ref. 9). Given
the apparent success of the multi-variate Tatra plot
approach to correlating the behavior of model
proteins at air/water interfaces, we are now ex-
tending the approach to the solid/liquid interface.

Table 3 presents a listing of solid surface
properties that are believed to be important for
protein adsorption, and a suggested parameter-
ization of each of these properties. Much additional
work is needed before many of these parameters can
be appropriately characterized and utilized in the
understanding and prediction of protein adsorp-
tion.

Figure 8 presents those adsorption parameters
which might be useful for multi-variate correlation,
based on protein adsorption kinetics and isotherm
results. We have taken a limited set of parameters in
Fig. 8 and Table 3, and used them to develop a
preliminary Tatra plot representation for model
protein adsorption on polystyrene lattices, using the
data of Norde and co-workers (see Refs 14 and 15
and the chapter by Norde in this volume). The
variables selected for this initial use of the Tatra
plot for solid/liquid interface problems are listed in
Table 4.

In the air/water interface case, hydrophobic
interactions are believed to dominate the adsorption
behavior, and this is clearly reflected in the strong
correlation with the hydrophobic surface character
of the protein. In the case of Figs 9 and 10, we
utilized data obtained at two different solid surfaces
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Table 2. The 12 parameters selected for expression in the Tatra plot in figs 5 to 7. (from ref. 9)

Number Label Parameters Value range Physical significance
1 Td (°C) Temperature of 40 — 1009 Thermal stability
thermal denaturation (°C)
2 [GdnHC(I], , GdnHCI concentration of 50 % 1-6(M) GdnHCI stability
(M) denaturation
3 K1(10W) Rate constant qf surface 0+ 1(h™) K, values were found to be limited by
(h™) tension kinetics at low the process of surface-induced
bulk concentration denaturation
(0-01 mg/ml)
4 Fuy Average f-moment multiplied by 0—01 A measure of both the quantity and
fraction of f-sheets in molecule amphilicity of fi-sheets in
structure
5 5—S8 Number of disulfide bonds 0—35 More S—S8 bonds would make a
protein more stable. although the
contrary may not be true
6 log (MW) The logarithm of molecular 35 Size of protein
weight
7 O % Percent accessible area of <6 Inversely correlated with protein
negatively charged oxygen effective hydrophobicity
atoms
8 ESH Effective surface hydrophobicity 0—1 A measure of hydrophobicity of
measured by c¢is-PnA binding proteins in their native states
and hydrophobic interaction
chromatography (HIC)
9 K (high) Rate constant of surface 1—=4(h™) K, values were found to be dependent
(h™) tension kinetics at low on the hydrophobicity of
bulk concentration proteins in their native states
(1 mg/ml)
10 Fu, Average x-moment multiplied by 0—025 A measure of both the quantity and
fraction of o-helices in molecule amphilicity of o-helices in structure
11 H. Steady-state surface 0—-15 Air/water surface acuvity
(dynes/cm) pressure values at bulk (dynes/cm) of proteins at equilibrium
concentration of 0-05
mg/ml
12 Nonpolar % Percent of nonpolar residues in 30 =50 (%) Correlated to steady-state surface

sequence, calculated on a molar

basis

pressure values

“ The direction of the arrow represents the outward direction in the plots.

that vary significantly in charge. Therefore electro-
, statics plays a major role; this is strongly reflected
in the shape of these preliminary Tatra plots.
Electrostatics are represented by the vertical axes:
the upper vertical axis reflects the charge on the
protein and the lower vertical axis is the charge on
the surface. A simple calculation of the charge
density shows that the charges on the polystyrene
surface are of the order of 25 A apart, and the
intervening space on the surface is largely hydro-
phobic in nature. It is therefore clear that hydro-
phobic interactions must also be playing a major
role; indeed, both lattices are relatively hydro-
phobic, as characterized by advancing contact angle
measurements.'® The similarity in behavior between

ribonuclease and lysozyme is again evident on the
positively charged polystyrene (PS). Adsorption on
the negative PS, however, is very different for the
two proteins (see the lower quadrant axes). The
data for myoglobin in Fig. 10 show that, although
its protein parameters are very different, certain
aspects of the adsorption behavior are similar. For
example, Mb on negative PS is similar to Lyson
negative PS. Figure 11 presents lactalbumin, a
negatively charged protein. Lactalbumin on the
positive PS behaves in a similar way to Mb.

We are still in the process of optimizing the Tatra
plot representation for solid/liquid interfaces, and
continuing to attempt to interpret the data of
Figs 9 to 11.
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Fig. 5. The Tatra plot, Tatra parameters, and the data for superoxide dismutase. Axes 1-5 are stability related parameters. Axes 7-9

are parameters of effective surface hydrophobicity or related to it. Axes 10-12 are steady-state surface activity. The directions for

all axes, except for 3 and 7, arc increasingly outward. It is clear that superoxide dismutase is a very stable, hydrophilic, and relatively
non-surface-active protein. (From Ref. 9.)

PART II: COMPLEX PROTEINS

“ What do these concepts and results have to do with
the more practical problem of the behavior of
complex plasma and tear proteins at biomaterials
surfaces? We feel strongly that the way to under-
stand the behavior of a complex protein is to look
at its various structural domain building blocks. In
the last 10 years it has become evident in structural
biochemistry that, although each protein is a unique
and distinct molecular machine and has molecular
personality, proteins can be considered as con-
structed of a multiplicity of smaller domain sub-
units. For example, in the case of coagulation
proteins, functional and structural domains include

heparin binding domains, growth factor domains,
kringle sequences, carboxy-glutamic acid-rich cal-
cium binding domains, and others. Fibrinogen is an
excellent example. High sensitivity calorimetry
studies of fibrinogen and of its protease derived
fragments suggest 12 domains in the fibrinogen
molecule with denaturation temperatures of 45, 55,
90, and 100°C. We are only now beginning to
analyze fibrinogen in terms of its domain structure,
with the hope of beginning to understand its
behavior at solid/liquid interfaces.!®'” Fibronectin
is another example. It has at least 20 calorimetrically
identified domains,® and it is likely that its complex
adsorption behavior will be partially understood
through a domain approach.
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Fig. 6. The comparable Tatra plot data for ribonuclease and lysozyme (solid line). Here one sees the close similarity and behavior
of these two proteins, although the surface tension decays for lysozyme in both the high and low solution concentrations are higher
than for nbonuclease.

The optimistic view is perhaps best described by
Chothia:*

The apparently complex structure of proteins is
in fact governed by a set of relatively simple
principles. Individual proteins arise from par-
ticular combinations of and variations on these
principles. An analogous situation is found in
linguistics, where a set of simple grammatical
rules govern the generation of different, and
sometimes complex, sentences.

Others have suggested a protein structural linguis-
tics.*®

We have attempted to apply some of these
concepts to the analysis of the interfacial behavior
of albumin.** Albumin is perhaps the simplest of the

multi-domain proteins with which to initiate this
analysis. It is a major component of blood plasma;
it has no carbohydrate; it consists of three, roughly
20 kilodalton domains; it is high in alpha-helix
content and high in disulfide cross-link content; it
has a high degree of alpha-helicity and is somewhat
myoglobin-like; it binds a variety of ligands,
including fatty acids and calcium. The crystal
structure, refined to the 4 A level, for human
albumin is now available, 2?23

We have taken the three domain model of
albumin (Fig. 12) and done a very preliminary
analysis from an electrostatic point of view. A
computerized simulated titration of the three
domains as a function of pH and a simple analysis
of the possible electrostatic behavior of those
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Fig. 7. The comparable Tatra plot data for cytochrome C and myoglobin (solid line). Again, the very general behavior is similar,
but quite different from that observed in Figs 5 and 6. Myoglobin shows a much higher surface activity, presumably due to its higher
nonpolar amino acid content, and perhaps its alpha-helix content and amphilicity. (See Ref. 9 for details.)

domains at various interfaces allowed us to begin to
formulate a number of hypotheses regarding the
possible interfacial activity of albumin (Table 3).
These hypotheses now allow us to probe into the
voluminous albumin adsorption literature and try
to begin to make sense of that enormous data base.
This has been done in a preliminary way in Ref. 21.
The analysis is continuing.

It is clear that a domain approach to protein
adsorption and immobilization helps to greatly
simplify the apparent complexity of the process. In
fact, we have been quite successful in applying these
concepts to a variety of problems involving the
covalent immobilization of antibodies for bio-
sensors and related applications.**

PART III: PROTEIN RESISTANT SURFACES

There is now considerable interest in the devel-
opment of protein resistant surfaces for bio-
materials and medical device applications. This
builds on a wealth of experience over the decades in
the area of colloid science and chromatography, in
which minimal interacting surfaces have been
extensively developed, modeled, and applied, The
fundamental rationale for protein resistant surfaces
for biocompatibility purposes is that proteins that
cannot be adsorbed cannot be interfacially acti-
vated. Most bioincompatiblity is believed to result
from protein adsorption processes which change
the structure and biochemical properties of proteins
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Table 3. Solid surface properties important in protein
adsorption. Although the first four parameters can be readily
quantitated and presented for many surfaces, the bottom four
are often difficult to characterize, and even more difficult to
appropriately parameterize

Hydrophilicity

Hydrophobicity

Interfacial free energy

Surface charge density

Charge-transfer properties?
Acid—base character

Surface dynamics?
Polymer transition
temperatures

Surface heterogeneity
surface domains,
ex. polyetherurethanes

Surface topography

in a deleterious way. Surfaces that minimize
adsorption would be expected to minimize such
processes.'

Our own work and approach to the problem is
summarized in Fig. 13 and ranges from the
development of means to produce practical poly-
ethylene oxide (PEQ) surfaces on common bio-
materials (utilizing the adsorption of a PEO
containing polymeric surfactant®®*") to the use of
covalently immobilized PEO as a tether for the im-
mobilization of antibodies and other proteins.*®:#
We are also developing gradient surfaces as model
systems for studying and optimizing protein re-
sistant surfaces.?* Modeling and simulation of such
surfaces is also under way.*

Earlier in this paper we discussed adsorption
from a protein perspective. Although we considered
the properties of solid surface, we considered them
primarily in terms of classical hydrophobic and
electrostatic interactions. We now wish to consider
them from the point of view of dynamics, par-
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Fig. 8. Schematic and general drawing of protein adsorption

and desorption kinetics and protein adsorption isotherms. A

number of adsorption parameters are suggested for the
preliminary Tatra plot analysis. (From Ref. 15.)

ticularly the dynamics of a surface that has little
potential for intermolecular interaction with aque-
ous solutes.

Polyethylene oxide appears to be a nearly ideal
polymer from such a perspective (Table 6).2%** It is
a neutral molecule, and its weak hydrogen bonding
characteristics can be easily satisfied by surrounding
water molecules. Its low refractive index suggests
that van der Waals interactions will be relatively
low. Its stereochemical structure suggests that it
tends to fit into the tetrahedral water lattice with
minimal perturbation of water structure. It is
perturbation of water structure, and particularly its
enhanced structuring in the presence of hydro-
phobic solutes, that leads to the hydrophobic
interaction. Thus solutes that minimally perturb
water structure are expected to have little or no
tendency to develop and promote hydrophobic
interactions.

PEO is infinitely soluble in water and has
exceptionally low chain rigidity. It is a dynamic and
mobil molecule in solution. It fits almost all of the
criteria for a surface that has minimal interactions
of any kind with protein and for a surface that
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Table 4. A very preliminary set of parameters for a Tatra plot
relating to protein adsorption at solid/liquid interfaces. (From
ref. 15)

ApH =PI-pH Measure of net protein charge: range
from —5to 5

uwF Average o-moment multiplied by
fraction of o-helices in molecule:
range from 0 to 025

Denaturate temperature based on pH
of buffer solution; range from 0 to
100 (°C)

Measure of screening of electrostatic
interactions between proteins and
surface; range from —4 to 0

Cos Cosine of water contact angle,

hydrophobicity of surface; range
from —0-25to0 1:0

T, (°C)

Log(ionic strength)

o Surface charge; range from —3 to 3
(uC/cm?)
o Normalized surface coverage is
(}fJJ related to lateral interactions in
vorales MBX

adsorbed protein layer; range from
0to 08

AHZ Molar enthalpy of adsorption at low
surface coverages; range from
— 1500 to 1000 (kJ/mol)

A'i‘r—tmu\ Dcﬁned as: Cipmlei((+$urf|M:cJ o {:{unly surface) :
range from —50 to 50 (mV)

ESH Effective surface hydrophobicity

measured by cis-PnA binding and
hydrophobic interaction
chromatography (HIC); range from
0to 1:0

would be of intrinsically high mobility and rapid
dynamics, and is therefore optimum for steric
exclusion.®

Some of these concepts were incorporated in a
theoretical model, developed in collaboration with
deGennes, in which the interaction of a hypothetical
protein with an assumed PEO surface of known
properties was simulated.?’ The basic model and its
components are given in Fig. 14. The model suggests
that a surface designed for optimal protein re-
sistance should have the highest possible con-
centration of immobilized PEO and a maximum
PEO molecular weight. This is of course difficult to
practically accomplish because the steric exclusion
characteristics of PEO make it difficult to achieve
high surface concentration, at least from aqueous
solutions. Therefore, tricks are clearly required in
order to produce surfaces with a large surface
concentration of PEO chains. The model also shows
that if one assumes there is a weak hydrophobic
interaction between PEO and protein, there is a
balance, or an optimum, between the number of
PEO chains per unit area and the size of the protein.
For small proteins, one requires the highest surface

concentration of OPEO, preferably an interchain
separation of 10 A or so, whereas for very large
proteins, the optimum may be in the range of
15-20 A interchain distances.

This conclusion derives from a model involving a
large number of assumptions, and is yet to be
experimentally tested. Given this model, however, it
is not particularly surprising to us that differences in
protein adsorption and protein resistance are
observed for different proteins on the same PEO
surface. It is highly possible that a surface may be
resistant to fibrinogen, and even IgG, while being
adsorptive towards albumin, which some of our
own preliminary data suggests.®’

Another major problem is the patchiness of
modified surfaces. In order to obtain a thorough
characterization and understanding of gradient
surfaces, we are now developing methods to
characterize the patchiness of surfaces. In fact, it is
indeed the patchiness, or the domain characteristics
of multi-domain materials such as polyurethanes,
that is probably responsible for their peculiar
protein adsorption properties,*® because their do-
main sizes are comparable to the sizes of protein
domains. Thus patchiness of the same order with
PEO surfaces, that is in the range of 25-200 A, will
certainly lead to adsorption results that are difficult
to interpret. We are presently involved in a set of
studies dealing with PEO gradient surfaces. well
characterized with respect to surface concentrations
and patchiness, in an attempt to partially resolve
these complex issues.

PART IV: DIRECT IMAGING AND
MANIPULATION OF ADSORBED
PROTEINS*+

The development of underwater atomic force
microscopy (AFM) by Hansma and co-workers®®
and the ready availability of stable, reliable,
commercial atomic force microscopes has made it
possible for us and other groups to begin to apply
AFM to the study of proteins at interfaces. After
seeing the spectacular results of Hansma and co-
workers on the adsorption of thrombin activated
fibrinogen on mica,* we initiated a study in
Hansma’s laboratory to directly observe IgG
adsorption.® This study, and the earlier fibrinogen
study of Hansma, clearly documented the fact that
one could directly observe the protein adsorption
process under water, in real time, by atomic force
microscopy.

We then proceeded to begin to develop the
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Fig. 9. A preliminary representation of a Tatra plot for ribonuclease and lysozyme adsorbed on charged polystyrene matrices. (From
Ref. 15; adsorption data from Ref. 14.) Again there are similarities and differences in the results for ribonuclease and lysozyme. (See
text for discussion.)

technique by careful consideration of possible
artifacts and perturbations, which we tend to call
‘protein sweeping with micro-brooms’. Although
proteins at solid surfaces can be readily observed by
AFM, it is clear that the forces of interaction
between the micro cantilever tip and the surface
result in significant perturbation of the protein
films.?® The sensitivity of present-day instruments
requires that significant interaction forces be present
between the tip and the surface. These forces are in
the nanonewton range which, given the contact area
between the tip and the surface, can even induce

covalent bond rupture. Clearly, extensive defor-
mation of the surface is possible when a force in the
nanonewton range is applied through a rigid micro
cantilever tip to the surface.*®

Figure 15 presents a schematic showing how
proteins can be swept along the surface when the
sample is scanned with respect to the stationary
rigid tip. The magnitude of this effect can be
controlled by applying greater or lesser forces
between the cantilever and the surface, by control-
ing the scanning rates, and by programming the
scanning area.
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If 1

Net charge:

414

Fig. 12. The “tennis ball’ model of albumin, showing the three

major domains and the disulfide-bonded alpha helical sub-

domains. Domain 1 is the N-terminal, Domain IIl the C-

terminal. Note the differences in overall charge in the various
domains. (From Refs 22 and 23.)

Table 5. Preliminary hypotheses coupling human albumin
structural properties to interfacial activity at pH ~ 7. (From
ref. 23)

Surface

Positively charged Domains I and 11 are negatively
charged and would be
preferentially bound. As these
domains are less stable than
domain 111, one would expect the
adsorbed albumin to be more

denatured than on other surfaces

Negatively charged
surfaces

Domain II1 is weakly positive and
would tend to adsorb. There is
little denaturation due to the
stability of domain I11 when it
contains bound fatty acid

Hydrophobic surfaces The first loop in domain 1 18
probably hydrophobic and would
tend to bind. As this loop is less
stable than other loops, a slow
time-dependent denaturation can
be expected

Table 6. Some of the properties of polyethylene oxide, which
may be important in its surface modification and protein
resistant characteristics. (From refs 27-32)

Why poly(oxyethylene)?

e It is a neutral macromolecule.

e It has a low refractive index (low VdW interactions).
e It has high water solvency and low rigidity.

e It has high mobility /dynamics.

(C—C—0),

POE = polyoxyethylene
PEO = polyethylene oxide
PEG = polyethylene glycol

Figure 16 is the result of an adsorbed layer of
fibrinogen which was then scanned over particular
areas so as to produce a ‘U’ pattern representing,
for public relation purposes, the University of

Model
Gradient
Surfaces

Theoretical
Modeling and
Simulation

PEQ Tetners-
Immunosensors,
MNon-Specilic
ginding

Practical
PED
Surfaces

~C-C-0

Fig. 13. Various approaches to protein resistant surfaces that
we have been studying. Upper left, we have attempted to
theoretically model grafted PEO using the deGennes scaling
and brush model approach.* Lower left. we have been studying
commercial and especially synthesized PEO-containing poly-
meric surfactants as the means for the practical and rapid
treatment of biomaterials and devices.**" Lower right, we
have been employing immobilized PEO as a tether or spacer,
with which to immobilize antibodies and other bio-
molecules.®® *® Upper right, surfaces that contain a gradient in
PEO concentration along one dimension of a material are now
being developed and studied experimentally. These model
surfaces should enable a rapid assessment of the parameters
and characteristics required for optimum protein resistant
surfaces.®

2R

PE - Protein
Interaction

/T Wz

hydrophobic

patch

PEQ - Protein
Interaction

NANASANNNAN

Fig. 14. The schematic model used for the preliminary
theoretical treatment of protein interactions with PEO con-
taining brush surfaces. (Refer to Ref. 31 for details.)

