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.ABSTNACT. A simple method to calculate the interfacial tension between two immiscible molten
polymers has been developed. The theory is based on the significant structure theory of liquids.

The energy of adhesion is expressed as a geometric mean of the cohesion ener

gies multiplied by

correction factor (9,), AE;»=0,, VAEAE,. In the calculation of dEy; and 4Ey, a quasilattice

of polymer chains has been assumed. It is assured that, besides the dispersion force,

force interactions between polymer constituent groups should be considered in the

the interfacial tensions,

the polar

calculation of

INTRODUCTION

Knowledge of surface and interfacial tension
can provide informations on the intermolecular
forces and structural characterestics of condensed
matters. The surface tension of molten polymers
against air has been a subject of both experi-
mental and theoretical studies'™®, and the
interfacial tension between two immiscible

molten polymers has been measured for various

* University of Utah, Salt Lake City, Utah 84112,
.84,

polymeric materials®~1?, We have, recently,
examined the surface tension of amorphous
polymers based on the significant structure
theory of liquids!. Using the same framework,
we now evaluate the interfacial tension between
two molten polymers.

Since the interfacial tension is the difference
between the free energy of the interfacial layer
and that of the bulk, both the energy and
entropy terms must be considered if one is to
obtain a complete picture of the interfacial

region. The energy term is attributed to the
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fact that a molecule (or chain constituent

group) experiences a modified configurational

energy due to the replacement of some fraction
of its near neighbors by different molecular
species at the interface. And also, a molecule

(or the chain constituent group) at the intere-

face occupies a modified free volume due to the

replaced constraining neighbors, thus the entropy
term may arise.

In the calculation of the interfacial tension
for molten polymers, the two main assumptions
are employed:

(i) the boundary between two phases is sharp,
and the two different flat monomolecular
layers at the boundary only contribute to the
interfacial tension;

(ii) the free volume of a chain constituent
group in the boundary layer is equal to the
one in the interior.

Assumption (i) is based on the analogy of the
monolayer approximation in calculation of
surface tension for simple liquids®>. For the
liquid-air interfacial system (i.e., the liquid
surface), surface molecules (or chain constituent
groups) experience enhanced freedom of move-
ments due to the loss of some fraction of
constraining nearest neighbors.’® For the
molecules at the liquid-liquid interface, the
freedom of movements is not enhanced so much
as the surface molecules due to the new con-
straining neighbors in one direction, thus the
assumption (ii) is introduced.

Ignoring the entropy effect according to the
assumption (ii), the interfacial tension 7, is
expressed in terms of the energy of adhesion
per unit area for the interface between the
phases 1 and 2, 4E;,, and the energy of
cohesion per unit area for each phases, 4Ey
and JEp,

—4En , dEp
Tiz= 2 + 2
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—AdEy, ¢5)

A diagram of the process for thermodynamic
definition of 4E;, 4E,, and 4dE;; are
illustrated in Fig. 1. It has been recognized by
Girifalco and Good'? that the energy of adhesion
is given by the geometric mean of the' energy
of cohesion multiplied by a correction factor @y,

AE;3=013(AEAE;)1/? (2

And they derived the expression for ®;, using
a quasi-continuum model of condensed phase,

A;z d11d22

Pr= (Anda)'?  dig? &)

Here, Ay and Ay are the inverse sixth power
dispersion coefficients for molecular species 1
and 2 respectively, A;; is the dispersion
coeflicient for the interaction of molecular species
1 and 2; dyy, dss, and dy; are the equilibrium
separation distances between the two semi-
infinite bodies of individual phases respectively.
The problem is, then, reduced to the calculation
of 4E;, and 4E; for the molten polymeric
systems through an appropriate model.

THEORY

The significant structure theory of liquids!® 14
has been widely applied. In this theory, the
liquid is regarded as having a quasi-lattice

structure in which the sites are occupied by
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Fig.1. A diagrammatic definition of energy of
cohesion and adhesion. '
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molecules or by fluidized vacancies, Because
these fluidized vacancies are moved about
cooperatively by neighboring molecules jumping
into them, a vacancy confers gas-like degrees
of freedom on three vibrational degrees of
freedom. If V is the molar volume of the fluid
system and V, measures molar volume occupied
by molecules, then a vibrating molecule moves

V-

; V. : ;
into a vacancy on S of its excursions,
conferring gas-like properties on this fraction

of the degrees of freedom. Thus, a mole of

liquid behaves as though it were made up of

NV—VL— gas molecules and Nl{,i solid-like.

Let us consider a surface of the liquid, whose
area is Q. If the surface is composed of M lattice

s e ;
sites, M-TT: sites are occupied by molecules and

the remaining sites are occupied by fluidized
vacancies. Since the fluidized vacancies confer
gas-like properties on the neighboring moles,

T
MlVi molecules in the surface behave as though

Ve V-V,
they were made up of Af Tl

gas mole-

y
cules and JI?— %,—"— solid-like. Per unit area

g s
of the surface, there are s vV -—-T—-mola-

cules of gas-like, and I (V )2 molecules of
solld-—hke, where m(——%) is the area occupied
by a molecule.

In order to apply the model of significant
liquid structures to the polymeric systems, we
regard a chain molecule as being built up of
identical repeating constituent groups neglecting
end group effect. The size of a repeating
constituent group is : taken as a principal
structural unit (i, e, monomer unit), and
assumed to be a mass point. Each repeating

constituent group contributes to the lattice modes

Andrade* - G-t

with its one-dimensional degree of freedom
independently and contributes to the internal
vibrations (i.e., stretching and bending modes
of the chain skeleton) with its remaining two
dimensional degrees of freedom’s. Therefore,
the fluidized vacancies confer one dimensional
gas-like degree of freedom on the neighboring
chain constituent group.

Assuming that the gas-like properties of chain
constituent group in the surface (or the interface)
are not different from that in the bulk, the
number of repeating constituent group in the
surface, which are practically important to the

2
interfacial tension, is then ; L—-—) where w

'[."
is the area occupied by one monomer unit at
the surface. Thus, the energy of cohesion can

be expressed as

AEq w%(——) [y — ) (4a)
AEy= ;ol—(—h—) ($s — ) (4b)

Here, ¢ and ¢; represents the configurational
energy of a constituent group in the surface
and in the bulk respectively, the subscripts 1
and 2 denotes the different polymer species,

CALCULATION

The experiments of neutron scattering'® and
light scattering!” from amorphous polymers have
shown the persistence length (10~154) of
chain segments and the existence of short range
correlations due to packing of chain molecules,
although no evidence of long range orientational
order has been found. But the equilibrium
properties of a condensed amorphous system
depend inherently on the interaction energy
between the objects which constitute the system.
Since the interaction diminishes rapidly as the
objects are distant apart from each other, one

should consider a short range structure of the
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objects to evaluate to interaction energy. Thus,
a lattice arrangement of solid-like chain con-
stituent group, which follow a parallel alignment
in the bulk and surface state, can be assumed
(see Fig. 2.).

and assuming

From the assumed lattice model,
the Lennard-Jones (6~12) po-

tential, we have obtained the followings!?,

V=Nouai® &)
e )
=i ) E 1633(‘;—;)12‘5' 88..6.3(%")}
(5¢;
ez <]
(5d)

where a; : the necarest neighboring distance
between the polymer chain, oy : distance bet-
ween the neighboring monomer units in the
same chain, ¢ and ¢, : Lennard-Jones(6~12)
potential parameters.

Hence, by substituting the Egs. (5a), (5hb),
(5¢), and (5d) into the Egs. (4a) and (4b)
the energy of cohesion is written immediately

as

AEy =4, &, (7. 10728572

2 0’:"
(V1/N)?
—3.23245,1*/%) (6a)

O 4
70

Fig. 2.
chains.

A lattice arrangement of solid-like polymer
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24 o= 213
AEG*}:ﬁ')_SKE 02" £ [7 1072‘9 22
L = (Vg;"f\")z =2l e 2
—3. 23248,!1/2] (6b)
where
Nayio®

The dimensionless parameter, J; has the
same meaning of the Askadskii’s packing
coefficient'® of the solid-like. The value g;=
0..98 best fits the experimental surface tensions
of various molten polymers over a wide range
of temperature!l,

An approximate method of estimating the

(6~~12) potential parameters, %

polymer constituent groups has been proposed

and o, for

by Davis®. His empirical formulas correlate the

_s_,_ and ¢ with the polarizability @ and dia

k

magnetic susceptbility ¥ as follows:
In(a?—5. 4)=1.456-+0. 797In (@ X 10%%)  (7a)
T VO =
In(£ L) =—0. 1445+ 1. 1148
In(—axx10®) (7b)

The polarizabilities and diamagnetic suscepti-
bilites are obtainable by adding atomiec or

partial group contributions from tables given

by Van Krevelen'. In Table 1, the group

£ %
values of «, ¥, e and ¢ are summarized.

On the basis of the functional dependence of
Eq. (7b) and the Kirkwood-Miller eqation,
the expression for @5, also, is proposed by

Davis, i.e.,

dudss [ 2(ertaaars) /2
) I § (L0} 1 8
A [ (erye+azi) ] (©)

For the equilibrium dyy, dss, and dys, we assume
the followings;

ditda

di;=C 5 (9a)
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dy 0,
dpn 0y

(9b)

where C is a proportional constant. At first

sight, one might expect the value of C

to be unity, however, the incompatibility

of the two chemically dissimilar polymers

suggests that the proportional constant must be

somewhat larger than unity. The Eq. (8) is
- rereduced to

Q’lez(_l_)z 40103 [2(a;x1a222)1/2]1.1143
C (0'1+G'2)2 (“121+a2x1}

(10)
With the aids of Egs. (1), (2), (6a), (6b), (10),
aad the value £;=0.98, the eoistion. T
interfacial tension is rewritten as
r1z=1 995{-20—123(_%> +_§%(‘%) _(%)2
J@_{Mﬂ] 1.1148
(@1+0,)* Az tasy
aifo?

Vit (3) “en’) a

Here, o:'s in Angstroms, and Vs are in cm?/

Table 1. Constituent group v
parameters, dipole moments, and molar volumes at 150°C.

alues for polarizabilities, molar diamagnetic susceptibilities,

mole. Calculations are carried out for 19-pairs
of molten polymers in order to get the optimum
value of the parameter (. When the value

(%)2:0‘ 96 is taken, the Eq. (11) predicts

the interfacial tensions at 150°C within+2. 9
dyne/em. In the calculations the observed
molar volumes of molten polymers, which are
shown in Table1, are used. The results are
given in Table 2,

Obviously, we have considered only dispersion
interactions for the polymers whose constituent
groups have permanent dipole moments. A
rigorous treatment of the polar interaction in
the polymeric system is quite difficult due to
the complexity of the restricting force on the
dipolar rotations. Neverthless, one can consider
the simplified treatment of the polar force con-
tributions to the interfacial tension assuming a
free rotation of dipoles. In the case of freely
rotating dipoles, any fixed orientation of the
dipole persists for a very short period of time,

(6~12) potential

: _ a-10% —x-105 g er u 7
Polymer constituents segments () (is) ) J (°I$§) } (Debyes) | (cmd /mole)
—CH;—CH,— 3.68 22.8 4.19 g5 | @ 36.1
—~CH(CH3)—CH,— 5.49 34.1 4.70 275 0 54.0
—C(CHy);—CHy— 7.32 45.4 5.13 306 0 66.3
—CH (CgHl5)—CH,— 13.4 75.9 6.27 321 0.59 104.9
i
—CH (OCCH3) —CH,— 8.01 48.5 5.29 308 1.78 79.4
0
Il
-—(IJ(COCng——CI-Iz-— 9.81 58.5 5.65 317 1.60 88.5
CH;
0
|
h(i:(cociH;) — CH,— 15.3 92.6 6.57 351 1.57 145.9
CH,
—CH;—CH,—0— 4.34 27.3 4.38 251 1.30 42.8
—Si(CIly) p—O— 7.39 47.0 5.15 316 0.24 85.4

‘Referencce (21); ‘References (6), (8) and (9).
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Table 2. Comparison of calculated interfacia! tension
with experimental values.

712 (dyne/cm)
at 150 °C
Cale. [Calc. | . .
(1) | apt | Exe-

Polymer pairs

Poly (ethylene) ws.

Poly (propylene) £57] 3.5 L

Poly (styrene) 25 G Y ] 2

Poly (vinyl acetate) 6.0 7.2 | 9.8

Poly (methyl methacrylate) 6.5| 6.5| 9.5

Poly (n-butyl methacrylate) 10.1| 9.6 | 5.2

Poly (ethylene oxide) 42| 6.1| 5.4

Poly (dimethyl siloxane) 7.2 6.7 | 54
Poly (propylene) wvs.

