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ABSTRACT

INTRODUCTION

Some years ago Elwing et al. [1] described the preparation of surfaces with
a wettability gradient formed by the diffusion and reaction of dichlorodimethyl
silane (DDS) on hydrophilized silicone wafers, The most obvious reason for
the interest in gradient surfaces is that a variety of surfaces differing only with
respect to one property can be studied in a single experiment, which saves
resources and simplifies experimental comparison and interpretation of the
results. This is of particular interest for fundamental studies of the interaction
between biological molecules and surfaces. In particular the nature of protein
adsorption, the initial event occurring when a foreign material is exposed to
blood or tissue, can be studied in more detail on gradient surfaces.

One essential feature in these studies is the shape of the gradient, which is
determined by Ficks diffusion equations. In an effort to increase the degrees
of freedom to choose gradient shapes and also to make other gradient types,
by choosing other suitable surface reactants, we have developed a new prepa-
ration technique in which the reactants are present in a density gradient during
surface exposure and reaction. In order to characterize the gradients and to
demonstrate their value as research tools, we have studied wetting properties
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and adsorption, using total internal reflectance fluorescence spectroscopy
(TIRF), of human IgG, fibrinogen and lysozyme to three gradients with dif-
ferent shapes.

EXPERIMENTAL
Chemicals

Dimethyldichloro silane (DDS) was purchased from Petrarch Systems
Karlsruhe, F.R.G., (lot #703496) and used without further purification. For
preparation of the density gradient we used pro analysis grade trichloroethy-
lene (TCE, density d=1.42) from Fluka and diiodomethane (DIM, d=3.34)
from Aldrich.

Lyophilized human placenta lysozyme from Behring Diagnostics, San Diego,
CA (lot #703496); human fibrinogen, 65% clottable from US Biochemical
Corp., U.S.A., (lot #52364), and chromatographically purified human IgG from
Organon-Teknika Corp., U.S.A. (lot #30567) were dissolved in phosphate-
buffered saline (pH=7.3, 1=0.19).

L-5-Hydroxytryptophane methylester hydrochloride-H,0, Behring (lot
410066 ) was used for calibration of the intrinsic fluorescence from lysozyme.

Preparation of density gradient surfaces

Quartz cover slips, 25.4 X 76.2 mm, were exposed to chromosulphuric acid
for 40 min at 70°C and subsequently rinsed thoroughly in triply distilled water
before final drying by N, jet. The sample now showed complete wetting (zero
contact angle). Three cover slips were mounted parallel in a 15 mm wide pol-
ypropylene chamber. They were kept apart from each other by 1 mm thick
protrusions on the walls of the chamber. In the bottom of the chamber, a drain-
age hole was made and polypropylene tubing was connected and sealed against
the chamber using silicone adhesive. From a vigorously stirred mixing flask,
initially containing 20 ml pure TCE, solution was pumped peristaltically into
the slide chamber while continuously being replaced by DIM solution contain-
ing DDS of specified concentration from a second flask, see Fig. 1. Thereby a
vertical density gradient containing a DDS concentration gradient is built up
in the slide chamber (with increasing concentration towards the bottom). Pe-
riods of 10-30 min were allowed for the surface silanization reaction (hydro-
phobation) before the chamber was drained from the bottom. Each slide was
then separately taken out and rinsed thoroughly in 20 ml TCE, 20 ml ethanol
and finally in 100 ml triply distilled water, The slope of the wettability gradient
established on the surface was controlled by choosing an appropriate DDS
concentration in the DIM flask and an appropriate ratio between the volume
flow into the mixing flask and the slide chamber. In practice this latter ratio
was controlled by using tubes of different internal diameters on the rotor head
of the pump. The wettability range was controlled by the reaction time.
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Wetting studies

Advancing and receding contact angles were recorded along the gradielilt b§
using the Wilhelmy Plate method [2]. The slides were suspended‘on a tlrea !
which was connected to a microbalance and the weight was continuously re
corded while the slide was immersed into a water flask. The flask w_as_sluéJ-
ported on a table which was moving at a constant speed of 40 mm min ¥
means of a stepping motor. The contact angle, ¢, was calculated from

f=pycos ¢+ (m— Vdg)

where fis the force on the plate, p the perimeter ni: the slic_le, ?the liquid aurfa:ce
tension, m is the weight of the plate in air, 4g is the liquid-vapour density
difference and V the displaced volume.

Fluorescein-labelling of the proteins

Fluorescein-isothiocyanate isomer I from Sigma was used for extrinsically
labelling IgG and fibrinogen according to the method of Coons et _al. [3]. $Ee
molar fluorescein/protein ratio was 1.2 for IgG and }.0 f(.)r ﬁbrmogen.. e
sodium salt of fluorescein (Sigma) was used for the calibration of the extrinsic

fluorescence.
Protein adsorption studies
TIRF was used to record the adsorption of proteins on the gradient surface.

For intrinsic fluorescence, from lysozyme, a Xannn'a:c‘ lamp (Model PS 153—56
Ion Laser Technology Inc., CA) was used. The excitation wavelength was
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nm and the emission intensity was recorded at 340 nm. Fluorescein-labelled
IgG and fibrinogen were excited by means of the 488 nm line of an air cooled
Argon laser (Ion Laser Technology Inc., Model 5490ASL). Here the emission
was recorded at 515 nm. The TIRF cell was mounted on a moving table and
the position along the gradients were scanned manually by adjustments on a
micrometer screw. This TIRF geometry has been described previously [4].
Adsorbed amounts, I, were calculated using the quantification procedure of
Hlady et al. [5]:

@./@y I'=2d, ¢, N./Nyten)

where @, is the quantum yield for adsorbed and @, from bulk fluers, d, the
penetration depth for the exciting light, ¢, the protein concentration, IV, the
fluorescence intensity from adsorbed fluors and Ny evy from fluors in the eva-
nescent bulk region respectively. For both hydroxy tryptophane and fluores-
cein standards, solutions with absorption values ec (¢ is the extinction coeffi-
cient) in the range 0-40 absorption units/cm were prepared and used for making
fluorescence calibration curves. These curves were used to distinguish the Ny ..,
component from the scattering component, Ny, of the directly measured total
bulk fluorescence, Ny o0

RESULTS AND DISCUSSION

Using different sets of conditions, three samples with different wetting char-
acteristics (Fig. 2) were made. In all preparations, a volume flow of 10 ml
min~" was used for the mixing of TCE and DIM solutions and for filling of the
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Fig. 2. Cosine of the advancing contact angle, ¢, on the wettability gradients obtained by using
the following preparation conditions. Sample #1: DDS concentration cppg=0.3 vol.%, reaction
time t=15 min. Sample #2: cppg=0.5 vol.%, t= 10 min. Sample #3: tpps= 1.0 vol.%, ¢ =20 min.
Position 0 (zero) refers to the hydrophobic end.
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slide chamber. The zero contact angle measured on the upper_end of all samp}es
in Fig. 2 indicates that the density gradients are quite stable, i.e. I':he conv.ectwe
and diffusive transport of DDS within the density gradient can, in practice, be
neglected. Roughly, two wetting regions can be identified on.two of the samples
(#2 and #3) of Fig. 2; a low contact angle region characterized by a steep and
linear contact angle gradient and a high contact angle region, above 70°, c‘har—
acterized by a more shallow, but still approximately linear, wetting gradlen_t,_
Since DDS reacts instantaneously with encountered surface silanol groups (Si—
OH), one would expect that the wettability range would }?e corr:lpletely detgr-
mined by the linear concentration profile of DDS established in t]::e dens.'lty
gradient and by the diffusion time. The presence of thi{; second wetting region
at higher contact angles (lower cos ¢ values) may indicate that the apparent
DDS reaction rate is slower at higher DDS surface coverages (probably due to
steric hindrance [6]) and that the surface does not reach saturation with re-
gard to the DDS reaction. In this context it is worthwhile to mention that it
has recently been shown that only ~50% of the SiOH reaction centers present
on amorphous silica reacts with alkylsilanes (6]. For a completely methylated
surface y,=50 dyn cm ! and ¢=117° [7].

A considerable wetting hysteresis was found on the hydrophobic side of all
samples. Hence, the advancing and receding angles of sample 2 differed by
almost 20°, see Fig. 3. Although the hysteresis decreases with decreasing im-
mersion velocity, it is still significant at <1 mm min~' {(under present inves-
tigation). It should be pointed out that the noise level in the original force
versus distance recording on the slide was negligible in comparison with the
recorded hysteresis. Hysteresis is also present on wettability gradients made
by diffusion on quartz [8]. Wetting hysteresis originates either frc:'rm surface
roughness or surface chemical heterogeneity. Scanning electron rr_ncrographs
of the samples show no evidence of any surface structure in the micron range

Q0

- advancing

@ (degrees)

a 10 20 3o

TIRF position (mm)
Fig. 3, Wetting hysteresis on sample #2 from Fig. 2. () Advancing contact angle, (#) Receeding
contact angle.
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Fig. 4. Protein adsorption as measured by TIRF on gradient samples from Fig. 2. The measured
adsorbed amounts are expressed as @, /9, - I, where 0./, is the ratio between the fluorescence
quantum yield for adsorbed and bulk fluors, respectively, and I”is the surface density in mg m=2,
Cosine for the contact angle, ¢, on the gradient surface in water before protein adsorption. (a)
sample #3 exposed to human lysozyme c=0.1 mg ml~", (b) sample #2 exposed to human IgG,
e=13 mgml~", (c) sample #1 exposed to human fibrinogen, ¢ =0.32 mg ml~",
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(not shown here). One way to rationalize wetting hysteresis is to assume a
mosaic surface composed of hydrophilic and hydrophobic domains with sizes
larger than ~ 1000 A [9 ]. A more detailed investigation of the wetting char-
acteristics and the surface heterogeneity is presently under way.

Relative adsorption of human lysozyme, IgG and fibrinogen, respectively,
on the three gradient surfaces is presented in Fig. 4 as @,/@,-I". Since the
quantum yield change upon adsorption is not known, absolute adsorption val-
ues cannot be determined, However, in a recent study of IgG adsorption on
trimethoxyaminopropyl silanized surfaces using the intrinsic tryptophane flu-
orescence, the @, /@, ratio was in the order 0£ 0.1 as obtained from independent
measurements using '*I-labelled proteins [10]. On the other hand, for extrin-
sic fluors, as used here in the case of IgG and fibrinogen, one expects only minor
changes in the quantum yield upon adsorption.

Figure 4 shows that there are correlations between the adsorption of lyso-
zyme, IgG or fibrinogen and the cosine of the contact angle. For hoth pure
lysozyme and IgG solutions the adsorption steadily increases toward the hy-
drophobic end. Fibrinogen, when freshly dissolved, shows the same trend and
the result on lysozyme is in agreement with earlier results on homogeneously
acid etched or DDS reacted slides [11).

Some advantages with using the density gradient method presented is the
stability of the concentration distribution as mentioned above. Furthermore
there is a great flexibility in the choice of gradient shape by proper choice of
reactant concentration and reaction time. Also, by proper choice of other fune-
tional silanes one would be able to create gradients with other properties, for
example charge, H-bonding or hydrocarbon/fluorcarbon character. The ap-
plications of the method can be further extended to making two-component
gradient surface films of polymers, proteins, etc. When water is the solvent,
the density gradient can be made by means of dextran, sucrose or CsCl among
others. Such gradients are commonly used in ultracentrifugation.
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ABSTRACT
Wetting gradients on silica were prepared according to the technique developed by Elwing el al.

(4. Colloid Interface Sci., 119 (1987) 1). The contact angle, delermined by the Wilhelmy-plale
method, showed an S-shaped dependence on {he position along the gradient. The advancing water
contact angle was 0° on the hydrophilic end and 97 £3° on the hydrophobic end. The receding
water conlacl angles were ~ 40° smaller in the wetling transition region and ~20° smaller on the
hy(lmp]mbic side of the gradient. Total internal reflection fluorescence (TIRF) was used to study
the adsorption of three ﬂ!.mresccin—lnbelled proteins: human serum albumin, [gG and fibrinogen.
The gradient surlace exposedtoa single prolein solution resulted inan amount of adsorbed protein
on the hydrophobic end Lhat approximnl;ely corresponded to a isonolayer. As a rule, lower adsorp-
tion was found on the hydrophilic end. When the proteins were adsorbed from a mixture, the
surface concentration ol albumin was generally nob affected, the fibrinogen adsorption decreased
by 40-50% and the [gG adsorption decreased to 10% of the adsorption measured from a single
protein solulion. The so-called Vroman elfect (for example, transient 1gG adsorption maximum
in adsorption kinetics) was found on the hydrophobic side of the gradient. The desorption exper-
iments were carried out with a nonionic polymeric curfactant, an ethylene oxide-propylene oxide
copolymer: EQ soo- P04 EQ,q- The adsorption affinity of albumin to the wetting transition re-
gion, as measured by surfactant induced desorption, was extraordinarily high.

INTRODUCTION

A foreign material in contact with blood initially responds by adsorbing
plasma proteins. The structure and composition of this “conditioning” layer
essentially determine all subsequent blood-material interactions [1]. In the
development of blood- and tissue-compatible materials, there is a need for in-
creasing understanding of the detailed relationship between the nature of the
surface and its blood response. One expects that a surface with a conditioning
layer of albumin or antithrombin I1I is more blood compatible than a surface
with adsorbed fibrinogen, & potential fibrin generator. A dynamic exchange of

*Present address: Institute for Surlace Chemistry, Box 5607, 5-11486 Siockholm, Sweden.
+*On leave of absence from Ruder Boskovic Institute, P.0. Box 1016, 41000 Zagreb, Yugoslavia.
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proteins occurs in the adsorbed protein layer. Furthermore, even before the
steady state composition of adsorbate is reached, proteins may replace each
other in a well-defined order; for example: albumin-IgG-fibrinogen-HMW
kininogen. This is now called the Vroman effect [2], which has been recently
observed by different scientists and extensively studied by Brash et al. [3,4].
One can assume that the rate of this exchange and the extent to which the
exchange will occur is dependent on protein affinity to the surface which, in
turn, can be modulated by modifying the surface properties. If one protein in
the exchange sequence hias an exceptionally high surface affinity, further ex-
change will be blocked. In particular, surface-induced perturbation of protein
conformation will affect the exchange and the interactions. Accordingly, it was
reported that an adsorbate layer of denatured fibrinogen is inert, while more
natural fibrinogen adsorbates trigger coagulation activation [5]. The exact
role of surface denaturation in blood interactions is, however, still open to
question. A large number of plasma-protein adsorption measurements onto a
variety of surfaces has been reported, ranging from studies in single protein
solutions, binary or ternary mixtures, to whole plasma [6-8].

A more convenient way to systematically study how surface chemistry af-
fects adsorption and protein exchange is to utilize surfaces with gradient-like
varying characteristics [9]. However, if one wishes to study the adsorption
from whole plasma then the determination of the exact adsorbate composition
presents considerable difficulty since it requires that all plasma proteins are
individually separated, labelled, and injected back into the plasma. Alterna-
tively, one can utilize antibody reactions to obtain qualitative adsorption in-
formation [10] or two-dimensional electrophoresis of eluted adsorbate pro-
teins. Although the latter technique is not directly applicable to gradient surface
studies, it appears to be a valuable technique for post-adsorption protein mix-
ture mapping.

The aim of this paper is to show the usefulness of applying total internal
reflection fluorescence (TIRF) to study single and competitive adsorption of
proteins on hydrophobic gradient surfaces. TIRF is a well-established in situ
method to study, in a quantitative manner [11,12], the adsorption [13] and
depletion [14] of polymers and proteins at interfaces or, in a qualitative man-
ner, the surface-induced conformational change in proteins [15].

We have studied the three most abundant plasma proteins: albumin, IgG

and fibrinogen. A qualitative measure of protein surface affinity was obtained

by adding a non-ionic surfactant during the desorption phase of the experiment.
EXPERIMENTAL
Wettability gradients were prepared on 2.5 X 7.5 cm fused silica plates (ESCO

Product Co.) according to the diffusion technique described by Elwing et al.
[9]. Prior to silanization, the plates were etched at 70°C in chromosulphuric
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acid for 40 min, rinsed thoroughly in triply-distilled water, dried in an N, jet
and mounted in a 100 ml glass jar. In the jar, 50 ml p-xylene (Fluka, density,
d=0.9), was gently layered on top of 50 ml 0.05% w/w solution of distilled
dichlorodimethylsilane (DDS) (Petrarch Systems Inc.) in trichloroethylene
(Fluka, d=1.4). The silane was allowed to diffuse into p-xylene and react with
the silica surface for 30 min before the jar was emptied through a drainage
pipe. The plates were thoroughly rinsed from above with 100 mi of each tri-
chloroethylene, ethanol and water and finally dried in an N jet.

The contact angle along the gradient surface was measured by the Wil-
helmy-plate technique. The plate was attached to the hook of a microbalance
and gradually immersed into a water container by vertically moving the sup-
porting table by means of a stepping motor while the plate weight was contin-
uously recorded. A constant immersing speed of 40 mm min~' was used. Both
advancing and receding water contact angles were measured.

The TIRF geometry is schematically shown in Fig. 1. The experimental con-
figuration was similar to the one described elsewhere [12]. As the excitation
light source an Ar* laser (Ion-Laser Technology Inc.) with an output power
of approximately 10 mW at 488 nm was used. The 488 nm line was selected
with an interference filter and the beam intensity was adjusted by neutral den-
sity filters. The laser beam was totally reflected at the silica surface/solution
interface which created an evanescent surface wave on the solution side of the
interface. The fluorescence was collected normal to the interface through the
TIRF cell, The internal reflection element was mounted on a micrometer-dri-
ven stage which allowed lateral scanning along the longest surface dimensions
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—~ -—
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Fig. 1. Schematic illustration of the arrangement of the TIRF equipment used for protein adsorp-
tion studies.
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[16]. The lateral distance between measuring points was 1 mm,; the fluores-
cence was collected from a 0.5 mm wide spot.

Protein adsorption/desorption. Human albumin (Pentex, Miles Diagnos-
tics), chromatographically purified human IgG (Organon Teknika Corp.) and
human fibrinogen (65% clottable, United States Biochemical Corp.) were la-
belled with fluorescein-isothiocyanate, FITC (Isomer I, Sigma), according to
the method of Coons et al. [17]. The degree of labelling was determined from
the absorption at 280 and 490 nm and from an independent protein concentra-
_ tion measurement using the Biorad protein assay [18]. The proteins were dis-
solved in phosphate buffer solution (PBS, pH 7.3, I 0.19), injected into the
TIRF cell and adsorbed under static conditions. After 1 h equilibration the
fluorescence contributions from the adsorbed proteins, N,, and the non-ad-
sorbed proteins in the bulk volume, Nj, (1.t), Tespectively, were determined by
quickly displacing the protein solution with the buffer. Subsequently, the af-
finity of adsorbed protein (s) for the surface was studied by measuring, in buffer,
the residual fluorescence after allowing 30 min for desorption in a 1% solution
on nonionic surfactant in PBS, an ethylene oxide-propylene oxide copolymer
(EO,00-P070-EO 45, Pluronic F127, BASF).

Quantitation of TIRF adsorption experiments. The quantitation of protein
adsorption experiments essentially followed the procedure given elsewhere
[12,13]. The sodium salt of fluorescein (Sigma) was used as a fluorescence
standard, to obtain a TIRF calibration curve at 488 nm excitation which was
needed to separate the scatter-excited part, Ny, (»), from the evanescent wave-
excited part, Ny, (), of the total, Ny, (), measured signal. Quantitation of pro-
tein adsorbed amount, I, was based on the following equation [12,13]:

(Fu/ﬁ‘b)r"_"NudpcplzNh (ev)

where Fis the fluorescence quantum yield for adsorbed (a) and bulk {(b) fluors,
N the corresponding fluorescence intensity, d,, the penetration depth at 488
nm and c,, is the protein solution concentration. This quantitation scheme does
not account for the change in fluorescence quantum yield upon adsorption
often found in the case for intrinsic protein fluorescence [12]. In the case that
the fluorescein-isothiocyanate quantum yield is not affected by protein ad-
sorption the TIRF-derived adsorption result, (F,/F,) I, will equal the actual
adsorption, I

RESULTS
Wetting characterization of surfaces
Advancing contact angles were measured on slides which were immersed in

homogeneous DDS solution in trichloroethylene of different concentration for
different time (Fig. 2b). Constant contact angle values were generally reached
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Fig. 2. (a) Advancing and receding conlact angles, ¢, as a function of position on the silica gradient
surface. The error bars from results of two independent measurements are smaller than the size
of the symbols. The hydrophobic end is referred to as the 0 position, and position 40 corresponds
to the interface between the p-xylene and the trichloroethylene solvent phases during preparation.
(b) Advancing contact angleson DDS-treated silica slides as a function of reaction time at various
concentrations of DDS (%w/w) in trichloroethylene.

within 15 min of immersion time. The contact angle showed a strong depen-
dence on the DDS concentration in the range 0.001-0.1% while surface satu-
ration was obtained above 0.1% DDS concentration (contact angle: 98° ).

Advancing and receding contact angles of the hydrophobicity gradient sur-
face are shown in Fig. 2a. At chosen standard conditions: ¢(ppg)=0.06% w/w,
t—30 min, the hydrophobic side of the gradient was non-wetting, showing 89~
92° in advancing water contact angle, while complete wetting was observed on
the hydrophilic end. A considerable hysteresis of the contact angle on the hy-
drophobic side and in the wetting transition region of the gradient was found
(Fig. 2a). However, no surface irregularities in the micron range could be ob-
served by scanning electron microscopy (not shown).
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Protein adsorption

Adsorption on the gradient surface was initially measured for single protein
solutions of albumin, IgG and fibrinogen as a function of the linear position
along the hydrophobic gradient surface at low degree of labelling (<1 mole
FITC/mole protein), Figs 3a—c. The concentralions were 4.2, 1.3 and 0.32 mg
ml~1, respectively, corresponding to one tenth of the protein plasma concen-
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Fig. 3. TIRF-quantified adsorption of single plasma proteins to a hydrophobic gradient surface.
The adsorplion is expressed as (F,/F,)I" (in mg m~?). For clarily, only results from the mea-
surements on one gradient surfice are displayed. The shaded area represents scaltering in data
hetween three independent meanurements. The arrow marks the position of the interface between
the p-xylene and trichloroethylene phases at the preparation of the gradient. Adsorption from
PPBS buffer after surfactant desorption: (a) albumin, ¢,y =4.2 mg ml~', degree of labelling, DL,
(mole/mole) =0.2; (b) 1gG, ey = 1.3, mg ml~', DL=1.0; (¢) librinogen, ¢4, =0.32 mg ml=*,
DL=1.0.
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tration. In the same figure, the cogine of the advancing contact angle, ¢, mea-
sured prior to the adsorption, is displayed.

As a rule, the three proteins were adsorbed to a larger degree on the hydro-
phobic side compared to the hydrophilic side and a good correlation between
the increase in the adsorption values and the decrease in the cos ¢ value was
found (Fig. 3).

The adsorption values on the hydrophobic side corresponded roughly to
monolayer capacities of the different proteins, M,;,=2.5 mg m~* [19],
M =2.Tmgm~? [6] and My, =2.1 mg m~? (calculated for side-on orienta-
tion). The variation of the adsorption results, as obtained from the data scatter
along a single gradient surface, was typically +0.1 mg m~2, The adsorption
measurements performed on two identical gradient surfaces and using the same
degree of protein labelling showed the maximal variation o be between £0.2
and +0.5 mg m~2, depending on the type of protein. However, the albumin
gave rise to a larger scattering in experimental adsorption results in the mid-
region of the gradient and often a minor peak in the adsorbed amount appeared
in this region.

The fraction of albumin displaced by the nonionic surfactant from the hy-
drophobic side was higher than from the hydrophilic side (Fig. 3), which is
understandable when considering the fact that the surfactant predominantly
interacted via hydrophobic interactions. Furthermore, the adsorption peak in
the mid-region became more pronounced after surfactant rising. Fibrinogen
was more easily removed from the hydrophobic side as compared to the hydro-
philic side, while IgG was equally well displaced across the whole gradient
surface.

Table 1 shows how the degree of labelling affects the adsorption on the dif-

TABLE 1

Influence of the degree of labelling (mole fluor/mole protein) on the adsorption values (in mg
m~?) for single proleins on gradient surfaces (¢q) =4.2 mg ml~", c ey =13 mgml !, ¢, ) =0.32
mgml~1)

Protein Labelling Hydrophobic Interface Hydrophilic

degree end end
Albumin 0.2 2.0+0.3 1.31+06 0.6+0.2

0.6 1.8+0.2 1.21+0.6 0.56+0.1
IgG ! 28102 20402 1.1+0.2

1. 27402 2.0+0.3 1.3+0.2

2.5 1.910.2 156103 0.91+0.3
Fibrinogen 1.0 25+05 1.8+0.5 1.2+0.5

2.5 3.1+1.0 29409 2.8+ 1.5




206

ferent parts of the gradient. [gG and fibrinogen adsorption was considerably
biased at higher degrees of labelling while albumin adsorption was almost un-
affected by the degree of labelling.

When the three proteins were mixed to a final concentration of 1/10 of the
plasma concentration, the adsorption of IgG and fibrinogen decreased signif-
icantly compared to the adsorption from single protein solutions (Fig. 4). The
albumin adsorption was not significantly affected on the hydrophobic side and
changed only moderately (ca 50% decrease) on the hydrophilic side by the
presence of the other two proteins. This is more evident from Fig. 5a where the
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Fig. 4. TIRF-quantified adsorption of plasma proleins [rom a ternary mixture of albumin, IgG
and fibrinogen to a hydrophobic gradient surface. The adsorption is expressed as (/)1 (in
mg m~2). For clarity, only results Irom the measurements on one gradient surface are displayed.
The shaded area represents scattering in data between three independent measurements. The
arrow marks the position of the interface between the p-xylene and trichloroethylerie phases at
the preparation of lhe gradient. Adsorption [rom PBS buffer after surfactant desorption: (a)
albumin, ¢y =4.2 mg ml=!, DL (mole/mole) =0.3; (b) 1gG, ¢(jee)=1.3, me ml~!, DL=1.0; (c)
fibrinogen, ¢ (g =0.32 mg ml—', DL=0.5.
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the amount of protein adsorbed [rom the three protein mixture after surfactant desorption and
the amount of the same protein adsorbed from the single protein solulion also after surfactant
desorption experiment as a function of gradient position. Protein concentralions as above.

ratio between adsorption in the mixture and in the single protein solution is
plotted. The same ratio after displacement by the surfactant is displayed in
Fig. 5b. From Fig. 5b we conclude that the amount of albumin displaced by
surfactant increased on the hydrophobic side due to the presence of the other
two proteins. Furthermore, albumin showed an enhanced preference for the
wetting transition region after desorption in surfactant (Fig.4). IgG was quan-
titatively displaced on the hydrophobic side in the presence of the two other
proteins and was also quantitatively displaced on the hydrophilic side after
desorption in surfactant solution. In contrast, the amount of fibrinogen re-
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TABLLE 2

Influence of the degree of labelling on the adsorption values (in mg m~?) for a ternary mixture of
proteins (cqu,y=4.2 mg ml~, ¢ = 1.3 mg ml~*, ¢y =0.32 mg ml™ by

Protein Labelling Hydrophobic Interface Hydrophilic
degree end end
Albumin 0.3 1.94+0.2 1.2+04 04102
1.0 1.5+0.2 1.7+£0.3 1.1+0.2
IgG 1.0 0.11:£0.04 0.12£0.05 (0.13+0.05
3.0 0.10+0.05 0.11 £0.05 0.201£0.10
Fibrinogen 0.5 1.810.2 1.1+0.3 0.6+0.2
3.0 1.51+0.2 1.1+04 1.0+03
7.0 0.4+0.2 06+0.2 0.8510.3
Hydrophilic end
0.8.
2 fibrinogen
e AT
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Fig. 6. Adsorplion kinelics of three proleins from the lernary mixture of albumin, IgG and fibri-

nogen {a) on the hydrophilic end (position 55) and (b) on the hydrophobic end (position 30) of
the gradient surface: ¢y =4.2 mg ml= " cguen = 1.3 mg ml ™" ¢ =0.32 mg ml~ "
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maining after desorption in surfactant solution is not, to any large extent, in-
fluenced by the presence of the other two proteins.

In contrast to previous results (Table 1), the adsorption pattern of albumin
in the mixture becomes distorted even at a moderate degrees of labelling (1
mole/mole), Table 2. Only at very high labelling degrees (7 mole/mole) was a
distortion of fibrinogen adsorption found.

The plateau adsorption was reached in 10 min on the hydrophobic side, and
slightly faster on the hydrophilic side, for all three proteins. The adsorption of
IgG showed a transient peak on the hydrophobic side (Fig. 6). Judged on the
basis of fibrinogen adsorption which was still increasing on a relatively longer
time scale, IgG was displaced by fibrinogen.

