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Manipulation of Proteins on Mica by Atomic Force
Microscopy
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The atomic force microscope was used to image adsorption of a monoclonal IgM on mica in real time.
Under the smallest possible force we could achieve (<4 nN), the cantilever tip behaved as a molecular
broom and was observed to orient protein aggregates in strands oriented perpendicularly to the facet of
the cantilever tip. Rotating the secan direction preserved the orientational relationship, as seen by the
formation of rotated strands. When the applied force was increased, the distance between the strands
increased, indicating the amount of protein that can be swept depends on the applied force. The effect
of scanning increased the apparent surface coverage of IgM. Manipulation of a deposited fibrinogen layer
with a 4-nN repulsive force was observed only after tens of minutes, but not to the extent that strands
formed, indicating a greater adhesion between the fibrinogen and mica than between IgM and mica. With
an applied repulsive force of 30 nN, fibrinogen strands formed and the protein was manipulated to produce
the block letter U. At a much higher repulsive force, the entire scanning area was swept clean.

Introduction

The ability of the atomic force microscope (AFM) to
image nonconductors in both air and aqueous environ-
ments has enabled it to be used as a research instrument
for the biological community. Already, it has been used
toobserve nucleicacids,'*lipid assemblies, 24 proteing, 10
and even entire cell surfaces 1013

The amount of AFM work in the biological area is
currently small, but expanding rapidly. Unfortunately,
most of the published studies merely report the observation
of various structures on surfaces and do not address the
issue of perturbation of the observed system by the AFM
cantilever tip.
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In a previous study, we had observed the adsorption of
a monoclonal IgG from solution onto mica® We hypoth-
esized that the IgG ridges were a consequence of the protein
being swept across the surface by the scanning probe. Since
then, we have been focusing our efforts on observing real
time adsorption of proteins in a system in which pertur-
bation by the scanning probe is minimal. We found,
however, protein manipulation so prevalent that an un-
perturbed observation of the adsorption process would
not be easily attainable. We decided to investigate how
manipulation by the cantilever tip can be used to determine
interactions between the tip and protein and between
protein and substrate. The results of this study demon-
strate that the cantilever not only has a profound effect
on adsorption processes, but also may be used to manip-
ulate molecules into desired patterns or shapes.

To study the effects of scanning the cantilever tip on
protein adsorption processes, we followed the adsorption
of an IgM on mica. The rationale for using IgM in these
experiments was that, due to the limited resolving power
of the AFM, the protein needed to be large and have a
distinct molecular shape in order to observe individual
proteins. IgM has a molecular weight of 900 kDa and its
tertiary structure when viewed by electron microscopy
resembles a five-pointed star.!* The IgM is a mouse mon-
oclonal antifluorescyl antibody (clone 18-2-3).1517 Thijg
particular IgM is a cryoglobulin that disaggregates,
producing individual pentamers, when fluorescein is bound
or when the ionic strength exceeds 0.3 M. All IgM work
in this study is with the fluorescein-bound, disaggregated
form. The association constant for the antigen is (2-3) X
10 M, which is unusually large for an IgM.

Experimental Section

The atomic force microscope used is a commercial one (Digital
Instruments) that incorporates optical beam deflection!® for
sensing cantilever motion. The cantilevers (Park Scientific), with
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spring constants of 0.37 and 0.064 N/m, were microfabricated
from silicon nitride and have a 800-A vapor-deposited, gold—
chromium layer.

To conduct the IgM adsorption experiment, mica was first
imaged under pH 8.0 phosphate buffer saline (PBS) in a fluid
cell. The PBS was then exchanged for a 20 ug/mL IgM solution
in pH 8.0 PBS. We decided to operate at pH 8.0, the isoelectric
point of the IgM clone, where adsorption of the protein would
be maximum and the lateral interactions between the proteins
would be the greatest, due to decreased electrostatic repulsion,
A very small area was initially scanned in order to minimize the
effect of the cantilever tip on the adsorbing protein while the
applied force was being minimized.'® Once the force was
minimized, the scan area was increased to 3000 nm by 3000 nm
and the adsorption process was observed using constant-force
mode (4 nN). After 12 min of continuous scanning a 3000 nm
by 3000 nm area, the scan size was increased to 9700 nm by 9700
nm. Scanning of this larger area was continued in constant-
height mode.

The influence of the tip on the protein adsorption process was
investigated by scanning the same 1700 nm by 1700 area in the
constant-height mode at three different applied forces: 8, 12,
and 14 nN. IgM was allowed to adsorb on mica from a 20 pg/mL
pH 8.0 PBS solution for 13.5 min. Then three images were taken
consecutively, beginning at low force and ending with high force,
and each was taken after three successive scans of 1700 nm by
1700 nm areas, with the first scan being from hottom to top.

An experiment in which adsorbed protein was intentionally
manipulated into a desired shape was conducted using fibrinogen
(65% clottable human sample, U.8. Biochemical Corp., Cleveland
OH). A 100 pg/mL solution of fibrinogen in pH 8.0 PBS was
allowed to adsorb onto the mica in the fluid AFM cell for 5 min.
The protein solution was then exchanged for buffer. A moderate
repulsive force of 30 nN was applied and seven adjacent 2000 nm
by 2000 nm areas were scanned twice each in the form of a block
U. The applied force was then minimized to 4 nN and the scan
area was increased to 10 um by 10 um for observation.

Results and Discussion

When IgM adsorption was imaged with the atomic force
microscope using an initial force of approximately 4 nN,
the first IgM molecules appeared as aggregates on the
mica surface (Figure 1). It is not known if the IgM ad-
sorbs in the form of aggregates existing in solution or if
the cantilever tip pushes individual proteins already on
the surface together to form these small aggregates. The
former is possible since the protein solution was buffered
to the isoelectric point of the IgM, the pH at which
maximum aggregation is expected to occur, As time
progressed, more aggregates appeared and they began to
line up in strands oriented perpendicularly to the fast-
scanning (x) direction (Figure 2).22 The implications are
that the adhesion between the IgM and the mica under
these conditions is weak and easily disrupted by the
scanning cantilever tip.

Figure 3 shows the image of IgM adsorption after 12
min (a 9700 nm by 9700 nm area captured in constant-
height mode). Two partially superimposed 3000 nm by
3000 nm areas that were previously scanned are indicated
in the lower right portion (area 1). The lower third of the
entire 9700 nm by 9700 nm area was scanned twice
(indicated as area 2), and the upper two-thirds only once

(18) Alexander, 5.; Hellemans, L; Marti, O.; Schneir, J.; Elings, V.;
Hansma, P. K.; Longmire, M.; Gurley, J. J. Appl. Phys. 1989, 65, 164.

(19) Since the force minimization was done while the IgM was ad-
sorbing, it is not known if this reported force was between the cantilever
tip and mica, the cantilever tip and IgM (if the tip was positioned above
the protein), IgM and mica (if IgM had adsorbed onto the cantilever), or
IgM molecules (if an IgM-coated cantilever was positioned above ad-
sorbed IgM). These different situations would not necessarily yield the
same forces.

(20) The microscope scans the surface in a raster pattern with a
frequency of 18 Hz in the x direction and 0.05 Hz in the y direction. The
x direction is therefore referred to as the fast-scanning direction.
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Figure 1. A 3000 nm by 3000 nm AFM constant-force image of
IgM 18-2-3 deposited on mica from a 20 ug/mL pH 8.0 PBS
solution after a 1-min adsorption time using a 4-nN force. The
vertical scale is height in nanometers. The dark wedge is a pit
in the mica possibly formed from the force minimization process.

Figure 2. A 3000 nm by 3000 nm AFM constant-force image of
IgM 18-2-3 deposited on mica from a 20 ug/ml pH 8.0 PBS
solution after a 2.5-min adsorption time using a 4-nN force
(identical area is in Figure 1). The vertical scale is height in
nanometers.

(indicated as area 3). Itisevidentthatin the less scanned
areas, the IgM is more uniformly distributed over the
surface and is not forced by the cantilever tip to line up
in strands. Figure 4 shows that further scanning of the
whole 9700 nm by 9700 nm area causes the unperturbed
IgM to align in strands and apparently increases the
amount of IgM on the surface.

The phenomenon of molecular alignment by AFM was
observed previously with fibrin monomers in PBS on mica,?
with a monoclonal IgG in PBS on mica in solution,® and
with von Willebrand’s factor on mica in air,® where the
applied force is much greater. Apparently, the cantilever
tip behaves as a “molecular broom” that sweeps individual
proteins or small protein aggregates into larger piles in
the fast-scanning direction. As will be shown later, the
exact orientation of the protein aggregates will depend on
the orientation of the facets of the cantilever tip relative
to the scanning axes. Figures 5 and 6 show that the tip-
induced aggregation depends on which scanning mode is
used. Theindividual proteins and protein aggregates exert
a force, which can be broken down into horizontal and
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Figure 3. A 9000 nm by 9000 nm AFM constant-height image
of IgM 18-2-3 deposited on mica from a 20 ug/mL pH 8.0 PBS
solution after a 12-min adsorption time using a 4-nN force. The
vertical scale is force (uncalibrated). In the lower right are two
superimposable 3000 nm by 3000 nm areas, previously scanned.
The rest of the area was previous unscanned.

Figure 4. A 9000 nm by 3000 nm AFM constant-height image
of IgM 18-2-3 deposited on mica from a 20 pg/mL pH 8.0 PBS
solution 1.5 min after the previous image using a 4-nN force. The
vertical scale is force (uncalibrated). The proteininthe previously
unscanned area now resembles the previously scanned areas.

vertical components, on the sweeping cantilever tip. When
the protein pile gets too large and its interaction with the
surface increases above a critical value, the vertical force
exerted on the cantilever tip increases to a detectablelevel.
In the constant-force mode (Figure 5), the piezoelectric
crystal will retract to maintain constant force allowing
the cantilever tip to slide over the aggregate. Atthis point,
the cantilever tip no longer pushes the aggregate. Once
pastthe aggregate, however, it begins the sweeping process
again. In the constant-height mode (Figure 6), the
piezoelectric crystal does not respond to the cantilever
deflection. Instead, the vertical force component will
increase to the point where the cantilever is deflected up
overthe aggregate, Then, the vertical force decreases and
the cantilever deflects back toward its initial position
(Figure 6). These processes repeat themselves as the
cantilever tip moves to the next position in the slow- ()
scanning direction.

Lea et al.
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Figure5. Schematic representation of protein manipulation on
a surface by the cantilever tip in constant-force mode. (A) Tip
moving in the fast-scanning direction begins sweeping the proteins
across the surface, provided the vertical force exerted on the tip
by the protein is small. (B) As the protein begins piling up, the
interaction of the aggregate with the surface increases, producing
a larger vertical force exerted on the cantilever. (C) When the
vertical force becomes sufficiently large to cause cantilever
deflection, the feedback system retracts the piezoelectric crystal,
as indicated by the downward arrow, to maintain constant force.
(D) The piezoelectric crystal advances, as indicated by the upward
arrow, when the vertical force is diminished and the sweeping
process begins again.
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Figure 6. Schematic representation of protein manipulation on
asurface by the cantilever tip in constant-height mode. (A) Tip
moving in the fast-scanning direction begins sweeping the proteins
across the surface, provided the vertical force exerted on the tip
by the protein is small. (B) As the protein begins piling up, the
overall interaction of the aggregate with the surface increases,
producing a larger vertical force exerted on the cantilever. When
the vertical force becomes sufficiently large, the cantilever deflects
up over the aggregate. (C) Once the vertical force decreases, the

cantilever deflects back toward its original position. (D) The
sweeping process begins again.

When comparing these two scanning modes, one would
expect that protein perturbation would be greater for
constant-height scanning than for constant-force scanning.
Assume the imaging by each mode is done at the same
initial applied force. Thedifference inthe force the protein
experiences with the tip positioned above it, AF, would be
given by eq 1, where k is the spring constant of the

AF = k(Az - 3) 1)

cantilever, Az is the distance the cantilever would deflect
above the protein (tens of angstroms) in the constant-
height mode, and 5 is the minimum cantilever deflection
distance the split photodiode can detect (~1 A).
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Figure 7. A 1700 nm by 1700 nm constant-height AFM image
of IgM 18-2-3 on mica, using an 8-nN force. The IgM was allowed
to adsorb for 13.5 min from a 20 ug/mL solution in PBS at pH
8.0 and was then scanned three times before this image was taken.

Figure 8. A 1700 nm by 1700 nm constant-height AFM image
of IgM 18-2-3 on mica, usinga 12-nN force. The IgM was allowed
to adsorb for 18 min from a 20 pg/mL solution in PBS at pH 8.0
and was then scanned three times before this image was taken.

The applied forces that are exerted on the cantilever
are the overall forces, and they depend on the geometry
and volume of the cantilever. The localized forces,
however; can be very different. From the interaction
potential calculations, one can conclude that the force
between the apex of the cantilever tip and the substrate
would have a greater repulsive contribution to the overall
force than the rest of the tip would. At present, it is not
known over what area this overall force is exerted. The
influence of the tip at three different applied forces (i.e.,
at 8, 12, and 14 nN) on the protein adsorption process is
shown in Figures 7-9. These three images were taken
consecutively, beginning at low force and ending with high
force, and each was taken after three successive scans of
1700 nm by 1700 nm areas. Two effects are evident in
Figures 7-9: (a) with increasing force, the spacing between
the adsorbed protein strands increases, and (b) protein
strands are oriented diagonally with the respect to the
scanned area.

The effect of the applied force to the spacing between
thestrands can be explained by eq 2. As the applied force,

F=F, .q+FkAz @

applie

Fppiied, increases, the force exerted on the cantilever, F,
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Figure 9. A 1700 nm by 1700 nm constant-height AFM image
of IgM 18-2-3 on mica, using a 14-nN force. The IgM was allowed
to adsorb for 19.5 min from a 20 ug/mL solution in PBS at pH
8.0 and was then scanned three times before thisimage was taken.

Table I. Percent Surface Coverage of Mica by Adsorbed
IgM

image, surface applied image, surface applied
figure coverage, % force,nN figure coverage, % force, nN

1 12 4 4 34 4

2 17 4 7 42 8

3,areal 28 4 8 34 12

3, area 2 18 4 9 8 14

3, area 3 8 4

for the same height deflection of the cantilever, Az, also
increases. The smaller aggregates that appear in Figure
7, where Fappiiea was 8 nlN, were insufficient to deflect the
cantilever when larger forces are applied (Figures 8 and
9), apparently due to the smaller overall adsorption
interactions between the protein aggregates and the
surface. The small aggregates are swept further along in
the fast-scanning direction, picking up more protein, until
the growing aggregate acquired an interaction with the
surface sufficient to deflect the cantilever. Consequently,
the spacing between the strands must increase when the
applied force increases, according to the proposed model.
The surface coverage data in Table I confirm this by
indicating a smaller surface coverage at increased applied
force.

One noticeable difference between Figures 7-9 and
Figures 1-4 is the orientation of the strands. In Figures
1-4 the strands are generally oriented vertically, while in
Figures 7-9 they run diagonally across the images. As it
turned out, the difference was due to the angle between
the fast-scanning direction and the orientation of the
pyramidal cantilever tip. In the experiment presented by
Figures 1-4, the scan orientation was 0° and the front
facet of the pyramid first contacted the protein (Figure
10A). When the scan orientation was 45°, as was the case
in the experiment presented by Figures 7-9, the edge
between two facets contacted the proteins first (Figure
10B). The facet then pushed the protein at an angle 45°
from the fast-scanning direction. In this manner, the
protein strands can be seen to align parallel to the plane
of the pyramid facets.

Scanning over adsorbed protein aggregates in the
constant-height mode can produce other artifacts as well.
While traversing over a very large protein aggregate, the
cantilever tip can push part of the aggregate in front of
itself, which produces “streaking” in the image. Thiseffect
appears as a white horizontal line like the one visible in
the left side of Figure 9. Or, after crossing over an ad-
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Figure 10. Schematic of orientation of the pyramidal tip to the
fast-scanning direction. (A) With 0° rotation (Figures 1-4), the
relative movement of one of the pyramidal facets is parallel to
the fast-scanning direction (solid arrow). (B) With 45° rotation
(Figures 7-9), the edge between two faces is parallel to the fast-
scanning direction (solid arrow). The dashed arrows show the
direction protein would be moved by the pyramidal facets.

sorbed aggregate, the cantilever tip can also adhere to it.
This will cause a temporary deflection of the cantilever
toward the surface which, in turn, appears in the image
as a dark horizontal line (Figures 8 and 9). As areminder,
it has to be mentioned that the cantilever tip scans back
and forth over the surface in the fast- (x) scanning direction.
However, the images captured by the instrument are
composed from the signal derived from the forward
scanning only. The forward scanning direction corre-
sponds to the right-to-left direction in allimages presented
here. Thus, the protein adsorption images obtained by
AFM present a dynamical picture composed from the
spatially and temporally distinct interactions between the
tip, protein, and surface.

The percentage of apparent protein surface coverage
was calculated for each of the images as an area above
background. The results are presented in Table I. As
expected, Figure 2 shows a higher degree of surface
coverage compared to Figure 1, which was obtained at a
shorter adsorption time. In the case of Figures 3 and 4,
it is not known whether the background is an image of
mica or of a smooth layer of adsorbed IgM due to the lack
of molecular specificity of the cantilever tip. In Figure 3,
the most scanned area (area 1) had the highest apparent
surface coverage, whereas the area scanned only once (area
3) had the lowest apparent surface coverage. There are
two plausible explanations for this perceived increase in
coverage as the number of scans over the same area is
increased. One explanation is that the seanning process
increases the adsorption rate. Normally, there is an un-
stirred layer of solution, referred to as the quiescent
boundary layer, close to the surface. The rate of protein
deposition is limited by the rate of diffusion of the protein
through the quiescent boundary layer. During the scan-
ning process, however, the relative motion of the cantilever
tip with respect to the surface produces convective currents
which can reduce the quiescent boundary layer thickness
and thus increase the rate transport of IgM to the mica
surface. Note that in Figure 4, the surface coverage over
any reasonably sized area was 34%. Thus, within 1.5 min
of scanning, the apparent surface coverage increased from
8% (area 3 in Figure 3 after 12 min of adserption) to 34 %
(Figure 4 after 13.5 min of adsorption). The resultssuggest
that, if the increase of the IgM transport rate is responsible
for the sudden surface coverage increase, one can control
the effect by varying the scan rate. A second explanation
isthat, if the smooth background is an adsorbed IgeM mono-
layer, then the cantilever can push protein molecules within
this layer, producing a greater corrugation. In this
situation, only those molecules pushed into large mounds
would be included in the coverage calculations. The
coverage would reflect the extent of the molecular broom

Leg et al.
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Figure 11. Schematic of the seven adjacent 2000 nm by 2000
nm scan areas used to produce the block letter U.

Figure 12. A 10 um by 10 pm constant-height AFM image of
the block letter U formed by scanning seven adjacent 2000 nm
by 2000 nm areas of fibrinogen adsorbed on mica using an applied
30-nN repulsive force. The vertical scale is uncalibrated force.

effect. Ifthe molecular broom effectis the dominant mech-
anism, one concludes that the perturbation occurs very
rapidly (within a few scans).

The observation of unintentional manipulation of ad-
sorbed proteins by the cantilever tip naturally led us to
examine whether proteins could be manipulated into
desired designs. An intriguing extension of this would be
to use the AFM as an instrument to construct patterned
protein surfaces to be used in biosensors or organized mul-
tienzymearrays. Weneeded tostart with alayer of protein
on the surface under a protein-free supernatant since
further protein deposition would complicate our design.
We found that fibrinogen had the proper surface binding
affinity to conduct the experiment and provided a suf-
ficiently stable protein layer for this work. Drake et al.
showed that adsorbed fibrinogen could not be observed
on mica with the AFM, probably because of the protein’s
weak interaction with the surface. However, when throm-
bin was added, causing the fibrinogen to cleave into fibrin
monomers, the activated fibrinogen molecules adsorbed
to the surface and the whole process was observed with
the AFM. We found that we could observe the adsorbed
fibrinogen without addition of thrombin. This was
probably due to a somewhat higher level of impurity of
our fibrinogen sample. After the fibrinogen solution was
exchanged for buffer, a moderate repulsive force of 30 nN
was applied and seven adjacent 2000 nm by 2000 nm areas
were scanned twice each in the form of a letter U, as
indicated by Figure 11. The applied force was then
decreased to 4 nN while the scan area was increased to 10
pm by 10 um for observation. Figure 12 shows the results;
fibrinogen was uniformly distributed within the large
unscanned area, but within the confines of the letter U,
fibrinogen strands were oriented by the scanning proce-
dure. The height of the strands was approximately 20-40
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nm. With 4-nN applied force, the fibrinogen layer
remained stable. We noticed a slight increase in protein
surface roughness, but only after observing the fibrinogen
for tens of minutes. When forces much larger than 30 nN
were applied to the U-shaped fibrinogen layer, the entire
scan area was swept clean of protein, indicating that even
thelargest of aggregates could not withstand the disruptive
force of the cantilever tip. The swept aggregates would
appear piled up just beyond the edges of the scan area in
the +x and -x directions, demonstrating again that
aggregates are pushed in the fast-scan direction.

Conclusions

It has been shown that adsorbed proteins on mica are
swept into strands of aggregates oriented parallel to the
plane of the cantilever tip facet. This is a manifestation
of the relatively weak interaction between individual
molecules or small protein aggregates and the surface of
mica. The area continuously scanned by the cantilever
tip had higher apparent surface coverage than the regions
that were scanned fewer times. It is proposed that the
cantilever tip either increases the adsorbed amount by
increasing the rate of transport of protein to the surface
or produces corrugations within a fully adsorbed protein
layer (a “molecular broom” effect). As the applied force
is increased in the constant-height scanning mode, the
size of the aggregates that can be swept by the cantilever
increases, which causes the distance between the strands
to increase. Researchers should therefore be wary that
when studying weakly bound macromolecules at surfaces
by AFM, the results will be strongly influenced by the
cantilever tip and by the forces involved. Thus, AFM
images of adsorbed proteins, fluid membranes, and other
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“soft” biological specimens may represent a system per-
turbed by the probe (the cantilever tip). Inaddition, these
images are composite pictures made from the spatially
and temporally distinct interactions between the tip,
sample, and underlying surface.

The cantilever tip can be used to manipulate protein
molecules so that desired designs can be obtained. Al-
though this manipulation is crude, it demonstrates the
potential for manipulation on a finer scale such that
placement of individual proteins or protein aggregates at
desired positions can be achieved. Manipulation of a
deposited fibrinogen layer with a 4-nN repulsive force was
observed only after tens of minutes, but not to the extent
that strands formed, indicating a greater adhesion between
the fibrinogen and mica than between IgM and mica. The
difference between fibrinogen and IgM suggest that it is
possible to use the perturbation of the protein layer caused
by the AFM tip to measure the strength of interactions
of proteins with surfaces. If the perturbation of the
observed process by AFM could be sufficiently minimized,
it might be possible to extract quantitative information
regarding these interactions using the unperturbed image
as a reference state.
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Chapter 20

Measurement of Steric Exclusion Forces
with the Atomic Force Microscope

A. S. Lea, J. D. Andrade, and V. Hlady

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

Atomic force microscope probes were modified by attaching
polyethylene oxide to the silicon nitride cantilever tip. Two high
molecular weight species, 200 and 900 kDa, were attached by physical
adsorption from a dilute polymer solution. One low molecular weight
species, 2 kDa, was chemically bound to the surface. Force-distance plots
were obtained for modified tips and freshly cleaved mica and for plasma
cleaned, unmodified tips and PEO adsorbed silicon nitride substrate in
the presence of 0.1 M KNO3, force-distance plots were also obtained in a
0.1 % w/v aqueous polyethylene oxide (My 900 kDa) solution
containing 0.1 M KNO3 with tips that were plasma cleaned only. The
force-distance plots show the existence of a steric exclusion force as the
tip and sample are brought closer together, when the high molecular
weight polyethylene oxide is adsorbed on either the substrate or the tip
and when plasma cleaned, unmodified tips, incubated for at least 8 hr in
the polyethylene oxide solution, are used.

The operation of the atomic force microscope (AFM) relies upon the intermolecular
forces that are exerted on the probe tip by the surface of a closely placed sample (-
3). The majority of the AFM research has relied heavily upon hard core repulsion
forces, otherwise known as 'contact forces', to produce the images that are widespread
in ﬁ‘lt’:: literature. Naturally, this is the intermolecular force of choice when obtaining
atomic scale images, since it is the only one capable of providing such high resolution
using the currently available probe tips (4). When operating in liquid environments, it
is no longer the hard core repulsion, but the hydration forces that exist between the
probe tip and sample that produce these images (5-6). These forces are short-range
forces and are predominant at tip-sample separations less than a few angstroms.

] Because of the macroscopic nature of the tip and the sample, long-range
intermolecular forces also become important, especially at distances greater than a
few angstroms. Long-range intermolecular forces that have been utilized to date with
the AFM are attractive van der Waals forces (2,7), electrostatic forces (6,8,9), and
magnetic forces (/0-11). This paper describes the use of long-range steric exclusion
repulsive forces in atomic force microscopy. This was accomplished by attaching
water soluble polyethylene oxide (PEO) to the probe tip and by operating the
Instrument with the probe in an aqueous PEQ solution.

0097—6156/93/0532—0266306.00/0
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In good solvents, surfaces covered with polymer chains repel each other when
brought together due to the steric exclusion forces manifested by the extended
polymer chains (/2-14). The origin of these repulsive forces is attributed to two
components: an elastic component and an osmotic component (15-16). The elastic
component arises from the chain segments that have a tendency to extend themselves
upon compression. The osmotic component arises from the local increase in chain
segment concentration upon compression resulting in a loss of configurational
entropy.

The onset of the steric exclusion force depends on the means of attaching the
polymer chains to the substrates. For physically adsorbed polymer chains covering
both surfaces, the steric exclusion force becomes detectable around 6Rg, where Rp is
the unperturbed radius of gyration of the random polymer coil in solution (I12). %‘or
terminally attached polymer chains, the repulsion commences around 12Rg (14).
These values are approximate and depend on a number of factors including solvent
quraflity, temperature, surface concentration and type of polymer chains attached to the
surfaces.

If the steric exclusion force commences at a larger separation distance than the
attractive van der Waals force, then the steric exclusion force dominates the atiractive
van der Waals force and a monotonically increasing repulsion is observed in the
force-separation distance profiles. This occurs when attaching polymer chains
containing a large number of segments, i.¢. at large My, to the surface. Attaching low
molecular weight polymer chains shifts the onset of the steric exclusion force closer
to the surface and the attractive van der Waals component could dominate, resulting
in an overall attractive interaction in a region of the force-distance profile.

We have modified conventional AFM tips by attaching PEO of different
molecular weights to the tips with the intention of using steric exclusion forces as the
predominate imaging force. PEO with molecular weight of 200 kDa or 900 kDa was
physically adsorbed to the cantilever tips, whereas low molecular weight PEO (or
PEG: polyethylene glycol) was covalently bound to the tip to prevent desorption of
the polymer chains. It is possible that these cantilevers could greatly reduce the lateral
translation of surface adsorbed entities in aqueous solutions (17-18). The AFM tips
covered with polymeric PEQ chains are expected to provide a more forgiving
imaging force.

Experimental

Materials. Gold-chromium coated silicon nitride cantilevers with integrated tips
(spring constants of 0.064 N/m) were obtained from Park Scientific Inc. PEO with
molecular weights of 200 kDa and 900 kDa, polyethylene glycol monomethyl ether
(PEG) with a molecular weight of 2 kDa, and 3-aminopropyltricthoxysilane were
obtained from Aldrich Chemical Co.. The water used in this study was
microelectronics lab quality deionized water, which was subsequently passed through
an organic removal cartridge and a particle filter. Muscovite mica was obtained from
Asheville-Schoomaker. Silicon wafers with a 250-300 A CVD silicon nitride coating
were obtained from Hedco lab at the University of Utah. The AFM is a NanoScope II
from Digital Instruments. .

Methods. Physical adsorption. PEO was adsorbed either onto the silicon
nitride cantilever tip or onto a piece of silicon nitride coated silicon wafer. The
substrates were cleaned by placing them in an oxygen plasma (200 mm Hg, 25 W) for
5 minutes. Adsorption of the PEO to the clean surface was accomplished by placing
the cantilever or the wafer piece in a 0.1% w/v solution of PEO in water. Adsorption
was allowed to take place for at least 18 hours (sometimes as much as a week). The
substrate was then placed in water for 22-24 hours to allow desorption of the weakly
bound polymer chains. The substrate was vacuum dried prior to use.
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Compression of polyethylene glycol chains grafted onto silicon
nitride surface as measured by scanning force microscopy
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Abstract

Monomethoxypolyethylene glycol (PEG) with a molecular weight of 2000 Da has been grafted to a silicon nitride
surface that has been silanized with 3-aminopropyltricthoxysilane (APS). A scanning [orce microscope (SFM) was
used to measure a force—distance profile between the PEG-modified surface and the unmodified silicon nitride SFM
tip. In 0.1 M KNO; solution the force increased monotonically with distance, showing no adhesion between the SEM
probe and the PEG-modified surface. The monotonically increasing force is interpreted as a steric repulsion force.
Increasing solution concentration of MgSO, caused the appearance of a weak attractive force between the SEM probe
and the PEG-modified surface. The magnitude of the attractive force increased with increasing MgSQ, solution
concentration. The addition of MgSQO, generated poor solvent conditions for grafted PEG chains and eliminated the
steric repulsion force, probably through a collapse of the tethered chains. The interpretation of the MgSO, effect on
the tethered PEG chains is hindered by the fact that surfaces treated with APS alone caused a cantilever instability
at a separalion distance of approximately 25 nm. An attractive lorce at this large separation distance suggested that
APS treatment resulted in a surface coating thicker than a monolayer.

Keywords: Alomic force microscopy; Polyethylene glycol; Polyethylene oxide: Steric repulsion force
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1. Introduction force develops [3]. Steric repulsion can also result

from the grafting of polymer chains onto surfaces

The adsorption of soluble polymers onto colloids
can cause stabilization of the colloidal particles in
solution. The stabilization effect is attributed to a
repulsive steric exclusion force that develops when
the adsorbed polymer chains are encroached upon
by nearby chains from other particles [1.2].
Compressed chains are sterically excluded from
the volume occupied by neighboring chains which
resist this encroachment and a steric repulsion
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[4,5].

Grafted polymer chains are often described as
being either in the “brush” regime or in the “mush-
room” regime depending on the density of grafted
chains on the surface. In the low surface density
mushroom regime, the tethered chain can fold back
upon itself and may even have multiple contacts
with the surface. In the high surface density brush
regime, the chain is stretched and projects itself
normal to the surface. Grafted chains are useful in
stabilization of colloidal suspensions, provided that
the surface density of the grafted chains is moder-
ately high. Most of the theories describing grafted




POLYMER PREPRINTS
Yolume 15, No, 1
page 391-194
April, 1974

MATURE OF WATER IN SYNTHETIC GELS. II.
PROTON PULSE NMR OF POLYHYDROXYETHYL METHACRYLATE

by
Hai Bang Lee, J. D. Andrade and M. S. Jhon*
Division of Materials Science and Engineering
University of Utah
Salt Lake City, Utah 84112

INTRODUCTION

The apparent biocompatibility of many synthetic and natural agueous gel
materials has encouraged their study and testing for a wide variety of bio-
medical device application.!" The presence of large quantities of water
in biological tissues and their molecular organization give rise to critical
biological functions.?-" The structure of water near biological and syn-
thptic hydrogels has been discussed by Drost-Hansen,5 Bruck,? and others,2-®
Many of the physical, physiological and interfacial properties of such gels
appear to be dependent on the organization of water within and on the sur-
face aof the hydrogels.

We have hypothesized that hydrogels may contain three classes of water:"
X water (bulk water), I water (bound water), and Y water (intermediate forms
we call interfacial water). To check the validity of the hypothesis, dila-
tometric, specific conductivity, and differential scanning calorimetry
studies? were conducted for polyhydroxyethyl methacrylate (PHEMA) gels of
various non-equilibrium water contents. A series of proton spin-lattice
relaxation time, Ty, experiments are reported here for a range of gel water
contents. A relation is developed between the relaxation times of the three
classes of water; the relaxation time of interfacial water is obtained.
Also the p-viscosity coefficients of water in PHEMA gels and lecithin gels?
were determined. Differences in the activation energy for interchange of
the three types of water are obtained from the local relaxation time. Also
the differences in the activation energy are compared with the activation
energy for viscous flow of water from reference data.l® The correlation
times of bound water and interfacial water are estimated.

Commercial 2-hydroxyethyl methacrylate (HEMA) was obtaimed (Trans Chemie
Industries, Inc., New York, New York) and used as recelved. The monomer was
polymerized as described elsewehre,B+11412 The gels were placed in 1 cm
outer diameter NMR sample tubes (approx. 1 ml volume) and sealed. A1l the
proton T, measurements were made on a proton pulse NMR spectrometer (Bruker
Magnetics, Inc., Mini Spec 20) at 20MH, and 34°C. The T, measurements were
made using a 180-7-9(P pulse sequence. The precision on the T, values was
estimated at +2%.

THEORY

The measured value of the proton spin-lattice relaxation time, Ty, 1is
consfidered as an average of the Ty's of the three classes of water molecules
in the gel"+8:13.1% Boynd water near the polymer networks, interfacial

water ncar the bound water, and bulk water.

1 Ty fI fb M

thus . e s 0
fT le TI[ T‘b
where fw is the fraction of bulk water, 'I the fraction of interfacial water,

“On lTeave from the Korea Advanced Institute of Science; Seoul, Korea

and f_ the fraction of bound water and Ty , Ty1, and T, are the corres-
poudin local relaxation times of protonswin thsc thrcE classes of water,
This expression 15 an extension of the two site treatment developed by
Fabricand, et al.' The value of T, is taken to be that of pure water,
fur fy and fp are obtained from our Previous experimental data.® Let us
aﬁﬁum& that Ty corresponds to the measured T, for a 20% (wt) water content
gel, as our previous studies® indicate that PHEMA gels contain about 20%

by wt. of bound water, As T].“I is known from bulk water data, 4.55. at
34°C, the T, for interfacial water, Ty1, can be estimated by equation (1).

The average correlation time, Tp,which describes the random motion of
water molecules in the gel, can be estimated from the ratio Tyw/Ty. Let us
assume that 1/T, for the gel is proportional to the viscosity n.1% A
relationship between T,,/T;, Tc/T, and n/ny 1s suggested in eq

Ty E .
, 7 - = T (2)

where n is the water viscosity in the gels, is the viscosity of pure
water, B is the viscosity coefficient, C is the fraction of bound water in
the gels, T.is the correlation time of water in the gel, Ty is the correla-
tion time for pure water, AE is the activation energy difference for dif-
ferent classes of water, R is the gas constant and R 1s the absolute
temperature.