Poly (styrene) 56| 46| 5.1

Poly (dimethyl siloxane) 4,7 43| 3.0
Poly (isobutylene) ©s.

Poly (vinyl acetate) c:211 1Al et T .

Poly (dimethyl siloxane) 51| 4.7 4.3
Poly (styrene) ws.

Poly(vinyl acetate) 40| B2 BT

Poly (methyl methacrylate) 3.8| 39| 1.6

Poly (dimethyl siloxane) e M o
Poly (vinyl acetate) vs.

Poly (n-butyl methacrylate) 3.9| 42| 2.8

Poly (dimethy] siloxane) b e o B i

Poly (methyl methacrylate) vs.
Poly (n—butyl methacrylate)
Poly (ethylene oxide) ws.

4.0 3.6 | 1.8

Poly (dimethyl siloxane) 6.1| 6.6 | 9.8
Poly (dimethyl siloxane) ws.
Poly (n-butyl methacrylate) 3.3| 2.8 3.8

“Calculated from Eq. (11); ‘Calculated from Eq.
(13): “References (8), (9) and (10).

and the average interaction energy between two

dipoles is?0

2.2

() —
i 3kTr1

with conventional notations. Inclusion of this
term of dipolar interaction to the Lennard—Jones
(6~12) potential energy expression results the
following interfacial tension equation with
the same procedure described in the ref. (11)

and preceding section.

Vad . No.4, 1979

oy a (& 7t
r=1. 995/ g (S Bax 102

4
2]
vz

_(%)26%%%[(%)132(_&)1;2

£z 7ttt )
(k 153X 102

k

(2(11111&212)”2 )1'“48_]_ 1. 53%107 it ”
@1} 2ty 0‘130'23T

(13)

Here, ¢'s are in Angstoms, g;'s are in Debyes,
Vs are in cm®/mole, and T is the absolute
temperature. The paramete C 1is

2
and the value (%) =0. 97 predicts the inter-

readjusted,

facial tension at 150°C  within+2. 3 dyne/cm.
The dipole moments of chain constituent groups
are taken as the values of gaseous monomer
in Tablel. The
results are given in Table 2, and are compared

molecules, and are shown

with the experimental values.

DISCUSSION

The present work provides a semi~qualitative
method for predicting the interfacial tension
between two different polymer liquids. The
model of significant liquid structures is emp-
loyed to formulate the interfacial tension-
equation. If the additional polar force interac-
tions besides the dispersion—force interactions
are included, better agreements between the
calculated and observed values are achieved as
shown in Table 2. This fact implies that the
polar force interactions should be considered
in the calculations of interfacial tensions for the
polymers having permanent dipole moments in
their constituent group, as well as the
dispersion force interaction.

It may seems surprising that the values of
¢/t and ¢ evaluated by a very crude method,
and the assumption of freely rotating dipoles

predict the interfacial tensions so well. In the
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case where the hydrogen bonding occurs, the

term which represents the hydrogen bonding
effect is to be added,
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ABSTRACT

Polymer surfaces and interfaces are mobile and will
rearrange or reorient at interfaces to minimize the
interfacial free energy with the surrounding phase. As a model
system for the study of polymer surface dynamics, we used
immobilized n-alkyldimethyl monochlorosilanes (monofunctional}
on rigid boro-silicate substrates and compared them with
dimethyldichlorosilane (difunctional) treated substrates.
Dynamic contact angles were measured by the Wilhelmy plate
method as a function of varying alkyl chain lengths, surface
concentrations, hydration times, and different solvent
environments. In the range of n=4 to n=8, alkyl chains exhibit
the minimum advancing contact angle in this system. This
suggests that these chains may be relatively more disordered
or "liguid-like™ than the self-assembling, "crystalline-like",
n=18 case, probably due to the low degree of van der Waals
interactions possible between the attached intermediate-length
chains. The accessibility of water molecules and the shielding
effect of the longer chains may contribute significantly to

the contact angle difference (AB) . A polymeric layer of
difunctional dimethyldichleorosilane (DDS) proved to be a more
stable hydrophobic surface compared to a monolayer of
monofunctional trimethyl mencochlorosilane (TMS). In addition,
in an agueous-methanol solwent environment, the solvation time
effect observed is related to alkyl chain lengths.

INTRODUCTION

The dynamics and mobility of polymer surfaces and
interfaces is an interesting and practical subject!:?.
Classical surface chemistry assumes that solid surfaces are
rigid and immobile. However, it is expected that polymer
molecules in the near surface or interface regions will
exhibit motions and relaxations although they are not
identical to the motions observed in the bulk due to the
different interfacial environment. In general, given

67




sufficient mobkility, polymer surfaces and interfaces can be
mobile and the surface can rearrange or reorient at interfaces
to minimize the interfacial free energy with the surrounding
phase.

The nature of such surface motions is important for
biomedical devices??, protein adsorption®”’ and chromatographic
supports®?. The blood compatibility and protein adsorption of
biomedical materials depend on their surface properties. We
know that the polymer surface in aqueous solution can have
different properties than in air or vacuum because of the
mobility of polymer surfaces. The chromatographic properties
of a reversed phase are dependent upen the conditions of the
bonded phases. Understandably, studies of alkyl bonded phases
have received considerable attention!®'!. The motion of such
bonded chains is the key to understand their chromatographic
properties. Many groups, including Gilpin, et al.'®*'7, have
investigated dual models of monomeric alkyl surfaces, ranging
from a folded or "ligquid-like"™ orientation to a rigid or
bristle type in aqueous environment.

In this paper, we apply dynamic contact angle methods to
the study of wetting and interfacial phenomena’-!?, X-ray
photoelectron spectroscopy (XPS)!'*?! and attenuated total
reflectance (ATR)-Fourier transform infrared (FT-IR)
spectroscopy??:?3 also can be used for routine surface studies.
FT-IR has the sensitivity to determine the average orientation
and reorientation of interfacial chains but does not directly
provide information on the motion itself. The mobility of a
solute in the neighborhood of an alkyl chain can be measured
by fluorescence spectroscopy’’. Direct measurement of molecular
motions and dynamics is offered by '°C NMR studies?3-2%
including the spin-lattice (T;) and the spin-spin relaxation
times (T,). Sindorf and Maciel, et al.?’ investigated the

molecular motion of n-alkyl silane bonded to silica particles.
In a general sense, the changes in spin-lattice relaxation
time (T;) were consistent with increased segmental motion as a
anction pf distance from the surface. Nagacka, et al.”?? used
C NMR line widths (which are related to the spin-spin
relaxation time (T,) in order to measure the surface mobility

of polyethylene oxide (PEQ). The main disadvantage of 13C NMR
methqu for surface studies is that they are limited to fine
particles having high surface areas.

The Wilhelmy plate contact angle method provides a
§equential scanning curve or hysteresis loop which can be
interpreted in terms of surface mobility, reorientation,
solvent penetration and intrinsic wettability, both under
water and in air. Although water is a difficult liquid for
contact angle studies due to its small molecular volume,
resultin? in penetration and local swelling of the solid
surfaces??, water is the key component of all biclogical
environments. Therefore we have chosen water as a liquid for
contact angle and interfacial studies of biomedical materials.

According to van Damme, et al.?, the receding contact
angles on poly (n—alkyl methacrylates) surfaces decrease in
the range of n=6 to n=12, then increase for the n=18. Because
of the increasing mobility due to the decreasing T . the

polymer surfaces with the moderate-length alkyl side chains
may reorganize, which may lead to a decreased number of
hydrophobic segments exposed to water. In addition, as a minor
factor, the hydrophilic ester groups may also reorient toward
water surfaces. This result may be closely related to the
studies®® of the brittle temperature for poly n-alkyl acrylates
and methacrylates, where they show a minimum in the brittle
temperatures in the ranges of n=8 to n=12, due to increased
side chain mobility. Alkyl side chain bonded surfaces may have
different motions with different chain mobilities. According
to ¢!3 NMR studies by Sindorf, et al.??, alkyl chain mobility
might increase with chain length (i.e., up to n=8) until the
interactions between chains occur at longer chain length
{n=18, for example).

It is not easy to measure such alkyl chain lengths effects
directly on polymer substrates, because of the packing density
problem®!, polymer swelling effects?® etc. Immobilized alkyl
silanes on glass substrates are a good model system for the
study of alkyl surface dynamics. Rigid glass surfaces are
nendeformable unlike polymer substrates. A rigid glass
substrate has very different contact angle than a polymer
substrate. Pure clean glass substrates contain silancl groups
{i.e., high surface energy) and the contact angles are zeroc in
pure agueous environment. Hence, we may be sure that the
contact angles obtained are indeed due to the alkyl side
chains attached to the glass substrates.

The reaction of monofunctional silane reagents with
silanol sites at the silica surface results in a single
monolayer. Di- and trifunctional silane reagents, especially
if water is not completely excluded, hydrolyze and also
polymerize, forming a polymeric bonded phasel?,

In this paper a series of n-alkyl dimethyl
monochlorosilanes of differing n-alkyl chain lengths (n=1, 4,
8, and 18), available commercially, were bonded on the glass
surfaces. In order to study the difference between monomeric
surfaces and polymeric surfaces, we used one difunctional
silane material, dimethyldichlorosilane (DDS); a well-known
hydrophobic surface coating agent. :

We studied the effects of different alkyl chain lengths on
boro-silicate glass surfaces by varying the surface
concentrations and observing the effect of hydration times. In
addition, we studied surface interactions with
agqueous-methancl mixed solvents.

EXPERIMENTAL
Materials

Trimethyl monochlorosilane (TMS), n-butyldimethyl
monochlorosilane (BDS), n-octyldimethyl monochlorosilane
{0DS), n-octadecyldimethyl monochlorosilane (ODDS) and
dimethyldichlorosilane (DDS) were purchased from Petrarch
Systems Inc. (Bristol, PA) and used without further
purification {all > 99.5 %). Dimers, present as minor
constituents in reagents (for example, (CH,),5i0Si{(CH;}, for n=1




case), contain no reactive groups. Hence, they should be
removed during the rinsing procedure described below.

Pre-purified water was further purified by passing through
a Milli-Q reagent water system (Millipore Co.). Toluene {(J. T.
Baker Chemical Co.) was dried with molecular sieve particles
(Na [ (Rl0,),,(S10,},,] "XH,0, 4-8 mesh, E. M. Science) for 24

hours before using. Methanol (J. T. Baker Chemical Co.) and
dehydrated ethyl alccheol (U. S. Industrial Co.) were used as
received.

Corning cover glasses (boro-silicate glasses) 2940, No. 1
1/2, 24 x 50 mm, 0.16-0.19 mm were the glass substrates. As
determined by XPS (or ESCA), surface elemental compositions of
this boro-silicate glass were for B, Si, 0, C; 2.3, 28, 63,
4.4 atom percents, respectively. As minor compositions below 1
%, there are Na, Al, Zn, K, N, and Ti (H is not detected by
¥PS and is not included).

Methods

. Glass slides were immersed in
chromic-sulfuric acid solution (70mls of saturated aqueous
solution of Na,CrO, for each 9 1b bottle H,S0, (J. T. Baker

Chemical Co.)} at 80°C for 40 min., which supplied actiwve
oxygen atoms that oxidize carbonaceous materials on glass
surfaces, rinsed extensively with purified water and then
dried overnight in a clean oven at 120°C in air. All other
glassware used was also carefully cleaned by the same process.

We examined the cleanliness of the glass slides by
measuring the surface tension of purified water (72.6 * 0.5
dyne / cm) at room temperature (22°C) and by verifying that
there was no water contact angle hysteresis-and that the
slides were perfectly wetted®. Cr from cleaning solution was
not detected by XPS.

Within 30 min., after verifying that the dried slide showed no
contact angle hysteresis, clean glass slides were immersed in
a suitable concentration of n-alkyldimethyl monochlorosilane
in dried toluene and allowed to equilibrate for 15 min.
Silanization reaction time was 30 min. for the formation of
monolayers at room temperature (22°C)*?. The slides were then
rinsed thoroughly 4-5 times with pure ethanol in order to
remove unreacted silane materials. The treated slides were
then heated in a vacuum oven at 70°C for 3 hours under
nitrogen to remove HCl and ethanol.

