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Surface interactions, as revealed by surface force studies between mica sheets in 0.1-0.2 M KNO;
aqueous electrolyte, are critically examined for three different types of macromolecules adsorbed on the
surfaces: flexible uncharged polymer, flexible charged polyelectrolyte, and rigid rod protein. Aspects of
specific and nonspecific effects, such as surface conformation, the origin of repulsive interactions and
the possibility of attractive bridging, as well as the question of equilibrium and reversibility for such
adsorbed macromolecular layers, are compared and contrasted. © 1986 Academic Press, Inc.

I. INTRODUCTION

The forces acting between two solid surfaces
across a liquid medium may be profoundly
modified by the adsorption of macromolecules
on the surfaces, even at adsorbances of well
below a “macromolecular monolayer” (1, 2).
The essential reason for this is that the range
of field-type forces acting between “‘bare” sur-
faces (such as attractive dispersion forces, or
repulsive long-ranged electrostatic double-
layer effects) is comparable with, or less than,
the thickness of the adsorbed macromolecular
layers; the interactions then become charac-
teristic of those between the adsorbed phase
rather than the adsorbing substrate. Figure 1
illustrates this schematically, for both flexible
polymers and rigid macromolecules, such as
proteins.

Over the past few years we have studied in-
teractions between atomically smooth mica
surfaces immersed in liquids, both in the ab-
sence and in the presence of macromolecules
adsorbed onto the surfaces from the solution.
In this way the modification of the surface
forces induced by the adsorbed layers was de-
termined directly in a variety of different con-
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ditions. These include the use of flexible un-
charged polymers of different molecular
weights in different solvency conditions,
charged polymers, surfactants, and rigid rod-
like proteins, and also the use of both aqueous
and nonaqueous solvents as media (3-8). In
addition we were able to control the extent of
adsorbance of macromolecules during an ex-
periment, and so to characterize the effect of
surface coverage on the surface-surface inter-
actions (7, 9).

The experimental technique used is based
on multiple-beam interferometry to measure
the separation between the mica sheets, and
was pioneered by Tabor and co-workers in
Cambridge for surface forces in air and under
vacuum (10, 11), and later extended by Isre-
lachvili and co-workers in Australia for sur-
faces immersed in liquid media (12). The ge-
ometry is that of crossed-cylinders, of radii R,
and R, (R, R, ~ 1 cm), a closest distance D
apart (Fig. 2). By measuring the separation D
between them (in the convenient range 0-3000
A, with a resolution of +3 A) while indepen-
dently moving one of the surfaces by known
amounts, the force F(D) between them is di-
rectly determined from the bending of a leaf
spring supporting the other surface (3, 12). In
order to compare results of different experi-
ments, the Derjaguin approximation (13) is
used, where
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FIG. 1. Schematic illustration of macromolecular adsorption. (a) Nonspecific adsorption of flexible, un-
charged polymers. (b) Adsorption of rigid macromolecules in specific surface orientations. (c) Adsorption
of rigid macromolecules with consequent deformation.
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gives the surface energy per unit area E(D) be-
tween two flat parallel plates a distance D
apart, obeying the same force—distance law
H(D). In this way the effect of different cur-
vatures R;, R, (in different experiments) is
normalized out, and contact can be made with
theoretical models in which it is E(D) that is
usually evaluated (2). In addition, the optical
technique allows a simultaneous measure of
the mean refractive index n(D) of the medium
in the gap between the surfaces: this gives a
measure of the adsorbance on the surfaces (3).
In this paper we examine specific and non-
specific features of forces between surfaces, as
revealed by the force—distance profiles, which
are the primary output of our investigations.

II. SPECIFIC AND NONSPECIFIC
SURFACE FORCES

Field-type interactions between smooth
solid surfaces across a liquid include attractive
van der Waals forces, and possible repulsive
forces due to formation of electrostatic double-
layers (in ionic media) arising from ion ad-
sorption onto the surfaces; these constitute the
basic ingredients of the generally successful
DLVO theory of colloidal stability (14, {5).
In addition, at surface separations up to several
diameters of the liquid molecules, the affinity
of liquid to the surface (16) (solvation effects)
and possible ordering of molecular layers close
to the interface (17) may lead to a repulsive
contribution (though in the present discussion
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we shall be considering surface separations
where such effects are unimportant). The ad-
sorption of macromolecules at the solid-liquid
interface brings into play a different set of fac-
tors (1).

It is convenient to divide these into specific
and nonspecific effects: the former are more
likely to be found in the case of adsorbed rigid
or charged macromolecules (such as proteins,
which have a very specific structure) in polar
media (18). They include electrostatic inter-
actions between opposing adsorbed species
which may be sensitive to the relative config-
uration of the (rigid) macromolecules with re-
spect to the surface and to each other (for ex-
ample, specific functional groups may be pref-
erentially adsorbed, or repelled, by a given
surface: their contribution to the surface—sur-
face forces will then be suppressed, or en-
hanced), as sketched in (Fig. 1b); possible dis-
tortion by the surface of a rigid macromolec-
ular structure, with consequent rearrangement
of interacting sites and polymer dimensions,
as sketched in Fig. 1c; and surface—surface in-
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teraction characteristics which are strongly
history-dependent (for example, if the ad-
sorbed layers have been previously com-
pressed). Clearly, in order to interpret the re-
sults of model studies on surface interactions
which involve such specific effects, it is im-
portant to have detailed information on the
configuration of the surface-adsorbed macro-
molecules.