RESULT AND DISCUSSION

Table 1 presents our earlier data® for the proportion of the three
classes of water in PHEMA gels of different water contents, Table 2 pre-
sents the T, data and 11} determined by equation (1). The spin-lattice
relaxation time of interfacial water, Ty1, appears to reach a near constant
value 0.17s for gels of 40% to 60% water. These results tend to agree with
our dilatometric data.® The difference in the activation energy corres-
ponding to interchange between three classes of water were evaluated from
the relationship between relaxation time and viscosity (equation 2):

Ha0 (finterfacial) ¥ Hy0 (bulk); (3) AE = 2.0 Kcal/mole

Hz0 (bound) + H,0 (bulk); (4) AE = 2.5 Kcal/mole
By comparison of (3) and (4) we obtain:

Ha0 (bound) + H,0 (finterfacial); (5) AE = 0.5 Kcal/mole

Those values which are obtained from wiscosity equation are comparable to
the energy of activation for viscous flow of water, E ;. = 4 Kcall® at 34°C,
Fig. 1 presents the data of Table 1 relating the water content of gel,®
assuming a bound water fraction of 20 wt %. It {s reasonable that the
fraction of bound water decreases with increasing total water content.

Fig. 2 shows the ratio of the relaxation times of water molecules in the
gel, Ty, to that in pure water, Ty,. It is interesting to compare Fig, 2
with Fig., 3, where the same relaxation time ratio is plotted for the
lecithin system.'® In Figs. 2 and 3, T,w/T, is linearly proportional to
the fraction of bound water, confirming the linear relationship in

equation (2). The B viscosity coefficients are calculated from the slopes
of Figs. 2 and 3. The viscosity coefficient for PHEMA gels is about 82 and
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for Tecithin gels about 38. The assumption that the bulk water in the gels 13. M. J. Tait, S. Ablett and F. W. Wood, J. Colloid Interface Sci., 43,
has the same proton relaxation time as pure water {s supported by the fact 594 (1972).
that the curves in Figs. 2 and 3 are largely linear with Y-intercepts
corresponding to the pure water value. A comparison between the T, for 14, B. P, Fabricand, 5. 5. Goldberg, R. Leifer and S. G. Unger, Molec.
purewater and/or bound water gives us a measure of the difference in Phys. 7,425 (1964). .
structure between the two classes of water. The correlation time for PHEMA-
bound and PHEMA-interfacial water are approximately 75 and 27 times, 15. 1. Luz and 5. Meiboom, J. Chem. Phys. 40, 2686 (1964).
respectively, longer than that for pure water. These values may fndicate a
more ordered state of water in the polymer network. Using a value of 16. H. G. Hertz and M. D. Zeidler Ber. Bunsenges, Phys. Chem. 68, 821
3:107'25 for the correlation time of pure water,! We can estimate the (1964).
correlation time for PHEMA-bound and PHEMA-interfacial water to be 2-10"10g
and B:10-!'s, respectively. The value of T. for PHEMA-bound water {s 17. T. R. Stengle and J. D. Baldeschwieler, Proc. Natl. Acad. Sci. U. §.
greater than that corresponding to lecithinSbound water (9-10-115)9? or for 55, 1020 (1966).

water in the presence of tetra alkyl cations (approx. 10°115),6 but almost

the same as that corresponding to water bound to a macromolecular species,

such as hemoglobin in solution (approx. 5:10-195)17 There has been a

general impression that the biocom atibility of a gel interface should

increase with its water content.2*3 The role and organization of water in

the gel and particularly on its surface has also been considered.?-% The TABLE 1. The Fraction of Water in FRDW Gels of Differsat
interfaces of platelets, red cells and endothe]ium may have bound water y Tots! Vater Esatent (Vet)
and interfacial water on their surfaces. The equilibrium between (from reference B)
bound, interfacial, and bulk water may be important in deducing the inter-

facial interactions between syntehtic gels, cell surface gels, and

physiological solutions.
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chains assume the grafted chains are brushes which
simplifies the calculation of the polymer segment
density distributions within the grafted layer.

Although primarily used as an imaging device,
the scanning force microscope (SFM) [6] is
increasingly being used to study intermolecular
forces. While the surface force apparatus (SFA)
[ 7] has been the standard technique for measuring
surface and intermolecular forces, the SFM has
two distinct advantages that make it useful in
probing these forces: the relatively small interaction
area (as compared to the SFA) allows one to probe
forces on a submicroscopic scale, and one can also
use the surfaces of opaque materials.

The SFM measurements, however, do not
include an independent measure of absolute sepa-
ration distances between the interacting surfaces
and therefore can not be considered as a replace-
ment for the SFA. Some of the intermolecular
forces that have been probed with the SFM to
date are van der Waals lorces [8—10], electrostatic
[11,127], hydrophobic, [ 13,14 ] and steric repulsion
forces [15,16].

Unlike previous work on physisorbed polyethyl-
ene oxides [15,16], this work uses the SFM to
measure the steric repulsion forces that are gener-
ated by the compression of grafred polyethylene
glycol (PEG) chains. By tethering a polymer chain
to a surface through a covalent bond, the confor-
mation of the chain becomes markedly different
from a physically adsorbed polymer chain. While
physically adsorbed polymer chains are modeled
with the trains, loops and tails model, grafted
chains are not. If the physically adsorbed polymer
chain is compressed, it can rearrange its conforma-
tion. One expects no permanent changes of the
conformation of a tethered chain after its compres-
sion. One also expects that repeated compression—
decompression cycles performed on an assembly
of tethered chains will generate identical force—
distance plots, unlike the case of physically
adsorbed polymer chains [16].

A typical force response (an SFM [orce plot)
obtained for a clean silicon nitride tip interacting
with a clean, flat silicon nitride surface in 0.1 M
KNO; is schematically shown in Fig. 1. In the
absence of electrostatic and hydration repulsive
forces, when the SFM tip approaches the surface,

photodiode response

advanced sample position retracted

Fig. 1. A schematic ol a typical SFM force plot for an untreated
plasma cleaned tip and silicon nitride substrate in water.
Depicted in the figurc are the relative locations of the tip and
substrate and extent of cantilever bending at a number of
positions on the [orce plot.

van der Waals attraction between the tip and the
surface results in the bending of the cantilever
towards the flat surface which is counteracted by
a cantilever restoring force. The bending of the
cantilever is measured by the photodiode detector.
When the force gradient exceeds the cantilever
spring constant, the cantilever experiences an insta-
bility, the tip is pulled toward the surface and a
“jump” into contact occurs. In the case of a non-
deformable surface, the movement of the cantilever
and the sample surface becomes linear and iden-
tical after the contact is established. The net force
between the tip and the sample can be calculated
by multiplying the spring constant by the distance
the sample has moved, F=kx. Retraction of the
sample often results in an adhesive force between
the tip and the sample. Although no independent
distance measurements are performed, a zero sepa-
ration distance can be assigned to the intersection
between the linear part of the force—distance plot
where the SFM tip and the sample surface travel
in contact and the zero force line determined by
the resting position of the cantilever.

Fig. 2 shows schematically an expected SFM
force plot in the case when the surface is grafted
with PEG chains with a surface density sufficient
for brush formation. No longer is there a jump
into contact since the repulsive steric exclusion
force dominates the attractive van der Waals force
at all separation distances. Note that in the case
of grafted chains only a relative separation distance
can be assigned to each force—distance curve
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photodiode response

advanced sample position retracted

Fig. 2. A schematic of a typical SFM force plot for a
polyethylene glycol grafted silicon nitride substrate and a
plasma cleaned tip in water. Also shown in the figure are the
relative extents of polyethylene glycol chain compression at a
number of positions on the force plot.

because there is no way of knowing how thick is
the compressed brush layer between the tip and
the substrate.

We have used a self-consistent mean field lattice
theory to predict the forces and force gradients
that are generated upon compression of the grafted
PEG chains. The theory, implemented as a numeri-
cal computation using program GOLIAD based
upon the Scheutjens—Fleer theory [17,18], can be
used to calculate the free energy change as chains
grafted to flat plates are compressed. Derjaguin’s
approximation is used to calculate the force
between the flat surface and the spherically approx-
imated probe tip from the computed free energy.
These computations were used in determining the
magnitude of forces one expects to measure with
cantilevers of different spring constants. A descrip-
tion of the GOLIAD program has been given by
Barneveld [19].

2. Experimental section
2.1. Computation of the interaction energies

Grafted PEG was modeled as a polymer with
the sequence N[CCOQO,]B, where x denotes the
number of ethylene oxide monomer units in the
chain. The terminal groups are the end through
which a covalent bond with the surface is formed
(N) and the free methoxy end (B). The other

components in the system are water, W, and the
surface, S. The Flory—Huggins interaction parame-
ter, . (in kT is specified for each pair of compo-
nents in the system. The methyl end group, B, was
treated as a methylene unit, C, and it is assumed
to have the same interaction energies as the methy-
lene unit does with the other components of the
system. The value of the interaction parameters
Yoos Xows 204 7.0, taken from Barneveld [20] are
2.0, 20, and —1.6 respectively. The methyl and
methylene units are assumed to have an interaction
parameter of 0.5 with the surface. In order to
simulate a covalent bond, all N units must have a
strong irreversible interaction with the surface.
During the course of computation, the N terminus—
surface interaction energy was incrementally
increased until all Ns in the system were in contact
with the surface. It has been found that a value of
—300kT 1is sufficient to covalently bond all N
termini with the surface. All other interaction
parameters are assumed to be zero. It was assumed
that the surface coverage equaled one equivalent
monolayer for PEG; this amount was in agreement
with the coverage measured in a similar experimen-
tal system [21].

2.2. PEG grafting to the silicon nitride surface

The silicon nitride surfaces and cantilevers were
cleaned for 5 min with an oxygen plasma at 25 W
and a pressure of 200 pmHg. The procedure for
coupling PEG to the silicon nitride surfaces
involved a surface treatment with 3-aminopropyl-
triethoxysilane (immersion of surface in 15-min old
5 vol.% aqueous APS solution for 15 min) followed
by attachment of aldehyde terminated monometh-
oxy PEG to the surface amine through a Schiff
base reaction [22,237]. The presence of PEG was
verified by the appearance of an ether carbon peak
in the X-ray photoelectron spectroscopy (XPS)
spectra.

2.3. Force—distance plots

SFM force-distance plots were always obtained
in 0.1 M KNOj solutions initially. Force—distance
plots in MgSO, were taken by exchanging the 0.1
M KNO; solution in the fluid cell with solutions
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containing MgSQO,. The MgSO, concentration was
increased or decreased in 0.2 M steps. Since the
refractive index of solutions depends on MgSO,
concentration, the laser light passing through the
fluid became misaligned with respect to the photo-
diode detector after the MgSQO, concentration
was changed. It was necessary to realign the photo-
diode detector before each set ol measurements.
Whenever possible, the setting-up of the SFM and
the alignment of the laser beam were accomplished
with the probe positioned in one location over the
sample and then the force measurements were
taken in a different location. This procedure ena-
bled one to obtain force-distance plots on pristine
areas of the PEG grafted sample.

Collection of the SFM force plots was accom-
plished using a Hewlett—Packard 54200AD digital
storage oscilloscope and a Hewlett—Packard 9300
computer [ 16]. The high voltage signal that drives
the piezoelectric crystal in the z direction and the
(A — B)/(A + B) signal arising from the split photo-
diode detector were supplied to the digital storage
oscilloscope. The frequency of SFM force measure-
ments was 1 Hz, ie. the sample approach and
retraction speed was approximately 74 nm s~ ' for
PEG grafted surfaces and 0.74 pm s~ ! for the APS
treated surface. A computer program was written
to calculate force and distance traveled by the
sample. Force was calibrated from the linear part
of the force—distance plot where the SFM tip and
the sample surface traveled in contact using the
cantilever spring constant and the z-expansion
factor of the piezoelectric crystal (10 A V™). The
zero force was defined from the resting position of
the cantilever.

3. Results
3.1! Computer modeling

Figs. 3 and 4 summarize the results of the
computer modeling using the self-consistent mean
field lattice theory. The free energies computed by
the GOLIAD program for a symmetrical flat plate
geometry were used to calculate the force between
a flat surface and a spherically approximated probe
tip (20 nm 1n radius) using Derjaguin’s approxima-
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Fig. 3. Predicted steric repulsion force vs. separation distance
data based on GOLIAD computations for 2000 Da PEG
(diamonds) and 5000 Da PEG (squares) grafted onto silicon
nitride surfaces, using water as a solvent and a grafting density
of one equivalent monolayer of PEG segment on each surface.
The free energy vs. distance GOLIAD computation results
were converted into force vs. distance using Derjaguin’s
approximation assuming a 20nm radius spherical tip. The
curves represent the analytical equations determined [rom least
squares difference.
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Fig. 4. Predicted lorce gradient vs. separation distance data for
2000 Da PEG (diamonds) and 5000 Da PEG (squares) grafted
onto silicon nitride surfaces. These curves were calculated by
taking the derivalives ol the analytical expressions determined
[rom least squares difference shown in Fig. 3. Shown by two
horizontal dashed lines are the magnitude of the spring
constants of the two cantilevers used in the SFM experiments.
The steric exclusion force can be measured using each cantilever
only up to the separation distances indicated by the arrows.

tion. Fig. 3 shows the predicted forces which would
develop upon compression of two layers of grafted
PEG chains. The assumed PEG surface density
was one equivalent monolayer of PEG segments.
As expected, the force produced is greater for the
5000 Da (squares) than the 2000 Da PEG (dia-
monds) at given separation distances. At separation
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distances less than 1.5 nm, the force curves coin-
cide. Fig. 4 shows the gradient of forces from Fig. 3.
Shown by two horizontal dashed lines on this
figure are the magnitude of the spring constants of
the two cantilevers used in the experiments. At
force gradients greater than the spring constant,
the cantilever could not compress the chains fur-
ther. Instead, the cantilever would deflect upwards
together with the partially compressed chains leav-
ing a region of separation distances and forces
inaccessible for measurements. For the 5000 Da
PEG, measurable forces would be obtained in
the 4-7 nm range of separation distance; for the
2000 Da PEG, 3-4nm. This variability would
depend on cantilever spring constants and a mini-
mum detectable force.

3.2. SFM force—distance plots

A typical SFM force—distance plot for an APS
treated silicon nitride surface and an oxygen
plasma cleaned tip in 0.1 M KNO; is shown in
Fig. 5. The tip, being negatively charged [24-26]
at pH 5-6, was attracted to the positively charged
substrate [27] upon approach, causing the instabil-
ity of the cantilever and its jump into contact. The
retraction curve showed a large adhesive force
upon separation of the tip and substrate. The
assignment of the zero separation distance indi-
cates that the cantilever instability and the jump
into contact occurred at a separation distance of
20-25 nm. The origin of the cantilever instability

force (nN)
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Fig. 5. SFM force plot of an APS treated silicon nitride surface
and an oxygen plasma cleaned AFM probe tip in 0.1 M
KNO;. An attractive jump into coniact upon approach is
observed 20-25 nm from the assigned zero separation distance
point. Upon retraction, a large adhesive force is observed.

at such a large separation distance is not known
and could not be predicted either by the largely
screened electrostatic force existing in 0.1 M KNO,
solution, or by the van der Waals forces.

When PEG was grafted to the APS treated
silicon nitride surface, the SFM force—distance
plots were different. Fig 6(a) shows a force-
distance plot for a 2000 Da PEG grafted onto
silicon nitride substrate and an oxygen plasma
cleaned tip in 0.1 M KNO;. No longer is any
attractive force observed; any attractive contribu-
tion is dwarfed by the repulsive steric contribution
due to chain compression. Figs. 6(b)-6(e) show
the effect of increasing the MgSO, concentration
from 0.2 to 1.0 M on force—distance plots. Up to
concentrations of 0.4 M MgSO, (not shown), there
was no indication of change in the shape of the
force plots. At a concentration of 0.6 M MgSO,,
however, an attractive force became discernible.
The magnitude of the attractive force increased
gradually as the MgSO, concentration was in-
creased. Upon reduction of MgSO, concentration,
the attractive force gradually diminished and the
repulsive force began to dominate again. A
repeated titration with the MgSO, resulted in
repeated behavior. In all cases, the retraction curve
coincided with the approach curve and no excess
adhesive force was noted.

4. Discussion

The presence of salts in aqueous solutions of
polyethylene glycol reduces the water solvent qual-
ity. At a critical concentration of salt, the polymer
segment-segment interaction becomes greater than
segment—solvent interaction and phase separation
(precipitation) occurs [28—30]. These changes are
results of: (i) changes in the hydrophilic and hydro-
phobic interactions among polymer and solvent;
(ii) changes in water structure brought about by
structure making or breaking ions, and (iii) influ-
ences of salts on the hydration sheath of the
polymer [28]. Trivalent ions are more effective
than divalent ions, which in turn are more effective
than univalent ions.

The behavior of the grafted PEG, as reflected
by the SFM force-distance plots measured in the
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Fig. 6. SFM force- distance plot of a 2000 Da PEG grafted silicon nitride surface and an oxygen plasma cleaned tip in 0.1 M KNO,.
(a) The monotonically increasing curve is due lo repulsive steric exclusion forces. (b) The addition of 0.2 M MgSO, daes not
measurably change the repulsive steric exclusion force. (c) With the addition of 0.6 M MgSO,, a weak 0.1 nN atiractive force is
observed. (d) At 0.8 M MgSOy, a 0.2 nN attractive force is observed. () At 1.0 M MgSO,, the attractive force is now 0.3 aN. The
attractive force disappears and the repulsive steric exclusion force is restored by a decrease of MgSO, concentration.

presence of varying concentrations of MgSO,
(Fig. 6), can be interpreted as the effect of solvent
quality change. Collapsed PEG chains would not
produce steric exclusion forces, whereas extended
chains would [31]., MgSO, was used in these
experiments since the theta temperature equals
room temperature (299 K) at 0.50 M [30]. The
use of univalent ions was not practical since the
high concentration required for the collapse of
PEG chains increased the refractive index of the
solution in the SFM fluid cell and would misalign

the SFM optical lever. Of the trivalent anions,
only phosphate ions were preliminarily studied
since their concentration effect on PEG cloud point
temperature is closely related to theta temperature
[28]. Phosphates, however, are known to have
specific interactions with silica [ 32] whose surface
is closely related to the surface of silicon nitride
in water.

The experimental behavior of the grafted
2000 Da PEG can not be directly compared with
the results computed from the self-consistent mean
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field lattice theory. The separation distance could
not be measured by an independent means. This
is probably the most serious disadvantage of SEM.
The theoretical predictions refer to a symmetrical
system, i.e. two grafted polymer layers interacting
with each other. In addition, the application of
Derjaguin’s approximation requires that the radius
of the sphere is much greater that the range of the
force, an assumption that is hardly satisfied under
the present experimental conditions. Therefore, the
computed foroes (Figs. 3 and 4) can serve only as
an illustration for the limitation of SFM force—
distance measurements. For example, one finds
that the SFM can only measure a small portion of
the steric repulsion force—distance curves (Fig. 4).
Whereas the weaker cantilevers (0.064 N m 1) are
more sensitive and are able to measure small forces
at greater separation distances, they are unable to
compress the PEG chains as much as the stiffer
cantilevers (0.37 N m ') do. The increased sensitiv-
ity may actually be disadvantageous. The thermal
noise one measures with the SFM [337] may exceed
the sensitivity of the cantilever to the point where
the force gradient exceeds the cantilever spring
constant. In some circumstances, the cantilever
stops compressing the grafted chains before the
deflection signal exceeds the noise level and no
part of the force curve is measurable. Such would
be the case for the 0.064 N m™! cantilever com-
pressing 2000 Da PEG chains with a surface cover-
age of 1 equivalent monolayer. Figs. 3 and 4
indicate that the stiffer 0.37 N m™"! cantilever could
measure a larger portion of the force-distance
curve. All steric repulsion experiments, therefore,
were performed with the stiffer cantilever.

Up to a concentration of 0.6 M MgSQO,, the
grafted PEG layer shows no visible change in the
repulsive steric exclusion force. This behavior
agrees with the stated value of 0.5 M MgSO, for
the concentration at which the theta temperature
equals room temperature. At greater MgSO, con-
centrations, the collapse of the grafted PEG chains
diminishes the repulsive steric exclusion force and
an attractive force begins to appear. In solution,
the collapse of free PEG chains would be a discrete
first-order transition. The gradual increase of the
attractive force indicates that the collapse of the
grafted PEG chains is not a discrete first-order

transition. This behavior is in agreement with the
theoretical predictions of Shim and Cates [34]
and Zhulina et al. [35]. The effect of MgSO, on
the force—distance plots for surfaces grafted with
5000 Da PEG (not shown) did not differ apprecia-
bly from those of 2000 Da PEG. All force measure-
ments were performed in a dynamic fashion using
the slowest available frequency (1 Hz) and the
results (Fig. 6) show that the approach and retrac-
tion forces coincided. Although the compression
speed was rather slow (approximately 75 nm s 1),
more measurements in a wider range of frequency
are needed to determine whether the measured
forces were indeed the equilibrium forces or not.

The occurrence of cantilever instability and the
jump into contact of the plasma cleaned tip onto
the APS treated surface at a separation distance
of 20-25 nm was not expected. This phenomenon
could not be explained by the largely screened
electrostatic force in 0.1 M KNOj solution, nor by
the van der Waals forces. Our hypothesis is that
the effect is due to the presence of more than a
monolayer of APS on the silicon nitride surface. It
is possible that APS, being a trifunctional silane,
polymerizes to form a three-dimensional polymer
network on the surface of silicon nitride.
Vandenberg et al. [36] indicated that polymeriza-
tion occurs continually in liquid APS and distilla-
tion should be performed prior to reaction with
the surface. This precaution, however, does not
prevent the possibility of an aqueous APS cross-
reaction prior to and during the immersion of the
silicon nitride surface which could adsorb and/or
react with these polymer networks. Boerio et al.
[37] have indicated that even after washing with
water, a 6 nm layer remains bound to the surface.
We have recorded the SFM force plots for surfaces
treated with other trifunctional silanes and found
similar effects. To eliminate the possibility of silane
polymerization, a monofunctional silane should be
used. For example, the SFM force plots on
hydrolyzed isocyanatopropyldimethylchlorosilane
(IPS) treated silicon nitride surfaces [ 16] showed
the attractive forces that can be predicted by the
DLVO theory. Although the PEG coupling to IPS
derivatized substrates has been achieved [21], the
SFM force—distance plots in these systems, how-
ever, have not been measured.
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5. Conclusions

This research investigated the forces generated
from compression of grafted PEG chains in solu-
tion experimentally by SFM. The computer model-
ing indicated that steric exclusion forces generated
from compression of two layers of 2000 and
5000 Da PEG are indeed measurable by SFM,
provided cantilevers of the appropriate stiffness are
used. The spring constant of the weaker cantilevers
is quickly exceeded by the force gradients making
them ineffective for measuring forces at short sepa-
ration distances. The SFM compression experi-
ments on 2000 Da PEG chains grafted onto silicon
nitride did demonstrate a repulsive steric exclusion
force. The addition of MgSO, to the solution
reduced the solvent quality and collapsed the PEG
chains. This collapse was a continuous one, unlike
the first-order phase transitions observed for [ree
unbound PEG in solution. The collapse of the
chains was first observed at a MgSO, concen-
tration of 0.6 M, which agrees with solution theta
solvent conditions.
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Adsorption of PEO was also accomplished in siru by mounting a plasma
cleaned cantilever to the AFM fluid cell. The fluid cell was mounted on a freshly
cleaved mica surface. A 0.1% wj/v solution of PEO in 0.1M KNO3 was injected into
the fluid cell.

Chemical binding. Synthesis of the aldehyde-terminated PEG (PEG-CHO) was
accomplished by a modification of the acetic anhydride method of Harris et al.(19)
All solvents, excluding acetic anhydride, were dried over molecular sieves. The
formation of aldehydes was monitored at 560 nm using the Schiff reagent (19),

The silicon nitride cantilevers with tip were treated with an oxygen plasma to
remove carbon contamination from the surface. Amine groups were incorporated onto
the surface by placing the cantilever in a 5% v/v 3-aminopropyltriethoxysilane (APS)
in water solution for 10 minutes and then rinsing thoroughly with water (20).

Chemical binding of the PEG 2 kDa to the APS derivatized cantilevers was
achieved by placing the cantilevers into a 50 mg/ml solution of PEG-CHO in a pH
5.2 acetate buffered 11% w/v K2504 solution at 60°C for 40 hours (20). The
cantilevers were rinsed with water and placed in a 8.45 mg/ml solution of NaCNBH4
in water at room temperature for 4 hr to reduce the Schiff base. The cantilevers were
rinsed with water and vacuum dried before use.

Force plots. The cantilever tips were positioned near a freshly cleaved mica
surface in the AFM fluid cell. 0.1 M KNO3 was injected into the fluid cell and AFM
force-distance plots were obtained by oscillating the piezoelectric crystal with the
sample in the z-direction. This commercial instrument requires that the tip 'engages’
with the surface before any imaging or force plots are obtained. Except for a few
cases, all force plots were obtained from the commercial AFM software. The other
method for obtaining force-distance plots uses an external data collection system. The
photodiode signal, [A-B]/[A+B], and the voltage signal that drives the piezoelectric
crystal in the z direction were collected by a HP 24000A digital oscilloscope (7-bit
resolution), which could average the waveforms and store them in memory. A
computer program was written to collect and plot the data from the oscilloscope using
an HP 9300 computer.

Ellipsometry. Measurements of the index of refraction and film thickness were
l}3[':rformv:cl on a Rudolph Research model 43603-200E ellipsometer with a 642.8 nm
e-Ne laser.

Computer Modelling. The computer program POLAD (21) was employed to
model the distribution of trains, loops, and tails of the PEO physically adsorbed to the
silicon nitride surface. This program is based on interaction parameters of the
polymer segments with the surface and the solvent (cg and ¢) and considers the chains
as connected sequences of segments. For the physically adsorbed PEQ, the
interaction parameters were 1.00 for the surface and 0.45 for the solvent. The bulk
volume fraction, fp, was 10-3. Milner has made a quantitative comparison of the
experimental forces generated by compression of terminally attached polystyrene
brushes with those calculated from self-consistent field equations (22). The
theoretical forces are in good agreement with those obtained experimentally, provided
the chains are not compressed too much. The program GOLIAD (23) was used here
to model the distribution of terminally attached PEG segments and to model the free
energy change upon chain compression. A covalent bond was simulated by increasing
the interaction energy of one terminal segment until a stable attachment occurred.
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Results and Discussion

ESCA studies of the 'as received' cantilever tips (24) show a considerable amount of
carbon on the surface (27%) (Table 1). A high resolution scan of the C(1s) peak
shows 82% of the carbon is aliphatic. Oxygen plasma treatment of the cantilever tips
shows a decrease in the carbon signal from 27% to 5% indicating that plasma
treatment removes this contamination layer. Oxygen plasma treatment also enriches
the surface concentration of oxygen from 19% to 33%. We opted for this treatment as
chromic acid etching would remove the gold-chromium backing on the cantilever
necessary for reflection of the laser beam. The outer 6 - 9 A of the silicon nitride
surface has been reported to be a silicon oxynitride of variable stoichiometry (25-27).
The outermost layer of the surface is essentially silicon oxide and behaves just like a
silica surface electrophoretically (28). Oxygen plasma treatment then would introduce
enough silanol groups to the surface for silane chemistry to occur. e

The covalent binding of PEG-CHO 2 kDa on silicon nitride coated silicon wafer
pieces was monitored by ESCA. The surface of these wafer pieces were shown by
ESCA to be very similar to that of the cantilever tips, especially following oxygen
plasma treatment (ESCA results of the oxygen plasma treated wafer piece are also
shown in Table 1). The APS derivatized cantilevers show an increase in the carbon
signal (from 2 to 19%), a slight reduction in silicon signa!, a_nd a reduction of.thc
oxygen signal. In addition, there is a slight increase in the binding energy bandwidth
of the N(1s) peak. These results are consistent with the binding of APS to the surface
of the silicon nitride coated wafer (20). The PEG bound surfaces show a decrease in
both carbon and oxygen content, which is not expected. Yet, the FWHM bandwidth
of the O(1s) peak has increased from 1.71 and 1.75 eV for the oxygen p!asma.trcatcd
and APS bound surfaces to 2.30 eV for the PEG bound surface, indicating the
presence of an additional chemical species of oxygen. A peak-fitting routine of a high
resolution oxygen spectrum reveals an additional peak shifted to lower binding
energy by 1.2'eV that comprises 10% of the total oxygen signal. Furthermore, a high
resolution spectrum of the C(1s) peak shows that 72% of the carbon signal is in the
ether form. These last two results indicate the presence of PEG on the surface of the
wafer piece.

Sample Silicon Oxygen Nitrogen Carbon
As received

cantilever 31 % 19 % 22 % 27 %
Plasma treated

cantilever 39 % 33 % 22 % 5%

Plasma treated
silicon nitride

coated wafer 36 % 20 % 39 % 2%

'APS bound

wafer 33 % 27 % 20 % 19 %

PEG 2 kDa

bound wafer 36 % 12 % 36 % 16 % (72 %)
PEO 900 kDa |

adsorbed wafer |34 % 30 % 23 % 12 % (51 %)

Table 1. Summary of ESCA data for silicon nitride cantilevers 'as received' and
oxygen plasma modified and for a silicon nitride coated silicon wafer ‘as
received', oxygen plasma modified, APS modified, PEG bound and PEO
adsorbed. The values are in atomic percent. The numbers in the parentheses in the
carbon column indicate what percentage of carbon is in the ether form
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For the physically adsorbed PEO, high molecular weight polymer was be used
to prevent spontaneous desorption of the polymer. Although each segment of the
PEQ adsorbed to the surface may have an interaction energy of a few tenths of a kT,
there are so many contacts that adsorption is essentially irreversible (29). Any loosely
bound polymer was allowed to desorb by placing the cantilever or silicon nitride
coated silicon wafer in polymer-free solution. The ESCA results indicate that of the
12 % of the carbon detected on the surface, 51 % of it is in the ether form. This
demonstrates that PEO is present on the surface.

Ellipsometric measurements of the PEO 900 kDa physically adsorbed layer on
the plasma cleaned silicon nitride coated wafer indicate that the PEO layer thickness
in air is 1.94 + 0.10 nm using a measured refractive index of 1.94 for silicon nitride
and an assumed refractive index of 1.45 for PEQO in air.

The results of the computer modelling are shown in Table 2. The POLAD
program produces the total adsorbed amount in equivalent monolayers, the
ellipsometric thickness in number of segments, and hydrodynamic thickness in
number of segments. Thicknesses in nm are calculated using 0.29 nm as the PEO
segment length (30). The ellipsometric thickness of the physisorbed PEO 900 kDa
layer was calculated to be 1.98 nm. This agrees with the experimental measurement
of 1.94 + 0.10 nm. Also shown in the table is the total amount adsorbed and
hydrodynamic thickness. Although, the surface has similar adsorbed amounts, 2.13
vs. 1.98 equivalent monolayers, the hydrodynamic thickness is substantially different.
The PEO 900 kDa layer has a hydrodynamic thickness 6 times larger than the PEO
200 kDa layer, at identical hydrodynamic permeabilities. This large difference is
attributed to the extension of the tails into the solvent (31). Although the
hydrodynamic permeability is not known, it varies over a range of 0.5 to 2.0. Using
these values, the hydrodynamic thickness varies between 64 and 102 nm for the
physisorbed PEO 900 kDa chains and between 9.9 and 16 nm for the physisorbed
PEO 200 kDa chains.

Table 2. Summary of POLAD modelling results for physically adsorbed PEO
(900 kDa and 200 kDa) on silicon nitride using a hexagonal lattice, c=0.45,
cs=1.0, and a volume fraction of 10-3

Hydrodynamic.
System Adsorbed amount| Ellipsometric. thickness (nm),
(equivalent thickness (nm) (¢ = hydrodynamic
monolayers) permeability (21))
adsorbed PEO 102 (c=0.5)
900 kDa 2.13 1.98 84 (c=1)
64 (c=2)
adsorbed PEO 16 (c=0.5)
200 kDa 1.98 1.73 13 (c=1)
9.9 (c=2)

Y. S. Lin et al. have measured ellipsometrically the maximum amount of PEG 2
kDa bound to a silica surface using the same chemistry described in this manuscript
(20). The amount corresponded to 1.8 equivalent monolayers or one PEG 2 kDa
chain per 5 nm?2. Using GOLIAD we calculated the free energy change for
compression of two flat surfaces of PEG 2 kDa chains terminally attached carrying
one equivalent monolayer (Figure 1). For one surface, this free energy change is
approximately 1 kT per site (0.3 nm)2 when the separation distance reaches 0.6 nm (2
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corresponding to a free energy change of 4.6 x 10-18 7 nm-2 for one surface.
ggiﬁ{;)thc Deg_%.guingapproximatior%yrclating the force between a sphere and a flat
surface to the energy between two flat surfaces, F(D) = 2zRW(D), and a radius of
curvature of 20 nm for the silicon nitride tip (32), a force _of 5.7 nI_‘J should be
observed at a tip surface separation distance of 0.6 nm. At this separation we have
calculated a non-retarded van der Waals attractive force of 0.5 nN using a Hame_lkefr
constant of 0.5 x 10-19 J. The AFM is capable of measuring such forces and it is
expected that steric exclusion forces would appear in the force-distance curves.

separation distance (nm)

0 3.0 : 6.0 9.0
1.5 :
2
=
% 1.0
) |
2
:
: 0.5
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& ]
0.0 ; = v 4

0 10 20 30
separation (number of layers)

i i i EG 2
Figure 1. Free energy change due to compression of terminally bound P

ch%a in kT per site g;; a function of number of layers and separation distance
calculated by GOLIAD for 2 flat surfaces.

The AFM force-distance plots were obtained by oscillating the sample up and
down and monitoring the response of the AFM cantilever. The sample had to come
into contact with the AFM tip and retract from the tip with each oscillation. Under
conditions of small cantilever bending, the force exerted on the _cannlcver is directly
related to the extent of bending by F = kax, wherfe ax is 11_116 distance the tip of the

ilever has moved and k is the spring constant of the cantilever. '
e ?I‘hc AFM force-distance plutg areg similar, but not ident_ical to the forcg—dlstancc
profiles obtained by the surface force apparatus. The bending of the can nlnwerf cin
follow the force exerted on it by the sample as long as the spring constant o the
cantilever exceeds the force gradient of the exerted force. Otherwise, the caml!lv::.yer
jumps into contact with the surface in an attractive regime and in the ree%u :}nﬁ
regime, is merely pushed a distance equal to the distance the sample is moved,
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maintaining a constant separation distance between the two. The same is true in the
steric repulsion case; once the force gradient exceeds the cantilever spring constant,
the polymer layer can not be compressed by the restoring force of the cantilever, This
is depicted as a linear portion in the AFM force-distance plot . With the surface force
apparatus, the spring is significantly stiffer so that the spring constant exceeds the
force gradients of the force-distance profiles. Only at very small separation distances
does the force gradient exceed the spring constant of the cantilever. In addition, there
is no independent means of determining the absolute separation distance between the
tip and the sample with the AFM. The location of the 'zero' separation distance is
arbitrarily defined by the position of the sample where the linear portion of the force-
distance plot commences. Retraction of the sample from this location leads to larger
separation distances.