DDS coating procedure was same as above except that after
30 min. of silanization, slides were submerged in pure water

for about 1 min. to be hydrolyzed, then rinsed with pure
ethanol.

The stability of the silane coating on the glass slides
was tested by remeasuring the contact angle in purified water
after drying in a vacuum oven at room temperature (22°) and by
verifying the reproducibility of the contact angle.

Dynamic contact angle measurements. As soon as the

coated slices were taken out Lrom che oven and coolea Lo room
temperature, dynamic contact angles were measured by the
Wilhelmy plate technique' ' . We obtained the wetting curve
with an electrobalance {Cahn model RM-2) as a function of the
immersion depth!'®. A motor (Motomatic, Electro-craft Co.)
drives the shelf to advance or recede the water container at a
controlled speed. The chamber is insulated and maintained at
room temperature (22°C) and constant humidity (35 % RH) .

The output from the electrobalance measurement is fed to
an X-Y recorder, with the balance output (force) feeding the
¥-axis and immersion depth feeding the X-axis. To measure the
advancing and receding contact angle the silane treated glass
slides were immersed into or withdrawn from the purified water
or mixed sclvent at a constant speed of 40 mm / min. Dipping
velocity was chosen to be fast enough for convenience of
measurement, but slow enough to avoid speed effects (such as
hysteresis on the clean glasses). The dipping velocity effect
of the silane coated slide by using the Wilhelmy plate method
was insignificant

Hydration time data were measured as follows. One slide
was used to measure one time sequence (0, 0.5, 1, 5, 10, and
30 min.). After measuring one time (for example 10 min. of
hydraticon), the slide was dried in a vacuum oven at room
temperature (22°C} before the next solvent exposure (for
example 30 min.) to remove water or mixed solvent adsorbed on
glass surfaces. The reproducibility was examined by .
remeasuring the contact angle in purified water after drying
in a vacuum oven at room temperature (22°C}, and by verifying
the reproducibility.
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Water-methanel solvents were made with an increasing MeUH
fraction. Each solution was kept for 15 min. at room
temperature (22°C) to equilibrate, then its surface tension
was measured.

Figure 1 shows a simplified model of the Wilhelmy plate
method showing long hydrophobic alkyl chains attached to the
glass surface. We can calculate the contact angle of condition
2, just at the liguid-air interface, by extrapelating te zero
depth, thereby eliminating the buoyancy factor, F,. The contact
angle of each sample was measured 3 times. In general, error
ranges were within #3.

RESULTS

: " ) — ; aiaid

The samples of the different alkyl chain length and the
different alkyl surface concentration by varying the silane
concentration in the treatment solution were characterized by
water contact angle measurements. Advancing and receding
contact angles increase with the log of the bulk treatment
solution concentration. Figure 2(a) shows the results for
monofunctional silane materials (n=1,4, 8 and 18) in the
concentration range of 107 to 0.5 mole / 100 ml toluene (for
n=1 and 18 the range was extended to 1.0 mele / 100 ml
toluene). In the case of the DDS treatment (Figure 2{(b)}, the
contact angle approached a maximum in the range of near 107
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Figure 2(a). Contact angles as a function of alkyl chain length
and log concentration (mole / 100 ml toluene}; n
=1, 4, 8, and 18 (trimethyl monochlorosilane,
n-butyl, n-octyl, and n-octadecyldimethyl
monochlorosilane); in pure agueous solution; error
bars represent the max. and the min. values of
measurements taken from samples prepared at 3
different times. The mean value is the point
plotted; “: Adv. n=1, 0:Rec. n=1, °':Adv. n=4,
Q:Rec., n=4, ':Adv. n=8, ":Rec. n=8, A:Adv. n=18,
A:Rec. n=18.
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Figure 2(b). Contact angles vs log silane solution
concentration (mole/100 ml toluene); DDS
{dimethyldichlorosilane) (difunctional); in pure
aqueous solution; error bars represent the max.
and the min. values of measurements taken from
samples prepared at 3 different times. The mean
value i1s the point plotted.

mole / 100 ml toluene. The contact angle data for TMS
{monofunctional) and DDS (difunctional) are quite different.
Figure 3 shows that in the advancing case TMS is more
hydrophobic (113°) than DDS (98°), whereas in the receding
case, DDS is more hydrophobic (79°) than TMS (52°), Figure 4
compares the effect of water hydration time for TMS and DDS.
The advancing and receding angles for TMS decrease steadily
for hydration times up to 30 min.. The advancing and receding

angles for the DDS are almost constant, irrespective of
hydration time. :

The Effect of Alkv] Chain Length on Contact Angle

Figure 5(a) shows that at high surface concentration (0.5
mole alkyl silane / 100 ml tocluene), with increasing carbon
qumber the advancing contact angle decreases until n=8, then
increase for n=18. Receding contact angles increase
continuously with increasing number of carbon atoms. At n=1
the contact angle hysteresis is very large, then decreases

until n=8. At n=18, however, it increases again but less than
that of n=1.

Figure 5(b) shows the low surface concentration condition
(1072 mole / 100 ml toluene). Generally, the contact angles are
reduced compared to the above high surface concentration
condition and both advancing and receding contact angles show
Fhe same tregd, i.e., both angles decrease until n=8 and then
increase again.

The Effect of Hvdration Time on The Water Contact Angle

Contact angle difference (AB) is defined as the contact
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Figure 3. Models for water interaction with trimethyl
monochlorosilane (TMS) (monofunctional) and
dimethyldichlorosilane (DDS) (difunctional and
polymerized) surfaces. Water can readily interract
with the glass surfaces in the TMS case (left
figure) while the polymerized DDS coating
restricts water penetration (right figure).
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Figure 4. Contact angles of TMS (monolayer) and DDS
(multilayer) with increasing hydration time (min.)
at high surface concentration (0.5 mole / 100 ml
toluene ); error bars represent the max. and the
min. values of measurements taken from samples
prepared at 3 different times. The mean value is
the point plotted.
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Figure 5(a). Chain length effect at high surface concentration;
concentration: 0.5 mole alkyl silane / 100 ml
toluene; in pure agueous solution; error bars
represent the max. and the min. wvalues of
measurements taken from samples prepared at 3
different times. The mean value is the point
plotted.
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Figure S(b). Chain length effect at low surface concentration;
concentration: 107 mole alkyl silane / 100 ml
toluene; in pure aqueous solution; error bars
represent the max. and the min. values of
measurements taken from samples prepared at 3
different times. The mean value is the point

plotted.
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Figure 6(a). Contact angle difference (AB) with increasing
concentration (mole alkyl silane /100ml toluene);
hydration time: 30min.; n = 8, 18; in pure aqueous
solution; A8 = the initial contact angle (0 min.)
— the final contact angle (30 min.); error bars
represent the max. and min. values of measurements
taken from samples prepared at 3 different times.
The mean value is the point plotted.

22—

20-
18
16
CONTACT 1
ANGLE LN
DIFFERENCE 12
(A 9) 10
a -
s -
i P
i ‘h=====::==::::::::::§
D T T T ‘I T T ¥ T L T 1

o 2 4 6 8 10 12 14 18 18
NUMBER OF C ATOMS

Figure 6({(b). Contact angle difference (A0) with increasing
number of C atoms, hydration time: 30 min.;
concentration: 0.5, 0.1 mole alkyl silane /100 ml
toluene; in pure aqueous solution; Ag = the
initial contact angle (0 min.) - the final contact
angle (30 min.); error bars represent the max. and
the min. values of measurements taken from samples
prepared at 3 different times. The mean value is
the point plotted; ¢ Adv., conc.:0.5, 0 Rec.,
conc.:0.5, * Adv, conc.:0.1, ° Rec., conc.:0.1

angle at 0 min. hydration time less the contact angle at 30
min. hydration time. Figure 6(a) shows that at longer chain
lengths (n=8 and 18), the contact angle difference decreases
with increasing silane treatment solution concentration. This
trend is most significant in the advancing angle case. On the
other hand, as shown in Figure 6(b), we can see that as the
chain length increases the contact angle difference decreases
at high and low concentraticons (i.e., 0.5 and 0.1 mole / 100
ml toluene).
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Figure 7 presents the H,0-MeOH surface tension as a

fgnction of MeOH concentration measured at 20°C by the
Wilhelmy plate technigue using clean glass plates. In Figure
8, both contact angles decreases to zero (meaning perfect

wetting) with increasing MeCH concentration, as expected,
except for n=1.

In Figure 9{(a) we studied elapsed time for up to 10 min.

for a H,0 : MeOH = 75 : 25 environment. The contact angle is

nearly constant with increase in elapsed time for the n=1 and
18 cases, whereas for the n=4 and 8 cases the contact angle
decreases. Figure 9(b) shows that as the MeOH fractiocn
increases, the initial decrease of contact angle increases up
to 50 % MeOH, then it is almost same until 75 % MeOH. After 1
min. of contact the angle is constant because the alkyl chain
is saturated with methaneol molecules.
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Figure 9(a). Advancing contact angles for n=1, 4, 8, and 18 in
mixed solvent (H,0 : MeOH = 75 : 25) as a functicen
of elapsed time (10 min.) in the mixed solvent;
error bars represent the max. and the min. values
of measurements taken from samples prepared at 3
different times. The mean value is the point
plotted.
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Advancing contact angles of different MeQOH ratio
at high concentration (0.5 mole ODS / 100 ml
toluene) as a function of elapsed time (10 min.);
n=8; error bars represent the max. and the min.
values of measurements taken from samples prepared
at 3 different times. The mean wvalue is the point
plotted.




DISCUSSION

surface Density and Surface Wettability vs Punctionality

In the model system used we may change relatively the
surface concentration by preparing the samples with different
silane solution concentrations. As seen in Figure 2(a) both‘
advancing and receding contact angles increase with igcrea51ng
silane bulk solution concentration. At low concentration,
there may be less surface density and the surface may be
nonuniform or "island-typed"'$ 3?. The predominance of the
hydrophilic silanol phase causes low contact angles. At high
concentration the bonded alkyl chains are more prevalent_and
probably are relatively densely-packed with the higher silane
solution concentrations used. Contact angle curves for the
monofunctional bonded phases (n=1, 4, 8 and 18) in the pure
aqueous environment show that the hydrophobicity incregses
almost linearly up to 0.5 mole alkyl silane concentration.
Above 0.5 mole concentration, the rate of increase is reduced
remarkably.

In the difunctional bonded phase (DDS) case the curve
plateaus at a much lower concentration (Figure 2({(b)). We can
explain this trend as follows. Due to difunctionality, the
silane materials may polymerize. Thus near the 1072 mole conc.
the minimum concentration for hydrolysis is already present
and polymerization may occur. The contact angle reaches a
maximum because the polymerized phase may shield the )
hydrophilic silanol groups, giving the surface a hydrophobic
character. These two different curves in Figures 2{a) and (b)
suggest that monofunctional silane materials may produce
monolayer surfaces, whereas difunctional silane materials may
give polymeric surfaces.

As seen in Figure 3, the advancing contact angle on TMS
(monofunctional) shows a slightly larger hydrophobicity (i.e.,
by about 15°) than that of DDS (difunctional). In the TMS
case, the surface consists of rigid, short, monomeric units.
The monomeric TMS coated surfaces may contain three exposed
hydrophobic methyl groups packed tightly per silane unit. In
the case of the polymerized DDS coated surfaces, multilayers
are probably present. Therefore, the outermost surface has a
decreased number (i.e., decreased density) of methyl groups,
resulting in a lower contact angle. In the receding contact
angle, the difference in angle between TMS and DDS is 27°%
which is quite large. Figure 3 suggests that water molecules
can penetrate and interact with remaining hydrophilic silanol
groups. When the receding process begins, surfaces are wgtted
well with water molecules which have penetrated to the silanol
sites. Surface heterogeneity also may contribute to a large
contact angle hysteresis for TMS'C.

The advancing (113°) and receding angles (52°) for TMS in
this work were different from those reported by Ralston, et
al.? (88° and 72°, respectively). The reason for these
differences may be due to this factor: Ralston et al. used
pure-silica plates and particles, whereas we used
boro-silicate glass substrates, which have a higher surface
reactivity than does pure-silica?®®. In general, boro-silicate
glasses are known to react with silane materials more strongly

than pure-silica due to boron ions which attract electrons
from neighbouring silanol groups. Hence, they not only
increase the Bronsted acid strength of boron groups but also
enhance the reactivity of neighbouring silanol groups. Greater
amounts of TMS attached to boro-silicate glass surfaces
compared to silica surfaces may increase the advancing contact
angle. As minor factor, different methods of contact angle
measurement may cause the contact angles to be slightly
different®® %°: we used Wilhelmy plate technique, whereas they
used captive-bubble and sessile-drop techniques.