DISCUSSION

The cos ¢ versus the linear position along the gradient showed an S-shaped
dependence which is expected for a diffusion-controlled reaction of DDS at the
silica surface. A deviation from the S-shape was found at the far hydrophobic
end indicating a kinetically controlled (probably sterically hindered) silani-
zation reaction, at higher surface coverages of DDS.

Similar contact angle hysteresis as seen here on the hydrophobic side of the
gradient on silica was also observed on gradient surfaces prepared on atomi-
cally smooth silicon wafers (not shown here). Hence, hysteresis is due to
chemical surface heterogeneity. A possible explanation would be that it is caused
by residual unreacted SiOH groups on the hydrophobic side. Recently, Gobet
and Kova'ts showed that only half of all surface SiOH groups on silica are
available for reaction with a Cg silane [20]. Polymerization of the silane at the
interface, catalyzed by residual moisture associated with SiOH groups on the
surface, may also cause wetting hysteresis. Although the reaction of DDS with
surface silanol groups (SiOH) occurs instantaneously without any activation
energy barrier, surface saturation (constant contact angle) was obtained only
at DDS concentrations exceeding 0.1% (Fig. 2b). This indicates that residual
water (which consumes DDS) is present in the solvent.

The enhanced wetting hysteresis observed in the wetting transition region
of the gradient may indicate that the hydrophobic adsorption sites here appear
as larger patches. We put forward in some more detail a hypothesis for the
origin of the surface heterogeneity in the wetting transition region.

The surface silanization can be viewed as an analogue of a heterogeneous
surface nucleation process in which the number of nucleation sites is constant
along the surface and the growth of two-dimensional hydrophobic domains
depends on the flux of the silane reagent to the surface, i.e., on DDS concen-
tration, and the diffusion time. If we assume that the experimentally measured
cosine value of the contact angle, cos @, i3 a cosine average of two surface
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domains [21]: (1) entirely hydrophobic patches of equal size saturated with
~CH,, groups (contact angle ¢=114° as obtained from the Young equation
with y(CH,/H,0) =50 mN m~' and y(CH,/air) =20 mN m~'); and (2) the
complementary area populated with hydrophilic SiOH groups (contact angle
$=0°):

€08 Poyp=[ €08 114° + (1 —f) cos 0°

one can calculate the fraction of the surface occupied by the hydrophobic groups,
f. When the nucleation sites are uniformly distributed over the surface one
finds the largest phase boundary density between hydrophobic and hydrophilic
domains at 0.50 <f<0.70 depending on the shape of the hydrophobic surface
domain. In this region of the gradient surface, albumin showed the increased
adsorption affinity. Such increased adsorption affinity of an amphiphilic mol-
ecule can be envisaged if such a molecule can interact with hydrophobic and
hydrophilic adsorption sites simultaneously (albumin is an amphiphilic and
easily deformable protein [22]).

The present values on single protein adsorption on the DDS wetting gra-
dient surfaces are in qualitative agreement with the ellipsometric study by
Elwing et al. (9). However, the TIRF technique has a higher sensitivity and
accuracy for in situ study of protein adsorption from solution than the ellip-
sometric method [9]. In addition, TIRF can be used to study adsorption of
singly labelled protein from a non-labelled protein mixture, whereas in ellip-
sometry one needs to detect adsorbed protein from a mixture with a specific
antibody. The latter may not necessarily react with the adsorbed protein mol-
ecules in a constant and quantitative way. '

Regarding FITC labelling, the covalent binding of fluorescein label to pro-
teins occurs via lysine residues which are distributed in large numbers around
the entire surface of IgG and fibrinogen [22]. This can account for the higher
labelling degrees of these two proteins as compared with the labelling of albu-
min. It can pressumably induce a solution aggregation of highly labelled IgG
and fibrinogen since the fluorescein molecule itself has a partially hydrophobic
character. We also noted that a longer storage time of fibrinogen after labelling
causes aggregation in solution even at lower degrees of labelling. Hence, during
aggregation, the hydrophobic driving force for adsorption can be consumed
which may account for the observed change in adsorption characteristics for
fibrinogen at high degrees of labelling.

The displacement of IgG by fibrinogen observed on the hydrophobic side of
the gradient is a manifestation of the Vroman effect. However, this effect was
not observed on the hydrophilic side, possibly due to the faster adsorption
kinetics of fibrinogen on this side of the gradient. Wojciechowski et al. [8]
have demonstrated that fibrinogen also shows a transient adsorption peak due
to the displacement by HMW kininogen at longer exposure times and found
this displacement to be strongly dependent on the total concentration of plasma
proteins. -
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CONCLUSIONS

The Wilhelmy-plate method was applied to analyze the contact angle, ¢, and
TIRF was used to the study single and competitive protein adsorption across
a wettability gradient surface prepared by two-phase solution silanization.
Wetting hysteresis was found at the hydrophobic end and in the wetting tran-
sition region of the gradient. The adsorption of human albumin, IgG or fibri-
nogen from single protein solutions, at a concentration of one tenth of that in
plasma, increased with decreasing values of cos ¢ (increasing hydrophobicity).
On the hydrophobic end of the gradient the adsorption values generally cor-
responded to monolayer capacities. In the wetting transition region of the sur-
face, an extraordinary affinity for albumin was found as indicated by surfac-
tant desorption studies. Albumin adsorption was almost unaffected by addition
of IgG and fibrinogen. In relation to its bulk concentration, fibrinogen, on the
other hand, showed a comparatively large affinity toward the whole gradient
at the expense of IgG adsorption when adsorbed from the protein mixtures.
Furthermore, the Vroman effect was manifested in the IgG adsorption kinetics
on the hydrophobic end of the gradient, i.e., a transient adsorption peak oc-
curred during the first minute of exposure.

We conclude that gradient surfaces can be a valuable tool in clarifying the
nature of the protein adsorption to foreign surfaces, and the role of protein
adsorption for the biocompatibility of artificial materials.

We have demonstrated that on a surface in contact with a protein mixture,
some proteins can be competitively displaced, depending on the relative con-
centration in solution and affinity to the surface. Since the affinity may vary
along the gradient, proteins may show characteristic “‘diagnostic” patterns,
e.g., adsorption maximum at different positions, as shown here for albumin.
According to the authors knowledge, this is the first time the Vroman effect
has been demonstrated for an artificial mixture of plasma proteins.
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Properties of Immobilized
PEG Films and the Interaction
with Proteins

Experiments and Modeling

C.-G. GOLANDER, JAMES N. HERRON, KAP LIM,
P. CLAESSON, P. STENIUS, and J. D. ANDRADE

15.1. INTRODUCTION

Poly(ethylene oxide), or as it is frequently denoted in the literature, poly-
(ethylene glycol) (PEG), is a nonionic, water-soluble polymer widely used for
stabilizing colloids in food and paints and in formulating pharmaceuticals and
cosmetics. The reason for the extensive use of this polymer is that it acts as a
dispersant and yet is inert, e.g., it does not interfere adversely with other functional
ingredients in the dispersion.

Recently, some other potential applications have been identified within the
biotechnology area (see Figure 1). It has been shown that substances covered with a
PEG coating do not show antigenic activity. This can be utilized for camouflaging
drugs that may otherwise cause allergic reactions in the body. In particular, successive
therapy has been reported with PEG-encapsulated enzymes such as adenosin-
deaminase (immunodeficiency disease), superoxide-dismutase (kidney transplanta-
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Figure 1. Three biotechnical applications for PEG coatings.

tion), and streptokinase (heart surgery). Other important areas are targeting of
cytostatics in cancer therapy and the use of PEG/dextran mixtures in protein
separation by affinity partitioning. In diagnostic assays and biosensors based on
specific recognition of antigen—antibody (ag—ab) pairs, unspecific adsorption of
proteins will cause a background noise. This can be avoided by covering the voids
on the surface with PEG. Still another application of PEG is to incorporate this
substance in a protein layer, which will keep the functional properties of the protein
intact even when the protein film is stored in air. PEG here acts as a moisture preserver
so that the native environment around the protein is retained. This property of PEG
is also utilized in humectants.

It will be shown below that the molecular origin of these properties is quite
intricate. We will start this PEG essay by describing some basic routes via which
stable PEG films can be prepared and how the films can be studied physically and
chemically by various surface analysis techniques. An important feature is that
aqueous solutions of PEG show a lower consolute temperature (LCT), i.e., the
solution splits into two phases (one with a very low concentration of PEG) above a
critical temperature, called the cloud point. The correlation between this phase
separation and the surface forces measured between two PEG-covered mica sheets
will be discussed. The molecular behavior of PEG has also been studied by molecular
dynamic simulations. The different theories for the molecular origin of PEG/water
interaction will be briefly reviewed. Finally, we discuss how the properties of PEG are
expressed in the interaction with proteins. A tentative explanation will be given as
to the generally low protein adsorption found on PEG-coated surfaces.

15.2. PREPARATION OF PEG FILMS

The properties of PEG films, such as chemical stability, film thickness, and film
composition, are influenced by the way they are prepared. It is difficult to cover a
surface with a dense PEG film, because at temperatures below LCT, PEG molecules
naturally repel each other in water. In most cases, other compounds, such as
crosslinkers and film-forming agents, are also present in the film and may, partic-
ularly in thick films, induce chemical segregation both vertically and laterally in the
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film and also, in extreme cases, cause phase separation on the surface. Effects due to
swelling in thick films may also obliterate the true PEG properties of the surfaces.
In the following we discuss in some detail three different ways (o reahzg_a PEG film
on a solid substrate: preparation of PEG hydrogels, chemical immobilization, and
quasi-irreversible adsorption (see Figure 2).

15.2.1. PEG Hydrogels

A PEG hydrogel can be created by incorporating PEG ‘in a p‘o!yl:ncnzable resin,
which is first deposited on a substrate and then polymcnchd in situ. f\crylate or
methacrylate resins, polymerized by a free radica}l mccham‘Sl'!‘I, are suitable. The
polymerization can be initiated thermally by azobis:so.butymm'mlc (Alf%l\!)_or perloi:-
ides (see, for example, Gregonis er al.!) or photochemically using photoinitiators like
benzophenones, hydroxipropiophenones, or thioxanthoncs.z_ln many cases blfunci;
tional (diacrylated) PEG has been incorporated into a cros:sllnked petfvork. In suc
cases, as a consequence of the presence of the hydrophobic crosslu?kmg agent, the
final polymer backbone will have a mixed hydmphilic—h)'-drophoblc charfﬂ:::er.

In order to obtain a coating with pendant PEG chains, we ha\_we uuhmc'l .(he
monomethoxy PEG and prepared PEG-monoacrylate.2 Coating resins containing

PEG-hydrogel

Grafted PEG ﬁ %ﬁé
Adsorbed PEG
block-copolymer
Mo (0] Favass

PED segment cross=-linking or PPO or other
reactive group hydrophobic biock

Figure 2. Schematic drawing showing the structural features of PEG layers obtained by different coating
techniques.
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either PEG-a.crylate with molecular weight of 550, 1900, or 5000, or diacrylated
et‘hoxylatcd trimethylolpropane [TMP (EQ)y], together with a crosslinker, hexanediol-
!:hacrylate (HDDA), and 2-hydroxy-2-propiophenone (photoinitiator), are prepared
1n a toluene/ethanol/tetrahydrofurane mixture. A 1% solution was applied to a
polymer surface with a 20-pm rod applicator. The film was allowed to dry and was
then ]:!hotocured. In order to maximize the ethylenoxide (EO) content in the film
deposited on PVC, the molar ratio P -acrylate/HDDA was varied. The relative EQ
content was measured as the ratio between the electron intensity from carbon bound
to a single oxygen (C—O) to that from CH, carbon in the Cls peak of the ESCA
spectrum of the film. The EO content shows a maximum at a PEG/HDDA ratio
between 1 _amd 2.2 At higher ratios, the degree of crosslinking is lower. Consequently,
ﬁl:p adhesion becomes poor. The EQ content of the film increases with the molecular
weight of the PEG monomer. However, beyond MW 1900, steric hindrance causes the
EO content of the film to increase only slowly with molecular weight. Hence,
nfo]ecu!ar weights around 2000 seem to be sufficient for obtaining a high grafting

cncrgy‘ by migration of hydrophilic moieties to the bulk of the film, where a higher
refractive index environment is offered than at the air interface. Consequently,
hydr_ophobic segments will accumulate at the air interface. This process will bt;
particularly pronounced in vacuum, where ESCA analysis occurs,

: Howcve_r, in water the situation is the reverse and polar groups migrate to the
interface; this shows up in the low contact angles (around 15°) for these PEG
hydrogels. The measured contact angle decreases as the C—O/CH, ratio increases.2
The low contact angle measured for these hydrogels is also due to contributions from
surfa}ce roughness, swelling, and capillary forces in porous structures. This is
!Jamculsfrly clear when considering that higher values are measured for chemically
immobilized monolayers of PEG (see below). For a constant C—Q/CH, ratio, the
contact angle decreased with increasing molecular weight of the PEG, w,hich
indicates that the PEG/water surface tension decreases in comparison to the PEG/air
surlfacc tension with increasing molecular weight (see below), Hydrogels are charac-
terized by a high water uptake. The water content in swelled films of PEG 1900/
@DA 1:1 was around 45-50% wy/w. A structural model of the PEG hydrogel is
displayed in Figure 2.

To increase the EO content of the surface layer beyond the limits of the method
descnbed_ abo_ve. we have developed a two-step curing procedure shown in Figure 3.
The coating is precured at low UV dosage to obtain a gel-like PEG coating,
characterized by a polymer network with low crosslinking density, high mobility, and
yet low Wwater solubility. The substrate coated with the PEG gel is then exposed to
water. This leads to migration of polar EO groups to the water interface. Finally, the

EO content at the interface, which increases the C—O/CH, ratio observed by ESCA
approximately a factor of two for PEG gels with MW 1900.
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Figure 3. Two-step procedure for the photo-
curing of a PEG-acrylate layer for enhance-
ment of the surface density of EO groups.

A layer containing equimolar amounts of PEG-acrylate (MW 1900) and HDDA
coated onto PVC has excellent barrier properties against migration of hydrophobic
substances like plasticizers. Hence, while the surface concentration of a dioctyl-
phthalate plasticizer (measured by the fraction of CH, carbon in the Cls spectra)
increased significantly with time on bare PVC (within hours at 20°C and minutes at
60°C) due to surface migration from the bulk, no change of the elementary
composition with time occurred when PVC was covered with a PEG film.

15.2.2. Chemical Immobilization and Grafting

Various methods for covalent attachment of PEG to surfaces have been pro-
posed. They usually require chemical derivatization of the terminal OH groups of
PEG prior to reaction with a functionalized surface. Abuchowski ei al.6 introduced
cyanuric chloride activation of PEG for reactions with enzymes in order to render
them nonimmunogenic. Biickmann et al.” described the preparation of PEG ligands
with bromide, amine, sulfonate and N-hydroxy succinimide for affinity partitioning
of proteins, and Zalipsky e al.8 prepared amino-, isocyanato-, and carboxylated PEG
for attachment to drugs. Harris et al. developed some improved and versatile
methods to prepare PEG derivatives such as tosylate, amine, and aldehyde. They also
studied how various PEG coupling reactions influence the activity of enzymes.10 In
one of our groups, Yee et al. tried to use the thiol-disulfide interchange reaction with
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a dithiolated PEG to immobilize a protein to quartz via a PEG spacer.23 An excellent
overview of various derivatization reactions has been given by Harris.!!

We have used the aldehyde—amine reaction for immobilization of PEG—
aldehyde to aminated solid surfaces. This reaction is convenient to use in aqueous
media and can be driven to completion by addition of NaCNBHj, a reducing agent
that selectively reduces the imine product—CH==N—) in the presence of aldehyde.
The only side reaction that occurs is polymerization of PEG-aldehyde by aldol
condensation. PEG-aldehyde can be prepared by various reactions, some of which
are shown in Table 1.

Of the first four reactions that we tried, the best yield (NMR) was found with the
partial oxidation in acetic anhydride/DMSO (#4), proposed by Harris et al.9:12
Harris has pointed out that the PEG-CHO is not chemically stable but may
polymerize by aldol condensation. This does not occur with PEG—benzaldehyde or
PEG-propionaldehyde (see reaction #5). However, the experimental results pre-
sented below are all based on PEG-CHO prepared by the #4 procedure.

A very important aspect of the properties of PEG surfaces is the surface density.
The interpretation of results on PEG surfaces becomes ambiguous if only partial
coverage of the surface is obtained. In order to increase the surface coverage we have
performed the immobilization reaction under solution conditions close to the cloud
point, W i ains are small.

Figure 4 shows schematically the coupling procedure and Figure 2 the structural
model of the PEG surface. The cloud point of PEG 1900 is around 180°C. To induce
clouding at realistic reaction temperatures, “salting out” with potassium sulfate was

Table 1. Some Derivatization Reactions for Preparing PEO~CHO
1. Oxidation Ce*+ or pyridinium chloroformate (PCC)
CHN + Cro, 5 (PCC) :
CHy;—(EO),—OH + PCC “*¥ CH, (E0),—O—CH,—CHO + (Cr0;)
2. Choloracetaldehyde diacetal
CH,—(EO),—OH + CICH,CH (OCH;), — CH,—(EQ),—O—CH,CH (OCH,),
%% CH,—(E0),—0—CH,CHO + 2CH,0H

3. Aluminum tert-butoxide

CHy—(EO),—OH + (CHy),C=0 > cyy _(£0),—CHO + (CH,),CHOH
4. DMSOI(CH,C0),0

{CI'I_\)-15=0 + (CH300)20 + CH;'—{EO)"—OH

~ CHy—(EO),_,—OCH,CHO + 2CH,COOH + (CH,),S

5. Prog lithiol/chloropropionaldehyde diacetal

HS—CH,CH,CH,—HS "% Na—S—CH,CH,CH,—S—Na
O Na—S—CH,CH,CH,—S—CH,CH,CH—(OC;H,), (+NaCl)
LTI (EO),—S—CH,CH,CH,—S—CH,CH,—CHO (+NACI)
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Figure 4. Grafting of PEG by the Schiff base reaction between PEG-CHO and surface-NH, on surfaces
aminated in various ways. ~

used. !4 However, due to steric hindrance, the reaction is sluggish. In order to find I]I-']e
conditions that give maximum PEG coverage, we determined both tha CﬂTOl;SC Q:
ratio in the layer and the attenuation of the signals from substrate atoms in the s
analysis. The optimal conditions for coupling aldehyde—PEG to ammated surfac
were found to be pH6,4 60°C, 10% K,SO,, and 40 hours reaction time. oo
Figure 5 compares the carbon 1s peak from PEQ syrfaces prepared qnder optim:
conditions with the peak obtained when immobilization was accomphsi}ed in pulr:
water at 20 °C and in a 10% w/w K,SO, solution at 60 °C for the same reaction nmc.th
both cases NaBH,CN (reducing agent) was added. The figure f:learly showsh e
improvement in PEG grafting density (C—O/CH, ratio) thn using closebllo pl aus;:
separation conditions. These PEG grafted surfaces are chemically very stable int
sense that no significant change occurred in the ESCA.spectra a.fter pfulonged nnstrgg
with water, 0.IM NaOH, 0.1M HCl, ethanol, or 10% mﬂuowace_uc a!:ld'; sec Figun: i
To prepare a substrate surface with amino groups for PEG }uunob‘lllza?lon is not
trivial. Yet it is critical, since a high density of amino groups is required if a dense
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packm‘g of PEG is to be obtained (at least 1 NH, per nm?2). These groups must also be
i(?cesstbl? for reaction. We have used three ways to achieve this (see Figure 4):
irreversible” adsorption of polyethyleneimine on an oxidized polymer surface, 16,17
Plasma polymerization of diaminocyclohexane (DACH)" or any surface (allylamine
was used by 'Gombotz et al.'8) and silanization of silicon oxide with aminopropyl
trimethoxy silane (APS)2! or isocyanatopropyl dimethyl monochlorosilane (IPS),
[(J!gd::;:g'zed to —NH, after immobilization)20 yielding densities well above 1-2 NH,
PEG~CHO was reacted in the way described above with the aminated surfaces.

. The agreement between the amounts of immobilized PEG measured using
v?nouf methods is good (see Table 2). However, measurements in wet and dry states
give dxfferent_ thickness and refractive index values. The standard procedure using
PEI as an amino functional substrate results in a layer with 2 mg per m2 PEG or 1.5
nm? per moI!acu}e. In the dry state this means a thickness of approximately 2.5 nm
and a r‘eﬁacgqg Index which agrees with the bulk value for PEG (n = 1.44). The low
fﬁfl:aCthe thickness (n = 1.36) and relatively thick film d = 10 nm measured in water
indicates con§iderable swelling. The calculated water content in this PEG monolayer
(from refractive index) is >70% w/w, which is considerably higher than for the
Ilydzogels. The contact angles are much higher than for the PEG hydrogels: ©,,, = 56
*3°and O, = 35 + 2°, The high values indicate a nonzero surface tension against
water and/or a rather low surface tension against air. Hence, at 20°C we obtained

e e L LR
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Table 2. Quantification of Covalently Attached
PEG Layers (MW 1900) on Various Substrates

Method Substrate NH, layer I'(mgm-2) d (nm) n
Ellips® (dry state) Sio, DACH', 5 nm 1.2 1.5 1.44
Ellips® (wet state) 5i0, PEI 3 nm 2.00 10 1.36
Ellips® (dry state) Si0, PEI, 3 nm 2.0 2.5 1.44
Ellips® (dry state) Si0, IPS silane 1.2¢ 1.6 1.44
SFAc (wet state) Mica PEG-lysine 1.14 35

SEA< (wet state) Mica~OH IPS silane 1.14 4.0

ESCA Mica-OH IPS silane 1.24

QCMe Si0, APS > 10 nm 7.0

=0Obtained from ellipsometry.

bCalculated from Cuypers model.%

“Obtained from surface force measurement.*

“Obtained from itative ESCA analysis.5 Agrees well with values obtained from ellipsometry
on the same surface film on a silicon wafer.

“Oblained from measurements with a surface acoustic wave (SAW) device.

[ co
Ref. PEG-CHO
00, cC
—_—t
1M NaOH
z —_—
6 M Guanidinium
Chloride .
AY
70% HCOOH
o e e
30% CF3COOH
—_—
w2 5 EpfeV)

Figure6. Carbon Is spectra from a PEG film immobilized on polyethylene and rinsed in water 1 hour (Ref.
PEG-CHO), 1 M NaOH, 6 M guanidinium chloride, 70% HCOOH, or 30% CH,COOH. Only in the case
of formic acid rinsing is there a small asymmetry in the peak indicating interaction between the formic acid
and ether in PEG.
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v = 44 mNm~!, by straight line extrapolation from pendant drop measurements on
melts of PEG, MW 1900.5! The surface tension decreases with temperature to 36
mNm-! at 140°C. We also measured a (small) surface tension increase with
molecular weight [41 mN m~! for monomethoxy PEG (MW 550) and 47 mN m~! for
PEG (MW 6000)]. This is most likely due to purely entropic factors.

Adsorption of a cationically modified PEG (PEG-lysine) to (negatively
charged) mica at room temperature resulted in an adsorbed amount of 1.1 mg per m?
PEG. An increase in temperature to 55 °C (close to the conditions used above during
immobilization) increased the adsorbed amount to the vicinity of 2 mg per m2,
obtained above for grafted layers.

Table 2 shows that less PEG can be attached to IPS or DACH layers!? (1.2 mg per
m2 or 2.5 nm? per molecule) although they carry >1 reactive amino group per nm?
than PEI or APS layers. It is likely that, on the compact and rigid IPS or DACH films,
the amino groups are less accessible to reaction than the mobile side chains in the
PEI or APS films.!6

The polymerizable APS results in an extremely thick (>20 monolayers) and
rough layer. The large amounts of PEG in this layer indicate a three-dimensional
PEG-APS network similar to a hydrogel.

To covalently attach PEG to mica surfaces is important, since this would allow
direct measurement of the interactions between PEG layers under various conditions
employing the surface force technique.4 Several methods have been tried. One way
is to first introduce silanol groups (SiOH) on mica by means of water vapor plasma
treatment.!S In the next step IPS vapor is allowed to react with the modified mica
surface, the isocyanato group is converted to amine, and finally the PEG-aldehyde
coupling reaction is carried out as described above. Alternatively, once the silane has
been bonded to the mica surface, the isocyanate group may be reacted with a PEG
melt (110°C) or PEG solution, or the amine group can be reacted with a PEG-
aldehyde melt or a PEG-aldehyde solution at elevated temperatures. The results
obtained so far are summarized in Table 3.

Reaction with PEG-OH melt gave a slightly better yield than the solution
reaction. However, PEG—CHO melt gave less yield than the solution reaction,
probably due to oxidation of PEG—CHO at elevated temperature. PEG-benzaldehyde
also gave less yield than the PEG—CHO reaction in solution. The comparatively low

Table 3. ESCA Quantification of PEG Layers
Immobilized by the Aldehyde—Amine or
Isocyanate—Hydroxyl Reactions on Mica

Sample Reactant I' (mgm~-2)
Mica-IPS PEO-OH melt 1.5
Mica-NH, PEG—CHO melt 0.6
Mica-NH, PEG-CHO solution 1.1
Mica-NH, PEG®CHO solution 0.6
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chemical “stability” of the monomeric PEG-CHO hence seems t0 be advam‘ageous.
A possible explanation is that the aldol condensation in solunfm leads to ohgorncrs
with residual reactive aldehyde groups, so that more PEG is bound by a single
reaction event at the surface (Figure 4).

15.2.3. Quasi-Irreversible Adsorption

By this term we denote physical adsorption of high molecular weight copoly-
mers of PEG which attach at multiple adsorption sites. Although the free energy of
adsorption for each site may be relatively small, the attachment of a molecule' to
several sites leads to a multiplication effect, so that the total free energy of adsorption
of a polymer becomes quite large. For this reason, polyrr.wrs tend to bc adsorbed
either very strongly or not at all. Frequently, the adsorption 1sothe@ will rise steeply
at such low concentrations that, for all practical purposes, adsorption appears to be
irreversible.

In one of our groups, we have studied how the structure of block—co_po])tmers
of PEO/PPO/PBO (po!ycthylt:neoxidefpolypropylencoxide!polybulylencoxule) influ-
ences the adsorption/desorption kinetics at the water/air and at the polyethylene/water
interface. 2

'r;i block-copolymers that were used and the amounts adsorbed after 30
minutes at 20°C, as well as the amount of polymer remaining on the surface after
desorption for 30 minutes, are shown in Figure 7. _

While the PEO/PBO/PEQ triblock adsorbs in large amounts, the ﬁlm_ als_o easily
desorbs in water. This is most likely due to the self-aggregation properties induced
by the hydrophobic PBO block. With preferentially hy{_:lmphi]ic PEO segrnen'ts
(which are very weakly attached to the surface) on the out‘s1de., these aggrcgafes will
readily desorb. For PEQ/PPO star copolymers, close packing is severely restricted as
a result of the high mobility of PEO tails. However, the (th'm) films formed are quite
stable against dissolution, evidently due to strong interaction between the hydro-
phobic core of the star polymer and the hydrophobic surface. A PEO/PPO alternate
block obviously offers the largest hydrophobic contact area with the surf_ace, sothata
stable film with reasonable PEQ density results. The PEO/PPO/PEO triblock hardly
adsorbs at all.

15.3. INTERACTION BETWEEN PEG AND WATER

15.3.1. Theories and Models Describing the PEG-Water Interaction

The solubility of PEG in water is characterized by a closed immi.sci‘bility loop,
i.e., there exists both a lower and a higher consolute temperature. This is the result
of the unusual temperature dependence of the molecular interaction between PEG apd
water. We now proceed to discuss the origin of this behavior starting with a brief
thermodynamical discussion.
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Hy(!rophobic molecules dissolved in aqueous solutions cannot form hydrogen
Eonds"wl.th water. As a consequence the surrounding water has to associate into
cage‘~hke structures in order to minimize the free energy of the system. The
hydration of hydrophobic molecules results in an increase in water—water hydl.'ogen
bonds, a lowel-i!'lg of the entropy, and a lowering of the enthalpy. Consequently, when
two hydrophobic units are brought together in water it results in a large incréase in
entropy (115 > 0), a large compensating increase in enthalpy (AH < 0), and a
decrease in free energy (AG < 0). This is the so-called “hydrophobic effect” \:rhich is
?.[so characterized by a decrease in heat capacity (dAH/dT<0), i.e., as temperature
Increases the process becomes enthalpically more and entropically less favorable in a
manner such that AG<0 becomes almost independent of temperature.2s
Kjellander and Florin-Robertsson26 started from the idea that the PEG chain can
be pcl:ﬁ:ctly accommodated in a hexagonally water lattice. They argued that the
hydration of a PEG chain is essentially hydrophobic, but a modification is imposed
by the ether oxygen that can participate in hydrogen bonds with water. In Kjellander’s
model the enthalpy change (AH repulsive) and the entropy change (AS, attractive)
caused by the association of two PEG chains are both large, but they nearly cancel in
the expression for the free energy. To explain the phase behavior of the PEG-water
system one must consider these two contributions and the ideal entropy of mixing
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(AS;). It is assumed that AS; is small compared to AS at room temperature. Hence, the
free energy change (AG) due to association can be written as: AG = AH — TAS
— TAS;.