Utah. We are now in the process of attempting to
apply this unique ability to sweep proteins to the
design of experiments, and perhaps even to the
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Fig. 15. The schematic illustration of the ability of an atomic
force microscope to sweep adsorbed proteins over a surface
using the contact force mode: (a) Tip moving in the fast
scanning direction begins sweeping the proteins across the
surface, provided the vertical force exerted on the tip by the
protein is small. (b) As the protein begins piling up. the
interaction of the aggregate with the surface increases,
producing a larger vertical force exerted on the cantilever. (c)
When the vertical force becomes sufficiently large to cause
cantilever deflection, the feedback system retracts the piezo-
electric crystal, as indicated by the downward arrow, to
maintain constant force. (d) The piezoelectric crystal advances,
as indicated by the upward arrow, when the vertical force is
diminished and the sweeping process begins again. (From
Ref. 36.)

development of devices involving preassembled
protein arrays. We are also hopeful that we can
apply this method to analysis of multi-domain
polymer surfaces, such as polyetherurethanes, in
the hopes of being able to directly image and
characterize the morphology of such surfaces under
water. This is done by utilizing a force modulation
method and model systems involving rigid and soft
polymer blends.*

It is likely that the sensitivity of AFM instruments
will be improved substantially so that much smaller
forces will be needed for the imaging process. The
results to date, however, suggest one can indeed
image proteins at surfaces, albeit at this time with
relatively low resolution because of forces involved
and the softness and lack of rigidity of proteins,
especially in aqueous environments. It is clear that
much progress is being made in overcoming some of
these problems.** It is also clear, however, that these
problems and potential artifacts can be important
tools and developments in their own right, as we
have demonstrated with the manipulation and
processing of fibrinogen in Fig. 16. Indeed, the
ability to move proteins around on surfaces into
predesigned patterns and arrays may well be the
most important biological application of scanning
force microscopy.

SUMMARY

We have attempted to summarize most of what we
think we know about protein adsorption in Fig. 17

Fig. 16. The results of a programmed protein sweeping experiment using adsorbed fibrinogen to produce a block letter U, clearly
demonstrating the ability of AFM and its scanning process to sweep and manipulate proteins on surfaces. (From Ref. 36.)

7
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Fig. 17. A concise schematic summary of many of the principles of protein adsorption: (a) Each protein has its own distinctive and
individual surface chemistry produced by the outer shell of amino acids and carbohydrate which interface with the liquid medium.
(b), (c) Although protein molecules collide with the interface in many different possible orientations, one specific orientation will
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(modified from Ref. 43). Figure 17 and its com-
prehensive caption serves as a graphical summary
of most of the current principles of protein
adsorption and protein interface engineering.

We feel that the adsorption of the simple proteins
at simple interfaces is qualitatively understood.
This understanding is being extended to the be-
havior of complex proteins, even at complex solid
interfaces, by the careful consideration of domains,
domain properties, patchiness of the surface, and
domain—patch interactions. In fact, this can be used
to develop the concept of statistical specificity of
surface interactions (see Andrade in this volume).
The various domains of complex proteins and the
various domains and patches on complex surfaces
each have their own surface activity and denatur-
ability which must be characterized and incor-
porated in the analysis.

Surfaces that greatly decrease adsorption and
may even be resistant to protein interactions are
becoming available. Models and simulations, as
well as experimental results of protein interactions
with PEO surfaces, suggest that such surfaces do
indeed work, and can be further optimized and
enhanced for biomaterials and related applications.

Finally, the new technique of scanning force
microscopy shows potential not only in the direct
imaging of proteins and complex biomaterial
surfaces but, perhaps even more importantly, in the
manipulation, processing, and fabrication of pro-
tein interfaces.
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Improved Delivery and
Reduced Costs Of Health
Care Through Engineering

Discussion Meéﬁng—April 23-24,1992,

Washington, DC

ngineering can make major contributions to

decreasing the costs of health care and to
improving the quality and access of health care.
This was the major conclusion of a two-day
discussion meeting on the topic, involving 25
biomedical engineers, physicians, social work-
ers, policy specialists, health administrators,
physical therapists, nurses, economists, hospi-
tal administrators, research administrators and
program managers from federal and private
funding agencies.

The purpose of the meeting was to ex-
plore ways in which engineering research
can contribute to the containment and reduc-
tion of health care costs and help to improve
the cost effectiveness, quality and accessi-
bility of the health care system.

Specific objectives included:

m Identification of areas for innovation and
research.

m Examination of ways by which the engi-
neering community can become a partner in
addressing the health care problem.

m Discussion of mechanisms that would
enhance cooperation between agencies.

m Consideration of restructuring of educa-
tional programs.

m Outline of plans for follow up activities.

Background

The health care system is undergoing
fundamental changes. The rising costs of
health care, the advancing age of our popu-
lation, and the increased impact of medical
technologies are important elements in the
growing demand for improved care and for
wider access.

Restoration of function and of individual
independence are key criteria in health care.
Much can be leammed from regional, state,
and particularly intemational comparisons
and perspectives. The health care discussion
in the United States often tends to be too
parochial.

Enhanced communication and increased
sharing of resources and information is de-
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sirable. Health care providers may have to
be organized, networked, and managed so as
to have broad access to expensive technol-
ogy. There will be an increasing commit-
ment to the development and use of more
cost-effective technologies. Hospitals are
expected to alter the way technology is ac-
quired, managed, distributed and utilized.
The demand to improve the productivity of
every person involved in health care delivery
will lead to increasing needs and demand for
labor-saving technologies.

'The health care delivery system is ex-
pected to continue to decrease its emphasis
on tertiary care and accommodate 10 a rap-
idly increasing need for primary care serv-
ices. Non-physicians are becoming
responsible for primary services, including
diagnosis and early treatment. Utilization of
paraprofessionals in the health care system
will continue to increase in hospitals, clinics,
nursing homes, and private homes. There is
a rise in the authority and responsibility of
nurses and other nonphysician profession-
als. An increasing number of patients, espe-
cially the elderly, the disabled, and the
chronically ill, can receive care in their
homes, with clinical data transmitted from
the home and monitored at a central location.
Records, clinical information and on-line
expert diagnosis will become available to
remote sites.

Important demographic considerations
include the rapid aging of our population and
the fact that there will be fewer and fewer
younger people to care for more and more
older people. Older people are far more
functional than they have been in the past
and will be far more functional in the future
than they are today. Not only the age demo-
graphics but the functionality of various age
groups must be considered and effectively
employed and utilized.

Engineering research can and must play
a critical role in responding to these needs in
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order to develop a more efficient, more cost-
effective, and higher quality system. In
many areas, engineers can and should as-
sume a leading role.

Panel Recommendations: Areas for
Innovation and Research

Quality and Production Engineering

The increasing emphasis on total quality
management, continuous quality improve-
ment, and information management will
likely change the focus and direction of
medical technology development. Such
methods and concepts need to be studied and
applied to the health care system. Measure-
ments of quality need to be improved.

Personnel costs are a very major compo-
nent of the total health care equation and all
efforts must be made to increase health care
worker productivity. Services and care can
be enhanced significantly by very different
assignment and distribution of staff and
services, such as providing a pair of provid-
ers (nurse/physician) who perform all possi-
ble services to a set of patients, or by cross
training, so those personnel in immediate
contact with the patient perform the services
required, rather then simply writing orders
for others to perform services. Such diad
models with permanent patient assignments
lead to increased productivity, enhanced
communications, and more effective care.

Potential major changes in the manpower
makeup of hospitals are expected. A simple
policy change with respect to Medicare pay-
ment for residents, for example, could lead
to a significant change in the number of
residents available in hospital environments.
If that were to happen, there might be a need
for increasing numbers of less trained health
care professionals, which would produce a
demand for more effective means of educa-
tion, easier to operate and more intuitively
understandable devices, and related signifi-
cant changes.

It was noted that duplication of diagnos-
tic services is a significant cost. Cost savings
could be provided by better information han-
dling and record keeping, and by increasing
the bedside or near bedside availability of
tests and related information.

Communication and Information
Technologies

The development and availability of
means for the collection, storage, correla-
tion, and access of large quantities of medi-
cal information need to be studied and
applied.

The integration of medical information
and the use of such information for enhanced
patient treatment, including application of
expert systems for enhanced medical deci-
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sion making, should be studied and devel-
oped.

Information and communications tech-
nologies and systems should be available to
provide on-site information at the decision
point. This information, together with avail-
able clinical practice guidelines and codifi-
cation of diagnostic and therapeutic
strategies, would permit more rapid and
more effective on-site diagnosis.

There needs to be more effective clinical
information transfer between the nurse, phy-
sician, pharmacist. and other health care pro-
fessionals. New information systems should
be clinically based and should support im-
proved decision-making by physicians,
nurses, and other clinicians. The use of net-
works or other information and communica-
tion technologies should make such
information available to the attending health
care professional.

There needs to be more enhanced infor-
mation transfer between the home care para-
professional and the nurse or tending
physician. There needs to be better mecha-
nisms to enhance and insure patient compli-
ance.

There should be consideration of na-
tional or even international medical record
systems, accessible via satellite and fiber
optic communications networks. More ef-
fective and more remote noninvasive moni-
toring should be considered, including the
opportunity for near continuous remolte
monitoring of at risk patients. Means to
process and handle large volumes of infor-
mation are needed, including neural net-
works, fuzzy logic, and expert systems.

The airline reservation system was given
as an example of a real time, reactive system
in which information is very readily stored,
transferred, accessed and modified. interna-
tionally, in real time, with minimal cost.
Why can there not be a health care equiva-
lent?

Education

Modern technologies and methods must
be applied to enhance education and training
for all appropriate populations. including
physicians, nurses, other health care profes-
sionals, patients. family, child patients, pub-
lic officials, health policy professionals. the
media, and the general public.

There is a need for education at all levels,
including some introduction in the medical
curriculum to the profession of engineering
and the engineering approach to problems.
NSF's strong interest in science and engi-
neering education can and should apply 10
the entire problem of the costs of health care.
National initiatives in science and technol-
ogy education, from kindergarten through
the university, can all involve vanious health
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and medical components. This may be a
vehicle by which the population may be
more optimally educated with respect to
health care issues, including the minimiza-
tion of unrealistic expectations.

Much of the education which physicians
receive regarding medical technologies is
the result of marketing initiatives from cor-
porate representatives and other special in-
terest groups. Demarketing must also be
done—marketing information and market-
ing influences must be balanced with other,
perhaps more objective, information.

Patient education and understanding is
another very important priority. Technolo-
gies are needed to provide periodic or even
constant reminders to encourage patients to
resist temptation to reactivate bad habits or
poor health practices.

The use of models and simulations
should be increased in many areas. Modern
education technologies and methods, espe-
cially modeling and stimulation, can identify
target or most effective populations for ac-
tivities related to medical compliance and
behavior modification. Inexpensive moni-
toring and sensing can provide information
and signals for enhancement of patient com-
pliance.

Education technologies are helpful to de-
velop realistic patient expectations and fa-
cilitate and improve patient feedback and
provider-patient interaction. Education can
lead 10 better informed patient decision mak-
ing. including the ability and likelihood of
patient concern for and understanding of
quality of outcome and costs of procedures
(i.e. of the “value” of the procedures).

More effective education and training
can be accomplished using the skills and
techniques of the game and entertainment

Engineering research
must play a critical
role in developing a
more efficient, more

cost-effective, and

higher quality system
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how the cOmpdnents
‘of health care
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development

industry, particularly video, robotic, and vir-
tual reality technologies.

The media often fuels unrealistic expec-
tations. There are many examples of miracle
medicine in the media. Health care profes-
sionals, biomedical engineers, and others
must work with the media to make them
more aware of the realities of medicine and
health care.

The issue of risks, particularly as applied
to health care, must be considered and com-
municated to the general public and to the
media. The difference between voluntary
and involuntary risk must be made clear. The
role of risk awareness in influencing behav-
for is critical. The importance of patient
choice and empowerment should be empha-
sized. Cost is unlikely to be brought under
control without a general appreciation of the
limits of technology and of the inability of
devices to correct the normal wear and tear
of the aging process. This includes the ac-
ceptance by patients of risks commensurate
with the statistically demonstrated benefit.
There must be reform of tort law which at
the moment unrealistically presumes a uni-
form level of performance for “life-saving™
devices.

Device Design and Manufacturing

There has been some tendency in medicine
to introduce technologies into clinical practice
because they are new or fashionable rather than
being significantly more effective.

Technology which enhances the inde-
pendence and mobility of disabled and geri-
atric populations is needed. Methods and
mechanisms to reuse and recycle devices,
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such as equipment and patient aids, must be
developed.

Many devices can be significantly im-
proved—the man/machine interface in
medical devices should be researched with
the goal of producing more user-friendly
devices, Many existing devices should be
re-engineered to improve design, reliability,
and utilization, Optimal design must be
based on the point of view of the patient, the
user, and the maintainer of such equipment.
It would also consider the integration of
various pieces of equipment. Other topics
include reliability, longevity, reuse, resale,
upgrading, abandonment, and patient inde-
pendence.

New technologies may make it possible
for a major reconsideration of medical de-
vice design and development. Cell and tissue
engineering needs to be applied to a new
generation of hybrid devices and even sub-
stitutes for devices. The developments in
drug delivery technologies and minimally
invasive devices can also be expected to lead
to significant changes in practice.

Device design and development must
also consider user and patient education and
understanding.

Minimally Invasive Sensing

Home sensing, home monitoring, and
home diagnosis should be further developed
and expanded.

The wide range of developments and the
rapidly increasing technology with respect
to sensors and sensing has yet to be effec-
tively applied in medicine. This is an area in
which emphasis and application is expected.

Economic Analysis and Technology
Planning

There needs to be research in the areas of
hypothesis development and in the develop-
ment of measures and indicators with respect
to the effectiveness and costs of various
technologies.

There is a need for research on incentives
and deincentives regarding cost control and
cost effectiveness. The whole issue of health
care economics, cost, cost effectiveness, ac-
quisition costs, utilization costs, real costs,
total costs, expenditures, and other such
terms, need 1o be well defined and made
available to the general health care commu-
nity. as well as to the biomedical engineering
communities. There are difficulties in ob-
taining valid data with respect to life cycle
costs. marginal costs, benefits, and effec-
tiveness. These topics must be studied.

We need to develop formalized proc-
esses 1o consider the cost effectiveness of
new technology—but with the following
cautions:
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m Recognizing that complete measures of
cost effectiveness seldom exist.

m Allowing developers and evaluators to
identify adjustments which, if made, could
result in favorable cost effectiveness evalu-
ations.

m Encouraging funding agents to take risks
when cost effectiveness is not certain.

m Allowing second chances to show cost
effectiveness.

We need to look at the components of
health care expenditures; considering how
each might be favorably affected by future
technology development, and as a basis for
global evaluation of the cost-effectiveness
of a particular technology.

New and improved medical technologies
and bioengineering research should be
measured and compared against a set of
criteria in order to assess their effectiveness,
potential benefit, appropriateness, Costs, and
applicability in the modern health care envi-
ronment. One set of criteria which could
serve as a basis for discussion and research
includes:

m cross training (applicability by arange of
health care professionals);

m decreased costs;

m increased patient independence;

m decreased need for personnel time;

m increased quality as measured by out-
comes;

m generation of data or related information
important to hypothesis testing;

B increased access to largeted population
or to the general population;

more effective resource utilization;
improved long term benefits;

increased retirement age;

minimization of health care inflation:
compatibility with general societal ob-
jectives

Engineering Partnerships

Education

There must be close interaction between
bioengineers and educators responsible for
the education and training of physicians,
nurses, and health care paraprofessionals.
Social workers and other professionals in-
volved with the care and counseling of the
aged, handicapped, sick, and indigent must
be a part of the engineering team—as they
have insights and perspectives critical to
successful health care outcomes.

The media are vital 10 communication
with the general public. The media must be
involved and educated—particularly with
respect to cost/benefit/risk issues. The
American Medical Writers Association and
the National Science Writers Association are
two groups with which bioengineers should
communicate and interact
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Academic bioengineers must encourage
the effective education of all undergraduates
at their institutions. They cannot leave these
topics and responsibilities to “others.”

Health Care Providers

Engineers must develop collaborations
and partnerships with hospital administra-
tors and with health care providers. They
must become aware of the problems and
needs in a modern hospital, in modern clin-
ics, and in physicians’ office.

Although academic bioengineering pro-
grams are generally tied to research and
teaching hospitals, they rarely have the op-
portunity to learn the activities and needs of
primary and secondary care providers. On-
site visits, internships, special projects, and
related mechanisms are needed in primary
care environments including doctors’ of-
fices, health maintenance and preferred
provider organizations, clinics, etc.

Bioengineers should of course maintain
their ties to tertiary care providers and to the
high technology side of medicine, but with
an increased interest and activity in decreas-
ing the costs of care, while improving and
simplifying the medical technologies in-
volved. !

Public Health

The greatest engineering contributions to
the health and well being of our population
in this century have come from involvement
in the public health sector, particularly in
water treatment, water purification, en-
hanced air quality, and related activities.

Engineers should seek increased interac-
tions with the public health sector to address
such problems as vaccination technologies,
technologies to treat and relieve drug de-
pendencies, and technologies and ap-
proaches to enhance the health and
well-being in all sectors of the economy and
of society.

Economists and Public Policy
Professionals

Most programs dealing with health care
economics and health care policy are not
closely allied with engineering or bioengi-
neering programs. In a large part this is due
to the very wide gap in interest and skills of
these two professional populations.

Engineers should begin to bridge that
gap, should offer their services to health
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economics and public policy programs in
their institutions and in their cities. Engi-
neers should strive to play a much larger role
in such public policy issues, as they can
bring much needed technical and scientific
skills to the discussion.

Deans, department chairs, and distin-
guished engineers should encourage their
colleagues to become involved in such ac-
tivities. The trend has been to discourage
such involvement, and that trend must be
reversed.

Federal Agencies

A large number of federal agencies are
involved in health care funding and policy
formulation. Many of these same agencies
are involved in the funding of engineering
and technical research and development
through grant, contract, and small business
programs. These agencies should begin to
address the issue of the costs of health care
and the role of engineering and technology
in decreasing those costs.

Emphasis should be placed on initiatives
and projects which have some likelihood of
decreasing health care costs while maintain-
ing or enhancing the quality of care and
enhancing access to care.

The National Institutes of Health is com-
pleting a strategic planning process. It is
likely that one of the outcomes of that plan-
ning process will be some coordinating body
or committee within NIH to coordinate en-
gineering and bioengineering activities
throughout NIH. Bioengineering has been
defined as a trans-NIH activity and it has
been suggested that it be given an appropri-
ate identity within the NIH mechanism. The
Bioengineering Program in the National Sci-
ence Foundation should interact with the
appropriate entities in NIH and with other
government agencies, including the Depart-
ment of Defense, the Environmental Protec-
tion Agency, NASA, the Agency for Health
Care Policy and Research (AHCPR), the
Health Care Finance Administration
(HCFA). and the Food and Drug Admini-
stration (FDA).

Recommended Follow-Up
The American Institute for Medical and
Biological Engineering (AIMBE) held its
annual meeting March 7-9, 1993 in Wash-
ington, DC. The theme of that meeting was
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“The Future of Health: The Role of Medical
and Biological Engineering.”

A workshop on “The Role of Engineer-
ing in Enhancing the Quality, Productivity,
and Access of the Health Care System”
should be held in the near future, The work-
shop should begin with a series of back-
ground and perspective lectures dealing with
costs, demographics, technologies, and
other issues.

There should be a general, wide-ranging,
perspective and awareness lecture on each
main topic, followed by a set of panel dis-
cussions which assess needs and problems
which such technologies could address and
solve. The panels should consist of physi-
cians, nurses, engineers, health care profes-
sionals, paraprofessionals, patients, family
members, and social workers experienced
with various patent segments and popula-
tions.