Nonspecific effects with adsorbed macro-
molecules are those usually associated with
uncharged polymers (Fig. 1a), with identical
monomers strung along an essentially linear
flexible backbone. They include osmotic in-
teractions between opposing adsorbed seg-
ments (whose sign and magnitude depend on
solvent “‘goodness”); repulsive effects asso-
ciated with entropy reduction arising from
volume exclusion due to the impermeable ad-
sorbing substrates at small surface separations;
and attractive “bridging” which occurs when
a given polymer is adsorbed simultaneously
on both surfaces spanning the gap between
them (9). Comprehensive reviews have been
given (1, 2). The adsorbed polymers adopt a
wide range of configurations which are con-
tinually interchanging, and both the interpre-
tation of model investigations and theoretical
calculations can rely on a statistical approach,
which does not need detailed knowledge of
specific configuration. This is because cven

when the detailed surface-monomer interac-’

tions differ from one case to the other, and
highly specific configurations may be obtained
very close to the solid-liquid interface itself,
the effect of this on the overall polymer con-
figuration decays beyond a few statistical steps
of the flexible chain away from the adsorption
site. In addition, surface interactions in such
systems generally exhibit a quasiequilibrium
behavior which is not history dependent, once
adsorption has taken place; the adsorption
process itself, however, is often effectively ir-
reversible due to the large binding energies in-
volved per molecule. In the following sections
we contrast specific and nonspecific features,
in surface interaction phenomena, in systems
with adsorbed charged and rigid molecules
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with those bearing flexible, uncharged poly-
mers.

III. REVERSIBILITY, RANGE, AND
RELAXATION EFFECTS

Figures 3-5 show force—distance profiles
between mica sheets bearing three different
types of macromolecules: (a) an uncharged,
flexible polymer, polyethylene oxide (PEO)
(taken from Ref. (4)); (b) a polyelectrolyte,
poly-L-lysine, which is fully ionized in the
aqueous electrolyte medium (taken from Ref.
(6)); (¢) a rigid biological macromolecule, mo-
nomeric (calf-skin) collagen (19) (taken from
Ref. (3)). Their molecular characteristic are
given in the figure legends. In all cases the me-
dium is aqueous KNOs, of molarity 0.1, 0.1,
and 0.2 M for (a), (b), and (c), respectively.
We focus here on the three features noted in
the section heading, and the contrast between
the three systems.

(a) Polyethylene Oxide

The solid line A in Fig. 3 represents the
quasiequilibrium or “relaxed” force law for
this system: following overnight incubation of
the mica surfaces in the PEO solution they are
brought together and the force profile A is fol-
lowed up to the point of closest approach C.
If they are slowly taken apart (or decom-
pressed; around 1 h for the surface separation
D to go from 6 to 200 nm) curve A is again
followed; subsequent compression again fol-
lows curve A. However, if the surfaces are
compressed to C and then rapidly withdrawn
(some 5 min for D going from 6 to 200 nm,
this being the time necessary for measure-
ments) then force profile B (broken curve) is
indicated; and immediate subsequent re-
compression again follows curve B. On the
other hand, if a rapid decompression is fol-
lowed by a “waiting time” of 1 h or longer,
then once again profile A is followed on
compression. Intermediate rates of compres-
sion and decompression fall between the “re-
laxed” curve A and the “unrelaxed” curve B.
The central point however is the existence of
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FIG. 3. Interaction—distance profile between mica sur-
faces (geometry as Fig. 2, R = VR, R,) following overnight
incubation in a dilute solution of monodispersed poly-
ethylene oxide (—CH,—CH,—0—),, of molecular weight
M = 1.6 X 10°, in aqueous 0.1 M KNO;. Solid curve A
and broken curve B represent the “relaxed” and “unre-
laxed” limits (see also text). Taken from Ref. (4).

a quasiequilibrium force law at sufficiently low
rates of surface compression, corresponding
to curve A.