Figure 2a depicts a typical force-distance plot in the absence of PEQ
derivatization. The abcissa is the response of the photodiode and is directly related to
cantilever bending. The ordinate is the distance the sample has moved when
oscillating up and down (larger separations are to the right). At large separation

a)

photodiode response

advanced piezo position retracted

Figure 2a. A schematic of a typical AFM force-distance plot using unmodified
tips. The arrows show how the force plot is generated as the sample is advanced
and retracted. At (a) the tip and sample are far apart. When the tip gets close
enough to experience the attractive van der Waals force, the cantilever starts to
bend (b). When the force gradient exceeds the cantilever spring constant, the tip
Jumps into contact with the surface (¢). Once in contact, the tip and sample move
the same amount as shown by the linear portion (d). Upon the retraction (e), the
cantilever relaxes a distance equal to the amount the sample has been retracted, If
there is an adhesive force, then there is hysteresis in the loop (f). The inset depict
the state of cantilever bending. Positions 1 and 2 show how to calibrate the force
scale. The distance the cantilever has moved, ax, multiplied by the spring
constant, k, yields the force difference, AF, between the two positions.

distances (a), there is negligible force exerted on the cantilever by the sample and
there is no cantilever bending as indicated by the flatness of this portion of the plot.
As the sample is raised up (b), an attractive van der Waals force is exerted on the tip
and the cantilever begins to bend downward. At point (c), the force gradient exceeds
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the spring constant of the cantilever and the cantilever 'jumps’ into contact with the
surface. Further raising of the sample causes, the cantilever to deflect an equal
amount (d). The beginning of this linear portion is defined as 'zero' separation
distance. In reality, the cantilever tip can not get closer to the surface than a few

ngstroms. Upon retraction (e), the cantilever relaxes an amount equal to the sample
retraction. If there is any adhesion that exists between the tip and sample, the sample
must be retracted further for the two surfaces to separate (f). With PEO modified tips
(Figure 2b), the steric exclusion force dominates the attractive van der Waals force
and a monotonically increasing repulsive force is observed. Only at small separations,
where the repulsive force gradient exceeds the cantilever spring constant does the
curve become linear, as in the case of an untreated tip. Upon retraction, there is no
adhesion and the retraction curve follows the advancing curve.

The abcissa of the plots is already calibrated by the instrument, only the 'zero'
separation distance needs to be determined. The ordinate can be easily calibrated to
show force units because in the linear region of the force-distance plot, the slope
equals k, the spring constant of the cantilever: AF = kax (see Figure 2a). Zero force is
defined by the flat part of the plot.

b)

AF

photodiode response

advanced piezo position retracted

Figure 2b. A schematic of a typical AFM force-distance plot using a PEO
modified tip. At (a), there is no interaction between tip and surface. As the chains
begin to compress (b) a repulsive steric exclusion force is observed. At (c), the
chains are compressed even more producing an even larger repulsive force that
dominates the attractive van der Waals force. At (d), the chains are so much
compressed that the cantilever spring constant is much weaker than the 'spring
constant' of the PEO chains and the cantilever continues to bend upward the same
amount as the sample has been moved due to the large repulsive force gradient.
Upon retraction, no adhesion is observed (provided there is no bridging) and the
curve coincides with the approach curve,

A typical AFM force-distance plot using a plasma cleaned silicon nitride tip and
a freshly cleaved mica surface in the presence of 0.1 M KNO3 is shown in Figure 3
(plot A). The advancing curve and the receding curve should be coincident along the
linear and flat portions, but the instrumentation does not always depict this
superposition. In this plot, as is the case in all other plots, the advancing curve is
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shown displaced vertically above the receding curve for clarity. This plot shows the
jump into contact upon approach of the sample due to the gradient of the attractive
van der Waals force exceeding the cantilever spring constant. There is an adhesive
force between the tip and sample upon retraction. This adhesion is presumably due to
some contamination that exists on the surfaces (33). The magnitude of this adhesive
force is on the order of 0.3 nN (1.0 div » 4.03 nm/div ¢ 0.064 nN/nm). This plot is
similar to those obtained by Weisenhorn et al. (3 ).

Plot B in Figure 3 shows the AFM force-distance curves obtained when a PEG
2 kDa covalently bound to the tip compresses against a freshly cleaved mica sample
in the presence of 0.1 M KNO3. A small attractive force just prior to the linear
portion of the force-distance plot is observed. This implies that the steric exclusion
force at this position is weaker than the van der Waals attractive force. This is not
unexpected, since such a small molecular weight PEG is bound to the surface. With a
2 kDa PEG polymer attached, the Rg is 1.7 nm and the steric exclusion force should
commence at about 4 nm (2.5 Rg). Computer modelling by GOLIAD indicated that a
force of 5.2 nN (5.7 minus 0.5 nN) can be expected at a 0.6 nm separation distance
when one equivalent monolayer of PEG segments was present on the surface of the
probe. Such a force is detectable by the AFM. One possibility why a repulsive force
does not appear in this experiment is that a lesser amount of PEG 2 kDa than one
equivalent monolayer is bound to the surface.

i i i 1 @ i hpperapproach
T Mower: Tetraction

photodiode response 1000 mV / div

sample position 4.03 nm/ div

Figure 3. Plot A depicts force-distance curves recorded using a plasma cleaned tip
and freshly cleaved mica in the presence of 0.1 N KNO3. These curves display a
jump into contact upon approach and an adhesive force upon retraction of the tip.
Plot B shows force-distance curves recorded using a PEG 2 kDa treated tip and
freshly cleaved mica in the presence of 0.1 N KNO3, This plot does not show a
monotonically increasing repulsive force upon approach, but does show an
adhesive force upon retraction and is similar to the force-distance plot of a tip
plasma cleaned only. Plot C shows force-distance curves recorded using a PEO
900 kDa treated tip and freshly cleaved mica in the presence of 0.1 N KNO3. This
plot shows no jump into contact upon approach and an adhesive force upon
retraction. The cantilever spring constant was 0.064 nN/nm and the frequency of
oscillation was 25 Hz in all cases.
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Plot C in Figure 3 shows AFM force-distance curves recorded using a tip coated
with physically adsorbed 900 kDa PEO and freshly cleaved mica in 0.1 M KNO3.
Upon approach of the sample to the tip, there is a monotonically increasing repulsive
force that commences at about 25 nm from the linear portion of the force curve which
signals the onset of the steric exclusion force. This distance is considerably less than
the 2.5 - 3.5 Rg observed in surface force apparatus experiments (/2-13). Since in the
AFM experiment the sample and the PEO coated tip have to engage with a moderate
force prior to obtaining the force curves, it is likely that some of the PEO has been
extruded from the contact area. This would result in a steric exclusion force
commencing at smaller separation distances. Also shown in Figure 3, plot Cisa 1 nN
adhesive force upon retraction. The presence of this adhesive force can be explained
by the bridging that occurs between the PEO and the uncovered mica surface (34).
This is a reasonable explanation since the surfaces were compressed together with a
force of 50 - 100 nN, When one considers that the contact area is small, perhaps on
the order of 100 nm2, the pressure between the silicon nitride tip and the mica is in
the MPa to GPa range. This pressure can force the PEO to make contacts with the
surface even though the duration of contact is short (25 Hz oscillation of the
piezoelectric crystal). One notes that the adhesive force is also non-linear which
indicates that there has been a transfer of chains from the tip to the surface which
become entangled upon compression and become untangled upon retraction.

Force-distance curves have also been obtained with a plasma cleaned probe and
mica in a 0.1% PEO 900 kDa solution containing 0.1 M KNO3 so that PEO adsorbs
on both surface and AFM tip. The first force-distance curve was taken within a few
minutes of injection of the PEO solution (Figure 4, plot A). After 8 hr of incubation
(Figure 4, plot B), a repulsive force develops for both approaching and receding
curves. This phenomenon has also been observed by Klein and Luckham with the
surface force apparatus (34). The repulsive force commences at a distance of 100 nm
from the contact point. This distance is about 6 Rg and agrees well with the
observations of Klein and Luckham. Continued compression cycles strip the PEO
from the contact area as evidenced by the appearance of an adhesive force upon
retraction (Figure 4, plot C). The repulsive force commencing at only 50 nm is
another indicator of this PEO expulsion.

To verify the existence of the effect of tip curvature, we have performed
identical experiments, but now with the PEO adsorbed only to the silicon nitride
substrate. PEO 200 kDa and 900 kDa were physisorbed on a silicon nitride surface
and obtained force-distance curves with a plasma cleaned probe. Figure 5 (plot A)
shows the initial force-distance curves with PEO 900 kDa. The repulsive steric
exclusion force commences at around 50 nm, which is agrees with a 3 Rg distance of
51 nm expected for one modified surface. Again, continued compression cycles
results in the development of an adhesive force due to polymer expulsion.
Occasionally, force-distance curves similar to that shown in Figure 5 (plot B) will
appear. The sawtooth appearances upon retraction are a result of either PEO bridging
that occurs between the probe and the surface or chain entanglement of the PEO on
both surfaces. If there is bridging, then as the sample is retracted there is resistance to
separation due to the bridging. The adhesion, however, terminates sharply when the
retraction force 'snaps-off' the PEO chains from the surface. This particular curve
shows a series of three successive releases of the PEQ from the neighboring surface,
each one having longer chain lengths between the bridging points. If there is chain
entanglement, however, then the resistance to separation is due to interlocking of the
chains from the two surfaces. The three abrupt jumps to zero force would then be a
result of the chains becoming untangled or the chains being pulled off the surface by
the retracting entanglement.

Figure 6 shows two force-distance plots for a PEO 200 kDa adsorbed silicon
nitride surface. The initial curve recorded at the pristine site (Figure 6, plot A) shows
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the repulsive steric exclusion force upon approach, but an adhesion due to P"]EO
expulsion upon withdrawal. The repulsive steric repulsion force commences at a cnln
25 nm which is in agreement with the 25 nm expected for a 3Rg distance with only
one surface modified. Subsequent compressions at the same site (Figure 6, plot B)
show the development of a jump into contact and a large retractive adhesive force,

both indications of further PEO expulsion.
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Figure 4. This series of force-distance plots shows the measured forces when a
plasma cleaned tip and mica are used to obtain force-distance plots in the presence
of a 0.1 % w/v PEO 900 kDa solution containing 0.1N KNO3 as a function of
incubation time. Immediately after injection (plot A), following an 8 hour
incubation (plot B), and after 2 minutes of oscillations following an 8 hour
incubation (plot C). The cantilever spring constant was 0.064 nN/nm and the
frequency of oscillation was 1 Hz.
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Figure 5. Two force-distance plots obtained when the PEO 900 kDa has been
physically adsorbed to the silicon nitride surface in the presence of 0.1 N KNO3.
A pristine site compression cycle is shown by the curves A. Occasionally, a
compression cycle would yield a force-plot similar to the curves B. Here, a series
of adhesive "snap-offs" upon retraction is most likely due to the ripping of PEO
chains off from one of two surfaces after they have bridged the two surfaces. The
cantilever spring constant was 0.064 nN/nm and the frequency of oscillation was
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Figure 6. Two force-distance plots obtained when the PEO 200 kDa has been
physically adsorbed to the silicon nitride surface in the presence of 0.1 N KNO3.
As in figure 5, an pristine site is used to obtain a force plot (plot A). After several
compressions (plot B) a jump into contact and an adhesive component developed
indicating that the PEO has been expelled from the contact area. The cantilever
spring constant was 0.064 nN/nm and the frequency of oscillation was 1 Hz.
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Conclusions

PEO of high molecular weight was physically adsorbed to AFM cantilever probes.
These probes initially produced steric exclusion forces in 0.1 M KNO3 upon
compression of the adsorbed PEO chains by the sample. The observation of a steric
exclusion force commencing at a distance less than 2.5 - 3.5 Rg was an indication of
expulsion of the PEO from the contact area. Also, observed was the presence of a
long range attractive force upon retraction of the sample. The origin of this force is
likely due to bridging that occurs between the uncoated surface and the physically
adsorbed PEO. PEO physically adsorbed to the sample also demonstrated steric
exclusion forces, expulsion of PEO from the contact area and bridging of the PEO to
the uncoated probe.

Force-distance curves obtained in 0.1 M KNO3 containing 0.1 % PEO showed
no repulsive steric exclusion force initially. After 8 hr of incubation, a steric
expulsion force was observed which commenced at a distance near 6 Rg. Often
curves which demonstrated bridging or entanglement were visible.

PEG with a molecular weight of 2 kDa was chemically bound to the surface of
the silicon nitride tip, as shown by ESCA. Magnitude calculations from GOLIAD
indicate that a steric repulsive force of 6 nN would be present at a separation distance
of 0.6 nm. The force-distance plots do not show a monotonically increasing repulsive
force, indicating that there is much less than one equivalent monolayer of PEG on the
surface or the force gradient is larger than the cantilever spring constant at a
measurable force.

Acknowledgements

The authors wish to thank Y.-S. Lin for assistance in the PEG surface binding
chemistry, A. Pungor and E. W. Stroup for technical assistance and helpful
discussions, and P, Barnevald and late J. M. H. M. Scheutjens for providing us with
the computer modelling programs POLAD and GOLIAD. We also are grateful for
financial support provided by the NIH (Grant HL-44538-02) and the University of
Utah Graduate Research Committee.

Literature Cited

Binnig, G.; Quate, C. F.; Gerber, C. Phys. Rev. Leit. 1986 56, 930-933.
Martin, Y.; Williams, C. C.; Wickramasinghe, H. K. J. Appl. Phys. 1987 61,
4723-4729,
Weisenhorn, A. L.; Hansma, P. K.; Albrecht, T. R.; Quate, C. F. Appl. Phys.
Lert. 1989 54, 2651-2653.
Albrecht, T. R. Ph.D. Disseriation, Stanford University 1989.
Pashley, R. M. J. Colloid Interface Sci. 1981 80, 153-162.
Hartmann, U. Ultramicroscopy 1992 42-44, 59-65.
McClelland, G. M.; Erlandsson, R.; Chiang, S. In Review of Progress in
Quantitative Nondestructive Evaluation, 1987 6B, 1307-1314.
Stern, J. E.; Terris, B. D.; Mamin, H. J; Rugar, D. Appl. Phys. Lett. 1988 53,
2717-2719.
Ducker, W. A.; Senden, T. I.; Pashley, R. M. Narure 1991 353, 239-241.
0. Martin, Y.; Wickramasinghe, H. K. Appl. Phys. Lett. 1987 50, 1455-1457.
1. Griitter, P.; Meyer, E.; Heinzelmann, H.; Rosenthaler, L.; Hidber, H.-R.;
Giintherodt, H.-1. J. Vac. Sci. Technol. 1988 A0, 279-282.
12. Klein, I.; Luckham, P. Nature 1982 300, 429-431.
13. Claesson, P. M.; Gélander, C.-G. J. Colloid Interface Sci. 1987 117, 366-374.
14. Taur:iton, H. J.; Toprakcioglu, C.; Fetters, L. J.; Klein, J. Nature 1988 332, 712-
714,

el Bod slighvIAGE b3 h e

-

20. LEAETAL. Measurement of Steric Exclusion Forces with the AFM 279

15. de Gennes, P. G. Macromolecules 1981 14, 1637-1644.

16. Milner, S. T. Science 1991 251, 905-914,

17. Lea, A. S.; Pungor, A.; Hlady, V.; Andrade, J. D.; Herron, J. N.; Voss Jr, E. W.
Langmuir 1992 8, 68-73.

18. Marchant, R. E.; Lea, A. S.; Andrade, J. D.; Bockenstedt, P. J. Colloid Interface
Sci. 1992 148, 261-272.

19. Harris, M. I.; Struck, E. C.; Case, M. G.; Paley, M. S.; Van Alstine, J. M,;
Brooks, D. E. J. Polymer Sci., Polym.Chem.Ed. 1984 22, 341-352.

20. Lin, Y.-S. and Hlady, V. Book of Abstracts, Part1, 203rd ACS National Meeting,
ACS, San Francisco, 1992, abst. # COLL361.

21. Scheutjens, J. M. H. M,; Fleer, G. J.; Cohen Stuart, M. A. Colloids Surfaces
1986 21, 285-306.

22. Milner, S. T. Europhys. Lett. 1988 7, 695-699,

23, Barnevald, P. A.; Doctoral Thesis, Agricultural University, Wagengingen, The
Netherlands, 1991.

24. The ESCA data were actually obtained from the chip holding the cantilever.
Being of the same surface chemistry, the tip and the chip are expected to
produce similar results.

25. Sobolewski, M. A.; Helms, C. R. J. Vac. Sci. Technol. 1988 A6, 1358-1362.

26. Bergstrom, L.; Bostedt, E. Colloids Surfaces 1990 49, 183-197.

27, Bergstrom, L.; Pugh, R. J. J. Am. Ceram. Soc. 1989 72, 103-109.

28. Jaggreﬁzsisc—Renault. N.: De, A.: Clechet, P.; Maaref, A. Colloids Surfaces 1989 36,

29. Fleer, G. J.; Lyklema, J. In Adsorption from Solution at the Solid/Liquid
Interface; Parfitt, G. D. and Rochester, C. H., Eds., Academic Press: London,
UK, 1983, pp 153-220.

30. Ben Ouada, H.; Hommel, H.; Legrand, A. P.; Balard, H.; Papirer, E. J. Colloid
Interface Sci. 1988 122, 441-449.

31. Cohen Stuart, M. A.; Waajen, F. H. W. H.; Cosgrove, T.; Vincent, B.; Crowley,
T. L. Macromolecules 1984 17, 1825-1830.

32. Albrecht, T. R. Ph.D. Thesis, Stanford University, 1991.

33. Drake, B.; Prater, C. B.; Weisenhomn, A. L.; Gould, 8. A. C; Albrecht, T, R.;
Quate, C. F.; Cannell, D. 8.; Hansma, H. G.; Hansma, P. K. Science 1989 243,
586-1589.

34. Klein, I.; Luckham, P. F. Nature 1984 308, 836-837.

RECEIVED February 23, 1993

Reprinted from ACS Symposium Series No. 532

Colloid-Polymer Interactions: Particulate, Amphiphilic, and Biological Surfaces
Paul L. Dubin and Penger Tong, Editors

Copyright ® 1993 by the American Chemical Society

Reprinted by permission of the copyright owner




Lea — &

Acs SYMPOSIUM SERIES 832

Colloid—Polymer Interactions

Particulate, Amphiphilic, and Biological
Surfaces

Paul L. Dubin, EDITOR
Indiana University—Purdue University

Penger Tong, EDITOR
Oklahoma State University

Developed from a symposium sponsored
by the Divisions of Polymer Chemistry, Inc.,
and of Colloid and Surface Chemistry
at the 203rd National Meeting
of the American Chemical Society,

San Francisco, California,

April 5-10, 1992

American Chemical Society, Washington, DC 1993



UTEC 72-072
April 1972

RADIATION GRAFTING OF SYNTHETIC HYDROGELS TO INERT POLYMER SURFACES
1. HYDROXYSTHYL METHACRYLATE
by
4 H. 8. Lee, H. S. Snhim, and J. D, Andrade
Division of Materials Scierce and Enginaering
University of Utan
Salt Lake City, tah 84112

Background and pationale

There is great interest in tha davelopment of materials which can be
used for biomedical applications, cych as imolants, tissug culture sub-
strates, extracorporeal devices, SENsars, ptc. Most of the paterials used
for implant applications are the relagively inert, hydrophobic polymers,
such as polydimethyl siloxanz, polyethylena terephthalate, and solytetra-
flugroethylana, The fact th%t these materials have such low surface free
enargies (25, 43, 17 ergs/cm=, respectively) means that their intarfacial
frea apergies in an 3gquecus madium must be quite high. The air/water inter-
Facial energy is 73 ergs/em®; this is sufficisnt to dznature arateins and

produce calluiar dagage - ons might expact intarfacial energias of the
order of 50 ergs/cm” to do Tikewise.

We have praviously hypothesized that an interface with agueous solu-
tions of minimum intarfacial energy is dasirable for biological tolerability.
Such an interface is approachad with highly water swollen, non-ionic, syf-
thetic gels, such as the hydroxy alxyl methacrylates{3). Wichterle and Lim
have proposed many medical applications for such ge1s{3). Tnese materials
are quite stable in aqusous solutions and do not suffer fron hydrolysis, as
do many other gel systems.

The probliem of poor machanical strength of gels may be circumventad by
utilizing the unique biological compatibility of a gel.only at the surface
of <hs device, perhaps as 2 simple coating. Theoretical syidance(d) indi-
cates that a neutral interface of the ordar of a hundred Angstiroms thick and
having a high water content will not adsorb compounds from 2n 3gusous solu-
tion. The interfacial tansion of a gel interface approaches z2ro and thus
there is little free energy advantage in adsorption.

Ona may obtain the biocompatibility characteristics of a g2l with the
desired physical and mechanical properties of a substrate material by surface
grafting or coating{5). The interfacs hatween the gel surface and the solu-
tion is mot a true interface at ail. Lightly crosslinked gel systems are
not "inert, passive" barriers or discontinuities in a physiological environ-
ment. lonic transport, molecular migration and water transport can occur.

Qur graup{i) and Hoffrmann, et 21.(5) have demonstratad that hydroxy-
ethyl m2tnacrylate (1EMA) can be radiation grafted onto inert nolymaric
substrates.

Exparimental Methods

Hydroxyathyl methacrylate (HEMA), (Hydron Labs., New Brunswick, New
Jersey) was used without further purification, The composition was 0.012%
ethylzne glycol dimethacrylate and 0.15% methacrylic acid.

Po!ygﬁmethyi siloxan2 elastomer (Silastic, Medical Gradz, Dow Corning
Company, Midland, Michigan) and a commercial polypropylene ilm (Utah
P;§§§1cs uompiny. ia}t L?ke City, Utah) were of 0.005 inch tnicknass. Ethanol
054) was used as tne solvent; reagant grada C Clg used = ghat ans-
iyt gant g Cly was used x5 a chain trans
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xamined in the dry state, by scanning electron microscopy. A

Cambridge Stereoscan Mark 1 i
r th I scannir ] icros
20 kv, A11 samples were gold coatcd? electron microscope vas operated &t

Tensile specimens (T i
) J ype ) ASTM D-11 die) were prepared t i
LE?E;'Eegrgzghﬁﬁitﬁgelﬂ 3? énqtrfn Eorpuration Hcde? l?ib Telgingeﬁgig?ﬁé
h : inches/minute for polypro
minute for Silastic. The samples were tested ?u1¥§rwg{Tcne IS

Results and Discussion

Fiqu - 7
ion G;U;;ia} Srfsentd the dry graft weight per unit sample area as a ‘func-
Sirate Ann]arouc for various mencmer solutions and a polypropylens sub-
Shrote, | Mialfgous dite for poludigethy) sHiotane (S1180EEC T Nibe beaces is
PG 5. Figures 2 and 6 present the distilled water swelling
Srinc polypropylene and Silastic substrates. Elongation and yield

s results are given in Figures 3, 4, 7, and 8. ¥

— T:ﬁddzﬁeﬁeigh% increase is roughly linear at low doses, reaches a max-
iy §i]aStic SUbeiieases. A plateau is reached with polypropylene, though
The Riabect o strate graft appears to further degrade with increasing dose,
el nomer concentrations (20%) gives the smallest maximum and
y the most rapid initial degradation. Maximum graft in pol{propy-
] i}

lene for the 5, 10, and 15% i
spectively, for a 6.2 Hrﬂjédggé?tinﬂs b ROV, S P SO T

maximﬁﬂeﬂzéégziic results are quite different. Maximum graft occurs with

ekl st bR C°“§E"trﬂt10ﬂ$. but degradation occurs at lower doses with

higher than in the p§¥;li6py?:n§KPECt§d’ft2§ s T
3 much o e Silastic graft

as the sample swells greatly during the grafting pruc952.af T tatertl,

(Figulg: gfzgjig? Dflwager in the gel graft is of major interest to us
Bt % is clear from Figure 2 that the water fraction in-
Ut s dbyiad thNEu? y with dose, up to 0,5 Mrad, Comparison with Figure 1
Fiqures 95 to. 9 e water fraction is increasing with graft thickness

o 9e are a series of scanning electron micrographs of thése
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The HEHA concentration in ethanol was 0, 5, 10, 15, or 20 ggl

e ——————

surfaces. Figure 9a is the control substrate. Figure Oy represenls a

sample grafted in 5% manomey solution. There is no apparent morpholonical
change - in agreement with Figures 1 and 2 which indicate negligible grafting.
Fiqures 9c and 9d represent a 15% monomer solution and Lotal doses of 1/4 and
1 Mrad, respectively. We interpret this as follows: The qrafting at low
doses may begin somewhat uniformly. As the dose increases, the surface grail
becomes heterogensous, veaching a plateau heterogeneity at a dose of about
0.5 Mrad for Lhese samples. As the heterogeneities develop, water can con-
dense between the asperities, leading to a higher apparent graft water con-
tent. This apparently occurs in a roughly lincar manner with dose. The
effect plateaus off al 0.5 Mrad, when the grafled weight no Tongnr increases
with dose.

The silicone rubber material does not show this effect. Figure 10 re-
presents the Silastic surface. Mo surface worpholonical changes are eyident
over the ranges studied (Fiqure 5). The water fraction for Lhe Silaskic
cubstrate is 20 to 30%, independent of dose and graft thickness. This may be
a little lower than expected(5) as some of the graft is intermal and unavail-
able for water interaction.

The mechanical properties data indicate significant changes in the poly-
propylene substrate at doses of the order of 0.1 Mrad and highar. This could
ba due to surface oxidation during grafting. Mechanical changes in the
silastic material are also evident al dnzes greater than 0.1 prad.  Though
the grafted material is stronger, its Tower elongation might be a prablem in
implant applications whare flexibility and fatigue rosistance is desired.

Detailed surface characterization of these systweis is presently being
completed, including wetLing kinetics, equilibrium contact angles, protein
adsorption, and analysis of surface heterogengily.

The micreqgraphs presented, Figure 10a to 10e, yepresent a truc surface
heterogeneity. They are not dehydration artifacts. The heterogenecus nature

of these polypropylens grafts are clearly evident optically, cven with a
tatally wet sample which has never been dried.

Conclusions

Dry graft weight and water swolling data have been presented for grafts
of IIEMA onto polypropylenc and polydimethyl siloxane substrates. The results
have heen interpreted in terms of surface morphology, as dotected by scanning
electron microscopy and optical examination. Hechanical property data wes
also presented.

The heterogeneous nature of HEMA grafts onto some substrates must be
considered in analyzing any interfacial phenomenon associated with these

systems.
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Nature of Water in Synthetic Hydrogels

l. Dilatometry, Specific Conductivity, and Differential Scanning
Calorimetry of Polyhydroxyethyl Methacrylate
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Received June 11, 1974; accepted December 30, 1974

Three classes of water may exist in certain hydrogels. We have previously labeled these
as X water (bulk water), Z water (bound water) and ¥ water (intermediate forms we call
interfacial water). Bulk gel conductivity data for poly (2-hydroxyethyl methacrylate)
(PHEMA) were obtained. The activation energy for specific conduction was calculated.
A plot of the activation energy versus wt percent of water in the gel clearly indicated three
different zones, showing three possible classes of water in the gels. These results were con-
firmed by thermal expansion measurements. The high water content gels (50%,) demon-
strated an extremely sharp volume change at 0°C, indicating the presence of normal bulk
water. Lower water content gels (20%) showed no anomalous change in thermal expansion,
indicating that the water is bound. The medium water content gels exhibited intermediate
behavior. A semiquantitative analysis of the three classes of water is presented. A further
verification of these results was obtained by differential scanning calorimetry (DSC) studies.
The low water content gel (209} consists mainly of bound water, which exhibited no phase
transitions over the range —15 to 24°C. The high water content gels showed phase transi-
tions near 0°C. The medium water content gels show gradual shifts of the phase transition

temperatures near 0°C,

INTRODUCTION

There is substantial interest in the develop-
ment of synthetic hydrogels for biomedical
applications (1-3). There has been some
interest in the possible correlation between the
nature of water in hydrogels and their bio-
medical properties (2, 3). As the blood com-
patibility of hydrogels is not necessarily a
simple function of gel water content (2, 3),
it is reasonable to suspect that the nature of
water in the gels and at the gel interface may
be important (3).

Drost-Hansen (4) has discussed a three
layer model for the structure of water near
certain water/solid interfaces. Aizawa et al.
(5-7) have proposed that water in natural
macromolecular gels be classified into three

* On leave from the Korea Advanced Institute of
Science, Seoul, Korea.
t To whom correspondence should be addressed.

groups according to their experimental data
from specific conductivity, dilatometry and
NMR measurements. Krishnamurthy ef al. (8)
have indicated the existence of three states of
water in membranes of cellulose acetate by
NMR studies.

We have also suggested that hydrogels may
contain three classes of water: X water (bulk
water-like), Z water (bound water-like) and
Y water (intermediate forms which we have
chosen to call interfacial water) (9). To check
the wvalidity of the hypothesis, dilatometric,
specific conductivity, and differential scanning
calorimetry (DSC) studies have been carried
out from —15°C to room temperature for
poly (hydroxyethyl methacrylate) (PHEMA)
gels of various water contents,

MATERIALS AND METHOD

Commercial 2-hydroxyethyl methacrylate
(HEMA) was obtained (Trans Chemic Tndus-
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Fic. 1. The specific volume change A®, X 108
{cm¥/g) versus temperature (°C) for a 209 water
PHEMA gel.

tries, Inc., New York, N. Y.) and used as
received. The impurity content was 0,59 free
acid and 0.3%, diester. One percent by weight
of ethylene dimethacrylate (EDMA) cross
linker was added unless otherwise noted. The
redox initiator used was 107 mole of Na,S.0;
and of (NH.)»S:0s (10-12). The monomer
was dissolved in the desired amount of distilled
water, and the solution was polymerized in a
60°C water bath for one hour. The impurity
levels present did not significantly affect the
physical properties discussed here. The gels
thus contained the amount of water present
in the original monomer solution. They were
not equilibrated with water. A constant
temperature circulator with =£0.02°C control
accuracy was used as a temperature bath for
both specific conductivity and dilatometric
studies. Equilibrium temperatures were ob-
tained after equilibrating the gels for three
hours for each measurement.

A. Dilatometric Measuremenls
The dilatometer (5) was filled with the
sample and mercury. Thermal expansion
measurements were determined at tempera-
tures ranging from —15°C to 24°C. The total
volume change, Ady,, is given by the following
equations (5):

Aboy = APy + Adpg, [1]
ADgiy = Adyyy — APy,
= {(h— 1

Jowrnal of Colloid and Initerface Science, Vol, 51, No. 2, May 1975

— (1/S)0uV et — 20)1(5/M.), [2]

where Ady, is the specific volume change of
the mercury and Ad,, is the specific volume
change of the gel; Zand %° are the height of the
mercury column at the temperature {° and
24°C (the reference temperature), respectively ;
§ is the capillary cross sectional area (cm?);
Qug is the thermal expansion coefficient of
mercury (13); Vg2 is the volume of the
mercury in the dilatometer at 24°C; and 3,
is the mass of the sample. The data are re-
producible within 429,

B. The Specific Conductivity

The specific conductivity was measured with
an impedance bridge (Electro Scientific Indus-
try, Inc. Model 291B), using a 1000 Hertz AC
signal. The use of alternating current avoids
polarization of the electrode in the conduction
cell (14, 15). The design of the cell and other
experimental details are available (15). Plati-
num foil (A. D. McKay Co., New York) was
used for electrodes; the electrodes were not
platinized.

C. Differential Scanning Calorimeiry

The transition points of water in the gels
were determined with a Perkin-Elmer DSC-1B
differential scanning calorimeter, The sample
(20 to 30 mg) was cooled from room tempera-
ture to —20°C at cooling rates of 1.25°C/min,
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1. 2, The specific volume change A®, ¥ 1P
{em¥/r} versus temperature (°C) for a 259 water
PHEMA gel. '

M == = T

T T e T
5
E ol o
2
"E
5
o sl
A
2 0f 1
e
<
a5
20} 4
1 1 1 | 4, 1 1 1 |
-5 <10 -5 +] 5 [+] (1] 20 25

Temperature {°C)

Fre. 3. The specific volume change Ad, X% 108
(cm?/g) versus temperature (°C) for a 309 water
PHEMA gel.

2.5°C/min and 5°C/min for the various
PHEMA gels. Scanning speed had no signifi-
cant effect on the temperature of transition.
Heating curves were also obtained and some
hysteresis was noted (15).

RESULTS
- A. Dilatomelric Measuremenis

The specific volume change of the gel, AT,
was obtained from the dilatometry measure-
ments by Eq. [2]. Hysteresis in thermal
expansion of the PHEMA gels from —15° to
24°C is shown in Figs. 1 to 5. The specific
volume for each gel decreases upon cooling.
The gels containing 25%, or more water (Figs.
2 to 5) showed a hysteresis in thermal expan-
sion over the temperature range of —15° to
24°C. One sees that the 20%, water gel shows
no transition (Fig. 1), probably indicating that
most of the water is “bound” (Z water).

The 25%, water gel shows a slight hysteresis,
the heating path discontinuously joining the
cooling path in the vicinity of 0°C (Fig. 2).
The hysteresis increases as the water content
of the hydrogel increases (Figs. 3 and 4}, The
hysteresis is most pronounced in the high water
content hydrogel (50%, water). The extremely
sharp specific volume change near 0°C for the
higher water content gels (409 and 509,
water) is probably due to “normal”’ water
(X water). The transition of ice to water

(Lo T 1 T T T T T

afigelx loztcmﬁl’g]
& & & o o
T T T - :
] 1 1

8

= 1 1 1 1 1 1 L 1
-5 -0 s 0 5 0 15 20 25
Temperature (°C)

Fre. 4. The specific volume change ad, X 108
(cm?/g) versus temperature (°C) for a 40% water
PHEMA gel.

involves a volume change of —8.279, (16) or
—91.1 X 107 em?® g at 0°C.