A copy of the complete report, includ-
ing a list of all participants and a set of
comprehensive appendices, is available
by request from the author.

Joseph Andrade is Pro-
4 fessor of Bioengineering
and of Materials Science
at the University of Utah,
Salt Lake City, where he
has served as Chairman
¥ of the Department of Bio-
o & engineering and Dean of
" the College of Engineer-
ing. He directs the Center for Integrated
Science Education at the university, and is
program co-chair for the Utah Science Cen-
ter project. He is Vice President for Public
Policy of the American Institute for Medical
and Biological Engineering, and chaired the
March 1993 meeting, *“The Future of Health:
The Roles of Medical and Biological Engi-
neering."”

His major research area is proteins at
interfaces and the application of proteins as
biomolecular devices. and he involved in
developing a number of unique biolumines-
cent materials and products for science edu-
cation purposes.

He can be reached at the Department of
Bioengineering, University of Utah, 2480
Merrill Engineering Building, Salt Lake
City, UT 84112.
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SUMMARY

Dioluminescence is a ncarly ideal subject with which to expericnce the scientilic
process and eritical science concepls and themes, paiticularly in the upper clementary
and junior high school environment (4).

We have developed bioluminescent dinollagellate cultures which ennble teachers
and students o readily expetience bivluminescence, clused eeosystems, eireadinn
thiythms, and a varicty of principles of protozoa and optics. Much of the experience
is conducted in the dark. Scicnce in the Dark has been nn elfeetive way to reduce
scivnce anxiclies and fears and o encourage leachers o develop n fiesh, positive nnd
instructive atlitude towards hands-on scicnce in Lheir classrooms.

NIROI I'ION

A large number of clementary teachers readily admit (o having lears and
anxictics towards science mixl lowards the leaching of scicnece in their clissrooms.
Much of this Fear stems from their own science expericnce in high school and college
courses, where science historically is treated as a series of Tacls and laws which arc lo
e memorized and minimally questioned. Frustations, inndequacics, and anxiclics
which these teachers expericnced in their own education stay with them dusing their
teaching years, and become ransmilled to their own students. ‘Teachers cannot
elfectively present and develop the scientific process and expeticuce for thelr
students unless they feel comflostable in those processes and experiences themselves.

_“I'he ieachiers it are most in need of such cxpericnce are those which noumally
will not volumtarily sign up for inseivice and relaled upgrade classes. We must go lo
them Aheir schovls, and their districts in their locations,

~ Mlost teachers have never Munked bioluminescence lrecause mast have never scen
i, paaticulaly in the Western United States wheee lirellics are nol common. Even
those who have cxpericneed fiicflics are quite surprised and shacked to Iearn of the
utlier sources of bioluminescence. As soon ns the subject is raiscd, they are nlimost
slways intiigucd, mystilicd, motivatcd, and othcrwisc curious and inlerested.

_ We decided Lo Iry to utilize biolumincscence as nn elfcclive way of lmparling the
selentific experience and methexl o clementary teachers in Utah, Some 200 teachiers
hawe experienced this couse and are ulilizing these concepls and activities in (heir
chassiooms,



Ui(rhnuiuun'um:c il ChL‘IrIiI\IFIIl'!|c\'..c"t
: s

NSERVICE COURSIES

Almost all schools and school districts in the mation regulacly have in service
courses for Uicir cachers. These gencrally provide continuing cduentjon lor leacliorg
lo improve (heir leaching skills, their conlent kuoqulgc, and improve thejr joh Taling
and salary Ievels, Inour case, lhe in service consists of 10 contact hotrs which e
cligible for I quarter hour of university credil, e contact howrs aie alsy 1ge in the
disirict for ad vancecment, promotion, line change, and ollicr Compensulion-relie
cvaluations,

We usually begin the discussion with a beiel overview of the najor nation|
cducalion surveys, repotls, and movenents of the st deciude, with Patticular
reflerence to the Praject 2061 report of the American Associntion Tor the
Advancement of Science (1), and the report titled "I’EIcmculnry Seience Laucation in
the Nincties (2)." We also refer hicavily on the works of Howard Gardner of | 1. vl

patticularly his Frames of Mind and his more fecent book The Unschooled Ming:

dow J¢i atn and how Scliools Sl Id J'each (3).

We lry to loosen e cachiers up. We talk wiily them aluut (he aropnce and the
myopia of modern disciplinary intensive scicnce. We share willy them our conviclion
that the University is oue of the warsl places on Ganth 1o Jeay scicnce beeinse we
rarcly teach it there. We teach specific disciplines, We rarely teach or cmphasize the
conncelions belween those disciplines and the concepts mud themes whicl) ire basic
to all of those disciplines. We use e conclusions of these epotls, ie. that there are
generil science concepts and thenes which Pervade all of the ficlls (1.2). We work
through those concepts and themes in a general and cven supetficial way, relying
heavily on melaphor and analopy with everyday expericnce. Jior cxample,
housework is a batile against entropy. We use concepts of balanee apl Opposing
lorces and tendencics, sort of (e Ying-Yang hypothesis, oider and disorder, light 2
black, hot and cold, Qur goal is lo make them fecl 4 ease, nol o intintidate thep iy
ay way. We encourage them (o nsk Questions and ftom those questions begin (o
develop hypotieses based on comimon scnsc and every day relevance and expericnce.
We ulilize as much as pessible what we haye around us, wha they aic wearing, what
they are drinking or eating, what they are carrying, parlicular P1ops or malerials iy (e
room. We also spend tinie Belling acquainted learning something about their
backgrounds and ticir fears and anxielics, The goal is lo get them 1y apen up,

The classroom we sclect has no outside windows, The 1o0m can be nyde
conpletely black, We talk witl; them about dark adaplation, \We &0 from light 1o
dark in a gradual way over 10-20 minutes, all the tine talking about concepls ang
themes, encouraging and inducing them 1o ask questions, (o open up, We begin the
Science in the Dark experience with “sea firelljos" (Vargula hilpendottiy, o small
Crustacean which is almost legendary now in (e bioluminescence Cutnnily
because of jts ability to produce bright biclumineseence when the diy crustacess is
ground o a powder and welled,

We lcok at (he crustacean, we conclude that i1 is dead and dry, and then we pel
someonce o grind it up, always using a very white, large mortar and jestle. Another
student (now it is nearly pitch black) Sprays water into the powder, The brillizgg
Blow in teir, black, dark-ad:iplcd cavironmenl is dramalic and impressive, The oohs
and aahs and let me touch itand see it go on for af Jeust 5-10 minutes, "I'lhe oy lar is
passec arounc. Everyone takes a turp, We grind a litle more, e paint it on
Ourselves, By now tiie leachers are no longer squeamish and ever the fishy smell or
the Vargula docs nol botlier them, Queslions aje being gencraled, hypotheses Iy,
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Wiy does it light up? Wiy does il need water? Docs il stop whenn it is diy? Whatir
1 add more waler? Wihy does i smell? Why is it lue? We stmply ehcourape
questions. We encourage the formulatjon of hypothesis, how wouly You test tha7
Lel’s try that again. We getinto the scicntific process, What is nny CXperiment? What
is an ubservation? What jsa conlrol? What js teliable, reproducible? We take (e
powder as Iar as is canvenient, Now they pring " winlergreen LifeSavers,
expericncing Uribo-luminescenge, Muore questions, more hypotheses. We usually-pull
oul a chiemiluminescent Ljle Stik, and, in the datk, pet one of the students to activate
it. Itis cold light, and 1 if is very different from norpal light production. Many of
them have experienced it They stan talking about (wo components. What is the
noise inside? Why js it blue, Breen, or red, dc]wuding on the particular Lite Stik
uscd. More hypotheses: why isn't the light liot, or is 117 Warm hands, cold hands,
How long does it Ias1? Can You lutnit off? Why does Tieezing siop it? By now we
are ofl an a prelty widc-mugiug discussion oy light. Ifow is light generated? Wi is
light? ITow do lipht bulbs work? Wit is lluorescence? Wit is phosphorescence?
That takes us into the structure of the alon g electrons in ntoma, Llection ntomie
and molecular oibitals, excijed States, photon generation o color, waves ml
wavelenpths, We spend 3 ol howr or more on e principles of optics il liph
gencration, We pull gt [ashliphts, we pull out prockel lnsers, we s!mp!y Lake tha
discussion as far as is convenient andd elfectjve,

Sumetimes these couses A piven in theee, 3-hour Seginents, somelines in one
three hoyr sepient followed by o second 7-hour scpment. They are given some
general literature o bioluminescence, a set of fuestions, several additional shieels 1o
teacl.a little hype about their kits, Uheir bugs, theic dinollagellates. “There js A lol of
anticipation aloul coustructing tcir vwn kit, Uieir own ccosysten.

DINOS IN ACTION

We gointo a dark envitonment in whicl we hiave an array of Masks conlaining
bioluminescent dinoflagellates, pyrocystis lunula (6,7). The organism has been pul
onan allernale cycle su that it is approximately in the mijddie ol its night cycle during
this part of the course. They all hover around (e collection of Masks, Placed togeilier
inone dark, black box. We simply give theny an chormous bang, e whole box
lights up in a brilliang blue Mash. Oohs an aahs, but much more intensive than in (he
fitst experience. They pull out the Nasks, ihey begin (o shake them. Again more
questions. Wiy only when I shake them? Why don't ey stay on? What is miking
this? [s this chemiluminescence? e cavtion them that this time the organism is
alive, We pive them another set of flasks. We tel] them itis cancily the sane thing.
They shake them, They dou't glow, There goes the hypothesis. We encourape them
1o formulate liypotheses and lo discard hypotheses, Hypotheses arc 1o be lested not
proven. Wesay they are plans, they need light. We star talking about light cycles,
circadian thytls, matueal thythins, jeq lag. We put our dinos away and let then rest.
Somelimes we ulilize Plastic bags containing dinos complelely sealed in the bng, and
we tltow the bags around the clusstoon, They play catch wiil them, They notice
that they liglt up in individual discreet points. They light up al the airhwaler
intetface. Some of them seem o be attached (o the wall of (e bag. T'hey light up
around bubbles, A Jof of observation and primitive hypothesis lormulation js going
oil. low do they live? How o we lake care of them? Wihat do they look like
anyway?

We po 1o mictoscopes, We simply take a diop of the dense culture between nn
inverted pelri dish, ad look at them, They are Jarpe and moon shaped. What is all of
that stull inside? |lerg is one that has tive nuclei, here is one that is more round,
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What is going on? They all look different. The 7 day life cycle of pyrocystis lunul;
makes them an almost ideal protozoan with which to study all aspects of cell divisiog
and [ission and of intracellular organcllc structure and migration. Some of those
who are involved in leaching biology and protozoa arc absolutely fascinated. They
think it is an ideal organism. Why haven't Uiey heard about it before? How do they
grow? What do they need? They are plants, photosynthesis, CO37, respiration,
oxygen production, litlle ecosystem. How do they live in the bags? 1ow do they
live in the Masks? Ilow do they get air? 1low much light do they need?

We talk aboul sub-cultures, we lalk aboul feeding them, we lalk aboul seawales
and supplements. We show a video we have pul together on bioluminescence which
simply demonstrales many of the things they have already experienced. We show
scgments of a BBC video, “*Creatures of the Night Sea.” We show segments of the
David Altenborough, “Trials of Life" video “"Communicating with Strangers,”

articularly the segment showing the Nashing fireflics and deep sca creatures. What
15 the Nunction of bioluminescence? Where is it found? Is the chemistry all the
same? Isil dilferent?

There is a real advantage to doing all this in the dark. They scem (o be less
intimidated; they ean’t see each other; nobody looks stupid, nobody knows or
remembers who anybody is, so the questions and ideas just pour oul of the darkness,
We organize and formulate some of ihc questions into hypotheses, and encourage
them to make their own experiments. They put together a kit that 10-15 students ean
work with.

ICEPTS AND THEMI

We come back to inlegrated scicnce concepls and themes. We are learning
physics, optics, chemislry, biology, and environmental scicnces. We talk about
phytoplankton as one of the primary producers of the sea. We talk aboul the possible
ellcct of the ozone hole (5). We lalk about their role in minimizing the greenhouse
elfeet. We talk about litlle ecosystems aud big ccosystems.

A discussion of biospheres and ecospheres usually ensues, ranging lom the tiny
ccosyslem represenled by the pyrocystis lunula plastic bag or flask to back yards, to
local regions, and to Biosphere 2 in Arizona. We lalk aboul the problems and
uncertaintics with Biosphere 2, treating it as an experiment in the study of complex
systems. We then move on lo Biosphere 1, i.c. the Earth, and a variety of current
issues such as the ozone hole, greenhousc efleet, and global warming. We talk about
phytoplanklon as primary producers and as responsible for a significant fraction of
the CO3 consumplion on Lhe plancl. We also discuss very recent studies dealing with
the effect of increased UV on phyloplanklon productivily and health in certain paits
of the world (5),

ECDLE A SCIENTIST

The inservice concludes with a plea to probe, particulacly lor those clementary
teachers who have high scicnce anxictics and concerns aboul their scicnce
background. We say “ncedle a scientist, ncedle a physicist, needle a chemist, needle
a biologist™; ask them aboul e basic premises and foundations of their area of
science. Throughout the inservice, we question. We Jook al basic picmiscs,
constanty asking why, and concluding that science is based on a small number of ik
understood phenomena and building blocks. We cncourage them to feel comfortable
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mteracting with scienlists, asking advice, ignoring the arropance of many
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abot needling them, using them, appreciating them, and learning

rolessional scicnlisls,
from then

We always conclude with a disc}msion of current popular science wriling with
which they can probe decper and cnjuy:lb!y. We encounIge then lo use pnpl.jl:zr
<cience writing in their classes as appropriate, panticulaely for those teachers involved
in high school courscs. We reler cxlcmlqvcly to the books by Stephen J. Gould, John
MePhee, Loren Liscly, Rachel Carson, B.O. Wilsun, and many othes.
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h) PEG chains are often used as a means (o provide a tether between a
protein, or other biomolecule, and the surface (6). This approach is
being widely applied now in biosensors in which an anubody must
function as if it were in solution, and yet be tethered within several
hundred angstroms of an interface which provides a means of
transducing a binding event into a signal (12). The covalently coupled
protein, however, situng on the end of a dynamic and mobile chain, wiil
have extensive mobilify and dynamics of its own, and will interact with
the underlying substrate unless the surface is exceptionally well covered
and passivated by PEO or other means.

i) if we could prepare 2 maximaily dense PEO surface, we might have a
packed “crystal™ of PEO which will then adsorb proteins, as shown,
Such a surface would, of course, not be mobile or dynamic and would
not sterically or entropically exclude or resist protein adsorption.

(end of caption)

It is clear that the surface must be fully covered bv PEO 1o minimize

Mein interaction with the underlying surface. However, il the surface
is “over” covered, as in Figureli above, then the surface becomes
adsorptive.

It is perhaps not surprising that even crude, simplistic models of
hypothetical spherical proteins interacting with ideal PEO brush surfaces
suggest that protein resistance is a function of protein “radius”, PEQ

molecular weight, and the number of PEO chains per unit area on the
surface

With all this complexity, one might ask why PEQ? Why not
consider other approaches 1o the passivation of surfaces with respect to
protein adsorption? Protein-resistant surfaces tend to be neutral, to
minimize electrostatic interactions, and highly hydrophilic, to minimize
hydrophobic interactions (14). Of all the neutral, hydrophilic, water
soluble/swellable polymers readily available, PEO appears 1o be the
most mobile, the most dynamic, and the least interactive (4).

What are the disadvantages to PEQ? There is some question as (0 ils
long-term stability on a surface, that it may be susceptible to local
oxidation processes, and there is some concern that it may weakly
complex with proteins, particularly charged proteins, just as it does with
certain types of charged polymers (15). It also has a tendency to form
weak complexes with certain ions, particularly potassium. In fact PEG
has been called a “poor man’s crown ether” (16). Nevertheless, of all
the polymers we know, it appears 1o have the highest potential for the
development of trulv protein-resistant surfaces (1, 4, 17).

A very major factor is the way in which the hydrophilic polymer
chains interact with water. PEO solutions, although they do not behave
as ideal solutes and cerainly do provide some perturbation of the
structure of water, apparently are the least perturbing of all of the
commeon neutral hydrophilic polymers. Although the non-bonding
oxygen orbitals in PEO do provide hydrogen-bonding capacity, and
indeed are largely responsible for the solubility of the molecule, this
hydrogen bonding is easily satisfied by water, without significant
perturbation in the structure of water (17, 18). A lack of significant
perturbation in the structure, and the fact that the ethyl moieties in the
PEO chain are largely accommodated by the water structure, thus
minimizes hydrophobic interactions. These two facts suggest that PEO
indeed has minimal interactions in aqueous solutions with other solutes.
In addituon, the PEO chain is highly mobile and dynamic, thereby
creating an entropic “insurance™ which can more than compensate for
any weak attractions which may be present (13). The end result is a
weak and somelimes even quile strong repulsive interaction between
proteins and many types of PEO surfaces, resulting in very low protein
adsorption. This is what we define as protein resistance,

Direct measurements of the steric repulsion between PEO surfaces
(19, 20) and between a surface of PEO and one of protein (21) are now
available, thanks to the surfaces forces apparatus (20, 21). Direct
measurement of steric exclusion and the imaging of surfaces via stenc
exciusion means has now been accomplished in our group by atomic
force microscopy (19). Prime and Whitesides (22) recently presented a
study of the adsorption of four different proteins on oligo (ethylene
oxide) self-assembled monolayers of varying oligo (ethylene oxide)
surface concentration. The protein resistance roughly scaled with
increasing surface coverage and with increasing oligo (cthylenc oxide)
molecular weight

This discussion is not without controversy and critique. There are
many studies in the literature which argue that PEO surfaces are not
particularly protein-resistant or biocompatible. There are other studies
which argue that if a PEO surface is resistant to one protein, it may not
be very resistant to another protein (4, 13). Is there a specificity to
PEQ’s protein-resistance? Others argue that PEO surfaces may not be
stable, and in time may be degraded or otherwisc deteriorated and
thereby lose their passivity or prolein resistance (6).

ﬁl} Mmary:

PEO-based protein-resistant surfaces function principally by a stenc
exclusion mechanism involving very high surface mobility and surface
dynamics of the PEO chains. For such a surface to be elfective, the
dynamics and mobility of the chain must be maximized, coupled with
the contradictory requirement that the underlying surface must be
entirely covered by the PEO chains. Due o geometric constraints, the
above criteria should be optimally met on highly curved surfaces; ideally
flat surfaces probably cannot be made as optimally protein-resistant,
based on PEO, as can surfaces with low radii of curvature. There is
simply more room for end-attached polymer chains near a curved
surface than near a flat surface.
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CHAPTER 24 -

The Future of Health:
The Roles of Medical and
Biological Engineers

JOSEPH ANDRADE
University of Utah

“Members of communities have responsibilities. . . . They cannot
leave these duties and responsibilities to others.”

“Our community in general has simply chosen not to be in-
volved. It is not only we who suffer the consequences of that
choice, it also is our society that suffers.”

“Engineers. .. know how to deal with systems, very complex
systems, and they can help develop models and means to define
and to address such complex problems.”

“In some respects we must all do less, so we have the time to do
what we do more compassionately, relevantly, and effectively.
We need to teach less, but to teach it better; we need to educate in
a more integrated and systems-like manner.”

“We all hope and expect that a national health care plan will in-
clude legal liability reform and improvement of the federal regu-
latory structure.”