In Figure 4, we can see the phenomenon as a function of
hydration times. In TMS, as the hydration time increases, both
contact angles decrease, whereas in DDS, the contact angles
are almost constant with hydration time. In the case of
monomeric TMS, the water molecules may penetrate easily
through the monomeric short alkyl chains. The accessibility of
water is limited to a large extent in the polymeric DDS,
probably due to the polymerized multilayer, hence, hysteresis
is small and contact angles are almost constant with hydration
times. This is the reason why we usually use DDS-coated
surfaces as model hydrophobic surfaces in our biomedical
studies, because it'is stable with time, in spite of having a
lower hydrophobicity than the TMS surface.

Factors Affecting Contact Angles

There are four factors governing the exact nature of alkyl
chain surfaces. First, as already seen in the prewvious
figures, the monomeric or polymeric nature of the film depends
on the functionality of the silane materials. Second, the
degree of silanization and the surface concentration may
influence the accessibility of water molecules to the
unreacted hydrophilic silanol groups remaining on the
underlying glass surfaces.

Third, the length of the alkyl chain is a main factor in
this work. It is expected that for the moderate chain lengths,
the chains are relatively mobile?’ 3°, There are interactions
between the chains (i.e., wvan der Waals forces) at long chain
lengths®!. These different chain types (e.g., "folded" and
"extended") may affect contact angles due to the different
outermost groups exposed (e.g., CH,— and —CH2~)32. According to

I.R. spectroscopic and ellipsometric studies by Porter, et
al.'", the long n-alkyl thiocls (about n=18) form a
densely-packed, "crystalline-like" assembly with fully
extended alkyl chains. As the alkyl chain length decreases,
the surface structure becomes increasingly disordered,
"liquid-like" with lower packing density and coverage. Fourth,
the effect of an agueous environment is different from that of
the aqueous-methanol solvent environment. Though we usually
use water for biomedical studies, for chromatographic studies
the mixed solvent is very important. In a mixed solvent
environment, the bonded alkyl chain can be "bristle" or
"hrush-like" 15717,

In Figure 5(a), the advancing angle decreases until n=8
then increase for the n=18 case. Contact angle data are not
presented for chain lengths in the range between n=8 and n=18,
because silanes of these lengths were not available




commercially. The van der Waals forces between these chain
lengths (for example, n=12, 14, 16) may be expected to
increase continuously up to n=18, well known to be capable of
self-assembly®® %1, According to Johnson and Dettre?’, the
advancing contact angle is associated with the low surface
energy region (i.e., high contact angle). We can tell that the
advancing angle may depend on the total hydrophobicity of
surfaces, which also depends on the number and the chain
length of hydrophebic alkyl groups (i.e., CHy- and —CH,-) in
the silane molecules adsorbed on the surfaces. '*C NMR studies?’
show that the motion of terminal methyl carbons of
n-alkyldimethyl monochlorosilanes on silica particles
increases until n=8, then at n=18 it becomes almost constant.

Now, we analyze our trends in Figure 5(a} in two steps:
the first is the silanization procedure in toluene solution;
the second is the contact angle measurement in agueous
environment. In the n=1 case, silane molecules can bind to
reactive sites on the glass surfaces in a densely-packed
state, probably due to the bulky three methyl groups per
silane molecule. For the longer n=4 and 8 cases (e.g., their
chain lengths are 0.71 and 1.20 nm, respectively), the
adsorbed amount may decrease slightly until n=8, probably due
to an increased excluded-volume effect. Therefore the mean
distances between chains may increase with n. In the n=18 case
(i.e., chain length is 2.47 nm), the adsorbed surfaces may be
more densely-packed due to van der Waals forces between the

long chains.

During measurement of contact angles, the expected
behavior of hydrophobic alkyl chains in an aqueous environment
is as follows. In the case of n=1, because water molecules
contact their rigid, hydrophobic, methyl groups on the top of
the surfaces, they exhibit a high advancing angle. The
receding angles are much lower, probably due to the easy
penetration of water molecules to the unreacted silanol groups
and to possible surface heterogeneity. Therefore the contact
angle hysteresis is large.

In n=4 case, the advancing angle is lower than that of
n=1. Due to the folded style in aqueous environment'®, it may
expose many methylene groups on the top of the surfaces. We
know that methyl group has a lower critical surface tension
(i.e., 24 dynes / cm} than that of methylene group, 31 dynes
/ em 2, Therefore water melecules may touch methylene groups
in chains, resulting in the contact angle to be lower. In n=8
case, general trend is similar to n=4 case. However, the
increased methylene numbers in a chain cause the advancing
angle to decrease slightly. In addition, slightly decreased
silane amounts attached may contribute to the decreased
contact angles until n=8. Feor such moderately longer alkyl
chains {(i.e., n=4 and B), due to the low degree of van der
Waals interactions possible between the attached
intermediate-length alkyl chains, there may be an
excluded-volume for the folded alkyl chains to be relatively
more mobile, disordered, and "liguid-like" than the
self-assembling, "crystalline-like," n=18 case. On the other
hand, the contact angle hysteresis decreases until n=§,
probably due to the excluded-volume and the shielding effect
of the folded chains (i.e., n=4 and 8) against water molecules
approaching glass surfaces.

B2

In the case of n=18, the advancing angle increases again.’
Due to alkyl chain interaction and packing, the water
molecules may touch only the outermost alkyl chain methyl
groups on the top of the surfaces, meaning that the water
molecules find it difficult to penetrate into the silane
pundles, giving less chances to contact methylene groups
inside bundles. Hence, the advancing angle is high for n=18.

In Figure 5(b), the general shapes are similar to those
trends shown in Figure 5(a) except for the case of n=1. Due to
the lower concentration of the hydrophobic alkyl chain, the
contact angles are generally lower. A unique difference
between Figures 5(a) and 5(b) can be seen if one considers
receding contact angles. At low concentrations of alkyl silane

(Figure 5(b)), the contact angle hysteresis for the n=1 case
is smaller than that of the high concentration of alkyl silane
(Figure 5(a)). This is because a large fraction of the glass

surfaces may have exposed the hydrophilic silancl sites and is
not subiject to penetration by the water molecules through
alkyl chains, resulting in a smaller contact angle hysteresis.
A minimum near n=4 and 8 is again observed like Figure 5({a};
hence, we believe that at low surface coverages, the chain may
be mobile and adopt folded styles at n=4, n=8. At the long
chain length n=18, these insufficiently covered surfaces form
partially ordered island-type rather than a homogeneous
layeri®. Water molecules may contact most of methyl groups on
the top of these island-typed surfaces rather than methylene
groups. Therefore as in the high concentration case, contact
angle increases again at n=18.

In Figure 6{a), the contact angle difference (A8)
represents the change in contact angle after 30 min. hydration
time: the initial contact angle (0 min.) - the final contact
angle (30 min.). The contact angle difference (ABY can tell us
that many water molecules may access the hydrophilic silanol
surfaces during 30 min. At longer chain lengths (i.e., n=8 and
18), the advancing angle difference (AB) decreases steeply
with increasing silane solution concentration. At low
concentration (i.e., hydrophilic portions dominate), because
the longer chains may not shield the whole surfaces still
containing many remaining silanol groups. Therefore, water
molecules may access these silanol surfaces, resulting in the
larger contact angle difference (AB). Whereas at high
concentration (i.e., hydrophobic portions dominate}, the
longer chains can shield the surfaces relatively well, the
water molecules may not be allowed to access the small
remaining silanol groups, causing the contact angle difference
(AB) to be small. This may also be related to the
heterogeneity of such a surface.

Figure 6(b) shows the effects of chain length at high and
low silane solution concentrations. The contact angle
difference (AB) is defined in the same way as Figure 6(a). As
the chain length increases, both the contact angle differences
(AB) decrease sharply between n=land n=4, then decrease

steadily for n=18. From this figure we can deduce that the
longer the chain, the larger the shielding effect. In the case



of n=1, the contact angle difference (AB) is large due to its
short, rigid monolayer, and easy penetration of watexr
molecules, as mentioned previously. In the n=18B case, these
long alkyl chains may have a much higher shielding effect
causing the contact angle difference (AB) to be small. Because
the n=18 case is a densely-packed-bundle-type due to the high
degree of van der Waals interactions, the penetration of water
molecules is more difficult.

We usually use only water as a solvent for the study of
biomedical materials. However in other applications, for
example, reversed-phase liquid chromatography, different
solvents are used, such as water-methanol mixed solvents. As
the MeOH fraction increases, the surface tension decreases
{Figure 7). The general trend is as follows. In an aqueous
environment, the alkyl chain is "folded" and shows the
hydrophobicity, whereas in aqueous-methanol solvent
environment the chain is "brush-like" or textended" as stated
by Halasz and Sebestian!’. Due to lower surface tensions of
mixed solvents, contact angles are lower. In Figure 8, as the
MeOH fraction increases, both contact angles decrease steadily
to the angle 0° except for the n=1 case, where even with a
pure MeOH envirconment, centact angles approach 10° due to the
large hydrophobicity.

In Figure 9(a), for the condition of the 25 % MeOH
fraction, we can chserve interesting solvation time effects as
a function of chain length and elapsed time. In the case of
n=4, contact angles decrease steeply up to about 1 min.
Whereas, in the n=8 case the contact angles decrease steadily
vp to 5 min.. This means that in the n=4 case, it may takes a
relatively short time to solvate. The longer n=8 chain
propfbly requires a longer time for solvation than that of
n=4°%,

on the other hand, for the n=1 case, unlike the agqueous
environment (i.e., from Figure 6(b), the contact angle
difference (A8) is the largest}, the solvation time may be too
short to observe, because MeOH molecules have the same
hydrophobic nature with methyl groups of short chain *length on
the surfaces. Hence, it looks censtant, meaning that the
contact angle difference (AB) for 10 min. elapsed time is
almost zero. However, even though the shape of the line for
the case of n=18 is also linear, the reason may be different
from that of the n=1 case. Because the bundle-type due to the
high degree of van der Waals interactions, much longer chain
attached surfaces seldom allow methanol molecules to
penetrate. With respect to the chain length effect, these
trends in Figure 8(a) probably are correlated to the results
of Figure 6{b) in the aqueous environment.

In Figure 9(b), at the initial stage, in the 0 and 25 %
methanol cases, the contact angles decrease steadily, whereas
for 50 and 75 % methanol, the contact angles drop steeply up
to 0.5 min.. In addition, at 50 % MeOH, the contact angle drop
is almost the same as that of 75 % MeOH. We can deduce that
peyond 50 % MeCH the surfaces are already saturated with
methanol molecules, hence the solvation time decreases within
about 0.5 min, for 50 and75 % cases.
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CONCLUSIONS

Dynamic contact angles in water and water-methanol
solven;s vary with chain lengths, surface concentrations, and
hydration times for n-alkyldimethyl monochlorosilanes (i.e.
n=1, 4, 8, and 18) and dimethyldichlorosilane treated surfaées
as measured by the Wilhelmy plate method.

1. For both high and low surface concentrations, monomeric
fiewd il ; } £ pmd -8 hibi ]

minimum advancing coptact angle. This suggests that these
chains may be relatively more disordered or "liguid-like"
thqn ;he self-assembling, "crystalline-like", n=18 case.
This is probably a result of an excluded-volume effect due
to the low degree of van der Waals interactions possible
between the attached intermediate-length chains.

2. With increasing silane solution cencentration, the contact
angle difference (AB) decreases because the penetration of
#aIQI_mglﬂﬂulﬁﬁ_mﬂx_dggxﬂﬁag, and which results in
increasing hydrophobicity. In addition, with increasing
chain lengths, the contact angle difference (A8) decreases,
probably due to the shielding effect of the lopnger chains.

3. A polymeric layer of difunctional dimethyldichlorosilane
(DDS) proved to be a
compared to a moncolayer of monofunctional trimethyl
menochlerosilane (TMS) .

4. In the mixed solvent environment, the sclvation-time effect
ggserved was related to alkyl chain lengths. For the n=land
cases, there was no solvation-time, whereas for the n=4
and 8 cases, a short solvation time was cbserved.
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Protein adsorption to the surfaces of materizls exposed to
blood plays a pivotal role in subsequent cellular interactions. The

acdsorption of hemoglobin (Hb) warrants study if either the plasma Hb

n can become elevated, or if adsorption of Hb may be
strongly preferred over that of other plasma proteins. Hemoglobin
adsorption is mot usually considered in plasma (or blood) protein
sorption studies as the plasma comcentration of Hb is small

pared to that of albumin, fibrinogen, y-globulins, and the other

ommon plasma proteins. Hemoglobin is 0.01% or less of the toral

mass in plasma, under normal conditionms.