These dilatometric studies suggest that
three general states of water may exist in
hydrogels and that the transition temperature
of X water is 0°C (Figs. 4 and 5), that of ¥
waler may range from —15° to 0°C and Z
water shows no transition ever the range from
—15° to 24°C (Fig, 1). The data indicate the
PHEMA network contains about 209 of
bound or Z water. If we make the assumption
that the transition near 0°C is due mainly to
nonbound or X water, then the amount of
normal or X water and interfacial or ¥ water
in the gels can be determined from Egs. [3]
and [47]:

X =~ (Adby/AD,) 100 [3]

adgelx10° {cmafg]

45 w0 -5 0 8 g s 20 28
Temparature (°C}
Fic. 5. The specific volume change a®, X 10°
{em¥/g) versus temperature (°C)} for a 307 water
PHEMA gel.
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TABLE I

APPROXIMATE CoNTRIBUTION OF “X, ¥, Anp Z” Water
T0 THE Torar Warer CoxTENT (W)
or Puena GeLs
(ALL vaLUES ARE WL, %)

w 20 25 30 40 50

X 0 0 0 8.3 18.4

i'd 0 5 10 11.7 11.6

A 20 20 20 20 20
and

Y~W—X — Z, [4]

where X is the percentage of normal water in
the gel; A®, is the volume change of ice to
water at 0°C; ¥ is the percentage of interfacial
water in the gel; W is the total percentage of
water in the gel; and Z is the percentage of
bound waterin the gel. The amount of “normal”’
water in the gel was obtained using Eq. [3]
with A®g,; values taken from Figs. 4 and 5 and
A®,, value from Ref. (11). Also the amount of
interfacial water was obtained using Eq. [4],
assuming that 209, of the gel was bound
water. The results are shown in Table I, where
the amount of interfacial water appears to
reach a near constant value for gels of 40 to
509% water content.

There is apparently no bulk or normal water
in the gel until the maximum interfacial (¥)
water content is reached; after that point all
additional water in the gel behaves as bulk or
X water.

B. Specific Conductivily

According to absolute reaction rate theory,
the specific conductivity, K, can be written
as follows (6, 17).

K = const {2(Ve)*/Nh) exp (—AE./RT), [5]

where z, N, ¢, R, AE,, and k are ionic valence,
Avogadro’s number, electronic charge, gas
constant, activation energy, and Planck’s
constant, respectively. Equation [5] can be
rewritten as (6, 17),

log K = const — (AE,/2.303RT). [6]
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T1G. 6. Specific conductivity versus reciprocal tem-
perature for PHEMA hydrogels as a function of
water content. 1 = 70,2 = 60,3 = 50,4 = 40, 5 = 30,
6 = 20% H.0.

Plots of specific conductivity versus tempera-
ture for PHEMA gels of different water
contents are presented in Fig. 6. Log X is
linearly proportional to 1/7 for temperatures
higher than the transition temperatures. Gne
can obtain the apparent activation energy for
specific conduction for each different gel (Fig.
7) from the slope of the straight lines in Fig. 6.
One can analyze Fig, 7 in terms of three classes
of activation energies (5-7) which may corre-
spond to the activation energies of “normal”

Ktalbsnal )

agzi

20

Fie. 7. Activation energy for conductivity versus
water content for PHEMA hydrogels,

water (X water), that of “bound” water (Z
water), and that of ¥ water. A sharp dis-
continuous change in the log K vs 1/T curve
near 0°C indicates that the high water content
gels (14 in Fig. 6) have significant amounts
of “normal” or X water.

Even though 10—* mole of initiator salts were
used for polymerization of monomer, the acti-
vation energy value, 2.7 Kcal/mole for gels
of 60 to 70% water content in Fig. 7 is of the
same order of magnitude as the activation
energy for proton transport in aqueous solu-
tions, 2.5 to 2.8 Kcal/mole (18).

The general expression for the ionic conduc-
tivity (19} in water and ice is

oy = ngell; = CgAFa/BT

7]

where o; is the ionic conductivity; ¢ is 1 or

2 referring to water and ice, respectively;

n is the number of charge carriers; U; is the

ion mobility, and C; is the constant. Therefore,
o1 U

L5 Uz

Gy
= g(Mt-'n}z—URr’

Cy

where (AEg)y = AFg, — AEa;. The fre-
quency factors, Cy and C, are approximately
equal because the fundamental vibration fre-
quencies of ice and water (16,20, 21) are
almost the same; the volume change from ice
to water should not significantly affect C;.
Equation [8] can be written as:

U],/Uz =

[8]

3~ gladEe)z—1{RT
10~ ¢ :

because the proton mobility in water, Uy, is of
the order of 10° times higher than in ice, Uy
(18). The ion mobility ratio is probably
greater than 10% (18). The activation energy
difference between gels with 209, water and
60% water, as given in Fig. 7, is 4 Kcal /mole
which is near the value of 4.1 Kcal/mole for
the activation energy difference for proton
transport between ice and water. This fact
suggests that in the low water content gels
the conductivity is largely determined by

bound water, perhaps with icelike behavior,
while in the high water content gels it is
largely determined by nonbound water with
normal water behavior. Because the ion
mobility in ice (18) is small in comparison to
that in water, the contribution of bound water
to the conductivity in the latter case may be
very small.

We are aware of the controversy in the
literature on proton and ion mobility in ice
(22). The arguments presented above are
largely qualitative in nature and are given
merely to show that the concepts of bulk,
bound, and intermediate water in gels are
reasonable with respect to conductivity data.
Even though the exact nature of the charge
carriers in the gels are not known (protons,
sodium ions, and ammonium ions are probably
predominant), the qualitative argument given
above is valid whether we consider protons
(U1/Uz 2 10°) or small univalent ions (U/;/U,
Z 10%). More direct methods are available to
quantitatively determine the classes of water
in hydrogels (15, 23).

C. Differential Scanning Calorimelry (DSC)

The thermal behavior of hydrogels due to
physical or chemical changes during heating
or cooling can be studied by DSC. DSC curves
directly give the heat evolved or absorbed
during a phase transition, thus permitting a
direct thermal analysis (24). The endo-
thermic energy (cal/sec) as a function of
temperature is presented in Fig. 8 for 5 gels
of different water content, pure water, and a
sample of 60%, water gel in contact with pure
water, One sees that no change is detected
in the 20%, water gel, confirming that most of
the water must be “bound” or Z water. The
other gels (above 20% water) show a definite
phase change below 0°C on cooling, and it is
interesting to see that the transition tempera-
tures shift upwards toward 0°C as the water
content of the gel increases. Pure water shows
the expected sharp transition at 0°C. To
determine the effect of cross-linker in PHEM A
gels, the monomer solution was also polymer-
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ized without adding cross-linker. The other
conditions were the same as described in
experimental procedures. The DSC data are
shown in Fig. 9.

Thetransition points of gels with cross-linker
were at lower temperatures than those of the
gels without cross-linker. This shift may be
due to the differences in the amounts of the
three classes of water in these gels.

DISCUSSION

Our results are in qualitative agreement
with those of Aizawa ef al. on agar gels (3, 6),
and of Baresova (25) on polyhydroxyethyl
methacrylate gels. Our data provide evidence
that various forms of water exist in PHEMA
hydrogels. The water probably consists of a
fraction which is significantly affected by the
polymer network (Z water), a [raction rela-
tively unaffected by the network (X or normal
water), and an intermediate fraction (¥ watet).
The ¥ fraction appears to reach alimiting value
of about 129, of the total gel. The X fraction

increases with increasing water content above

35 to 40%, water.
PHEMA gels are observed to be complex

systems with regard to the role of water, as |
well as with respect to their network structure |

(10, 11, 26-28). The homogeneity of the gels
depends on the concentration of water in the
starting mixture. The polymerization process
yields either a homogeneous and optically
clear gel (up to about 40 wt. % water in the
starting mixture}, or a heterogeneous, turbid
gel if the initial water content exceeds about
40 wt. 9.

It is generally believed that PHEMA gels
of 409, water or less are homogeneous systems
(10, 11, 26-28), while such gels containing
over 409, water are heterogeneous, possibly
two-phase systems exhibiting ‘“microsyneresis”
(27,28) and thought to have a ‘“‘micro-
mcson‘lox'IJhic”:,structure (29). At water con-
tents of about 40%, or less, the polymer
network does not exhibit a microphase sepa-
ration and thus appears optically homogeneous
on visual inspection. As this phenomena is
somewhat independent of covalent cross-link

concentration (11, 26}, it has been attributed
to noncovalent cross-links due to polymer/
water interactions (11, 26). It is thus reason-
able to suspect that it may be related to the
nature of water {or types of water) in the gels.

SUMMARY

The nature of water is a synthetic hydrogel
has been studied by applying three different
techniques: dilatometry, specific conductivity,
and differential scanning calorimetry. The
results obtained by the three techniques agree
with each other and support the hypothesis
that there exists three classes of water in
hydrogels. The data suggested that approxi-
mately up to 20 wt. % of the hydrated gel is
water bound to the polymer network. A
semiquantitative analysis of three classes of
water in the gels was obtained from the dila-
tometric results.
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T;ﬂjgﬁﬂﬂﬁ:h Surface tension and adsorption properties of various PEO-

PPO-PEC triblock and related surfactants were investigated
using the Wilhelmy plate technique and X-ray photoelectron
spectroscopy (XPS). The effects of PEO (poly ethylene oxide)
chain length, PPO (poly propylerie oxide} chain length, and
polymer structure were evaluated by surface tension
measurements of the aqueous surfactant solutions and by
adsorption studies of the surfactants on dimethyl dichloro
silane (DDS)-coated surfaces, which are strongly hydrophobic.
The conformations of the surfactant adsorbed at air/water
interface and at hydrophobic solid/water interface were also
considered. It was observed that as the hydreophobic character
of the surfactant increases, surface tension rapidly decreases
with increasing soclution concentration. The adsorbed amount
of polymer at the DDS surface/water interface increased with
decrease in PEO chain length. PPO blocks did not show strong
adsorption onto the hydrophobic surface. The possibility of
producing PEO-rich surfaces by adsorption of unique PEO
copolymers from agueous solution was discussed.

ABSTRACT

|TE s

PLENUM PRESS « NEW YORK AND LONDON

INTRODUCTICN

Polyethylene oxide (PEQ) surfaces are becoming recognized
as exhibiting low protein‘adsorption and low cell adhesion
characteristics. The hydrophilicity and unique solubility
properties of PEO produces surfaces that are in a liquid-like
state with the polymer chains exhibiting considerable
flexibility or mobilityl=12, A number of groupsl3-16,
including our own?rl2 have demonstrated greatly decreased
adsorption of plasma and other proteins on PEO surfaces.

The immunclegy community has been recently modifying
proteins by the attachment of PEO chains to produce a molecule




with minimal antigenicity. Antigens coated with PEO chains
are apparently shielded from immune recognitionTrs, providing a
general method for reducing immunogenicity. PEQ is also used

as a means to passivate silica and glass columns to minimize
adsorption of other species, including proteins, wviruses and
cellsl0,11, ¥

A possible explanation of such passivity relates to PEQ's
relatively unigque solution properti&SlT:lB and its molecular
conformation in aqueous-solutionl?-19, In addition, a more
general volume restriction effect has been hypothesizedzonI.
It is thought that a repulsive force exists due to a loss of
configurational entropy of the surface bound PEQ when a protein
or other particle approaches the PEO surface?,13,22,23, There
is also an osmotic repulsion component due to polymer chain
JLnter}::emetrationZv22

To date, PEQC surfaces which have been used for
biomaterials and/or medical device applications generally
censist of PEO block copolymerslr2r3r15 or cross—linked PEOQ
networksl, 24, Surface treatments have included direct
adsorption of high molecular weight PE010:,1l or the covalent
grafting of PEO to silica and other surfaces4,12,

Nagaoka, et al.l3 have shown by NMR methods that the
surface mobility of PEO chains is maximal when the number of
repeat units approaches 100. They further showed that a PEO
graft copolymer (many methoxy free ends) is more effective than
a network or block system where most PEQ is present as loops.
Merrill, et al.l5 recently showed that end linked PEO-
monomethyl ether and PEO networks both greatly reduce protein
adsorption and platelet retention. Our own data on PEQ end
bonded to reactive silica surfacesl? tend to support the
results of Nagaoka, et al-13 and Merrill, et al.l3,

In view of the apparent success of PEO surfaces in
reducing protein adsorption and platelet adhesion, we began
considering a simple means of producing such surfaces, ideally
by a simple coating process, so that catheters and even more
complex medical devices could be treated.

We have chosen PEO-PPO-PEO triblock and related
copolymers with which to initiate this work as they are readily
available, non-toxic, and have many of the properties desired.
PEQ is water solublel? and polypropylene oxide (PPO) is water
insolublel?,18, PEQO-PPO-PEOQ triblock copolymers are widely
used nonionic polymeric surfactantsl® which have been employed
in cardiovascular surgery as defoaming agents. They are also
widely used in pharmaceuticals and cosmeticsl8, At water/air
or water/hydrophobic surface interfaces, it is probable that
these surfactants are adsorbed via the PPO block with the PEO
chains at least partially extended onto the agqueous solution.

In this work, we studied the surface properties of the
surfactants at air/water interface by measuring surface
tension. The adsorption of the surfactants at hydrophobic
solid/water interface was alsc studied by XPS analysis. We

considered the effects of the PEO chains, the PPO chains and
the structures of the surfactants used. We also considered
surface conformations for the PEQO-PPO-PEQ triblock surfactants
adsorbed on the air/water interface and adsorbed on the
hydrophobic solid/water interface.

EXPERIMENTAL
Materials

Commercially available PEO-PPO-PEO triblock and related
copolymers were used as received (Table 1). All of those
copolymers are nonionic surfactants; and their molecular
weights and the wt % of PEOQ are mean values. Pure PPO with

various molecular weights were also used (Table 1).

As a substrate, we used glass slides (Corning cover glass
2940, Neo.l 1/2, 24X50mm, 0.16-0.19%mm) . The glass slides were
treated with dimethyl dichloro silane (DDS, Petrarch Systems,
Inc.) to preduce the hydrophobic surfaces used in the
adsorption studies.

Methods

Surface tension measurement. The surface tensions of
water and aqueous surfactant solutions were measured by the
Wilhelmy plate method25 using clean, hydrophilic glass slides.

The apparatus consists of an electrobalance (Cahn model
RM-2) to which the sample is attached, and a movable shelf
driven by a motor generator (Motomatic, Electro-craft Co.),
which can be raised or lowered at controlled speeds to advance

or recede a beaker of water over the sample. The tester is
contained in an insulated enclosure maintained at constant
temperature (20°C). Electrical signals from the balance are

fed to an X-Y plotter (Gould, Series 60,000) to obtain wetting
curves.

Glass slides were cleaned with chromic acid at 80°C for
30min, followed by careful rinsing with purified water (Milli-Q
reagent water system, Millipore Corp.) and then dried overnight
in an oven at 120°C in air. All glassware used was also
carefully cleaned by the same process. Cleanliness of the
glass slides was examined by measuring the surface tension of
purified water (72.6+0.5dyne/cm) and by verifying that the
slides were perfectly wetting as shown by the lack of any
contact angle hysteresis26,

The surfactants used were soluble in water at room
temperature for the concentration range used ({(10~5 mg/ml to
1.0mg/ml) . Each stock aqueous surfactant soclution (1.0mg/ml)
was freshly prepared 1 hr before use in order to minimize any
effects due to oxidation and to allow sufficient time for
equilibrium. Measurement was made 10 min after each dilution
and checked several times to insure reproducibility of
measurement .



A

(°C)
35-36(25% ag.)
70-71(10% aq.)

Cloud point
56-57¢(
67-68¢(

5B (1% aqg.)
30(1% ag.)
90 (1% aqg.)

ngland

in water at 25°C
>10%
>10%
>10%
>10%
>10%
>10%
Solubled
>254d
<0.1%49
Insoluble

Solubility (w/v)
Turbid at 10%

33
1.02(20°)

1.04{ " )
1,05( ®
1.02(20°C)
1.02({60°C)
1,004 {20°C)
L005( ™ )
L005( " )
L004( ™ )

1.08( = )

Wt% Specific
PEQ gravit

10
20
40
80
20
40
40

Mol ., wt,
1950¢
2190¢
2920¢
8750%
2300
53900

12000

425
1000
2000
4000

Appearance Ave.

at R, T,
Liquid
Ligquid
Liquid
Powdar
Liguid
Liguid
Paste

Liquid
Liquid
Liquid
Liquid

(PEC) 25- (FFO) 29
(PEQ) g~ (PPO) 29

NCHzCHaN

{PEQ) 2g= (PED) 29

(PPO) 7

o

BASF-Wyandotte Co., Performance Chemicals, 100 Cherry Hill Road, Parsippany, NJ 07054, U.S.A.

Hoechst Aktiengesellschaft, Verauf TH, D-6230, Frankfurt am Main 80, West Germany
I1¢I, Petrochemicals Div,, P.0.Box %0, Wilton,Middlesbrough, Cleveland, TSé 8JE,
Aldrich Chemical Co., 940 West Salnt Paul Ave., Milwaukee, Wisconsin 53233, U.5.A.

{PEC) 2~ (PPO)} 30— (PEO) 2

{PEQ) 5= (PPO) 30~ (PEQ) 5

{PEDQ) 13- (PPO) 30— (FEO) 13

{BEQ) gg= (PPO) 30- (PEC) gg

{PED) 13— (PPO) 3p- (PEO) 13
Condensation product of PE-L64

(PEO) 26~ (FPO) 29

Structure
(FFO) 17
(BPO) 34
(FPO) g9

SourceP
Hoachst
BASF~-
Wyandotte
Aldrich

ICI
led by the manufacture
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Fig. 1. Sample preparation for adsorption studies

PPO above M=2,000 dalton was not soluble in water at roaom
temperature as expected. As PPO exhibits an inverse
solubility-temperature relationship in waterZT, the M=2,000
dalton PPO at a concentration of 1.0mg/ml was cocled to 4°C and
well mixed. Although most of the PPO dissolved, the solution
showed some cloudiness at room temperature. This solution was
diluted in the cooled state to 0.lmg/ml and did not show any
cloudiness at room temperature. M=4,000 dalton solution could
be prepared for concentration < 0.001lmg/ml without any
cloudiness at room temperature.

In each case, clean glass slides were immersed inteo or
drawn out of the prepared solution at the speed of 40mm/minZ26
to measure surface tension. The wvalues of surface tensions
were obtained at the moment that the glass slide just touched
the surfactant solution when it was wetted and immersed into
the solution. The surface tension of each sample was measured
three times and it was observed the values of the surface
tensions are well matched within #2.0%.

Adsorption studies, To prepare the hydrophobic
surfaces, the clean glass slides were immersed in a solution of
10% DDS in toluene (EM Science) dried with molecular sieve
particles (MCB Manufacturing Chemicals, Inc.) for 30 min and
then rinsed three times in pure ethanol followed by one rinse

in purified water and one rinse again in ethanol. The DDS
treated glass slides were cured by placing them in an oven at
70°C for 3 hr in a nitrogen atmosphere. The DDS coated glass

slides were immersed in surfactant solutions of different
concentrations for various times at room temperature (Figure
N Desorption studies consisted simply of immersing the
adsorbed slides in purified water for the given time.

The surfactant-coated surfaces were analyzed by electron
spectroscopy for chemical analysis (ESCA) using a Hewlett-
Packard 5350B electron spectrometer equipped with a
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Fig. 2. Wetting curves for (PEO)713-(PPO)3p-(PEQ)13
solution and purified water

monochromatic A1 Ka 1,2 radiation source at 1487 eV and 400
watt power at the-anode. An electron flcocod gun operated at
6.0 eV was used for charge compensation. Wide scan and narrow
scans for carbon 15 and silicon 2S5 were taken and normalized
using the Scofield cross-sections?8.

RESULTS AND DISCUSSION

Surf bEE BE 5 Block Surf it
Interface

Figure 2 shows wetting curves of a PEC-PPO-PEO triblock

surfactant sample obtained by the Wilhelmy plate method. In
the case of purified water, the wetting curve did not show
hysteresis (Fig. 2(d)). As a glass slide was immersed into

and drawn out of the surfactant solution, some hysteresis
developed (Fig. 2(a)-{(c)), most likely due to the adsorption of
surfactant molecules on the surface. That is why the surface
tension measurement was taken at the moment that the glass

slide just touched the solution surface??, As shown in Figuré

2, surface tension decreased as the surfactant concentration
increased, as expected.

Figure 3 shows the effect of surfactant concentratien and
type on the surface tension. Surfactants with PEQ/PPO blocks
showed good surface tension reduction in aqueous sclution as
the conecentration increases. Figure 3 (a} is the result for
PEO-PPO-PEO triblock surfactants with the same PPO chain length
{(n=30) . There is a sharp reduction in surface tension with
the increasing solution concentration. Reduction of surface
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Fig. 3. Surface tension-log concentration plots of the
surfactant and PPO solutions.
(a) PEO-PPO-PEC triblock surfactants with different chain
length (PPO chain length : 30)
(b) Different PEO/PPO block surfactants
(PPO chain length : 29-30, PEO wt¥ : 40)
(c) Pure PPO with different molecular weight
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Fig. 4. (a) Surface tension of PEO-PPO-PEO triblock
surfactants as a function of EO/PC ratio (surfactant
concentration : 0.img/ml, PPO chain length : 30)

(b) Surface tension of PPO as a function of molecular
weight (PPO homopolymer concentration : 0.1img/nl)

tension is one of the most commonly measured properties of
surfactants in agueous solution. It depends directly on the
replacement of molecules of water at the interface by molecules

of surfactant30. It is also a rather direct measure of
adsorption of the surfactant at the air/water interface. We
expect the hydrophobic PPO segment predominates at the
air/water interface while the hydrophilic PEO segments tend to
extend into the agqueous phase. The increase in surface
tension reduction with concentration is indicative of the
amount of the surfactant adsorbed at the air/water interface.
Figure 3 (b) shows the surface tension change of the
surfactants having different structures, PEO-PPO-PEO triblock,
alternate PEQO/PPO block ,and star-like 4 PPO and 4 PEO blocks.
They showed different values of surface tension even though
they have similar PPO chain length (n=29 or 30) and the same
PEO content (40 wt%). The star-like block structure exhibits
more adsorption to the surface than the triblock or the
alternate block structure, and gives more hydrophobic character
on the surface. Figure 3 (c) shows the effect of pure PPO
chain length on the surface tension. PPO of molecular weight,
M=1, 000 showed good solubility in water for our concentration

(&) At low concentration

————maeem DD ssesesssessss PEQ

Fig. 5. Possible conformations of PEO-PPO-PEC triblock
surfactants at air/water interface.

range at room temperature, but M=2,000 showed a little
cloudiness in water at 1.0mg/ml. M=4,000 clouded above
0.01lmg/ml and showed no solubility at 1.0mg/ml. Figure 3 (c)
shows that surface tension drops more rapidly as the molecular

weight of the PPO increases. Surface tension reduction in
agueous solution increases with increase in hydrophobic
character. Surface tension decreases with decrease in EQ/PO

ratio and with increase in the molecular weight of PPO due to
the increased hydrophobic character as seen in Figure 4.

These results and evidence from the literature31-36
suggests possible conformations of PEO-PPO-PEQ triblock
surfactants at the air/water interface (Fig. 5). At low
concentration, the surfactant molecules probably have a nearly
flat conformation at the air/water interface by replacing water
molecules with surfactant molecules (Fig. 5(a}) . As
concentration increases, the hydrophobic PPO segments will be
squeezed and folded out of the air/water interface due to the
increased number of surfactant molecules on the surface, and
the hydrophilie PEO segments will be extended into water phase
(Fig. 5(b)). Thus, as the concentration increases, the
hydrophobicity of the surface increases. As the PPO chain
length increases, the chain will be folded more extensively out
of the air/water interface, producing a more hydrophobic
surface as suggested by Figures 3(c) and 4(b).

As mentioned before, surface tensions sharply decrease
and inflection points develop with increase in concentration
(Eig. 3. It has been reported that these inflection points
reflect "CMC" (critical micelle concentrations)37-40,
Although our surfactants do show a sharp decrease in surface
tension with solution concentration, there is some
controversy41_43 as to whether or not the concentration
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Fig. 6. XPS wide scan of PEO-PPO-PEO triblock surfactant-
coated surface. (Glass + DDS + Genapol PF-40(0.lmg/ml, +
30min adsorption), power=400W)

. GLASS + DDS

involved is indeed a CMC. These surfactants may form
intermolecular micelles only partially or not form micelles at
all.

ALKYL C

Adsorption of PEQO-PPO-PEQ Triblock Surfactants at Hydrophobic

Solid/Water Interface GLASS + DDS + G-PF 40

‘The adsorbed amount of surfactant molecules on the DDS BTHER'E
surface was measured using XPS (ox ESCA}. Although XFS
analysis does not provide absolute quantification, it is very
sensitive to very low adsorbed amounts. It gives useful
comparative information for the adsorption of surfactants. ' b
Figure 6 shows a wide scan for one of the surfactant-coated [
surfaces. It shows, as expected, the silicon 28 and 2P peaks
(149 and 99 eV, respectively), the carbon 1S peak (284 eV) and
the oxygen 25 peak (532 eV). This surface has two different
types of carbon, alkyl and ether, each with a different binding
energy (Fig. 7). The DDS coated surface has only alkyl
carbons. As the surfactant concentration increases, adsorbed
amount of the surfactant increases, and the ether carbon peak
raises. The ether carbon peak thus provides information of
the amount of surfactant adsorbed on the DDS surface. B

0.0001mg/ml, 30min adsorption

RELATIVE INTENSITY

o s
W

GLASS + DDS + G-PF 40

0.lmg/ml, 30min adsorption

The ether carbon to silicon atomic ratio, as determined
by XPS analysis, of the surfactants and PPO adsorbed on the DDS *
surfaces are presented in Table 2. This table shows the ! 2495
effect of PEO chain length (from Genapols) and the effect of
PPO chain length alone on adsorption. In this table, the
numbers are only meaningful as compared vertically in the table
because different samples have different numbers of ether
carbons.,

275
BINDING ENERGY (eV)

Fig. 7. XPS narrow scan of carbon for PEQ-FPO-FEC
triblock surfactant-coated surface. (Power=400W)




Table 2. Atomic ratio of ether carbon/silicon (ether C-15/5i-28) for

the surfactants adsorbed on DDS surface3.

{Compare only vertically)

Concentration Condition

GENAFPOLS PPO
{mg/ml}) PF-10 PF-40 PF-B0 425 1000 2000 4000
lmin 0.24 0.32 0.16 0.23 0.24 0.38 -
adsorption
0.1 30min 0.29 0.33 0.22 0.29 0.29 0.65 -
adsorption
30min .21 0,31 D0.15 D.24 0.25 0.61 =
desorptionP
lmin 0.08 0.0%9 0.08 0.06 0.07 0.14 0.15
adsorption
0.0001 30min 0.09 0.09 0.08 0.10 0.10 0.19 0.18
adsorption
30min 0.07 0.09 0.07 0.06 0.08 0.19 0.14
desorptionb

a. Ether carbon/silicon ratio for DDS surface < 0.04
b. After 30min adsorption.

Table 3. Relative amount of the surfactants adsorbed on DDS surface.

(Normalized from Table 2)

Concentration Condition GENAPOLS PPO
{mg/ml} PF-10 PF-40 PF-80 425 1000 2000 4000
lmin 3.53 2.86 0.42 16.43 7.06 5.59 =
adsorption
0.1 30min 4.26 2.95 0.58 20.71 8.53 9.59 -
adsorption
30min 3.09 29T .39 ThFE Tha3h BU9T -
desorption
Imin 1.18 @.80 0.21 4.29 2.06 2.06 1.09
adsorption
0.0001 30min 1.32 Q.80 0.21 7.14 2,94 2.79 1.16
adsorption
30min 1.03 0.80 0.18 4.29 2,35 2.79 1.01
desorption

* Numbers are multiplied by 103-
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triblock surfacant adsorbed on DDS surface
{PPO chain length: 30) {b) Relatiwve amount
of PPO adsorbed on DDS surface.

The ether carbon/silicon ratio is a good qualitative
indicator of the amount of the surfactant adsorbed, however,- it
is not directly related teo the adsorbed amocunt. Each ethylene
oxide and propylene oxide unit has two ether carbons. So
total ether carbons per chain change with the PPO chain length
and PEC chain length. We can determine the relative amount of
adsorbed surfactant by comparing the surfactant:Si ratio which
can be estimated by dividing the total ether C:5i atomic ratio
by the number of ether carbons in the surfactant. Fer
example, Genapol PF-40 has 112 ether carbons. S¢ the total
ether carben/Si ratio in Table 2 is divided by 112 to estimate
the relative adsorbed amount. Table 3 shows the normalized
values from Table 2. Figure 8 ({(a) shows that the adsocrbed
amount increases as the surfactant concentration increases and
as the PEQ chain length decreases. Figure 8 (b) shows the
effect of PPO chain length.

We assume that the surfactant molecules are physically
adsorbed on the hydrophobic surface, probably via hydrophobic
interactions of the PPO block with the surface. The function
of the hydrophilic PEOC blocks is to interact with water30, We



suggest that adsorption occurs between the PPO blocks of the
surfactant and the strongly hydrophobic DDS coated surface.
The PEQ chains of the surfactant are extended into aqueous
solution, where they are expected to be highly mobile.

During the adsorption of the surfactants onto the
hydrophobic surface from aqueous solution, orientation changes
probably occurdl, At low surfactant concentration, the
surfactants will be adsorbed on a surface where there are very
few other adsorbate molecules. At this stage, the surfactants
may lie flat on the surface. After most of the free water
molecules are replaced with surfactant, the mcnolayer is
saturated with molecules lying flat. Increasing the size of
the surfactant molecule by lengthening the PPO or PEQ chains
can cause a decrease in adsorption as seen in the case of the
0.0001lmg/ml concentration in Figure 8. The subsequent stages
of adsorption will be increasingly dominated by the hydrophobic
interactions between the hydrophobic portions of the surfactant
and the hydrophobic surface.

As the concentraticn increases, there will be a tendency
for the hydrophobic chains of the adsorbed molecules to
aggregate. This will cause the hydrophilic chains to become
vertically oriented because the lateral forces due to
hydrophobic chain interactions in the adsorbed layer will
compress the molecule, and the PEC chains may have a less
coiled, more extended conformation. We assume that longer PPO
chain leads to a dense coil structure at higher solutiecn
concentrations due to the increased cohesion force. Thus, the
surfactant molecule has a smaller cross sectional area on the
surface. Therefore, at high concentration, the adsorbed
amount increases with increase of PPO chain length, if the PPO
chain length is sufficiently long {above M=1,000)}, and with
decrease in PEO chain length, as seen in the case of the
0.1lmg/ml concentration in Figure 8.

The results of our XPS studies and evidence from the
literaturel4,31,44, suggest the possible conformations shown in
Figure 9. At low surfactant concentration, sheorter PEC chains
may lie nearly flat on the hydrophobic surface and longer PEO
chains will prefer to form small locops because it is
entropically more favorable than when they are attached tightly
on the surface. The center hydrophobic PPO block is probably
adsorbed on the surface through a hydrophobic interaction. As
the concentration increases, PEC chains lying flat will be
displaced from the surface by the PPO chains of adjacent
molecules , Thus, PEO chains will tend to be oriented
vertically at the water phase. The PEO chain is water soluble
but it seems not to be fully extended in the aqueous phase
(Fig. 9(a)). Therefore, as the PEO chain length increases,
the occupied area of the surfactant molecules will be
increased, and the adsorbed amount per unit area decreases as
evidenced in Figure 8 (a).

For the low molecular weight PPO, the PPO chains of the
surfactant will be adsorbed with small loops on the hydrophobic
surface. As the molecular weight of PPO increases, the
occupied area of the molecule on the surface will be increased.
However, as the molecular weight of PPO is much higher (M.W.=
1000 from Fig. 8(b)), we assume that it is tightly coiled on

{(a) Effect of PEO Chain Length (C.L.)

Low PEO C.L. High PEO C.L.

Water 5
m& DDS Surfawm%

gt . DPO

Higher Concentration

®ss 00000t . PEO

L]

.’ L]
L . \‘
fp?;. ,Q}(mgﬂt

s %T}

{b) Eftfect of PPO Chain Length (at higher concentration)

Increasing PPO chain length

.'v.. %
ety & S0y )
] : ay '\

Small loops Dense coil structure
in water due to increased
cohesion force

Fig. 9. Possible conformations of PEO-PPO-PE0 triblock
surfacant molecules at hydrophobic solid/water interface.



the surface because longer PPC chain will form a dense coil
structure in water phase at higher concentration due to
increased cohesion force, that is, increased hydrophobic
interaction between side methyl groups of the PPQ segment (Fig.
S{b)) . Thus, occupled area of the molecule increases and then
decreases with increasing PPO chain length. Figure B8(b) does
not match this situation (Fig. 9(b)) exactly because it is for
PPO homopolymers, not for PEO-PPO-PEQ block copolymers.
However, we expect that Fig. 8(b) will be able to explain the
effect of PPO chain length for adsorption of the block
copolymers.

XPS analysis of adsorption at the solid/water interface
may be a problem because the analysis is done at the ‘dried
state. However, we do not expect that the adsorbed amount
measured in the dried state will be much different from that
for the wet state because DDS coated glass is a rigid surface
and it will not have any penetration effect of the surfactant
molecules into the surface.

CONCLUSIONS

A) Adsorption of PEQ/PPO Block Surfactants at Air/Water
Interface .

1. Surface tension decreases as the hydrophobic character
of the surfactant increases (increase in concentration
and decrease in EOQO/PQ ratio).

2. At low concentration, both PEO and PPO chains may have
nearly flat conformation.

3. At higher concentration, surfactant molecules will be
oriented in the surface with the PPO chains partly out

of water phase and the PEQ chains partly extended into
the water phase.

B) Adsorption of PEQ/PPO Block Surfactants at Hydrophobic
Solid/Water Interface

1. Adsorbed amount of the surfactant increases with
increasing concentration and decreasing PEO chain
length.

2. At low concentration, PEQ chains may lie nearly flat
(for shorter chains) on the surface or form small lcops
{(for longer chains).