Copyrighted material © 1994; Medical and Biological Engineering in the Future of Health
Care, edited by |.D. Andrade; University of Utah Press.
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“It is time engineers—and bioengineers in particular—began to
lead.”

In this book, we have been informed, educated, and enlightened by
an array of provocative, informative, and well-written chapters. We
have also been urged and encouraged to get more intimately, re-
sponsibly, and effectively involved—not only in the debate about
health care costs and health plans but in the actual redirection of
our own individual efforts and activities in reducing the costs, im-
proving the quality, and significantly increasing access to health
care in this country and around the world.

Let us consider six points:

* social responsibility,

* national values and needs,

* economics,

¢ quality, productivity, and efficiency,

¢  benefits and risks, and

¢ education and communication.

Social Responsibility

We are each members of a hierarchy of communities: our fami-
lies, the institutions in which we work and contribute, our city,
county, state, nation, and our lovely green and blue biosphere—
the planet Earth. Except possibly at the biosphere level, we are
members of each of these communities by choice. We could choose
to be in a different state, in a different community, and even in a
different family. Members of communities have responsibilities:
they must be involved in the process of determining the commu-
nity’s values, its needs, and its governance. They should not leave
these duties and responsibilities to others.

Unfortunately, the technical community, and engineering in
particular, tends to relegate some of its social responsibilities to
other members of the community. Often in one’s upper elementary
and junior high school years there begins to be a number of bifurca-
tions: you are typified as a people person or as an analytical person;
you are a life science person or you are a physical science person.
Those splits may continue through high school, into college, and fi-
nally into our adult professional careers. The caricature of engi-
neers and scientists is that they are not people people—they shun
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ABSTRACT: The “intelligence” of synthetic macromolecules is currently 4 topic of great interest,
popularity, and activity. The understanding of macromolecule mechanics and dynamics has reached
the stage where unique and novel applications are being developed.

Here I present basic principles of polymer surface science, bulk polymer dynamics, and some

selected areas in polymer surface dynamics.

[ include a brief treatment of the complexity of highly dynamic, multi-domain, macromolecular
surfaces and their interactions with highly dynamic, multi-domain “block copolymer” proteins
which are important in biocompatibility and biotechnology.

BACKGROUND

OLYMER physicists and material scientists are well

aware of the dynamics, the relaxations, and the multi-
tude of conformational states which exist in most polymeric
materials. Indeed, it is these very properties that are largely
responsible for the unique set of physical and mechanical
characteristics which have made polymer materials and the
products derived from them so ubiquitous in every day life
[1,2].

Biopolymers, and particularly proteins and polynucleic
acids, have a history, long track record, and even expecta-
tion of “intelligence”. Multiple conformational states, con-
formational flexibility, cooperativity, specific binding in-
teractions, temperature and pH sensitivities, and a myriad
of other properties are all common or expected with bio-
polymers [3], yet it is only recently that the same set of ex-
pectations has been extended to and attributed to synthetic
macromolecules. This 1s largely because the two worlds
have not overlapped in terms of the practitioners.

Fortunately that situation has changed dramatically in the
last decade. The proliferation of programs and research
groups in biomedical materials, drug delivery systems,
medical devices, and biotechnology has produced hybrid
scientists and engineers; their students and co-workers now
expect synthetic macromolecules capable of far more than is
normally reflected in polymer materials textbooks.

Our focus is on the “intelligence” of surfaces and inter-
faces, particularly those involving polymers. Surfaces and
interfaces operate with the same set of thermodynamic and
kinetic rules as do bulk phases. Indeed, the equations of
surface thermodynamics are exactly the same as those of
bulk thermodynamics with the exception that the interfacial
work and interfacial free energy terms are included, rather

Associate Editor: G. Wallace.

than neglected as in the case of infinite bulk phase systems
[4]. As soon as this is understood, then of course the “intel-
ligence” of polymer surfaces becomes much less of a mys-
tery. Surfaces and interfaces respond to their environments
just as do bulk polymers. Surface and interface properties
are time and temperature sensitive, as are bulk polymers
[5].

The dynamics of polymer surfaces are well knowp in the
adhesives and textile fiber communities. Indeed, there is a
rich patent literature which goes back over 40 years [6].
However, because of the normal classical assumptions of
surface chemistry and physics [4), i.e., that surfaces are
homogeneous, flat, rigid, and immobile, the dynamic
aspects of most polymer systems have been largely
overlooked, ignored, and even unknown to the academic
polymer science and surface science communities, until
perhaps 20-30 years ago.

About 20 years ago, surface dynamics was rediscovered
by the medical devices community, largely through studies
on contact lenses [7]. Since then, there has been growing in-
terest and application of polymer surface dynamics in
medical and biomaterials problems [8].

INTERFACES

The major driving force for interfacial processes is their
interfacial free energy (Figure 1) [9.47-49]. At the solid
polymer/air or /vacuum interface this is often called the sur-
face free energy, or even the solid surface tension. The in-
terface orders or Structures o as to minimize the surface
free energy, thereby mimimizing the overall energy of the
system. The situation is quite different at a solid
polymer/water interface. Here the very high surface tension
of water uself, coupled with the characteristically low sur-
face free energy of solid polymers, leads to the development

612 JOURNAL OF INTELLIGENT MATERIAL SYSTEMS AND STRUCTURES, Vol. 5— September 1994

1045-389X/94/05 0612-07 $6.00/0
© 1994 Technomic Publishing Ca., Inc.




A
ey

il A

Review: Polymers Have “Intelligent” Surfaces: Polymer Surface Dynamics 613

Lo
PHASE A
O?ero O O O
O o G T o SR ¢ S B
©--010--0--0--04-0-0-}0--0-
o 9 & Emeo e oly o
PHASE B

af e o R i s

Figure 1. Hypothelical interface between two phases, A and 8, and
the surface tension and work of adhesion components (from Refer-
ences (9] and [52]).

of a high interfacial free energy or interfacial tension. This
can be estimated; a now somewhat old and classical data set
is shown in Figure 2 [9].

In Figure | we sec a typical hypothetical interface be-
tween two phases, A and B. By v, and v, we refer to the
surface free energy or surface tension of each of the individ-
ual phases. By 744, we mean the interaction between
Phase B and Phase A at the interface, and .4, the interac-
tion between Phase A and Phase B. These two parameters
constitute the work of adhesion at the interface, W.,. The
interfacial free energy vy.p is given by yus = va + o —
W, [Uis this interfacial free energy that is the driving force
for subsequent interface modification and interface restruc-
turing processes.

Figure 2 shows what happens under ideal conditions at a
solid/water interface. The vertical axis represents the inter-
facial free energy between the solid and water. The horizon-
tal axis represents the surface free energy for the solid v, in-
terfacing with water, y,. This is a somewhat academic and
hypothetical plot so we allow the horizontal axis to go from
zero to relatively high values. Let us take a typical

\B i
ERGS/CM

Y\ eremoM’

Figure 2. The interfacial free energy, yaa and work of adhesion
Wan, for surfaces of different surface free energy, s, in water (from
Reference [9]).

hydrophobic polymer, such as polyethylene or polypro-
pylene, which would have a surface free energy in the range
of 25-30. The very high surface tension of water, 72.8
dynesicm or ergs/em?®, interacts largely by its own disper-
ston forces with the hydrophobic polymer, providing a work
of adhesion component largely dispersive or apolar in
nature. There is little or no polar interaction across the in-
terface as there is no polanity; the dipoles in water really
have nothing to interact with on the polyethylene surface,
assuming a completely unoxidized hydrophobic polymer.
Thus, the polar and hydrogen bonding interactions in water
which are manifested at the interface are entirely un-
compensated, and-are therefore largely responsible for the
residual interfacial free energy, vas.

More highly polar polymers, for example an epoxy or
nylon, would be in the range of perhaps 40-50 ergs/cm?,
have a somewhat lower interfacial free energy, becatse now
there are mutual polar or dipolar interactions across the in-
terface. The work of adhesion is also shown on the plot.

If one considers solids whose surface energies are much
higher than that of water, then the interfacial free energy in-
creases again, but this time most of that energy is coming
from the uncompensated forces on the solid side of the in-
terface. Gel-like solid materials of very high water content
have a surface free energy or surface tension almos[equal 0
that of water itself [12]. Such a material is shown at the posi-
tion of about 72 ergs/em’ on the horizontal axis and would
of course have a very low interfacial free energy against
water. Because of such very low interfacial free energies,
aqueous gel materials tend 1o have weak interfacial interac-
tions, such as adsorption of proteins from aqueous solu-
tions.

We have discussed these principles in a number of reviews
and books over the years [4,5.8-12].

Holly and Refojo, studying the wettability of hydrogel soft
contact lenses [7], showed that polyhydroxyethylmeth-
acrylate (PHEMA)-based lenses appeared o behave as
hydrophobic surfaces in air, and as much more hydrophilic
surfaces under water. A general understanding from their
studies, and many others on similar systems over the years,
is that polyHEMA is a good example of a hydrophobic
hydrogel [13]. HEMA is an amphiphilic monomer with
weak surfactant properties [14], and polyHEMA is an am-
phiphilic polymer. When highly plasticized by water under
equilibrium swelling conditions, the hydrogel interface is
highly mobile and can rearrange or restructure to minimize
its interfacial free energy. In air or vacuum this is ac-
complished by orienting the more apolar segments of the
mer units towards the air or vacuum side of the interface,
thereby minimizing the surface free energy and maximizing
the surface hydrophobicity. Under water, however, it is the
polar, more hydrophilic side chains that tend 1o orient
towards the water phase, thereby functioning as weak sur-
factants and minimizing the interfacial tension. These ef-
fects are easily seen in dynamic contact angle experiments
[15]. When a water droplet is advanced along a polyHEMA
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surface, the advancing angle is quilé hydrophobic whereas if
that same water droplet is receded. the receding angle is
low, suggestuing a highly hydrophilic surface.

Such contact angle hysteresis experiments are well known
and are one of the standard methods of characterizing the
surfaces [4.30]. The polymer simply responds to its en-
vironment.

A now classical study by Pennings and Bosman [19] dem-
onstrated the dynamic restructuring of polymers cast against
a high energy gold substrate, and then allowed to restructure
or reorient in air under different time and temperature con-
ditions. From such a study they determined that the activa-
tion energy for surface restructuring was approximately
equal to that of the beta relaxation for that particular
polymer.

Mechanical and dielectric relaxation studies demonstrate
dramatically the time/temperature dependency of polymer
dynamics [1.2,20]. It may be reasonable to suggest that high
molecular weight synthetic polymer systems are rarely, if
ever, at equilibrium. What you see depends on when and
how long you look. This is certainly true for polymer prop-
erties and is perhaps even more true for surface properties.

These effects are now well understood, but they have not
yet made it fully into surface chemistry and polymer science
textbooks, although they are becoming increasingly recog-
nized in the chromatography field [51]. One finds the
phenomena are being regularly rediscovered in the literature
[21]. These effects have been known for a very long time in
certain aspects of the polymer industry and in particular the
textile community [6]. Reference [6] refers to a 1971 patent
assigned to the 3M Corporation describing a set of copoly-
mers which respond reversibly to changes in their environ-
ment, i.e.. “intelligent” surfaces.

[f the polymer surface contains ionizable groups which
differ significantly in their polarity in going from the non-
ionized to the ionized state, then a simple change in pH can
dramatically change the polarity and wettability of the sur-
face. This has perhaps been most elegantly demonstrated in
a set of recent studies by Whitesides and his group utilizing
essentially contact angle titrations [22]. Polymer surfaces
containing azobenzene or other components which can
undergo a trans (o cis photoisomerization, with a significant
increase in dipole moment and therefore polarity, also dem-
onstrate significant wetting changes upon photoisomeriza-
tion [23].

BULK POLYMER DYNAMICS

Polymers are dynamic materials [1,2]. Polymer cheins
and solid polymers exhibit a variety of motions. The ends,
loops, and segments of the chains can experience a variety
of relaxation processes which are time and temperature de-
pendent. The most well known and quoted of these dynamic
processes 1s the microBrownian motion characteristic of
polymers held above their glass transition temperature, 7,,
the temperature at which there exists motion of main chain

segments involving perhaps 50-100 carbon/carbon bonds
[16]. The glass transition temperature of polymethyl meth-
acrylate (PMMA), a rigid polymer. is about 130°C.
whereas for polydimethyl siloxane (PDMSO). a highly
dynamic mobile polymer, it is —120° 10 —130°C. The
microBrownian motion of PDMSO is present at room tem-
perature, whereas the microBrownian motion of PMMA s
not activated until the temperature exceeds about 130°C

However, even rigid polymer surfaces can be dynamic
with respect to interfacial properties and processes. The
glass transition temperature argument alone would suggest
that PMMA would not restructure under water because the
polymer molecules do not have sufficient mobility or
dynamics to respond to the high interfacial tension at room
temperature. But this is not so. The T, refers only to micro-
Brownian motion-activation of major segments or parts of
the polymer chain. Many polymer systems have side chains:
side chain rotation requires much lower uc:ivation energic&
In the case of PMMA, the side chain rotation. i.e., the beta
relaxation, is activated in the range of 20“-30 C. this is
sufficient to provide at least some statistical amphilicity at
polymer/water interfaces. I[ndeed. PMMA and other
polymethacrylates can be spread as monolayers and
characterized by pressure/arca isotherms using Laggmuir
trough techniques [17]. As the number of carbon aclz)mx in
the side chain increases, they provide plasticization of the
system, thereby decreasing its T, and providing for a more
dynamic and mobile polymer [18],

GRADIENT AND HETEROGENOUS SURFACES

A quarter of a century ago | J Bikerman in a wonderful
monograph considered the problem of water droplets on
heterogeneous surfaces [24]

Surfaces with a continuous range of surface character
along one or more linear dimensions. gradient surfaces.
have become popular in recent years for the study of the ef-
fect of a solid surface parameter on interfacial processes
They have perhaps been most widely employved in studies
related to biomaterials and biocompatibility. particularly
protein adsorption. Pioneered by Hans Elwing and co-
workers, they have been utilized by Elwing and a number of
other groups and have provided important. fundamental in-
formation on the role of surface properties on protein ad-
sorption [25,26].

Very recently alkyl thiol monolayers have been used as
model, highly ordered surfaces for a variety of applications
[27]. These surfaces are so ordered and so ideal that they ex-
hibit very low contact angle hysteresis. It was shown by
Zisman many years ago (28] that only highly ordered. ho-
mogeneous, and packed rigid surfaces exhibit minimal con-
tact angle hysteresis [4,28.29]. Virtually all other surfaces
demonstrate significant hysteresis. 3

Whitesides and co-workers have prepared gradient sur-
faces using thioalkyl reagents. Although such surfaces vary
in wetability along the linear dimension. a1 4ny particular
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point on the surface the contact angle hysteresis is very low.
Such modern, ideal surfaces allowed Whitesides to show
what Bikerman had speculated upon decades earlier [24],
that is, a water drop could be made to move along such a
surface “secarching” for a position which minimizes the
system’s total cnergy. This tendency can be made great
enough that the water drop can even be induced to move up
hill [30], an elegant demonstration of the importance and
strength of interfacial energetics, and a reasonably high
level of interfacial “intelligence”

Polymer blends, diblock polymers, and triblock polymers
generally involve two or more distinct phases of different
cohesive energy density and different surface character.
Such materials are also interfacially dynamic on an even
greater spatial dimension than the individual polymer chain
processes discussed earlier. Assuming that at least one of
the phases is highly mobile and above its glass transition
temperature then, given sufficient equilibration time, the
low energy phase tends to dominate in air, whereas the high
energy phase tends to dominate under water. Admittedly
this behavior is constrained in diblock and triblock systems
by block size and stoichiometry, but nevertheless, the ten-
dency is there. Systems with a polysiloxane continuous
phase, for example, are almost totally dominated by the sili-
cone component in air.

PROTEINS AND BIOCOMPATIBILITY

Proteins are complex polyamides with a wide range of
amphiphilic and dynamic characteristics. Chan and Dill
recently reviewed the motions and time scales for both pro-
teins and synthetic linear polymers [31] and, although the
nomenclature and the semantics are different in the two
worlds, the processes and the principles are similar. The
tendency for protein molecules to adsorb and then confor-
mationally adapt (denature) at polymer/aqueous interfaces
has been an arca of major study for the past 30 years
[32,33], largely driven by the need to enhance and improve
the blood and/or tear compatibility of various medical de-
vices and diagnostic products,

A number of “magic” biomaterials have been studied by
our group from the point of view of interface dynamics and
restructuring. Here we discuss some recent work on
polyether urethanes, because they represent multi-phase
polymer systems with the “intelligence™ required to restruc-
ture their interfaces, depending on the environment.

Tingey [34] and others [35] have extensively
characierized the surface properties of biomedical polyether
urethanes both in and out of water. Briefly, there is a ten-
dency for the low energy phase to dominate in air and the
more high energy phase to dominate in water, although in
many biomedical polyether urethanes the surface free ener-
gies of the soft segment and hard segment phases are
roughly comparable, so this tendency is not particularly
dramatic. It is far more dramatic in multiphase polymer
systems where the two phases differ greatly in their respec-

tive surface free energies. Nevertheless, even in biomedical
polyether urethanes, the tendency is there. In addition, and
perhaps even more importantly, the phase dimensions in
these systems are in the range of 100 angstroms or so, a par-
ticularly important scale for plasma and tear protein interac-
tion.

PROTEINS AND INTERFACES

Proteins are highly anisotropic, dynamic, and conforma-
tionally unstable polymers and thus exhibit a wide range of
interactions at interfaces. The ability of the same protein to
interact at different interfaces by hydrophobic, polar, and
electrostatic means, and by combinations of such forces, is
now well known and has been extensively discussed
[10.11,36]. The ability of such proteins to conformationally
adapt, i.e., denature, at interfaces is also well known and
qualitatively understood [36].

Such understanding, however, is most complete only for
relatively small proteins of single domain character whose
3-dimensional structures are known. These have served as
model proteins for the study of interfacial behavior and have
greatly advanced our understanding of such processes [37].
However, most proteins in blood, tears, and other body
fluids are not small, single domain, “modci‘ proteins.
Rather, they are of high molecular weight, ranging from
perhaps 40,000 to several million, the crystal structures are
generally unavailable, and they consist of a wide range and
number of domains [38,39]. Most proteins of interest are
analogous to block copolymers, in which different regions
of the same molecule can have very different chemical and
physical properties.

A good example is fibrinogen, one of the more concen-
trated proteins in blood plasma, whose function is to pro-
vide a polymer network and much of the mechanical
strength of a blood clot. Fibrinogen has 12 thermo-
dynamically autonomous domains [40,41] with a total mo-
lecular weight of about 350,000, involving 6 polyamino acid
chains. One might think of this as a star polymer with 6
arms on the star, but the arms associate and self-assemble
into 6 times 2 independent domains. These domains have
different dynamics, i.e., thermal stabilities, they have dif-
ferent electrostatic characteristics, and they have different
apolar characteristics. Thus the domains each have their
own unique set of surface and interfacial properties, which
means that the protein can interact with different interfaces
by different domains, providing a wide range of possible ori-
entations and interfacial ordering or self-assembly pro-
cesses [11.41].