Red blood cells live approximately 120 days, and abmormal cells
are removed by three general mechanisms: 1) sequestered by the
spleen for mild abnormalities, 2) liver removal of more severely

dazaged cells, 3) intravascular lysis. Gross injury to the erythro-

induced by trauma or complement, result in red

the intravascular space, as during surgical

lantation. Plasma Eb concentration can rise rapidly
hose situarions due to hemolysis.
(8p) readily binds irreversibly to extracorpuscular

The Hb-Hp complex is too large to filter across

but instead is taken up by hepatic parenchymal

sites are saturated, free Hb passes into the

glomerular filtrate. Haptoglobin synthesis is mot increased in
hemelytic states.

Horbett et al. have shown high affinity adsorption of Hb to
polyethylene surfaces (1-3). Adsorption data of Hb to other arti
surfaces is very limited (4-11). Most literature on Hb is based on
intravascular interactions (12) and ligand interactions. Conse-
quently, much is known aboutr the structure and properties of Hb, bur
little about its adsorpcion behavior. The work of Gendreau, et al.,

on direct flowing blood interactions with Germanium plates by

Fourier tramsformation infrared

IR) spectroscopy technique,

adsorption may be occurring during the very early

tages of blood contact (13).

moglobin exists in the red cell as a hydrophobically bound

tetrameric uni

In plasma, Hb dissociates to the dimer form and as

such displays hydrophebic patches on its surface.

drop

bic substrates were chosen to study the adsorption of
'drophobic substrates, alkyl agaroses, as employed in

chromatography, were used. Hydrophobic chromatography

to be quite sensitive as a separation tool. The hydro-

substitution. By thus controlling the degree of

hobiciry, adsorption to alkyl agaroses can be tuned to show

orption that might otherwise be too subtle to

letion was

sen as a technique for monitoring
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two pairs of unlike polypeptide chains whose s

conte

well known (14-18). Each contains one heme group in a pocket
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chain
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npolar amino a
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in a central cav contains water.

The various parts of the Hb tetramer, the four chains and the

6. Steric strain, conforma- AARR—— -
tional accommpdation g .\\ i four heme groups, are not bound by covalent bonds. The protein must be

considered in a state of reversible equilibrium with its components.

womers is favored by

dimers ar

low high electroly conce

"native" to the Hb molecule.

Protein adsorption schemata.

that there is close

The packi Hb chains 1s s




very minor

one

e exposed to

in the tetramer

thermal

Protein structure

The prote

exhibiting

may show

irmations. Upon ¢

out Irrom

the ligand can be 0,, CO,, NO, and

may be sutides in

Affinity and rates of

by proteolytic en

oxy= and deoxy=Hb (19}, reaction with

xy-Hb are

] i
210 and 1#*10 respectively (20).

where dimers and tetramers are pre

8

2.0 and 1L.6%10 nl, respectively,

a tight structure, stal

respective term

the amino and woxyl groups on t
polypeptide; other internal salt bridges also exist. These salt
bridges are successively broken during reaction with ligands. Sequen-
tial rupture of salt bridges during oxygenation leads to alterations
in the tertiary and quaternary structures. Oxygenated Hb is a more
relaxed structure by virtue of losing several constraining salt
bridges.

In addition to salt bridges, the presence of organic phosphates
leads to decreased eoxygen affinity by Hb. Intracellular concentra-

scerate (2,3 DPG) appears to be one of the

the oxygen affinity of Hb. The binding site of 2,3

en the § chains in the central cavity of the deoxy=-

PC is not found in the oxygenated form,

e central cavity when the Hb under-

The effects of binding of

2.3 DPG appear to be increased stabilization of the deoxy form (and

eased oxygen affinity).
The relation between the state of aggregation of Hb and ligand

T may be considered from two points of view: the effect of




o subunits on the oxygen equilibrium, and the effect

on the association-dissociation equilibria (21,22).

ting data in the literacture (17,18,22), as to the

in Hb being either dimeric or tetrameri Certainly

& must be present. The gquestion of dimerizacicn

well defined.

is more stabilized and hence more likely to

exist in tetrameric form than oxy-Hb in conditions favoring dimeriza-

tion of oxy-Hb.

plasma, it would be ex-

Knowing the minute conc
pected that circulating free Hb would be in dimer form if hemolysis
occurred on the arterial side, i.e. in the oxy form, whereas, if hemo-
lysis occurred on the venous side, free Hb would be in the tetrameri
deoxy form, stabilized by salt bridges and intermally bound 2,3 DPG.

The Hp is known to bind oxy-Hb &nd deoxy only if dimerization can
indeed take place (23). Deoxyhemoglobin is not bound in a reasconable

time frame; however, it must be noted that even when the

+ The ferric form can bind

CN , etc.; however, heme-heme interactions, the

effect and others are lacking in the reactions of ferric Hb with

ery

tetrameric solution conformation

v the deoxy

in quaternary structure from all other forms of tetrameric Hb.

liganded ferric Hb is extremely stable and is the most commonly

degra

forms of Hb are summarized in Figure 2.

ative procedures may compromise the protein integrity.

tertiary, and quaternary protein strucutres are

nteractlions with the solvent media,

0lec

lutes. The conformation is very sensitive,

generally, to environmental influences such as pH, ionic strength,

one conformation may be only marginally more thermo-

etc., becs

ns are mainly

dynamically Contribut erac

coulombic, hydrogen bonding, and hydrophobic.

Alkyl Agaroses

In the native biological conformation, proteins are folded in

part to minimize exposed hydrophobic side chains. However, proteins

rophobic patches on their surface, which are presented to the

aqueous environment. The hydrophobic groups exposed are not limited

relatively small ones, but include seme larger side chains as
phenylalanine and tryptophan (24). Hydrophobicity appears to be a
general characteristic of proteins and probably plays an important

role in the recognition process in vivo.

Tne study of hydrophobic bond formation with large hydrophobic

°s is hampered by the relatively low solubility of such compounds,

¢ hydrophobic and insoluble compounds can be "solvated" with an

se vehicle by covalent linkage of a hydrophobic ligand te an

matrix.

iently large hydrophobic patch on the protein interface

titute a binding site for the hydrocarbon chains bound onto

fhe relatively inert agarose. The relative flexibility of the bonded




Oxidized or met form, e.g.
cyanomet Hb; conformation
similar to oxygenated

Hb (tetramer contains bound
G in viveo)

ed Hb (dimer binds to haptoglobin

hydrocarbon chain affords the possibility

phobic pockets and accommodacting the surface hydrophobic patches in
whatever manner is most energetically favorable. It is assumed that

the available hydrophobic patches on the protein surface vary im size,

shape, lipophilicity and surface density, and that these variatiomns

physiologic

contributions

(25-28); although Halperia, et al. ve shown that protein

agaroses are almost totally due to hydrophobic

he alkyl group on the agarose matrix is believed to exist
adjacent to the aqueous interface on a heterogenous or homogenous
planer lattice of binding sites. The agarose matrix is freely
penetrable to Hh. However, an excessive alkyl substitution may lead
© self aggregation of the butyl or octyl groups, and subsequent

he agarose matrix. It is possible that the substituted

groups do self associate, to some degree, and thus

Protein binding s a function of both ligand density and alkyl

(hydrophobicity) (25,26,28). In hydrophobic chromato-

‘» where alkyl agaroses see primary usage, the hydrophobicity of




t is found that as the hydrophobicity of the gel is increased, higher

forces result and desorption of proteins is usually accomplished

via salr gr

ients, to selectively desorb competing species. Elution

rom & hydrophobic matrix parallels salting-in phenomena,

ol protelins I

is dependent on the type of salt employved and not on the

se (26,29).

It is postulated that protein adsorption or retention may be

rophobic nucleation and

coulombic iniciation with

ergistic interactions (the relative merits

[

@ respective ideas will not be discussed but are presented as

Jennisen has inferred from

ritical hydrophobicity for nucleation

™
n

AND METHODS
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citrated blood by centrifugatio

m chloride (NaCl). The buffy
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30,000 G
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utes to de-

ere for 30
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xvgenate the Hb.

and NaCN and then
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The arose slurries were v 5 volumes of sach of the

involves two processes, activation of the pParentc

following: a) ter, b) 0.2 M acetic

ﬁﬁﬁﬂﬂl. c) water,

The mechod of

d) 50 mM NaOH, e} water, f) dioxane-water (1:1), and £) 0.2 M

the method of Shaltiel
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solution

phase, to the

In concentrated buff
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means or artifacts of

nique
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paration,
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& ¥ foT 1
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the culture anaerobic pped (see below). Selutions
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in atmospheric
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photom Hitachi UV-VIS spectrophotometer.

from the literature all proteins
{3) However, a visible sbsorption spectrum was run on a Cary spectro-
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concentration aero-

required deoxy-Hb conversion to HbO,, accom—

ng in an open culture tube for 10 minutes
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RESULTS

The results of protein adsorption experiments must be care-
fully and cautiously examined. If adsorption isotherms fit certain

classical theory, the adsorption behavior

)

orms described by

itse is sometimes interpreted wvia the same theory. Should the
attendant premises of the theory hold, the analysis can be made in

a straightforward manner. However, for the purposes of this

study, h is only an initial feasibility investigation of the

adsorption behavior of Hb on alkyl agaroses, a rigorous analysis

is neither necessary nor appropriate.

Data are presented as adsorption isotherms with the amount of

protein adsorbed, micrograms (ug) of protein per micromole (uM)

y1 ligand, plotted against the final protein solution concentra-
tion in mg/ml. Two concentration regions are plotted. The first
includes protein cconcentration up to 1.5 mg/ml and is intended to
show broad adsorption isotherm charscteristics (Figs. 3 through

6). The second is an expanded scale which covers the protein
concentration range only up to 0.10 mg/ml, which indicates adsorption

behavior at low concentrations (Figs. 7 through 10). Figures 3

10, A through D, indicate increasing alkyl ligand density

Tanging as follows:
A= 8.8 uM alkyl ligand per gram of dry sucked gel.
dry sucked gel.

8= 10.8 uM alkyl ligand per gram of
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€C=11.4 uM alkyl ligand per gram o
D=17.4 uM alkyl ligand per gram of dry sucked gel.

These correspond to the four CNBr levels used in the agarose

arion procedure (refer to Materials and Methods, Alkyl Agaroses).
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ior of the three are different.
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The adsorption of HbCN has an initial shallow slope and low
level of adsorpcion in Figure 7a, and shows no plateau or break in
the isotherm. In Figure 7b the initial level is low but the slope
has increased slightly and no plateau or break is seen. Figure 7¢

has a higher initial sleope but has a break point and a lower slope

thereon. Figure 7d parallels Figure 7c, but both in

following slopes are higher and the break point moves to a lower

solution concentration. Both Figures 7¢ and 7d show Langmuir-

forms.

The behavior of deoxy-Hb (Fig. 9) is similar to HbCN, wi

onger initial slope increasi hrough Figure 9c. However, by

Figure 9d, the initial affinity has increased dra and the

break in the isotherm is both more pronounced and displaced to a

er concentration.

and a Langmuir

slope increases and the break in the isotherm is likewise displaced

Lo a lution concentracion. noglobin (Fig. 10) has
very lictle adsorption in thi itial concentraticn region.

At the higher concentration regions (Figs. 3 through 6), the

on differences become more discernible. The HbCN, in

Ja, rises to a plateau value at a low solution concentra-

In Figure 3b and 3c, the behavior is similar with approxi-

¥ the same adsorbed values reached at corresponding solutien

ation levels. The adsorption affinities increase slightly

ceeding through increasing ligand densities, Figure 3a
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through Figure 3d. Only the first break point is displaced to a

ies.

al

The HbO, displays different adsorption behavior. The inir

slope in Figure 4a is greater than for HbCN, and at the break point
where HbCN plateaus, adsorbed HbO, continues to increase, although
2

ieh na further hr int 1 Fi
with no further break points noticed. Proceeding through Figure 4

o

through 4d, the curves roughly parallel the behavior of HbCK with a
greater slope in each respecrive series. However, the break points

going from Figure 4b to

region. Both the slope and the adsorbed levels

ed by Hb isotherms differ from HbCN and HbO,. The initial

do

slope does not increase as dra those for HbCN and

» dependent upon ligand demsity. The protein adsorbed at

gher solution concentr

ion values does change with ligand density,
but not as much as might be expected. Beyond an initial break

in the isotherms, the protein solution concentration does not

appear to exert

Figure 5a.
Cyancglobin adsorbs in a constantly increasing manner, with no

plareau observed. The slope increases with increasing ligand

¥, as seen from Figure 6a to Figure 6d.