At low temperatures (T) the free energy is negative and no phase separation
takes place. As the temperature increases, the entropy term (TAS) becomes more
important and, above the cloud point, will cause the free energy of association to
become negative. For PEG with a molecular weight of 1900 g mol~! this occurs at a
temperature of 180 °C.27 It is important to realize that in Kjellander’s model the phase
separation of the PEG—water system is a consequence of the hydrated structure
around the PEG chain. Only at temperatures considerably above the cloud point does
the hydration of the PEG chain begin to vanish due to the increased thermal energy.
When this occurs, both AH and TAS become less important. Instead the TAS; term
will eventually dominate, and the entropy of mixing will make the PEG—water system
completely miscible again at high enough temperatures. Theoretical phase diagrams
that agreed well with experiment could be calculated from Kjellander’s model.

Two other models for the near-anomalous temperature behavior have been
proposed (see Figure 8). Goldstein?® suggested a two-state model with water hydro-
gen bonded or nonbonded to PEG, giving rise to repulsive and attractive domains in
the PEG molecule. By treating the mixture by the Flory—Huggins statistical mechani-
cal theory for solutions, with a temperature-dependent x parameter, he was able to
predict the presence of a solubility gap. At low temperatures repulsive hydrogen-
bonded domains dominate, and at elevated temperature nonhydrogen-bonded do-
mains dominate.

Karlstrom suggested a completely different explanation2? for the phase separa-
tion of PEG in water and other polar solvents.30 In his view, the change in interaction
is related to temperature-induced conformational changes in the PEG chain. The
oxygen atoms prefer a gauche conformation around the C—C bond and a trans
conformation is preferred around the C—O bond. This leads to a high dipole moment
for the segment, and consequently a strong interaction with water. As the temperature
increases, more segments adopt conformations with smaller dipole momerits, causing
the interaction with water to become less favorable. Karlstrom’s calculations pre-
dicted a phase diagram in reasonable agreement with experiment.

Karlstrom’s model was further developed for application to PEG molecules
terminally attached to surfaces. Using Scheutjen and Fleer’s mean-field theory based
on a lattice model and discrete description of layers, the same group3! demonstrated
that this two-state model gives a segment distribution where the nonpolar state
dominates close to the surface while the polar state dominates further out. The
segment density close to the surface and far out is large, and in the intermediate range
it is lower. An increased grafting density results in a more extended conformation,
which decreases the segment fraction close to the surface.

To model how adsorbed or grafted PEG layers interact, the scaling approach32
based on self-similarity is very useful. It provides a simplified statistical mechanical
description of adsorbed or grafted polymers without predicting precise numerical
values for all adherend parameters. Considering van der Waals and steric forces and
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Figure 8. Simplified picture for three different models for the interaction between PEG and water as
proposed in the literature; see text.

using this approach, Jeon et al.33 could describe how the range of the steric repulsion
between grafted polymer “brushes” of PEG varies as a function of packing density,
thickness of the layer, and size of the PEG molecule (see Figure 9).

15.3.2. Computer Modeling of the Properties of PEG in Solution

Although statistical mechanical methods such as scaling concepts and self-
consistent field theories of polymer chains are useful in predicting macroscopic
properties of grafted PEG of high molecular weight32 modeling of smaller PEGs at
atomic scale can give further insight into the behavior of individual chains.

We have performed molecular dynamic (MD) simulations with 14 EO unit PEG
chains and octadecane chains, respectively, at 300 K in vacuo and in water using the
DISCOVER program (Biosym, USA).34 The partial charge used was —0.30 eu for
PEG oxygen and —0.82 eu for water oxygen. The nonbonding interaction is the most

i 235
Properties and Interactions of Immobilized PEG Films
< 48 N=120
o
] 201 13\11 9 7 D=5
a
= ——t separotion
z o 66 190 a0 180 distance (X)
" &
g -20f
[
& -304
2 S :
- -40
N=120
Lo
—
Lg (R) Das 95 108 128 160
0
5
p (R) 13 1" 9 7 b

i i PEG-brushes
Figure 9. (a) Calculated force versus distance plots for the interaction bet.mmeus;lc (:20 gl:ir.;d( e
obtained from de Gennes scaling theory, where N is the number of EO m_ms in e rcd:wm pia
Ref. 33). D is the distance between attachment points and Ly the extension of the lecule
surface.

difficult aspect of the potential function used in the molecula; su;ulﬁe:: a:?ifjow;gis
other molecular mechanics program, the DISCQVER program has U ew e
function and an electrostatic function to descnbc_ the rfon.bondmg mw describe 4
selection of parameters used in these calculations 15 important e
intermolecular interaction accurately. Although [?ISCO\{ER usef m:r Szlt iy e
for hydrogen bonds, it is at least partially considered in the elec! fcu iy
The results for octadecane and PEG were compared in terms Of _cm o s
and interaction with water. For an octadecane molecul? in vacuo, wll;) e
that are initially in the all-trans conformation, the torsional energy m;-:; .
than the thermal energy level (RT = 0.60 kcal mol~—1). ?—lowf-,ver, c.:;olpc A
sion between neighboring torsion bonds :;:ﬁ defg;-;:;:;n; ::i ::l:) : ;: n
occur. This results in an oV osci , motiol _ drocarbon
:ﬁiiﬁ? Imnagontrast, the motion of a PEG chain in vacuo 18 significantly ﬁ;t;ejei:; :::
to the fact that the C—O bond has a Iowcr. energy barrier Pctwe;.cn 5;1 Howe;er‘ ol
and gauche™ conformations (see Figure 4 in Chapter 3, this volume).
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most favorable conformation for the C—O bond is trans. Since in vacuo a PEG chain
can only interact with itself, each of the atoms in the molecule is attracted by others
and soon the chain adopts a compact, coiled form. Simulations in vacuo thus
demonstrate large differences in the internal structure of a PEG and an octadecane
chain.

Differences of intermolecular interactions for octadecane and PEG can also be
recognized with MD simulations in water. For the octadecane—water system, phase
separation occurred in the simulation, The first layer of water molecules around the
hydrocarbon chain was aligned parallel along the axes of the chain. The radial
distribution function 8(r) of octadecane in water is illustrated in Figure 10a, as
determined from the 10-picosecond molecular trajectories of one octadecane and 478
water molecules in a 20X20X35 A box with periodic boundary condition. The first
maximum of the pair correlation function &(r) for C—O and C—H are located
at almost the same distance, which indicates that the plane formed by the H—O—H
bond angle in water is parallel to the axis of the hydrocarbon molecule. The low
intensity of the two closest maxima as compared to that of the O—O pair correlation

results are consistent with a previous Monte Carlo study of n-butane in water.35
The radial distribution functions for PEG—water, obtained by MD simulations,
were (as shown in Figures 10b and c) different than those for octadecane—water.
These data were obtained from a 10-picosecond simulation of one PEG and 579 water
molecules in a 20X20X45 A box with the periodic boundary condition. The
structural order of the first shell of water around the carbon atoms of PEG is not as
rigid as that for octadecane. Further, functions g(r) for C—O and C—H are, as
compared with the case of octadecane—water, more distinguishable from each other
(Figure 10b) with a higher and narrower first maximum for C—O. The reason for the
reduced ordering of water around the carbon atoms of PEG is the helical structure of
the PEG chain and the presence of oxygen atoms in PEG. The PEG oxygen—water
interaction disrupts the water structure around the carbon atoms in PEG. The small
first intensity maximum in &(r) for PEG oxygen and water shows that the hydrogen

However, unlike polyoxymethylene (POM) that has only one methylene group
between the adjoining pair of oxygen atoms, an additional CH, group in PEG prevents
exclusive oxygen—oxygen interactions, Gauche conformation is preferred in POM
due to this OXygen—oxygen interaction, while trans is preferred for C—O of PEG.
These differences are reflected in molecular ball models where POM shows two
“faces™: one hydrophobic and one hydrophilic, while PEG is more symmetric with
evenly distributed polar (C—O0) and nonpolar (C—C) groups facing water.46 Water
molecules dampen the motion of PEG, as its conformation changed very little after
a 20-picosecond MD run (Figure 11). Hence, simulation results with PEG and
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Figure 10. The radial distribution functions for PEG-water obtained from 10-ps molecular dynamics
trajectories.

octadecane indicate that molecular differences: of ﬂ}ese two molecules‘ can be
demonstrated at least in a qualitative manner. Slmulat.:?n .of grafted PEG in ‘m:g
shows that the PEG chains can adopt various ec_luﬂmnum conformauonsmm.
different densities depending on initial cont'loruwuon, lenmum,l etc. . ‘Sﬂls
described in more detail by Lim and Herron in Chapter 3 of this \;0 um2€:0 Aneh \A
twenty 40-unit PEG chains fixed at one end collaps.e.d to a thickness of 15— A w :3
the initial conformation was all-gauche~. Such a thickness c.onforms toct;-,:cl:veru-ntm:z?I '
data obtained from the air interface. The gauche conformation of Etlée l:;() fr1 m;s
energetically unfavorable compared to trans, and when the PEG chains of aci
conformation interact with each other, the chains are forced to assume a mzle comp:
overall structure. However, when the initial PEG conformation is :.he crys ;3(313112
with trans—gauche*—trans (CO as trans and C—C as gauche. ) tl;e hira .
chain remains in its extended helical form throughout the duration of the simulation

(the equilibrated thickness is 50 A).
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Figure 11. Conformation of a helical PEG molecule (a) before and (b) after a 20-ps MD run in water.

15.3.3. Direct Force Measurements between PEG Layers

Some investigations of the forces acting between PEG-coated mica surfaces have
been reported. In a first study, PEG 1900 with a terminally attached positively
charged lysine group, PEG-lysine, was adsorbed from solution.22 The forces be-
tween mica surfaces without any PEG coating in dilute electrolyte solutions are
dominated at large separations by a repulsive double-layer force. At a separation of
less than 2-3 nm, this force is overcome by a van der Waals attraction in perfect
agreement with predictions based on the DLVO theory.

In 10~ M PEG-lysine, the long-range force is, at room temperature, still
dominated by a double-layer force originating from an incomplete neutralization
of the mica lattice charge. However, at separations less than 10 nm an additional
repulsion appears. This repulsion, which completely overcomes the van der Waals
attraction, is due to the interaction between adsorbed PEG chains, in particular the
tails. The same forces were measured on approach and on separation, indicating a
quasi-equilibrium situation.

The interaction becomes much more complicated when the PEG-lysine concen-
tration is increased to 5%10-3 M (Figure 12). The force is purely repulsive and
considerably stronger on compression than on decompression. The reason for this
hysteresis can be either that PEG-lysine molecules loosely associated with the
surface (e.g., as counterions) are forced to leave the gap between the surfaces as they
are brought together, or that slow conformational changes take place in the adsorbed
layer. For this low molecular weight PEG chain we favor the former interpretation.
Klein and Luckham? have observed a similar hysteresis in the force curve between
mica surfaces carrying adsorbed homopolymers of PEO (MW 40,000 g mol—!).

Interestingly, when inorganic salt is added (0.1 M KBr) or when the temperature
is increased to 55 °C, the hysteresis in the force—distance profile between PEG-lysine
coated mica surfaces disappears. When salt is added, the range of the force decreases
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Figure 12. The influence of an addition o r
I : ‘ on the force versus distance profile for ele.:tr_ostahcal_ly
° 20 40 80  ysorbed PEG-lysin. (From Ref. 22, published with

D (nm) permission from Acad ic Press.)

dramatically from 50 nm to 20 nm (Figure 12). This is due toa r?:ru:::‘glg: t;:. t;isostll::l
—lysine counterions
layer and to a replacement of large PEG-ly ns | poe
io:’r:es. This also explains the disappeamnizd ofh meplé}('}st::;ﬁ ‘1;0 :::zl igrcr:mdiﬁi
Ptk "
profile. When the temperature 1§ increa c o
hobic, which results in an increased adsorption an ;
Fn:re;sed adsorption also results in a lowering of the s:'urface cha..rge density an:f 1:2
associated PEG-lysine counterions, which rationalizes the disappearance
hysteresis. s
4 For grafted PEG-OH 1900 (to isocyanatopropyl sﬂamze:i water-\:;peo; ];::;l:sn::
treated mica surface), so far only forces in pure water at 20 CgGavel bt
gated.#2 A repulsion similar to that observed be.twcen adsorbed_ P -d S);l;le : pygﬁ :
present at separations below 30 nm. However, in ccnnpa.nscmf\;rlltllrlna< e Ti;is
ivei i down to a separation O f
less repulsive interaction was observed : St R
i i< in the force—distance curve is largely
supports the suggestion that hysteresis 1n arv e
i the surfaces. In fact, it is possi
displacement of polymers from between ‘ -
is between surfaces with grafted i \
presence of a small hysteresis g
hed to the surface (due to In:
resence of some polymers not covalently attac _
ﬂnsing after the last reaction step). The compressed 1ayill' 4Tm:i(m;:ss (at;?:;nts:?;
on each surface) is the same for adsorbed and ‘grafted EE',!G’g A TRh:thgeEt e
larger than twice the solution radius of gyration, Ri= _A Th : d,icates e
agreement with the approximately 6K, (here around 4 nm A). 1his 1n¢
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Figure 13. Normalized force (F/R) versus distance (D) measured between mica surfaces bearing anchored
PEG layers with MW 1900. o, m, electrostatically attached PEG-lysine; 0, O, grafted PEG, MW 1900,
Squares, measured on approach; circles: measured on separation. From Ref. 42, Published with permission
from Steinkopf Verlag Darmstadt.

extended conformation, in qualitative agreement with the results obtained by Taunton
et al.47 and with de Gennes’s scaling considerations for a polymer brush in a good
solvent.32:48

The behavior of PEG 1900 close to the cloud point temperature (about 180 °C)
could not be investigated for practical reasons. However, a similar study has been
performed for a nonionic surfactant, C,,EOs, which has a cloud point at 27 °C.40 The
force between C,,EO; layers adsorbed to mica which had been hydrophobed by
Langmuir-Blodgett deposition of a layer of dioctadecyl dimethylammonium ions is,
at large separations, dominated by a weak double-layer force which does not change
with temperature. At separations larger than 4.5 nm, the force shows a dramatic
temperature dependence as indicated in Figure 14, At 15°C the measured repulsion
becomes much larger than the extrapolated double-layer force at distances below
3.5 nm. At 20°C a weak minimum occurs, but still in the repulsive regime.

As temperature increases, the short-range hydration repulsion decreases in range
and the minimum shifts to smaller separations and becomes attractive at 30°C, The
layer thickness increases with temperature to approximately 2.6 nm at 37°C. The
most plausible explanation for the increased thickness is that decreased repulsion
between the EO chains leads to a closer packing (increased adsorption) of the C,EOQ;
molecules at the surface. The decreased repulsion is also manifested in the tempera-
ture dependence of the relatively short-range interaction between the adsorbed layers.
There is no general agreement in the molecular mechanism underlying this tempera-
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Figure 14. The force between C;EO;-coated surfaces as a function of separation at various temperatures
(°C). @, 15; 0, 20; 4, 30, A, 37. (From Ref. 40.)

ture dependence. It is noteworthy, however, that it correlates directly with the cloud
point of the surfactant/water system.

15.4. PROTEIN INTERACTION WITH PEG SURFACES

One of the first to study, in some detail, the adsorption of biomolecules to PEG
surfaces was Nagaoka er al.#3 They found comparatively low platelet adhesion and
protein adsorption to PEG hydrogels.

We have undertaken an extensive ellipsometry study on how proteins with
isoelectric points in the range 4 to 10, i.e., with different charge at physiological
conditions, adsorb on PEG grafted to silicon. The results were compared with the
adsorption to hydrophobic PVC and to anionic polymethacrylate (PMA).14 For these
latter two surfaces, adsorption values in the order of a monolayer were generally
found. For the (at pH 7) negatively charged (albumin) and neutral (IgG) proteins,
adsorption is presumably driven by hydrophobic and van der Waals interactions while
electrostatics is more important for the adsorption of poly-lysine to negatively
charged PMA surfaces. Although PEG forms coaservate with polyacrylic acid, no
such tendency was observed with the anionic protein on the PEG surface. Instead,
generally, adsorption values below 0.1-0.2 mgm-~2 (less than one tenth of a
monolayer) were observed, indicating that steric repulsion dominates the interaction
between PEG and proteins at physiological conditions. Also, in contrast to the other
surfaces no pronounced plateau in the adsorption isotherms was found on PEG-coated
surfaces. Rather, a slowly progressing increase in this “background level” adsorption
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was observed other the whole concentration range; see, for example, results for IgG in
Figure 13.

The proteins that do adsorb to PEG-coated surfaces can not all be displaced by
extensive rinsing. This may either be the result of interaction of protruding parts
on the protein and bare substrate sites not covered with PEG, or due to mere physical
entanglement of PEG and protein segments. Fibrinogen, the largest protein studied,
gives slightly higher adsorbed amounts after rinsing compared to albumin, IgG, and
poly-lysine. Similarly, low adsorption values on a PEG surface were found for
complement proteins (C3 and Clq) when compared with adsorption values on a
variety of other polymer films with different functionality prepared by plasma
polymerization;* see Figures 15 and 16. Although one expects from studies of PEG—
protein conjugates in solution that proteins on a PEG surface may be in a more native
state than on hydrophobic or ionic surfaces, no such experimental evidence exists to date.

The adsorption of proteins to PEG surfaces decreases with increasing degree of
polymerization. This is indicated by the N/C ratio from ESCA after adsorption of
human albumin (0.1% w/w) to hydrogels with PEG 550, 1900, and 5000;5 see Table
4. Similar results have been found for fibrinogen*’ and for the total amount of proteins
adsorbed from blood plasma.42

The adsorption decrease with increasing PEG molecular weights is Jarge up to
1500, above which only a marginal decrease is observed. This correlates with a
decreasing grafting efficiency with increasing molecular weight, yielding a rather
constant EO content at molecular weights above 2000.5

Protein adsorption on PEG surfaces increases with temperature, as shown in
Table 5 for the total amount of protein adsorbed from plasma (ellipsometry) and for

I' (mg/m2)
T T T T .
IgG on = PVC
sok +« PMA
: = PEO 1900 il

0 200 400 600 800 1000
ci{g/m3)
Figure 15. Adsorption isotherms at 20°C for human IgG on various surfaces. (From Ref. 14.)
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Figure 16. Comparison of the active adsorption (total minus unspecific adsm?tion) of radfo:r:etrxl

complement factor C3 on a PEG surface and other functionalized su:faoefs :; z::;[m;e[;lti\mr? :a.r::g 353:;-
i i addition of , e,

lasma treatments. Unspecific adsorption was measured after add ) mb

fne:Tsatook place in the absence of Ca?* and Mg?* ions (essential for activation of complement) (see

Ref. 44).

ure fibrinogen adsorption (0.1% in buffer, ESCA). The_incfrease is a}mosi linear over
l:he whole famperan?:e range studied (20-60 °(_l‘)‘ This is most .llkely du:u:o ﬁ
temperature-dependent interactions of PEG, as discussed above. Itis note:vo y
no dramatic changes of the fibrinogen structure are expected be:low 45°C. )
Finally, it should be mentioned that dextran also shows ?mte:n-repcllanl proper‘
ties. However, in this case significantly higher molecular weight of the polymer mus
be used to obtain similar effects.

15.5. HYPOTHESIS ON THE PROTEIN INERTNESS OF PEG -é/'
SURFACES

From this experimental and theoretical description., the fol]owif:g hypolhcmst
evolves: The nonionic EO building unit in PEG isa d:l?ole. The dipole rlnome:t
depends on the conformation and an equilibrium between.dlfferen‘t states d::ive_ ops. 5
room temperature, the gauche—trans—gauche cn?nformanon dominates an| E“::a;iou
to maximum dipole moment, a helical structure in vacuum,*® and extensive hy

of the PEG chain in water. Since water is a better than theta solvent for PEG, this

Table 4. Relative Amounts of Human Albumin Remi'xining on
PEG Surfaces after Rinsing as Determined by. the Nitrogen/
Carbon Ratio from ESCA Analysis

Sample NIC (%) Sample NIC (%)
0.9

PVC 8.8 PEG 5000

PEG 550 55 TMP (EO)y, branched 7.7 7.7

PEG 1900 22 Pure albumin 16
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Table 5. The Influence of Temperature on the Adsorption
of Proteins on PEG (MW 1900) Surfacese

Temperature Iy (mgm-2) (NIC)g, (%)
17 0.4 1.3
25 0.7 2.0
37 1.5 2.8
50 2.5 4.3
71 4.9 6.4

!‘[‘I_le total amount of proteins adsorbed from serum (diluted 1/10) was deter-
mnrpdbyelhpscmuryon PEG-treated silicon wafers. The relative amounts of
fibrinogen adsorbed (from a single protein solution, ¢ = 0.1% w/w) onto
PEG_-modiﬁed polyethylene was calculated from the nitrogen/carbon ratio

btained from ESCA analysi

rise l(‘) a general and dominating steric repulsion force (osmotic and excluded volume
conmt?mions) between PEG and protein in aqueous solutions, since the extensive
hyd_:a{mn causes the van der Waals force contribution to be very small and electro-
:r»taur.: interactions are not present. The effective range of the steric repulsion, reflected
in lowering of the residual protein adsorption found on PEG surfaces, increases with
molecular weight and surface coverage with PEG. A temperature rise as well as an
aclidiﬁon of electrolyte changes the distribution of conformer states. As we have
discussed above, this is accompanied by changes in the dipole strength of the EO
. units and a decreased repulsion between PEG chains which shows up as a decreased
_l'limon and, eventually, phase separation. The consequence is that PEG is not such

r m— e
a good steric stabilizer at elevated temperature. As a result, protein adsorption

increases with temperature and electrolyte addition.
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“FIBRINOGEN ADSORPTION ON DEAE-DEXTRAN FUNCTIONALIZED

GLASSs ‘ ‘
;’Hu“e( . ana. Vo e
Golander CG, Andrade J and Jesefewite-..... ol T ,
L. 'S . AV pAaKon W
ABSTRACT ot ko Bl Tlele S

Diethylaminoethyl (DEAE) modified dextran of molecular weights 40000
and 500000 respectively, were adsorbed to a chromosulphuric acid cleaned
amorphous quartz slide and cross-linked with 1,4-butanediol diglycidyl
ether. Both unmodified and dextrane derivatized slides showed zero
contact angle in water. Adsorption of FITC-labelled human fibrinogen to
the surfaces was measured by means of Total Internal Reflection
Fluorescence (TIRF). Compared to bare silica the adsorbed amount on
both DEAE-dextran derivatized surfaces was reduced almost one order of
magnitude. Reduced double layer interaction caused by surface charge
neutralization and polymer-protein repulsion caused by configurational
entropy loss may tentatively explain this result.

INTRODUCTION

Protein resistant or protein inert surfaces have recently gained a lot of
interest in biomedical science and technology. It has obvious applicability
in soft contact lenses to reduce opacity caused by protein adsorbate and to
keep the lens permanently wetting. Furthermore, one might expect that a
low interaction potential with proteins could be generalized to other
biological species so that tissue and blood biocompatibility would follow.

\-\kv  Promising result has been found using layers of hydroiili/c non-charged °

:V\,\\y\»‘& A polymers like polyethyleneoxide (1,2).
e Most surfaces naturally carries a small negative surface charge. Even
after hydrofobation by means of silanization of glass or LB deposition on
mica a residual charge is present which in direct force measurements
has showed to give considerable contribution to the overall interaction (3).
One might expect that a repulsive double layer potential from the substrate
can cause conformational perturbation of biomolecules in close proximity
to the surface, resulting in bioactivation allthough the molecules
themselves never touch the surface. It is therefore important to reduce the
surface charge in connection with the surface modification.
In this short communication , we have studied the applicability of dextran
as protein resistant surface coating on amorphous quartz. By using
djethylamin%thyl (DEAE) modified dextran, we anticipate that it would be
possible to match the density of DEAE groups in the polymer with the
WS negative surface charge density of the silica, so that substrate surface
charge neutralization could be effectuated. Consequently, the interaction
potential originates from the inherent properties of the non-charged,
hydrophilic polymer itself. '

-~
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EXPERIMENTALS
reparation of surf:
Diethylaminoethyl (DEAE) modified dextrans with parent molecular

R

Vi weights of 40000 and 500000 were purchased from Pharmacia AB, Sweden.
The nitrogen content was 0.5% and 1.8% and the equivalent DEAE content
b y 4-5% and 12% respectively. Of the total number of DEAE groups, 30%

existed as doubly charged "tandem groups” -OCH92CHgN+(C2H5)2-
CH9oCHgN+H(C2H5)(Cl)2,

ﬂiﬁ
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DEAE-dextran, 0.2g, was dissolved in 2.5 ml triply distilled water. By
using NaOH, pH was adjusted to 11.5. A quartz cover slip, 2.54*7.62 mm,
previously etched in chromosulphuriic acid at 700 C for 40 minutes, rinsed
thoroughly in water and finally dried by N2 jet, was ijmmersed 30 mm into
the DEAE-dextran 40000 (DDT 40) solution and kept there for 30 min. After
thorough rinsing in water, the slide was dried in vaccum at 800 C
overnight. The slide was now turned around and 30 mm of the other side
was treated with DEAE-dextran 500000 (DDT 500) using the same
procedure. Subsequently , the DEAE dextran adsorbate film was
crosslinked by means of 1,4-butanediol diglycidyl ether (6 }11 in 6 ml diethyl
ether, 400 C, 30 minutes) and finally rinsed in water and dried at 800 C
overnight. The contact angle was measured along the whole glide with the
Wilhelmy technique.

Protein adsorption studies

Human fibrinogen (65% clottable, lot #52364, United States Biochemical
Corp., OH) was FITC labelled by using the method of Coons et al (4).°The
concentration was measured independently by the Biorad assay (Sﬁ‘ The
labelling degree, as calc gd from the concentration and the absorption
at 280 nm and 490 nm ( ,)was 3 moles/mole fibrinogen. FITC-labelled
fibrinogen was dissolved in PBS buffer, (pH=7.3, 1=0.19) to a final
concentration of 0.32 mg/ml. (One tenth of the plasma concentration.)
Protein adsorption was measured by means of Total Internal Reflection
Fluorescence Spectroscopy (TIRF). Principles and TIRF geometry has
been described elsewhere (7Y% The TIRF cell was mounted on a
micrometer-driven stage which allowed us to make lateral scanning of the

fluorescence emission along the surface as described in a recent paper (B’)ﬁo)o

The excitation source was a Ar laser (emitting 45 mW at 488 nm) and
fluorescence was measured at 515 nm. Background fluorescence was
measured as a function of position before fibrinogen solution was injected.
Two hours were allowed for adsorption. No measure of the kinetics was
made. Subsequently, we scanned the fluorescence, flushed quickly with 20
m] buffer and scanned again. A 5% water solution of a pleuronic
surfactant (F-127, BASF) with structural formula, HO-(CH2CH20)98-
(CH2CHzCH20)69-(CH20H20)93-0H, was then injected and exposed to the
surface for 30 min. After flushing with buffer another fluorescence scan
was recorded. Finally, non-labelled fibrinogen was injected and the
exchange was recorded after 30 minutes exposure and subsequent rinsing
with buffer. The quantitative determination of adsorbed proteins is based
on the following equation (7%: (83
ga/ ng=depN a/ 2Nb,ev

Here @ is the fluorescence quantum yield for adsorbed (a) and bulk (b)
fluors respectively, T the adsorbed amount, dp the penetration depthg of
the excitation light, Cp the protein concentration and N the fluorescence
intensity from adsorbed (a);! g;uors and from fluors present in the
evanescent region of the b pectively. A calibration curve, based on
measurements of fluorescence (in the TIRF mode) from standard
solutions of known ,was used to sort out the evanescent part from the
total bulk fluorescence measured, Nb(tot)- Absolute values of adsorbed
amounts,T, could not be determined since the quantum yield ratio @ alMdp
has not been determined. (This requires independent measurements of
adsorption or fluorescence lifetime studies.) Data is therefore rather
presented as ~relative values @a/ObT.
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RESULTS AND DISCUSSION
According to the preparation procedure above, the slide can be devided into
three regions:(DD -SiI0OH-DDT ).All three regions of the slide were
/VQ/\/ hydrofilic and showed zero (advancing) contact angle in water. One may
object that partial dipping of the slide in the DEAE %%@P’ solution may
result in an extended zone of partial surface coverage of polymer at the
solution/air contact position due to some solution turbulence and also
diffusion of the polymer along the surface. On the other hand, the polymer
is expected to adsorb almeest irreversibly. Furthermore, we have the
advantage to be able to directly compare the adsorption to three different
surfaces. A
As indicated by the adsorption result in %é.l,’ the borderline between the
regions seems fairly sharp. The adsorption of fibrinogen is almost seven
times higher to Sio‘g‘#&han to both DEAE-dextran polymers. The
comparatively high e for Si%' dicates that fluorescein-labelled
fibrinogen was partly aggregated. .@?omparing the SiOH surface with
the DEAE polymer film, there are some features that are different and

gy which can at least partly explain the difference in behavior: the pK values
S 3 of the functional groups (SiOH versus mainly C-OH) and the related
K‘ surface charge, the hydrogen bonding capacity and the mobility of the

hydro,ﬁlic &roups.ﬁhe surface charge of the silica surface probably

constitutes the most important mechanism for protein interaction since

%o\m \oe hydrefebic interaction is not possible. Furthermore, protein-polymer

Y " interactions would lead to an unfavorable entropy decrease which in
practice means a repulsive force.