DOMAIN-BASED STATISTICAL SPECIFICITY

Both Feng [42] and Tingey [34] studied the adsorption of
some 16 different proteins from dilute blood plasma onto
rigid carbon surfaces and soft polyurethane surfaces, re-
spectively. Feng found that adsorption largely correlated
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Figure 3. Speculations on domain-based ‘'statistical specificity"’,
assuming a multi-domain protein (top, left) interacting with a multi-
domain polymer whose domains are roughly comparable in size to
those of the protein (e.g., certain polyether ursthanes). Top: domain
matching and interaction complementarity; middle: protein dena-
tures or adapts to try to match polymer; and bottom: polymer sur-
face adapts to adjust to a ''less-adaptable’ (“hard”’) protein. The
variables likely to be important include protein and polymer domain
sizes and surface chemisiries, protein domain denaturation temper-
atures, and polymer domain glass transition temperatures (from Ref-
erence (11]).

with the concentration of the protein in solution and that all
proteins adsorbed irreversibly, with, to a first approxima-
tion, adsorption being independent of the particular proper-
ties of the individual proteins. The only real correlation
observed was with the solubility of the respective proteins,
as expected [11,42]. Tingey, on the other hand, using
polyurethanes, found several proteins were highly
depleted/adsorbed on certain polyurethanes, but not on
others. There was a crude correlation with polyurethane do-
main size.

This had led to what we call the “multi-domain interaction
hypothesis™: a multu-domain protein interacting with a
multi-domain polymer surface, where the protein and
polymer domains are roughly of comparable dimensicens,
leads 1o a number of possible scenarios. If there is some
matching or complementarity between the domains on the
solid polymer, and the domains on the protein, then, in
time, the adsorbed protein will orient to optimize such do-
main interaction matching (Figure 3, top). If the dimen-
sional matching is not optimum and the protein is relatively
“soft”, i.e., easily denaturable [37,43], or at least the critical
domains involved are easily denaturable, then the protein
may conformationally adapt to the more rigid polymer sur-

face. If, on the other hand, the protein is relatively “hard”,
i.e.. its domains have high thermal denaturation tempera-
tures, and it is interacting with a soft, more conforma-
tionally adaptable polymer, then the polymer surface may
conformationally adapt lo its new protein environment.
This domain matching may be the basis of “specificity”
behavior in some systems. This is of course a speculative
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Figure 4. A schemalic view of a dynamic polymer surface in dif-
ferent environments: (a) in air; (b) in water; (c) a protein molecule in
water exhibiting its equilibrium “‘surface’'; (d) the protein approach-
ing a water-equilibrated surface; and (e) the polymer-adsorbed pro-
tein system with the protein shown interacting mainly via hydropho-
bic interactions. The polymer surface has restructured 1o
hydrophobically interact with the protein and, where appropriate, in-

teract with the aqueous phase by hydrophilic means (from Refer-
ence [53]).
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hypothesis which will be difficult to test because of the
difficulty in characterizing polymer surfaces and adsorbed
protein films in aqueous environments with high spatial res-
olution and with conformational and orientational informa-
tion.

Figure 4 shows a dynamic copolymer in air, in which the
more hydrophobic side chains dominate the surface. We
now understand the same polymer in water will rearrange its
surface, given that it has sufficient mobility and time to do
so, to express more of its hydrophilic and less of its
hydrophobic character. But the story is not over if the
polymer is in an aqueous solution which contains solutes or
colloidal particles which can adsorb and modify the inter-
face. In the final panel in Figure 4 we see that same water
equilibrated polymer surface is now sitting underneath a
protein with a multiplicity of domains and hydrophobic/
hydrophilic character. Just as the protein attempts to accom-
modate to its new microenvironment, the polymer, too, is
restructuring in response [0 ifs new microenvironment.
They are both intelligent in this respect. Their mutual intel-
ligences are complicated by the cooperativity and de-
pendence of the various processes on each other.

CONCLUSIONS

Heterogeneity

Polymer surfaces are never homogeneous—there are
simply different degrees of heterogeneity. The polymer
chains are generally oriented parallel to the free surface
[44]. Depending on the process and conditions for the par-
ticular polymer material, the orientation may be extensive,
such as in a fiber or highly extruded material. Polymer
chains are finite —there is a granularity or heterogeneity on
the level of the size of individual polymer molecules due to
the lack of interpenetration of these molecules. There may
be microBrownian motion due to glass transitions and
related relaxations. There may be side chain rotations. Pro-
teins, too, are heterogeneous, as indicated earlier.

Dynamics

When dealing with macromolecules, everything is a func-
tion of time. As described by Chan and Dill [31], overall
molecular conformations may require seconds to minutes,
or even longer, to achieve. Routine adsorption equilibria
may range from seconds to days. Synthetic polymer adsorp-
tion equilibria may require weeks or even months, whereas
side chain motions may be in the microsecond to pico-
second domain.

Cooperativity

Although not discussed in this paper, the interfacial
phenomena considered tend to involve multiple cooperative
interactions and many low energy binding sites. The sites

may have different dimensions and different interaction en-
ergies. Although I only briefly discussed side chain rota-
tions and large domain interactions, there is clearly a whole
spectrum of motions and dynamics between these two
limits.

Statistical “Specificity”

The heterogeneity of these systems, their dynamics, and
the fact that the interactions are highly cooperative in nature
lead to “specificity”. Specificity is well known, and even ex-
pected, in biochemical systems. Enzymes interact with their
substrates, and antibodies with their antigens, by a number
of small functional groups or side chains, perhaps as many
as five or six, arranged stereochemically to provide comple-
mentary interactions, yet cach of these interactions, individ-
ually, are of low energy. The fact that such multi-site in-
teractions are cooperative in nature leads to very high
binding energies when complementarity, i.¢., stereo specific
matching, is optimum, producing exquisite recognition
capabilities (specificity).

[ have tried to show in this paper that some of the same
behavior can be expected at polymer surfaces—there is a
statistical specificity. This has, of course, been recognized
by many other groups, and I have previously called this the
“Marcel and Jacqueline Effect” because of thefextensive
work that Marcel and Jacqueline Josefovich have done in
this area [45].

“Intelligence”

When one has heterogeneity, cooperativity, and
dynamics, and then puts such a system in a different en-
vironment, it of course responds in a time dependent, com-
plex manner to that new environment. That responsiveness,
or accommodation, is often called “intelligence”. It involves
many levels of complexity which we are only beginning to
appreciate. Such complexity provides the opportunity to
design and develop novel materials and devices.
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reporters; they have disdain for politicians; and they tend not to
serve on school boards, city councils, or state legislatures.

This book and the conference from which it came have argued
that we must all be involved. Individuals with engineering and
technical backgrounds can and should make significant contribu-
tions to a range of social and national problems. Their technical and
analytical training and background can provide vital input to prac-
tically all socioeconomic issues and controversies, whether it be the
role of technology in health care, the environment, and the bio-
sphere, or in regard to weather and natural catastrophes. We must
insist that these important issues and problems be addressed by our
various communities and social systems. We must help generate
the political will and the leadership to address these important so-
cietal concerns.

Our training and background provide a perspective as well as a
set of analytical and critical tools. That perspective is often absent
or is incompletely and ineffectively presented in sociological de-
bates and deliberations. It is not because people do not want to lis-
ten; it is not because we are ostracized or kept from being involved;
it is because our community in general has simply chosen not to be
involved. It is not only we who suffer the consequences of that
choice, it also is our society that suffers,

Those days are now over. We are seeing the development of a
new ethic, a new sense of social responsibility in the scientific and
technical communities. The old perception—and excuse—of the
“two cultures” is weakening. We can look forward to an increasing
level of involvement by the scientific and technical communities in
the full spectrum of societal problems, and in particular the nature
of health and of health care.

National Values and Needs

Engineers rarely attempt to solve problems that don't exist.
They like to have well-defined, well-presented problems. The prob-
lem with the health care problem, as Senator Durenberger so force-
fully put it, is that the problem has not been adequately defined.
The problem is not just that we spend 14 percent of our GNP on
health care; the problem is not just that there are nearly 40 million
uninsured; The problem is not just that we have over 2,000 individ-
ual insurance companies, each with their own forms and bureau-
cracies—the problem is more than that. Samuel Thier said it very
concisely: “What the system should be doing is providing the
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proper balance of screening, prevention, diagnosis, treatment, and
rehabilitation.” Senator Durenberger went on to say: “What are the
real health needs of the people? Is the medical market system with
its dysfunctional manner depriving us of the resources we need to
meet those real needs? Do we have to change our values to help
solve this problem?” What do we really mean by “health care”?
Have we defined health, health care, and health policy properly?
They are defined very differently in other countries. These are diffi-
cult and not particularly analytical questions, and they are the
kinds of questions that engineers don’t like to address. Engineers
and physical scientists chose their professions because they like
well-posed problems; they become very uncomfortable if they
must deal with such ill-posed questions and problems. Neverthe-
less, they are our problems and, as socially responsible adults and
citizens of our communities, we must deal with them.

The state of Oregon has been involved in discussions and
planning with respect to the general health and well-being of its
population for the last five years or so.! After many years of public
discussion and debate involving all sectors of the Oregon popula-
tion, the state evolved the Oregon Health Care Plan, which defined
and identified their values and needs with respect to health and qual-
ity of life. The plan addressed the issues of access, quality, costs,
and economic constraints, and it formulated a standard benefits
package for health and health care, with a major emphasis on pre-
vention, healthful living styles, and early diagnosis. There was a
deemphasis on expensive, heroic, and halfway technologies and
procedures. The Oregon Plan, and the dialogue leading to it, has
generated a considerable amount of criticism, discussion, and de-
bate. It nevertheless serves as a model for what we as a nation and
what we in other states and regional communities can do.

Scientists and engineers know that problems need to be at least
partially defined before they can be effectively addressed and even-
tually solved. We really do need to decide if health care is a right,
and/or how much health care is a right, and how much are we
willing to spend on health care? What do we do about individuals
who insist on living unhealthy life-styles? Do we wish to maintain
the choice and independence so characteristic of the present sys-
tem? Susan Bartlett Foote said it very concisely: “Choice has a
cost”—and generally a significant cost. Do we want to empower
patients to have a significant financial stake and intellectual stake
in their health and well-being and in the selection of treatments or
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nontreatments of their health-related problems? These primarily are
all values questions—societal questions that need to be adFiressed
in appropriate forums in order that the problem can be defined.

Economics -

What are the costs of health care? Dr. Thier argued that perhaps
we need a new calculus, to consider al! of the costs and all of the
benefits related to health and well-being. The costs of your health
and well-being began at the moment of your conception, and they
escalated from there. The cost of prenatal care can be allocateq both
to the mother as well as to the fetus, as can the costs of pirth itself,
Can we develop a calculus for the total costs and benefits .of‘a hu-
man life? If my average life span is seventy years, what \.Nll] it cost
my parents, me, and my community from my conception to my
death and burial? We have rarely, if ever, looked at the problem in
such an inclusive manner. N

Missing a vaccination early in life can lead to significant prob-
lems and inordinate costs later in life. We can’t simply focus on the
incremental cost of that vaccination, or on the incremental cost of
the health-problem episodes resulting from a lack of the vaccine:
tion. They are all related. The integral stretches from conception ‘to
burial. It is an integral which includes an enormous amount of vir-
tually unpredictable statistics and probabilities. Some of us know
how to do integrals. Some of us know how to deal w1thln0%sy datsf.
Some of us know how to trade quantity in data for quality in appli-
cation. We can help address those complex problems.

Is the cost of hand-gun control, or gun control in general, a
health care cost? Are the costs of drug prevention programs health
care costs? And the costs of drug treatment programs—are they
health care costs? Is the cost of a summer job for an inner-city teen-
ager, who is likely to acquire both guns and dlrugs, a health care
cost? And what are the health care costs to society at large {f that
gun-toting, drug-selling, unemployed teenager sells and distrib-

utes those drugs and uses that gun? These are all parts of the
calculus—parts of this incredibly complex inhte.gral. We must now
integrate, and not only over the life of an individual and over all of
the individuals in society; we must also integrate and c0n51de.r all
of the cross-terms as well. The integral must include all of soc1e.ty.
Engineers, at least certain kinds of them, know how to deal with
systems, very complex systems, and they can help develop models
and means to define and to address such complex problems.
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We all know from personal experience that the scientific and
technical communities and the medical communities respond to
economic incentives. Incentives do indeed matter, and it is today’s
incentives which drive tomorrow’s outcomes. If we can simply
identify and define what we want tomorrow, we can implement in-
centives today which should help drive that outcome. That is again
why it is so important to define the problem, so that we can put

in place programs and incentives with which to address and to
solve it.

Quality, Productivity, and Efficiency

We have seen that quality in the health care system can be sig-
nificantly enhanced and improved. Improvement in quality and
overall enhancement in productivity and efficiency also will lead to
lower costs. Productivity and efficiency enhancement does not just
mean minimizing labor costs. In fact, it may mean just the opposite.
It may well mean taking a little more time to get an appropriate
medical history, taking a little time to make the patient aware of
his/her medical problem and to educate the patient about the
trade-offs of different possible treatments or no treatment as well as
to involve the patient in self-diagnosis and self-monitoring, These
actions will increase labor costs in the time spent by physician,
nurse, or health care provider. But such “increases” in labor costs
might indeed be excellent investments in enhanced quality, pro-
ductivity, and efficiency in the sense of achieving better health and
a better health outcome over the longer term. Patients certainly do
not want to talk to machines, and they do not want to talk to health
care providers who function like machines. They want to talk to in-
formed, involved, compassionate people who can listen as well as
pronounce and prescribe.

Hunter and Foote both addressed the issue that there are far too
many specialists in this nation, and that the ratio of specialists to
primary-care providers is completely out of balance. Incentives are
evolving to change that, but they could evolve more rapidly. The
same situation is perhaps true in biomedical engineering. There is
far more interest in graduate projects that tend to push the scientific
and technology envelope, driven of course by incentives from the
funding agencies, than there is on projects which may help to solve
and meet a current health care need but that may involve more pe-
destrian or less exciting technologies.
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Benefits and Risks

The scientific and technical community tends to have some ap-
preciation of probability and statistics. Those with even the weak-
est introduction to the life sciences know that organisms eventually
die, and that they die from myriad causes. Most of us know that the
Gaussian distribution, or normal, curve is more or less endemic
throughout biology. Yet, although these principles tend to be part
of the education of some college and university students, they are
not a part of the education of the general public nor of their law-
yers. Unfortunately, these concepts are also not well known among
many physicians and medical providers. When they are, they often
are not transmitted effectively to their patients.

Keller (Chapter 2) discussed the issue of benefit and risk.
Clearly there are more safe as well as less safe activities and proce-
dures. Clearly there is malpractice. Clearly there are poorly de-
signed and manufactured devices; and clearly we need effective
regulation with respect to safety and efficacy. But just as clearly
there are statistics and there are probabilities. It is no one’s fault if
an earthquake levels your town or your home. It may be your fault
for choosing a home on an earthquake fault, if that fact was indeed
known to you. Is it really society’s fault if you live on a 500-year
floodplain? [s it someone’s fault if one out of 10,000 medical im-
plants leads to a negative or even catastrophic outcome? Is it fair or
right to insist that that device have a one in 1,000,000 failure rate,
increasing its development, testing, and manufacturing costs by or-
ders of magnitude to produce such reliability? Is it fair to make the
other 999,999 individuals who receive that implant pay the excep-
tionally high cost required for that level of safety?

Lawmakers and lawyers must come to understand statistics
and probability. You and I and our colleagues must educate them.
We must see to it that these concepts are incorporated in all profes-
sional courses of study—in all majors, on all campuses, in all
schools.

Education and Communication

Health care and the costs of health care are important to every
single individual in society. We are all involved and we are all part
of the problem. Every single group, every component of society,
will have to change its own behavior patterns in order to effectively
and successfully solve this problem.? In some respects, we must all
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do less, in order that we have the time to do what we do more com-
passionately, relevantly, and effectively. We must encourage
people, ourselves included, to get off of treadmills leading to no-
where, in order that we will have the time to reflect, to identify the
problem, and to solve it. All groups must become far better in-
formed and involved in the entire health care area. They must
select their physician collaborators more carefully. They must
design their experiments—particularly animal and human experi-
ments—far more carefully and efficiently. They must attempt to
develop the societal impact statement, described by Keller, regarding
the future applications and societal impact of new medical proce-
dures or technologies. They must consider and perhaps overcome
the technological imperative, also described by Keller, and realize
that most ideas and inventions never come to fruition or are never
applied, perhaps for good reasons.

Lawyers and judges must be educated—many can be. Letters
to the editor, radio and television interviews, discussions with re-
porters on local cases and controversies—these all help educate the
media, the general public, and the law profession.? Simple, every-
day, elementary-school-level examples of statistics, benefit versus
risk, probability, and related topics can have significant impacts,
particularly if the entire technical community begins to assume its
education and communication responsibilities.

The media often fuels unrealistic expectations; there are many
examples of miracle medicines in the media. Health care profes-
sionals, biomedical engineers, and others must work with the me-
dia to make them more aware of the realities of medicine and
health care.

The issue of risks, particularly as applied to health care, must
be considered and communicated to the general public and to the
media. The difference between voluntary and involuntary risk
must be made clear. The role of risk awareness in influencing be-
havior is critical. The importance of patient choice and empower-
ment should be emphasized. Cost is unlikely to be brought under
control without a general appreciation of the limits of technology
and of the inability of devices to correct the natural wear and tear of
the aging process. This includes the acceptance by patients of risks
commensurate with the statistically demonstrated benefit,

Politicians and elected officials certainly respond to letters
and letters to the editor. If they were to receive even a handful of
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inquiries or statements informing them of risk-benefit-cost issues,
they and their staffers would respond. Dr. Healy said, “This puts
an obligation on us, each in our own way, to tell the public what we
are doing and how it is done. Keep in mind, after all, that the public
perception of what we do is not always exact—and when that is so,
it is our problem.”

Scientists and engineers generally have poor communication
skills. Such skills are not fostered in our curricula, and there are not
many incentives for developing those skills. There is a general atti-
tude, sort of an arrogant pedestal syndrome, that we don’t want to
lower ourselves to the level which would be required for dialogue
with the general public or the media. Those with communication
skills generally do not have the scientific and technical skills, so the
information that is getting to the general public, with the exception
of that provided by a few good science writers and reporters, is
usually incomplete at best and completely erroneous or misrepre-
sented at worst. You and I have to correct that. We have to chal-
lenge those reporters, those writers, those lawyers. We have to
inform them, and the community influenced by them, that their sci-
entific and technical facts either are correct or incorrect, that their
analysis of a technical or semi-technical issue either is appropriate
or inappropriate, that their consideration of risk is reasonable or
unreasonable given the data and understanding at hand. Not to do
so is socially irresponsible—it leads to the system and the prob-
lems we have, and the blame becomes ours for being so unin-
volved.

Every major report on engineering education, medical educa-
tion, undergraduate education in general, and public education
over the last decade or so has said that we need to teach less, but
teach it better, and that we need to educate in a more integrated
and systems-like manner. We need to produce graduates and pro-
fessionals who are good listeners, effective communicators, and re-
sponsible citizens. Although [ have yet to see a significant response
in the higher education sector to these reports, the public education
sector is changing rapidly. There are major movements and activi-
ties throughout the nation to enhance education at the elementary,
junior high, and high school levels, particularly in science and tech-
nology education, and that includes mathematics, statistics, and
related topics. [ am optimistic. As these students move into the col-
lege and university environments, as they challenge their profes-
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sors and fellow students, as they move into the job market and the
economy and interact with their co-workers and fellow citizens, I
think they will help realize the fulfillment of the hope for a more re-
sponsible and involved electorate.

Prognosis and Predictions

Regarding the field of biomedical engineering in particular,
George Bugliarello said: “The time has come to look at bioengineer-
ing not any longer as a specialized effort tucked into a corner of en-
gineering or medicine but as a mainstream field involved in our
efforts to maintain and enhance our species and our planet. But we
must first deal with the health care question. That is perhaps the
highest immediate priority of the biomedical engineering commu-
nity.” Specifically, we must deal with the following topics and
problems.