3. At higher concentration, PEQ chains will extend into
the water phase.

4. PPO chains prefer to form small loops (for shorter
chains) or be tightly coiled (M.W. <€ 1000) on the

surface.

g

Adsorption of PEO/PPO block surfactants directly on the
hydrophobic surface provides a simple and -rapid means of
producing PEO-rich surfaces. The desorption studies
{Table 2 and 3) suggest that the PPO segment does not
have sufficient hydrophobic character for strong
adsorption. We are beginning to study block copolymers
with PEO chains and sufficient hvdropheobic character to

be able to show strong adsorption on hydrophobic
surfaces.
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Protein-resistant surfaces prepared by
PEO-containing block copolymer surfactants

Jin Ho Lee, Jindrich Kopecek,* and Joseph D. Andrade'

Department of Materials Science and Engineering,

Polyethylene oxide(PEO)-containing non-
ionic polymeric surfactants were studied as
a possible means lo produce PEQ-rich sur-
faces by a simple coaling treatment of a
common hydrophobic medical material —
polyethylene. Surface tension and ad-
sorption properties of PEO/polypropylene
oxide(PPO) and PEO/polybutylene ox-
ide(PBO) block copolymer sutfactants on a
hydrophobic surface (low densit poly-
ethylene, LDPE) were investigatec{ using
the Wilhelmy plate surface tension tech-
nique and x-ray photoelectron spectro-

University of Ulah, Salt Lake City, Utalt 84112

scopy(XPS). The protein resistance of the
surfactant-treated surfaces was evaluated
by XPS and B jabeled proteins. The data
presented indicate that adsorption of
the surfactants on LDPE is dependent
on the molecular geometry of the surfac-
tants. Adsorption of human albumin was
significantly decreased on the surfactant-
treated LDPE sutfaces, as compared with
the untreated surface. Surfactants suilable
for the preparation of PEO-rich surfaces
and possible mechanisms for their protein
resislance are discussed.

INTRODUCTION

Proteins adsorb to almost all surfaces during the first few minutes of
blood exposure.' There has been much effort in minimizing or eliminating
protein adsorption, because surfaces which show minimal protein adsorp-
tion are important in many applications, including blood-contacling devices,

membranes for separation processes,

sensors, chromatographic supports,

contact lenses, immunoassays, blood and protein storage applications, etc.

An effective polymer for protein-resistant surfaces appears to be PEO
probably due to its low interfacial free energy with water, unique solution
properties and molecular conformation in aqueous solution, hydrophilicity,
high surface mobility and steric stabilization effects.”™™ We will discuss in
more detail possible factors involved in PEO's passivity.

One possible component of PEO’s passivity may be its minimum interfa-
cial free energy.”* PEO-water interfaces have very low interfacial {ree ener-
gies, and thus low driving forces for protein adsorption. Proteins at or near

a low interfacial energy interface wi

Il not feel any greater effects from the
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surface than they do from the bulk solution. However, other neutral, hy-
drophilic polymers (such as agarose, dextran, methylcellulose, polyacry-
lamide, etc.) also have very low interfacial free energies. Although their
protein adsorption tendencies are small, these materials appear to be more
interactive than PEO surfaces.** This means that other factors are involved
in PEQ's passivity.

Another component of PEQ’s passivity may be explained by its unique
solution properties™® and its molecular conformation in aqueous solution.”
At room temperature, PEO is completely miscible with water in all propor-
tions.® In contrast to the complete water solubility of PEO, closely related
polymers such as polymethylene oxide, polytrimethylene oxide, polyac-
etaldehyde, and polypropylene oxide are water insoluble under ordinary
conditions.® The reason why PEO shows water solubility (at least up to tem-
peratures slightly below 100°C), in contrast to the other polyethers, was
well explained by PEO-water interactions.” In pure liquid water the hydro-
gen bonding results in a highly connected network of tetrahedrally coordi-
nated water molecules; it was suggested that PEO segments nicely fill out
voids in the water structure and minimally perturb the structure of water
itself, thereby minimizing the tendency for hydrophobic interactions. The
hydrophilicity and unique solubility properties of PEO produces surfaces
that are in a liquid-like state with the polymer chains exhibiting consider-
able flexibility or mobility.>” The rapid movement of hydrated PEO chains
attached on a surface probably influences the micro-thermodynamics at
the protein solution/surface interface and prevents adsorption or adhesion
of proteins.”

PEO’s passivity may be also explained by the steric stabilization effect.
Steric stabilization has basically two contributions; first, a volume restric-
tion™" (or elastic" or configurational entropy loss") term, associated with
the reduction in the total number of conformations available to the ad-
sorbed polymer on the approach of a protein or other particle, since the free
space is reduced. It is thought that a repulsive force develops, due to a loss
of configurational entropy of the surface-bound PEO, when a protein or
other particle approaches the PEO surface. Second, an excluded volume™"
or osmolic pressure®" or free energy of mixing") term, associated with
changes in the mixing of polymer segments-solvent molecules as the parti-
cles approach. In this case, the number of available conformations is de-
creased due to polymer chain interpenetration and an osmotic repulsion
component develops. The excluded volume theory has been developed in
detail for the PEO case.” " It appears that PEO surfaces in water have rapid
motions® and a large excluded volume compared to the less water-soluble
or insoluble polyethers, thereby actively minimizing the adsorption of
proteins. The long range repulsion between two PEO surfaces has been
directly measured by Klein and Luckham™? and Claesson and Golander® us-
ing the curved mica surface forces apparatus, developed and described by
Israelachvili and co-workers.”??! Measurements of interactions between two
protein-coated surfaces and between PEO-coated and protein-coated sur-
faces are in progress by several groups.
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PEO surfaces have been prepared by block copolymerization,*®* cross-

linking to produce a PEO network,® or surface treatments, such as direct
adsorption of high molecular weight PEO”? or the cova[ent grafting of
PEO”" to silica and other surfaces.

We consider a simple means of producing PEO surfaces, ideally by a
simple coating process, so that catheters and even more complex medical
devices could be treated. The basic approach to obtaining a PEO surface is
to select a polymer with a sufficient water-insoluble component and hy-
drophilic PEO blocks or side chains. The polymer will adsorb on a hydro-
phobic surface from aqueous solution via hydrophobic interactions between
the surface and the hydrophobic segments. The PEO chains are at least par-
tially extended into the aqueous solution.* This provides a simple and
rapid means of producing a PEO-rich surface.

We first treat a hydrophobic polymer surface (LDPE) with PEO-contain-
ing block copolymer surfactants in aqueous solution. We used PEQ/PPO
and PEO/PBO block copolymer surfactants for this purpose. The PPO or
PBO components are water-insoluble, while the PEO is water-soluble.**
We have used commercially available nonionic surfactants of a range of
molecular weights. They are nontoxic and have well characterized proper-
ties, and are thus widely used as emulsifying and demulsifying agents, de-
tergents, colloid dispersants or stabilizers, wetling agents, rinse aids, etc.
At air/fwater or water/hydrophobic surface interfaces, these surfactants
adsorb via PPO or PBO blocks with their PEO chains extended into the
aqueous solution. We studied the surface properties of the surfactants at
the air/water interface by measuring surface tension. The adsorption prop-
erties of the surfactants on LDPE substrales were investigated using XPS.
The protein-resistant character of the polymer surfaces coated with surfac-
tant by a simple solution treatment were also evaluated by XPS and '%I-
labeled albumin.

MATERIALS AND METHODS
Materials

Commercially available PEO/PPO and PEO/PBO block copolymers were
supplied by BASF-Wyandotte and ICI (Table I) and used without any further
treatment, Their molecular weights, numbers of chain length and the
weight% of PEO in the table are consequently mean values.” For the
studies of protein resistance, human albumin (crystallized, purity 99%,
Miles Diagnostics) was used as received. lodine-125 (*I, 100 mCi/mL,
Amersham) was supplied as sodium iodide in dilute sodium hydroxide
solution, pH 7-11, free from reducing agents,

The solid substrate was LDPE film (NHLBI DTB Polyethylene Primary
Reference Material); the cleanliness of its surface was verified by XPS.



354

TABLE I
Structure and Properties of PEO-Containing Block Copolymer Surfactants Used*

Solubility (w/v)

PEQ in water at 25°C

Wt %

Ave
mol. wt.

Structure

(EO)3—(PO)n—(EQ)us

Source”

Commercial
nam

Description
PEQ/PPO/PEQ triblock

>10%

40

2900

BASEF-

Pluronic

(®

4

Wryandotte

L64

PEO/PFO alternate
black ()

>10%

40
40

5900

Condensation product of (EQ)y— (PO)y—(EQ)y

PE-L64C

Synperonic ICI

PEQ/PPO star-like
block (T)

>10%

40

12000

Ko /(POE—(EO)u
/NCHECHlN\

(EQ)y— (Po)ﬂ

BASF-
Wyandotte

Tetronic
1504
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(PO)»—(EO)s

(EO)s—(PO)s

PEO/PBO/PEQ
triblack (B)

>1%

3000

(EQ)s—(BO)ss—(EO)

Wyandotte

BASF-

Butronic
184

andotte Co., Performance Chemicals, 100 Cherry Hill Road, Parsippany, NJ 07054, USA;

IC], Petrochemicals Div., P.O. Box 90, Wilton, Middlesbrough, Cleveland, TS6 8JE, England.

Wy

*Data are supplied by the manufacturer.
bAddress of the manufacturers: BASF-

=
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Methods
Surface tension measurement at airfwater interface

Surface tensions at air/water interfaces were measured by the Wilhelmy
plate method using clean, hydrophilic glass slides (Corning cover glass 2940,
No. 1, 13, 24 x 50 mm, 0.16-0.19 mm thick). The apparatus and procedure
of the Wilhemly plate method, the cleaning procedure of the glass slides,
and examination of cleanliness of the glass slides were described in detail in
a previous paper.” The surfactants used were soluble in water at room tem-
perature (20°C) for the concentration range used (10~° mg/mL to 1.0 mg/
mL). Time-dependent surface tension was measured for selected surfactant
solutions, For this, a cleaned glass slide was allowed to just touch and
stay on the surface of the surfactant solution prepared freshly from stock
solution, while the force changes are recorded continuously as a function
of time.

Surface tension for each surfactant solution was measured 10 min after
each dilution of the solution (discussed later). The degree of reproducibility
was within +1.0 dyne/cm.

Adsorption of surfactants at hydrophobic solid (LDPE)/water interfaces

LDPE films were immersed in surfactant solutions of different concentra-
tions for 30 min at room temperature (Step 1 in Fig. 1). We used paper clips
to hang the LDPE films in water because LDPE is lighter than water. The
surfactant-adsorbed films were rinsed in purified water® (Step 2) and then
vacuum dried overnight in an air atmosphere. Desorption studies con-
sisted simply of immersing the surfactant-treated films in purified water for
30 min and rinsing (Step 3 and 4). An earlier study of the kinetics of desorp-
tion showed that a 30-min exposure was sufficient to achieve equilibrium.*
The surfactant-treated surfaces were analyzed in a Hewlett-Packard 59508
x-ray photoelectron spectrometer (XPS) equipped with a monochromatic Al
Ke, , radiation source at 1487 eV and 400 W power at the anode. An elec-
tron flood gun operated at 6.0 eV was used for charge compensation. Wide
scan and narrow scans for carbon 1s and oxygen 1s were taken and normal-
ized using the Scofield cross sections.”

Adsorption of human albumin on surfactant-treated LDPE surfaces

The surfactant-treated surfaces were immersed in protein solutions (phos-
phate buffer solution (PBS) at pH = 7.4) for 30 min (Step 5 in Fig. 1) and
rinsed in PBS, following by rinsing in purified water (Step 6 and 7) and vac-
uum drying, then analyzed by XPS. The nitrogen 1s peak was used for the
analysis of adsorbed protein,
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Figure 1. Conseculive steps of sample trealment for the studies of surfac-
tants or protein adsorplion. (A, sampling for the study of surfactant adsorp-
tion on LDPE surface; B, sampling for the study of surfactant desorption on
LDPE surface; C, sampling for the study of protein adsorption of surfactant-
lreated surface.)

For the quantitation of protein adsorption, "I-labeled human albumin
was prepared by a modified Chloramine-T method.™ This method is suitable
to incorporate carrier-free radioactivity in small quantities of protein rapidly
and with good efficiency.

lodination was performed at room temperature (20°C) using 200 ug human
albumin dissolved in 0.5 mL PBS at pH = 7.4 (i.e., concentration of hu-
man albumin, 0.4 mg/mL). A volume corresponding to 0.3 mCi of Na-'®
was added to the albumin solution. After 50 pL freshly made chloramine-T
solution (4 mg/mL in H,O, Kodak) was added, the protein solution was
gently mixed for 1 min. Immediately, 50 pL sodium metabisulfite (Na,5,0;,
4.8 mg/mL in H,O, Fisher Scientific) was added to the mixture to stop the
oxidation reaction. Free I was removed by centrifugation of Sephadex
G-25 coarse grade resin (Sigma) mini-columns (6.0-6.5 cm long, about 1 em
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wide) having about 0.3 mL of iodinated protein solution.” The final conce:
tration of ZI-labeled protein solution was determined by a UV-Visible spes
trophotometer (Beckman, Model 35) at 280 nm. Typically, 60-70% protei
recovery was obtained after passing through the column.

Labeling efficiency after removing free I was determined by precip
tating the human albumin molecules with 20% trichloroacetic acid (TCA
Sigma) in the presence of bovine serum albumin (BSA, 20 mg/ml in PBt
Miles Diagnostics). The BSA functions as a carrier for the small amount «
human albumin while TCA acts as a precipitating agent. To one of the tw
microcentrifuge vials (polypropylene, Fisher Scientific), 5 pL T-labele
albumin sample, 45 uL BSA, and 50 pL TCA were taken (A). The othe
vial contained I-labeled albumin sample and 95 pL PBS (B). Both via!
were centrifuged for 20 min at high speed (18,000 rpm, Fisher Scientifit
Model 235). From each vial, 5 uL supernatant was taken into counting via'
(polyethylene, Kimble) and the retained radioactivity was counted in
gamma counter (Beckman, Model 170). The labeling efficiency was dete:
mined as follows:

%Eff, = 1 — (Counting from vial A/Counling from vial B)

Normally, more than 95% of labeling efficiency was obtained by this methox

For the adsorption of protein, the surfactant-treated surfaces were im
mersed in a solution of known ratio of labeled and unlabeled albumin (th
concentration of unlabeled albumin was adjusted so that the final mixed sc
lution concentration is 1 mg/mL) and adsorption was done with the sam
procedure as in the case for the samples for XPS analysis. After protein ad
sorption and following rinsing, the polymer film, whose surface area wa
predetermined, was directly placed in counting vials and the retaine:
radioactivity was measured in the gamma counter. Corrections for back
ground, radioactive decay of "I, ratio of labeled protein with unlabele:
one, and the surface area of the LDPE sample were made to determine th
adsorbed amount of protein on the surface.

RESULTS AND DISCUSSION
Surface properties of the surfactants at air/water interfaces

Figure 2 shows the time-dependent surface tension of Tetronic 150
and Synperonic PE-L64C as a function of concentration. At high concer
tration (1 mg/mL), equilibrium was reached rapidly. At very low cor
centration (0.0001 mg/mL), surface tension decreased with time, howeve
after 5 or 10 min, the change of surface tension was very small and slow
We measured the surface tension of the different surfactant solutions 10 mi
after each dilution. Ten minutes was sufficient to achieve equilibrium excef
possibly for the very low surfactant concentrations. It is the higher concen
trations which are of major interest in this paper.
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Figure 2. Time dependence of surface tension of the surfactant solutions as
a function of concentration. (Solid points, Tetronic 1504; open poinls, Syn-
peronic PE-L64C: triangle, 0.0001 mg/mL; square, 0.01 mg/mL; diamond,
1 mg/mL,)

Figure 3 shows the effect of surfactant concentration and type on the sur-
face tension. The surfactants showed a sharp surface tension reduction in
aqueous solution as the concentration increased. Reduction of surface
tension is one of the most commonly measured properties of surfactants in
aqueous solution. It depends directly on the replacement of molecules of
water at the interface by molecules of surfactant.*® The hydrophobic PPO
or PBO segments will predominate at the air/water interface while the more
hydrophilic PEO segments tend to extend into the aqueous phase.? =%
The decrease in surface tension with concentration is related to the amount
of surfactant adsorbed at the air/water interface. Surfactants having differ-
ent structures, PEO/PPO/PEQO triblock (Pluronic L64, P) PEO/PPO/PEO
triblock (Butronic 184, B), condensed polymer of PEO/PPO/PEO triblock
(or alternate PEO/PPO block, Synperonic PE-L64C, S) and a starlike poly-
mer containing 4 PPO and 4 PEO blocks (Tetronic 1504, T), showed different
surface tensions, even though the polymers have similar PPO or PBO chain
lengths (n = 29(T) or 30(P and B) for PPO, and 25(B) for PBO) and the same
PEO content (40 wt %), probably due to different conformations and hydro-
phobicity at the air/water interface. As seen in Figure 3, surface tensions
sharply decrease and inflection points develop with increase in solution
concentration. It has been reported that these inflection points reflect a criti-
cal micelle concentration (CMC).****% Although the surfactants used in
this study do show a sharp decrease in surface tension with solution con-
centration, there is some controversy™ ™ as to whether or not the concentra-
tion involved is indeed a CMC.

These surface tension resulls and evidence from the literature sug-
gest possible conformations of PEO-PPO-PEO or PEO-PBO-PEO triblock

A, 41-44
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Figure 3. Surface tensions of the surfactants with different structure as a
function of surfactant solution concentration. Data poinls represent average
values of 3 samples, with deviations = 1.0 dyne/zm. (PPO chain length,
29(T) to 30(others); PBO chain length, 25; PEO wit%, 40; E = PEO, ' =
PO, B = PBO.)

surfactants at air/water interfaces (Fig. 4). At low solution concentration,
the surfactant molecules probably have a nearly flat conformation at the
air/water interface (A in Fig. 4). After the surface is saturated with the sur-
factant molecules lying flat (B in Fig. 4), as the solution concentration
of surfactant increases, the hydrophobic segments on the surface will be
squeezed and folded out of the air/water interface due to the increased num-
ber of surfactant molecules on the surface, and the hydrophilic PEO seg-
ments will be extended into water phase (C in Fig. 4). As the concentration
of the surfactant solution further increases, the surface will be saturated
with the folded surfactant molecules, or form molecular aggregates or mi-
celles of the surfactant (D in Fig. 4). Thus, as the solution concentration in-
creases, the hydrophobicity of the surface increases due to the folded or
aggregated hydrophobic segments, and thus the surface tension decreases
until it approaches the surface saturation.

The conformations of the surfactants at air/water interfaces will be related
to those at the LDPE solid/water interface (we can consider air as a free hy-
drophobic surface while LDPE is a rigid hydrophobic surface).
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Fipure 4. Suggested ideal conformations of PEQ-PPO-PEO or PEO-FBO-PEO
triblock surfaclants at air/water interface. (Points A-D shown in the inserted
surface tension plot do not represent exact positions.)

\dsorption of the surfactants at hydrophobic solid/water interfaces

The surfactants were adsorbed onto LDPE from aqueous solution, and the
elative amount of adsorption was evaluated by XPS (or ESCA). Although
«P’S analysis does not provide absolute quantitation, it is very sensitive to
‘ery low adsorbed amounts. It gives useful and rapid comparative informa-
ion for the adsorption of surfactants. The oxygen atomic% on the LDPE
urface, as determined by XPS analysis, was used as an indicator of the
'mount of the surfactant adsorbed, as LDPE does not show any oxygen
reaks (Fig. 5). We assume that the surfactant molecules are physically
'dsorbed on the LDPE surface via hydrophobic interactions of the PPO or
'BO blocks with the surface.”™ The hydrophilic PEO chains of the surfac-
ant will be extended into aqueous solution, where they are expected to be

~ PROTEIN-RESISTANT SURFACES Jel
C-18
(284 eV)
LDPE 0.01 mgfml
015
E i ® (532 eV)
z — e b {
w
;
il 0.1 mg/mi 1 mg/ml
@
" i ' b b i 1 L— 3 1 i s ' I

1000 0 1000 0

BINDING ENERGY {eV)

Figure 5. XPS wide scan of pure and PEO-PBO-PEQ triblock surfactant-
treated LDPE surface after 30 min adsorption. (Power, 400 W; flood gun,
6.0 eV.) (A) Pure LDIE surface, (B), (C), and (D) LDI’E surfaces treated with

the surfactant at different solution concentrations.

highly mobile.® We used surfactants having a PPO chain length of 29-30.
It has been reported that a PPO chain length of about 30 is the maximum
which can exist in a linear form in aqueous solution and will bind strongly
onto a hydrophobic surface.” It was suggested that PPO chains shorter
than about 30 will bind weakly on the surface due to the smaller number of
binding sites for hydrophobic interactions, and that longer PPO chains will
easily form intra-aggregates (micelle-like structures) in aqueous solution,
resulting in weak binding onto the surface, For strong adsorption of surfac-
tants, the PEO content and chain length are also important. In our previ-
ous work on dimethyl dichlorosilane (DDS)-coated glass slides,” which are
strongly hydrophobic, we observed that the surfactants with high PEO con-
tent or long PEO chain lengths are not desirable for stable adsorption, be-
cause the PEO-water interactions are stronger than the PPO-hydrophobic
surface interactions; also, surfactants with shorter PEO chain length will
probably have lower protein resistance properties due to lower chain mobil-
ity and lower steric effects.’

Figure 6 shows that the adsorption of the surfactants on the LDPE surface
is highly structure dependent. The starlike block copolymer, and especially
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Figure 6. Adsorption and desorption properties of the surfactants with dif-
ferent structure on LDPE surface, Oxygen atomic % represents adsorbed
amount of surfactant (see text for detail). Data points represent average val-
ues of 3-5 samples. (Solid points, 30 min adsorption of surfaclants; open
points, 30 min desorption in water after 30 min adsorption.)

the alternate block copolymer, surfactants appear much more effective for
strong adsorption onto the LDPE surface than the triblocks, probably due to
the greater number of hydrophobic binding sites of the blocks. PEO-PBO-
PEO triblock surfactants show unstable adsorption. This phenomenon can
possibly be explained by aggregation of the molecule in aqueous solution,
i.e,, PBO blocks have a more hydrophobic character than PPO blocks, as
evidenced by their lower solubility in water (Table 1) and lower surface
tension values (Fig. 3), suggesting a higher possibility to self-aggregate in
aqueous solution. If this type of aggregate, with PEO segments on the out-
side, contacts the hydrophobic surface, it will be readily desorbed.

The oxygen atomic% on the surface is a good qualitative indicator of the
amount of the surfactant adsorbed, however, it is not directly proportional
to the adsorbed amount because the surfactants have different oxygen con-
tents. We can determine the relative amount of adsorbed surfactant by com-
paring the oxygen atomic% divided by the total number of oxygens in the
surfactant. We compared the results of the starlike PEO/PPO block and
the alternate PEOQ/PFPO block (A and B in Fig. 7). The alternate block surfac-
tant shows much better adsorption than the starlike block surfactant. Less
adsorption of the starlike block copolymer may be due to the high mobility
of tail-type PEO chains.
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Figure 7. (A, B) Relative adsorbed amount of the surfactants on LDPE sur-
face (30 min desorption in water after 30 min adsorption of surfactants). (C,
D) Relative adsorbed amount of human albumin on the surfactant-treated
LDPE surfaces (1 mg/mL, 30 min adsorption of protein; nitrogen atomic %
of albumin adsorbed on untreated LDPE, 10.4 * 3.3%).

Protein-resistant properties of the surfactant-treated surfaces

The protein resistant character of LDPE surfaces preadsorbed with star-
like block and alternate block surfactants was also evaluated by XPS. We
compared the protein nitrogen signal of the surfactant-treated surface with
that of untreated LDPE (C and D in Fig. 7). Relative adsorbed amount of
protein (human albumin) was determined as follows:

Relative adsorbed amount of protein
= (N% of surfactant-treated surface)/(N% of untreated surface)

We also evaluated the adsorbed amount of human albumin on LDPE sur-
faces by "I-labeling of the protein and compared the results with those of
XPS analysis (Table II). The results show that the amount of adsorbed
protein on the surfactant-treated surfaces significantly decreased, compared
with the untreated surface. Possible explanations include PEQ's low interfa-
cial free energy with water, unique solution properties and molecular con-
formation in aqueous solution, hydrophilicity, high surface mobility, and
steric stabilization effects as discussed earlier.
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TABLE II
Adsorbed Amount of Human Albumin on LDPE Surface
(Adsorption Condition: 1 mg/mL in PBS pH = 7.4, 30 min Adsorption)

Surfaces pg/cm? (Fl-labeling) N % (XP'S)

Intreated LDPE 0.45 + 0.08 10.4 £ 3.3
'EQ/PPO starlike block surfactant-treated LDPE

{surfactant treatment at 1 mg/mL conc.) 0.26 = 0.09 4315
'EO/PPO alternate block surfactant-treated LDPE

(surfactant treatment at 1 mg/mL conc.) 0.20 + 0.02 39+1.1

Sample numbers: 3-5.

By comparing C and D with A and B in Figure 7, we can see that the
protein resistance of the surfactant-treated surface is highly dependent on
the adsorbed amount of the surfactants and on PEO chain mobility. The
starlike block surfactant at high concentration (1 mg/mL) shows a protein
repulsion effect similar to that of the alternate block surfactant, even
though its adsorbed amount on the LDPE surface was very small. This re-
sult suggests that the mobility of chains is an important factor for protein
repulsion, because the starlike block has four tail-type PEO chains in its
structure which are more mobile than the PEO loop present in the alternate
block copolymer.

CONCLUSIONS

Adsorption of PEO-containing block copolymer surfactants on a hydro-
phobic solid (LDPE) was highly dependent on the detailed structure (tri-,
starlike, or alternate block) of the surfactants, even though they have the
same PEO content and similar solubility, and on the nature of the hydro-
phobic segment (PPO or PBO). Protein resistance was also highly depen-
dent on the adsorbed amount of the surfactants and on PEO chain mobility.

From this study, we showed a possible means to produce PEO-rich sur-
faces by a simple solution treatment of hydrophobic pelyethylene; however,
PPO or PBO are not strongly hydrophobic due to the presence of their ether
oxygens; thus the molecule will be adsorbed on hydrophobic surfaces as
small loops. Also PPO or PBO blocks should have limited chain lengths
(n < 30) to prevent self-aggregation in aqueous solution. Such small hydro-
phobic blocks result in weak bonding of the surfactant molecules on the
surface. That is the reason why starlike or alternate block structures have
better surface adsorption properties. Also the surfactants with longer PEO
chains will be better for protein resistance,” if they can be adsorbed strongly
on the surface.

We have some questions about the stability of surfactants adsorbed
on LDPE surfaces. As water-soluble surfactants are adsorbed on a hydro-
phobic surface, will the surfactant molecules adsorbed on the surface be not
desorbed or exchanged with the proteins during exposure to a protein solu-
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tion? What will happen to the surfactant molecules adsorbed on the surface
if flowing water or blood is used instead of a static system? PPO or PBO
segments are not strongly hydrophobic for stable adsorption. Are there
other structures to produce stable PEO surfaces for this approach? To over-
come the limitations of commercial block copolymer surfactants, we are
synthesizing new polymeric surfactants, copolymers of alkyl methacrylates
with methoxy (polyethylene oxide) methacrylates® as the next step of this
study. From the preliminary results, we observed that the synthesized
copolymers are strongly adsorbed on LDPE surface, probably due to in-
soluble, hydrophobic, long polymethacrylate backbone and side alkyl
chains of the copolymers.* From the time-dependent protein adsorption on

" the LDPE surfaces pre-treated with the I-labéled copolymers,* we also ob-

served that there is little evidence of exchange of the polymer molecules
with albumin for up to 100 min exposure, even though the copolymers
are water soluble. These copolymer-treated surfaces also show excellent
protein-resistant character. We are doing experiments to evaluate the long-
term stability of this approach in a flowing environment.
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Polymer Surfaces for Cell Adhesion
L. Surface Modification of Polymers and ESCA Analysis

Jin Ho Lee, Gil Son Khang, Kyung Hee Park,
Hai Bang Lee, Joseph D. Andrade*

— Abstract —

We modified polymer surfaces, polyethylene, polystyrene and polyester, to improve cell-
compatibility. For surface modification of the polymers, we used various surface treatment
methods; physicochemical oxidation methods such as plasma discharge, corona discharge,
sulfuric acid and chloric acid treatments, and biological methods such as adsorption of plasma
protein and fibronectin onto the polymer surfaces. The treated polymer surfaces were charac-
terized by electron spectroscopy for chemical analysis (ESCA). The physicochemically treated
polymers showed different surface chemical structures depending on the treated methods, The
sulfuric acid-treated surfaces showed greater carboxyl groups than those of plasma- or corona-
treated surfaces, while the chloric acid-treated one showed high density of hydroxyl group
on the surface. By the biological treatments, the surfaces were uniformly coated with proteins.

The fibronectin adsorbed on the surface seems to have unique properties for cell binding,
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Table 1. Polymer surface modification methods used,

1. Physicochemical
A, O, plasma discharge
B. Corona discharge
C. Sulfuric acid treatment
D. Chloric acid treatment

II. Biological
A. Plasma protein adsorption
B. Fibronectin adsorption
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Fig 1. Plasma discharging process and operation
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Table 2. Composition( %) of oxidized functional gr-
oups on the LDPE surfaces

Treatment comd =0 eZ oy
method (~286.6) (~287.9) (~2891)(eV)
Q.plasma 595 27.9 12.1
Corona 58.2 309 10.9
Sulfuric acid 60.0 20.0 20.0
Chloric acid 86.4 121 15
~287.9 eV), carboxyl carbon( C :8}1 bond,

9891 eV) =o|ct. LDPES =i} whaae]
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Fig 4. C-1S core level spectrum of chloric acid-
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Table 3. Elemental composition of the protein-adsor-
bed LDPE surfaces

Atomic %’
Protein O(~285 eV ~2866ev ~2881eV) N O
Plasma protein 75.4(76.5 15.3 iR L
Fibronectin  78.9(88.0 7.0 50) 57 154

*§ or other elements were not measured.
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Polymer Surfaces for Cell Adhesion

[I. Cell Culture on Surface-modified Polymers

Jin Ho Lee, Gil Son Khang, Kyung Hee Park, Hai Bang Lee, *Joseph D. Andrade

- —Abstract—

Chinese Hamster Ovary(CHO) cells were cultured on the surface-modified polymers des-
cribed in the previous study(“Polymer Surfaces for Cell Adhesion, I, Surface Modification
of Polymers and ESCA Analysis,” J. of KOSOMBE, Vol. 10, No. 1, 43—51, 1989). Among
the physicochemical treatment methods, the chloric acid treatment was found to be the best
method of rendering the polymer surfaces adhesive for CHO cells probably due to the high
density of hydroxyl groups on the surface. Among the biological methods, the fibronectin
treatment was best for CHO cell-compatibility probably due to specific active sites existed
on the cell-binding domains of the fibronectin structure, When we compare the cell-compa-
tibility of the chloric acid—and the fibronectin—treated PET surfaces, the number of cells
= attached on the surfaces were increased by 460.5 % and 539.0 %, respectively, after 32 hr CHO
cell culture, compared to that of untreated PET.
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Table 1. Surface modification methods and treatment

condition,

Method

I. physicochemical

Treatment condition

0, plasma discharge (1.3 torr vacuum, 30 sec
Corona discharge Air atmosphere, 60 sec
Sulfuric acid H.S80,(98 %), 10 min

treatment
Chloric acid 70 % HCIO, / saturated aqueous

treatment KCl0; (3/2 ratio), 10 min
II.Biological

Plasma protein 1 % human plasma, 30 min
adsorption

Serum protein 20 % fatal bovine serum,

adsorption 37 €, 24 hr
Fibronectin 50 g / ml bovine fibronectin,
adsorption 1 hr

furic acid # 2], chloric acid #z] 53 722 &
slebd w418} 2] wly e o} & sh= plasma,

serum, fibronectin Holh] cluizale 31
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Table 2. Comparison of CHO cell-compatibility of sur-
face- modified polymers (No, of seeded cells,
4x10° / enf; Culture time, 32 hr)

Treatment polymer No. of cells attac-
method sample hed /e ( X 10¢)
Untreated PET L9
Corona® LDPE 3l
Sulfuric acid(10 min) PS 9.7
Chloric acid(10 min) PS 166

PET 9.0
Plasma protein” LDPE 31

PS 3.1

PET 2.8
Serum protein LDPE 32

PET 43
Fibronectin LDPE 79

PS 12.7

PET 10.9

*No, of seeded cells, 9 10°/ eni: Culture time, 19 hr.
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Table 3. Comparizon of CHO cell-compatibility of un-

treated and surface-modified PET,

Treatment Cell culture No. of Untreated
method time (hr)  cells/ caf PET base
(x10%) (%)
Control 32 L95 100.0
(untreated)
Chloric acid
1 min 32 45 2316
10 min 32 9.0 460.5
30 min 32 6.3 3209
Plasma protein 19 2.8 1431
Serum protein 32 33 170.0
Fibronectin 32 109 559.0

*No, of seeded cells, 010" / ¢ for plasma protein-treated surfaces

and 4.0 10/ enf for other surfaces,
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(B) Culture time, § hr

(A) Culture time, 4 hr

(C) Culture time, 20 hr (D) Culture time, 48 hr

Fig 1. CHO cell growth on chloric acid(10 min)-treated PET surfaces (Inverted microscope, x100).

#

(A) Corona-treated i (B) Chloric id (1 )-treated
Fig 2. Comparison of CHO cell growth on corona-treated and chloric acid(1() min)-treated PET surfaces
(Cell culture, 20 hr; Inverted microscope, X100)
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Surface properties of copolymers of
alkyl methacrylates with methoxy
(polyethylene oxide) methacrylates
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New polymeric surfactants, copolymers of alkyl methacrylates with methaxy (polyethylene oxide)
methacrylates, were synthesized and characterized by gel permeation chromatography. They were studied
as possible means to produce polyethylene oxide-rich surfaces by a simple coating treatment on common
hydrophobic medical materials. They were further studied as cleaners for the removal of proteins pre-
adsorbed on hydrophobic surfaces. The surface properties of the copolymers such as the adsorption
properties of the copolymer on a hydrophobic surface, low density polyethylene, the protein-resistant
character of the prepared polyethylene oxide surfaces and the effectiveness of the copolymers for removal
of proteins pre-adsorbed on the surface, were investigated by X-ray photoelectron spactroscopy and by
using '**I-labelled copolymers and '25I-labelled proteins. The surface properties of the synthesized

copolymers were compared with those of commerciall

copolymer surfactants.

y available polyethylene oxide containing block

Keywords: Polyethylene oxide, alkyl methacrylates, protein resistance, protein removal

Polyethylene oxide (PEQ) has unigue solution properties in
aqueous systems'~°. At room temperature, PEQ is completely
miscible with water in all proportions. In contrast to the
complete water solubility of PEQ, closely related polymers
such as polymethylene oxide, polytrimethylene oxide, poly-
acetaldehyde and polypropylene oxide (PPO) are water-
insoluble under ordinary conditions®. To understand why
PEO shows unlimited water solubility at least up to
temperatures slightly below 100°C in contrast to the other
polyethers, PEO-water interactions and their structural
models were studied®. In pure liquid water, the hydrogen
bonding results in a highly connected network of tetrahedrally
coordinated water molecules® and it was suggested that
PEO segments nicely fill out voids in the water structure and
minimally perturb the structure of water itself, thereby
minimizing the tendency for hydrophobic interaction®.
PEQ is becoming recognized as an effective polymer
for low protein adsorption and low cell adhesion, because
the hydrophilicity and unique solubility properties of PEQ

Correspondence to Dr J. Andrade.
*Present address: Korea Institute of Chemical Technology, PO Box 9,
Deaedeog-Danji, Daejeon, Korea.