DISCUSSION

Hemoglobin exists in soluticn form in a dynamic equilibrium

between tetrameric and dimeric forms. In the concentration ranges

used in this study, the predominant equilibrium shifts from

tetramer, with increasing solution concentration for both HbCH and

enoglobin is

Hb0. (refer to Hemoglobin under Background). Deoxy

amer and does not dime e until far lower concentra-

a terr
o Fe vkl '
tions (< 1*10 ~ mg/ml).

tion equilibria is imnfluenced by the

The Hb association-dissoci

and may be affected by the presence of agarose

units. Xinetic recombination and diffusion would be

inhibited, as would the probability of adsorption of dimeric species.
Thus, the concentration at which dimerization occurs in the vicinity
of & surface will be less well defined and probably broadened over

previously determined ranges.

Dimerizarion adds numercus possibilities to the mechanism of

adsorption. The fresh surface area formed upen dimerization proba
has a greater preponderance of hydrophobic bonding sites. Adsorption

thus becomes a competition process between dimers and agarose alkyl

residues. If binding is reversible, the adsorption reversibility may

olve displacement of a protein molecule by another exchange

process, or by desorption alome. Displacement may occur if a tetramer

is displaced from an adscrption site by a dimer for more energe




bonding. If a tetramer dissociates to dimer form upon adsorption due

Group
No. No. Components Results Description

1D v d -
+““'___,_'5v_
+ T e

to steric strain, kinetics, etc., another possibility becomes competi-

tion with bound dimers competing for solvated dimers.

Dimer-tetramer equilibrium

R TR s e L oembe e

Kinetics play an ortant role in adsorption, e.g. the rates of

(]

Diper binding

<t e

arrival, equilibr on, structural accommodation, desorption, etc.

.

Tetramer binding

e

%ff%Xv

Reversibility, with respect to dilution, is usually employed to sort

s

out desorption kinetics., However, the fact that Hb undergoes changes

4 Bound dimer combined with
{ 1 h ot i : k 1 SE £ iimer
i :er—tetramer equilibria with changes in concentration, Suggests ’L Q — | et
i - s i 14no dmay n
be & very di = 1T 5 E}Lmef st:ea.-ns, dimer from
b + <] — - N bound tetramer
i ; 6 Bound tetramer rearrs:
|
Rates of arrival for the differing species would be expected to [
| 7 Two al s pulling tetramer
be different, as would the orientations of the arriving protein aparc
zclecules. Brownian motion and sion are providing movement to 4
B Self-
1 A5 aTa x o 4 W 2 binding terr
n molecules and limited displacements to the agarose helices 5
<] Folded alkyl binding di
and substituents. A descriptive look at the adsorption process
becozes necessary before suggesting conclusions. 10 Al self aggregated
TP = - V—
Figure 11 ie a sketch of the possibilities for interaction
11 Alkyl fol up on itself
and alkyl agaroses, grouped into three categories: - =
12 Folded bound al

1. Ongoing comperitive binding that definitely affect adsorg

g_-.q. E; arranged

vwes—— Agarose alkyl group
D> Hb dimer

X Hb tetramer

Key:

1. Possible cngoing competitive binding that affect binding to

lesser degree.

inating from

minimizing water contact area.

i

Compet

N pProcesses.




1)

3)

&)

Fo)

8)

Transport of the protein molecule and access to the
site;

Stoppage or slowing down of motion relative to protein i
and binding site;

Ample residence time to ensure necessary secondary

bonding interactions;

Alignment of most energetically favorable secondary

bonding sites: f

opagation of segmental attachm
Synergism of adsorption attractions such as ion pair
facilitation by hydrophobic environments through dielec-
tric media effects (34);

Surface accommodation by protein and/or adsorbent, thus

te interactions; i

the protein intc a nomnative

form, which is less likely to be resolvated with suf-

ficient strength to desorb.

Disruption of the binding may occur for many reasons:

The protein kinetic epergy may be tooc great for reten-

tion, or may statistically contribute to a short resi-

ient bonding strength for propagation or
synergistic action leading to metastable states (35).
Mcre favorable binding by time-dependent changes and
accommodation by the agarose substrate.

the complex competitive processes during adsorption and

the different alkyl residue environments, it is best not to empha-
size binding affinity constants nor Hill coeffiecients at this
time, The adsorption affinity constant will change as saturation
of preferential sites occurs. Although binding can be considered
on a planar lactice of uniformly distributed sites (30), this is
probably not the case to the extent of extracting a discrete set
of binding constants from Scatchard data (35).

The adsorption behawior is indeed an involved and complicated

process. A few salient details should be considered herein.

HbO, may undergo auto-oxidation during the experimental time
2

course. To guard against this, extreme precaution was used
equilibrating all components in the experiment with 0, prior to
experimentation. Nonmetheless, some Eboz would be expected to

convert to the ferric form during the experiment and hence become

very much like HbCN regarding conformation and solution propercies.
The problem with the ferric form in HbO, is the obscuring of data

by preferential adsorption of either form, and thus confounding

data interpretation. However, it is seen from the data that HbCN

,32 do indeed act quite differently.
Decxy-hemoglobin is much more stable against auto-oxidacion,

and would not be expected to degrade to the ferric form nearly as

T

=

2 adsorption increases observed when using progressively

higher alks § ot - £ . 1
figher alkyl substituted agaroses may stem from geometric implica=-

The contact sites accessible to each molecule (in sol




form, dimer-tetramer) are more numerous, leading to greater strength
of attraction. Ion-palr facilitation, mediated by dielectric
media changes, becomes more favorable.

The break points on the isotherm, moving to lower solution
concentrations as higher alkyl ligand densities are employed, are at
approximately comstant levels of protein adsorption, i.e. the level

of adsorprion is invariant at the break point, even as the adsorption

ities change. The break point adsorption level appears to be
haracteristic of the particular liganded Eb, in the concentration

range being examined. The affinity of adsorption appears to be

ed by a combination of Hb type and alkyl ligand density.

The following arguments may be major contributors to the adsorp-
tion behavior of

ifferently liganded hemoglobins.

1. The tetrameric solution conformation of deoxy-Hb, HbCN, and

are all very similar without significant difference to

ascribe any differences in binding capabilities. The most

ing contribution will be the ferric form (HbCN), which has lost

7 for heterotropic interaction (Bohr effect), where the

-base interaction with the squeous milieu and alkyl attachment

ironment is lost. This consideration would add to the interaction

and deoxy-Hb with the partially basic character of

+ Dimer-tetramer equilibria of cthe various hemoglobins is

erent. The dissociation constant of HbO, is much

p— 5 =12,
) than that of deoxy-Hb (10 ~°) and roughly equal to

HbCN. With the exposed hydrophobic contacts (6) available in the
dimer form, dimer binding to the alkyl agarose would be both more
frequent and more tenacious. At extremely low solution concentra-

tions, initial binding by this means of deoxy-Hb, HbCN, and HbO,,
2

will be similar. As the concentration is increased, deoxy-Hb will
demonstrate the lesser affinity, as the dimerized proportion drops

much more rapidly than HbO, or EbCN (refer to Appendix).

This may partially explain the anomalous behavior of deoxy=Hb
adsorbing to the lowest alkyl density agarcse as higher concentrations
are approached. Possibly the preponderance of dimers that have
formed have not had enough time to encounter an alkyl group before
combining with another dimer. Competitive adsorptiom would be skewed
towards dimer-dimer interaction and away from alkyl-ligand-dimer

interaction at this weaker alkyl residue density.
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ABSTRACT

Various live microorganisms and mammalian tissue cells can be
encapsulated in porous inorganic gels for such possible applications
as sensors, pharmaceutical bioreactors, and artificial internal organs.
For example, saccharomyces cerevisiae has been encapsulated in a
transparent matrix of porous, gel-derived silica. After gelation,
aging, and prolonged storage at b°C, S. cerevisiae bioactivity could
be triggered. Bioactivity was followed by evolution of alcohol within
the S. cerevisiae as a function of time during incubation by the
molecular probe molecule pyranine using fluorescence
spectrophotometry. In addition, mammalian tissue cells, such as
pancreatic islet cells, adrenal cells, and hepatocytes, have all been
encapsulated into silica gels. Encapsulated mouse islets have been
transplanted into diabetic mice with success. Described also are
other potential applications of this new class of biocomposite
material incorporating a "living" second phase. ;

*to whom correspondances should be addressed.




INTRODUCTION

In this report, living microorganisms and mammalian tissue cells
have been incorporated into a transparent, porous silica gel matrix
while preserving their bioactivity. Because the cells are
approximately three orders of magnitude larger than the average
pore diameter of the gel matrix, they are effectively immobilized.
The fine porosity of the gel, however, permits nutrients to reach the
living cells and byproducts to escape. It may be possible to
encapsulate many other microorganisms and tissue cells in a similar
manner.

The sol-gel route enables the preparation of a wide range of porous,
inorganic solids from liquid solutions at temperatures near ambient
(1,2). Porous silica gels possessing high transparency can be
prepared from alkoxide-based solutions with porosities as low as
only a few percent to as high as 99 percent (3).

In recent years, numerous research groups have demonstrated the
successful incorporation of a wide range of organic molecules into
gel-derived materials, including microstructural probes (4,5), laser
dyes(6-9), nonlinear optic dyes (6,10), enzymes (11), and
microorganism-derived molecules(12). The nanometer level porosity
of the gel-derived host allows the encapsulated dopant to be both
chemically and optically accessible(13). The immobilization of yeast
spores and certain bacteria in silica has been demonstrated (14-21).

S. cerevisiae has been the subject of recent studies into the
fundamental nature of various proteins on cellular processes (22)
and the genetic processes occuring during meiosis(23-28). Other
microorganisms, such as genetically modified E. Coli and
Streptomyces bacteria, have emerged as highly promising
“factories™ for a wide range of therapeutic enzymes(29).
Genetically engineered Pseudomonas putida has been demonstrated
to metabolize polyhalogenated compounds, such...-¥as
pentachloroethane and tetrachloroethane, into environmel
friendly by-products(30). It has been recently observed that

i




DNA in bacteria manifest liquid crystal mesophases which exhibit
significant optical polarization effects (31).

The microencapsulation of living cells, not microorgansisms, such
as lIslets of Langerhans, hepatocytes, and parathyroid cells "have
the potential to be used clinically for the treatment of diabetes,
hepatic failure, and parathyroid insufficiency, respectively (32)".
The separation of the cells from the immune system of the patient
by a semi-permeable membrane, in the case of islets, permits the
free migration of glucose and insulin while excluding direct contact
with antibodies (33). These are a few examples of possible
scientific, medical, and technological benefits of this novel class of
materials.

S. CEREVISIAE

The encapsulation of a living microorganism, saccharomyces
cerevisiae, in porous, transparent silica gel, in which the bioactivity
of the organism is preserved, is presented. The bioactivity has
been studied by staining the S. cerevisiae with a molecular probe,
pyranine.

Saccharomyces cerevisiae is a single cell ascomycete fungi(34).
Used in the fermentation of beers and whiskeys, and the raising of
breads, it is one of the oldest cultured plants or organisms by man.
The chief result of its bioactivity is the conversion of sugars and
carbohydrates to ethyl alcohol and CO,. Hence, bioactivity can be

followed by measurement of ethanol produced. 8-hydroxy-1,3,6-
trisulfonated pyrene trisodium salt, henceforth refered to as
pyranine, has been demonstrated as an excellent molecular probe
for water content of reverse micelles(35,36), pH changes in
phospholipid vesicles(37,38), and the study of the chemical
evolution of aluminosilicate sols and gels (39,40). Pyranine can
exist in both a protonated, PyOH, and deprotonated, PyO-, form,
depending upon either pH or water content of solution. The
protonated form exhibits a strong blue luminescence at -430 nm,
while the deprotonated form fluoresces at ~515 nm(40). The

relative ratio of alcohol to water, for example, can be easily

('}




Fig. 1: Photomicrograph (400X) of pyranine-stained saccharomyces cerevisiae
on a glass microscope slide. Individual saccharomyces appear to be
approximately 10.0 microns in length and 8.0 microns in width.