1. Health Care and Its Costs. We must each examine the health
care, health costs, and health technology fields objectively and de-
cide where our individual talents and interests can be most effec-
tively utilized, Although this book is a significant contribution to
such study, it is not enough. There are a number of other excellent
sources which should be consulted.* More importantly, we must
stay current and involved in the ongoing dialogue and analysis of
these complex problems.® We must encourage our students to learn
something about economics, the health care calculus, benefits and
risks, and what activities and efforts are needed and could really
make an impact.

2. The Health Care Products Industry. There is no question that
the technological imperative described by Keller and the funding
incentives for new technological development have significantly
changed. It is therefore unlikely that small incremental improve-
ments in medical devices or technology will prove to be very cost-
effective in the new calculus, unless they are accompanied by
significant reductions in cost. New inventions and new technolo-
gies are likely to be of significant interest only if they represent
major leaps or advances in either quality or cost-reduction. Incre-
mental changes will probably be of decreasing interest.

3. Information. This volume has made a strong case for enhanced
information and communications technologies, and for a computer-
based patient medical record that is transportable around the coun-
try and even around the world.® It is likely that this initiative will
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grow and will be implemented. It is also likely that medical-
equipment manufacturers will have to design their equipment and
their software, not only to comply but to lead in such efforts if they
expect to be commercially successful.

4. More Diagnostic Information. The availability of rapid, high-
speed, transparent information and communication networks, and
the ability with them to analyze and cross-correlate large amounts
of data from large populations, will drive an interest in having even
more information, because the analysis of the information in such
large databases will likely lead to new correlations, hypotheses,
and insights into disease, treatment, and overall health and well-
being. This in turn will drive an interest in even more information;
so it is likely that there will be an interest in developing large data
sets, even for normal patients, as reference and control values. My
guess is that early in the twenty-first century when one orders any
clinical chemistry, say from a blood or urine sample, hundreds of
chemicals will be analyzed at the same time. It will be as easy to do
one hundred clinical chemistry determinations on a sample of
blood as it is to do one, six, twelve, or eighteen. There will of course
be no additional charge for this extra information; it will simply be
there because it is expected. Those companies who are used to
making large amounts of money on single-test kits are likely to
have a very rude awakening when kits and instruments that ana-
lyze 50, 100, or even 1,000 chemicals will be available at almost the
same price.

5. Academic Research. Much academic research in medical in-
stitutions is funded by internal funds, often clinical funds “con-

tributed” by academic clinicians. Other academic research is,

sometimes funded from monies attributed to indirect costs but then
utilized internally by the institutions for other purposes. As our na-
tional health care plan evolves, it is likely that there will be signifi-
cant constraints, if not outright elimination, of cost shifting and of
the use of clinical incomes for other than clinical purposes. It is also
likely that the use of indirect costs for other costs also may be cur-
tailed.

There will be a significant shake-out, particularly in research
hospitals and in teaching hospitals’ research activities. This will
lead to increased pressure on NIH and other funding agencies. The
need for health-outcomes research will continue to increase, includ-
ing the appropriate testing and evaluation of medical devices and
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cost-benefit-risk studies and analyses. There will be a growing ex-
pectation that these studies should be at least in part funded by
federal sources. That will make the finite research pie even more
difficult to allocate.

6. Regulation. We all hope and expect that a national health care
plan will include legal liability reform and an improvement of the
federal regulatory structure. This will only happen if the scientific,
engineering, and medical communities do everything they can to
educate the public on such issues as benefits, risks, and costs. If that
indeed happens, then there may well be a move to incorporate such
concepts in the regulatory structure.

7. Bio-Based Engineering. Finally, there is some perceptible mo-
tion towards what George Bugliarello called “biomimesis,” or
what some of us have called bio-based engineering. Bioengineers
trained in physiology, cell and tissue engineering, or biotechnology
represent Bugliarello’s biomimesis, but they are only the tiniest tip
of the iceberg.

There is a wealth of biodiversity, much of it going back billions
of years and involving millions if not billions of species. Engineers
generally ignore it, Back in junior high and high school, you may
have either loved to learn to dissect frogs, or you loved to learn
about magnets or chemicals. The former sends you on a pathway to
the life sciences and perhaps into medicine: the latter sends you on
a pathway through the physical sciences and sometimes into engi-
nerf.‘ring. The two pathways rarely meet or intersect in college or
.umversity environments or in professional life. Bioengineering and
its sister disciplines, biophysics and biochemistry, are exceptions,
although even in these cases there is a strong human (or at least
mammalian) emphasis. Practically all of the rest of biology is to-
tally ignored. However, the growing interest in bio-based engineer-
ing and biomimesis is expected to grow rapidly, leading to totally
new solutions to a variety of industrial, environmental, medical,
and related problems.

Summary

Senator Durenberger told a little story in a speech in Portland,
Oregon, some years ago. He was challenged by an irate constituent
as to why he had voted for a particular piece of legislation. is
reply: “Madam, sometimes leaders have to lead.” It is time
engineers—and bioengineers, in particular—began to lead.
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USING NOVEL BIOLOGICAL PHENOMENA
TO ENHANCE INTEGRATED SCIENCE EDUCATION:
BIOLUMINESCENCE

1.D. Andrade, M. Lisonbee, D. Min

Center for Integrated Science Education, 2480 MEB
University of Utah, S.L.C., UT 84112, USA

S RY

A major shift in science education is now being implemented. There is
growing interest in hands on, discovery-based science education. There is also
interest in treating science as a coherent, integrated field of inquiry which can deal
with complex subjects (1-3).

Bioluminescence is a nearly ideal subject with which to experience the
scientific process and critical science concepts and themes.

We have developed bioluminescent dinoflagellate cultures which enable
upper elementary and junior high teachers and students (2) to readily experience
bioluminescence, closed ecosystems, circadian rhythms, protozoa and optics.
Much of the experience is conducted in the dark. Science in the Dark has been an
effective way to reduce science anxieties and fears and to encourage teachers to
develop a fresh, positive and instructive attitude towards hands-on science in their
classrooms.

INTRODUCTION

A large number of elementary teachers readily admit to having fears and
anxieties towards science and towards the teaching of science in their classrooms
(2). Much of this fear stems from their own science experience in high school and
college courses, where science was (reated as a series of facts and laws to be
memorized and minimally questioned. The frustrations, inadequacies, and anxieties
which these teachers experienced in their own education stay with them during their
teaching years, and become transmitted to their own students. Teachers cannot
effectively present and develop the scientific process and experience for their
students unless they feel comfortable in those processes and experiences
themselves.

The teachers that are most in need of such experience are those which

normally will not voluntarily sign up for inservice and related upgrade classes. We
must go to them, their schools, their locations.
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Applying “‘Intelligent” Materials for Materials Education:
The Labless Lab™

J. D. ANDRADE AND R. SCHEER

. ABSTRACT

A very large number of science and engineering courses taught in colleges and
universities today do not involve laboratories. Although good instructors incorporate
class demonstrations, hands on homework, and various teaching aids, including computer
simulations, the fact is that students in such courses often accept key concepts and
experimental results without discovering them for themselves. The only partial solution
to this problem has been increasing use of class demonstrations and computer
simulations.

We feel strongly that many complex concepts can be observed and assimilated
through experimentation with properly designed materials. We propose the development
of materials and specimens designed specifically for education purposes.

"Intelligent" and "communicative” materials are ideal for this purpose. Specimens
which respond in an observable fasion to new environments and situations provided by
the students/experimenter provide a far more effective materials science and engineering
experience than readouts and data generated by complex and expensive machines,
particularly in an introductory course. Modern materials can be designed to literally
communicate with the observer. Although some such materials can be obtained from

. commercial and research sources and are suitable for experiencing and learning certain
materials phenomena and behavior, there has been no concerted effort to develop
k. materials specifically for education application.
"~ We are embarked on a project to develop a series of Labless Labs™ utilizing various
degrees and levels of intelligence in materials. It is expected that such Labless Labs™
- would be complementary to textbooks and computer simulations and be used to provide a
reality for students in courses and other learning situations where access to a laboratory is
_non-existent or limited.

. J.D. Andrade, University of Utah, 2480 MEB, Salt Lake City, Utah 84112
R. Scheer, Protein Solutions, Inc., 390 Wakara Way, Rm. 31, Salt Lake City, Utah 84108
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BACKGROUND AND RATIONALE

Undergraduate students in many science and engineering courses in the United
States have little or no laboratory experience in such courses. The labless science and
engineering course has become a very common feature in higher education. Although
outstanding instructors attempt to overcome this deficiency with the use of classroom
demonstrations, discovery based homework assignments, class projects, and computer
simulations, many instructors may not have the time or inclination to utilize these tools,
particularly in relatively large lecture environments. Labs are also not generally available
for correspondence, distance learning, or TV/video courses. We feel there is a need for
small, inexpensive, completely self contained laboratories which can supplement existing
textbooks.

The several hundred undergraduate engineering programs in the country nearly all
teach a course in materials science, most with a significant polymer component, and
many of them teach a separate course in polymer materials. In addition, advanced high
school chemistry or physics courses often include a significant polymer materials
component. There are on the order of 40,000 introductory materials science texts sold
annually in the U.S. and Canada (1-2). The National Science Teachers Association has a
high school supplement text which is very popular with high school teachers throughout
the country.

Although many of these texts come with instructions for experiments and
demonstrations, in reality these are rarely performed due to the difficulty in obtaining the
materials in a timely and inexpensive fashion.

The Exploratorium, an interactive, hands on science museum in San Francisco, and
Klutz Press in Palo Alto, California, recently teamed up to produce a volume called The
Explorabook, in which a range of hands on, discovery based experiments were
incorporated into a small inexpensive book. The Explorabook is the largest selling
children’s science book in the United States today. It demonstrates the need for
challenging scientific materials by the general public. That need is also present in higher
education.

The recent Project 2061 report of the American Association for the Advancement of
Science (AAAS) states (29):

“For teachers to be able 1o bring all students to the level of
understanding and skill proposed in this report, they will need a new
generation of books and other instructional tools...Textbooks and other
I;gching materials in current use are - to put it starkly - simply not up to
the job.”

Although there has been major soul searching and even restructuring of education
throughout the nation and a growing emphasis on hands-on, discovery, experiential
activities, this renaissance has not yet significantly penetrated higher education. Science
and engineering education in many institutions is still highly didactic in nature, relying on
computer simulation and visualization to provide an "experimental” experience for
students. There are two major problems with this approach :

1) Motivation -- students know that there is a difference between virtual reality and
real reality;

2) Students otherwise excellently prepared for college and university work often lack
experience in dealing with simple tools, in working with their hands, and in
making simple common sense observations and deductions.

This is due to two major features of our society:
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1) There is nO need for major segments of the society to learn how to use simple
tools or to do simple technical manipulations with their hands. We are a service
oriented society - everything is done for us. We have 2 whole generation of

students, and even many of their parents, who lack simple tool utilization and
basic observational skills.

We have seen and taught university undergraduates with A- grade point averages
who literally do not know the difference between @ Phillips head and a slot head
screwdriver, or what a crescent wrench is. We have the same problem in graduate
school -- particularly with students from the Orient whose background is largely
based on theory and problem—solving in the absence of hands-on Of experimental
experience.

2) The public education system in this country, up until very recently, has not

emphasized experiential, common sense, hands-on approaches 10 situations and

problems. As indicated earlier, that situation is of course changing and is
changing very rapidly, but the college age generation that has been through that
system needs help.

Another major need and opportunity is continuing education or distance learning.
There is growing interest in making our educational system available to a much wider
segment of society. Through the new nhational information highway and network there
will be a proliferation of courses and even full degree programs available via our
televisions and computer terminals. Although there is much that can be done in these
arenas with excellent lecturers and presenters, with outstanding video segments, and with
computer activities and virtual reality simulations, the bottom line is the same as
discussed briefly above. Without actual hands-on, experientia‘l, real reality experience,
the topics and concepts presented will never be fully internalized - will never become
"common sense" for the individuals involved.

A Labless Lab™ approach to such real reality will facilitate such internalization, such
experience, and such learming.

POLYMERIC MATERIALS

Plastic and polymeric materials are ubiquitous in modern society. A significant
fraction of all chemists and engineers Work in polymer related industries of utilize
polymers in scientific and engineering activities. Polymeric materials are unique because
of their polymeric nature. Large molecular weight molecules behave, in general, very
differently from low molecular weight molecules and molecular or atomic solids. Many
of the rules of thumb learned in elementary physics and chemistry appear to not apply in
the case of polymeric materials.

Most students come into polymer courses with various concepts and preconceptions
which lead them to conclude that the behavior and properties of polymers are counter
intuitive. It is therefore important that they fully discover and observe the properties and
behavior of polymeric materials for themselves.

It is appropriate tO begin our Labless Lab™ effort with polymeric materials because
they are readily available for a wide variety of applications and because they exhibit 2
range of phenomend which are very easy 10 observe, experience, and discover.

There is considerable interest in effective polymer education (3). The American
Chemical Society Division of Chemical Education often includes polymer related articles
in its Journal of Chemical Education (4, 5) and in its sessions at the American Chemical
Society annual meetings. The ACS also has a Polymer Education Committee, as does the

Society of Plastic Engineers (SPE). Polymer education is also of interest 10 the American
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Institute of Chemical Engineers (AICHE) and the Materials Research Society (MRS).
There is a Polymer Education Center at the University of Wisconsin, Steven’s Point and a
Polymer Education Newsletter (3). The Institute for Chemical Education at the
Department of Chemistry at the University of Wisconsin, Madison, is also active in
providing a variety of educational materials for discovery based chemistry and polymer
education (6).

These activities are all helpful and indeed have greatly stimulated this project.
However, the typical instructor, particularly in relatively large enrollment classes, often
does not have the time or the inclination to assemble the materials, components, and
equipment necessary to put together an effective discovery laboratory, particularly if the
class is a lecture only course, which is typical for many introductory material science
and polymer science courses.

"COMMUNICATIVE" MATERIALS

"Communicative" materials are those which alter their properties or characteristics
when subjected to a perturbation by the observer. The material's response to the
perturbation is easily and readily observed without recourse to any instruments or
apparatus. The observer's own senses are sufficient. There are, of course, many
examples from common, everyday practice: the change in color or optical density of a
liquid crystal thermometer or a liquid crystal based computer screen; the change in
hardness/softness and other mechanical properties of polymers due to changes in
temperature; the polymerization or setting up of glues, adhesives, and caulks; the
elasticity and extension of rubber bands; etc. Although these are all useful, there are
many opportunities for enhancing the educational content of polymeric materials through
the design and development of materials which can be used to direct the experience of
key concepts and phenomena (Table 1).

Table 1 presents key concepts and topics in a typical introductory polymer science
course, together with a set of possible Labless [_ab™ experiments,

Materials, polymers included, are developed for commercial application and for
meeting some particular consumer or industrial need. We are developing materials
specifically for science education. With these special materials the student can directly
observe physical and chemical parameters and materials behavior, This is possible by
utilizing gradient materials (20). We have been utilizing gradient surfaces for many years
in our study of the surface properties and biocompatibility of medical polymers (7-9).
We are now using these surfaces in biomaterials courses (10), because integration of

devices tends to be a strong function of the surface properties of the materials (surface
free energy, polarity, hydrophobicity, charge density, roughness, and surface dynamics),
which play important roles in various biocompatibility situations (27,28).

The gradient surface is one in which a distinct surface property is varied continuously
from one end of the sample to the other (11). Exposure of a single surface to the
appropriate biological environment permits a qualitative assessment of a wide range of
functions and activities, thereby allowing general concepts to be discovered and deduced.
For example, we now routinely prepare surfaces with a continuous spatial gradient in
wetting, as indicated in Figure 1. Two such surfaces placed together with a small
separation, allow the phenomenon of capillarity, as a function of weltting or contact angle,
to be dramatically demonstrated. Such basic concepts of surface energy, hydrophobicity,
and capillarity are directly observed and make a lasting and permanent impression. One
does not need to graph or correlate the results of the experiment. One simply sees the
correlations vividly (18).
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Figure 1. Capillary rise method for investigation of wettability gradients. Two transparent
plates with wettability gradients are put together with a support that separates the plates.
The lower edges of the parallel plates are then brought into contact with a trough filled
with water. Water moves upward between the plates and the height of the liquid
meniscus is determined by the wettability of the surface of the plates (from Ref. 11).

Gradients are used in particular areas of research. For example, biochemists
commonly use gels with a gradient in cross link density, thereby developing a gradient in
porosity. This is widely used in electrophoresis for protein analysis and separation (19).
Polyelectrolyte gradient gels are used in electric fields to produce a gradient in pH, which
allows the separation of macromolecules on the basis of net charge (19). Gradients in
surface to volume ratio have been used to study concentration and mass transport
dependent effects (12, 13).

Since so many of the properties of polymer materials are time and temperature
dependent, it is almost mandatory to be able to produce different temperatures to permit
such observations. A simple temperature gradient device used with gradient materials
allows a wide range of relationships to be directly observed.

The thermalgradient device will provide a continuous temperature gradient from
about room temperature to 60°C. A polymer film at a glass transition temperature of say
40°C placed on such a device will enable the student to directly view, feel, and
experience the change in polymer properties with temperature above, below, and through
the glass transition temperature.

We are using methacrylate homopolymers of varying alkyl chain length to
demonstrate the effect of side chain length or intemal plasticization on Tg and thus on the
physical and mechanical properties (31). Using polymethyl methacrylate (Tg = 130C),
polyoctyl methacrylate (Tg = -60), and intermediate alkyl chain lengths, we have a nearly
ideal series of materials with which the students can direct] y experience Tg as a function
of side chain character.

We are also developing polymers with a continuous gradient in composition so that
composition variation and the consequent Tg variation are observable in a single sample.
One end of the film is rigid (PMMA) and the other end is soft (POMA) -- this can be
observed directly in the student's hand at body temperature.

The role of exogenous plasticisers, such as dioctyl phthalate in poly vinyl chloride,
can be similarly experienced. PVC containing 35% DOP plasticizer is gradient extracted
in methanol to provide a polymer film with a continuous range in plasticizer content from
nearly zero to 35%.

In the case of an elastomer or a hydrogel network, a variation in crosslink density
results in a directly observable chan ge in behavior. Elongation under constant load varies
inversely with crosslink density. In the case of a hydrogel, swelling and dimensional
change varies inversely with crosslink density. In both cases, such materials are studied
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as sets of individual samples which can be compared with one another, and studied as
gradient samples in which the continuous range of characteristics can be observed in a
single sample.

Temperature responsive polymers, initially poly isopropyl methacrylamide, which has
been so widely applied as an "intelligent" polymer, are also being developed for these
applications (20).

Polynorborene, a shape memory polymer, sold in Japan as a technical novelty, will
also be used (32).

Other experiments and activities in the Labless Lab™ include molecular weight
separations using gel permeation chromatography, growth of spherulite's using
appropriate polymers with low melting points, considerations of solubility and solubility
parameter, changes in the ionization and redox behavior of polymers in response to
electric field's and to different electrochemical environments, photo degradation, photo
induced cross-linking, and certain aspects of polymerization.

The eventual goal is that all of the themes and concepts listed in Table 1 would be
directly experienced.

Beside those polymer samples and the thermal gradient device, the Labless Lab™
will include DC battery powered electrical experiments, a variety of optical experiments,
and a small inexpensive device for force, stress, and strain experiments.