© 1990 Butterworth-Heinemann Ltd. 0142-961 2/90/070455-10

produce surfaces which are in a liquid-like state, with the
polymer chains exhibiting considerable flexibility or
mobility’ €. The rapid movement of hydrated PEO chains
attached on a surface probably influences the microtherma-
dynamics at the protein solution/surface interface and
prevents adsorption or adhesion of proteins®. PEQ has a
steric stabilization effect in aqueous solution®®, It is thought
that a repulsive force develops, due to a loss of configurational
entropy of the surface-bound PEQ, when a protein or other
particle approaches the PEQ surface. |t appears that a PEQ
surface in water has rapid motions® and a large excluded
volume’™® compared to the less water soluble polyethers,
thereby actively minimizing the adsorption of proteins. The
PEO-water interface also has a very low interfacial free
energy and thus alow driving force for protein adsorption'® ',
Proteins at or near a low interfacial energy interface will not
feel any greater effects from the surface than th ey do from
the bulk solution.

There has been much effortin preparing PEQ surfaces,
for example, by block copolymerization® ® 12, cross-linking
to produce a PEQ network?, or surface treatments such as
direct adsorption of high molecular weight PEO'3 ' or the

Biomaterials 1990, Vol 11 September 455
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covalent grafting of PEQ'® '® 1o silica and other surfaces.
Surfaces which show minimal protein adsorption are
important in many applications, including blood-contacting
devices, membranes for separation processes, sensors,
chromatographic supports, contact lenses, immunoassays
and blood and protein storage applications, etc.

In previous papers' "~ '®, hydrophobic surfaces were
treated with commercially available PEQ/PPO and PEQ/
polybutylene oxide (PBO) block copolymer surfactants in
aqueous solution, by physically adsorbing those surfactants
on to the surfaces. These surfactants have two components
in their structure: a hydrophobic segment and a hydrophilic
PEO segment. Hydrophobic segments are water-insoluble
components to provide spontaneous adsorption on to
hydrophobic surfaces via hydrophobic interaction. Hydrophilic
PEO segments will interact with water via hydrogen bonding
and serve to dissolve the surfactants in agueous solution and
to confer to the surfactant their unique protein-resistant
character. We showed that strong physical adsorption of
surfactants on hydrophobic materials provides a simple and
rapid means of producing PEO surfaces as protein-resistant
surfaces.

From previous work'®, however, it was found that
commercially available block surfactants have two limitations
in producing stable PEO surfaces. First, a long hydrophobic
block was needed to produce strong adsorption of the
surfactant on a hydrophobic surface. However, it led easily to
intermolecular aggregation in aqueous solution?®, resulting
in weak adsorption on to the surface. Second, a long PEO
chain was needed to be highly mobile in agueous solution
and thus confer effective protein resistance®. It is, however,
less strongly adsorbed on the surface than a shorter one,
because the PEO-water interactions are stronger than the
hydrophobic segment-hydrophobic surface interactions.
That is the reason why new polymeric surfactants, copolymers
of alkyl methacrylates with methoxy (polyethylene oxide)
methacrylates, discussed in this paper, were synthesized. It
is expected that the long hydrophobic polymethacrylate
backbone and alkyl side chains will give effective protein
resistance.

MATERIALS AND METHODS

In this study, random copolymers of alkyl methacrylates
(methyl and hexyl or lauryl) and methoxy (polyethylene
oxide) methacrylates (mol wt of PEQ, 1900 and 4000) were
synthesized and characterized by gel permeation chromato-
graphy (GPC). The adsorption properties of the copolymers
on low density polyethylene (LDPE) substrates were investi-
gated using X-ray photoelectron spectroscopy (XPS) and
125 jabelled polymers. Conformations of the polymers at the
hydrophobic solid-water interface were considered. The
protein-resistant character of the LDPE surfaces coated with
the polymers by a simple solution treatment were also
evaluated by XPS and '*°l-labelled proteins. The results
were compared with those of commercial block copolymer
surfactants.

The effectiveness of the polymeric surfactants for
removal of proteins pre-adsorbed on hydrophobic surfaces
were also studied. The purpose was to develop PEO-
containing polymeric surfactants that can displace or desorb
proteins adsorbed on hydrophaobic surfaces. Efficient removal
of adsorbed proteins is needed for many surfaces which
have direct contact with biological systems; such proteins
often cannot be easily removed. It is expected that PEO's

hydrophilicity, unique solubility and high mobility inaqueous
solution, combined with the hydrophobic character of the
surfactants, will permit removal of pre-adsorbed proteins.
The removal properties of pre-adsorbed proteins by the
synthesized or commercial polymeric surfactant solutions
were evaluated by XPS and by radioisotopic measurement
using '?®I-labelled proteins.

EXPERIMENTAL

Monomers and chemicals

The monomers and chemicals used for the synthesis of
copolymers of alkyl methacrylates with methoxy (polyethylene
oxide) methacrylates are as follows.

Monomethoxy polyfethylene oxide);qps methacrylate
(MPEQ ; 500MA). To a well-stirred solution of 15.2 g (8 mmol)
monomethoxy poly(ethylene glycol) (Polyscience) in 20 ml
dry methylene chloride (CH,Cl,) and 1.62 g (16 mmol)
triethylamine cooled to 5°C, 1.67 g (16 mmol) methacryloyl
chloride in 2 ml methylene chloride was slowly added
dropwise. After that, the reactants were stirred at room
temperature overnight in the presence of small amount
of inhibitor, tertiary octylpyrocatechine. Precipitated triethyl
amine hydrochloride was filtered off, macromonomer was
isolated by precipitating the solution into cooled diethyl ether
and powdered polymer was washed thoroughly with diethyl
ether and dried.

Monomethoxy poly(ethylene oxide)s00 methacrylate
(MPEQ 4500MA). This was kindly provided by S. Nagaoka
(Toray Industries, Inc., Kanagawa, Japan).

N-methacryloyl tyrosinamide (MA-Tyr-NH,). To a cooled
solution of 3.6 g (20 mmol) tyrosinamide in 100 ml water,
1.04 g (10 mmol) methacryloyl chloride was slowly added
dropwise. After 4 h of stirring at room temperature, the
precipitated product was filtered off, washed thoroughly
with water and recrystallized from ethanol. The product has
anm.p. of 194-196°C, good elemental analysis and a molar
extinction coefficient, £;50= 1.6 X 10? 1 mol™ ecm™! in
ethanol. A small amount of MA-Tyr-NH, was incorporated in
the copolymers to permit '?®|-labelling.

2,2"'-azobisisobutyronitrile (AIBN, Aldrich). This was purified
by recrystallization from methanol and used as an initiator for
polymerization.

Methy! methacrylate (MMA), hexyl methacrylate (HMA)
and lauryl methacrylate (LMA) (Polyscience). These were
freshly distilled under reduced pressure before use.

Preparation of copolymers

The copolymers were prepared by radical polymerization of
monomers in toluene for 45 h at 50°C (Table 7).

A polymerization mixture, containing 14.0 wt% of
monomer, 0.6 wt% of AIBN and 85.4 wt% toluene, was
bubbled with nitrogen for 15 min then sealed in an ampoule.
After the polymerization was finished, the volume of polymer
solution was reduced by approximately 50% using a rotary
vapour evaporator under reduced pressure. Polymers were
precipitated into cooled diethyl ether, washed and dried. To
remove non-copolymerized macromonomer  (about
10-209%, as determined by GPC) the polymers containing
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Table 1 Monomer composition and molecular weights of copolymers syntheized”
Polymer no. MPEOQ; ggoMA MPEQ 500 MA MMA HMA LMA MA-Tyr-NH, * Mol wt by GPC®
M Mw,/Mn
1 100 = - - - - 18 000 2.7
2 80 - 20 - = - 19 000 2.5
3 80 - = 20 - = 20000 24
4 40 = 20 40 - = 71 000 35
5 40 - 40 20 ! - 29 000 2.4
6 90 - 5 5 - £ 27 000 2.6
9 20 - 20 60 - - 105 000° -
10 25 = 20 55 T - 125 000° -
11 25 - 40 35 = - 100 000" -
12 25 - 20 - 55 - 130 000°
13 = 20 20 80 - - 198 000 2.0
14 - 20 20 - 80 - 244 000 2.0
15 - 15 35 - 50 - 138 000 1.6
16 20 - 19 60 - 1 115 000° -
17 25 - 19 55 = 1 115 000° =
18 25 - 39 35 - 1 120 000° -
19 25 - 19 - 55 1 125 000" -
20 - 20 19 60 - 1 237 000 2.0
21 s 20 19 - 60 1 294 000 2.2
22 - 15 34 - 50 1 326 000 2.2
23 - 10 19 - 70 1 420000 2.1

*Composition, mol%.

hL.Ising PEG calibration samples (rough estimation).

°Polymar contains aggregates (see GPC profile, hatched area in Figure Tc).
Mw estimated without taking into account the hatched area.

PEGqg00 were dialysed for 3 d in Visking dialysis tubing
(mol wt cut-off, 6000-8000). The polymers containing
PEG,000 were purified by using ultrafiltration (Amicon,
membrane PM-30). The polymers were then isolated using
Iyophilization. The yields of polymers were 60-70%. As
most of the polymers were not directly soluble in water or
aqueous buffers, a special procedure was used for preparation
of aqueous solutions for adsorption studies, GPC measure-
ment or purification using dialysis or ultrafiltration.

Preparation of aqueous solutions of polymers

Polymer (100 mg) was dissolved in 5 ml warm ethanol
(about 50°C), then diluted with 20 ml of water and
subsequently dialysed against water (for adsorption study)
or against Tris buffer (for GPC measurement). Then the
solutions were diluted to the concentrations needed.

Characterization of copolymers by GPC

Polymers were applied on 1.6 X 80 cm column packed with
Sepharose 4B and 6B (1:1) and eluted with 0.05 m Tris
buffer pH 8.0, containing 0.5 m NaCl. The GPC showed
typical profiles depending on the composition of the poly-
merization mixture (Figure 7).

Averages of molecular mass were estimated using
PEG standards (mol wt 2000-22 000). As most of samples
showed higher molecular mass than the highest standard,
an extrapolation was necessary (Table 7). We used PEG
standards, as the total mass of PEG fraction in the copolymers
was never < 70 wt%. We are aware that calculated averages
of molecular masses are very rough estimates only and can
be only used for comparison within a group of polymers
having a similar structure. A more complete characterization
of these polymers is in progress.

Radio-labelling of human albumin and copolymers

2% (100 mCi/ml, Amersham) as sodium iodide in dilute
sodium hydroxide solution, pH 7-11, free from reducing
agents, was used for labelling of human albumin and the
synthesized copolymers.

'%%|-labelled human albumin was prepared by a
modified chloramine-T method?', This method is suitable to
incorporate carrier-free radioactivity in small quantities of
protein rapidly and with good efficiency. lodination was
performed at r.t. (20°C) using 200 ug human albumin
(crystallized, Miles Diagnostics) dissolved in 0.5 ml phosphate
buffer solution (PBS) at pH 7.4. A volume corresponding to
0.3 mCi of Na-'?®| was added to the albumin solution. After
50 ul freshly made chloramine-T solution (4 mg/ml in H,0,
oxidizing agent, Kodak) was added, the protein solution was
gently mixed for 1 min. Immediately, 50 ul sodium metabi-
sulphite (Na;S,05, 4.8 mg/ml in H,0, reducing agent,
Fisher Scientific) was added in the mixture to stop the
oxidation reaction by mixing the solution for 1 min. Free 25
was removed by centrifugation of Sephadex G-25 coarse
grade resin (Sigma) minicolumn (6.0-6.5 cm long, about
1 cm wide) having about 0.3 ml of iodinated protein solution?2.
The final concentration of '?®-labelled protein solution was
determined by a UV-visible spectrophotometer (Beckman,
Model 35) at the wavelength of 280 nm,

Labelling efficiency after removing free '2°l was
determined by precipitating the human albumin molecules
with 20% trichloroacetic acid (TCA in H,0, Sigma) in the
presence of bovine serum albumin (BSA, crystallized, Miles
Diagnostics), 20 mg/ml in PBS. The BSA functions as a
carrier for the small amount of human albumin and TCA acts
as a precipitating agent. The detailed procedure was
described in a previous paper'®. Normally, more than 95% of
labelling efficiency was obtained by this method.
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Figure 1 GPC chromatograms (column, 80 X 1.6 cm; packing, Sepharose
4B and 68, 1:1; flow rate, 12 ml/h; elution solution, Tris bufferpH 8.0 + 0.5 m
NaCl). (a) Curve 1: MPEQ,5,,MA macromonomer; Curve 2: Polymer No. 1
thomopolymer of MPEQg,,MA). This is a typical curve obtained for
polymers containing high amount of MPEQ, g5, unit. Similar curves were
obtained for polymers 2, 3 and € (resuits not shown). {b) Curve 1: Polymer
No. 5; Curve 2: Polymer No. 4. (c) Polymer No. 9. This is a typical curve for
polymers containing a low amount of MPEQ, g, unit. Similar curves were
obtained for polymer Nos. 10, 11, 12, 16, 17, 18 and 19 (results not shown).
{d) Polymer No. 13. This is a typical curve obtained for polymers containing
MPEQ 455, unit. Similar curves were obtained for polymer Nos. 14, 15, 20,
21, 22 and 23 (results not shown).

For '?%|-labelling of copolymers, a small amount of
methacryloyl tyrosinamide (Figure 2) was introduced in the
structures’ of copolymers (polymer No. 16-23 in Table 7)
during synthesis. The tyrosinamide content in all polymers
was 16 +3 nmol/mg which corresponds to approximately
1.0 mol%. It is expected that '2%1 will be linked with the
benzene ring in the structure of tyrosin. The chloramine-T
method was also used for the labelling of these polymers.
The labelling efficiency of the polymers (concentration,
1.0 mg/ml) determined by GPC profile using DP-10,
Sephadex G-25M column (Pharmacia) was not good as
shown in Figure 3a. Thus, the iodination reaction time was
increased to 4 h and the reaction mixture was continuously
shaken during reaction. After iodination, the '2%I-labelled
polymer solution was passed twice through the Sephadex
G-25 minicolumns prepared separately to remove free 125/,
Figure 3b shows that almost all free '*°| is removed by this
treatment.

Adsorption of copolymers on LDPE. For adsorption of the
copolymers (polymer No. 1-15 in Table 1) on to a hydro-
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Figure 2  Structure of copolymers synthesized (polymer Nos. 16-23).

phobic surface, LDPE films (NHLBI DTB polyethylene
primary reference material), whose surface cleanliness was
verified by XPS, were immersed in aqueous polymer
solutions for 30 min at room temperature. The polymer-
adsorbed films were rinsed in purified water and then
immersed in purified water for 30 min. After rinsing them
again in purified water, the polymer-treated films were
vacuum dried overnight in an air atmosphere (Figure 7)'°.
The polymer-treated surfaces were analysed in a Hewlett-
Packard 5950B XPS equipped with a monochromatic
Al Ka,, , radiation source at 1487 eV and 400 W power at
the anode. An electron flood gun operated at 6.0 eV was
used for charge compensation. Wide scan and narrow scans
for carbon 1S and oxygen 1S were taken and normalized
using Scofield cross-sections>.

For the quantitation of the polymer adsorption (polymer
No. 16-23), LDPE films, whose surface area was pre-
determined, were immersed in a solution of known ratio of
'2%|-labelled and unlabelled polymer and adsorption was
performed with the same procedure as for the samples for
XPS analysis. After polymer adsorption and following

25
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125, .
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Figure 3 Typical GPC profile of '**I-labelled polymers (column, PD-10,

Sephadex G-26M; elution solution, purified water). (a) Same iodination
reaction conditions as protein-labelling {gently mixing for 1 min and once
passing through Sephadex G-25 minicolumn); {b) modified conditions for
polymer jodination {mild shaking continuously for 4 h and twice passing
through Sephadex G-25 minicolumn).
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rinsing, the polymer-treated LDPE films were directly placed
in counting vials (polyethylene, Kimble) and the retained
radioactivity was measured in a gamma counter (Beckman,
Model 170M). Corrections for background radioactive
decay of '*°I-iodine, ratio of labelled polymer with unlabelled
one and surface area of the LDPE sample were made to
determine the adsorbed amount of polymer on the surface.

Protein resistance of polymer-treated surfaces. For the
studies of protein resistance, human albumin, the major
constituent of plasma, as a model protein and human plasma
were used. Blood plasma was prepared from freshly
collected blood. The blood was drawn into a plastic syringe
(Becton Dickinson Vacutainer systems) containing a buffered
sodium citrate (10% of the final volume) as an anticoagulant.
The blood was centrifuged at about 10°C for 20 min at
2000 rev min~'. The supernatent was carefully drawn off
and freshly used for the studies of protein resistance.

The polymer-treated LDPE films were immersed in
protein solutions prepared with PBS at pH 7.4 for a given
time and rinsed in PBS, following by rinsing in purified water
and vacuum drying (Figure 1)'®, then analysed by XPS. The
nitrogen 1S peak was used for the analysis of adsorbed
protein. The '2°I-labelled polymer-treated surfaces were also
used and radioactivity was counted both before and after
protein adsorption on those surfaces to see whether protein
adsorption affected the amount of the polymer adsorbed on
the surface, i.e. to see the effect of exchange of the protein
with the polymer pre-adsorbed on the surface.

For the quantitation of protein adsorption, the polymer-
treated surfaces were immersed in a solution of known ratio
of labelled and unlabelled albumin (concentration of mixed
solution, 1.0 mg/ml) and adsorption was performed with
the same procedure as in the case for the samples for XPS
analysis. After '*®|-labelled albumin adsorption on to the
polymer-treated surface, the radioactivity was also counted
and converted to the adsorbed amount of protein on the
surface.

Removal of pre-adsorbed proteins by polymer solution
treatment. To study the removal of proteins pre-adsorbed on
a hydrophobic surface, LDPE films were immersed in protein
solutions prepared with PBS at pH 7.4 for 30 minand rinsed
in PBS, following by rinsing in purified water. These protein
pre-adsorbed LDPE films were immersed in the polymer
solution for 30 min and alse rinsed in PBS and purified
water, vacuum dried, then analysed by XPS. '?®|-labelled
human albumin and '*°I-labelled polymers were also used
separately for quantitation and examination of the mechanism
for removal of pre-adsorbed protein.

RESULTS AND DISCUSSION

Structure of copolymers

Graft copolymers used in this study were prepared by radical
copolymerization of hydrophobic monomers (MMA and
HMA or LMA) with a hydrophilic macromonomer (metha-
cryloylated methoxy poly(ethylene oxides). Since the aim of
this study was to determine semiquantitatively the influence
of copolymer structure on their surface properties, the
monomer mixtures were copolymerized to high conversion
(60-70%). Consequently, the copolymers studies have a
distribution in chemical composition. The non-uniformity is
generally higher, the higher the difference in copolymerization
parameters.

Methacrylate-PEQ surfactants for protein resistance: J.H. Lee et al.

The most questionable reactivity of all monomers used
is that of the macromonomers. There are two main effects®*
which influence the ability of macromonomers to copolymerize:
(1) the effect of side groups associated with the terminal
double bond and (2) the length of the macromonomer chain.
It appear325' 26 that the first parameter plays the major role.
Both the conventional monomers and the macromonomers
used in this study are methacrylates with different ester
units. As polar effects of ester (alcoholic) parts do not differ
substantially and the lengths of macromonomer side-chains
used in this study should not have a pronounced effect on
the macromonomer’s reactivity”!, the copolymerization
parameters should be similar for all combinations used.

The discussion of the structure-properties relationship
in this paper is based on the composition of the monomeric
mixture. We are aware that the real copolymer composition
is slightly different. As can be seen from Figure 7, copolymers
9, 10 and 11, which effectively repulse proteins, have quite
different structures. Their main characteristic is that they are
on the border of solubility in water. Thus the proper
hydrophilic/hydrophobic balance in these copolymers is the
decisive factor in determining their surface properties.

Copolymers with a higher content of hydrophobic
conventional comonomers were not easily soluble in water.
A special procedure (described in the experimental section)
had to be used to dissolve them.

It had been observed previously?’ that hydrophilic
copolymers containing hydrophobic side-chains associated
in solution forming submicellar structures with the hydro-
phobic side-chains inside the core and the hydrophilic side-
chains outside. The profiles of molecular weight distribution
of copolymers studied obtained by GPC (Figure T) were
consistent with the formation of aggregates in water
solutions. Bimodal distribution curves were obtained with
copolymers containing a higher amount of hydrophobic side-
chains. The amount of the high molecular weight fraction
(aggregates) could be reduced when copolymers were
eluted on an FPLC system with ethanol/water (1:1) instead
of water (results not shown). The molecular weight averages
shown in Tab/e 1 are only rough estimations, but can be used
as a comparative value for the group of copolymers
studied.

Some of the copolymers prepared contained about
1 mol% of methacryloyl tyrosinamide to permit radio-labelling®®
with '2%I-iodine to improve the analytical procedures described
below.

Adsorption on LDPE

The copolymers synthesized were adsorbed on to LDPE
from aqueous solution. The copolymers have two functional
units on their polymethyl methacrylate backbone: hexyl or
lauryl side-chains as the hydrophobic unitand long PEQ side-
chains as the hydrophilic unit (Figure 4a). The hydrophobic,
long polymethacrylate backbone and alkyl side-chains will
interact strongly with the LDPE surface via hydrophobic
interactions. The polymethacrylate backbone will be adsorbed
with small loops on the surface, to provide a more
entropically stable state?® . The long, hydrophilic PEO
chains will interact with water and be extended relatively
freely into the water phase (Figure 4a)?® 2734,

After the polymers were adsorbed on to the LDPE
surface, the relative amount of adsorption was evaluatad by
XPS. Although XPS analysis does not provide absolute
quantitation, it is very sensitive to very low adsorbed
amounts. It gives useful and rapid comparative information
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Figure 4 Methacrylate copolymers with side PEQ and alky! chains. (a)
Simplified structure with functional units; (b) expected ideal conformation at
hydrophobic solid (LOPE)-water interface.

for the adsorption of polymers. The oxygen atomic % on the
LDPE surface, as determined by XPS analysis, was used as
an indicator of the amount of the polymer adsorbed, as LDPE
does not show any oxygen peaks (Figure 5). Figure 6 shows
that the adsorption of the polymers (PEO mol wt 1900,
polymer Nos. 1-11) is highly composition-dependent. The
very hydrophobic polymers with MMA and HMA composition
just below the solubility limit appear effective for stable
adsorption on to the LDPE surface.

Adsorbed amounts of the polymers containing PEO of
two different molecular weights, 1900 and 4000, were
compared in Table 2. From the monomer composition of the
copolymers in Table 7, it can be seen that polymer
Nos. 9-12 and 16-19 and also polymer Nos. 13-15 and
20-22 have the same monomer composition, respectively,
except for 1 mol% of MMA. Tabl/e 2 shows that addition of

c-18
(284 eV)

0-15
(532 eV)

Table 2 Adsorbed amount of the copolymers on LDPE surface’

0.1 mg/mi

0.001 mg/ml

Relative intensity

LDPE

1000 0

Binding energy (eV)

Figure 5 XPS wide-scan of pure and copolymer-treated LDPE surfaces
{polymer No. 9, 30 min adsorption with different polymer cancentration).

Polymer no. MWpgo Oxygen atomic % (XPS) ug/em? ('*°L-iabelling)
9 1900 4.0+0.4 :

10 1900 4.0+ 0.4 =

11 1900 3.6+ 0.1 =

12 1900 5.4 + 2.0 :

16 1900 4.0+ 0.1 0.25

17 1900 4.0 0.24

18 1900 3.9+ 1.1 0.21 + 0,02

19 1900 4.5+2.1 0.33 + 0.09

13 4000 32407 :

14 4000 45+09 -

15 4000 3.9+ 1.0 =

20 4000 24+04 0.20 + 0.01

21 4000 4.1 0.24

22 4000 45 0.35

23 4000 9.0 0.80

*30 min desorption in water after 30 min adsorption of LDPE film in 1 mg/ml
polymer solution.

1 mol% of MA-Tyr-NH, to the copolymers does not affect
the adsorbed amount of the polymers on the LDPE surface.
Polymer No. 23 shows an interesting feature; this polymer
contains 90 mol% hydrophobic comonomers and shows
excellent adsorption properties. This means that the adsorbed
amount increases with increased hydrophobicity of the
polymers. All polymers in Table 2 were not directly soluble in
water, and a special treatment was used to dissolve them in
water as discussed before.

Protein resistance of pre-treated LDPE surfaces

The protein resistant character of the copolymer-treated
LDPE surfaces was also evaluated by XPS. The protein
nitrogen signal of the polymer-treated surface was compared
with that of untreated LDPE for this purpose. Figure 7 shows
the protein resistance of the polymer (PEO mol wt 1900,
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Figure 8 Relative adsorbed amount of the copolymers with different
composition on LDPE surface (PEO molwt 1900, polymerNos. 1-11, 30 min
desorption in water after 30 min adsorption in 1 mg/ml polymer solution).
Dsta points represent average values of three samples, n = 3.
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Figure 7  Relative adsorbed amount of human albumin on the copolymer-
treated LDPE surfaces (PEO mol wt 1800, polymer Nos. 1-11; polymer
treatment, 30 min desorption in water after 30 min adsorption in 1 mg/m/
polymer solution; protein adsorption, human albumin 1 mg/mi, 30 min)
n=23

polymer Nos. 1-11) treated LDPE surfaces. Relative adsorbed
amount of protein was determined as follows:

Relative adsorbed amount of protein
= (n% of polymer-treated surface)/n% of untreated
surface)

By comparing Figure 7 with Figure 6, we can see that the
protein resistance of the polymer-treated surface is highly
dependent on the adsorbed amount of the polymers on the
LDPE surface. In the case of the surfaces treated with
polymer Nos. 9 and 10, the amount of adsorbed human
albumin decreased more than 90%, as compared with the
untreated LDPE surface. The adsorhed amount of human
albumin on the surfaces treated with different PEO mol
wt, 1900 and 4000, was compared in Table 3 for both XPS
and "?®l-labelled protein analysis. The polymer No. 23-
treated surface showed excellent protein-resistant properties,
probably due to large amount of adsorption on LDPE surface,

Table 3  Adsorbed amount of human albumin® on untreated and copolymer-
treated LDPE surfaces”

2,125

Polymer no. MW, Nitrogen atomic % (XPS) ug/cm” ( ““I-labelling)
Pure LDPE 1900 10.4 & 3.3 0.45 + 0.08
9 1900 1.1 £ 0.4 -
10 1900 0.8 £0.1 0.10
11 1900 1.5 +0.2 0.13
12 1900 1.2+£07 0.12
13 4000 1.5+04 0.15
14 4000 1.3+0.2 0.11
15 4000 1.4+ 0.6 0.11
23 4000 0.4 + 0.1 =

Protein adsorption; human albumin 1 mgsml in PBS pH 7.4, 30 min
adsorption.

bPcrlv,-'mer treatment; 30 min desorption in water after 30 min adsorption of
LDPE film in 1 mg/ml polymer solution.

“Nitrogen content of human albumin, 15.1% as determined by XPS analysis.
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even though its PEO portion is only 10 mol%. Possible
explanations for protein resistance of the polymer-treated
surfaces include PEQ’s high mobility, its unique solution
properties, its low interfacial free energy with water and
steric effects, as discussed earlier.

Proteins are macromolecules. Will the copolymer
molecules adsorbed on LDPE surface be exchanged with the
proteins during exposure to a protein solution? To answer
this question, time-dependent protein adsorption was done
on the LDPE surfaces pre-treated with the '2®l-labelled
copolymers., After protein exposure for different time
periods, the polymer radioactivity on the surface was
counted, converted to values of adsorbed amount of the
polymer on the surface and compared to the values present
before protein adsorption (Figure 8). As seen in the figure,
there is little evidence of exchange of the polymer molecules
with human albumin for up to 100 min exposure time.
Figure 9 also compares the adsorbed amount of the
polymers on the LDPE surfaces both before and after
albumin adsorption for 30 min. The large decrease of
adsorbed amount of polymer No. 23 after protein exposure
suggested a possibility of intramolecular aggregation of the
polymer in aqueous solution.

Removal of pre-adsorbed proteins

The effectiveness of the copolymers for removal of proteins
pre-adsorbed on a hydrophobic surface was also studied by

0.5 7
0.4
03

Al

0.1

Adsorbed amount of polymer
( pgicm2)

0.0

Adsorption time of protein, +T (min)

Figure 8 Amount of polymers remaining on LDPE surface after protein
exposure {protein adsorption, human albumin 1 mg/ml solution; polymer
treatment, 30 min desorption in water after 30 min adsorption in 1 mg/m!
polymer solution). (¢}, polymer No. 19; (¢ ), polymer No. 21, n=3.
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Figure 9 Adsorbed amount of polymers on LDPE surface before and after
protein adsorption (protein adsorption, human albumin 1 mg/mi, 30 min;
polymer treatment, 30 min desorption in water after 30 min adsorption in
1 mg/mf polymer solution). ( |} before protein adsarption; (). n= 3.
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treating the LDPE surfaces pre-adsorbed with human
albumin in the copolymer solutions. The protein nitrogen
signal from XPS analysis of the surface before and after the
polymer solution treatment was compared. Figure 10 shows
the removal properties of pre-adsorbed proteins by the
polymers (PEO mol wt 1900, polymer Nos. 1-11). Relative
adsorbed amount of protein was determined as follows:

Relative adsorbed amount of protein
= (n% after polymer treatment)/{n% before polymer
treatment)

Nitrogen atomic % decreased after the polymer treatment
but it appeared that the comonomer composition did not
have a significant effect.

Here we have some questions. Does the decrease in
nitrogen atomic % really mean a decrease in adsorbed
amount of protein after the polymer treatment? What is the
mechanism for removal of pre-adsorbed protein by PEO-
containing polymeric surfactants? Three cases are possible
for the decrease in nitrogen atomic % after the polymer
treatment, as seen in Figure 17. As the protein-bound
surface is immersed in the polymeric surfactant solution,
protein molecules can be exchanged with the polymer
molecules if the polymer molecules interact more strongly
with the hydrophobic surface than the pre-adsorbed protein
molecules (a), or the highly mobile PEQ chains of the
polymer may penetrate into the protein bound on the surface
and thereby remove the protein from the surface (b), or the
polymer molecules will bind on to the protein surface (c). In
the case of (c), the polymer will not work for protein removal,
even though the protein nitrogen signal will be decreased.
From the studies using '?°l-labelled protein, we can
distinguish cases (a) and (b) from case (c). 7Tab/e 4 shows the
results. If only the shielding (case (c)) is occurring, valid
radioactivity from protein-labelling will not be changed
before and after the polymer treatment. But as the adsorbed
amount of protein calculated from the retained radioactivity
after the polymer treatment decreased, as seen in Table 4, it
can be said that some proteins are removed from the surface

1.0

Relative adscrbed amount of protein (LDPE = 1.0}

MPEQ, . ;MA

MiAA

Figure 10 Relative adsorbed amount of human albumin on LDPE surface
after the copolymer solution treatment (protein pre-adsorption, human
albumin 1 mg/mi, 30 min; PEQ mol wt 1900, polymer Nos. 1-11; polymer
solution treatment, 1 mg/mi, 30 min) n= 3.
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Figure 11 Possible mechanisms involved in remaoval of gre-adsarbed
proteins by PEO-containing surfactants (XPS analysis and i3 -labelling of
proteins or surfactants were used to distinguish between three possible
mechanisms).

after the polymer treatment. Now we must distinguish
between exchange (case (a)) and elution (case (b)).
12%|-1abelled polymers used for solution treatment may give
an answer. If elution predominates, then the adsorbed
amount of polymer after polymer solution treatment will be
very small. If the adsorbed amount of polymers on the pure
LDPE surface (7able 2) and the LDPE surface after the
polymer solution treatment ( Tab/e 4) are compared, it can be
seen that almost the same amount of the polymers are
adsorbed in both two surfaces, which probably means the
predominance of exchange (case (a)). However, the results
from XPS analysis and '**|-labelling of protein and polymer
in Table 4 suggest that all three cases, i.e. exchange, elution
and shielding are actually involved, even though exchange
and shielding appear to predominate.

Comparison with commercial surfactants

The surface properties of the copolymers discussed in this
paper, such as adsorption on LDPE surface, protein resistance
and removal of pre-adsorbed proteins, are compared with
those of some selected commercial surfactants containing
PEO and PPO or PBO, from our previous studies'” €.

Table 4 Comparison of the XPS and IZE!-!abeH.-'ng results for removal of

pre-adsorbed protein® by the copolymer treatment

Polymer no.  MW,;s Nitrogen atomic % ,ug/cm? from ;ug/cm2 from
from protein protein polymer

Pure LDPE 10.4 + 3.3 0.45 £ 0.08

17 1900 3.3 0.27 0.25

18 1800 31 0.27 0.22

19 1900 4.1 0.29 0.40

20 4000 32 0.23 0.19

21 4000 3.5 0.25 0.23

22 4000 3.6 0.20 0.15

*Protein pre-adsorption; human albumin 1 mg/ml, 30 min.
bF‘cal\.rm:ar solution treatment; 1 mg/ml, 30 min.
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Figure 12 Comparison of surface properties between the synthesized
copolymers and selected commercial surfactants containing PEQ and PFO
or PBO (polymer Nos. 24-27, commercial surfactants; polymer No. 24,
PEQ,3-PP0O4,-PEQ, s triblock; polymer No. 25, PEQ ; ,-PBQ,5-PEQ, s triblock;
polymer No. 26, star-like 4 PEO,; and 4 PPQO,q block: polymer No. 27,

condensed polymer of PEQ ;3-PPO ,,-PEO gan = 3 for copolymers synthesized;
n = 3-5 for commercial surfactants) Rt (a) adsorbed amount of polymers

on LDPE surface; (b) protein resistance of polymer-treated LDPE surfaces;
fc) removal properties of pre-adsorbed protein on LDPE surface by polymer
solution treatment (). albumin 1 mg/mi adsorption: & , plasma 1%
adsorption).