Fig. 2: Photograph of silica gel encapsulated, pyanine-stained S. cerevisi
b:ocompos:te A) under incandescent light; B) under UV (365 nm) illumir
Sample Iength approximately 7.0 cm, diameter approximately 1.0 cm,




followed by measureing the relative ratio of PyOH to PyO-
fluorescence (40). Pyranine was selected for this study as a
molecular probe to document S. cerevisiae bioactivity.

Prior to usage, S. cerevisiae was stained by pyranine in the
following manner. 0.5 gm S. cerevisiae (SIGMA Chemical
Company) was dispersed in 20 cc distilled water by gentle mixing,
after which 2.0 cc of pyranine (Eastman Fine Chemicals) solution (1
x 103 M in distilled water) was added. The stained S. cerevisiae
can then be stored for future use or used directly. A
photomicrograph of stained S. cerevisiae on a microscope slide is
presented in figure 1. The dye molecule is readily absorbed by the
fungus.

Due to the pH sensitivity of S. cerevisiae silica gels were prepared
by the two-step method of Brinker (41), in which hydrolysis of the
silicon alkoxide precursor is achieved under acidic conditions and
gelation is induced through the addition of base. Tetraethoxysilane
(TEQS), purchased from Morton Thiokol, Alfa Products, 42.0 cc,
was vigorously mixed with 10.0 cc 0.1 M HCI solution. After 30
minutes of stirring, the initially turbid mixture became a clear
solution due to the hydrolysis of TEOS and the associated evolution
of ethanol. The solution was then chilled in an ice bath to reduce
the rate of polycondensation upon the addition of base. 15.0 cc
0.1 M ammonium hydroxide solution was rapidly added. After one
minute of stirring, 20.0 cc of prestained S. cerevisiae dispersion
was introduced and the gel forming solution was cast in capped
polyethylene test tubes. Gelation occured within a few minutes.
The pH immediately prior to gelation was measured to be
approximately 5.0. The gels were then stored at 5°C. A
photograph of the resulting silica gels doped with stained S.
cerevisiae is presented in figure 2. The gels appear biege under
normal room light and fluoresce bright green under 365 nm UV
illumination. In figure 3, a photomicrograph of a small gel fragment
is presented under both transmission and UV illumination. The gel is
transparent except for the individual and clustered S. cerevisiae.
The average pore diameter of the silica gel phase was calculat'__ to
be 10.0 nm, based upon surface area and porosity measurements
(42).




Fig. 3: Photomicrographes (100X) of a transparent fragment of saccharomyces
encapsulated in silica gel: A) under transmitted light; B) under UV (365 nm) side
ilumination. Individual and clustered saccharomyces cerevisiae are the dark spots
in {A) and the bright spots in (B).

PyOH ¢ PyO- Ratio
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Fig. 4: Ratio of the protonated to deprotonated fluorescence peaks of
pyranine vs. incubation time at 450C for free S. cerevisiae in a formul
galactomannan polysaccharides, sucrose, and water.




In order to promote fermentation, a food formula consisting of 25
gm of galactomannan polysaccharides (SIGMA Chemical Co.), 50
gm of sugar, mixed with 1000 cc. of distilled water was prepared,
henceforth refered to as "food formula™. An initial test of the
bioactivity of the S. cerevisiae was preformed. 30.0 cc. of food
formula was mixed with 20.0 cc of prestained S. cerevisiae
emulsion and incubated at 45°C in a sealed glass sample vial. In
figure 4, the ratio of the fluorescence peaks of protonated to
deprotonated pyranine is plotted vs. incubation time. The
bioactivity of the S. cerevisiae peaks at approximately 200 minutes
after incubation was initiated, indicating the production of ethanol
within the fungus. Fermentation was also confirmed by the
formation of "foam" at the top of the sample vial, a pressure build-
up inside the vial, and the appearance of a strong oder commonly
associated with fermentation processes. As the biological activity
of the fungus decreases, the concentration of ethanol byproduct
within the bacteria declines due to diffusion into the surrounding
liquid. In figure 5, the fluorescence spectra of pyranine stained S.
cerevisiae is presented. Curve "A" is the fluorescence emission
spectrum prior to incubation and curve "B" is the spectrum at the
peak of bioactivity. Prior to incubation, only a small shoulder
corresponding to the protonated pyranine is present. As ethanol is
produced within the S. cerevisiae, a much stronger peak at about
443 nm appears. By plotting the ratio of the intensities of
PyOH/PyO- vs. volume percent ethanol in aqueous solutions, the
peak alcohol concentration within the S. cerevisiae was estimated
to be approximately 40 volume percent.

In order to test for the bioactivity of the S. cerevisiae -doped silica
gels, gel samples were solvent exchanged in distilled water twice
for 24 hours at 5°C to remove residual alcohol produced during the
initial hydrolysis. The washed gels were then impregnated with
food formula containing galactomannan polysacharides, sugar, and
water for 24 hours at 5°C. Prior to incubation, the gel samples were
removed from the food furmula solution and quicky rinsed in distilled
water to remove surface deposits of food formula and any"stra?"- S.
cerevisige. The fully impregnated gel samples were then in'jcu“




Arbitrary Intensity

400 500 600 700 800

Wavelength {(nm)

rig. b: Fluorescence spectra of pyranine-stained saccharomyces
cerevisiae from figure 4 at: A) 0 minutes incubation time; B) 200 minutes
incubation time.
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Fig. 6: Ratio of the protonated to deprotonated fluorescence peaks of

pyranine vs. incubation time at 45°C for silica gel encapsulated S. cerevi:
impregnated with a formula of galactomannan polysaccharides, sucr0$
water. |
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Fig. 7: Ratio of the protonated to deprotonated fluorescence peaks of
pyranine vs. logarithm of incubation time at 450C for silica gel encapsulated S.
cerevisiae impregnated with a formula of galactomannan polysaccharides,
sucrose, and water.
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Fig. 8: Second cycle ratio of the protonated to deprotonated fluorescence _péaks
of pyranine vs. incubation time at 45°C for silica gel encapsulated S. ge'raviéia 3
impregpated with a formula of galactomannan polysaccharides, sucrose, an ;
water. i




in a sealed glass vial at 45°C and the emission spectra measured at
various time intervals. A plot of the ratio of PyOH/PyO- as a
function of incubation time is presented in figure 6, following a
pattern similar to that of free S. cerevisiae shown in figure 4. The
peak bioactivity also occurs at approximately 200 minutes after
incubation was initiated. The peak alcohol content within the gel-
encapsulated S. cerevisiae was calculated to be approximate 30
volume percent, about 10 volume percent less than in the case of
free S. cerevisiae. In figure 7, the PyOH/PyO- ratio is plotted vs. the
logarithm of incubation time,.showing a logarithmic rise and fall in
ethanol content within the S. cerevisiae. To the unaided eye, there
was no observable change of appearance of the gel samples. There
was, however, a pungent oder produced by the fermentation, similar
to that observed for the case of free S. cerevisiae.

To determine if the observed bioactivity could be repeated, or
cycled, by the same samples, the samples described above were
"reprocessed"” by solvent exchange in water twice for 24 hours, to
remove fermentation byproducts, and then impregnated for 24
hours with fresh food formula. Samples were then incubated at
450C and spectra measured at various time intervals. In figure 8,
the second cycle bioactivity is plotted vs incubation time. No
significant change over time was observed, suggesting that
bioactivity in this system could not be sustained for repeat cycles.
The causal mechanism of the inhibition in second cycle bioactivity
is the subject of further study.

BOVINE HEPATOCYTES

In order to investigate the morphological consequences of
encapsulating mammalian tissue cells, fresh bovine hepatocyte
tissue (beef liver) was enzymatically dispersed by the method of
Quistorff, Dich, and Grunnet (43), using an enzymatic solution of 60
mg. collagenase and 60 mg. dispase in 120 mL Hank's Balanced
Salt Solution (HBSS) under gentle agitation at 37°C for 2 hours.
The resulting supernatent of isolated hepatocytes was decanted and
used for encapsulation. Similar to the method described abov '
cc. hepatocytes solution was added to the silica solution

10
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Fig. 9: Photomicrograph of bovine hepatocytes encapsulated in porous silica gel
(400X).

Table 1: Insulin secretory response following sol-gel encapsulation.

Source Time Post FSR/hour*
. Encapsulation
Control fetal pancreas 1 week 3.63
Control adult islets 1 week 1.43
C57 Bl fetal pancreas, 1 week 1:55
2.14
1.2
C57 Bl adult islets 1 week 1.46
1.58
1.62
C57 Bl fetal pancreas 3 weeks 175
4,36
2.7
C57 Bl adutlt islets 3 weeks 0.27
1.45
4.38
3.36
Control fetal pancreas 3 weeks 0.29**

Control adult islets 3 weeks 0.42%

*fractional stimulatory ratio
**loss due to infection




gelation. In figure 9, isolated bovine hepatocytes encapsulated in
silica gel is shown at X100 magnification. The majority of cells
appear round and their structure is well-preserved. No test of
bioactivity was performed on these cells, inasmuch as they were
not live tissue cells.

MOUSE ISLETS

Working in collaboration with the Sansum Medical Research
Foundation, pancreatic cells, islets of Langerhans, have been
encapsulated in porous silica gel. In figure 10, a typical mouse islet
culture is shown. Unlike the hepatocytes, islets are obtained from
surgically removed whole pancreas and minced into sub-millimeter
cell clusters. Fetal mouse islets and adult mouse islets encapsulated
in silica gel produced insulin in response to glucose challenge. In
table 1, preliminary insulin secretory response data are presented for
control cultures and encapsulated cultures of both adult and fetal
mouse islets /in vitro. After 3 weeks, both fetal and adult islets
performed well to glucose challenge, while control cultures
performed poorly due to infection. Silica gel encapsulation may
have prevented bacterial overgrowth.

Transplantation of encapsulated islets into a diabetic mouse was
recently performed. The diabetic mouse strain (see figure 11) at
Sansum has been designated Smrf by the National Research Council
Institute of Laboratory Animal Resources. After one month of
transplantation, the surgically removed transplant showed no
evidence of fibrosis. Further /n vivo transplant studies are in
progress. Life span /n vivo and host/implanted tissue immunologic
and/or fibrotic responses are currently under investigation.
Transplanted islets of Langerhans, if viable for extended lengths of
time, could emerge as a viable treatment for diabetes(44).

RAT PC-12 CELLS

At the Department of Bioengineering, University of Utah, an

aggressive research program, under the direction of Dr. Pat Tresco, :

is underway to develop encapsulated cells for su
neurotransmitter delivery to the central nervous syste

12
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Fig. 10: Photomicrograph of a typical culture of minced fetal islets. Largest
clusters are approximately 1.0 mm in diameter (C.M. Peterson, et al., "Human
fetal pancreas transplants”,J. Diabetic Complications, 3 (1989) 27-34.

Fig. 11: Diabetic Smrf laboratory mice.
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Fig. 12: Photomicrograph of rat PC 12 adrenal cells encapsulated in a silica gel
spheroid.

Fig. 13: Photomicrograph (X100) of an individual 2.
gejl i




Implantable, bioartificial prosthesis may find therapeutic usefulness
in treating central nervous system disorders, such as Parkinson's
disease (45). PC 12 cells, isolated from rat pheochromocytoma,
were dispersed in silica gel spheroids, based upon the solution
chemistry described for S. cerevisiae (20,21). Upon gelation,
samples were immersed in growth media and incubated at 37°C
under 5% carbon dioxide. A photomicrograph of the dispersed PC
12 containing spheroid is shown in figure 12. Preliminary tests with
vital dye staining indicate cell viability after encapsulation. Further
tests to determine dopamine secretory response are in progress.

BIOLUMINESCENT MICROORGANISMS

The bioluminescent species of dinoflagellate, Pyrocystis lunula, is a
photosynthetic algae which live within the top 100 feet or so of
most of the earth's oceans(46). At night, upon agitation, such as
wave action or the movement of fish, they luminesce bright blue. It
has been speculated that this luminescence is related to predator
aversion. P. /unula (Protein Solutions, Inc., Salt Lake City, Utah)
were encapsulated in the same manner as S, cerevisiae, except that
all solutions used in gel hydrolysis and formation contained 2.9 %
NaCl by weight. In figure 13, a silica gel encapsulated P. lunula is
shown. Thus far, however, no bioluminescence in encapsulated
dinoflagellates has been observed. This does not necessarily
indicate a lack of bioactivity. The "trigger" for the bioluminescence
is agitation. Confined within a rigid silica matrix, it may be
impossible to induce bioluminescence. Ultrasonic vibration, sample
fracture, and other means of creating shock waves within the
material have, thus far, all failed to achieve detectable
luminescence. Current efforts are directed towards bioluminescent
bacteria.