What does one do with these novel and unique polymer samples for science
education? Table 1 presents a typical topic outline for an Introduction to Polymer
Materials course. This represents Materials Science and Engineering 519, the required
polymer course for Materials Science majors at the University of Utah (16). This is the
first and last polymer materials course for those students who do not go on into the
polymer science track.

The first column in Table 1 presents the general topic, followed by a column of
commercial or conventional polymer examples, followed by a column of the special
materials we are developing. The Table indicates how the new materials, as well as
existing materials, are used by students to discover and observe the various concepts,
properties, and behavior, covered during this class.

CONCLUSION/SUMMARY

A Labless Lab™ for polymer materials is well on its way to becoming a real reality.
Preliminary versions are being tested in a course at the University of Utah. A field test
version keyed to several major textbooks in polymer science and engineering should be
available by summer, 1995. Limited commercial distribution is expected in early 1996.

The goal is to develop a Labless Lab™ in polymer materials which could be made
available in classroom quantities with prices comparable to those of existing textbooks,
i.e., in the $40-$60 range per unit. It is anticipated that there will be two such products,
an introductory polymer materials version, and a more advanced version.

We are interested in learning of additional materials and phenomena which could be
incorporated into the Labless Lab™ in a very inexpensive manner. Labless Labs™ in
other appropriate science and engineering courses are also under development.

The Labless Lab™ is a trademark of Protein Solutions, Inc., Salt Lake City, Utah.
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project is focused at Protein Solutions, Inc. in Salt Lake City, a science education
products company, and funded by a small business innovation research (SBIR) grant
from the National Science Foundation. J.D. Andrade acknowledges discussions on these
topics with K. Caldwell, W. Callister, L. Feng, V. Hlady, and T. Matsuda.

REFERENCES

1. R.B. Deanin and R.R. Martin, “Survey of Polymer Education in U.S. Colleges and Universities”,
ﬁeprmu.mmmamcsxma

2. W. Callister, author of MMM—M 2nd ed., Wiley, 1991, personal

communication.

3. J. Droske, Polyed Information Center and Polymer Education Newsletter, Dept. of Chemistry, University
of Wisconsin - SP, Stevens Point, WI 54481.

4. R.B. Seymour, “Recommended ACS Syllabus for Introductory Courses in Polymer Chemistry”, J.Chem.
Educ. 59 (1982) 652.

5. 1..J.Mathias, “The Lab for Intro. Polymer Courses”, J. Chem. Educ. 60 (1983) 990.

6. Institute for Chemical Education, Dept. of Chemistry, University of Wisconsin - Madison, 1101
University Ave., Madison, WI 53706-1396.

7. V. Hlady, “Hydrophobicity Gradient on Silica Surfaces”, Colloids and Surfaces 33 (1988) 185-190.
8. C.G. Golander, “...Surfaces witha Hydrophobicity Gradient, Colloids and Surfaces 34 (1989).

9. J.H. Lee, “Wettability Gradient Surfaces Prepared by Corona Discharge”, Trans. Soc, for Biomaterials,
17 (1991) 133.

10. J.D. Andrade and H.B. Lee, “Surface Property Gradients for Biomaterials Education”, Abstracts, Fall
Meeting of Biomed. Engrg. Soc. 3(1992).

11. H. Elwing and C. G. Golander, “_Gradients in Chemical Composition”, Adv. Colloid Interface Sci.32
(1990) 317-339.

12. L. Vroman and A. Adams, “Proteins...in Narrow Spaces” (Lens on Slide Gradient Method) J. Colloid
Interface Sci. 111 (1986).

3. H. Elwing, “Lens on Surface”, J. Biomat Sci. Polymer Ed. 3 (1991) 7-16.

14. F. Rodriguez, Pri nciples of Polymer Systems 2nd ed., Hemisphere Publ. Co., 1984.

15. F. Billmeyer, Textbook of Polymer Science, 3rd ed., 1984, Wiley.

16. J. Andrade, Syllabus for MSE 519, Introduction to Polymeric Materials, Univ. of Utah.

17. M. McDonald, K. Thorimbert, and J. Andrade, “The Science Education Market”, report to State of Utah
Centers of Excellence Program, July, 1992; Center for Integrated Science Education, Univ. of Utah.

18. J.D. Andrade, "Polymers Have Intelligent Surfaces: Polymer Surface Dynamics," J. Intelligent
Materials Systems & Structures (1994) in press.



Applying “Intelligent” Materials for Materials Education: The Labless Lab™ 43

19. C-H. Ho, V. Hlady, G. Nyquist, J.D. Andrade, K. Caldwell, “.. Proteins...Studied by High-Resolution
Two-Dimensional Gel Electrophoresis”, J. Biomed. Materials Research 25, 423-441 (1991).

20. A.S. Hoffman, “Environmentally Sensitive Polymers and Hydrogels: “Smart” Biomaterials”, MRS
Bulletin, Sept. 1991, pp. 42-46.

21. Y. Osada, H. Okuzaki, and H. Hori, “Polymer Gel with Electrically Driven Motility”, Nature 355
(1992) 2423,

22. Y. Osada and M. Hasebe, “Electrically activated Mechanochemical Devices using Polyelectrolyte
Gels™, Chem. Letters (1985) 1280-1288.

23. T. Tanaka, “Gels”, in C. Nicolin, ed., Structure and Dynamics. ., Nijhoff Publ., 1987, pp. 237-257, see
also Scientific American 244 (Jan. 1981) 124-138,

24.T. Tanaka, “Collapse of Gels in an Electric Field”, Science 218 (1982) 467- 469.

25. G. Giannetti, et. al., “Effects of DC Electric Fields on Gels”, in F.L. Carter, et. al., eds., Molecular
Electronic Devices, Elsevier, 1988, pp. 369-380.

26. J. M. Guenet, Thermoreversible Gelation... Academic Press, 1992,
27. J.D. Andrade, ed., Hydrogels for Medical and Related Applications, ACS Symp. Series 31, 1976,

American Chemical Society.
28. J.D. Andrade, ed., Surface and Interfacial Aspects of Biomedical Polymers, Vol. 1, Plenum, 1985,
especially Chapters 2, 3.

29. J. Rutherford, Project 2061: Science for All Americans, American Association for the Advancement of
Science, Washington, DC, (1988) p. 14.

30. M. Goodwin, BSc. Thesis, University of Utah, Department of Materials Science and Engineering, Feb.,
1994,

31. R. Larsen, BSc Thesis, University of Utah, Department of Materials Science and Engineering, March,
19%4.

32. Ring and Stick product, Maruyoshi Co., Ltd., Japan,




PROCEEDINGS OF THE

~ SECOND
INTERNATIONAL
CONFERENCE ON
INTELLIGENT
MATERIALS

Edited by

CRAIG A. ROGERS, General Chair
GORDON G. WALLACE, Technical Chair

June 5-8, 1994
Colonial Williamsburg, Virginia, US.A

Organized by
CENTER FOR INTELLIGENT MATERIAL SYSTEMS AND STRUCTURES
VIRGINIA POLYTECHNIC INSTITUTE AND STATE UNIVERSITY

Sponsored by
ADVANCED RESEARCH PROJECTS AGENCY
NATIONAL CENTER FOR EARTHQUAKE ENGINEERING RESEARCH
NATIONAL SCIENCE FOUNDATION
SANDIA NATIONAL LABORATORIES
UNITED STATES ARMY RESEARCH OFFICE

G oAy
TECHNOMIC

\PUBLISHING CO. INC_/
[LANCASTER - BASE],

=

4

-~ VVVL‘;I




372 Bioluminescence and Chemiluminescence

Most teachers have never flunked bioluminescence. Many have never seen
it, particularly in the Western United States where fireflies are not common. Even
those who have experienced fireflies are quite surprised to learn of the other sources
of bioluminescence. As soon as the subject is raised, they are almost always
intrigued, mystified, motivated, and otherwise curious and interested.

We utilize bicluminescence as an effective way of imparting the scientific
experience and method to elementary teachers in Utah. Nearly 400 teachers have
now experienced this course and are utilizing these concepts and activities in their
classrooms,

INSERVICE COURSES

We usually provide a ten hour course/workshop. We begin the discussion
with a brief overview of the major national education surveys, reports, and
movements of the past decade, with particular reference to the Project 2061 report
of the American Association for the Advancement of Science (1), and the report
titled “Elementary Science Education in the Nineties (2).” We also refer heavily on
the works of Howard Gardner of Harvard, particularly his Frames of Mind and his
more recent book The Unschooled Mind: How Kids Learn and how Schools

Should Teach (3).

We try to loosen the teachers up. We talk with them about the arrogance
and the myopia of modern discipline-based science. We share with them our
conviction that the University is one of the worst places on Earth to learn science
because we rarely teach it there. We teach specific disciplines. We rarely teach or
emphasize the connections between those disciplines and the concepts and themes
which are basic to all of those disciplines. We introduce them to the general science
concepts and themes which pervade all scientific fields (Table 1) (1,2), relying
heavily on metaphor and analogy with everyday experience. For example,
housework is a battle against entropy. We use concepts of balance and opposing
forces and tendencies, sort of the Yin-Yang hypothesis, order and disorder, white
and black, hot and cold. Our geal is to make them feel at ease, not to intimidate
them in any way. We encourage them (o ask questions and from those questions
begin to develop hypotheses based on common sense and every day relevance and
experience. We utilize as much as possible what we have around us, what they are
wearing, what they are drinking or eating, what they are carrying, particular props
or materials in the room. We also spend time getting acquainted, learning
something about their backgrounds and their fears and anxieties. The goal is to get
them to open up.

SCIENCE [N THE DARK

The classroom we select has no outside windows. The room can be made
completely black. We talk with them about dark adaptation. We go from light to
dark in a gradual way over 10-20 minutes, all the time talking about concepts and
themes, encouraging and inducing them to ask questions, to open up.
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'Tabl.e 1. General Themes and Concepts
in Science, Mathematics, and Technology

EVOLUTION &  How does lile change? Interd = e
DIVERSITY: ecosystems. ge! Interdependence -- ecology

SYSTEMS: The Universe, the Earth, your little toe, a bacteria? What to
focus on.
SCALE: Size, dimensions, measurement

STRUCTURE: What is matter? How are things organized? What is their
function? What is their shape?

CONSTANCY; What is constant? How is it constant? Properties.

“Constants”.

CHANGE: What is changing? How much? How fast? Why? Forces,
Variables?

ENERGY: What is it? Are there different kinds? How can we change
it, use it?

DISORDER: How are things disorganized? Why are most things

statistical? What is entropy?

PREDICTION; Models and theories -- experiments -- hypotheses -- the

scientific process.
DECISIONS: What and who is right? wrong? How can complex decisions

be made? Who makes decisions?
————
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We begin the Science in the Dark experience with “sea fireflies” (Vargula
hilgendorfi), a small crustacean which is almost legendary now in the
bioluminescence community because of its ability to produce bright
bioluminescence when the dry crustacean is ground to a powder and wetted
(available from Carolina Biological Supply Co.).

We look at the crustacean. We conclude that it is dead and dry. We get
someone to grind it up, always using a very large white mortar and pestle. Another
student (now it is nearly pitch black) sprays water into the powder. The brilliant
glow in their, black, dark-adapted environment is dramatic and impressive. The
oohs and aahs and "let me touch it and see it”" go on for at least 5 minutes. The
mortar is passed around. Everyone takes a turn. We grind a little more, we paint it
on ourselves. By now the teachers are no longer squeamish and even the fishy
smell of the Vargula does not bother them. Questions are being generated,
hypotheses fly. “Why does it light up? Why does it need water? Does it stop
when it is dry? Whatil | add more water? Why does it smell? Why is it blue?

We simply encourage the questions. We encourage the formulation of
hypothesis: how would you test that? "Let’s try that again." We get into the
scientific process. What is an experiment? What is an observation? What is a
control? What is reliable, reproducible? We take the Vargula powder as far as is
convenient.

Now they grind up wintergreen LifeSavers, experiencing tribo-
luminescence (12). More questions, more hypotheses. We usually pull out a
chemiluminescent Lite Stik, and, in the dark, get one of the students to activate it.
Itis cold light, and that is very different from normal light production (13). Many
of them have experienced it. They start talking about two components. What is the
noise inside? Why is it blue, green, or red, depending on the particular Lite Stik
used. More hypotheses: why isn't the light hot, or is it? Warm hands, cold hands.
How long does it last? Can you tum it off? Why does freezing stop it?

We are off on a pretty wide-ranging discussion on light. How is light
generated? What is light? How do light bulbs work? What is fluorescence? What
is phosphorescence? That takes us into the structure of the atom and electrons in
atoms. Electron atomic and molecular orbitals, excited states, photon
generation,color, waves and wavelengths. We spend a good hour or more on the
principles of optics and light generation. We pull out flashlights, we pull out
pocket lasers, we simply take that discussion as [ar as is convenient and effeclive.

Sometimes these courses are given in three, 3 hour segments, sometimes in
one three hour segment followed by a second 7-hour segment. They are given
some general literature on bioluminescence, a set of questions, several additional
sheets to read...a little hype about their kits, their bugs, their dinoflagellates. There
is a lot of anticipation about constructing their own kit, their own ccosystem.
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DINOS IN ACTION

We go into a dark environment in which we have an array of [lasks
containing bioluminescent dinoflagellates, Pyrocystis lunula (6,7). The organism
has been put on an alternate cycle so that it is approximately in the middle of its
night cycle during this part of the course.

We package the dinos in sealed, transparent bags and -- in the dark -- have
cach of them calch a bag (8). The bag flashes blue as they catch it. Ochs and aahs,
but much more intensive than in the first experience. They begin to shake them.
Again more questions. "Why only when I shake them?" "Why don’t they stay
on?" "What is making this?" "Is this chemiluminescence?" We caution them that
this time they are dealing with live organisms.

They notice that the bags light up in individual discreet points. They light
up at the air/water interface. Some of them seem to be attached to the wall of the
bag. They light up around bubbles. A lot of observation and primitive hypothesis
formulation is going on. How do they live? How do we take care of them? What
do they look like anyway?

We give them another set of bags. We tell them it is exactly the same thing,
They shake them. They don't glow. There goes the hypothesis. We encourage
them to formulate hypotheses and to discard hypotheses. Hypotheses are to be
tested, not proven. We say they are plants, they need light. We start talking about
light cycles, circadian rhythms, natural rhythms, jet lag. We put our dinos away
and let them rest.

We go to microscopes. We simply take a drop of the dense culture
between an inverted petri dish and look at them. They are large and moon shaped.
What is all of that stuff inside? Here is one that has two nuclei, here is one that is
more round. What is going on?

The long life cycle of Pyrocystis lunula makes them an almost ideal
protozoan with which to study all aspects of cell division and fission and
intracellular organelle structure and migration. Some of those who are involved in
teaching biology and protozoa are absolutely fascinated. They think it is an ideal
organism. Why haven’t they heard about it before? How do they grow? What do
they need? They are plants: photosynthesis, CO2, respiration, oxygen production,
little ecosystem. "How do they live in the bags?" "How do they live in the
flasks?" "How do they get air?" "How much light do they need?" We talk about
sub-cultures, we talk about “feeding” them, we talk about seawater and
supplements.

We show a video we have put together on bioluminescence which simply
demonstrates many of the things they have already experienced. We show
segments of a BBC video, “Creatures of the Night Sea™ We show segments of the
David Attenborough, “Trials of Life” video “Communicating with Strangers,”
particularly the segment showing the flashing firefllies and deep sea creatures (9).
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What is the function of bioluminescence? Where is it found? [s the chemistry all
the same? [s it different?

There is a real advantage to doing all this in the dark. They seem to be less
intimidated; they can't see each other; nobody looks stupid, nobedy knows or
remembers who anybody is, so the questions and ideas just pour out of the
darkness. We organize and formulate some of the questions into hypotheses, and
encourage them to make their own experiments. ;

They put together a kit that 10-15 students can work with in their individual
classrooms. The kit includes petri dishes, test tubes, pipets, media, and the
Pyrocystis lunula colony (10).

-We give them a set of experiment sheets that they can utilize with their
students, facilitating experiments on the role of light, on the health and stability of
the cultures, their circadian rhythms, protozoan Jet-lag, the role of turbulance and
other means of excitation of the bioluminescence. There is even an experiment
where they simply put the culture on an audio speaker cone and watch it luminesce
in response 1o the beat and sounds in various audio tapes. This of course leads to
discussions and experiments on the nature of sound, hearing, waves, and related
topics. There is an experiment on light adaptation and dark adaptation, which gets
into topics related (o vision, light detection, photon generation and luminescence,
and many other topics.

There are a set of microscope experiments which deal with observations of
the dinollagellates, their life cycle, and the nature of their light collection machinery.
They evaluate the color of dense cultures, note that they are orangish or reddish,
discuss the nature of chlorophyll and absorption and how these are different from
green plants.

CONCEPTS AND THEMES

We come back to integrated science concepts and themes (Table 1). We are
learning physics, optics, chemistry, biology, and environmental sciences. We talk
about phytoplankton as one of the primary producers of the sea. We talk about the
possible effect of the ozone hole (5). We talk about their role in minimizing the
greenhouse effect. We talk about little ecosystems and big ecosystems.

A discussion of biospheres and ecospheres usually ensues, ranging from
the tiny ecosystem represented by the Pyrocystis lunula plastic bag or flask to back
yards, to local regions, and to Biosphere 2 in Arizona (11). We talk about the
problems and uncertainties with Biosphere 2, treating it as an experiment in the
study of complex systems. We then move on 1o Biosphere 1, i.e. the Earth, and a
variety of current issues such as the ozone hole, greenhouse effect, and global
warming. We talk about phytoplankton as primary producers and as responsible
for a significant fraction of the CO2 consumption on the planet. We also discuss
very recent studies dealing with the effect of increased UV on phytoplankton
productivity and health in certain parts of the world (5).
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NEEDLE A SCIENTIST

The course concludes with a plea to read and to probe, particularly for those
elementary teachers who have high science anxieties and concerns about their
science background. We say “needle a scientist, needle a physicist, needle a
chemist, needle a biologist™; ask them about the basic premises and foundations of
their area of science. Throughout the course, we question. We look at basic
premises, constantly asking why, and concluding that science is based on a small
number of un-understood phenomena and building blocks. We encourage them to
feel comfortable about interacting with scientists, asking advice, ignoring the
arrogance of many professional scientists, needling them, using them, appreciating
them, and learning from them, ;

We always conclude with a discussion of current popular science writing
with which they can probe deeper, enjoyably. We encourage them' to use popular
science writing in their classes as appropriate, particularly for those teachers
involved in high school courses. We refer extensively to the books by Stephen J.
Gould, John McPhee, Loren Eisely, Rachel Carson, E.O. Wilson, and many
others.

THE FUTURE:

Bioluminescence is just the first step. It's designed to hook them, get them
interested, get them stimulated, make them receptive; from then on, the sky's the
limit.

Depending on the amount of time available and the specific interests and
questions from the teachers, a variety of other lopics are developed. We try to
make them appreciate how important science and technical education is for the
general public and not just for budding scientists and engineers.

We are developing programs where we will discuss health care and their
role in educating students to be interested not only in clean and healthy living styles,
but also in functioning as physician's assistants, that is to help serve as eyes and the
ears, as information gathering source, to aid health care practitioners in their efforts
in diagnosing and treating their ailments.