As seen in Figure 12, the copolymers synthesized
show much better protein (albumin and plasma) resistance
than the commercial block surfactants, probably due to
larger amount of adsorption and longer PEQ chains, whilst
the commercial block surfactants show much better
removal properties of pre-adsorbed proteins than the
copolymers synthesized, even though their molecular weights
and PEQ chain lengths are much shorter than our synthesized
copolymers. This means that exchange of proteins with the
commercial surfactant at LDPE surface may not be the
predominant mechanism for removal of pre-adsorbed proteins.
Perhaps the short PEO blocks of the commercial surfactants
can penetrate more effectively into the protein molecule
bound on the surface and thereby elute the adsorbed
proteins.
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1. INTRODUCTION

Knowledge of the interfacial interaction of polymers with plasma proteins and
blood is important in establishing polymer blood compatibility. The interaction of
plasma proteins and blood with polymers has been studied by many research groups.
It is known that proteins are complex macromolecules with molecular weights ranging
from thousands to millions (Fig. 1) and they adsorb at practically all interfaces during
the first few minutes of blood or biological fluids exposure.'” Generally the adsorption

*To whom corresnondence shonld he addrecsed

-
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Fig. 1. Molecular weights and shapes (schematic) of some plasma proteins (from ref, 1).

T T bon e et At S T ol s
i ; : us : g or eliminating protein adsorp-
tion. Su.rfaces which show minimal protein adsorption may be important in many
applications, not only for blood-contacting implant devices but also for other areas
such as membranes for separation processes, biosensors, chromatographic su ort;;’
contact lenses, blood and protein storage applications, etc. g
Although a substantial amount of work on the improvement of blood compatibility
f)f _po}ymernc materials has been carried out, the results are still not very conclusive
This is partly due to the fact that the precise relationship between the nature ofa;
surface and blood compatibility and the mechanisms of surface-induced thrombosi
have not been completely elucidated 52 .
‘It_ seems that surfaces which non-specifically repel all proteins are desirable to
minimize surface contact activation. This implies that the combined energies
a_ttract_lon such as van der Waals attractions, electrostatic attractions entropic at~trac-
tions (i.e., hydrophobic bonding) and hydrogen bonding of the surfaé:es witﬁ proteins
shoyld be smaller than entropic and hydration repulsions due to thermal motion of
ﬁenble' g}glecular chains and solvent molecules. Such surfaces can be prepared b
1111mob1hzmg neutral, hydrophilic polymers. Among hydrophilic polymerﬁ a particu)f
larly effective polymer for ‘protein-resistant’ (or bIoo&»compaLible) surfac,es appears

to be polyethylene oxi s to its uni . : ; :
anrp yethy oxide (PEO), due to its unique solution and surface properties

for

in
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In this article, we review the solution properties of PEO in water, because we are
concerned only with water as a solvent (biological fluids or blood are agueous solu-
tions). We expect that the unique solution properties of PEO in water are closely
related to the protein resistance of PEO surfaces. We compare PEO with polyethers
having structural similarities and with other water-soluble polymers to figure out why
PEO is particularly effective for protein resistance. There are many factors involved in
PEQ’s passivity, including those related to its solution properties in water. We discuss
possible mechanisms for protein resistance of PEO surfaces.

PEO surfaces have been prepared by many different methods. A number of research
groups including our own have demonstrated greatly decreased adsorption of plasma
and other proteins on PEO surfaces. We review approaches to prepare PEO surfaces
and their experimental results in reducing protein adsorption and platelet adhesion.

2. SOLUTION PROPERTIES OF PEO IN WATER

2.1. General Features

Polyethylene oxide (PEO) is a crystalline, thermoplastic polymer. It is an uncharged
polyether with the chemical formula, H-(OCH,CH,),~OH, which is the simplest
structure of water-soluble polymers. Unlike most polymer systems, PEO is commer-
cially available in an extraordinarily wide range of molecular weights from 200 to
several million or more. The lower-molecular-weight members of this series, with
chain lengths up to about 150, are known as polyethylene glycols (PEG)." The higher
members of the series are known as polyethylene oxides or as polyoxyethylenes. In this
article, we will call all these classes of compounds ‘PEO’ regardless of their molecular
weights. The properties of PEO differ greatly because of the large differences in
molecular weight, as seen in Table 1.

By X-ray analysis,"" it is known that the PEO molecule in the crystalline state has a
helical conformation which contains two turns in a fibre identity period (unit length of

Table 1. Properties of polyethylene oxides with different molecular weight"?

Number-average molecular weight

Properties 200 400 600 1000 4000 6000 20,000
Specific gravity 1.125 1.130 1.130 - 1.204 i =
(20/20°C)

Melting point ~ 4-8 20-25 37-40 53-56 60-63 50-55
("C)

Viscosity 43 7.3 10.5 17.4 75-85 700-900 -
(cst, 100°C)

Heat of fusion - 151 146 155 180 192 172
(Jig)

Refractive index 1.460 | 467 1.469 -

(np, 25°C)

Surface tension 445 44.5 44.5 -

{dyn/em)



1o J.H. LEE e al.
POLYMER BLOOD COMPATIBILITY 1047
R o 3

25 g .g l c-axis) of 19.3 A. The crystallographic unit cell contains four molecular chains and is
8| 8EM, 2 an Sonw monoclinic with 2 =8.16 A, b =12.99A, ¢ = 19.30 A, and g = 126°5'. Table 2 sum-

g2 T SR fagl e izes the struct d ties of a series of polyethers with 1 formul
Es8 . 4 mE gova § marizes the structures and properties of a series ol polyethers wi a general formula,
2el.w I Spg & lu,', L e HO[-(CH,),,~O-],H. A more detailed structure analysis is, however, not possible by
X-ray methods alone. Information concerning the conformation of the PEO chain in
the crystalline and molten states as well as in solution has been obtained through
s analyses of infrared (IR),IS_” Raman,'®=%! and NMR spe:ctra.is‘?‘z‘28 In the crystal-
" s line state, IR ‘and Raman analyses agree with the conformational assignment to
o i saternal rotation about the O—~CH,, CH,—CH,, and CH,—O bonds of trans, gauche,

e 3 o) trans, tespectively. In the molten state, the conformation becomes somewhat dis-

| g & § > % ordered.!®"'® This disordering is noted principally by the appearance of a consider-
) B B R Mt able fraction of trans, trans, trans conformations. In water, the PEO chain retains to a

£ £ g T .8 e i large degree the trans, gauche, trans sequence and helical conformation of the crystal-
g Bl g 2 gz si! ﬂo]:]x; line state, as evidenced from IR spectra,'® Raman spectra,'® NMR spectra,'**¢ and
w calotimetry.”” < - ' R ikt sedbif
‘E‘ In comparison with all other water-soluble polymers, PEO is unique in its linearity
8 of structure; non-ionic character and water solubility. This linear, relatively non-polar
s s structure displays'a high degree of polymer—solvent interaction in water, whichis
@ L e— - i i . - — '
g 5 observed in the development of structural viscosity to an unusual degrce‘w Hieslng
;" E g 1/PEO has many interesting properties; however, our main concern in this section is its
B a e & unique solution behavior in water. 2 {1 P

< N - S E: i
5 £.2 g i

% -E‘é 5| % < § ' 2.2. Solubility and Molecular Structure of PEO in Water
ab S Aol I Am seal L Jes - : ok S : : ;

- ¥ i _ ' ~ At room temperature, PEO is completely miscible with water in all proportions for
8 all degrees of pol merization.'> The water solubility of PEO is unlimited, at least up to
2 Poly : :

g o = temperatures slightly below 100°C. In contrdst to the complete water solubility of
g. A : E PEO, closely related polymers such as polymethylene oxide, polytrimethylene oxide,
4 .g o % Gt Ligtn g polyacetaldehyde and polypropylene oxide are water-insoluble under ordinary condi-
S |~ §®% fl = %'oj‘_'a.g;ﬁgtr g tions (Table 3). ' i : s L e G
w = 4 g OO -y R 3 it}
g SHT g 3 8% Sunul|g
% e i ~ @l E oo umE 'g :
2 ; Table 3. Structures and solubilities of polyethers.'*'*
2 3
2 & o “Solubility in water
H 2 E Polymer Structural unit at room temperature
a4 7 e s
- E o I _é‘ g B 8 Polymethylene oxide ~-CH,0- No
220 o g BE &Y = Polyethylene oxide ~CH,-CH,-O- Yes
Ermdy B 5 e M <.|| s |IE Polytrimethylene oxide -CH,~CH,;-CH,-0- No
o Polyacetaldehyde —-CH-0- - No
= o | ’
= 2 ) = CH;
5 g E e .- ""ag; b Polypropylene oxide ~CH-CH,-0- 'Partia]lyJr
5438 R - ot |
2 fa) [Z] = £
5 BESolEEdiir |3 =




Why is PEO miscible in all proportions with water at room temperature, while other
polyethers are not? It seems to be related to hydration of the ether oxygens in a manner
which is apparently unique to the PEO structure.’'?%¥ Water is a highly structured
liquid, with hydrogen bonds linking individual molecules to each other. The precise
arrangement about each molecule is not known, but the tetrahedral symmetry of the
oxygen bond orbitals and the tetrahedral structure of ice suggest a locally tetrahedral
arrangement of molecules in the liquid state also.®® The highly connected network of
tetrahedrally coordinated water molecules contains quite a large fraction of interstitial
space, as established by X-ray and neutron diffraction.?” This network is characterized
by oxygen—oxygen distances of 2.85 A between neighbours and 4.7 A between next-
nearest neighbours. Any arrangement of this type would be disrupted by a solute
dissolved in water. Some hydrogen bonds would have to be broken; if the solute is
polar, new hydrogen bonds between water and the solute would be formed.*® Kjel-
lander and Florin®**' have intensively studied the PEO—water system and suggested
that the water solubility of PEO can be explained in terms of a good structural fit
between the water and the polymer. They suggested that PEQ, in contrast to the other
polyethers, can be fitted into the tetrahedral water lattice so that all of the lattice points
are occupied, either by a water or by an ether oxygen, i.e., the conformation of the
polymer can be arranged so that both the distances of neighbouring and next-
neighbouring oxygen atoms fulfil the requirements of the water lattice (see Section
2.6.1 for more discussion). The ethylene segments thus fill out voids in the spacious
water structure and minimally perturb the structure of walter itself.

2.3. Solubility vs Temperature

PEO exhibits an inverse solubility—temperature relationship. 1330313542 One way of

interpreting the inverse solubility—temperature relationship of PEO would be through
a disordering of ‘hydration shells’ that exist about the polymer molecule at low
temperatures,***!*#3=* Thege hydration shells correspond to a layer of highly oriented
water which would surround the polymer in aqueous solution. The coupling between
the polymer and water gives rise to enhanced structuring of the water that is close to
the polymer chain and this makes it necessary to distinguish between water in the
hydration shell of PEO and in the bulk solution. The hydration shell water is char-
acterized by both lower entropy and enthalpy than the bulk water.*' Thus, such a
structure formation is entropically unfavourable, but this contribution to the free
energy i1s overcome by the decrease in enthalpy on the increased structuring of the
water and the binding to PEO.***! Thus, PEO is water-soluble. The good fit between
PEO and the water structure probably makes the enthalpy contribution significantly
large. When the temperature is raised, the hydration shell is gradually broken down
due to thermal motion. This means that the difference in properties between bulk and
shell water decreases. Since the structure does not break down sufficiently rapidly
when the temperature is raised, the unfavourable entropy contribution dominates
and the system phase-separates, decreasing the extent of the enhanced structure (see
refs 40 and 41 for detailed discussion). The phase separation or precipitation tempera-
ture depends on the polymer concentration.” For very dilute solutions (<0.2%

polymer), the precipitation is observed as a cloud point. For slightly more concen-
trated solutions (= 0.5% polymer), the polymer precipitates as a gel. At even higher
temperatures, when the structure has largely been broken down, the unfavourable
entropy contribution is diminished. ***" The system is then completely miscible again,
provided the temperature is not high enough to cause destruction of the polymer.

Doolittle® tried to interpret the inverse solubility~temperature relationships of
high-polymer—solvent systems. Solvophilic and solvophobic influences are consid-
ered to be reflected in the heat and entropy of dilution factors of the polymer—solvent
interaction parameters. Thus the temperature dependence of the solubility is such that
the solvent becomes a non-solvent at a critical temperature. In PEQ, the hydrophobic
and hydrophilic character is provided by the alternate ethylene units (hydrophobic)
and oxygens (hydrophilic) of the polymer chain. If the inverse solubility—temperature
phenomenon is to be interpreted as a hydrophilic-hydrophobic balance in the polymer
system, increasing the hydrophobic character of the polymer should result in a low-
ering of the polymer precipitation temperature. Bailey and Callard®' used copolymers
of ethylene oxide and propylene oxide to test this prediction. They showed that the
precipitation temperature, at a given polymer concentration, decreases linearly with
increasing propylene oxide content.

2.4. Mobility

The dynamic properties of a polymer depend on the probable polymer confor-
mations and the transition probabilities. The presence of bulky groups attached to
the backbone will introduce steric hindrances and reduce the mobility of polymer
segments. The dynamic behaviour of PEO in water has been studied by nuclear
magnetic rcla)mticm,g"ﬁf_s'D electron spin rcsonance,49 and the measurement of
dynamic moduli.' PEO, an uncharged polymer without bulky side groups, appears
to be very flexible compared with polymers with bulky groups (steric hindrance) or
polyelectrolytes such as polymethacrylic acid (steric and electrostatic hindrances).

The dielectric behaviour of PEO has been studied to elucidate polymer chain flexi-
bility and polar bond interactions.*** Davies et al.>* found from dipole relaxation
studies that there is a marked freedom of reorientation in PEO. They suggested that
the carbon—oxygen linkage acts as a ball-and-socket joint, making the average freely
moving unit little more than a single monomeric unit.

Breen et al.*’ studied the molecular weight dependence of the relaxation rates of
PEO from NMR. They utilized dilute aqueous solutions of PEO to minimize
polymer—polymer interactions. They suggested that the molecular weight dependence
is caused by end group contributions and in addition by overall tumbling (small
molecules). They also suggested that the position dependence of the relaxation rates
along the chain disappears after some distance from the end and then the relaxation
rate becomes the polymer relaxation rate. For long polymer chains, the contribution
of end group dynamics to the relaxation rate will be insignificant. They failed to
observe any end group effects in 'H-relaxation rates when the PEO chain length was
>100. It has also been reported that the segmental motions of PEO are indep&.ndent of
chain length when the chain length is greater than about 100°* or about 130.° L



Nagaoka et al’ also studied different PEO chains (attached on a surface) in a
hydrated state using NMR spectroscopy. They related the linewidth of the peak
3C NMR signal to the PEO chains. They found that increasing the PEO chain length
to 100 decreases the width of the signal peak, indicating increased mobility.

2.5. Heat and Entropy of Dilution

The heat and entropy of dilution of PEO in water have been studied from the
temperature dependence of the intrinsic viscosity,>'*® vapour pressure and heat of
mixing expex‘imcnts,sg and calorimetry.?®=% It was calculated that both the heat
of dilution and the entropy of dilution of PEO in water are negative. Negative values
for these parameters imply a high degree of polymer—solvent interaction and orienta-
tion of solvent with respect to the polymer chain.>®

Maron and Filisko®* used a microcalorimeter to measure the heats of dilution and
solution of PEOQ in water and organic solvents. They found from the organic solvent
data that the heat of fusion or lattice energy of the sample is independent of the
solution concentration or the solvent used. However, there was a difference in the
behaviour of PEO between water and the organic solvents which was attributed to the
difference in the conformation of the polymer in organic solvents and in water. PEO in
organic solvents exists as a random coil, whereas in water its conformation is helical. It
was shown that the interconversion of the random coil to the helix involves a heat
evolution (164.47 of heat per gram of polymer) and suggested that this heat evolution
(or helix formation) probably accounts for the fact that PEO is water-soluble in
contrast to polymethylene oxide and polypropylene oxide.

Lakhanpal et al.®'~® also measured the heats of solution of PEO in organic solvents
and water and obtained similar results to those of Maron and Filisko; their values were
independent of the nature of the solvent used other than water. The anomalous
behaviour of PEQ in water was explained by the authors as a result of strong inter-
actions via hydrogen bonds of the water molecules with the ether oxygens in the
polymer chains.

2.6. Comparison with Some Other Polymers

2.6.1. Comparison of Solubility with Other Polyethers

As suggested in Section 2.2, the difference between PEO and the water-insoluble
polyethers (see Table 3) may be that the latter do not satisfy the structural fit to allow a
mainly unstrained coupling to a continuous tetrahedrally coordinated network of
water (oxygen—oxygen distances of 2.85 A between neighbours and 4.7A between
next-nearest neighbours of the lattice) around the polymer chains. PEO can be nicely
fitted into this type of water lattice without distortion of the lattice so that all of the
lattice points are occupied, either by a water or by an ether oxygen, i.¢., the confor-
mation of PEO can be arranged so that both the distances of neighbouring and
next-neighbouring oxygen atoms fulfil the requirements of the water lattice and the
ethylene segments fill out voids in the spacious water structure,*

Consider polypropylene oxide (PPO). When PPO is introduced into water, it devel-
ops a hydration shell with an enhanced structuring of water as evidenced by the
negative entropy and enthalpy of mixing. %162 Despite the fact that PPO has the
same backbone structure as PEO, an optimal water structure cannot be formed,
since the methyl groups of PPO constitute a steric hindrance. The strain of the
water structure leads to a smaller hydrogen bond energy than in the case of PEO.
That is the reason why PPO is partially soluble in water for only oligomers. The
smaller hydrogen bond energy due to the strain of water lattice also leads to a lower
precipitation temperature.**® This suggestion is in accord with the fact that some
copolymers of PEO and PPO are water-soluble but have a lower precipitation tem-
perature than PEO.®® As the proportion of PPO increases, this temperature
decreases.’’ When the methyl groups along the chain become more numerous, it
would be expected that the strain in the water structure would increase, making the
heat of mixing less negative and lowering the precipitation temperature.

In the case of polymethylene oxide (PMO), the distance between neighbouring
oxygens seems too short to be accommodated in a water structure.** It is in fact
rather striking that PMO is not water-soluble, although it has a higher oxygen/carbon
ratio than PEQ and does not have any side groups to cause steric hindrance. Thus, the
distance between neighbouring oxygens in the polyether and steric hindrance are both
important factors for the solubility of polyethers in water.

Polyacetaldehyde has practically the same oxygen—oxygen distance as PMO (see
Table 3 for its structure). In an amorphous form it is freely soluble in many organic
solvents but is insoluble in water.®®" It also has too short a distance between neigh-
bouring oxygens to be accommodated in the water structure and has a side group
which affords steric hindrance.

Table 4. Thermodynamic parameters for polymer—water interactions

Water-soluble XT Ay x 10 (cm" mol{gz) a

polymer (Temp. °C, [ref.]) (Temp. “C, MW x 1077, [ref]) (Temp. “C, [ref.])

PEO 0.45 (27, [74]) 30.4-116 (25, 1.09-80, [74]) 1.38 £0.06 (20, [74])
0.44 (23, [75D) 62 (25, 1.01 [74]) 1.95 (- [72D)
0.41-0.42 (—, [76]) 30.5-36.4 (25, 0.37-0.89, [70])

PAA - - <

PMAA 1.36 (40, [771) =

PAAm 0.49 (30, [78]) 1.8 (25, 140, [74]) 2.36 (30, [72)
0.47 (30, [79]) 0.64 (25, 470, [74]) 2.72 £ 0.10 (30, [74])

4.9-54 (25, 110-200, [74]) 2.36 (30, [74])

PMAAmM - 0.29 (25, 32, [74]) =

PVA 0.49-0.50 (-, [30]) 3.9-52 (30, 18-19.6, [75]) 1.87 (-, [72])
0.49 (30, [81]) 0.82-4.5 (-, - [72]) 204 £0.1 (30, [74])

PVP 0.58 (25, [82]) 34 (25, 2.45-3.79, [74])  2.55 (- 172
0.49 (30, [83]) 2.5-64.7 (25, 1.95-93.3, [74])

T Values for sulliciently dilute solutions.



2.6.2. Comparison of Thermodynamic Parameters with Other Water-Soluble Polymers

Common synthetic polymers that are soluble in water at normal temperatures are as
follows (Fig. 2):

polyethylene oxide (PEO), polyacrylic acid (PAA), polymethacrylic acid (PMAA),
polyacrylamide (PAAm), polymethacrylamide (PMAAm), polyvinyl alcohol
(PVA), and polyvinylpyrrolidone (PVP).

Table 4 summarizes some thermodynamic parameters involved in polymer—water
interactions. Of these, x, called the polymer—solvent or Flory—Huggins interaction
parameter, is a measure of the interaction between a given solvent and a given poly-
mer. It is a free-energy parameter and a temperature-dependent quantity. By Flory—
Huggins theory, ®®® the free-energy change of mixing of liquid and polymer to form a

A) Polyethylene oxide (PEO) —fCH,CH, 03
B) Polyacrylic acid (PAA) ~fCH,CH
]
I CHy

C) Polymethacrylic acid (PMAA) —CH,C
1 I
CO,H
D} Polyacryl amide (PAAmM) CH,CH
- |
CONH,

CHz
I
E) Polymethacryl amide (PMAAM) —-CH,C
|
| CconH, '
F) Polyviny! alcohol (PVA) —"—EHZ CH
|
OH
G) Polyvinyl pyrrolidone (PVP) ~fen,cn
|
EHe B
| |
| CHy——CH,

Fig. 2. Structures of common waler-soluble synthetic polymers.

solution (AGy) is defined as shown below. This assumes that the polymer is comple-
tely amorphous and sufficiently large and that AG)y originates in the replacement of
some of the contacts between like species in the pure liquids with contacts between
unlike species in the solution:

AGy = AHy — TASy (1)
AHy = RTxnv, ' (2)
ASy = —R(n Inv; +nylnwv,) (3)
and thus,
AGy = RT(nInv; + nmyInv; + RTxn v;) (4)

where AHy is the heat of mixing, ASy; is the configurational entropy of mixing, R is
the universal gas constant, T is the temperature, n(,n; are the moles of solvent and
polymer, respectively, and v,'v, are the volume fractions of solvent and polymer,
respectively.

The polymer—solvent interaction parameter x characterizes the interaction energy
per mole of solvent divided by RT for a specific solvent—polymer system. Since v| and
v, are the volume fractions, the two logarithmic terms on the right-hand side of eq. (4)
are always negative. This allows the value of x to be positive (up to 0.5, in fact) while
still allowing for complete miscibility (AGyy; is still negative). Considering the effect of
molecular weight, for a given mass of polymer and of solvent, the term n, ln v, will
become less negative with increasing molecular weight, finally becoming zero in the
limit of infinite molecular weight. Thus a higher molecular weight for the polymer makes
for a less favourable free-energy contribution for the mixing process, leading to the well-
recognized inverse relation between the solubility of a polymer and its molecular weight.
From eq. (2), a positive value of x corresponds to a positive value for the contribution
A Hy, which thus disfavours mixing, while the converse is also true. In the great majority
of cases, experimental values for x are positive. Values of x up to 0.5 are found for
systems showing complete miscibility, while for y > 0.5 the systems are characterized by
only limited miscibility, with higher values of x corresponding to decreasing extent of
interaction of the two components. There are various methods for the determination of
%% such as equilibrium swelling, osmometry, vapour pressure measurement, sedimenta-
tion, viscosity measurement, optical studies and inverse gas chromatography.

In Table 4, 4, is the second virial coeflicient, which is a direct characteristic of
intermolecular interactions between a solvent and a polymer, or between polymers
in a solvent. 4, can be determined by different methods,”” such as osmometry, ebul-
liometry (based on the difference between the boiling temperature of a solution and the
boiling temperature of the pure solvent), cryoscopy (based on the difference between .
the freezing temperature of a solution and the freezing temperature of the pure
solvent) and light-scattering. These are expressed as follows:

osmometry

7/C = RT /My + 4;,C + 4A;C* + - .. (5)

Ay = (po/paM)(1/2 — x) (6)



ebulliometry

ATb/C: Ke/Mn + A,C |"A3C3+“' (?)
Ay = (RT?/py AH)(1/2 —x) (8)
Cryoscopy

ATy/C = Ko/ My + 4,C + A3C* + - (9)
Ay = (RT?/pg AH,)(1/2 — x) (10)

light-scattering
KC/Ry=1/MyPy+24;C+--- (11)
A = (py/pgM,)(1/2 = X) (12)

where « is the osmotic pressure, C is the solution concentration, M, is the number-
average molecular weight, 4, and A, are the second and third virial coefficients,
respectively, p; is the density of the solvent, p;, is the density of the polymer, M, is
the molecular weight of the solvent, AT} is the boiling point elevation, X, is the
ebullioscopic constant, AH is the heat of solvent evaporation in ebulliometry or
fusion in cryoscopy, ATy, is the depression of the melting point, K, is the cryoscopic
constant, K is a constant, R, is the Rayleigh ratio, M, is the weight-average molecular
weight and Py is the scattering factor.

In all cases 4, is expressed as a function of (1/2 — x). The units of 4, depend on the
way in which it is expressed. The sign of A, is important. A positive second virial
coeflicient indicates association between polymer and solvent molecules or repulsive
interactions between polymer molecules in a solvent such as excluded-volume effects
or repulsive electrostatic effects.”” A negative second virial coeficient indicates attrac-
tive two-polymer molecular interactions, such as hydrophobic or attractive electro-
static effects. Negative 4, is common for highly charged macromolecules such as
proteins, which associate quite easily. On the other hand, 4, for non-ionic polymers
should always be positive, due to excluded-volume considerations (excluded volume is
generally defined as the effective volume of a solution that, strictly for steric reasons, is
not available to molecules or particles as the result of the introduction of another
molecule or particle”). For polymer—solvent interactions, a general rule for positive
values of A4, is that

(1) for good solvents, 4, is high,

(2) for poor solvents, 4, is low,

(3) at A; =0, the polymer behaves thermodynamically ideally (i.e., no polymer—

solvent interaction).
A, is dependent on the temperature and the molecular weight of the polymer.

In Table 4, o is the steric factor or stiffness parameter characterizing the flexibility of
a polymer chain in a solvent.” The flexibility of polymer chains depends primarily on
the ease of rotation around the bonds of the main chain, which in turn is directly

influenced by the nature of the side groups. The steric factor is defined as follows: ™"

o= ({r¥o/(rDen)'? (13)

where (rz>0 is an unperturbed mean-square end-to-end distance of a linear chain
molecule in solution and can be determined by limiting viscosity number measure-
ments, light-scattering and small-angle X-ray scattering,®” (rz)m is a mean-square end-
to-end distance of a freely rotating chain. The freely rotating state is a hypothetical
state of the chain in which the bond angle restrictions are retained, but the steric
hindrances to internal rotation are released. The value of (r*)q; can be readily calcu-
lated from the given basic structure of the chain. For instance, if the chain consists of
only one kind of bond of length, /, we obtain

(ryoe = nl*[(1 + cos ) /(1 —cos )] (14)
where # is the number of bonds and # is a supplement of the valence bond angle (for
more discussion, see ref. 73). Since in a real polymer chain some hindrance to free
rotation is invariably present, the steric factor is always greater than 1, the more so, the
lower the ease of rotation about the bonds of the main chain, i.e., the lower the chain
flexibility.

As seen in Table 4, PEO shows lowest values of y among the water-soluble synthetic
polymers, which means complete miscibility of PEO with water (y < 0.5). The anoma-
lous behaviour of PEQ in water is explained as a result of strong interaction via
hydrogen bonds of water molecules with the ether oxygens of the polymer
chains.®" % PEO shows much higher values of 4, than other water-soluble poly-
mers, which means that PEO is highly interactive with water (water is a better solvent
for PEO than for other water-soluble polymers) and PEO chains are highly repulsive
towards each other in water. Flory®® suggested, by his ‘dilute solution’ treatment, that
Ay can be regarded as expressing the volumes mutually excluded by neighbouring
polymer molecules (i.e., excluded volumes). Thus, PEO in water will have a larger
excluded volume than other water-soluble polymers. The o values of PEO are also
lower than other water-soluble polymers, which is considered as verification of the
flexibility of the PEO chains. Higher o values of PAAm or PVP may be due to bigger
side groups which restrict chain flexibility.

Molecular motions on a timescale in the range between pico- (107'?) and micro-
(10_5) seconds can be investigated by NMR. The dynamic behaviour of polymers in
aqueous solution generally shows motional components in this range, which is char-
acterized by correlation times (or reorientation times). Nuclear magnetic relaxation is
driven by the modulations of local nuclear interactions, e.g., "H-*C dipolar coupling
and C-D quadrupolar coupling. The chain segment mobility, responsible for the
modulation of the coupling, depends on the flexibility of the polymer chain. The
correlation time (7;) is regarded as the average time that the molecule requires to
rotate through an angle of 1rad.**** In the solid state, where motion is hindered, T
is very large. The local dynamics of polymers in aqueous solutions depend on the
concentration and molecular weight of the polymer. The concentration dependence is
caused by polymer—polymer interactions, whereas in the concentration-independent
range the polymer dynamics is mainly determined intramolecularly and by solvent—
polymer interactions. Molecular weight dependence is caused by end group contribu-
tions.*” Molecular weight dependence of the relaxation is not observed, in the case of
PEO, when the chain length is greater than about 100.*7%
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In the pure liquid at room temperature, water molecules tumble about with a mean
7. of about 2.5-10 x 10725 (2.5-10 ps).m"g"r The data available on 7, for polymers in
aqueous solution are scarce and different conditions have been used. Breen et al."’
determined 7. for PEO in D,O solution at 25°C. They used dilute solutions of PEO to
avoid polymer—polymer interactions. They found that 7 values for PEO are in the
range 15—100 ps depending on the conditions used and are 30 times smaller than found
for PMMA,* illustrating the high flexibility of the PEO chain. Lang et al® compared
1. of PEO in dilute solutions, determined by NMR and electron spin resonance. They
obtained similar values of 7, for PEO in various solvents to those of Breen et al*” and
suggested that both methods indicate the highly flexible nature of this polymer.

3. POSSIBLE MECHANISMS FOR PROTEIN RESISTANCE
OF PEO SURFACES

There are many possible factors involved in the protein-resistant character of PEO
surfaces in aqueous solution. This section will discuss which mechanisms are involved
and how the unique solution properties of PEO in water are related to PEQO’s passivity.

3.1. Interfacial Free Energy

One possible explanation of PEQ’s passivity may involve its minimum interfacial
free energy with water.23 " The basic concept of the minimal interfacial free-energy
hypothesis is that as the interfacial free energy approaches zero, the driving force for
protein adsorption decreases. Thus, non-specific protein adsorption should not occur
and proteins at or near a low interfacial energy interface will not feel any greater effects
from the surface than they do from the bulk solution.

Interfacial free energies (ysw) of various materials have been calculated based on
contact angle measurements.>” ' Although those calculations involved several
assumptions, the PEO-water interface showed very low interfacial free energies,
and thus low driving forces for protein adsorption. However, other non-ionic
water-soluble polymers also have very low interfacial free energies. Although their
protein adsorption tendencies are small, these materials appear to be more interactive
than PEO surfaces. This means that other factors are involved in PEO’s passivity.

3.2. Steric Stabilization Effect

It is well known by colloid scientists that spontaneous aggregation of colloid par-
ticles may be prevented by coating with non-ionic polymers. When two surfaces with
adsorbed polymer layers approach each other at distances of separation of less than
twice the thickness of the adsorbed layer, interaction of the two layers takes place. The
degree of stabilization can be defined quantitatively in terms of the energy change
occurring on the interaction of the adsorbed layers. The Gibbs [ree energy change,
AG, of the overlap interaction of the adsorbed layers is expressed as

A= AH — TAS (15)

where AH and AS are enthalpy and entropy change, respectively. [f AG is positive on
the overlap of the adsorbed layers, a repulsive force, AFg, between the surfaces is
generated (AFy = OAG/0x > 0, where x is the separation distance between the sur-
faces), and stabilization will result. If AG is negative, an attractive force, AFy
(AFy <0), is generated, and flocculation or coagulation will result. Under isother-
mal conditions, the stability is then a function of the enthalpy change (AH) and the
entropy change (AS).

Many theories for explaining steric stabilization have been proposed, and many
theoretical equations for calculating the energy change with the overlap of the adsorp-
tion layer have been devised "271% Steric stabilization may be classified roughly into
two major categories. The first is a volume restriction effect”’®®!1°! (also called entropic
stabilization,”® elastic term,'® or configurational entropy loss'®), associated with the
reduction in the total number of conformations available to the adsorbed polymer
on the ag;l:lmach of a second surface. The second category is an excluded-volume
effect??104107-10 (4150 called osmotic pressure rcpulsi0n94'98'99 or heat-mixing
repulsionm), associated with changes in the mixing of polymer segments—solvent
molecules as the second surface approaches.

In the volume restriction or entropic stabilization theory, it is assumed that a second
surface approaching the adsorbed layer is impenetrable. Thus, the adsorbed layer is
compressed and the polymer segments contained in the interaction region lose con-
figurational entropy. This causes the polymer segments to occupy fewer possible
configurations in the compressed state than in the uncompressed state. This reduction
in entropy increases AG, producing the net effect of repulsion between the surfaces. In
this theory, the enthalpic interaction between the adsorbed layers is neglected so that
AG=—-TAS.

In contrast, the excluded-volume or osmotic pressure repulsion theory assumes that
the adsorbed layers of two surfaces can overlap each other when they approach. In this
model, the polymer segments are in contact, and this contact is reduced as a result of
the contact between the segments in the overlapped region which results in the
enthalpy of mixing, AHy. As a result of the increase in the segment concentration
in the overlap region, there is also a reduction in the configurational entropy of the
adsorbed molecules, ASy. Thus, the total free energy change, AGy, due to overlap of
the adsorbed layers is expressed as both an enthalpic change and an entropic change:

BKiGyr= Ny — TASK (16)

The excluded-volume theory has been developed in detail for the PEO case 2107108

Figure 3 shows schematically the interactions between two surfaces with adsorbed
polymer layers. Three cases can be considered, depending on the separation distance
between the two surfaces.'”

(1) D > 2L (large surface separation): there is no change in available polymer
conformations due to the interaction between the surfaces. :

(2) L < D < 2L (interpenetration domain):'"! due to the local increase in polymer
concentration, the number of available conformations decreases in the interpenetra-
tion region. Further, the free energy of each conformation may be altered since some
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Fig. 3. Schematic diagram showing interactions between two surfaces with adsorbed polymer
layers (L, thickness of adsorbed polymer layer; D, distance between two surfaces; IR,
interpenetration region).
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solvent—polymer interactions may be replaced with polymer—polymer interactions.
The total free energy change may thus be positive or negative. The latter situation is
expected to occur if the liquid phase is a poor solvent for surface-bound polymers.