There is a slightly lower fibrinogen adsorption to DDT 4@compared to

DDT 5000.If the entropy effect was dominating one would expect the

opposite, that the higher molecular weight DDT 500iishould yield lower

adsorption. This might indicate that the surface charge is more

efficiciently compensated when using DDT 403due to a more efficient

packing of the smaller polymer molecules and/or a better matching of

distances between the positive charges of the polymer and the negative

Py charges of the SiOH surface. (Figures for close-packing densities?) oK -

<

Y BAbout 15% of the fibrinogen was desorbed from all K& ions after 30
Y) ¥ minutes exposure to surfactant F-127. If electrostatics 18 minating the

interaction, an ion-exchange mechanism for desorption would be more
officient. Another 10-15% was consequently exchanged with unlabelled
fibrinogen. However, these are comparatively low values and may indicate
at least a partial irrev%’\ble adsorption.
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FIGURE CAPTIONS
Figure 1. Adsorption of FITC-labelled human fibrinogen to a quartz slide
partly modified with DEAE-dextran. The adsorption yalues are expressed
as @a2/0bT in mg/m2. Region I DEAE-dextran 40€88; Region II: bare
silica; Region III: DEAE-dextran 500840, After quick flush with PBS
buffer.®After 30 minutes exposure to fpleuronic F-127 and buffer rinsing.
I After 30 minutes exposure to non abelled fibrinogen (c=0.32 mg/ml)
followed by buffer rinsing.
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Enzyme Electrodes

Electrodes containing immobilized enzymes could be
used to monitor specific metabolites.

David A. Gough and Joseph D. Andrade

There is currently considerable in-
terest in the development of biochemi-
cal-specific electrodes that could be
used to monitor and regulate the con-
centrations of biochemicals in body
fluids. Some very selective biochemical
sensors have been made recently in
which conventional solute-specific elec-
trodes are used to monitor reactions

Mr. Gough is a research assistant in the Di-
vision of Materials Science and Engineering of
the College of Engineering, University of Utah,
Salt Lake City 84112. Dr. Andrade is an associate
professor in the colleges of Engineering and
Pharmacy and an assistant research professor
in the College of Medicine, University of Utah,

catalyzed by immobilized enzymes.
These devices can theoretically be
made to determine metabolites, en-
Zymes, coenzymes, or enzyme inhibi-
tors, in situ, without special preparation
of the sample. Widespread applica-
tion can be predicted for such elec-
trodes in both experimental and clini-
cal medicine if they can be made to
function specifically and accurately,
and if they can be used for nondestruc-
tive, instantaneous, and continuous de-
terminations in situ. Enzyme electrodes
must not promote undesirable physio-
logical responses, such as antigenic re-

sponses, thrombosis, or tissue reaction.
In addition, they must be inexpensive,
casy to operate, and have a long life-
time.

In this article we discuss the de-
velopment of biochemical-specific elec-
trode systems, present some of the
foreseeable problems that might be
associated with their use, and review
the essential literature.

The basic functional concept of the
“enzyme electrode” is the continuous,
instantaneous, electrochemical moni-
toring of enzyme-catalyzed reactions,
in which a substrate, coenzyme, or in-
hibitor is converted into a product by
means of an enzyme. The relative con-
centration of the reactants can be
varied so that analytical techniques are
obtained in which the reaction rates or
equilibrium concentrations are propor-
tional to the limiting components. Elec-
troactive species either produced or
consumed by the reaction may be de-
tected by commercial solute-specific
electrodes, the signal thus produced
being related to the limiting reactant.
If a system can be designed such that
the enzymes are immobilized or con-
strained to the immediate vicinity of
the electrode—these enzymes being ca-
pable of continuous catalysis in com-
plex physiological fluids—a new bio-



chemical-specific electrode is feasible.
Obviously, the term “enzyme electrode”
is not rigorously accurate because these
devices may be made sensitive to sub-
strate, product, enzymic effectors, or
enzymes themselves. We prefer to use
the term, however, to describe bio-
chemical-specific electrodes that are
dependent on immobilized enzymes,
until more accurate terms become
familiar.

Electrode Characteristics

The most commonly known solute-
specific electrode is the glass pH elec-
trode. When referenced against a
standard reference electrode, a poten-
tial difference is produced which is
proportional to the pH of the solution,
according to the Nernst equation. Such
an electrode may be useful for follow-
ing enzyme reactions in which hydro-
gen ions are a product. Their use is
limited, however, because most enzyme
reactions are not linear over a broad
pH range and for accurate results the
reaction media must have a low buffer-
ing capacity, the opposite of many
physiological fluids.

The composition of the electrode
glass may be varied experimentally so
that the resultant potential is propor-
tional to the potassium, sodium, am-
monium, or other cations in solution.
In some other types of specific ion
electrodes, ingenious liquid or solid ion
exchange membranes are employed.
Descriptions of these electrodes and
their mechanisms of operation have
been discussed in detail (Z, 2). Of the
more than 20 specific ion electrodes
available commercially, only those sen-
sitive to species participating in en-
zymic reactions will be useful in this
application. The electrodes that will be
of most immediate use are those spe-
cific for pH, ammonium, and other
monovalent cations (3). and cyanide
(4). A phosphate-specific electrode has
been reported (5), but does not appear
to be adequately selective or reproduci-
ble.

The electrodes now available are not
generally completely selective for the
desired species. For example, if the
enzyme reaction produces NH,; I which
is to be measured, the electrode may
respond not only to NH, ', but also to
Na+, K+, and other cations in solu-
tion, as well as pH. This effect may be
eliminated by referencing against an-
other cation electrode, which cannot

respond to the NH,t formed from the
reaction because of diffusional or flow
effects, but responds to everything else.
By determining electronically the differ-
ence between the two, a signal that is
only proportional to the NH,* pro-
duced by the enzyme reaction will be
obtained.

Truly continuous measurements can
be made only when the signal-bearing
species is continuously removed or con-
verted by the electrode, such as in
polarographic or amperometric sys-
tems. Most ion-selective electrodes are
potentiometric, however.

The response of specific ion elec-
trodes has been discussed elsewhere
(/). Ideally, specific ion electrodes
provide a lincar Nernstian response of
0.059 volt at 25°C per decimal change
in activity of monovalent cation over
a certain range of concentration, Re-
sponse times are on the order of sec-
onds or less for most electrodes, mak-
ing electrode kinetics a minimal con-
cern.

Polarographic  measurements  are
made by measuring a change in cur-
rent as a function of changing poten-
tial between two inert metal electrodes,
and are useful for detecting several
species in solution that have a char-
acteristic plateau at a known poten-
tial. Although polarography itself may
not be very useful to the system of
interest, constant potential polarog-
raphy, or amperometry (in which the
current is proportional to a certain
species reduced or oxidized at a fixed
potential), has application. This is the
basis for the operation of the well-
known Clark pO. electrode (6). where-
in oxygen diffuses through a gas-per-
meable polymer membrane and is re-
duced at a platinum electrode, which
is kept at a fixed potential with re-
spect to a silver-silver chloride rtefer-
ence electrode. Response time is on
the order of seconds when membranes
highly permeable to oxygen are used.

It is also possible to use metal elec-
trodes in the form of an analytical fuel
cell, the short circuit current being
proportional to the biochemical sub-
strate. The effect of interfering species
may be minimized by selective mem-
branes. Relatively high currents may
be obtained by efficient electrochem-
ical coupling.

The pCO, electrode is also a well-
known clinical tool (7). The basis
of this electrode is diffusion of car-
bon dioxide through a gas-permeable
polymer membrane into an internal

aqueous solution of fixed bicarbonate
concentration. The carbon dioxide is
hydrated to carbonic acid in a slower.
rate-determining step, then rapidly
ionized to bicarbonate and hydrogen
ion, This causes a change in the pH
of the internal solution, as determined
by a potentiometric pH electrode. This
electrode has some limitations for en-
zyme electrode applications, Tt responds
only to carbon dioxide, while the
product of many enzyme reactions is
bicarbonate. The response time may
also be too long for many applications.
Membranes of higher permeability, and
possibly membranes with enzymatic
activity, may significantly reduce the
response time of this electrode.

Metal electrodes have been used to
measure enzymatic oxidation-reduction
reactions in which the oxidation state
of a coenzyme or intermediate com-
pound is directly changed at the elec-
trode (8). Such systems will be oper-
able if precautions are taken to prevent
excessive adsorption or interference
when the metal electrodes are placed
in multicomponent systems.

Immobilized Enzymes

Numerous methods of enzyme im-
mobilization have been reported in
the literature (9-717). Several tech-
niques are useful in the design of
electrodes. The enzyme can be en-
trapped within a synthetic hydrophilic
gel, cross-links can be formed between
the molecules of the enzyme to make
membranes, the enzyme can be chem-
ically bound to membranes or other
surfaces, the enzyme can be copolymer-
ized with other enzymes or proteins,
or the enzyme can be physically en-
trapped between membranes. Other
techniques are available and may be
useful for certain design requirements.
Acidic or basic groups may be polymer-
ized in the supporting polymer matrix
in which the enzyme is immobilized in
such a way that the pH in the imme-
diate vicinity of the enzyme is opti-
mum, while that of the bulk solution
is different. Such techniques can opti-
mize kinetics and possibly make an
otherwise inoperable system workable,
The method of immobilization will
depend on the particular enzyme elec-
trode system.

Some enzyme reactions may require
the immobilization of substrates or co-
enzymes. The high cost of many co-
enzymes makes prohibitive the simple



addition of non-rate-limiting excesses
to each sample to be measured. Prob-
ably the most practical techniques will
be the covalent bonding of the co-
enzyme to a surface in such a way
that reaction is still possible, as re-
ported recently (I12), or the covalent
bonding of the coenzyme directly to the
enzyme or other immobilized particle
by techniques which permit catalytic
action. Containment by a membrane of
selective pore size or slow release
through a glass frit to which the en-
zyme is bound may be necessary in
some cases.

An important problem is heat in-
activation of many enzymes at physio-
logical temperatures. The long-term
usefulness of biochemical electrodes
will be seriously limited if methods of
thermal stabilization cannot be found.
One approach to this problem may be
the use of only partially purified en-
zyme extracts, or the enzyme might be
mixed with stabilizing species which
will not interfere with the reaction.
Some immobilization methods are re-
ported to stabilize certain enzymes for
periods longer than their lifetimes in
vivo (/1. 13). However, while perhaps
not all enzymes of immediate interest
are now capable of being stabilized for
performance under the desired condi-
tions, many can be adequately stabi-
lized and current research into new
techniques holds much promise (14).

Some enzymes that do not produce
electroactive species may be linked to
other enzymes in such a way that the
product of the first enzyme reaction
becomes the substrate for the second
enzyme which involves an electroactive
participant, thus greatly expanding the
number of species that can be moni-
tored. Studies indicate that these sys-
tems may be most efficient if the en-
zymes are mixed in the same phase to
avoid unnecessary diffusional effects
(15). Such multistep systems show
some similarity to processes in vivo,

Although electrodes will operate un-
der equilibrium or steady-state condi-
tions, they must be characterized kinet-
ically in order to determine the range
and rate of response. Enzyme Kinetics
in the liquid phase (where diffusional
effects are absent during ‘the initial
stages of the reaction) have been well
studied. Some studies relating diffu-
sional (10, 16), charge (I7), and
boundary layer effects (I8) to heter-
ogenous phase enzyme Kkinetics have
been made; product inhibition (/8)
and two-enzyme systems (/9) have

also been studied. The data indicate
that immobilized enzymes can be char-
acterized kinetically by the turnover
number, concentration and Michaelis
constant (K ;) of the enzyme, the nature
and dimensions of the catalytic layer,
the diffusivities of participating species,
and the estimated thickness of the
boundary layer. Diffusion of substrate
through the physiological media may
also have a limiting effect. Response
of an immobilized enzyme electrode
can therefore be predicted.

Many solute-specific electrodes can-
not respond to very low concentrations
of solute, such as concentrations less
than 10—9%M. This may limit the feasi-
bility of certain enzyme electrodes
since the critical concentrations of
some compounds in physiological fluids
are quite low. Another important con-
sideration is that electrodes determine
activities, not concentrations. In many
instances, the clinical significance of
activities measured in situ is not known.
However, this may lead to some useful
investigations,

Applications of enzyme electrodes in
flowing systems will require considera-
tion of boundary layer artifacts and
streaming potentials. This has been
studied with glass electrodes in physi-
ological solutions (20).

The eclectrode will also have to be
designed to avoid any undesirable
physiologic responses, such as protein
deposition, thrombosis, antigenic reac-
tion, or the formation of a diffusion-
resistant tissue capsule around the elec-
trode (21). A hydrophilic biocompati-
ble membrane that excludes compounds
of given molecular weight could be
placed between the reactive layer and
the physiological environment. Such a
membrane should result in minimal
protein deposition and thrombosis and
should prevent species of larger molec-
ular weight from passing while at the
same time providing a highly aqueous
medium for optimal substrate diffu-
sion.

Literature

An excellent review of electrochemi-
cal methods of monitoring conventional
enzymatic reactions has been pub-
lished (22). In the present article we
describe only self-contained biochemi-
cal electrode systems in which the
enzyme or substrate has been physi-
cally immobilized in the vicinity of the
sensor or bonded to it.

Probably the first account of an en-
zyme electrode was given by Clark and
Lyons (23). They obtained potenti-
ometric determinations of glucose and
proposed that glucose could also be
determined amperometrically by means
of glucose oxidase immobilized be-
tween Cuprophane membranes, accord-
ing to the equation

glucose oxidase
e S8

gluconic acid - H.0.

Glucose + 0O, 4+ H.O

Determinations were made from a solu-
tion of low buffering strength. Updike
and Hicks (24) introduced the term
“enzyme electrode” and made a dual
cathode Clark-type oxygen eclectrode
with glucose oxidase immobilized in
polyacrylamide gel. The electrode was
used to determine glucose from whole
blood and plasma, and thus demon-
strated the feasibility of measurements
being obtained from complex solutions.
The response time was approximately
30 seconds. Clark (25) suggested
changing the potential across the elec-
trodes so that they would respond to
hydrogen peroxide production instead
of oxygen uptake, thus reducing the
problem of interference from oxygen
in solution. Erroneous readings caused
by small amounts of catalase or per-
oxidase found in most enzyme prep-
arations or in physiological solutes can
be minimized by suitable membrane-
electrode design (25) or by inhibitors.
Williams er al. (26) replaced oxygen
as the hydrogen acceptor with quinone,
to monitor glucose according to the
following equations

Glucose - quinone — H.Q fucose oxidase

—
gluconic acid + hydroquinone
Hydroguinone 'it quinone + 2H" + 2e

where the reaction potential is 0.4
volt with reference to a standard calo-
mel electrode. Glucose oxidase was
held between layers of dialysis paper.
The enzyme from Aspergillus niger
was used because it can utilize quinone
as a hydrogen acceptor and does not
require other coenzymes, as does the
enzyme from other sources. Deter-
minations required the addition of buf-
fer salts and quinone to maintain ade-
quate pH and prevent the diffusion of
quinone out of the enzyme layer. An
electrode to determine lactate was also
reported in the same communication
(26), based on the oxidation of lactate
by ferricyanide. The reaction is cata-
lyzed by lactate dehydrogenase (cyto-



chrome b,, E.C. 1.1.2.3), which does
not require nicotinamide adenine di-
nucleotide as hydrogen acceptor, ac-
cording to the following ecquations

CH.:—CHOH-COO- -+ 2Fe(CN),/" LI
e —tF

i
CH:—C—COO" + 2Fe(CN)s* + 2H'
2Fe(CN). ' ©L 2Fe(CN)™ + 2e
where the reaction potential is 0.4
volt with reference to a standard calo-
mel electrode. The enzyme was held
between dialysis membranes. Because
of the low K, of this enzyme (K, =
1.2 mM), it was necessary to dilute the
sample with buffered KiFe(CN);.
Steady-state measurements were made
in 3 to 10 minutes. The authors
claimed that this system demonstrated
increased sensitivity over spectral tech-
niques (26).

Wingard et al. (27) have proposed
constant current voltametry as a
method for evaluation of electrodes
containing immobilized oxidative en-
zymes as catalysts. This design was
originally suggested as a fuel cell. Bess-
man and Schultz (/3) have used the
fuel cell concept to monitor glucose.

Several enzyme electrodes based on
potentiometric cation- and ammonium-
ion specific electrodes have been re-
ported. Guilbault and Montalvo (28)
made a urea transducer by immobiliz-
ing urease in a thin layer of acrylamide
gel held over the surface of a cation
electrode by cellophane film. The re-
action is

(0]

I
NH.—C—NH. + 2H.O UT{'}I!\{;‘

NH: - NH,' 4 HCO;

The electrode was used for periods of
up to 3 weeks at 25°C with no loss of
activity and it responded to urea con-
centrations from 5x 107 to 1.6X
10— A in tris(hydroxymethyl)amino-
methane buffer, with an optimal re-
sponse time of approximately 25 sec-
onds. Many parameters affecting the
function of the electrode were charac-
terized (29). The response was not in-
dependent of Na® and, K+ ions when
the Na+ ion concentration was greater
than one-half of the urca concentration
and the KT ion concentration was
greater than one-fifth of the urea con-
centration, placing limitations on the
buffer that could be used. The enzyme
gel layer had to be washed after each
determination., making truly continuous

or rapid measurements impossible.
Similar electrodes were evaluated for
the determination of urea in blood and
urine (3). The sample was diluted and
ion exchange resin added directly to
eliminate cation interference. The elec-
trode showed precision and accuracy
comparable with spectral methods.

Electrodes specific for amino acids
have been described (30). L-Amino
acid oxidase (1.-AAQ) was immobhil-
ized by several methods at the tip of
a commercially available cation elec-
trode. The reaction is

O R

i
O —C—CH—NH;' + H.O + 0, -AAO
_—
ik
|
0-—C—C = 0 + NH,* + H.0.
The further nonenzymatic release of
CO. by the following equation

i
O —C—C =0+ HO0: <

i

0 = C—0- + CO: + H.0
is prevented by adding a small amount
of catalase to the enzyme layer, which
catalyzes the reaction

H.O, catslase 150, - H.0
40, Satalase 150, 4 H.

to give the total reaction

il
|
O —C—CH--NH:' + 0. —
i
O —C—C =0+ NH~-
The addition of catalase seems to im-
prove the electrode, probably because
oxygen is generated, which is necessary
for the oxidase reaction. These elec-
trodes were reported to remain stable
for about 2 weeks, and showed 1- to
2-minute response times to amino acids
in dilute buffer solutions (30).
Electrodes specific for p-amino acids
which are catalyzed by D-amino acid
oxidasc (p-AAQO) have been reported
(31). The reaction is
O R
;’ -AAD
O —C—CH-NH: 4+ 0 —
I
|
O —C—R +NH + CO:

where the cation is monitored by a
potentiometric cation electrode. It was
found that stability of the acrylamide
enzyme gel or liquid layer could be
maintained for 21 days if it were stored

in buffered flavine adenine dinucleotide
solution, a weakly bound diffusible co-
enzyme. The response was not in-
creased by high concentrations of oxy-
gen but was dependent on pH. A very
similar electrode for asparagine was
also reported (3/), asparaginase being
used as the catalyst. The addition of a
coenzyme was not necessary.

A potentiometric electrode for glu-
tamine has been reported and charac-
terized (32). The electrode response
was reproducible for up to 8 hours.
The catalytic reaction was dependent
on pH and inhibited by cations; mea-
surements were made in dilute aqueous
solutions.

An interesting approach to the deter-
mination of enzyme activity with po-
tentiometric cation electrodes has been
reported (33) in which immobilized
substrates were used. A liquid layer of
urea was passed between the electrode
tip and a dialysis membrane in a con-
tinuous or interrupted flow process.
Urea diffused through the membrane
and was catalyzed by urease in dilute
aqueous solutions. The ammonium
ion produced was detected by the
cation electrode. Although this ap-
proach probably requires much more
study before it can be of significant
practical use, it sugpgests some interest-
ing applications.

An e¢lectrode specific for amygdalin
based on a solid-state potentiometric
cyanide electrode has been reported
and characterized (4). B-Glucosidase,
immobilized in acrylamide gel, hy-
drolyzes amygdalin by the following
reaction

C:H-CHCN -+ H.0 F-glucosidase
| ————
O(;".:H'.ﬂ()l'.‘

2 CiHwO; - C;H:CHO + HCN
The lifetime of this electrode is lim-
ited by the dissolution of the cyanide-
sensing crystal membrane, which is
claimed to have a working lifetime of
200 hours (4).

Summary

From the discussion of electrodes
and enzymes herein, and from the ac-
counts of enzyme electrodes that have
appeared in the literature, clinical de-
terminations of certain metabolites and
soluble enzymes by means of enzyme
clectrodes seem quite feasible. Such
devices may be made highly specific
by the use of appropriate enzymes and



a high degree of accuracy can be ob-
tained. Instantaneous and continuous
determinations can be made from
physiological fluids, and undesirable
physiologic responses can theoretically
be minimized, thus making long-term
clinical monitoring a possibility. En-
zyme electrodes may also have a useful
lifetime and meet other practical re-
quirements.
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There is currently considerable interest in the development
of biochemical-specific electrodes that could be used to monitor
and regulate the concentrations of biochemicals in body fluids.
Some very selective biochemical sensors have been made recently
in which conventional solute-specific electrodes are used to monitor
reactions catalyzed by immobilized enzymes. These devices can
theoretically be made to determine metabolites, enzymes, coenzymes,
or enzyme inhibitors, in situ, without special preparation of the
sample. Widespread application can be predicted for such electrodes
in both experimental and clinical medicine if they can be made to
function specifically and accurately, and if they can be used for
nondestructive, instantaneous, and continuous determinations in situ.
Enzyme electrodes must not promote undesirable physiological responses,
such as antigenic responses, thrombosis, or tissue reaction. In
addition, they must be inexpensive, easy to operate, and have a long
lifetime.

In this article we discuss the development of biochemical-
specific electrode systems, present some of the foreseeable problems
that might be associated with their use, and review the essential
literature.

The basic functional concept of the "enzyme electrode" is the
continuous, instantaneous, electrochemical monitoring of enzyme-
catalyzed reactions, in which a substrate, coenzyme, or inhibitor
is converted into a product by means of an enzyme. The relative
concentration of the reactants can be varied so that analytical
techniques are cobtained in which the reaction rates or egquilibrium
concentrations are proportional to the limiting components. Elec—
troactive species either produced or consumed by the reaction may
be detected by commercial solute-specific electrodes, the signal thus
produced being related to the limiting reactant. If a system can be
designed such that the enzymes are immobilized or constrained to the
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immediate vicinity of the electrode-these enzymes being capable of
continuous catalysis in complex physiological fluids-a new bio-
chemical-specific electrede is feasible. Obviously, the term “enzyme
electrode” is not rigorously accurate because these devices may be
made sensitive to substrate, product, enzymic effectors, or enzymes
themselves. We prefer to use the term, hoyever, to describe big-
chemical-specific electrodes that are dependent on immobilized
enzymes, until more accurate terms become familiar.

Electrode Characteristics

The most commenly known solute-specific electrode is the glass
pH electrode. When referenced against a standard reference electrode,
a potential difference is produced which is proportional to the pH
of the solution, according to the Nernst eguation. Such an electrode
may be useful for following enzyme reactions in which hydrogen ions
are a product. Their use is limited, however, because most enzyme
reactions are not linear over a broad pH range and for accurate
results, the reaction media must have a low buffering capacity, the
opposite of many physiological fluids.

The composition of the electrode glass may be varied experi-
mentally so that the resultant potential is proportiocnal to the
potassium, sodium, ammonium, or other cations in solution. In some
other type of specific ion electrodes, ingenious liquid or solid ion
exchange membranes are employed. Descriptions of these electrodes
and their mechanisms of operation have been discussed in detail (1,2).
0f the more than 20 specific ion electrodes available commercially,
only those sensitive to species participating in enzymic reactions
will be useful in this application. The electrodes that will be of
most immediate use are those specific for pH, ammonium, and other
monovalent cations (3), and cyanide (4). A phosphate-specific electrode
has been reported (5), but does not appear to be adequately selective
or reporducible.

The electrodes now available are not generally completely
selective for the desired species. For example, if the enzyme
reaction produces NH,* which is to be measured, the electrode may
respond not only to *, but also to Nat, and other cations in
solution, as well as pg. This effect may be eliminated by referencing
against another cation electrode, which cannot respond to the NH
formed from the reaction because of diffusional or flow effects, but
responds to everything else. By determining electronically the differ-
ence between the two, a signal that is only proportional to the NH4+
produced by the enzyme reaction will be obtained.
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Truly continuous measurements can be made only when the signal-
bearing species is continuously removed or converted by the electrode,
such as in polarographic or amperometric systems. Most ion-selective
electrodes are potentiometric, however.

The response of specific ion electrodes has been discussed else-
where (1). Ideally, specific ion electrodes provide a linear Nernsti-
an response of 0.059 volt at 25°C per decimal change in activity of
monovalent cation over a certain range of concentration. Response
times are on the order of seconds or less for most electrodes, making
electrode kinetics a minimal concern. E

Polarographic measurements are made by measuring a change in cur-
rent as a function of changing potential between two inert metal
electrodes, and are useful for detecting several species in solution
that have a characteristic plateau at a known potential. Although
polarography itself may not be very useful teo the system of interest,
constant potential polarography, or amperometry (in which the current
is proportional to a certain species reduced or oxidized at a fixed
potential), has application. This is the basis for the operation of
the well-known Clark p0,_ electrode (6), wherein oxygen diffuses thru
a gas-permeable polymer membrane and is reduced at a platinum electrode
which is kept at a fixed potential with respect to a silver-silver
chloride reference electrode. Response time is on the order of sec-
onds when membranes highly permeable to oxygen are used.

It is also possible to use metal electrodes in the form of an
analytical fuel cell, the short circuit current being proportional
to the biochemical substrate. The effect of interfering species may
be minimized by selective membranes. Relatively high currents may
be obtained by efficient electrochemical coupling.

The pCO_. electrode is also a well-known clinical tool (7). The
basis of this electrode is diffusion of carbon dioxide through a gas-
permeable polymer membrane into an internal agqueous sclution of fixed
bicarbonate concentration. The carbon dioxide is hydrated to carbonic
acid in a slower, rate-determining step, then rapidly ionized to
bicarbonate and hydrogen ion. This causes a change in the pH of the
internal solution, as determined by a potentiometric pH electrode.
This electrode has some limitations for enzyme electrode applications.
It responds only to carbon dioxide, while the product of many enzyme
reactions is bicarbonate. The response time may alsoc be too long for
many applications. Membranes of higher permeability, and possibly
membranes with enzymatic activity, may significantly reduce the
response time of this electrode.

Metal electrodes have been used to measure enzymatic oxidation-

reduction reactions in which the oxidation state of a coenzyme or
intermediate compound is directly changed at the electrode (8}. Such
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systems will be operable if precautions are taken to Prevent excessive
adsorption or interference when the metal electrodes are placed in
multicomponent systems.

Immobilized Enzymes

Numerous methods of enzyme immobilization have been reported in
the literature (9-11). Several technigues are useful in the design
of electrodes. The enzyme can be entrapped within a synthetic hydro-
philic gel, cross-links can be formed between the molecules of the
enzyme to make membranes, the enzyme can be chemically bound to mem-
branes or other surfaces, the enzyme can be copolymerized with other
enzymes or proteins, or the enzyme can be physically entrapped between
membranes. Other technigues are available and may be useful for cer-
tain design requirements. Acidic or basic groups may be polymerized
in the supporting polymer matrix in which the enzyme is immobilized
in such a way that the pH in the immediate vicinity of the enzyme is
optimum, while that of the bulk solution is different. Such technigques
can optimize kinetics and possibly make an otherwise inoperable system
workable. The method of immobilization will depend on the particular
enzyme electrode system.