We are beginning work on a number of other unique, strange, uncommon
biological phenomena for science education purposes. Stay tuned!
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"Leadership in the Academic Centrifuge"

by Joseph D. Andrade
Professor of Bioengineering and Materials Science
University of Utah
presented at the Whitaker Foundation Biomedical Engineering Research Conference
Snowbird, Utah, August 5, 1954

1t is a pleasure to address this 1994 Whitaker Grantee Conference. You are all
considered young or relatively new investigators in the early stages of your academic and
research careers. The majority of you are in academic and research institutions and most of
you are stll several years away from tenure decisions. I would like 1o share with you some
perspective on six short topics: |

» The Academic Centrifuge,

* Education and Responsibility,

* Unmiversities and Their Faculty,

» Communication With the Non-Technical Community,

* Leadership -- a Crisis in Higher Education; and,

* You -- Your Role and Involvement in the above [ive topics.

First, the Academic Centrifuge. Harold Shapiro, president of Princeton and former
president of the Umversity of Michigan, has expressed this most succinctly, "One
challenge that bears cnitically on the future of education is the centrifugal force of academic
specialization...centrifugal lorces threaten to drive all the separate groups within the
university community away from the core and to the periphery.”

All of you are tubes or vials in an academic centrifuge. The nature of the tenure
process 10 most universities, particularly the more prestigious rescarch universities, with
which most of you are affiliated, directs and insists that you focus practically all of your
efforts in outstanding rescarch performance and productivity, including, of course,
rescarch funding. In most traditional departments you are ¢cxpected to be strong and solid

in your specific discipline and particularly in a sub-disciplinc. Collaboration, particularly



with people outside of your department, and especially with individuals from widely
different departments, is often treated with suspicion and grave concern. Most of you have
already experienced this. Those of you who haven't probably will soon.

As bioenginecrs you are intrinsically inter- and multi-disciplinary. Y our situation is
perhaps a bit easier if you are in an interdisciplinary department. But even in
"interdisciplinary” departments, the centrifugal forces are strong. Y ou don't have time to
be involved in other topics or in issues or concems beyond your department, your college,
and your university.

Your overwhelming commitment, drive, and direction is directly picked up by, and
passed on, to your students. In the words of Frank Rhodes, president of Cornell, "What
frustrates students...1s the apparent disengagement of many of their teachers from any
interest in the larger questions or even in the broader relationships and implication of the
subjects they teach... We simply have not done well in linking...scholarship and
professional practice to critical thinking about the fundamental issues of life."

Derek Bok, former president of Harvard, goes on to say, "There is much evidence
to suggest an erosion of many forms of personal responsibitity...at a time when these
altitudes of trust and moral concern seem weakened and precarious, it is important to ask
how they can be strengthened and what higher education can contribute to the process. "

Some of your students, particularly undergraduates, will expect you to at least have
some interests in societal topics, in addition to your concerns with specific research projects
and assignments, This all leads to a broader question as to the role and responsibility of
universities In our society.

Donna Shalala, former president of the University of Wisconsin-Madison; "There
arc those who belicve that universitics can only reflect society. Tam not among them. 1
believe that umversities must be role models for society, We must have the courage to

lead.”



Vaclav Havel, president of the Czech Republic, has stated, "The only genuine
backbone of all our actions...is responsibility." And yet, that is not discussed, at least not
very much, in most professional programs.

There is growing concern with issues of ethics, but they tend to be focused on
professional cthics, the number of authors on a paper, non-overlapping of grants, etc.
There is little discussion of societal responsibilities.

Students must be made "to understand that to acquire special expertise is to acquire
power and that it is dangerous to wield such power without learning (o use it responsibly...
No professional school should risk creating an impression that matters of moral and social
responsibility are digressions, or sentimental irrelevancics, rather than integral parts of all
sound analysis" -- again, Derek Bok, former president of Harvard.

Perhaps Albert Einstein said it best, "It is not enough that you should understand
about applied science in order that your work may increase man's blessings. Concern for
man himscif and his fate must always form the chief interest of all technical endeavors.
Never forget this in the midst of your diagrams and equations.” Derek Bok continues that
such concerns include "honesty, promise keeping, free expression, and helping others, for
thesc are not only principles cssential to civilized society, they are values on which all
learning and discovery ultimately depend."

Part of this responsibility involves communication with the general public,
including the press. We ail have the responsibility to communicate what we do to others,
not only for professional development and advancement, but becausc it is also in the best
interest of society that it be informed and knowledgeable. Ultimately society is paying the
research bill, and society has a right to know what it is purchasing. The people have a right
to expenence, or al least appreciate, scicntific progress and scientific and technological
achievements. This meuns being able to communicate not only with one's peers and
colleagues, bul also wilh the lay public and the lay press. Many of you have already

expenicnced that it is not necessarily easy to communicate with the public, and particularly



with the press. What you say may be misinterpreted, distorted, or even outright
misrepresented. After being burned you will want to avoid the press. But is essential that
you do not succumb to such a temptation.

We have a scientifically illiterate society: this is a particular problem in our legal and
our political systems. This is not surprising, because we as scientists and engineers have
not generally been involved in that communication process. We have delegated it to others.
The delegation clcarly hasn't worked. We must all be personally and individualiy involved
in the communication process whether we like it or not. Il is possible to communicate what
you do to the lay public. If Stephen Hawking can talk about advanced cosmological
theonies to the lay public, then surely you and I can communicate what we do in biomedical
enginecring, a subject which is generally highly relevant to the typical man or woman on
the street.

[n the words of Leo Vroman, a wonderful scientist well-known to some of you,
"The day I have come home unable to explain 1o a child what I did, that day is lost and that
child has receded from me."

Itis, of course, necessary to make your comments relevant and 1o make extensive
use of analogy and metaphor, and to otherwise relate what you are explaining and saying to
the specific background and interest of your audience. Again, to paraphrase Albert
Einstein: "Never forget this in the midst of your diagrams and equations."

Qur fina) brief topic is leadership. Again, Donna Shalala: "If you asked Americans
who the country's top ten leaders are they probably would not list a college president. It's
really been relatively recently that the heads of the great universities were not significant
leaders 1n this country.”

Warren Bennis probably expresses this the best in his series of books on university
unleadership. In Why Leaders Can't Lead: The Unconscious Conspiracy Continues, 1989
"In previous gencrations, at any given moment, there were & hall dozen university heads

who were known and respected throughout the world. James Conant, Rebert Hutchins,



Clark Kerr, and their like did not merely run their universitics but led a kind of constant
national colloquy on the state of education in America. Their turf was not simply their
university but all of education. I cannot remember the last time any university president
addressed any problems beyond his or her own campus. Universities have changed, and
so have university presidents.”

“Today, almost no college or university president has spoken out significantly
about Bosnia, Haiti, North Korea, health care, welfare reforms, the attack on the National
Endowment for the Arts or dozens of other issues high on the national agenda.” (W.H.
Honan, New York Fime, July 24, 1994).

I feel strongly that universities must provide much of the vision, the problem
solving expertise, and even the conscience of society, and that responsibility should be
expressed and endorsed by presidents or chancellors. Most of them, as have many of our
national caders, have a problem with, to quote George Bush, "The Vision Thing." In
some cases presidents are actually told to lay low and not get their universities in trouble.

Socicty needs leaders. John W. Gardner's little book On Leadership expresses the
reasons very succinclly. He also talks about the mechanisms of leader formation: "Leaders
have always been generalists. Tomorrow's leaders will, very likely, have begun lifc as
trained specialists, but to mature as lcaders they must sooner or later climb out of the
trenches of specialization and rise above the boundaries that separate the various scgments
of socicty." To use the Harold Shapiro academic centrifuge model, they have to climb out
of their particular centrifuge tube and make their way more to the central core of the
untversity -- where they can experience wider views and a larger perspective.

Buckminister Fuller, shortly after being introduced by a university president to give
a commencement speech, is reported to have said, "What you fellows in the universities do
1s to make all the bright students into experts in something. That has some usefulness, but

the trouble 1s it lcaves the ones with mediocre minds and dunderheads to become the



generalists who must serve as the college presidents...and the Presidents of the United
States. "

What does all this have to do with Whitaker Fellows and Assistant Professors?

Y ou were those bright students that Buckminister Fuller was referring to. Bright students
who are now university professors, educating and training other bright students, practically
all of whom go into appropriate tubes in the centrifuge. There is nothing wrong with this.

What [ am suggesting and asking is that, il you have a natural tendency or a natural
interest in more than one part or subject of the university, and indeed all of you do,
otherwise you wouldn't be doing biomedical engineering, you consider (after you have
tenure) climbing out of the centrifuge tube and getling involved in wider issues.

Don't let anyone tell you that service as a department chair, election to a school
board, cven service in your state capitol, detract from your carcer. What detracts or
augments depend on what you want for your career -- and on the exercise of your
responsibilities to vour society.

[ have a strong belicf that the reason society is in such deep trouble today is that
most of the people responsible for the various segments of that society were not effectively
or appropriately educated in their undergraduate days. They generally do not have the
vision, the background, the ethical convictions, nor the brains to deal with complex socictal
problems. Thosc of us in universities must be involved in assuring and guaranteeing that
every student that goes through the system has an outstanding education and has some
appreciation for social responsibility and leadership. That includes you -- and your
students.

Good luck.



RESOURCES

Don’t stand
on the sidelines

This is a call for the technical community to demonstrate

a new sense of social responsibility, particularly in the

ongoing health care debate.

Joseph Andrade

e are all members of a hierar-
w chy of communities; our fam-
ilies, the institutions in which
we work and contribute, our cities,
counties, states, nations, and our
lovely green and blue biosphere—the
planet Earth., Except possibly at the
biosphere level, we are members of
each of these communities by choice.
We could choose to live in a different
state, in a different community, and
even in a different family. Members
of communities have responsibilities:
They must be involved in the process
of determining the community’s val-
ues, its needs, and its governance.
They should not leave these duties
and responsibilities to others.
Unfortunately, the technical com-
munity, and the engineering commu-
nity in particular, tends to relegate
some of its social responsibilities to
others. Often during the upper ele-
mentary and junior high school years
a number of social bifurcations mate-
rialize: One is typified as a ‘“‘people
person” or as an analytical person;
one is a life science person or a phys-
ical science person. These divisions
may continue throughout our high
school, college, and professional
careers. The caricature of engineers
and scientists is that they are not peo-
ple people: They shun reporters; they
have disdain for politicians; they tend
not to serve on school boards, city
councils, or state legislatures,
Individuals with engineering and
technical backgrounds can and should
make significant contributions toward
solving a range of social and national
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problems. Their technical and analyti-
cal training and background can pro-
vide vital input into practically all
socioeconomic issues and controver-
sies, such as the role of technology in
health care, the environment, and the
biosphere as well as in weather and
natural catastrophes. We must insist
that these important issues and prob-
lems be addressed by our various
communities and social systems, We
must help generate the political will
and the leadership to address these
important societal concerns.

Our training and background pro-
vide a perspective as well as a set of
analytical and critical tools. That per-
spective is often absent or is incom-
pletely and ineffectively presented in
sociological debates and delibera-
tions—not because people do not want
to listen and not because we are ostra-
cized or kept from being involved but
because our community in general sim-
ply has chosen not to be involved. Tt is
not only we who suffer the conse-
quences of that. choice: Our society
also suffers,

Those days are over. We see the
development of a new ethic, a new
sense of social responsibility in the
scientific and technical communities.
The old perception—and excuse—of
the “two cultures” is weakening, We
look forward to an increasing level of
involvement by the scientific and
technical communities in the full
spectrum of societal problems, partic-
ularly in the nature of health and
health care.

Defining the problem
Engineers rarely attempt to solve
problems that don’t exist. They like

well-defined, well-presented problems.
The health care problem has not been
adequately defined. The problem is not
only the 14% of our GNP spent on
health care; it is not only the 40 million
people in this country who are unin-
sured; it is not only the more than
2,000 individual insurance companies,
each with its own forms and bureaucra-
cy—the problem comprises all of these
issues and yet is even more basic.
What do we really mean by “health
care”? Have we defined health, health
care, and health policy properly? They
are defined very differently in other
countries. These questions are difficult:
they are not particularly analytical, and
they are the kinds of questions that
engineers don’t like to address. Engi-
neers and physical scientists chose
their respective professions because
they like well-posed problems; they
are very uncomfortable dealing with
ill-posed questions and problems.
Nevertheless, as socially responsible
adult citizens, we must deal with the
problems in our communities.

The state of Oregon has been
involved in discussions and planning
pertinent to the general health and
well-being of its population for the past
five years or so (/-3). After many
years of public discussion and debate
involving all sectors of the state’s pop-
ulation, the Oregon Health Care Plan
(Oregon Plan) evolved. This plan
defined and identified values and needs
with respect to health and quality of
life; it addressed the issues of access,
quality, costs, and economic con-
straints, and it formulated a standard
benefits package for health and health
care, with a major emphasis on pre-
vention, healthful living styles, and



early diagnosis. There was a de-em-
phasis on expensive, heroic, and half-
way technologies and procedures. The
Oregon Plan, and the dialogue pre-
ceding it, generated a considerable
amount of criticism, discussion, and
debate. It nevertheless serves as a
medel for what we as a nation and
what we in other states and regional
communities can do,

Scientists and engineers know that
problems need to be at least partially
defined before they can be effectively
addressed and eventually solved. We
really need to decide whether health
care is a right, and/or how much health
care is a right, and how much we are
willing to ‘'spend on health care. What
about individuals who insist on living
unhealthy lifestyles? Do we wish to
maintain the choice and independence
characteristic of the present system?
Do we want to empower patients to
have a significant financial stake and
intellectual stake in their health and
well-being and in the selection of treat-
ments or nontreatments of their health-
related problems? These issues are
primarily societal questions that must
be addressed in appropriate forums to
define the health care problem.

Calculating true costs

What are the true costs of health
care? The costs of health and well-
being begin at the moment of con-

ception and escalate from there.
Prenatal care costs can be allocated
to both the mother and the fetus, as
can the costs of birth itself. Can we
develop a calculus for the total costs
and benefits of a human life? If my
average life span is 70 years, what
will it cost my parents, me, and my
community from my conception to
my death and burial? We have
rarely, if ever, looked at the problem
in such an inclusive manner.

Missing a vaccination in child-
hood can lead to significant prob-
lems and inordinate costs later in
life. We can’t focus simply on the
incremental cost of that vaccination
or on the incremental cost of health
problems resulting from not having
had the vaccination; the issues are
all related. The integral stretches
from conception to burial, and it
includes an enormous amount of vir-
tually unpredictable statistics and
probabilities. Some of us know how
to do integrals. Some of us know
how to deal with noisy data. Some
of us know how to trade quantity in
data for quality in application. We
can help address those complex
problems.

Is the cost of handgun control, or
gun control in general, a health care
cost? Are drug prevention and drug
treatment programs health care
costs? Is a summer job for an inner-
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city teenager, who is likely to&
acquire both guns and drugs, az
health care cost? These items are all £
part of the calculus, this extremely &
complex integral. We must now inte- &
grate, over the life of one individual
plus all individuals in society, con-
sidering all of the cross-terms. The
integral must include all of society.
Engineers, at least certain kinds of
them, know how to deal with very
complex systems, and they can help
develop models and means to define
and to address such complicated
problems,

Benefits and risks

The scientific and technical com-
munity tends to have some apprecia-
tion of probability and statistics.
People with even the weakest intro-
duction to the life sciences know
that organisms eventually die and
that they die from myriad causes.
Most of us know that the Gaussian
distribution, or normal, curve is
more or less endemic throughout
biology. Yet although these princi-
ples tend to be part of the education
of some college and university stu-
dents, they are not a part of the edu-
cation of the general public or of
their lawyers. Unfortunately, these
concepts are also not well known
among many physicians and medical
providers, and when they are, they
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often are not communicated effec-
tively to their patients.

Clearly there are more safe as
well as less safe activities and proce-
dures; there is malpractice; there are
poorly designed and manufactured
devices. We need effective regula-
tion with respect to safety and effi-
cacy. But, just as clearly, there are
statistics and there are probabilities.
No one is to blame if an earthquake
levels your town or your home. Tt
may be your error for having chosen
a home on an earthquake fault, if
that fact indeed was known to you.
Is it really society’s responsibility if
you live on a 500-year flood plain?
Is someone to be blamed if 1 out of
10,000 medical implants leads to a
negative or even catastrophic outcome?
Is it fair or right to insist that the
device have a one-in-a-million fail-
ure rate, increasing its development,
testing, and manufacturing costs by
orders of magnitude to produce such
reliability? Is it fair to make the
other 999,999 individuals who
receive that implant pay the excep-
tionally high cost required for an
increased level of safety?

Everyone, but especially lawmak-
ers and lawyers, must come to under-
stand statistics and probability: You
and I and our colleagues must educate
them. We must ensure that these con-
cepts are incorporated in all profes-
sional courses of study—in all majors,
on all campuses, in all schools.

What we can do

Health care and its costs are
important to every single individual
in society. We are all involved and
all part of the problem. Every single
group, every component of society,
will have to change its behavior pat-
terns to effectively and successfully
solve the health care problem (4). In
some respects, we must all do less
so that we have the time to accom-
plish those things more compassion-
ately, relevantly, and effectively, We
must encourage people, ourselves
included, to get off treadmills lead-
ing to nowhere so that we will have
the time to reflect, identify the prob-
lem, and solve it.

All groups must become far better
informed and involved in the entire
health care arena. They must select
their physician collaborators more
carefully. They must design their
experiments—particularly animal
and human experiments—far more
carefully and efficiently. They must
attempt to determine the societal
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impact (5) of new medical proce-
dures or technologies. They must
consider and perhaps overcome the
technological imperative.

The issue of risks, particularly as
applied to health care, must be con-
sidered and communicated to the
general public and to the media. The
difference between voluntary and
involuntary risk must be made clear.
The role of risk awareness in influ-
encing behavior is critical. The
importance of patient choice and
empowerment should be empha-
sized. Cost will probably not be
brought under control without a gen-
eral appreciation of the limits of
technology and of the inability of
devices to correct the natural wear
and tear of the aging process. This
includes the acceptance by patients
of risks commensurate with the sta-
tistically demonstrated benefit.

Contributing to the public view

The communication skills of sci-
entists and engineers generally are
not fostered in our curricula, and
few incentives exist for developing
those skills. Because people with
communication skills often do not
have scientific and technical skills,
the information that reaches the gen-
eral public (with the exception of that
provided by a few good science writers
and reporters) is usually incomplete
at best and completely erroneous or
misrepresented at worst. We must
rectify this situation. We have to
challenge those reporters, writers,
and lawyers. We have to inform
them, and the community they influ-
ence, that their scientific and techni-
cal facts are correct/incorrect, their
analysis of a technical or semitech-
nical issue is appropriate/inappropri-
ate, and their consideration of risk is
reasonable/unreasonable given the
data and understanding at hand. Not
to do so is socially irresponsible; it
leads to the system and the problems
we have, and the blame becomes
ours for being so uninvolved.

Every major report on engineering
education, medical education, under-
graduate education in general, and
public education over the past decade
or so has urged us to teach less, but
teach better, and to educate in a more
integrated and systems-like manner.
We need to produce graduates and
professionals who are good listeners,
effective communicators, and respon-
sible citizens.

Although I have yet to see a signif-
icant response to these reports in the

higher education sector, the public
education sector is changing rapidly.
There are major movements and
activities throughout the nation to
enhance education at the elementary,
junior high, and high school levels,
particularly in science and technology
education, which includes mathemat-
ics, statistics, and related topics. I am
optimistic. As these students advance
to college and university and chal-
lenge professors and fellow students
and then join the job market and
interact with co-workers and fellow
citizens, [ think they will help realize
the fulfillment of the hope for a more
responsible and involved electorate.
We need no less.
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