(3) D < L (interpenetration + compression domain):""! two physical events may be
present. First, the number of available conformations of polymer molecules decreases
since the free space is reduced (volume restriction effect). This is expected to result in
an increase in the total free energy proportional to the number of polymer chains.
Second, the number of allowed conformations decreases further due to the local
increase of polymer molecules, as described above in (2) (excluded-volume or osmotic
pressure effect). The concentration change experienced by a given polymer molecule is
proportional to the polymer surface concentration on the neighbouring surface; hence
the total free energy change is expected to be proportional to the square of the segment
density.

Now a question may arise. Steric stabilization is a general repulsion phenomenon
for neutral, hydrophilic polymers in water. Thus, any water-soluble non-ionic poly-
mers attached on a surface will have steric stabilization and protein-resistant effects.
Why then is PEO particularly effective as a steric stabilizer and thus as a protein
repeller in an aqueous system? To answer this, we should consider the solution proper-
ties of PEO in water, which are unique among polymers.

3.3. Relationship with Solution Properties

As discussed in Section 2, only PEO shows complete water solubility among the
related polyethers, probably because PEO segments nicely fit in the water structure
without any distortion of water lattices and minimize the tendency for hydrophobic
interactions. The hydrophilicity and unique solubility properties of PEO produce
surfaces that are in a liquid-like state with the polymer chains exhibiting considerable
flexibility or mobility.>#**!12 PEO is the most flexible in water among common non-
ionic water-soluble polymers because it does not have bulky side groups in its structure
and thus will not be hindered sterically in water (compare structures in Fig. 2 and steric
factors in Table 4). It appears that the PEO molecule has a large excluded volume in

A) Steric Stabilization Effect

Excluded
volume

Stable Unstable

B) Chain Maobility

Long PEO chain Short PEO chain

Fig. 4. Basic mechanisms involved in protein resistance of PEQ surfaces (from ref. 113).

water, as evidenced by the high values of second virial coefficient (or low values of
polymer—solvent interaction parameter, Table 4).

PEO surfaces in water with rapidly moving hydrated PEO chains and a
large excluded volume tend to repel protein molecules which approach the sur-
face “2197198113 Eigure 4 schematically represents the interactions between proteins
and PEO chains attached on a surface. Figure 4A indicates the steric stabilization
(volume restriction or excluded volume) effect. The repulsive forces by the adsorbed
PEO chain are generated by the loss of possible chain conformations, as the volume
available to the adsorbed chains is reduced between approaching surfaces. As dis-
cussed in Section 2, PEO shows a large excluded volume in water and thus is very
effective for steric repulsion. Figure 4B indicates the effect of the surface mobility of
the PEO chains. For an irreversible adhesion, proteins should be in contact with a
foreign surface more than a certain measure of time. PEO shows high mobility and
hydration in water, as already discussed. Rapidly moving hydrated PEO chains on a
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surface will effectively prevent stagnation of the proteins on the surface, probably
because the contact time is shortened.!"® The mobility of the hydrated PEOQ chains
increases with their chain length up to about 100;%7°%1 ¥ hence the long PEO chains are
supposed to suppress the adsorption of proteins more effectively than shorter chains.

4. APPROACHES TO PREPARE PEO SURFACES AND THEIR
BLOOD COMPATIBILITY

4.1. Bulk Modification

Bulk polymers containing PEO have been prepared by block copolymerization
(physical or reversible PEO networks) and crosslinking (covalent PEO networks).

Many studies of PEO-containing block copolymers have been reported. 2114127
The networks containing PEO can be created by evaporation of a solvent or by cooling
from the molten state. Lyman''® prepared PEO—polyethylene terephthalate (PET)
block copolymers for application as dialysis membranes. He extended his work to
include segmented polyurethanes (PU).’23 Merrill and Salzman'!? studied PEO-
polybutylene terephthalate (PBT) block copolymers in a bead column and reported
very low platelet retention. Furasawa et al.'"® and Grainger et al o= gtudied PEO
and polystyrene (PS) block copolymers and reported minimal levels of in vitro plasma
protein adsorption. Vulic et al. 19-121 srepared PS—PEO-heparin block copolymers to
improve the blood compatibility. Grainger et al'"**'2* 3150 prepared polydimethyl
siloxane (PDMS)-PEO-heparin block copolymers and correlated platelet adhesion
and extent of platelet release to assess the efficacy of these block copolymers as blood-
compatible materials or coatings. i

‘The segmented PU has been the most commonly studied of PEO-based materi-
als.?812-198 Brash and coworkers! 203647 oarried out plasma protein adsorp-
tion on segmented PU containing polyethers as the soft segment and showed that the
segmented PU containing PEO as the polyether is significantly less adsorptive than
those using PPO. Goodman et al 713 showed that platelet spreading and activation
on PU containing PEO as the soft segment are minimal in comparison with PU based
on other macroglycols. Da Costa et al. P13 and Merrill et al. %313 studied the effect
of the soft segment component on platelet adhesion. In vitro tests revealed that PEO-
containing PU adsorbs lower levels of thrombin and far fewer platelets than those
composed of PPO or polytetramethylene oxide (PTMO). Platelet retention was further
reduced as the molecular weight of PEQ increased. However, these in vitro studies may
not correlate directly with in vive experiments. Grasel and Cooper,'?'6 Lelah et al.,'”
Takahara et al.,'* Okkema et al."*' and Silver e al ">~ reported some controversial
results from their ex vivo shunt experiments.

PEO-containing block copolymers and PU are promising biomalterials, but may
have limited blood compatibility since significant levels of the hard non-PEO phase,
which is usually highly thrombogenic, can appear on the surface."*"1*® Also, PEO does
not exist as pendant chains and is attached by both ends to the copolymer segments.
Thus, chain mobility is restricted.

Several studies of PEO networks or hydrogels have been reported.' 12,1918 T these
systems, one component of a polymer network usually consists of large PEO chains
end-linked by small junctional units to provide enhanced PEO chain mobility and
thereby improved PEO surface coverage. A covalent homonetwork of PEO was
created by irradiating a concentrated solution of PEO in water to ionizing radia-
tion."'? Radiolysis of water forms hydroxyl and hydrogen radicals. These species
attack the PEO chains and thus a PEO hydrogel is produced. Covalent homonet-
works of PEO' 2153181 and networks of PEO-alginic acid"* and PEO—;)olyepoxy
siloxane'*®!'* were prepared for biomedical applications. Chaikof et al.'* prepared
interpenetrating polymer networks (IPN) of long PEO chain and PDMS containing
variations of PEO content and molecular weight. They reported a low level of platelet
adhesion on those surfaces. Chaikof et al.'® also observed the opposite result with the
similar IPN of short PEO chain (MW 2000): enhanced deposition of platelets and
fibrinogen. Verdon et al.'®® prepared PEO-PDMS hydrogels similar to those of
Chaikof ef al. and observed a low level of platelet deposition even on the gel with
short PEO chain (M W 2000) and progressively lower levels of platelet deposition with
increasing PEO content. PEO-containing networks of crosslinked epoxy resins,’
po}yacrylamidem‘158 and polyacrylic acid'” have also been reported.

Recently, photocrosslinkable hydrogels based on PEO have been reporte
Nathan et al.'%>'%* and Vyavahare and Kohn'® developed polyether urethanes based
on the copolymerization of PEO and lysine [poly(PEO-Lys)]. The wide range of
functional groups made it possible to attach antibiotic drugs and anticancer agents
to the polymer backbones using both degradable and non-degradable linkages. The
poly(PEO-Lys) derivatives containing acrylate or methacrylate pendant chains could
be crosslinked by exposure to UV irradiation. They reported that the resulting hydro-
gels are transparent, highly swollen membranes with significant mechanical strengths.
Sawhney et al.'®!% prepared photopolymerizable and biodegradable block copoly-
mers consisting of PEO and polylactic acid or polyglycolic acid with terminal acrylate
groups. These block copolymers, photopolymerized in vivo in direct contact with the
tissues by exposure to UV light, appeared to form an adherent hydrogel barrier that is
highly effective in reducing postoperative adhesions. Pathak ef al.'®" also prepared
hydrogels via rapid photopolymerization of PEO-based macromers (PEO diacrylates
and multiacrylates of various molecular weights) in direct contact with cells and tissue.

Nagaoka and coworkers™ 1619 prepared hydrogels containing methoxy PEO
monomethacrylates with pendant PEO chains of various chain lengths and investi-
gated their interactions with blood components. They found that plasma protein
adsorption and platelet adhesion onto these hydrogels decreased significantly with
increases in PEO chain length, up to around 100. :

Other bulk modifications to prepare PEO surfaces include PEO-PPO blends. Bots
et al """ prepared crosslinked blends of PEO and PPO using UV irradiation for use
as small-diameter vascular prostheses. They reported that these crosslinked blends
show good blood compatibility due to an enrichment of PEO on the surface and
good mechanical properties comparable to natural blood vessels.

Bulk modification to produce PEO surfaces offers an advantage over PEO coatings

d 151,162-167
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or surface treatments for some applications, in that they are composed of PEO
throughout the bulk and surface of the material. These materials retain their biocom-
patibility even when subjected to surface abrasion or erosion.”' However, the
mechanical properties of PEO networks or hydrogels are sometimes not strong
enough for biomedical applit.:ations.”5 Immobilization of PEO or its derivatives on
to the surface of a polymeric substrate with high mechanical strength has been
attempted to generate a PEO surface, mainly by physical adsorption, covalent graft-
ing, and graft copolymerization.

4.2. Physical Adsorption

PEO surfaces have been prepared by physical adsorption of PEO onto existing
substrates.'”"'® Only high-molecular-weight PEO (MW > 100,000) can be effec-
tively adsorbed on hydrophobic surfaces. The adsorbed high-molecular-weight PEO
may be expected to have loops and free ends projecting into the aqueous phase,
consistent with most models of polymer adsorption at interfaces. Chromatographic
supports and membranes used for the separation of proteins, cells and viruses have
been treated by physical adsorption of high-molecular-weight PEO. Physically
adsorbed PEO homopolymers, however, could be displaced by other macromolecules
which have higher affinity for the surface. Many proteins and cells in the blood can
easily displace physically adsorbed PEO from the surface.

We prepared PEO surfaces by physical adsorption of various PEO-containing
amphiphilic copolymers onto hydrophobic low-density polyethylene (LDPE) films
(Fig. 5).183-18 Adsorption of PEO-containing block copolymers would be more
stable than that of PEO homopolymers, as the hydrophobic segments provide hydro-
phobic adsorption forces or anchor points to common hydrophobic medical materials,
while the hydrophilic PEO chains can be extended into the bulk aqueous solution to
provide a PEO surface with relatively free mobility."® 1% This approach may provide
a simple and effective means for producing PEO surfaces as protein-resistant surfaces
if the copolymers can be adsorbed strongly on to the surfaces. In a study on adsorption
of commercially available PEO—PPO or PEO-polybutylene oxide (PBO) block copo-
lymers with different structures at the hydrophobic solid-water interface (Fig. SA-C),
we observed that adsorbed amount of the copolymer increases with increasing con-
centration and decreasing PEO chain length. The stability of adsorbed copolymer
molecules on hydrophobic surfaces was highly dependent on the structure (tri-, star-
like, or alternate block) of the copolymers and on the nature of the hydrophobic
segment (PPO or PBO). Albumin resistance was highly dependent on the adsorbed
amount of the copolymers and on the PEO chain mobility. From this study, however,
we observed that PPO or PBO are not strongly hydrophobic due to the presence of
their ether oxygens. Also PPO or PBO blocks should have limited chain length
(n < 30) to prevent self-aggregation in aqueous solution, resulting in weak bonding
of the copolymer molecules on the surface. To overcome these limitations, we synthe-
sized copolymers of alkyl methacrylates with methoxy PEQO methacrylates. The long
hvdrophobic polymethyl methacrylate (PMMA) backbone and alkyl side chains of
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Fig. 5. Types of PEO-containing amphiphilic copolymers and expected conformation of the

copolymers at the water—hydrophobic solid interface: (A) PEO-PPO-PEO or PEO-PBO-

PEO triblock copolymers; (B) star-like copolymers with 4 PPO and 4 PEO blocks; (C)

alternate PEO—PPO block copolymers; (D) methacrylate copolymers with PMMA back-

bone and PEO side chains; (E) methacrylate copolymers with PMMA backbone, alkyl and
PEO side chains (from refs 183 and 184),

these copolymers provided stable adsorption on a hydrophobic surface (Fig. 5D and
E). The PEO surfaces prepared by the adsorption of the synthesized PEO-grafted
copolymers (MW of PEO 1900 and 4000) showed efficient protein (albumin and
plasma)-resistant character.

Several research groups'7'9%"7=217 have also prepared PEO surfaces using PEO-
containing amphiphilic block copolymers. Lee et al.”®’ and Kayes and Rawlins'”*
prepared stable PEO surfaces on polystyrene (PS) latex particles or beads using
PEO-PPO triblock copolymers with longer hydrophobic PPO segments and showed



minimized protein adsorption. Tan et al.*' also modified PS latex nanoparticles by

PEO-PPO block copolymers and showed minimized interactions with blood com-
ponents and prolonged blood circulation in rats. Illum and coworkers® % reported
the influence of PEO—PPO block copolymers as surface modifiers on macrophage
uptake and organ distribution of PS particles. Breemhaar et al™™ showed that the
avoidance of macrophage uptake can be achieved by the adsorption of PEO-PPO
block copolymers onto PS microspheres. Bridgett e al*™ and Humpbhries et af st
reported reduced bacterial adhesion to PS surfaces coated with PEO-PPO block
copolymers. Owens ef al ®® coated octadecyldimethylsilane-treated glass beads with
a PEO-PPO-PEO triblock copolymer with longer PEO chains and observed inhibited
cell adhesion. Amiji et al. ! used different PEO-PPO-PEO triblock copolymers
with varying chain lengths of PEO and PPO and showed that the copolymers contain-
ing a minimum of 56 PO residues and 19 EO residues are sufficient to repel proteins
and platelets. Gingell ef al 212 prepared PEO surfaces on octadecyldimethylsilane-
treated glass beads using PEO-PBO triblock copolymers with long PEO and PBO
blocks and showed that these block copolymers can totally inhibit platelet adhesion
and spreading. Grainger et al.''” prepared PEO surfaces on glass beads using PEO-PS
block copolymers. Maechling-Strasser et al?® prepared glass and silica beads
adsorbed with poly(N-acetylethyleneimine)-PEO—poly(N-acetylethyleneimine) block
copolymer to obtain steric exclusion chromatography supports which are non-
adsorbent for proteins.

Another method of preparing PEO surfaces involves Langmuir—Blodgett (LB)
deposition of PEO block copolymers such as a PEO-poly(y-benzyl-L-glutamate)
ccr[:nolymcrf]ﬂ It was reported that a LB film consisting of PEO—poly(y-benzyl--
glutamate) copolymers results in high-quality monomolecular assemblies displaying
high degrees of structural order. Platelet adhesion onto the LB film and solvent-cast
film were compared.

_The adsorption of PEO-containing amphiphilic copolymers onto hydrophobic sur-
faces provides the simplest method of preparing PEO surfaces for the prevention of
protein adsorption and platelet adhesion. This method has numerous biomedical
application areas, including chromatographic supports, contact lenses, catheters and
more complicated medical devices, due to its simplicity and non-specificity. A main
disadvantage with this approach, however, is that the immobilized polymers do not
permanently remain on the surface.

4.3. Covalent Grafting

Covalent grafting of PEO or PEO derivatives to substrates is the most effective way
of creating a permanent PEO surface. Several techniques have been used to attach
PEO covalently to surfaces. These include direct coupling techniques which lead to
surfaces containing pendant PEO chains.”"? ™ The direct coupling methods employ
PEO molecules which have first been derivatized using a reactive coupling agent. The
activated PEO then reacts with a functional group on the surface. Akizawa et gl
and Kishida er al.”* coupled methoxy PEO with a terminal carboxyl group to form an

Cl
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Fig. 6. Covalent grafting reaction of cyanuric chloride-activated PEO to an amine-
derivatized PET film surface (from ref. 221).

ester linkage with the hydroxyl groups of cellulose dialysis membranes. They observed
improved dialysis efficiency and blood compatibility with PEO grafting. Desai and
Hubbell?'#?2 grafted cyanuric chloride-activated PEO to amine-derivatized PET
surfaces (Fig. 6). They observed about a 50% decrease in plasma protein adsorption
and more than 90% decrease in platelet adhesion using PEO (MW 18,500 and
100,000)-grafted surfaces. Bergstrom et al P covalently bound linear PEO and
branched PEO with four arms to PS and showed that fibrinogen adsorption is
significantly reduced by coating PS with either linear or branched PEO of
MW 1500-20,000. Sefton and coworkers?”*~**7 immobilized PEO onto glutaralde-
hyde-crosslinked PVA hydrogel via either an aldehyde or an isocyanate group.
They reported that the PEO-immobilized hydrogel reduces albumin adsorption and
platelet adhesion on the surface. Kiss et al>® prepared densely packed PEO surfaces
by grafting PEO onto PE and mica substrates. Monofunctional PEO-aldehyde was
coupled by means of reductive amination to primary and secondary amino groups of
polyethylene imine (PEI) adsorbed on oxidized PE and mica.”? The adsorption of
plasma proteins to these PEO surfaces was studied by means of ellipsometry and
ESCA. Kim and coworkers?*~* grafted PEO onto segmented PU surfaces via
isocyanate groups and the PEO was further coupled with hepzurin.241 Both ends of
PEO were derivatized with diisocyanate functional groups by reacting toluene 2,4-
diisocyanate (TDI) and PEO. The isocyanate-derivatized PEO molecules were then
grafted onto a segmented PU surface through a reaction between the urethane urca
and the terminal isocyanate groups of isocyanate-derivatized PEO. The other
synthetic scheme to obtain PEO-grafted PU surfaces involves the coupling of hexa-
methylene diisocyanate (HMDI) to segmented PU. The free isocyanate groups
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Fig. 7. Two basic types of photoreactive reagent: (A) aromatic azide; (B) substituted BP (R,
attachment site for polymers to be coupled) (from ref. 246).

attached to PU were then coupled through a condensation reaction to terminal
hydroxyl end groups on PEO molecules to obtain a PEO-grafted PU surface. The
PEOQ-grafted PU was again coupled with HMDI to introduce reactive isocyanate
groups. The PEO-grafted PU surfaces were finally coupled to heparin functional
groups (~OH or —-NH,). It was shown that the PEO-grafted surfaces have enhanced
in vitro, ex vivo and in vivo blood compatibility. Han et al *27% also grafted PEO onto
PU surfaces via isocyanate groups and further sulfonated the terminal hydroxyl
groups of the grafted PEO by propane sulfone. They obtained similar results to
Kim and coworkers.

The chemical coupling method is possible only if the surface has chemically active
functional groups which can react with PEO derivatives. This limits the application of
this technique to certain biomaterials. In addition, the grafting procedures can be very
complicated and are often time-consuming.

For inert surfaces without any functional groups, such as PE, polypropylene (PP)
and polytetrafluoroethylene (PTFE), PEO grafting is possible only when the surface is
premodified with reactive functional groups. However, grafting by use of UV or v
irradiation may not require premodification of the polymer surface.

For photochemical surface modification, two basic types of photoreactive reagents
_ aromatic azide and substituted benzophenone (BP) — have commonly been used
(Fig. ?).246 Upon UV irradiation, the aromatic azide undergoes an irreversible photo-
lysis with generation of nitrogen gas and a highly reactive nitrene intermediate. This
nitrene intermediate is capable of addition to carbon-carbon double bonds to form
aziridine ring systems and of direct insertion into carbon—hydrogen bonds to form
secondary amines. BP undergoes photochemical excitation with the initial formation
of an excited singlet state, which can then undergo intersystem crossing to a triplet
state. This highly reactive intermediate is then capable of insertion into carbon-
hydrogen bonds by abstraction of a hydrogen atom from the polymer surface, fol-
lowed by collapse of the resulting radical pair to form a new carbon—carbon bond.*’
Either reaction event results in a covalent coupling process that is relatively indepen-
dent of the chemical composition of the surface. This permits the modification of a
wide variety of medical device materials.

Allmer et al.2*® covalently coupled PEO chains to a glycidyl methacrylate (GMA)-
bound PE surface. PE films were pregrafted with GMA by UV-irradiating the film

- e lead b thn FIAAA aeafiad curface theaneh reaction with

e

the epoxy groups. It was observed that the adsorption of transferrin onto this PEO-
grafted surface was sufficiently reduced as compared with a pure PE surface. Tseng
and Park®® synthesized PEO—phenyl azide for photo-induced grafting to various
polymeric substrates. They showed that platelet adhesion decreases by 95% on
PEO-grafted dimethyldichlorosilane (DDS)-treated glass as compared with that on
control DDS glass. Nakayama and Matsuda®® grafted a cinnamated PEO onto a
polycinnamate—coated PET film by exposure to UV light. They observed minimal
cell adhesion on such a surface. Brinkman el al ¥ prepared a network of PEO
immobilized on segmented PU substrates. The PU substrates were dipped in a solution
of PEO in the presence of dicumyl peroxide (DCP). After drying, the PEO-DCP-
coated substrates were UV?! or heat-treated™* to prepare PEO-immobilized surfaces.
Platelet deposition with tubing in a capillary flow system was investigated, and it was
found that on surfaces modified with high-molecular-weight PEO (180,000) such
deposition is almost absent.

High-energy 7 or electron beam irradiation has also been used to graft PEO to
various substrates by generating free radicals on the surfaces. > %> Amiji and
Park®’ grafted PEO-PPO-PEO block copolymers to DDS glass by 7-irradiation.
They reported that effective grafting is achieved when the copolymer-adsorbed DDS
glass is exposed to vy-irradiation in the presence of an aqueous buffer. Platelet adhesion
decreased by 85% on the PEO block copolymer-grafted DDS glass as compared with
that on control DDS glass. Gamma irradiation may be effective to graft PEO on
polymer substrates; however, irradiation at high doses may alter the bulk properties
of some polymers such as polypropylene (PP).

Plasma glow discharge techniques have also been used to graft PEO onto polymeric
substrates. 226! Gombotz et al.2**7 coupled bis-amino PEO to cyanuric chloride-
activated PET films. Prior to PEQ immobilization, amino groups were introduced on
to the PET films by exposing them to an allylamine plasma glow discharge. The amino
groups on the PET film were next activated with cyanuric chloride and then reacted
with bis-amino PEO. It was found that the adsorption of albumin and fibrinogen
decreases with increasing molecular weight of immobilized PEO. Wang and
Hsiue>*® prepared PAA-grafted PE films by plasma glow discharge and then cova-
lently immobilized bis-amino PEO onto the PAA-grafted surface by a chemical
reaction using a coupling agent, ]-cyclohexyl-3-(2-morpholinoethyl) carbodiimide
metho-p-toluenesulfonate (CMC). Sheu et al. introduced a method of grafting PEO-
containing block copolymers, alkyl PEO block copolymers™*?** and PEO-PPO-
PEO triblock copolymers,”®' by exposing the adsorbed copolymers to plasma glow
discharge (Fig. 8). A large reduction of fibrinogen adsorption on the PEO-grafted
LDPE surfaces was observed for the high-PEO-content copolymers. :

4.4. Graft Copolymerization

Pplymer surfaces modified by graft copolymerization carry several macromolecular
chains which are covalently attached to the polymer substrates. Modifying the poly-
mer surfaces by graft copolymerization of monomer is made possible by utilizing
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Fig. 8. Schematic diagram showing argon plasma discharge treatment for the immobilization
of PEO-containing block copolymers (from ref. 261).

initiating species like free radicals or peroxides which are generated on polymer
substrates by UV, high-energy - irradiation, plasma discharge or corona discharge.
Methoxy PEO monomethacrylate macromers are commonly used to prepare this type
of PEO surface.

Mori et al.'® prepared PEO surfaces by photo-induced grafting of methoxy PEO
methacrylates with PEOs of different molecular weights to a poly(vinyl chloride)
(PVC) surface in the presence of dithiocarbamate (DTC). PVC was reacted with
sodium N,N-dithiocarbamate to introduce DTC groups, which are necessary for
photo-induced graft copolymerization. Then methoxy PEO methacrylates with PEO
chains of various chain lengths as side chains were graft-copolymerized to PVC

| is immediately exposed’ to'air once
| prepared PEO surfaces by radiation-induced graft copolymerization of methoxy

containing DTC groups, using UV irradiation. It was found that plasma protein
adsorption and platelet adhesion significantly decrease on PEO-grafted surfaces
with increasing PEO chain lengths up to 100 EO residues. Brinkman et al®®' have
also studied photo-induced graft copolymerization of the same macromer onto PU
surfaces in the presence of DCP. Platelet deposition on PU surfaces grafted with
methoxy PEO 400 methacrylate was almost absent. Golander et al®® prepared
PEO surfaces by the photopolymerization of monoacrylated PEO onto PVC and
sulfated PE in the presence of hexanediol diacrylate. They found exceptionally low
degrees of protein adsorption on these PEO surfaces.

A number of research groupshavecarried outradiation orplasma-induced 13200
graft copolymerization to improve blood compatibility of polymeric materials. These
graft copolymerizations employ the pre-irradiation technique. The active species for
polymerization (free radicals or peroxides) are separately generated prior to polymer-
ization of the monomer. In the case of plasma-induced graft copolymerization, free
radicals would directly initiate graft copolymerization if the polymeric material sub-
jected to plasma is not exposed to an oxygen-containing atmosphere prior to poly-
merization. On the other hand, graft copolymerization is initiated following
decomposition of ‘peroxides, i.e.; if the substrate polymer is irradiated in air or
irradiation has occurred.*® Sun et ], 263264

263267

PEO methacrylates onto silastic films by the radiation technique in the presence of

| Cu" ions to prevent homopolymer gelation. About :70% decrease in fibrinogen

adsorption was observed when the number of EO residues of the grafted PEO was 100.

__Pla's_ma’_' exposure generates initiating species for polgmcrization only in the surface
region of the exposed substrate polymer. Chinn et al.?®® modified PET and PS surfaces
with a plasma discharge of ethylene oxide for the purpose of cell culture. Fujimoto et
al.'” prepared PEO surfaces by graft copolymerization of methoxy PEO methacry-
lates onto PU films using a plasma discharge technique. They treated PU films with
argon plasma to introduce peroxides on the surface. The film was then reacted with an
aqueous methoxy PEO methacrylate solution in a nitrogen gas atmosphere at an
elevated temperature to allow the peroxides on the surface to thermally decompose
and initiate the graft copolymerization of the macromer. It was observed that the
PEO-grafted PU surface shows reduced protein adsorption in vitro and reduced
platelet adhesion in vitro and ex vivo. It was suggested that the optimum graft density
suppressing the protein adsorption is as low as 5 ;;gfcmz.

We prepared ‘PEO gradient surfaces’ where the surface density of the grafted PEO
chains is changed gradually along the sample length (Fig. 9).2% The PEO gradient
surfaces were produced on the PE films by a corona discharge treatment with gradu-
ally increasing power (Fig. 10) followed by graft copolymerization of PEO mono-
methacrylates (Fig. 11). By the corona discharge treatment, peroxides are formed
on polymer surfaces. The peroxide groups produced on the PE surface increased
gradually with an increase in the corona power.2™ The peroxides act as initiators
for graft copolymerization. The density of the PEO chains grafted onto the PE surface
increased gradually due to the peroxides with gradually increasing surface density, as
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Fig. 9. Schematic diagram showing a PEO gradient surface.

seen in Fig. 9. The corona discharge treatment is a simpler and more practical method
than the plasma discharge method because polymer sheets are directly treated in air at
atmospheric pressure within a few seconds, whereas the plasma discharge method is
carried out under vacuum. We found that plasma protein adsorption and platelet
adhesion on the PEO gradient surfaces are gradually reduced by increasing the PEO
chain length and the PEO surface density.

4.5. Other Surface Modifications

Polymer substrates have also been modified with PEO by surface entrapment tech-
niques. Desai and Hubbell?”! developed a technique to incorporate PEO onto the
surfaces of various base polymer substrates. The technique involved immersing the
polymeric material to be modified in a liquid that is a mutual solvent for the polymer
substrate and PEO. They suggested that the interface between the substrate and the
liquid begins to swell and results in loosening of the polymer network on the surface of
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' Fig. 11. Possible mechanism for the formation of PEO gradient surfaces by corona discharge
treatment followed by graft copolymerization of PEO monomethacrylates.

the base polymer substrate. Thus the PEO molecules are free to diffuse into the
semidissolved interface. After some time the system is quenched with water, which
is a non-solvent for the polymer substrate but is mutually soluble with the immersion
solvent, resulting in collapse of the swollen interface, entrapping the PEO chains
within the base polymer network. It was found from protein adsorption studies,
fibroblast adhesion assays and whole blood perfusions over these PEO-entrapped
polymer surfaces that the surface modified with PEO 18,500 is very effective in
reducing the tested biological interactions. A similar technique has been studied by
Ruckenstein and coworkers®’>~*™ using PEO-containing block copolymers.

Wesslen and coworkers?”>?’® modified segmented PU surfaces through the use of
PEO-containing block copolymers as additives. They showed that adsorption of
fibrinogen is significantly reduced by the additives to levels similar to those obtained
for PU surfaces grafted with PEO.

5. CONCLUSIONS

In this article, we have reviewed the unique solution properties of PEO in water,
factors involved in PEO’s passivity, which is closely related to its solution properties in
water, and various techniques to prepare PEO surfaces.

It appears that PEO in water has rapid motions and a large excluded volume

compared with the less water-soluble or insoluble polyethers and other water-soluble
synthetic polvmers As we consider the sirnetnres of the nalvethers (see Tahle 1) and



water-soluble synthetic polymers (see Fig. 2), we can expect that PEO will be the most
flexible in water among those polymers because it does not have bulky side groups
attached to the backbone and is uncharged. Thus, PEO segments will not be sterically
hindered in water and will be highly mobile (see Table 4). PEO molecules are highly
interactive with water, as evidenced by the high values of the second virial coeflicient
or low values of the polymer—solvent interaction parameter. However, PEO molecules
will minimally perturb the structure of water itself because they will nicely fill out
water lattice points (by oxygen atoms) and voids in the water structure (by ethylene
segments) without distortion of water lattices if the suggestion by Kjellander and
Florin®®*' is true. Other polyethers or water-soluble polymers will distort water
structure due to the unsuitable distances of neighbouring and next-neighbouring
ether oxygen atoms or bulky side groups.

We considered interfacial free enerpies, steric stabilization effects, and solution
properties as the main factors for protein resistance of the surfaces with adsorbed
polymer layers. Among the water-soluble polymers, PEO is particularly effective for
protein resistance, probably due to a combination of factors such as minimum inter-
facial free energies with water and the unique solution properties in water, such as
almost unlimited solubility, good structural fit between PEO and water, high mobility,
large excluded volume, and hydrophilicity.

Direct and quantitative evidence for repulsion between two PEO surfaces has been
studied by Klein and Luckham,?”"?" and Claesson and Golander’” using the curved
mica surface force apparatus developed by Israelachvili e al P98 Measurements of
interactions between two protein-coated surfaces™** and between PEO and protein-
coated surfaces using this apparatus are in progress by several groups to understand
the interaction behaviour of proteins with PEO. There are many forces involved in
interactions between a PEO surface and proteins. For protein resistance, repulsive
forces by the combined factors for PEO’s passivity (discussed in this article) should be
larger than attractive forces such as van der Waals forces between the surface and
proteins or between the PEO chains and proteins, hydrophobic forces between the
surface and proteins or between the ethylene segments of the PEO chains and pro-
teins, and hydrogen bonding of the ether oxygens of the PEO chains with proteins.

PEO surfaces have been prepared by bulk modifications such as block copolymer-
ization and crosslinking to produce PEO networks. Bulk modification to produce PEO
surfaces may be promising for some applications if the material is composed of PEO
throughout. However, the mechanical properties of PEO networks or hydrogels are
not good enough for many applications. Also PEO does not usually exist as pendant
chains and is attached by both ends to the copolymer segments. Thus PEO chain
mobility is restricted. Immobilization of PEO or its derivatives onto the surface of
polymeric substrates with high mechanical strengths has been attempted by many
research groups.

PEO surfaces have been prepared by physical adsorption of high-molecular-weight
PEO or various PEO-containing amphiphilic copolymers onto hydrophobic polymeric
substrates. This approach may provide a simple, rapid and effective means of producing
PEO surfaces, if the PEO-containing copolymers can be adsorbed strongly onto the

surfaces. However, the immobilized polymers do not permanently remain on the surface.

Covalent grafting of PEO or PEO derivatives to polymeric substrates is the most
effective way of creating a permanent PEO surface. Several techniques have been used
to attach PEO covalently to surfaces. These include direct chemical coupling of PEO
derivatives onto substrates. However, this method is possible only if the surface has
chemically active functional groups which can react with PEO derivatives. This limits
the application of this technique to certain biomaterials. In addition, the coupling
procedures are usually very complicated and time-consuming. For inert surfaces with-
out any functional groups, PEO grafting has been carried out using UV irradiation,
high-energy ~ irradiation and plasma glow discharge. Other covalent PEO grafting
methods includes graft copolymerization of PEO-containing macromers on polymer
substrates. The polymer substrates are pre-irradiated using UV irradiation, high-
energy - irradiation, plasma glow discharge or corona discharge to produce active
species on the surface prior to polymerization of the macromer.

Many newer approaches are being attempted to prepare stable and effective PEO
surfaces by simple and rapid means. If we can find an effective way to produce PEO
surfaces simply and non-specifically on various polymeric materials, it will be very
promising for a host of biomedical applications.
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fvhulsion componant due to polymer chain interpenatration (Rel. 8). appears thay
PEOD surfaces in water are particularly effective in axhibiting rapid motions (Rel. 9) ang
a large excluded volume, thereby actively minimizing the adsorption of proleins, Ag
seenin | and J of Fig. 3, the star-like block surdactant at high concentralion shows 5
protein repulsion effact similar 1o that of the alternate block surfactant, even though itg
adsorbed amount on LOPE was very small (compare G and Hin Fig. 3). This resyh
suggests that Ihe mobility of PEQ chains is an impariant factor for protein repulsion
bacause the star-like block has tail-type PEO chains which are mora mabile than the
loop chain present in the alternate block copolymar,

Work on other novel polymeric surfactants is in progress.
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Fig. 3. Surfactants with different structure. (PPO chain length, 29-30

s PBO chain length, 25 PEO Wt % , 40 : —~——— PPO or PBG . ,PEO)
A:D) Surface tensions &f the surfactant in aqueous solution,
E-H) Adsorted amount of the surfactants on LDPE (-*-. 30min adsorption

. @, 30min desorption after 30min adsorption),

IJ) Adsorption of HSA (30min In 1mgiml in PBS buffer solttion (PH=7.4))

on the surfactant-reated surfaces.
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