Some enzyme reactions may require the immobilization of sub-
strates or coenzymes. The high cost of many coenzymes makes pro-
hibitive the simple addition of non-rate limiting excesses to each
sample to be measured. Probably the most practical techniques will
be the covalent bonding of the coenzyme to a surface in such a way
that reaction is still possible, as reported recently (12), or the
covalent bonding of the coenzyme directly to the enzyme or other
immobilized particle by techniques which permit catalytic action.
Containment by a membrane of selective pore size or slow release

through a glass frit to which the enzyme is bound may be necessary in
sSome cases.

An important problem is heat inactivation of many enzymes at
physiological temperatures. The long-term usefulness of biochemical
electrodes will be seriously limited if methods of thermal stabili-
zation cannot be found. One approach to this problem may be the use
of only partially purified enzyme extracts, or the enzyme might be
mixed with stabilizing species which will not interfere with the
reaction. Some immobilization methods are reported to stabilize
certain enzymes for periods longer than their lifetimes in vive
(11, 13). However, while perhaps not all enzymes of immediate
interest are now capable of being stabilized for performance under
the desired conditions, many can be adegquately stabilized and current
Tésearch into new technigues holds much promise (14).

67



Some enzymes that do not produce electroactive species may be
linked to other enzymes in such a way that the product of the First
enzyme reaction becomes the substrate for the second enzyme which
involves an electroactive participant, thus greatly expanding the
number of species that can be monitored. Studies indicate that these
systems may be most efficient if the enzymes are mixed in the same
phase to avoid unnecessary diffusional effects (15). Such multistep
systems show some similarity to processes in wviwvo.

Although electrodes will operate under equilibrium or steady-
state conditions, they must be characterized kinetically in order
to determine the range and rate of response. Enzyme kinetics in the
liguid phase (where diffusional effects are absent during the initial
stages of the reaction) have been well studied. Some studies relat-
ing diffusional (10, 16), charge (17), and boundary layer effects (18)
to heterogeneous phase enzyme kinetics have been made; product inhi-
bition (18) and two-enzyme systems (19) have also been studied. The
data indicate that immobilized enzymes can be characterized kinetically
by the turnover number, concentration and Michaelis constant (K ) of
the enzyme, the nature and dimensions of the catalytic layer, the dif-
fusivities of participating species, and the estimated thickness of
the boundary layer. Diffusion of substrate through the physiological
media may also have a limiting effect. Response of an immobilized
enzyme electrode can therefore be predicted.

Many sclute-specific electrodes cannot respond to veryslow con-
centrations of solute, such as concentrations less than 10 M. This
may limit the feasibility of certain enzyme electrodes since the criti-
cal concentrations of some compounds in physiological fluids are quite
low. Another important consideration is that electrodes determine
activities, not concentrations. In many instances, the clinical sig-
nificance of activities measured in situ is not known. However, this
may lead to some useful investigations.

Applications of enzyme electrodes in flowing systems will require
consideration of boundary layer artifacts and streaming potentials.

This has been studied with glass electrodes in physioclogical solutions
(20).

The electrode will also have to be designed to avoid any unde-
sirable physiclogic responses, such as protein deposition, throm-
bosis, antigenic reaction, or the formation of a diffusion-resistant
tissue capsule around the electrode (21). A hydrophilic biocompati=-
ble membrane that excludes compounds of given molecular weight could
be placed between the reactive layer and the physiological environ-
ment. Such a membrane should result in minimal protein deposition
and thrombosis and should prevent species of larger molecular weight
from passing while at the same time providing a highly aqueous medium
for optimal substrate diffusion.

68

Literature

An excellent review of electrochemical methods of monitoring
conventional enzymatic reactions has been published (22). In the
present article, we describe only self-contained biochemical electrode
systems in which the enzyme or substrate has been physically immobi-
lized in the vicinity of the sensor or bonded to it.

Probably the first account of an enzyme electrode was given by
Clark and Lyons (23). They obtained potentiometric determination
of glucose and proposed that glucose could also be determined
amperometrically by means of glucose oxidase immobilized between
Cuprophane membranes, according to the egquation

1 & i glucose oxidase
Glucos 2 2

B —

gluconic acid + Hzﬂz

Determinations were made from a solution of low buffering strength.
Updike and Hicks (24) introduced the term "enzyme electrode" and

made a dual cathode Clark-type oxygen electrode with glucose oxidase
immobilized in polyacrylamide gel. The electrode was used to de-
termine glucose from whole blood and plasma, and thus demonstrated

the feasibility of measurements being obtained from complex solutions..
The response time was approximately 30 seconds. Clark (25) suggested
changing the potential across the electrodes so that they would re-
spond to hydrogen peroxide production instead of oxygen uptake, thus
reducing the problem of interference from oxygen in solution. Errone-—
ous readings caused by small amounts of catalase or peroxidase found
in most enzyme preparations or in physiological solutes can be mini-
mized by suitable membrane-electrode design (25) or by inhibitors.
Williams et al (26) replaced oxygen as the hydrogen acceptor with
quinone, to monitor glucose according to the following equations

glucose oxidase
ey

gluconic acid + hydroguinone

Glucose + quinone + nzo

+
Hydroguinone quinone 4+ 2H + 2e

—
where the reaction potential is 0.4 wolt with reference to a standard

calomel electrode. Glucose oxidase was held between layers of dialy-
sis paper. The enzyme from Aspergillus niger was used because it can
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utilize guinone as a hydrogen acceptor and does not require other co-
enzymes, as does the enzyme from other sources. Determinations re-
quired the addition of buffer salts and quinone to maintain adequate
pH and prevent the diffusion of guinone out of the enzyme layer. An
electrode to determine lactate was also reported in the same communi-
cation (26), based on the oxidation of lactate by ferricyanide. The
reaction is catalyzed by lactate dehydrogenase (cytochrome b, E.C.
1.1.2.3), which does not require nicotinamide adenine dinucl&otide

as hydrogen acceptor, according to the following eguiations

cr:3—cmn-—coo_ + 2Fe(CN) 6-3 LI

o
i - -4 +
CH -C-COO + 2Fe (CN) e, ¥ 2H

-4 Pt
2Fe (CH) 6 o

Pe(cN), > + 2e

[
where the reaction potential is 0.4 volt with reference to a standard
calomel electrode. The enzyme was held between dialysis membranes.
Because of the low l{m of this enzyme (l:m = 1.2mM), it was necessary
to dilute the sample with buffered K_Fe(CN) . Steady-state measure-—
ments were made in 3 to 10 minutes. The authors claimed that this

gystem demonstrated increased sensitivity over spectral techniques
(28).

Wingard et al. (27) have proposed constant current voltammetry
as a method for evaluation of electrodes containing immobilized
oxidative enzymes as catalysts. This design was originally suggested
as a fuel cell. Bessman and Schultz (13) have used the fuel cell
concept to monitor glucose.

Several enzyme electrodes based on potentiometric cation- and
ammonium-ion specific electrodes have been reported. Guilbault and
Montalvo (28) made a urea transducer by immobilizing urease in a
thin layer of acrylamide gel held over the surface of a cation
electrode by cellophane film. The reaction is

0
NH -O-ni_ + 200 DTe2%e
2 2 20— i
5 =
= 4 +
N, + N6+ HOO,

The electrode was used for pericds of up te 3 weeks at 25°C with no
loss of activity and it responded to urea concentraticns from

5 % 10~% to 1.6 X 107MM in tris(hydroxymethyl)aminomethane buffer,
with an optimal response time of approximately 25 seconds. Many
parameters affecting the function of the electrode were characterized
(29). The response was not independent of Nat ang x' ions when the
Hat ion concentration was greater than one-half of the urea concen-
tration and the KT ion concentration was greater than one-fifth of
the urea concentration, placing limitations on the buffer that could
be used. The enzyme gel layer had to be washed after each determi-
nation, making truly continuous or rapid measurements impossible.
gimilar electrodes were evaluated for the determination of urea in
blood and urine (3). The sample was diluted and ion exchange resin
added directly to eliminate cation interference. The electrode
showed precision and accuracy comparable with spectral methods.

Electrodes specific for amino acids have been described (30).
L-Amino acid oxidase (L-ARO} was immobilized by several methods at
the tip of a commercially available cation electrode. The reaction
is

o R
= 1.1 + L-ARD
0 -C-CH-NH_~ = H0 + 0, *
o R
=1 +
o—c-é-ﬂq-mil +11202

The further nonenzymatic release of 002 by the following eguation

OR
Il
0 -C-C =0 + HO_ A + e
Uity
R

0=é—0 +C02+H20

is prevented by adding a small amount of catalase to the enzyme
layer, which catalyzes the reaction

catalase
+ H
By 120, 2
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to give the total reaction

OR

- +
(8] —C~CH-NH3 + 120 —F

The addition of catalase seems to improve the electrode, probably
because oxygen is generated, which is necessary for the oxidase
reaction. These electrodes were reported to remain stable for
about 2 weeks, and showed 1- to 2-minute response times to amino
acids in dilute buffer solutions (30).

Electrodes specific for D-amino acids which are catalyzed by

D-amino acid oxidase (D-ARO) have been reported (31). The reaction
is
0O R

Y, | & D-ARO
i = + —
0 =C=CH NHB 02 =3

8]

- +
—R + =
O =C-R NHd C02

where the cation is monitored by a potentiometric cation electrode.
It was found that stability of the acrylamide enzyme gel or liquid
layer could be maintained for 21 days if it were stored in buffered
flavine adenine dinucleotide solution, a weakly bound diffusible
coenzyme. The response was not increased by high concentrations of
ocygen but was dependent on pH. A very similar electrode for aspara-
gine was also reported (31), asparaginase being used as the catalyst.
The addition of a coenzyme was not necessary.

A potentiometric electrode for glutamine has been reported
and characterized (32). The electrode response was reproducible
for up to 8 hours. The catalytic reaction was dependent on pH

and inhibited by cations; measurements were made in dilute aqueous
solutions.

An interesting approach to the determination of enzyme activity
with potentiometric cation electrodes has been reported (33) in which
immobilized substrates were used. A liquid layer of urea was passed
between the electrode tip and a dialysis membrane in a continuous
or interrupted flow process. Urea diffused through the membrane
and was catalyzed by urease in dilute agueocus sclutions. The
ammonium ion produced was detected by the cation electrode. Although
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this approach probably requires much more study before it can be of
significant practical use, it suggests some interesting applications.

An electrode specific for amygdalin based on a solid-state ’
potentiometric cyanide electrode has been reported and characterized
(4). PB-Glucosidase, immobilized in acrylamide gel, hydrolyzes
amygdalin by the following reaction

fi-glucosidase
CHCHCN + H,0 ki

B ek

OCIZHZlOID

0. + C_H CHO + HCHN
2C I 0 + 8y

The lifetime of this electrode is limited by the dissolution of tﬁe
cyanide-sensing crystal membrane, which is claimed to have a working
lifetime of 200 hours (4).

Summary

From the discussion of electrodes and enzymes herein, an§ from
the accounts of enzyme electrodes that have appeered in the litera-
ture, clinical determinations of certain meta?ol;tes énd soluble
enzymes by means of enzyme electrodes seem quite fe351h1e: Such
devices may be made highly specific by the use of appropriate enzymes
and a high degree of accuracy can be obtained. lInst?ntaneou§ an
continuous determinations can be made from physlologzcal'f}u}ds, and
undesirable physioclegic responses can theoretica%lg ?e minimized,
thus making long-term clinical monitoring a possibility. Enzym? £
electrodes may also have a useful lifetime and meet other practica
regquirements.
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The Chemistry of Some Selected Methacrylate Hydrogels

DONALD E. GREGONIS, CHWEN M. CHEN, and JOSEPH D. ANDRADE

Department of Materials Science and Engineering, University of Utah,
Salt Lake City. Utah 84112

Hydrogels have been described as biocompatible materials(l). ¢

Polymers of hydroxyethyl methacrylate (HEMA) are the most studied
synthetic hydrogels (2). At present, polymers of this material
are widely used in corrective contact lenses (3); it has been
used as a coating for catheters and other medical devices (4-6).
In our investigations, we wanted to study a variety of hydrophilic
methacrylate polymers to evaluate their biological behavior in
relation to the concentration and type of groups incorporated in-
to the polymer. In order to pursue this goal, a thorough under-
standing of the bulk properties of the hydrogels is required. 1In
this work the equilibrium water content of the gels is regulated
by varying copolymer ratios. Charged groups are incorporated
into the polymer by copolymerization with acidic or basic meth-
acrylates. The monomers that are being investigated are shown in
Table I. The amount of water in the equilibrated polymers
covered the range from 3.5% to greater than 90% (Table II). For
this study, hydroxyethyl methacrylate was selected as the funda-
mental monomer because of past work and availability.

TABLE 1.
Hydrophilic Methacrylate Monomers

0
It W
) %-cuzr':H-Rl

1. Ri = OH, Rz = H; hydroxyethyl methacrylate (HEMA),
2. R; = OCHzCH20H, Rz = H; hydroxyethoxyethyl methacrylate(HEEMA)
3= Ry= 0CH,CH20CH,CH,0H,R, = H3; hydroxydiethoxyethyl methacryl-

ate (HDEEMA).
4, Ry = -0CH3, R, = H; methoxyethyl methacrylate (MEMA).
5. R; = 0CH,CH;0CH3, Ry = H; methoxyethoxyethyl methacrylate
(MEEMA) .
R1 = OCH2CH20CH,CH20CH3, Rz = H; methoxydiethoxyethyl meth-
acrylate (MDEEMA).
7. Ry = CH0H, Rs = OH; 2,3-dihydroxypropyl methacrylate(DHPMA).

=}
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7. GREGONIS ET AL. Methacrylate Hydrogels
TABLE II.
Equilibrium Water Swelling of Pure Homopolymers
1. pHEMA - 0.40* 5. PpMEEMA - 0.62
2. PpHEEMA -~ 0.80 6. PpMDEEMA - >0.90
3. PpHDEEMA - >0.90 7. pDHPMA - 0.70 to >0.90 (7)
4. pMEMA - 0.035

*Water fraction (wf) = weight of water in polymer/weight of
hydrated polymer

Monomers (See Table I)

The 1ab0ratory synthesis of these monomers is accomplished
by the f0110w1qg classical chemical reactions:
: h1i Reaction of methacryl chloride with the corresponding
alcohol:

0
]
S E\‘m T = : d“cm

_ (Monomers 1-7)
2. Transesterification of methyl methacrylate with the
corresponding alcohol:

0

0
| (= i)
+ ROH E CH,OH
}_ OCH3 H+ or base }— S 3

OR
(Monomers 1-7)
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3. Acid catalyzed hydrolysis of glycidyl methacrylate (7):

nt ﬁ
x
73 ‘0/014/\ OH

HZO

0 0
=t P
(Monomer 7)

4. Acid catalyzed hydrolysis of isopropylidineglyceryl
methacrylate (8-9). <

0 0 0
}—E' i et iy ¢ +CH,C-CH
:
S H,0 “N-"0H oH 3 3

(Moromer 7)
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the use of water or alcchols as solvents. The anionic initiators
are organometallic compounds, such as n-butyl 1lithium, or strong
bases, such as 1ithium t-butoxide. Although there are disadvan-
tages to these initiators, they are used to polymerize metha-
crylates in a wide range of tacticities from chains having high
syndiotactic triads to chains having high isotactic triads. Our
group is investigating such polymers to determine the effect of
tacticity on the properties of the hydrogels (21).

For certain studies soluble polymers were required (22).
Radical polymerization of the methacrylate system without solvent
gives a polymer that swells to a high degree in good solvents,
but does not dissolve. It is felt that some crosslinking of the
polymer occurs by radical chain transfer mechanisms (23). Soluble
methacrylate polymers may be obtained with a radical initiator
at high dilutions of the monomer. We routinely polymerize the
monomers in ethanol (1:10,v/v). These solutions have been used
for solvent casting (24) and gel coatings (22).

&

Preparation of Gel Membranes

Gel membranes were required for our diffusion studies (13)
and were used for our work on water swelling of gels. Polymeri-
zation of the monomer was initiated by azobis (methyl isobutyrate)
using the same concentration used for the polymerization of bulk
gels, 7.84 micromoles per milliliter of monomer. This ratio is
independent of water concentration. AT] gel modifiers and cross-
1inking agents are expressed as molar quantities in terms of the
monomer volume. The membranes were prepared by polymerization
of the monomer solution between flat plates using a silicone
rubber spacer to regulate thickness. The polymerization condi-
tions were standarized at 60°C for 24 hr. At lowwater concentra-
tions (Wf <0.20), polyethylene or polypropylene mold plates are
used; at higher water concentrations, glass plates are used.

This is because gels polymerizedat lowwater concentration adhere
strongly to the glass surface. Polymerization of membranes on a
glass surface is prefered since it has a more uniform surface.
The thickness of the gel membranes is 0.75 mm unless otherwise
stated.

Synthesis and Polymerization of C]4-1abe1ed HEMA

To determine the relative stability of the methacrylate gels
in various media, C!*-labeled HEMA was synthesized by reacting
methacryl chloride and 1,2-C'*-ethylene glycol, using excess
carrier ethylene glycol to prevent the formation of excessive
amounts of C!*-labeled diester (ethylene glycol dimethacrylate).
The C'“~HEMA was purified utilizing the "salting out" technique
described earlier. The product was diluted with carrier HEMA and
was then distilled by micro-vacuum techniques. The distillate
was determined to have a specific activity of 9.1 x 10° dpm/ml.
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To check the radioisotopic purity, a 1 ml aliquot was chromato-
graphed on 100g Grade II alumina. The column was eluted with a
linear gradient from 100% petroleum ether (250m1) to 5% methanol
in diethyl ether (250m1). The radioactivity eluted in one peak.
the fractions were combined and evaporated. The product exhibited
an identical infra-red spectrum to control HEMA.

To initiate the polymerization of C'*-HEMA, azobis(methyl
jsobutyrate) was added (7.84 micromole/ml). The monomer was
polymerized in a polypropylene mold. The mold dimensions were
50mm x 50mm x 1mm. The standard polymerization conditions were
60°C for 24 hours unless otherwise noted. After this time the
mold was cooled to 0°C, and the C-pHEMA was removed and weighed,
The C!'-pHEMA was then placed in various solvents at 37°C. Aliquots
were removed at various time intervals and counted using 1liquid
scintillation techniques. The amount of radioactivity found in
the solvent was calculated as a percentage of the overall radio-
activity in the polymer. Figure 3 shows the percent radioactivity
extracted with time for some typical gels. Gels 1 and 2 are dup-
licates. Gel 6 was polymerized under identical conditions but
was extracted with 95% ethanol. Gel 9 was polymerized with 45%
water and extracted with water. The radioactivity of all gels
extracted with water leveled out after one day, but the radio-
activity extracted with ethanol (Gel 6) appeared to increase
after this time at about 0.5%/week. Table IV provides a complete
1ist of the C'*-HEMA polymerization conditions, extraction sol-
vents, and the percent radioactivity extracted. The percent
radioactivity extracted was calculated as the average of the
isoﬁope found in solution at points in time from 4 days to 5
weeks.

TABLE IV. 14
Elution of Radioactivity from C "-pHEMA Gels
Equilibrated in Various Solvents
% Radioactivity in

Gel# Polymerization Conditions Solvent Solvent after 5 wks.
1 24 hours @ 60°C Distilled Ho,0 4.7% + 0.13
2 24 hours @ 60°C Distilled H:0 4.8% + 0.08
3 24 hours @ 60°C Human Refer-  3.6% + 0.27

ence Serum

4 3 1/2 hours @ 60°C Distilled H,0 4.8% + 0.14
5 66 hours @ 60°C Distilled H,0 2.6% + 0.41
6 24 hours @ 60°C 95% Ethanol 9.1% + 0.90
7 24 hours @ 60°C Distilled H,0 2.9% * 0.30

(Gel contained 1% unlabeled

EGDMA)

8 24 hours @ 60°C Distilled H,0 2.3% * 0.11

(Gel contained 5% unlabeled

EGDMA)
9 24 hours @ 60°C Distilled H,0 1.7% + 0.09

(Gel contained 45% H,0 v/v)
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Figure 5. Percent equilibrium hydration (0.40 w; = I%E/E})
and percent equilibrium linear swelling (1.165 1, = 1 )
plotted vs. time for pHEMA gel
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Similar results are observed by Refojo for PHEMA and other gels
(25). Absence of Tinear swelling at low water fractions is
observed by us in an alternative experiment with PHEMA gels.
HEMA was polymerized at various water concentrations and then
allowed to equilibrate in distilled water (Figure F)mn wIE s
found that when HEMA is polymerized with a water fraction (Wg) of
0.1 or Tess (Wg of 0.1 is 25% of the equilibrium W), the gel
still swells to the same degree as an anhydrous pPHEMA gel.

These results indicate that there is free volume or "voids"
in the hydrogels, and this volume is filled with water molecules
before the gel is able to exhibit any linear expansion. This
concept has been used to explain the swelling and mechanical
behavior of g-keratin (26) and other biopolymers (27). Similar
studies on other hydrophilic gels are in progress.

Copolymers

In order to obtain gels that would swell in water a speci-
fied amount, copolymers of the hydrophilic monomers were investi-
gated. At the same time the water solubility of the comonomers
was also studied, It was hoped that monomer solubility behavior
would be useful to explain some aspects of swelling of the
polymer. Figure 8 shows HEMA-MEMA comonomers and copolymers and
their relationship to solubility and swelling in water. Water
has a maximum solubility of 3.5% (v/v) in MEMA monomers. HEMA
monomer is infinitely soluble in water. The comonomer solutions
exhibit a water solubility that increases slightly as the amount
of HEMA is increased up to 40% MEMA-60% HEMA. At that point
the water solubility increases greatly until 20% MEMA-80% HEMA
where the comonomers become infinitely soluble. The copolymers
of MEMA-HEMA appear to have a linear water fraction (Wf) relation-
ship from 0.035 water for pure pMEMA to 0.40 for pure pHEMA.

Figure 9 shows the relationship between MEEMA-HEMA and water
solubility and between their copolymersand the degree of swelling
in water. In this case, MEEMA monomer dissolves only about 8%
water and as HEMA monomer is added, the amount of water that it
dissolves increases sharply. Near a 60:40 HEMA:MEEMA ratio,
water becomes infinitely soluble in the comonomers. The water
swelling of the copolymers show the opposite relationship.

PMEEMA swells to 63% H,0, and as increasing amounts of HEMA are
incorporated in the copolymer, the degree of swelling decreases
until a 40% H,0 uptake is reached for pHEMA,

These above results indicate that the hydrophilicity of the
monomer and the degree of crosslinking of the polymer (28) are
not the only factors that determine the degree of water swelling
of the polymer. In the methacrylate system, we have rationalized
that the length of the ester chain is a third factor that should
be taken into account when discussing swelling, This is probably
due to the fact that the long ester functionality decreases the
packing energy of the methacrylate polymer.
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WETTABILITY OF POLYMERS AND HYDROGELS AS DETERMINED
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ABSTRACT

Polymers and hydrogel surfaces are investigated by contact angle procedures. A com-
parison between underwater captive air bubble contact angles and advancing and
receding water contact angles using the Wilhelmy plate technique are studied using
a sequence of hydrophobic to hydrophilic mode] polymers. The underwater captive
bubble contact angle correlates most closely with the water Wilhelmy plate reced-
ing contact angle in most of the polymer systems. Contact angle hysteresis is found
in all but the most wettable of the polymers but no exact trends are found. Alkyl
derivatized agarose surfaces are also studied by the Wilhelmy plate procedure;
although these surfaces exhibit strong protein interactions, little change in ad-
vancing and receding contact angle is observed with increasing degree of alkyl
group derivatization.

KEYWORDS

wilhelmy plate; contact angle; hydrophilicity; contact angle hysteresis; surface
wettability; alkyl agarose surfaces; polymer surfaces.

INTRODUCTION

The study of the interface between an aqueous solution and a polymer surface is of
considerable interest for the investigation of biological interactions. Contact
angle methods are one of the few techniques capable of measuring the polymer-water
interface directly. Contact angles are determined primarily by the outermost ex-
posed atoms, possibly the outer 10 R of a surface (Johnson, 1969). The hydrogel-
water interface, however, is more diffuse than that of a hydrophobic pelymer inter-
face and the transition region between the bulk gel and free water may be on the
order of 100 & or greater in thickness. Our previous contact angle studies have
utilized the underwater air and octane captive bubble technigue in order to analyze
the fully hydrated polymer surface (Andrade, 1979a, 1979b). Several drawbacks of
this technique include the length of time for measurements and the difficulty to
obtain reproducible angles on very hydrophilic surfaces. In addition, the captive
bubble measurement provides only the static contact angle, and thus dynamic con-

tact angles, which may offer further information about the interface, are not avail-

able.

The Wilhelmy plate technique (Wilhelmy, 1863) eliminates many of these difficulties.
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Advancing and receding dynamic and static angles-are—easily—ebtained—by-this
technique and are recorded on chart paper for permanent records. The first part
of this Wilhelmy plate study correlates angles obtained with this technique and
that obtained from underwater captive air bubble procedures. Poly(hydroxyethyl
methacrylate) [PHEMA] and poly(methyl methacrylate) [PMMA] copolymers are used for
this study. The second part of the study investigates advancing and receding
angles obtained in a sequence of hydrophilic-hydrophobic triblock copolymers.
These polymers were prepared by hydroboration of the butadiene block of styrene-
butadiene-styrene (S-B-S) radial triblock systems. The last series of materials
that were investigated consists of alkyl derivatized agarose surfaces. The alkyl
agaroses bind guite strongly some proteins from an aqueous environment depending
upon the size of alkyl group and the degree of group substitution and the hydro-
phobic character of the protein. These materials in bead form are commonly used
in hydrophobic chromatography separation technique (Shatiel, 1974).

MATERIALS AND METHODS

The Wilhelmy plate apparatus incorporates a Scotts SRE500 mechanical testing
machine and is used to raise and lower a beaker of 2X distilled water at a con-
trolled speed of approximately 40 mm per minute. Situated above the beaker is a
Cahn model RM-2 electrobalance which supports the test sample on a small thread.
The balance is mounted separately and is vibrationally isolated. The mechanical
tester and balance are contained in an insulated enclosure maintained at constant
temperature (20°C) and humidity (30% RH). Electrical signals from the balance and
cross head are fed to a X-Y recorder to obtain the wetting traces. Calibration of
the balance is performed by the addition of a 200 mg tare weight to the sample.
Other studies describe the measurement and equipment in more detail (Johnson,
1969; Smith, 1981). The captive bubble technique as performed in this work is
also described elsewhere (Andrade, 1979; King, 1981).

The use of pure water in these experiments, especially when hydrating the samples
for long periods of time, is very important. Water used for the wetting measure-
ments and hydration studies found in this report is first deionized by passing it
through a mixed ion exchange resin bed (Continental Water) and then distilled
from a Barnsted Model YD 302 pyrogen removing still. The water is distilled a
second time from an all glass system in which a small amount of potassium permang-
anate is added to degrade any organic substituents. The water is tested and shown
to be free of pyrogens by the limulus lysate test and absent of bacteria. To this
water was then added sodium azide (200 mg/1) and chlorox (30 ul/1, 1.5 ppm Cl
final coricentration) to prevent micro-organism recontamination. The surface ten-
sion of water is measured to be 72.6 + 0.2 dynes/cm at 20°C using completely wet-
ting glass microscope coverslip which was cleaned in chromic acid followed by a
two minute helium radiofrequency glow discharge treatment at 200 ym Hg at 30 watts.
In equation 1, 8 is set equal td zero, and v, the surface tension of water is thus
calculated.. For polymer hydration studies, chromic acid cleaned, all glass Coplin
jars are used to store the samples.

The polymers to be studied are dip cast onto 24 x 50 mm microscope coverslips
which are washed and cleaned to remove particulates and organic contaminants. The
coatings are in the 1-3 micron range in thickness. Optical microscopy is used to
verify surface uniformity. Polymer solutions (3% wE/vol) are filtered through 0.2
u Fluoropore filters (Millipore Corp.) and stored in particulate free brown glass
bottles. To improve polymer adhesion to the glass, silane treatments are sometimes
required. A vapor phase silanization treatment, similar to that described by
Haller (1978) is used. Y-Aminopropyl triethoxysilane (Aldrich Chemical) is used

for the HEMA-MMA copolymer coatings and n-pentyl triethoxysilane (Petrarch Chemi-
cal) is used for the modified 5-B-5 triblock polymers. Agarose surfaces are de-
posited onto silanized clean glass coverslips. Copolymerization data for the HEMA-
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MMA material is shown in Table I. Purified HEMA was donated by Hydro-Med Sciences
and MMA was obtained from Aldrich Chemical Company. Copolymerization of HEMA and
MMA has been shown to produce a random copolymer with a slight tendency for alter-
nating addition (Patel, 1981; Okano, 1976).