SUMMARY

In this report, living microorganisms, such as Saccharomyces
cerevisiae and Pyrocystis lunula, have been incorporated into a
transparent, porous silica gel matrix while preserving their
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bioactivity. Mammalian tissue, such as mouse islets of Langerhans
and rat PC 12 adrenal cells, have also been encapsulated.
Preliminary results suggest that long term immunoisolation and
pathoisolation for the transplantation of cells is promising. Because
the cells are approximately three orders of magnitude larger than the
average pore diameter of the gel matrix, they are effectively
immobilized. The fine porosity of the gel, however, permits
nutrients to reach the cells and byproducts to escape. It may also
be possible to encapsulate a wide range of other microorganisms
and mammalian tissue cells in a similar manner for scientific study,
medical and industrial applications. The encapsulation of pancreatic
islets, adrenal cells, and hepatocytes for transplantation into animal
hosts appears promising for bioartificial organs.
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Abstract O Various solution additives affect the solubility and macro-
ageregation of insulin in buffered agueous solutions at physiological pH.
The selubility of insulin may be improved with the addition of small
amounts of aspartic acid, glutamic acid, EDTA (ethylenediaminete-
traacetic acid), lysine, Tris buffer, or bicarbonate buffer. In addition, the
propensity of dissolved insulin to reaggregate and precipitate may be
inhibited by such additives. Buffered physiological {pH 7.4} saline so-
lutions containing 0.001-0.002 M lysine in the presence of 0.005 M EDTA
or 0.01 M lysine in the absence of EDTA improve insulin solubility and
are effective in minimizing aggregation. Solutions thus prepared may be
suitable for application in intravenous insulin infusion devices and may
be useful commercial insulin preparatinns.

EKeyphrases 0 Insulin—minimizing aggregation, neutral solutions, ly-
sine, solubility O Aggregation—minimization, solubility of neutral insulin
solutions, lysine solubility O Lysine—minimizing aggregalion of neutral
ingulin solutions, solubility D Solubility—minimizing aggregation of
neutral insulin solutions, lysine

The tendency of insulin solutions to form macroaggre-
gates is an obstacle in the development of long-term insulin
delivery systems (1-5). The macroaggregation of the in-
sulin molecule often limits prolonged infusion to a few days
unless the device is regularly flushed during the test period.
This problem, as well as a desire to characterize the ad-
sorption of insulin, have led us to search for a physiological
solvent or additive that will stabilize insulin solutions.
Insulin solubility and prelonged prevention of macro-
aggregation has been achieved by addition of various
agents to dilute insulin solutions (4-8).

EXPERIMENTAL

‘The Tris buffer contained 0.1 M NaCl, 0.005 M EDTA (ethylenedi-
aminetetraacetic acid) (Tris-HCI 14.04 gfliter; Tris, 1.24 g/liter)). The
phosphate-buifered saline solution was prepared using 1.36 g of
Na;HPO,, 0.22 g of KH,PO,, 0.005 M EDTA, and B.5 g of NaCl/liter (0.01
M phosphate and 0.145 M NaCl). The pH of both solutions was adjusted
to 7.2-7.4, as needed, biy addition of 0.1 M HCl or 0.1 M NaOH. Bicar-
bonate buffer was prepared using 1.428 g of NaHCO; and 8.070 g of NaCl
diluted to 1 liter. A mixture of 5% CQ3 and compressed air was bubbled
through the solution to adjuss the pH to 7.4. Amino acids and other ad-
ditives were added to the buffered solutions in varying concentrations
as desired.

Crystalline insulin? at a potency of 25.2 U/mg was used in an attempt
to regulate solution additives. Many other studies have used commercially
available insulin preparations which usually contain additives that in-
fluence solubility and aggregation.

Solutions of 1 ml were sealed with paraffin film in 16-ml glass tubes
(16 mm X% 100 mm) and continuously agitated in a shaking water bath
at 100-200 cycles/min and 37°. Sclution turbidity was evaluated twice
daily. The degree of aggregation of the solution was assessed visually on
a five-plus scale: {(+) meant clear, no observable particles, and {++++ +}
meant large ageregates or cloudy. Initially instrumental turbidity mea-
surements were used to assess the degree of aggregation, but because of
the macroscopic nature of the aggregate, this method did not aceurately
reflect the amount of aggregation. “First day™ results indicate apparent

! Chemicals were obtained from Sigma Chernical Co.
m;é?)gmined from Calbiochem Behring Corp., La Jolla, Calif: lot number
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solubility of insulin after 2-4 hr. The “5-6 day” resulis indicate degree
of aggregation present at that time.

RESULTS

Additives tested were aspartic acid, EDTA, ghatamic acid, bicarbonate
buffer, ethanol, glyeerol, leucine, lysine, and Tris buffer. When increased
solubility or prolonged prevention of aggregation was chserved, an at-
ternpt was made to determine the minimum amount of the additive re-
quired to produce the observed result. This was done by serially diluting
the additive in the buffered solution while other buffer conditions were
held constant, Results are given in Table 1.

Ethanel, Glycerol, and Leucine—These three compounds proved
to be very unsatisfactory as additives in the concentration range tested
{0.001-0.1 M}. None of the compositions demonstrated delayed onset

Table 1T—Effect of Additives on Insulin Aggregation

Insulin  Effective
Concen- in Blocking
EDTA tration, Aggrega-
Major Additive Buffers pH (0.005 M)} mg/fml tion?
Lygin;}{).ﬁ[)ﬁ&— PBS 7.4 + 6-10 Yes
.1
Lysine (0.0005— PES 74 - & Slight
0.1 M)
Lysine (0.001- PBS 9.0 + 6 Yes
0.1 M)
Lysine (0.001- PBS 8.0 - 6 Slight.
0.1 M)
Aspartic Acid PRS 7.4 + 6 No
0.00005-
0,05 M)
Aspartic Acid PBS 74 - é No
{0.00005-
0.05 M)
Aspartic Acid PRS 35 + 3-8 Yes
{0.00005~
0.05 M
Aspartic Acid PBS 35 - 3-6 Yes
{0.00005~
0.5 M)
Glutamic Acid PBS 7.4 + & No
{0.00005-
.05 M)
Glutamic Acid PBS 7.4 - 6 No
{0.00005-
.65 M)
Glutamic Acid PBS 35 + 3-6 Yes
{0.00005
0.05 M)
Glutamic Acid PBS a5 - 3-6 Yes
{D.00005—
0.05 M)
Leucine {0.001- PBS 74 + 6 No
0.1 M)
Glyeerol (0.001- PES 74 + 6 No
1.0 M)
Ethanol (0.001— PBS 7.4 + 6 No
.1 M)
Buffer A (0.005- PBS 7.4 + 6 Yes
0.1 M)«
Buffer A {0.005- PBS 7.4 - 6 No
0.1 M)
Buffer A {0.005- Tris T4 + 6 Yes
&1 M}

Sodium Bicarbonate NaHCOj3 7,2’?— + 0.5 Yes
A

@ Key: {PBS} phosphate-bulfered saline; (Tris) Tris buffer in .1 M NaCl

0022-3549/ 831 1200-1472801.00f ¢
© 1983, American Pharmaceutical Association
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Figure 1—Comparison of aggregation of insulin in phesphate-buffered
saline as o function of Tris concentration. Solutjon conditions: phos-
phate-buffered saline, pH 7.2-7 4, temperature 37°, and insulin con-
centration, 6 mg/ml. Key: Degree of uggregation of solutions with 0.005
M EDTA ai 1 {a) and 5 () days; aggregation of selutions without
EDTAat 1(0)and 5(®) days; { &) point pverlap.
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Figure 2—Concentrations of 0.001-0.01 M Lysine in 0.005 M EDTA and
phosphate-buffered saline, pH 7.4. Key: degree of aggregation of solu-
tions with 0.005 M EDTA at 1 (s} and 5 (a) doys; (&) point overlap.

of aggregation.

Tris Buffer—Phosphate-buffered saline solutions were prepared with
and without 0.005 M EDTA, at various Tris concentrations (0.001-0.1
M). Figure 1 summarizes the aggregation of insulin as a function of Trig
concentration in the presence and absence of EDTA, demonstrating that
both additives are important in delaying the onset of insulin aggrega-
tion,

Lysine—FPhosphate-buffered saline zolutions containing lysine showed
tapid dissolution of msulin, with the dissolution time decreasing as the
pH was raised to 8.5-9.0. Solutions containing lysine at pH 7.2-7.4
maintained a clear, unaggregated appearance for 56 days. Higher lysine
concentrations (0.1-0.01 M in 0.005 M EDTA) tended to aggregate more
than those solutions containing lower lysine concentrations (0.01-0.001
M). Lysine (0.001 M in 0.005 M EDTA) is effective in minimizing
aggregation (Fig. 2). However, when 0.005 M EDTA was eliminated from
the phesphate-buffered saline solution, 0.01 M lysine was required to
significantly minimize aggregation. Solutions of 0.01 M lysine and 0.005
M EDTA maintained at 4° without agitation remained not aggregated
for periods up to 3 weeks.

Aspartic and Glutamic Acid—Earlier studies in other laboratories
{6) showed that glutamic and aspartic acids were important in delaying
the onset of aggregate formation, Our studies confirin the results of
Bringer et al. (b) wherein aggregation was prevented for 6-7 days; how-
ever, serial dilution resulted in a decrease in the aggregation time, As-
partie acid proved to be more successful than glutamie acid at blocking

insulin aggregation {Table I). It is important to note that due to the acidic
nature of these amino acids, the pH of these solutions was 3.5 rather than
7.4.1f the solutions were adjusted to pH 7.4, the aggregation was lost. This
observation was also noted by Bringer et af. (5).

Bicarbonate—Two-milliliter solutions of sodium bicarbonate satu-
rated with insulin were titrated to pH 6.3 with 0.1 M HCI, resulting in
insulin precipitation. If solutions were back-titrated to pH 7.4 with 0.1
M NaQOH the insulin remained undissolved, However, if a 5% COs
compressed air mixture was bubbled through the solution until pH 7.4
was reached, the insulin redissolved. A similar observation was noted by
Lougheed et al., where dissolution times were monitored as a function
of bicarbonate concentration (8).

DISCUSSION

These results support the findings of previous researchers that agita-
tion, additives, temperature, pH, and insulin concentration influence the
solubility and macroaggregation of insulin. Recent work by Sato et af.,
demonstrates that urea is effective in minimizing aggregation {(9).

Several mechanizsms for the prevention of aggregation have been
proposed including the poasibility of a serumn substance (4) that prevents
aggregation [newly published data from this group suggests that the hi-
carbonate concentration is the major factor in mediating insulin solubility
(8)]. The chelation effect of the carboxyl groups of amino acids for zinc
is believed to block aggregate formation by resulting in a more solubie
form of insulin. This data iz somewhat supported by the improvement
of solubility and prolongation of aggregation time observed in solutions
containing EDTA. As a chelating agent, EDTA may compete with insulin
for zinc and, therefore, slow aggregate formation (10}, Another possible
mechanism for minimizing aggregation is that amino acid additives,
especially lysine, may interact with the insulin molecule by hydrophobic
and ionic means, thereby decreasing insulin-insulin interactions and
preventing or slowing the formation of aggregates. More definitive work
should he dohe with detailed analysis of the types of interactions and the
conformation of the insulin molecule in these solutions.

Buffered physiological saline solutions containing 0.001 M lysine and
0.005 M EDTA improve insulin solubility and are effective in delaying
the onset of macroaggregation. In the ahsence of EDTA, 0.01 M lysine
solutions improve initial solubility and minimize the degree of aggrega-
tion. One advantage of the lysine additive is that the solutions are
maintained at pH 7.4. A second advantage is that lysine is a common
amino acid and is therefore not a synthetic additive.

Results summarized in this study emphasize the importance of addi-
tives in improving the solubility and stability of insulin solotions. It
should be remembered that the type of insulin and additives used in
various insulin preparations influence the properties discussed above,
so a comparison of these results with other studies must be dene with
caution. The enly way {o accurately assess the contribution of each ad-
ditive as to its solubility and aggregate-blocking properties is in a study
such as this which minimizes the contributions of other solution variables
or insulin additives.
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