TABLE 1  Hydroxyethyl Methacrylate (HEMA) - Methyl MethacryIate-(MMAé
Copolymerization Data

Copolymers Polymerization Precipitation Degree of
(mole ratio) Solvent Solvent Conversion
100% MMA toluene 60-90 pet ether 34
99% MMA-1% HEMA toluene 60-90 pet ether 44
95% MMA-5% HEMA 90% toluene - 10% ETOH 60-90 pet ether 48
75% MMA-25% HEMA  50% THF - 50% ETOH Ha0 46
50% MMA-50% HEMA  50% THF - 50% ETOH Hz20 44
25% MMA-75% HEMA  50% THF - 50% ETCH Hz0 23
5% MMA-95% HEMA ETOH Diethyl ether 83
1% MMA-99% HEMA ETOH Diethyl ether 85

100% -HEMA MeOH Diethyl ether --

The Solprene radial S-B-S triblock copolymers were donated by Phillips Chemical
Company. The styrene and butadiene homopolymers were cbtained from Aldrich Chemi-
cal Company. Syndiotactic 1,2-butadiene polymer was obtained as a gift from Uni-
royal Chemical Company. Characterization data of these materials is shown on

Table 2. Proton nuclear magnetic resonance characterization to determine the a-
mount and configuration of styrene and butadiene f{s measured on a Varian 5C-300,
300 MHz instrument. Molecular weights are measured by gel permeation chromato-
graphy_using p ssyrage] coiumns {Waters Associates) with nominal pore sizes of

5 x 102, 10 and 105 A. Tetrahydrofuran is used as the eluent and the column
set was calibrated using narrow MWD polystyrene standards (Pressure Chemical). The
‘butadiene segment of the S-B-S triblock copolymers is selectively hydroxylated
~using the hydroboration reagent, 9-borobicyclo [3.3.1] nonane, (9-BBN), in tetra-
hydrofuran. This borane is used to prevent crosslinking during the reaction which
. occurs when multi-reactive boranes are used (Levesque, 1971). Proton nuclear mag-
netic resonance shows the reaction to proceed in a2 quantative fashion. The poly-
butadiene double bonds in these polymers exist in both a cis and trans geometry
with some 1,2 butadiene segments (Table 2). The hydroboration addition is non-
specific for the addition across the cis or trans double bond, but adds in an anti-
Markovnikov manner (Brown, 1959) (Fig. 1) to the pendant 1,2-polybutadiene seg-
ments to produce primary hydroxyl groups. It is interesting to note that the equi-
librium water swelling of the hydroxylated butadiene homopolymers is greatest for
the 1,2 butadiene polymer, intermediate in the cis-trans polybutadiene and lowest
in the cis-polybutadiene (Table 3) and may suggest a difference in hydroboration
addition between the pure cis and cis-trans polybutadiene. Also shown in Table 3
are the water contact angles obtained from 24 hour water equilibrated samples. The
water content of the polymer is calculated from the weight of water in the hy-
drated sample multiplied by one hundred (Gregonis, 19?6?

The polysaccharide agarose is a naturally occurring polymer isolated from red
seaweed. It consists of a repeating 1,3 linked B-D-galactopyranose and a 1,4
Tinked 3,6 anhydro-a-L-galactopyranose structure as shown in Fig. 2. This poly-
saccharide aggregates upon cooling from an aqueous solution and produces a high
water content gel with surprisingly strong mechanical properties. The agarose

uﬁed_in tEi work is obtained as uncrosslinked Sepharose 4B-200 beads (Sigma
Chemical o?.
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TABLE 2 Styrene-Butadiene-Styrene (S-B-S} Triblock Cobolymer Analysis

Butadiene Configuration %

Copolymer Wty Styrene Cis Trans 1,2- MNXIO'S M[§10‘5
styrene 100 -= -- == " .8.72 1.83
solprene K 77 39.7 45.5 4.8 231 0.23
solprene 481 48 41.7 63.1 5.2 7.23 2.64
solprene 414 40 40.8 47.3 11.9 1.70 1.39
solprene 416 ’ 30 38.4 54.5 6.1 4.79 1.15
solprene 422 20 40.5 46.5 13.0 4.43 1.65
cis, trans-butadiene 0 29.3 5154 ' 9.3 6.87 1.36
cis-butadiene 0 99 -- 1 7.15 1.45
syndio-1,2-butadiene 0 == == 93 1.14 0.46
. OH
H\ _H (1})2-BBN ; |
SO =k = EHz—CH. |
'('CH2 CHé%i (2)H202 -{-CH2 CH2+%
CIS AND TRANS
| ,4 — POLYBUTADIENE
+CH2—-CH+ {(1)9 - BBN . +CH2—-CH+
I x > ] A
b (2)H,0, e
CH, CHEOH

| ,2 — POLYBUTADIENE

Fig. 1 Hydroxylation of n]efih containing polymers by hydroboration °
procedures (9-BBN = 9-borobicyclo [3.3.1] nonane).

Agarose has been selectively derivatized to provide hydrophobic alkyl groups co-
valently Tinked to the polysaccharide and is used as a selective protein separa-
tion technique called hydrophobic chromatography (Svinivasen, 1980; Ochoa, 1978).
Three general methods are commonly used for this derivatization procedure (Hjer-
ten, 1974; Bethell, 1979; Cuatrecasas; 1970) but all of these procedures use or
produce covalently crosslinked gels. Thus, they may be used in the configuration
in which they were derivatized, but are not able to be redissolved for coating
surfaces or devices. We have developed an alternate derivatization procedure which
overcomes this disadvantage. In addition, our procedure provides easily prepared
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radioisotopically labeled alkyl groups for measurement of the degree of derivati-
zation. This derivatization procedure is shown in Fig. 3

TABLE 3 Hydroborated Styrene-Butadiene-Styrene (SBS) Copolymer Data

Wt % Equil. Captive Air Advancing Receding Hysteresis
Copolymer Styrene Water Bubble 8 | advg-recd
styrene 100 < ] 87.8+1.3 93.8+2.8 67.1t 2.9 26.7
solprene K 77 3.3+40.4 34.3+2.3 81.6+7.4 16.6+ 4.6 65.0
solprene 481 48 12.1+0.4 24.8+1.5 77.4+0.8 19.7+ 1.8 B
solprene 414 40 12.440,3  =-=-=-- 80.5+1.2 11.8£10.2 68.7
solprene 416 30 14.0:0.6 20.4:3.4 79.3+0.8 22.3+ 0.7 57.0
solprene 422 20 14.6+0.6 22.9+1.6 78.3£0.8 19.9+ 2.4 58.4
cis, trans-
butadiene 0 17.520.4 23.443.6 87.9+2.1 16.7+ 1.4 71.2
cis-butadiene 0 11.7£0.6 25.3£2.4 86.3%1.7 22.4+ 0.8 63.6
syndio, 1,2-
butadiene 0 19.6+0.3 23.5t4.4 83.3+1.4 17.8+ 0.5 65.5

Fig. 2. Repeating sub-unit of agarose.

The key development of this reaction procedure was finding the aqueous agarose
beads can be exchanged with an aprotic solvent {acetone) without changing the
agarose structure. After derivatization, the beads are then re-exchanged with
water for use as hydrophobic column supports or dried and then redissolved in
dimethyl sulfoxide for use in solution coatings. The agarose loses its ability to
redissolve in water after low amounts of alkyl group derivatization. The alkyl
group-agarose bond is determined to be stable in a distilled water environment for
over three months. The agarose in this study was derivatized with varying amounts
of n-butyl or n-dodecyl groups. The degree of derivatization is determined by
1iquid scintillation procedures. The agarose beads are first digested in hydrogen
peroxide-perchloric acid solution and then counted in Biofluor cocktail {New
England Nuclear). The degree of derivatization is reported as umoles alkyl group
per ml packed beads. A value of 15 ymoles alkyl group per ml packed gel corres-
ponds approximately to 0.1 moles alkyl residuesper mole anhydrodisaccharide
repeat unit.
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Fig. 3. Preparation and covalent bonding of a-tritiated alcohols to agarose.

DISCUSSION AND RESULTS

Contact angles may be measured by several techniques (Johnson, 1969). In this
study a comparison between the underwater captive air bubble contact angle (Fig.
4) and the Wilhelmy plate method (Fig. 5) is jnvestigated using the HEMA-MMA co-
polymers. In general, the angle which the water makes with the surface can be
measured directly with both the captive bubble and the Wilhelmy plate technigue.
This is done with the captive bubble contact angle method, using a horizontal
microscope and measuring drop dimensions {King, 1981), but with the Wilhelmy plate
apparatus it is most convenient to measure the force on the slide as it is immersed
and withdrawn ‘from the water. The advancing and receding angles are calculated
from straight line extrapolations of the” advancing and receding buoyancy slopes

at zero depth of immersion (Smith, 1981). By this procedure the buoyancy factor
in“Eg. 1 can be elminated

=‘_“.g_+EEQ. 1
cos @ PY PY [:l

where buoyance factor

mass of slide as measured with electrobalance

local gravitational force (979.3 dynes/q)

perimeter of the slide (cm)

surface tension of wetting liquid (water = 72.6 £ 0.2 dynes/cm
at 20°C)

volume of immersed sample at a particular depth

density of wetting 1iquid (water = 0.998 g/cc at 20°C)

[ T A |

o= =uwuai:l EE

The ﬁng1e determined from both these methods is related to interfacial energetics
via the Young equation:

Yoa. ™ Yew ¥ Twa €05 9 (2]
where yga = solid-air interfacial free energy
Yoy = solid-water interfacial free energy
Ywa = water-air interfacial free energy .
8 = angle of contact measured through the water phase (Fig. 4}
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GEL(SOLID)

Fig. 4. Captive underwater air bubble contact angle measurement.
and Ysa represent the solid-water, air-water and

Yows Yaw? : -
W solid-air interfacial free energies.
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Fig. 5. Wilhelmy plate technique for contact angle determinations.
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Fig. 6. Wilthelmy plate measurement of pu1y(hydroxyethy1 methacrylate)
[PHEMA] surface.

The large amount of roughness in the advancing angle measurement is not found in
all polymer curfaces. In the HEMA-MMA copolymers, the advancing angle measurement
roughness is minimized at 25 mole % and higher MMA content and the water advanc-
ing roughness as shown in Fig. 6 may be considered the exception rather than the
rule. This advancing angle roughness 1s also observed in some of the alkyl deri-
yatized agarose materials, but only at a specific range of derivatization. The
roughness advancing angle measurement is ghserved in the HEMA materials even after
p+o1cnged hydration times but is lost from the agarose surface measurements after
hydration.

d METHYL METHACRYLATE-HYDRUXYETHYL METHACRYLATE COPOLYMERS

The captive bubble and Withelmy plate contact angles were measured on syrfaces pre-
pared from the same polymer lot. At least three surfaces of the same lot were mea-
sured. The Wilhelmy plate measurements were recorded at various times of hydration,
zero times ur hydration, our vation and after vacu vl ing. These
medsurements +ecorded as dynamic measurements Tmmersing the plate and re-
ar minute. At severa points 1n

the advancing sceding mode 0 e our hydrated sample, the plate was
stopped for 15 seconds. The points from The trace were Then exfrapc1afea To zero
depth of immersion To obtain the static advancin and recedin contact an Tes. In
mJSt cases, the & vancing angle screases and the rece Tng angle increases. both
sTightlys bu Th some cases, no ¢ ange 15 0pserve etween tne 5 dynamic
nts were measure

contact angles. The captive air bubble measureme d only after 24
four hydration times. These values are shown in Table 4.

From this study, one finds the captive air bubble angles closely follows, but is

slightly higher, than the receding contact angle. It is closer to the static re-
ceding angle than the dynamic receding angle and equals this yalue on the 100%
HEMA surface. The dynamic angle measurements always exhibit more hysteresis than
the static angle measurements except for the very high HEMA content curfaces where
dynamic and static angles are gqual. The 24 hour hydrated contact angles are shown
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in Fig. 7, along with the equilibrium water content of these copolymers which is
essentially linear in regard to the HEMA-MMA mole ratio, ranging from 40% water
for the pure HEMA polymer to less than 1% for the MMA polymer. Contact angle hys-
teresis, the difference between the advancing and receding angle, generally in-
crease with higher HEMA content of the surface, but there are some exceptions.

The advancing contact angle exhibits a minimum value at near the 50:50 copolymer
ratio; however, the receding angle decreases as the HEMA content of the copolymer
increases. As a function of hydration time, the receding angle shows a decrease,
whereas the advancing contact angle in general remains constant, or decreases only
to a very small extent.

TABLE 4 Comparison of Contact Angles as Determined by Wilhelmy Plate
and Captive Underwater Air Bubble Measurements on
HEMA-MMA Copolymer Surfaces

24 hr

24 hr Hyd.

Angles Angles 24 hr  Hyd. Captive
Mole % Angles 3 hr. 24 hr. Hyd. Static Vacuum Air
Copolymer 0 Time Hyd. Hyd. Hyst. Angle Redry Bubbles

100-PMMA  padvy 82.5%1.1 83.7£1.6 83.8+2.2 36° - 85.2+2.3 5942
grec 55.84#0.2 49.1+0.9 47.8:1.0 -~ 50.7+1.7 =

99-MMA , Badv 83.4%2.3 80.4+4.5 B2.7+2.6 49.9 74.9+£1.7 B0.424.0 59+
1-HEMA frec 54.8+1.1 51.3+2.0 33.8#£1.7 2 40.9+2.9 48.0+1.3 =
95-MMA, gadv 80.0+1.7 74.9+2.8 76.6:2.0 32.9 70.6x1.4 76.6%1.0 5644
5-HEMA orec 51.5+1.7 45.2+1.8 43.7+1.0 : 45.7+1.7 50.5:0.5 =
75-MMA padv 73.6+7.4 70.8+0.8 69.91.0 38.9 63.0+1.1 72.3x2.3 4342
25-HEMA Brec 40.5+#0.2 31.92£0.7 31.0+3.1 L 36.3+2.2 37.7+2.1 <
50-MMA, fadv 69.1+1.2 64.3x0.7 63.8:0.4 £3.2 58.9:0.4 66.6+0.3 324
50-HEMA frec 28.1+2.0 20.6%£1.0 20.6%1.0 i 26.6x0.7 28.2%1.5 &
25 HEMA, Badv 65.8+1.4 65.0%1.4 65.9%1.0 56.1 63.8+1.1 71.0:5.7 2247
75 HEMA frec 15.3#0.0 11.6%1.9 9.8£2.7 ’ 17.4+2.1 23.8#5.5 -
5-MMA, fadv 69.7+1.8 72.6%1.5 70.5¢3.8 66.0 65.8+4.6 73.9£1.5 1822
95-HEMA Brec 13.2+4.1 5.9%3.0 4.0t4.7 % 12.5£3.0 20.0+1.0 3
1-MMA, padv 68.6x0.8 74.5+2.0 65.35.2 49.5 65.325.3 71.2:0.4 1942
99-HEMA Brec 16.8+1.3 10.5+1.9 15.8+3.4 " 15.8+3.4 14.4%1.5 =
100-HEMA  @adv 70.6+0.8 70.8+3.1 69.7+5.0 52.9 69.7+5.0 74.9:1.7 1541
Brec 27.0¢1.4 13.3t3.4 16.8#1.3 ; 16.8+1.3 13.2#£4.1 =

hyd. = hydration
hyst. = hysteresis or fadv-frec
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Fig. 7. Contact angle measurements at 24 hour hydration of methyl
methacrylate [MMA] and hydroxyethyl methacrylate [MMA] copolymers
using both captive air bubble and Wilhelmy plate technique. Also

shown is equilibrium water content measurements of the copolymers.

HYDROPHOBIC-HYDROPHILIC-HYDROPHOBIC TRIBLOCK COPOLYMERS

The styrene-hydroxylated butadiene-styrene triblock polymer as with the unde-
rivatized polymer exists in domains due to the incompatibility of the polymer
blocks (Paul, 1978). A1l of the polymers were solvent cast from dimethyl formamide
except for polystyrene which is cast from toluene. The equilibrium bulk water con-
tent and the contact angle results on these polymer systems are shown in Table 3

t.=.1rn:| Fig. 8. As observed with the HEMA-MMA copolymer study, the captive air bubble

underwater contact angle closely corresponds with the dynamic receding contact
aque; however, the styrene homopolymer exhibits an anomalous point to this trend
with the captive bubble angle nearer to the dynamic advancing angle. This is the
only surface we observed where this is found. The receding angle, in contrast to
the HEMA-MMA surfaces, does not correspond well with the bulk water content of the
polymers. The bulk water content increases almost linearily with butadiene content
of the polymer, but the receding contact angle decreases sharply with a small con-
tent of hydroborated butadiene and then remains constant as the butadiene content
is increased. This may suggest that the underwater surface of all the block poly-
mers is dominated by the hydroborated polybutadiene matrix. The dynamic advancing
angle shows a minimum in contact angle at an intermediate butadiene content with
both extremes, the polystyrene and hydroborated polybutadiene, having the highest
adyanc1ng contact angles. The butadiene homopolymer data shown on Fig. 8 is ob-
tained from the hydroborated cis, trans-configuration polymer; however, the con-
tact angle change 1ittle from the other hydroborated butadiene configuration.

ALKYL DERIVATIZED AGAROSE SURFACES

n-Bugyl or n-dodecyl alkyl groups are covalently bonded to the agarose as shown
in F'!g. 3. Details of this work along with protein interaction studies will be
published elsewhere. The underivatized agarose dissolves in hot water but after a
small amount of alkyl group coupling (6.8 umoles butyl per ml packed gel) it is
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Fig. 8. Contact angle measurements at 24 hr hydration and equilibrium
water content of styrene-hydroxylated butadiene-styrene triblock copolymers

no longer water soluble. A1l the materials are readily soluble in dimethyl sulf-
oxide %DHSO). After solution casting onto clean glass coverslips, the surfaces are
dried in vacuum. The agarose beads contain about 95% water before and after deriv-
- atization, but the bulk water content of all the gels decreases substantially when
cast and dried from DMSO. For example, the butyl- derivatives and the native aga-
rose swell to about 65% water, but the dodecyl derivatives swelling to a lesser
amount, and the 60.5 umoles/ml dodecyl agarose only swells to 43% water

(Table 5). For the few agarose materials able to be cast from water, a difference
is shown between the water cast and DMSO cast agarose surfaces and their corres-
ponding contact angles.

The first measurement of the advancing angle on the dried agarose surfaces is
surprisingly hydrophobic but if the slide is immediately redipped to again mea-
sure its advancing angle, the angle is changed considerably and jmmediately be-
comes more hydrophilic. These hydrated advancing angles become more difficult to
measure because the extrapolated line to zero depth of immersion is many times
non-Tinear (Fig. 9) due to rapid loss or absorption of water by the gel. Calcul-
ation of the second advancing angle as shown in Fig. 9 is in many cases not real-
istic. The advancing and receding contact angles of the dry agarose surface as a
function of degree of derivatization is shown in Fig. 10. The contact angle mea-
surements are shown not to be sensitive to small amounts of alkyl derivatization
in the high water content gels. The 24 hour hydration data is even more difficult
to interpret. The butyl agarose becomes more hydrophobic and generally exhibits
larger contact angles as the degree of derivatization increases, as expected. The
n-dodecyl agarose, however, shows a decrease in contact angle, in other words, the
surface becomes more hydrophilic as the alkyl substitution increases. These sam-
ples have been repeated and the same trends have been observed. n-Hexyl and n-
octyl derivatized agarose are presently being prepared to helpclarify these results.
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TABLE 5 Equilibrium Water Content and Contact Angle Data for Alkyl

Derivatized Agarose Surfaces

Degree of] Equili- 24 hr. hydrated
Derivat- | brium Dry Surfaces Surfaces
Casting | jzation Water

Material | Solvent | ymol/ml | Content g Adv B Rec 8 Adv 8 Rec
agarase H,0 0 — 46.4+3.0 | 7.7+ 1. 0 0
agarose OMSO 0 64 68.8+1.8 |18.0+ 6.5 (10.8% (0.5 [10.8% 0.
n-butyl

agarose HEU 3.9 — 102.2+£3.0 | 9.7+ 1 g2.2% 1.2 | 8.9 2
n-butyl

agarose DMSO 3.9 61 B83.1z1.9 (17.6210. 8.7£10.3 | 8.7£10.
n-butyl

agarose HZD 6.8 s 117.222.7 | 8.3+ 2.2 [B5.225.3 [10.1+ 9
n-butyl

agarose OMs0 6.8 64 109.5£3.3 18.2+ 3.1 |36.0+3.0 [24.6+ 5
-n=butyl k

agarose DMSO 13.0 66 98.1+3.1 [28.5¢ 3.1 |p4.8+6.2 [29.9+ 5
n-butyl

agarose DMSO 19.1 64 92.8:2.5 31.0% 4.0161.1£3.0 [25.6% 2
n-butyl

agarose DMS0 31.1 59 92.0+2.4 [37.0% 1. — 26.2+ 7
n-dodecy]

agarose DMSO 7.9 60 96.1+1.8 [29.5+ 1.0|34.6x4.0 (34.6% 4,
n-dodecy]

agarose DMSO 16.1 55 99.2+45.3 |26.3% 2.4 (27.342.0 [27.3+ 2.
n-dodecy]l )

agarose OMSO 3a.2 45 100.8x1.9 (24.3+ 2.4 (21.244.0 |2].2% 4.
n-dodecyl

agarose DMSO 60.5 43 104.0+1.9 |21.3+ 3.1 (17.8+3.3 [17.8+ 3.

Contact aqgies are extremely useful measurements to determine surface energetics.
The receding angle as measured by Wilhelmy plate procedures most closely approxi-

SUMMARY AND CONCLUSIONS

mates the underwater captive air bubble angle and correlates to the bulk water
content of the systems studied. The receding angle is much more difficult to

interpret and the random and block copolymers exhibit minimum angles at the inter-

mediate (v 50-50) copolymer ratios. In the higher water content gels, contact

angle induced surface deformation (Andrade, 1979b) may complicate the analysis.

Contact angle hysteresis is observed in all but the most hydrophilic polymers
studied. Surface roughness is not the cause in the surfaces studied and it has

been shown that roughness is not a serious cause of hysteresis if the rugosities
are less than 0.5 u (Johnson, 1969). The hysteresis may be due to surface chemi-
cal heterogeneity (Johnson, 1964, 1979; Penn, 1980a) In the HEMA-MMA copolymers,

static contact angle hysteresis is usually less than the dynamic contact angle
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hysteresis. The angles between the static contact angles in a short time frame

{15 sec.) are unchanging proyided that solvent evapgration is taken into account
and may be due to most stable or metastable intermediate states {Penn, 1980b).

A

FORCE

Y

DEPTH OF IMMERSION

Fig. 9. Wilhelmy plate measurements of agarose surfaces. The surface is
jnitially dry and exhibits a relatively hydrophobic advancing angle. Upon
re-immersion, the_advancing angle becomes more_hydrophilic and in many cases
produce non-equilibrium angles which are not readily calculated.
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Fig. 10. Advancing (upper 1ine) and receding (lower line) angles
n-alkyl derivatized agarose surfaces.
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THTROMICTION

The nature of the tnteract lon between hlood and pelymer {s not complece-
ly understood. Platelet adheston to the surface may initiate a serles of hio-
chemical reactions which resules in the formation of thrombus. A preliminary
vvent whiclh occurs helove plateler deposition s the adsorption ol plasma
proteins at the Lloeod-pelymer Interface. The amount, type, and ericntation of
the adsorhed pratein Ix felt to determine the overall compatibility or incom-
patibility of a polymer when dnterfaced wicth blood.

This study atrempts to clarify the role protein adsorption plays in
blood-materials interact lons by uellizing a model polymer system which shows
minimal protein adsorpt fon at physiological conditions. This polymer is then
modilicd by various means to allow for selective protein interactions.

The polymer used in this study is the naturally occurring polysaccharide,
agarose which is obralned [rom Pharmacia Fine Chemicals as uncrosslinked
Svphnrosejﬁ 4R-200 hiewls. Agarose is commonly used in biochemiscry l(or the
gel permeation chromategraphic separations of protein molecules. From these
studies, the non-adsorpt lve nature of agarose is well documented [1]. The
overall objective of 1his work is to utilize the surface characteristics
exhibited by these maditicd polymers showing superior blood-materials inter-
actions, and engincer these properties inte other more applied polymers to

improve their blood compatibilicy.

In this study we describe the modification of agarose with n-alkyl
groups and investigate how these hydrophobic interactions between protein and

polymer influence overall blood interactions.

EXIMERTHENTAL

Although several weihods are described in the literature for the deriva-
tization of agarose [2,1.4] for hydrophobic chromatographic separations, all
of these methods requlre the use or produce crosslinked gels. Since most of
the conventional in vitio and fn vivo bleod testing procedures utilize fabri-
cated surfaces, we investigated alternate procedures for alkyl derivatization
of agarose which does not produce crosslinking so the beads can be redis-
solved for use in solution casting of surfaces.

It has previeusly lwen shoun that agarese heads in water can freely be
exchanged with certaln organic solvents without changing thelr physical chare-
acteristics [5). In this study, the Sepharose 4B-200 was exchanged with
acetone to allow for greater flexibilicy in derivatizacion procedures with
the use of an aprotlc nnlvent. Residual water concentration of the acetonc
exchanged ngarosc was mewmitored by a modified Karl Fisher titration method
(0], The agarose-acetone suspension was then allow to react with various n-
alkyl chloroformates to couple the alkyl group to the agarose via a carbon-
ate Unkage as shown o Vigure L. The alky! proup is eritium labeled to aid
in the quantitation of 1w derivatization. The derivatized agarose is then
Sequentially exchanged with water.

The carbonate 1inkage produced in this reaction using n-butyl chloro-
formate is stable at pll wl three and higher for at least 24 hours ac r.t.,
but is slightly less stable in base showing low level alkyl carbonate clea=
Vage at pll of 9. Dertvar levd alkyl-agarose samples have been stored In dis-
tilled water ar 59C for over six months with no appreciable leakage of atkyvl
Broup.
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Protvin adsorpt bon 1o the agarose beads are determtoed by o metliols
1Y A column chromatepraphic procedure; and 23 A stivred bateh adsorption
procedure. For the chressatographic procedure, the deivatized agarose s
packed ina 5wl glass column containing phosphate but fered saline (I'B5).
Sercum 90 wl) is injected on the column and UV adsorbanee [low through cell
in uned to monitor the clvant. The proteins which are not adsorbed are elured
with FBS; the adsorbed proteins are eluted with FBS containing 30%L v/v ply-

cerol, These [ractions are characterized by gradient polyacrylamide pel
vlectrophoresis using silver stain detection methods [7]. In the stirred
batch adsorption experiment, the derivatized agarose is mixed in excess serum
and washed extensively with BPS until no protein can be detccted in the wash.
The hound proteins are then desorbed with a 50% glycerol=50% I'BS solution and
again characterized by the electrophoresis procedurces.

Although no protein is found to be adsorbed to the underivatized agarose,
albumin starts to bind to the gel at relatively low degrees of derivatiza-
tion, ~ 20 uymole alkyl group per ml packed gel. Albumin is vightly bound at
derivatizacion levels above ~ 60 pmole/ml packed gel and other proteins as
y-globulin novw start to adsorb.

Uncrosslinked agarose exhibits the characteristic of dissolution in hot
water and gelatin in water below 40°C. The alkyl derivatized agarosc mater-
fals are no longer water soluble at low degrees of derivatization due to the
internal hydrophobic forces, but dissolve readily in dimethyl sullfoxide. Sur-
[ai- - are cast [rom this solvent and characterized primarily by advancing-

T § water contact angles to measure surface energetics and ESCA (X-ray
phitovleceron spectroscopy) to measure surlace elemental composition.

The contact angle analysis of underivatized agarose [8] show low angles
with minimal contact angle hysteresis indicating the surfaces are highly
wetting. The surfaces for both the n-butyl and n-dodecyl agarose derivatized
at varlous degree ol substitution become more hydrophobic, as expectcd, with
increasing amounts of alkyl group te a level of ~ 60 umole alkyl group per
ml of packed gel after which the contact angles become relatively constant
at B0-90°C advancing and 30-40° creceding angles (Figure 2).

ESCA analysis show the derivatized agarose surlaces to contain enly car-
bon and oxygen, thus, free of other elemental contamination (ESCA does not
detecc hydrogen) with increasing amounts of carbon in relation to oxygen at
increased derivatization values. The carbon spectra is broken down into alkyl,
ether, and carbonate carbon oxidation states and correlates closely with bulk
derivatization analysis.

The initial blood testing on the derivatized agarose surfaces has con-
sisted primarily of normallized whole blood clotting time studies [9]. These
tests show prolonged clotting times on agarose surfaces derivatized with both
n-butyl and n-dodecyl groups above 200 pmole/ml packed gel and below 23 pmol/
ml packed pel derivatization levels. The intermediate derivatized surflaces
show a decrease in clotting time with a minimum value occurring about 50
vmol/ml packed gel. Future work i(ncludes additional in vitro bloed studies
and correlations between agnrose beads and agarose surfaces ol protein
adsorption.

ACKENOWLEDGEMENTS

The authors ackpowledge financial support from NIl grant HL2646T and
technical assistance from Joseph rohan.

REFERENCES

1. "Gel Fileration-Theory and Practice" published by Pharmacia Fine Cheml-
cal, April 1979, Uppsala, Sweden.

644

Gt Harehy B Parikh and Py Coatrecasan, Soalo Biochem, E'E‘ (R
(it

S Hperten, Jo Ghromatopr., ]_l_?_. V25 (191Y).,

fio%e Bethell, J.%. Ayers, 5.M. Hancock, and “0.H. Hearn, Do Biol. Gheo.,

296, 2572 (1979).

T.C.0. Gribnaw, C.A.G. Van Eekelen, C. Stusn, and G.1. Tesser, J.
Chromategr., 132, 519 (1977).

F. Scholz, Fresenius Z. Annl. Chem., EEE. 0 f1981).

D.W. Sammons, L.D. Adams, and E.E. llishizawa, Electrophoresls, 2, 135

(1981).

D.E. Gregnois, K. Hsu, D.E. Boerger, L.H. Smith, and J.D. Andrade, in
“Macromolecular Solutions,” R.B. Seymour and G.A. Stahl, eds., Pergamon
Press, 1982, pp 120-133.

D.l. Coleman, D.E. Gregonis, and J.D. Andrade, J. Biomed. Materials
Res., 16, 181 (1982).

H "
| 5 1
CHy4CH . C=0 + NoBH, —> CH, +CH, , C—OH
H
o
[}
e el
3 -
3. H 0
0
N AGAROSE-OH i i

CHy 4 CH, ¥, C~0-C-0-AGAROSE <———— CH, +CH}, ¢=0-C -c

-
I

1 i ’ 1
Figure 1. Preparation and covalent bonding of a-tritiated aleohols

to agarosc.

645



anrrsuims svaLE

COMTACT AWOLE IDEOWEER]

EELEE SAATL BABEFINSEE BRRIRIVATIANS ABASSRE B fean

i

Figure 2. Advancing-receding contact angles of alkyl derivatized
agnrose surfaces hydrated tour hours in distilled water.
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EXPERIMENTAL

Materials Preparation

The agarose used in this study is obtained from Pharmacia Fine
Chemicals as uncrosslinked Sepharose 4B-200 beads, Although several
methods are described in the literature for the derivatisation of
agarose (Hjerten, 1973; March et al., 1974; Bethell et al., 1979),
all these methods require the use of or produce crosslinked gels.
Since most of the conventional in vitro and in vivo blood testing
Procedures utilise fabricated smooth surfaces, we investigated
alternative procedures for alkyl derivatisation of agarose which
do not produce crosslinking so the beads can be redissolved for use
in solvent casting of surfaces.

It has previously been shown that agarose beads in water can
freely be exchanged in certain organic solvents without changing
their physical characteristics (Gribnau et al., 1977). 1In this
study, the Sepharose 4B-200 beads were exchanged with acetone to
allow for greater flexibility in derivatisation procedures with the
use of an aprotic solvent. The agarose-acetone suspension was then
allowed to react with various alkyl chloroformates to couple the
alkyl groups to the agarose via a carbonate linkage. The alkyl
group is tritium labelled to aid in quantification of derivatis—
ation. The derivatised agarose is then sequentially exchanged with
water.

Uncrosslinked agarose exhibits the characteristic of dis-
solution in hot water and gelation in water below 40°C. The alkyl
derivatised agarose materials are no longer water soluble at low
degrees of derivatisation due to internal hydrophobic forces, but
dissolve readily in dimethyl sulphoxide. Surfaces are cast from
this solvent.

PEG materials are readily available in a wide variety of mol-
ecular weight fractions (Bailey and Koleske, 1979). The PEG mol-
ecule is depicted as:

HO (CH,CH;-0) H

Relatively easy modification of the terminal hydroxyl group(s)
results in chemical activation of the PEG molecule. A method used
in this report reacts PEG with excess phosgene to produce PEG bis-
chloroformates. Quartz substrates are modified by vapour phase
reaction of Y-aminopropyltriethoxysilane (APS) (Haller, 1978). The
APS procedure incorporates reactive amino groups at the quartz
surface. The APS quartz is then immersed in a 5% solution of PEG
bis-chloroformate in an inert (aprotic) solvent such as methylene
chloride. After 2 hours, the quartz is removed from reaction,
washed extensively with water and absolute alcohol and then dried at
room temperature in vacuum.
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Materials Characterisation

The resultant surfaces are characterised by advancing-receding water
contact angles using the Wilhelmy plate procedure, X-ray photo-
electron spectroscopy (ESCA) using a Hewlett-Packard 5950B instru-
ment and optical microscopy. The contact angle measurements on
agarose and derivatised agarose have previously been reported
(Gregonis et al., 1982). Low wetting angles are observed with
underivatised agarose with minimal contact angle hysteresis indi-
cating that the surfaces are highly wetting. The surfaces of alkyl
(n-butyl and n-dodecyl) agarose derivatised to various degrees of
substitution become more hydrophobic with increasing amounts of
alkyl group to a level of %60 pmol alkyl group per ml of packed
agarose gel, after which the angles become relatively constant at
80°~90° advancing and 30°-40° receding angle. The PEG coupled
surfaces show very little contact angle hysteresis (40° advancing,
30° receding) with little change of the angle with molecular weight
of the PEG.

ESCA analysis shows the derivatised agarose surfaces to contain
only carbon and oxygen, thus to be free of other elemental contamin-
ation (ESCA does not detect hydrogen) with increasing amounts of
alkyl-type carbon in relation to oxygen at increasing derivatisation
values. The carbon spectra are broken down into alkyl, ether and
carbonate carbon oxidation states and show close correlation with
bulk derivatisation analysis. The PEG grafted surfaces possess
greater amounts of ether carbon at the surface with increasing
molecular weight of PEG, as expected. Optical microscopy shows the
surfaces to be homogeneous and particulate free,

PROTEIN ADSORPTION STUDIES

Protein adsorption to flat surfaces is monitored with the total
internal reflectance intrinsic fluorescence (TIRIF) technique (van
Wagenen et al., 1982). The intrinsic fluorescence of tryptophan-
containing proteins, excited at 280 nm, is measured at the interface
bead columns measuring ratios of unbound protein fractions (eluted
with pH 7.4 phosphate buffered saline) and bound protein fractions
(eluted with a hydrophobic buffer of 50:50 phosphate buffered
saline:glycerol containing 1% n-butancl).

Protein adsorption to flat surfaces is monitored with the total
internal reflectance intrinsic fluorescence (TIRIF) technique (Van
Wagenen et al,, 1982). The intrinsic Ffluorescence of tryptophan-
containing proteins, excited at 280 nm, is measured at the interface
using total internal reflectance of the excitation light. The
evanescent wave which decays across the interface excites the tryp—-
tophans. The emitted fluorescence (320-350 nm) is collected as a
function of time. The adsorbed proteins are measured as the in-
crease in fluorescence intensity at 320-350 nm after exposure of the
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surface to various proteins or serum and then flushing with phos~-
phate buffered saline.

IN VITRO BLOOD INTERACTIONS

The surfaces were evaluated by normalised whole blood clotting times
(Coleman et al., 1982) and by platelet adhesion. Significant dif-
ferences are noted in the clotting times of the alkyl agarose sur-
faces as a function of derivatisation. The clotting times pass
through a minimum around 40-60 Hmol alkyl group per ml packed gel
derivatisation. Platelet adhesiveness increases substantially with

alkyl derivatisation as measured by a modified centrifugation test
procedure (Mohammad et al,, 1974),

The PEG surfaces show greatly prolonged clotting times over all
the agarose substrates tested. Previous studies have shown that PEG

surfaces minimise platelet adsorption (Merrill et al., 1982; Mori et
al., 1982).
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Model Polymers for Probing Surface
and Interfacial Phenomena

D. E. Gregonis and J. D. Andrade

1. INTRODUCTION

This chapter will review the use of model polymer systems for studying
surface and interfacial properties. It is not intended to be all inclusive in
regard to the overall chemistry of the systems, or even to review each and
every polymer which has been investigated. This chapter is meant to provide
a condensed overview of the bulk and surface characteristics of selected
systems. Generally these model polymers are systematically prepared in
order to change the bulk composition of polymeric material. The bulk
composition is then extrapolated to the interface. It must be emphasized
that this extrapolation is often not direct. The tendency is for the polymer
to minimize its interfacial energies; thus, a polymer cast against a clean
(high energy) glass surface may exhibit different surface properties than
the same polymer’s air-exposed surface. These eflects are more pronounced
in block copolymers which may have large domains of different surface
properties. A polymer with high glass transition temperature may retain its
surface energies for extended periods of time or until annealing. Polymers
with their glass transition below room temperature may reorient quite rapidly
upon exposure to different environments and may have different groups
€xposed in an air environment as compared to an aqueous environment.
(See Chapter 2.)

Plasticization of a polymer generally decreases the glass transition
lemperature. A hydrogel, such as poly(hydroxyethyl methacrylate), can
have a high glass transition temperature (1 15°C)™" in the dry state but
becomes a highly flexible polymer when swollen with water. Even polymers

D E Gf.‘egam's and J. D. Andrade ® Department of Bioengineering, University of Utah, Salt
Lake City, Utah 84112.
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44 D. E. GREGONIS AND J. D. ANDRADE

that are not highly swollen in the aqueous environment may experience
enough plasticization of the polymer chains at the interface to have different
thermal motions as compared to the polymer chains found in the bulk.
What must be emphasized is that extrapolation from bulk polymer
measurements to surface properties is not direct. The ability to measure the
top ten angstroms of the polymer interface are limited ; most of the available
techniques measure the dry, nonhydrated polymer surface. However, until
surface measurement techniques become more advanced, knowledge of the
bulk polymer system is still important for investigating surface trends.

2. STEREOREGULAR POLYMERS

21. PURPOSE (STEREOCHEMISTRY)

All addition polymers which have unsymmetrical groups off the main
chain exhibit asymmetrical centers along the polymer chain. The orientation
of these groups in relation to adjacent neighbors is referred to as stereoregu-
Jarity. Polymers such as polyethylene, polyisobutylene, and poly(vinylidene
chloride) have symmetric pendant groups, and thus do not exhibit
stereoisomerism. Although several forms of stereoisomerism exist,”” only
the methacrylate polymer system, which can exist in isotactic, heterotactic,
and syndiotactic configuration, will be covered here. Even though it seems
reasonable that the stereochemistry of the polymer may influence its biologi-
cal interactions, no systematic study of these polymeric systems has been
done to substantiate this hypothesis.

One of the most studied systems, the methacrylates, has a methyl group
and a carboxylic acid or derivatized carboxylic acid group attached to every
other carbon atom along the main chain, Thus, if the polymer chain is

R R

H H

H H
R H R

(b} H H H
:r-'! IR :Ft

H H H

FIGURE 1. Zig-zag planar conformation of the
main chain of vinyl polymers having different
types of stereoregularity: (a) isotactic chain; (b)
syndiotactic chain; (c) atactic chain [reprinted
with permission from Reference (76)].

MODEL POLYMERS FOR PROBING SURFACE AND 1.

stretched, in the extreme cases of tacticity the same group 1s always on the
came side (isotactic) or on alternate sides (syndiotactic) of the polymer
chain. Random orientation of the groups is referred to as atactic (Figure 1).

The stereoregularity of the polymer usually has a strong influence on
bulk characteristics. For example, the glass transition (T,) for poly(methyl-
methacrylate) is 41.5°C for isotactic, 125.6°C for syndiotactic, and 104°C
for atactic pt:lemer.”n Tactic polymers generally show detectable changes
in properties such as density, solubility, rate and extent of solubility,
crystallinity, thermal and mechanical transitions, and spectroscopic charac-
teristics such as infrared and nuclear magnetic resonance (NMR) spectra
and X-ray diffraction patterns. Although many of these methods have been

used to quantitaie stereoregularity, the NMR technique 1s most sensitive
)

for exact measurements in most polymer systems.”

2.2. CHEMISTRY

The synthesis of methyl and other alkyl methacrylates has been widely
studied. The stereoregularity can be varied by both radical and anionic
:nitiation methods. Under identical reaction conditions, the stereochemistry
of the resulting polymer can be strongly influenced by the size of the ester
substituent. _

In general, for poly(methyl methacrylate) and other small ester
methacrylates, the tacticity of the polymer polymerized free radically pro-
duces a 60% syndio, 40% hetero, 0% isotactic configuration.””’ Decreasing
the temperature of polymerization results in a greater degréé_ of syndiotac-
ticity (Table 1). For example, poly(hydroxyethyl methacrylate) polymerized
by radical means at —40°C produced a 84% syndio, 16% hetero, and <1%
isotactic configuration.

TABLE 1
Effect of Temperature on Tacticity in Radical
Polymerization of Methyl Methacrylate®

Temperature Fraction of syndiotactic
(°C) piacement(s]
—40 0.86
60 0.76
100 0.73
150 0.67
250 0.64

2 From Reference (74).
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TABLE 2
Effect of Solvent on Tacticity of Poly(methyl methacrylate)®

Tacticity (triad analysis)

M, - S g

Polymerization system Iso Hetero Syndio
Radical, bulk polymerization at 60°C 0.08 0.33 0.59

n-C,HoLi at —78°C
o, Tetrahydrofuran in toluene:

0 0.78 0.16 0.06
2.5 0.30 0.31 0.39
5 (.24 0.34 0.42
10 0.13 0.35 0.52

@ Erom Reference (74).

The anionic polymerization technique provides much more versatility
in preparation of these tactic polymers. The polymerizaﬁon is much more
sensitive to reaction conditions, €.g., temperature, solvent composition,
order and possible rate of addition of reactants.””’ One of the more common
anionic initiators is n-butyl lithium. When polymerization takes place in
an apolar solvent such as toluene, highly isotactic product results; but upon
addition of the polar solvent tetrahydrofuran to the reaction, a syndiotactic
polymer results, as shown in Table 2. The polar solvent acts 10 increase the
distance between the gegen jon from the propagating anion, negating its
stereochemical influence on the incoming monomer. This effect is also noted
in ether-containing mMONOMETs, such as methoxyethyl methacrylate. When
anionically polymerized in an apolar solvent, the formation of syndiotactic
polymer results due to ether solvation of the gegen ion.'™

Stereoregular poly(hydroxyethyl methacrylate) hydrogels have been
prepared using the above concepts. The hydroxyl group was protected as
the benzoate ester during anionic polymerization, and then removed
by selective hydrolysis. The isotactic polymer exhibits a more strongly
tcmpera{ure-dependent aqueous swelling profile than the syndiotactic
polymer.®’

2.3. BULK PROPERTIES

As mentioned above, the bulk properties are generally different for
polymers of different stereoregularity. It has been proposed that isotactic
poly(methyl methacrylate) exists as a double helix?: however, this recently
has been questioned.'”’ The relation between the tacticity of poly(meth)’l
methacrylate) and glass transition temperature is shown in Table 3.

sy ——
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TABLE 3
Glass Transition as a Function of Tacticity of
Poly(methy! methacrylate)®

Glass transition Tacticity (triad analysis)

temperature
T(°C) Iso Hetero Syndio
1.5 0.95 0.05
543 0.73 Q.16 0.1
61.6 0.62 0.20 0.18
104.0 0.06 0.37 0.56
114.2 0.10 0.31 0.59
120.0 0.10 0.20 0.70
25.6 0.09 0.36 0.64

@ From Reference (3).

24. SURFACE CHARACTERIZA TION

‘The surface wettability of tactic polymers as measured by critical surface
tension contact angle methods exhibits no difference between isotactic and
atactic poly(methyl methacrylate) (v, = 36 dyn/cm); however, isotactic
poly(e-chloroethyl methacrylate) and poly(phenyl methacrylate) show
lower y, by about 4 dyn/cm than those of the atactic polymer."'" It is
postulated that this effect is due to specific conformation rez:]uirements of
lpe bulkier ester group which would minimize hydrogen bonding interac-
tions between the methacrylate carbonyl and wetting liquids. The smaller
methyl ester substituent would minimize this efiect.

) Methacrylate polymers and copolymers may show time-dependent
1nterfacia1 properties in contact with water. This effect has been discussed
in some detail in Chapter 2 and will not be repeated here. It is important
to point out, however, that surface properties may and generally are time
temperature, and environment dependent. ’

: ”3. HYDROXYETHYL METHACRYLATE COPOLYMERS

3.1. PURPOSE (SYSTEMIC HYDRATION)

2 p;rlh:nmethacrylgte system offers the .versatility of providing a wide range
34 the); er properties by varying t_he side chain ester functionality. Many
i € monomers are commercially available or can be conveniently

pared in the laboratory. A system which has been widely studied"'® is

t
: he poly(methyl methacrylate-hydroxyethyl methacrylate) (MMA-HEMA)
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copolymer system. Poly(methyl methacrylate) is a hard, rigid glassy polymer
that absorbs approximately 1-2% water when hydrated. Poly(hydroxyethyl
methacrylate) in the dry state is also a hard, glassy polymer; it becomes a
hydrogel by absorbing 40% by weight of water wher hydrated. Other
hydrophobic comoOnomers have been substituted for MMA in this system,
for example, ethyl methacrylate' 13) and methoxyethyl methacrylate, resulting
in relatively similar properties to those of the copolymers.

3.2. CHEMISTRY

The polymers of MMA and HEMA are polymerized generally by radical
initiators. For biomedical applications, azobisisobutyronitrile (AIBN) or
AIBN derivatives are generally preferred die to the similarity of the initiat-
ing group to the methacrylate backbone, and the absence of charge. The
chemistry of the hydroxyethyl methacrylate system has recently been
reviewed.''>'*

The reactivity ratios of HEMA to MMA, ethyl methacrylate (EMA),
and n-butyl methacrylate (BMA) have been reported by Varma et aliteteh
for bulk polymerizations; they report a higher reactivity of the HEMA
radical relative to the HEMA monomer and a higher reactivity for the MMA
and other hydrophobic methacrylate radicals relative to the HEMA
MOonomer.

The monomer reactivity of HEMA with hydrophobic methacrylates at
60°C using the Fineman-Ross method is:

nHEMA rnMMA rHEMA nrEMA rHEMA rBMA
1.054 0.296 1.87 0.55 2.08 0.45

This indicates that the initial polymer produced is higher in HEMA
composition in comparison to the monomer feed. However, other reports’'”’
indicate the reactivity ratios of HEMA and MMA to be r,(HEMA), 0.66,
and r,(MMA), 0.86, indicating this copolymer tends toward an alternating
system.

Soluble polymers of the methacrylate system are obtained by polymeriz-
ation at high solvent dilution, typically one part monomer to ten parts
solvent. Polymers prepared by this method at 60°C are ~60% syndio, 40%
hetero, and <1% isotactic. The soluble polymers are generally used for
preparation of solvent cast films. It should be mentioned that uncrosslinked
PHEMA, although it swells in water, will not dissolve due to the hydrophobi¢
nature of the methacrylate backbone.

T —— —
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FIGURE 2. Water content and modulus of elasticity as a function of molar fraction of HEMA
in HEMA-MMA copolymers [reprinted with permission from Reference (18)].

3.3, BULK PROPERTIES

The aqueous swelling of HEMA and MMA or methoxyethyl methacryl-
ate (MEMA) copolymers results in a linear relationship when volume
percentages of HEMA and MEMA are copolymerized."'? The water fraction
of MEMA homopolymer is 0.035% water and pHEMA homopolymer is
0.40% water. When molar fractions of MMA and HEMA are polymerized,
the water content again increases with increasing percentage of HEMA;
however, this does not follow exactly a linear relationship. Young’s modulus
undergoes a sharp decrease at near equal molar ratio.!'® This is the transition
region where the hydrated copolymer changes from a glass to a plasticized
rubbery polymer as shown in Figure 2

34. SURFACE CHARACTERISTICS

The interface between a hydrogel and water is more diffuse when
compared to a hydrophobic polymer-water interface.'®’ It has been shown
!ffat contact angle methods can lead to local dimensional changes of the
highly deformable gel surface.””’ (See Chapter 7.)

Captive underwater air and octane droplet data have been reported
for the HEMA_MMA and HEMA-EMA copolymers.!’ This study utilized
the Hamilton procedure'*?* for calculation of dispersion and polar com-

_ ponents at the interface and the surface-water interfacial free energies as

shown in Figure 3. The surface-water interfacial free energies approach
Zero at values as low as 30% water suggesting that the hydrophilic phase
ominates the underwater interface.
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The aqueous wetting character of HEMA-MMA copolymers has also
been reported as a function of the mole ratio of HEMA as in Figure 4.°%
In this study, the wetting characteristics are measured both by the Wilhelmy
plate procedure and the captive underwater air bubble procedure. The
dynamic advancing and receding Wilhelmy angles are recorded as the
surface is immersed and removed from the water liquid at a rate of
40 mm/min. To obtain the static Wilhelmy plate angles, the surface was
stopped for 15 seconds at several points in both the advancing and receding
mode, before measurements were made. The receding contact angle changes
created at higher amounts of hydroxyethyl methacrylate in the copolymer.
The advancing contact angle shows less change over the copolymer range.
The underwater captive air bubble closely approximates the receding contact
angle measurements of the Wilhelmy plate.

Analysis of ethyl methacrylate-HEMA copolymers by X-ray photoelec-
tron spectroscopy (ESCA) have been reported on solvent cast and radiation
grafted surfaces."”

e S e
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FIGURE 4. Contact angle measurements at 24-hour hydration of methyl methacrylate [MMA]
and hydroxyethyl methacrylate [HEMA] copolymers using both captive air bubble and
Wilhelmy plate techniques. Also shown are equilibrium water content measurements of the
copolymers [reprinted with permission from Reference (24)).

4. BLOCK COPOLYMERS

Mixtures of two homopolymers are usually not compatible; that is they
phase separate into macroscopic domains consisting of essentially pure

. homopolymers.?* If these two polymeric materials were covalently coupled,

they would still be phase separated, but the phase domains will be limited
to the molecular weight of the polymeric chains and the relative molecular
javeight ratios of the two polymers. The polymeric blocks can be arranged
in various structures, i.e., A—B, A—B—A, and (A—B), blocks, so-called
diblocks, triblocks, and multiblock polymeric systems.

4.1. PURPOSE (MORPHOLOGY)

Block copolymer systems permit the control of morphology for the
study of protein interactions and cellular adhesion. For example, if one
investigates the general detail of A—B diblocks or A—B—A triblock copoly-
mers, and changes the volume fraction of the blocks, one finds a systematic
order of the phases as shown in Figure 5. ;

If the morphology of these polymers extends to the interface, the nature
of protein adsorption is expected to change compared to that on a
homogeneous surface. When a protein molecule diffuses to the vicinity of
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CYLINDERS SPHERES

SPHERES CYLINDERS LAMELLAE

Increasing A-Content

v

Decreasing B- Content

FIGURE 5. Schematic illustration of various phase structures composed of components A
and B [reprinted with permission from Reference (7771

the polymer-solution interface, it may adsorb on either phase A, B, or even
the A—B interface bridging the two phases. Table 4 shows the techniques
which are useful for the differentiation of block copolymers Versus
homopolymer blends. (See Chapters 10 and 13.)

Several block copolymer materials are of commercial importance. These
include the styrene-butadiene or styrene-isoprene A—B and A—B—A
block systems produced by Shell Chemical Company (Kratons) and Phillips
Petroleum Company (some grades of Solprenes). Several (A—B)x materials
are commercially available including the polyether-polyester blocks pro-
duced by DuPont Co. (Hytrels) and the polyurethanes, which may be
poly(ester—urethane} blocks, poly(ether—urethane) blocks, poly(ether-
urethane-urea) blocks, etc. Makers of these polyurethanes include Upjohn
Corp. (Pellethanes), DuPont Co. (Lycra), Mobay Co. (Texins), and B. F.
Goodrich (Estanes). Because of the biomedical importance of the urethanes,
they are included in a separate listing in this chapter.

4.2. STYRENE-HYDROXYLATED BUTADIENE-STYRENE
TRIBLOCKS

Styrene-butadiene-styrene triblock materials are commercially avail-
able from Shell Chemical Co. (Kraton) and from Phillips Petroleum Co.
(Solprene) in a wide variety of molecular weight and composition ratios.
Several groups have used these materials to prepare hydrophilic-hydro-
phobic segments by oxidation of the butadiene block either by peracid
followed by hydrolysis®**” or by hydroboration procedures.**?* The per-
acid method leads primarily to dihydroxylation of the double bond as shown
in Figure 6, whereas the hydroboration leads to anti-Markovnikov monohy-
droxylation of the double bond as shown in Figure 7. Due to the nature of
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TABLE 4
Techniques for Block Copolymer Characterization®

S

Block copolymer Versus homopolymer blend

1. Solubility characteristics
a. Solid phase extraction
b. Solution fractionation
_ Film clarity
_ Splution compatibility
_ Molecular weight distribution
a. Density gradient ultracentrifugation
b. Gel permeation chromatography
5. Rheological characteristics

o )

Block copolymer versus random copolymer

. Proton magnetic resonance

Molecular structure

1. Osmometry

2. Solution light scattering

3. Ultracentrifugation

4. Gel permeation chromatography
5. Soiution viscometry

6. Oligomer analysis

7. Selective degradation
Architecture and purity

1. Elastic recovery

2. Rheological characteristics

3. Gel permeation chromatography

4. Density gradient ultracentrifugation

2. Infrared spectroscopy
3. Dynamic mechanical behavior Supermolecular structure
4. Diﬂcrcmial. scanning calorimetry 1. Dynamic mechanical behavior
2‘ E‘ICIC;;CI‘“ T'C;(oimpi i 2. Differential scanning calorimetry
5 M":::h;:;E; pr_oz);:i:r» FRD 3. Rheological characteristics
8. Rheological characteristics cE]l: ::S: ;1;;:;';: ;) BN sRrnint
9. Crystallinity characteristics 5. Wide-angle X-rayps);:attering
10. Solution light scattering 6. Small-angle X-ray scattering
11. Thermomechanical analysis 7. Birefringence
8. Small-angle light scattering
? From reference (43).
Peracetic 5 v \
~ 3 1 L
v acid H /
C C-\. e C\-,C T—— /C—C\
cetic acid
0 HO OL'J'CCH3
Alkene Epoxide Hydroxyl-
acetate
H,0/0H
N oy i N o/
;—C\ — C-C\ —— Heparin
HO  OAc HO OH
Glycol

FIGURE 6. Hydroxylation reaction scheme for polybutadienes [reprinted with permission

from Reference (6)].




e By STl WY TV o W OV

H\ _H ()9-BBN ?H
=00 —_— CHS = CH\
+CH, CH2+>( (2)H,0, +CH, CHE-}-jli

CIS AND TRANS

l,4 — POLYBUTADIENE

-(—CH2~~CH-}-K (1)9 - BBN £ CH, = CH+
CH e cH,
Il {2)H202 [
CH CH,OH

|, 2 — POLYBUTADIENE

FIGURE 7. Hydroxylation of olefin-containing polymers by hydroboration procedures (9-
BBN = 9-barobicyclo[3.3.1]nonane) (reprinted with permission from Reference (24)].

the peracid method, which proceeds through a reactive epoxide intermedi-
ate, crosslinked polymer inevitably results; the hydroboration procedure
. leads to uncrosslinked polymer.

The butadiene segments of the S—B—S triblock polymers of different
styrene-butadiene ratios were hydroborated and the bulk water content and
aqueous wetting angles were measured®® (Figure 8). The receding contact
angle shows the most change and becomes highly wetting at or above 20%
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FIGURE 8. Contact angle measurements at 24-hour hydration and equilibrium water content

of styrene-hydroxylated butadiene-styrene triblock copolymers [reprinted with permlssmn
from Reference (24)].

HC-CH, Y, S-CH,CH, N- C-N
C=0

R e s

hydroxylated butadiene content. The advancing contact angle, however,
changes very little over the entire copolymer compasition.

4.3, HEMA-STYRENE-HEMA TRIBLOCKS

Preparation of these A—B—A block polymers with the blocks having
different wetting character has been reported.”®”*®" The (A) blocks consist
of hydroxyethyl methacrylate segments; the (B) block consists of poly-
styrene. This material was prepared from an amino-terminated
poly(hydroxyethyl methacrylate) and a bis-isocyanate-terminated styrene
in order to couple the blocks by urea functionalities as shown in Figure 9.

CHy CH,
—@-S{CH ~CH) s-@-n 262 N—CH CH,S4CH,~C3 H

@ 0=C

0 0

CH,CH,OH HOH,,CH,C

2 Zei

FIGURE 8. Chemical structure of HEMA-Styrene ABA-type block copolymers [reprinted
with permission from Reference (78)].

The wetting characteristic using a water droplet on the dry polymeric surface
is shown in Figure 10 for both the A—B—A triblock system along with the
HEMA-styrene random copolymer wetting characteristics. This contact

1.0
0.8
)
o 0.6
"
o
“0.4
FIGURE 10. Relation  between 0:2
u‘fe.ttabi]ity and copolymer compo-
Sition: (@) HEMA-Styrene ABA- 0 = ~

type block copolymer system: (O)
HEMA-Styrene co-oligomer sys-
lem [reprinted with permission
from Reference (31)].

0

0.2 0.4 0.6 0.8 1.0
HEMA mole fraction
in copolymer
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angle measurement gives results approximating the advancing contact angle
measurement of the Wilhelmy plate procedure. The contact angle becomes
more wetting above 0.8 mole fraction HEMA in copolymer.

5. ALKYL METHACRYLATES

5.1. PURPOSE (SYSTEMATIC CHANGE IN Tg)

Polymer science is aware of the importance of polymer main chain

and side chain segmental mobility on the physical and mechanical properties

. of polvmers. It is very reasonable that such characteristics would sig-
nificantly influence the interfacial interactions of solute molecules with the
polymer surface. (See Chapter 2.) One can think of this in terms of an
entropic argument: if a protein molecule were to adsorb on a highly mobile
polymer surface, it would influence the polymer surface locally and the
mobility of the polymer would be constrained. Therefore, from the entropic
point of view, adsorption would not be favorable assuming all other factors
are constant.®?

The mobility of polymer molecules is expressed via a very commonly
measured bulk property of polymers, the glass transition temperature (T,).
The T, of a polymer is that temperature at which large segments of the
molecule or entire polymer molecules can move within the solid. At tem-
peratures considerably below the glass transition temperature, the mobility
is constrained or does not occur, and as a result the polymer is relatively
brittle and not deformable. If the polymer is crosslinked to a three-
dimensional network, then above the glass transition temperature the
network will generally have elastic character. Thus, all of our common
elastomers and rubbers are three-dimensional polymer networks whose glass
transition temperature is considerably below room temperature. Merrill®?
has suggested that such a surface is in constant motion and would be
relatively unfavorable for protein adsorption. It is difficult to vary T, in
most systems without varying the chemistry of the system. The family of
methacrylate polymers with different length alkyl ester side chains provides
a means of being able to vary T, without greatly altering surface wetting
characteristics.

5.2. CHEMISTRY

The chemistry of the methacrylates has been reviewed.?*?* The
methacrylates can be po]ymerized either by radical or anionic means as
shown opposite:

b e s
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- i
/C\ /O radical -(_CHQ_C"-}_;
CH2 C oranion (=) C=0

O O—R

R = alky!

Many of the alkyl methacrylate monomers and polymers are commer-
cially available, although preparation of specific alkyl methacrylate
monomers is easily accomplished.”® For highly pure polymers it is usually
advisable to purify the monomer and polymerize it in the lab rather than
to obtain the commercial polymer. The polymer is most useable in the
uncrosslinked form, because it can be solubilized and solvent cast. Uncross-
linked polymer can be prepared by polymerizing the monomer at relatively
high dilution (1 to 10) in a good solvent such as toluene or tetrahydrofuran
(for these n-alkyl methacrylates) using a radical initiator such as AIBN
(azobisisobutyronitrile). The polymer is isolated by precipitation in a
non-solv'ent such as methanol and then purified by redissolving and
reprecipitation.

5.3. BULK CHARACTERISTICS

The glass transition temperatures of the n-alkyl methacrylates are
shown in Table 5. The brittle point temperatures of the acrylates and
methacrylates are plotted as a function of the alkyl ester functionality in
Figure 11.

The T, of the methacrylates reaches a minimum with the n-octyl ester
and then increases with temperature due to interactions of the longer alkyl
ester side chains. The accurate measurement of the polymer transitions
requires the complete removal of all solvent or other additives which can
!'unction as plasticizers. This is done by heating the sample in vacuum above
its glass transition temperature.

5.4, SURFACE CHARACTERISTICS

_ The critical surface tension of the polymers will range from 35 ergs/cm’
for poly(methyl methacrylate) to around 24 ergs/cm” for the long chain
length ester methacrylates. Air and octane underwater contact angles”® are
Shown_ for various chain length methacrylate esters in Table 6. The solid-
water 1{}terfacial energies are determined from these values along with the
dispersion and polar components from these surfaces. The dispersion com-
ponent of the surface shows little change over the entire range (from methyl
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TABLE 5 180y
Glass Transition Temperatures (T, )of Alkyl Methacrylate Polymers 2]
(leJ 80
+CH1—(|IT—}
C=0 60 \
| [.
O—R 1\
O 40
R= Name T,(°C) 2
= L
= Z 7
—CH, methyl methacrylate (MMA) 105 5 20 \[ ’J
—CH,CH, ethyl methacrylate 47, 65 Lo L ALKvL 7 &
—(CH,)>,CH; n-propyl methacrylate 33 u METHACRYLATES 4 /
—(CH,);CH, n-butyl methacrylate (BMA) BT £ a6} by B,’
—C—(CHs;)s r-buty]l methacrylate 107 & \ N /] [1/
—(CH,):CH,4 n-hexyl methacrylate (HMA) -5 ! ‘\ ;f
—(CH,),CH,; n-octyl methacrylate (OMA) =70 _20 \‘ 3 /
—{(CH,), CH; n-dodecyl methacrylate (DDMA) —65 o, \ ,?
—(CH,),,CH,) n-octadecyl methacrylate (ODMA) <+60 \, 07
AN ;7-.._.{.]
“ From Reference (75). ~42 N rALKYL
. ACRYLATES /|
\\g !
| \’\( = ,’
! -60 i
to n-octadecyl) of n-alkyl methacrylates. The polar force component
shows a slight decrease with increasing alkyl ester chain length. (See also | 2 4 6 8 10 12 14 16
Chapter 2.) CARBON ATOMS IN THE ALKYL GROUP

FIGL{R€ 11. Brittle points of polymeric n-alkyl acrylates and methacrylates [reprinted with
permission from Reference (75)].

6. DERIVATIZED AGAROSE

TABLE 6

6.1. PURPOSE (MODIFICATION FOR SYSTEMIC HYDROPHOBICITY) Surface Characterization of Alkyl Methacrylates®

The adsorption of plasma proteins on various surfaces can lead to ;

~Th : : : Water contact angle Surface energetics
activation of the blood coagulation, complement, and fibrinolytic systems. (degrees) (ergs/cm?)
The adsorbed plasma proteins may also influence the deposition of platelets Methacrylate T,
and other blood cellular components at a surface. Although investigators ester polymer (°K) 6(air) f(octane)  ysw Y7 ¥t /97
have initially investigated hydrogels for minimizing interactions with blood ettt i A
e =+

components, it is now known that hydrogels such as poly(hydroxyethyl nobuty] 3]0’;312 ?21;.2 81013%.'4 ig'g :T‘g :3'3 g-;g
methacrylate) show fairly strong interactions ‘_with certain blood proteins. n-hexyl 265/257 76 110" 129 90 404 025

There are, however, certain hydrogels which are demonstrated to show n-octyl 192/175 73 105" 299 112 386 0.29
little protein adsorption. These are hydrogels such as crosslinked dextran, n-dodecyl NA 82 118" 362 7.7 385 020
crosslinked polyacrylamide, and agarose gels used by biochemists for gel Sl 5 vgety] Ll 20 130° 411 49 361 0.4

L et i .

permeation chromatography of proteins.”"’ The gel permeation process , From Reference (36).

relies upon size separation of molecules and minimal or non-interaction of Estimated values.
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FIGURE 12. Repeating subunit of agarose [reprinted with permission from Reference (24)].

the protein with the stationary chromatography support is a requirement
for the gel permeation process.

The agarose material is a polysaccharide containing a repeating 1,3-
linked pB-p-galactopyranose and 1.4-linked 3,6-anhydro-a-vL-galacto-
pyranose structure (Figure 12). All the other gel chromatographic supports
require chemical crosslinked structures to maintain their gel properties:
agarose, however, gels by self-aggregation due to helical chain interactions
and by hydrogen bonding and hydrophobic interactions. Agarose is soluble
in hot water (>80-90°C) but forms a porous, mechanically strong network
upon cooling to 30 to 40°C.

A modification of the agarose gel network to cause selective protein
interactions is a technique now known as hydrophobic chromatogra-
phy.?*“*” This is accomplished by various procedures to covalently bond
aryl or various chain length alkyl groups to the agarose network. All of
these previous procedures have resulted in the formation or require the use
of chemically crosslinked agarose chromatography supports. Thus, the
resulting derivatized agarose materials can no longer be dissolved for solvent
casting of films.

6.2. CHEMISTRY

We developed a procedure to overcome the crosslink formation upon
alkyl derivatization.*” To accomplish this, the agarose beads were
exchanged with dry acetone. It has previously been shown that this acetone
exchange does not disrupt the agarose structure.®! The agarose can now
be reacted with alkyl and aryl chloroformates to covalently bond the
hydrophobic group to the agarose molecule via a carbonate linkage. This
linkage is shown to be quite stable in aqueous environments from pH 3 to
8. The derivatized agarose has been stored at 5°C in distilled water for over
six months without detectable alkyl group hydrolysis. The degree of alkyl
group coupling to the agarose can be measured using tritiated alkyl alcohols
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H : 3H"
' , I
CHy+CHy% C=0 + NaBH, —3= CH, 4 CH, % C—OH
H
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H . H

FIGURE 13. Preparation of a-titriated alcohols and covalent bonding to agarose (reprinted
with permission from Reference (24}].

which are readily prepared by the reduction of alkyl aldehydes with tritium-
labelled borohydride. This procedure is outlined in Figure 13.

The agarose and derivatized agarose materials are soluble in dimethyl
sulfoxide which is used for solvent casting of surfaces. The derivatized
agarose is quantitated in terms of wmoles alkyl group per ml of packed gel
for aqueous suspensions of the beads or moles alkyl group per mole
anhydrodisaccharide repeat unit for dried agarose powders. The latter
terminology is a more exact representation of coupling at high derivatization
since the gel structure starts to collapse in water due to the increased internal
hydrophobic forces above a value of ~70 umole/ml packed gel.

6.3. BULK CHARACTERISTICS

Spectroscopic measurements such as transmission infrared and
300 MHz 'H-nuclear magnetic resonance spectroscopy confirm the alkyl
coupling to the agarose structure and can be used as quantitative procedures
to determine the degree of coupling. For example, in infrared analysis the
ratio of the hydroxyl absorption at 3400 cm™' (2.9 um) to the carbonate
absorption at 1750 cm™' (5.7 um) correlates with the percentage of alkyl
group coupling. The carbonate functional group is attached to the agarose
structure by the alkyl chloroformate coupling reaction.

Proton nuclear magnetic resonance (NMR) has been used by us and
others to quantitate the amount of alkyl group coupling. The agarose samples
are dried and then dissolved in a solvent consisting of 25% D,SO, using
0.1 g agarose per 0.5 ml. Typical NMR spectra of the underivatized and
derivatized agarose are shown in Figure 14. The area of the signals as shown
in spectrum C of Figure 14 are ratioed according to the following
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FIGURE 14. 300 MHz 'H-NMR analysis
of agarose and alkyl-derivatized agarose
(spectra taken in 25% D,SO, in D,0):
(A)  n-butylamine standard; (B)

1 Sepharose 4B-200; (C) n-hexyl agarose;
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| (D) n-butyl agarose.
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TABLE 7
300 MHz 'H-NMR Analysis of n-Alkyl Agarose Derivatives

Derivative Ist analysis”® 2nd analysis®
Hexyl agarose | 18.7 E7:1
Hexyl agarose 2 283 28.1
Rutvl ! Bl 10.4
Butyl 2 72 18.3
Butyl 3 30.0 30.9
Butyl 4 12.7 13.1
Butyl 5 21.1 16.8
Butyl 6 29.6 294

“ Reported in wmole alkyl group/ml packed gel.

Ry
equation*?:

moles alkyl group 1/Z

moles anhydrodisaccharide (I 2!)/?

where Z = 2n — 2 for NH,—(CH,),—CH, or HO—(CH,),—CH; and I
and IT correspond to areas shown in Figure 14C. .

The reproducibility of the technique appears to be quite good. Duplicate
analyses of derivatized agarose by the NMR method are shown in Table
7. The NMR results have also been compared with radioisotopic quantita-
tion methods (the radiolabeled samples were obtained from Dr. Herbert
Jennissen, Ludwig-Maximilians-Universitat Munchen, Munich, West
Germany).

As seen in Table 8, good correlations are observed for the hexyl agarose
samples; however, not gquite as good results were observed for the butyl
samples. We haven’t been able to determine if this discrepancy is due to
the radiolabeled samples or the NMR quantitation method.

64. SURFACE CHARACTERISTICS

The surface characterization of the agarose and derivatized agarose
_ﬁlms were done primarily by two methods, ESCA (Chapter 5) and advanc-
Ing/receding water contact angles (Chapter 7). The ESCA technique
measures the top 50 =20 A of the surface of the polymer, whereas the
contact angle method (Wilhelmy plate) measures the top 10 A for most
Surfaces. The contact angle method as applied to hydrogels is not very well
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TABLE 8
Comparison of NMR Method and Radioisotope viethod for Analysis
of Alkyl-Derivatized Agarose

Derivatization: Derivatization:

NMR method® radioisotope metiiod”
Hexvl agarose | 12.2 14103
Hexyl agarose 2 17.1,18.7 207 = 1.0
Hexyl agarose 3 28.1,28.3 28.3 + 4.6
Butyl agarose | 10.4, 11,1 213+ 08
Butyl agarose 2 18.3,17.2 341 £ 2.5
Butyl agarose 3 30.9, 30.0 459+ 1.3

“ Average of 2 determinations.
b Average = standard deviation for 3 determinations,

modeled due to the diffuse water-bulk gel interface and the problem of
contact angle-induced surface deformation (Chapter 7).

The ESCA studies used a Hewlett-Packard 5950B X-ray photoelectron
spectrometer utilizing Al Ko radiation (1487 eV) and a vacuum of 107" to
10~° torr at ambient temperature. Water contact angles utilized a Wilhelmy
plate apparatus built in our labs. The agarose samples were solvent cast
and dried on glass plates from 0.2-u-filtered dimethyl sulfoxide solutions,

The contact angles of butyl and dodecyl agarose after one hour of
hydration are plotted versus the degree of derivatization in Figure 15. The
underivatized agarose is, of course, very hydrophilic and exhibits essentially
no hysteresis and essentially a zero contact angle. After relatively low degrees
of derivatization (a value of 3 x 107> moles alkyl group per gram underivat-
ized agarose corresponds to one alkyl group per each anhydrodisaccharide
unit repeat of agarose), the advancing and receding contact angles remain
constant. It is interesting to note that the advancing and receding contact
angles of the butyl agarose always show less hysteresis than those of the
longer alkyl chain dodecyl agarose surfaces.

ESCA analysis was done on underivatized agarose samples and n-butyl,
‘n-hexyl, n-octyl, and n-dodecyl agarose coupled at approximately
40 pmole/ml packed gel. These samples were prepared on 1-cm” glass plates
by solvent casting from dimethyl sulfoxide. The solvent was evaporated
under nitrogen atmosphere at 60°C overnight. A survey scan for sulfur
showed that all the solvent was removed by this process.

The carbon ESCA peaks are shown in Table 9. It is observed that the
underivatized agarose, which should only contain ether-like carbons, con-
tains a substantial amount of alkyl carbon contaminants. This may not be
unexpected since high-energy surfaces are known to pick up a hydrocarbon
layer in normal laboratory environments.
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FIGURE 15. Contact angle changes with alkyl derivatization for n-butyl and n-dodecyl
agarose.

Note that the relative percentage of ether carbon decreases as the length
of the alkyl chain increases and the alkyl carbon peak area increases as the
alkyl chain length increases. The ratio of the ether carbon peak to the
c‘arbonate carbon peak remains relatively constant, which would be expected
since they are derivatized to essentially the same degree.

TABLE 9
ESCA Analysis of Derivatized Agarose Surfaces

Ether carbon:

Alkyl Carbonate Ether carbonate carbon
carbon (%) carbon (%) carbon (%) ratio
Agarose 339 0 55.3 s
n-Butyl agarose 31.3 6.8 49.8 7.3
n-Hexyl agarose 36.6 5.0 43.6 8.7
n-Qctyl agarose 47.2 6.2 39.1 63
"-Dodecyl agarose 52.5 4.1 35.6 8.7

—
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7. POLYURETHANES

7.1. PURPOSE (PRACTICAL BIOMEDICAL ELASTOMERS)

Polyurethanes have been studied fairly extensively as biomedical poly-
mers. They can be prepared with a wide range of mechanical properties,
from flexible elastomers to rigid plastics. The poly(ether urethanes) exhibit
greater hydrolytic stability than the poly(ester urethanes) and, thus, find
greater use in biomedical applications. The elastomeric urethanes are par-
ticularly suited for flexing membranes as used in artificial heart and heart
assist devices due to their adequate blood compatibility, good elastomeric
properties, and ability to undergo repeated flexing without failure.

7.2. CHEMISTRY

Polyurethane chemistry involves primarily the chemistry of the isocyan-
ate group. This will be discussed here for background purposes, but has
been reviewed extensively in the literature.*>** Isocyanates react with
alcohols by route (a) to form urethane structures and with amines by route

(b) to form urea structures.

Dl
R—N=C=0+ HO—R’ —+ R—N—C—O—FR’

isocyanate + alcohol urethane

Ly
R—N=C=0+ H.N—R’ -2+ R—N—C—N—R'

isocyanate + amine urea

Both wurethane and urea structures are found in various biomedical
urethanes. The basic polyurethane structures of interest here are prepared
by the reaction of three components: diisocyanates, polyols, and chain
extenders. The chain extenders may be either a diol or a diamine. Polyols
are linear polyethers terminated at both ends by hydroxyl groups. The
molecular weights of the polyols which exhibit suitable mechanical proper-
ties in polyurethane formulations are in the range of 500 to 5000 Daltons.
By using different diisocyanates, polyols, and chain extenders, a large
number of possible polymer structures can be formed. A common feature
of all these polymers is the phase morphology of the material due to the
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incompatibility of the segments and aggregation of the hard segments due
1o hydrogen bonding. The hard segments refer to the diisocyanate and the
chain extender moiety in the polymer; the soft segment consists of the
polyol portion of the polymer. In general, the higher the molecular weight
of the polyol used in the polymer, the softer, more elastic the resulting
polyurethane.

Most of the biomedical polymers use similar components. The
diisocyanate most used is methylene-4,4'-diphenyl diisocyanate, commonly
referred to as MID1. The polyol used most commonly is poly(tetramethylene
glycol), PTMG, cof molecular weight from 500 to 3000. The chain extender
can be a dio! such as 1,4-butanediol or a diamine such as ethylenediamine.
The diamine chain extender gives generally better mechanical properties
and greater phase separation of the segments due to the stronger hydrogen
bonding nature of the urea as compared to the urethane unit.*> Most
injection moldable (thermoplastic) urethanes are diol chain extended which
produces weaker hydrogen bonding interactions in the hard segment, allow-
ing it to melt below the degradation temperature,

The addition and stoichiometry of the components can be combined
in a variety of methods. For small batch biomedical polymers, the
polyurethanes are generally prepared by a two-step process. One mole of
polyol is “‘end capped” with two moles of diisocyanate in the first stage.
This is followed by the addition of one mole of chain extender in the second
stage as shown in Figure 16.

It is noted that the diamine chain extender results in a poly(ether
urethane wurea) polymeric structure. Other combinations of this
stoichiometry may be used. For example, a 3:2 ratio of diisocyanate to
pol_yol results in a dimeric, end capped polyol under the proper conditions
which is then polymerized using one mole of chain extender,

For larger-volume production of polyurethanes, it is more economical
IC_J. mix the polyol and chain extender together and combine with the
dllsocyan_ate in absence of solvent to form the polyurethane. The chain
Cxtender in this case is a diol to provide equal reactivity with the polyol.
jl'he segments of the blocks are not quite as well defined in this case resulting
In a statistical linking of the components.

Other components used in urethane polymers are diisocyanates such

8 24-toluene diisocyanate (TDI) and methylene-bis(4-dicyclohexyl

1S0cyanate), a hydrogenated form of MDI. The hydrogenated MDI
diisocyanate yields polymers with better photooxidative stability. Poly(pro-
Pylene glycol) and poly(ethylene glycol) have been used as polyol com-
Ponents for the polyurethanes. The poly(ethylene glycol)-containing

- E?]Y“rethane becomes more hydrophilic with increasing molecular weight
. Ol'the polyol and can be prepared as a hydrogel formulation.
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1st Step - End Capping Polyol

H O 0O H
’ A s
0=U=N-R-N=C=0 + HO#R—U}XH—H 0=C=N—R—N-C—04R-—D-}XC—N-R—N=C=O
2 moles 1 mole 1 mole
diisocyanate polyol end capped polyol or
prepolymer

2nd Step - Chain. Extension

9 I
0=C=N—R—N—C—OGR’-O-}XC—N—R-N:C=O

1 mole
end capped polyol

B i
” ¢ O B
+ HN-R-NH, _— N—C—N—R—I]Q—C—N R-N-C-04R-03 C-N v
1 mole poly(urethane-urea)
diamine chain
extender

or
H O 0 H

] 5 iy
-N-R-N—C—O-@R-O-)xcwﬁ-ﬂ

+ H-0-R-OH —> E—E-O—R"—'O~

1 mole
dihydroxy chain
extender

O=0

polyurethane

FIGURE 16. Two-step preparation of polyurethanes.

7.3. BULK PROPERTIES

Considerable work has been reported on structure-property relation-
ships of segmented polyurethanes.*~*"’ Much of this work has investigated
the domain morphology of these materials, which is quite complex and
dependent upon solvent casting temperatures and on annealing conditiqns.
Usually the diamine chain extended polymers have better phase separation
than the diol extended polymer. Phase separation is also dependent upon
the molecular weight of the polyol. The morphology has been studied lz}:
wide- and small-angle X-ray diffraction,”” infrared Spectroscopy,
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(46,52)

infrared dichroism,"”"’ low-angle light scattering, and stress birefrin-

53]
gence.'

7.4. SURFACE CHARACTERISTICS

The surface characteristics of the polyurethanes have been studied by
internal reflection infrared spectroscopy®® and by ESCA techniques.”**°®
Both of these technigues show changes between the surface and the bulk
structure of the polyurethanes. The infrared data show differences between
the molecular and secondary (hydrogen) bonding nature of the surface,
The surface nature of polyurethanes has been studied by Ratner,®”"
Cooper,””’ Merrill,”” and Knutson and Lyman.“” Surface structure
depends on the preparation conditions, including casting substrate, solvent
removal rate, and the environment in which the surface characterization is
made, i.e., air, water, etc. The surface properties are also, of course, highly
dependent on the nature of the soft segment, i.e., PEG, PPG, or PTMG, as
well as its molecular weight. There is inconsistency among some of the
various studies in the literature. The surface nature of biomedical
polyurethanes is not yet fully understood.

8. POLY(a-AMINO ACIDS)

8.1. PURPOSE (NATURALLY OCCURRING REPEAT UNITS)

Polymers of a wide variety of characteristics can be prepared from over
20 commonly occurring amino acids. They can be made as hydrogels or
very hydrophobic polymers and be either biodegradable or biostable. Bio-
degradable poly(amino acids) have been proposed for use in sutures,®"
sustained release drug systems,'®” and artificial skin substitutes.’®” The
more stable poly(amino acids) have been suggested for use in hemodialysis
and blood oxygenator membranes.'*”

8.2. CHEMISTRY

The most useful reaction for the preparation of synthetic poly{ a-amino
acids) involves n-carboxy anhydrides (Leuchs anhydrides) prepared by

reaction of @ amino acids with phosgene.'***®
i
O
R—C—NH, i i
(L_O O R—~(|:--—N + 2HCI
| ad il B e
OH BTN G R
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With amino acids containing other reactive groups, such as glutamic acid
and lysine, the groups must be blocked prior to the n-carboxy anhydride
formation. The n-carboxy anhydrides react with nucleophiles such as water
or amines to yield high-molecular weight poly(aminc acids), liberating
carbon dioxide in the process.

v 7 g
R=C—N  + RN — H—N—C—C;—OH
|
00 HR

The polymerization initiation mechanism may differ depending upon
the type of nucleophile used®”; the exact reaction mechanism is still not
completely understood.

Co-polymers of the amino acids are also prepared from the n-carboxy
anhydride intermediates. For the preparation of random copolymers, the
n-carboxy anhydrides of two different amino acids are both mixed in the
same reaction vessel before initiation. The usual procedure is to polymerize
the n-carboxy anhydrides to near 100% conversion, isolate the copolymer,
and measure the average amino acid composition. Depending upon the
particular amino acid n-carboxy anhydrides used, the reactivity of the
comonomers may be close to unity, leading to an essentially random
copolymer, or be widely different resulting in a very heterogeneous polymer
composition. The solvent used for polymerization can also exert an effect
on the comonomer reactivities.

Block copolymers have also been prepared from amino acid n-carboxy
anhydrides by polymerizing n-carboxy anhydride monomer almost to com-
pletion, and then adding a second monomer. The size of the blocks are
controlled by the stoichiometry of the initiator and n-carboxy anhydride-
amino acid ratios.

The hydrophobicity of the poly(a-amino acids) can be controlled by
the amount and type of amino acid incorporated into the polymer. Hydrogels
or water-soluble poly(a-amino acids) are prepared by using glutamic acid
or aspartic acid and derivatives such as hydroxyethyl and hydroxypropy!
glutamine, prepared from nucleophilic displacement of poly(a-benzyl
elutamate) with the corresponding hydroxyalkyl amine.*®

The crosslinking of poly(a-amino acids) has been accomplished by
two methods. One method uses a hexamethylene diisocyanate poly(oxy-
ethylene glycol) to transesterify with poly(L-glutamic acid).” Alternatively
the formation of hydrogels can be accomplished by the displacement of
poly(y-benzyl glutamate) with w-hydroxyalkyl amines with a,0-
diaminoalkanes amino added to function as crosslinker.”®”"

e T e i A B i

MODEL POLYMERS FUR FROBING SURFACE AND INTERFACIAL PHENOMENA 71

TABLE 10
Water Contact Angles on Copolypeptide Films® (from Ref, 73)

Contact angle (average)

Material™* Casting solvent Conformation (degrees)
GL1:1 CHCI, a-helix 80
GA4:1 TFA a + {random} 71
GA l:1 CHCI; + Tr TEA a-helix 58
GL4:1 ) CHCl; a-helix 63.5
ZL4:1 CHCl4 a-helix 53.5
ZL1:1 CHCl, a-helix 60
ZL1:4 CHCI,; + Tr TFA a-helix 63

G(OH)V4:1 TFA o + (random) 37
G(OH)V1:1 TFA a + (random) 38
G(OH)V 1:4 TFA B-sheet 47
G(OH)L 1:1 TFA a-helix 40

? From Reference (73).

"G = y-benzyl-L-glutamate; L = L-leucine; A = L-alanine; Z = e-carbobenzoxy-L-lysine; V =
L-valine; G(OH) = L-glutamic acid. i :

¢ Note that conformation of the G(OH) polypeptides may change slightly on hydration
Anhydrous film conformations are listed. 3

8.3. SURFACE ANALYSIS

The surface analysis and characterization of poly(amino acid) films
has been limited to optical microscopy, scanning electron microscopy,
and some contact angle analysis."”*

The contact angle measurements were advancing water droplets
measured in air after ten minutes of contact (Table 10). As expected, the
more hydrophilic copolypeptides which contain L-glutamine acid result in
lower wetting angles.

9. SUMMARY/CONCLUSIONS

We have briefly reviewed a series of different polymer systems which
have been used and can be used as model materials for probing biosurface
phenomena. Although a wide variety of other polymer systems exist and
can potentially be used as models, the ones reported here allow some study
of Stereochemistry, hydrophilicity, morphology, side chain and main chain
m"bl“t_)’, hydrophobicity, and related properties. In addition, the
hydroxyethy] methacrylate copolymer systems and the poly(a-amino acid)
€opolymer systems can also be used to probe surface charge phenomena
although this was not emphasized here. ,
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It is clear that by application of suitable model systems and by careful

quality control and surface property evaluation, coupled with careful bio-
medical interaction measurements such as in vitro blood interactions, one
can indeed obtain significant correlations between the surface properties

of materials and their biological behavior.

(36])
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