(b) Poly-L-lysine

An entirely different behavior is exhibited
by the charged poly-L-lysine layers, shown in
Fig. 4a. The broken curve A represents the
force profile on a first approach following
overnight incubation, to the point of closest
approach C. On decompression, however, at
whatever rate,the force profile follows dotted
curve B, very much closer in: subsequent
compression and decompression force profiles
all fall (within error) on curve B. Thus an ir-
reversible distortion of the adsorbed poly-L-
lysine appears to take place following the first
compression: no relaxation of the surface lay-
ers occurs following this first approach of the
surfaces, even when they are subsequently held
far apart in solution for many hours. This is
in sharp contrast to the case of the adsorbed
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PEO (Fig. 3), where for time scales of over ca.
1 h the behavior always reverts to its “relaxed”
value (curve A, Fig. 3). The experimental ap-
proach moreover allows us to determine that
it is not desorption of the polyelectrolyte which
is responsible for the “moving in” of the force
profile following a first compression: Fig. 4b
shows the refractive index profile n(D) deter-
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F1G. 4. (a) Interaction—distance profile between mica

surfaces following overnight incubation in a dilute solution
of poly-L-lysine,

(—CH—CH—CO—),,
(CH,),NHZ

M = 9 X 10* (n = 700), in aqueous 0.1 M KNO;. The
broken curve is the single-stage compression (A) and de-
compression (B) profile. The solid curves are for a mul-
tistage compression-decompression profile. Broken curve
B also represents the final behavior of the system following
compression (see text). (b) Refractive index profile for the
adsorbed polylysine. (@) First compression (corresponding
to curve A on force profile, (a)). (O) Second compression
(corresponding to curve B on force profile, (a)). Taken
from Ref. (6).
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mined during both first and subsequent
compressions, and shows that, within error,
n(D) remains unchanged. This implies that the
amount of polymer within the gap remains
constant.

The solid curves A, B, in Fig. 4 show the
behavior during a multistage compression—
decompression cycle for the mica sheets with
adsorbed polylysine; curve A, is a first partial
compression following initial incubation, and
B, is the corresponding decompression curve;
the surfaces are then taken a long way apart
and brought in again, whereupon initial re-
pulsion begins closer in, and follows curve A,;
B, is the corresponding decompression force
profile, and so on down to the position of the
single-step decompression profile (broken
line), following which all subsequent
compression/decompression curves lie on that
profile. This experiment clearly shows the
progressive nature of the irreversible
compression of the adsorbed polylysine layers.
It has been interpreted in terms of an initial
configuration of the adsorbed polyelectrolyte
which is metastable and highly extended from
each surface due to a space-charge region
within the adsorbed layer. On mechanical
compression more (positively charged) lysine
monomers are forced onto the (negatively
charged) mica surfaces, there to adhere
strongly and quasiirreversibly. Clearly, such
an interpretation requires additional infor-
mation—for example, on the coverage of the
substrate by surface-bound monomers—for
confirmation. Such information must come
from independent surface analysis studies.

(¢) Monomeric Collagen

Figure 5 shows the results of preliminary
force-measurements between mica sheets fol-
lowing incubation (for two concentrations) in
monomeric collagen solution, taken from Ref.
(3). A rapid initial rise in repulsive force com-
mencing at D ~ 650-700 nm is followed by a
flatter rise (on a log-linear plot) down to 20~
30 nm. Decompression from the point of clos-
est approach results in rapid fall-off of the re-
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FIG. 5. Force profile between mica sheets following
overnight incubation in dilute solution of monomeric col-
lagen in aqueous 0.2 M KNO;, for two different solution
concentrations. Curve A, 10 ug-ml™; curve B, 1.8
pg+ml™!, Taken from Ref. (3).

pulsion, and subsequent approaches indicate
an onset of repulsion occurring considerably
further in then 700 nm. Though we did not
investigate this behavior in as much detail as
in the model polypeptide (poly-L-lysine) study,
both the shape of the force profile and the
irreversible nature of the compressive distor-
tion are similar for these charged macromol-
ecules (one flexible, the other a rigid rod),
and differ qualitatively from the case of the
uncharged PEO.

Two further features in the force profiles for
the above systems deserve comment: the range
of interactions between the macromolecule-
bearing substrates and the origin of the repul-
sions. If we take the separation D at onset of
repulsion as a measure of twice each adsorbed
layer thickness 6, we find that for PEO this
thickness D = 26 ~ 80 nm corresponds to 6
=~ 3Ry, where R, is the unperturbed radius of
gyration of the PEO sample of Fig. 3 (M = 1.6
X 10°, R, = 13 nm). Adsorbed PEO samples
of different M values, in the range 4 X 10%-
1.2 X 106 also exhibit similar layer thicknesses
(i.e., 3-4 R, for the respective polymers) char-
acteristic of flexible polymers adsorbed in good
solvent systems (1). (0.1 M KNO; is a mod-
erately good solvent for the PEO.) For the
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poly-L-lysine onset of interaction is at around
D = 120 nm, corresponding to 6 ~ 7-8R, for
this sample (M = 90,000, R, ~ 8 nm) or over
twice that for the uncharged polymer in terms
of unperturbed dimensions. This is in line with
what one expects of fully ionized polyelectro-
lytes in solution, where mutual charge repul-
sion leads to chain extension; we note however
that the fully extended polypeptide chains
would be some 37R, in length for this sample,
so that a considerable degree of coiling is in-
dicated for the adsorbed polyelectrolyte. Fi-
nally, we note the range for onset of repulsion
in the case of the rigid collagen monomers is
D ~ 650 nm or some twice the rod length of
this protein (19) (length ~ 300 nm, diameter
~ 2 nm); this suggests that the proteins are
adsorbed standing end-on on the mica sub-
strate. This observation is corroborated by
viscometric studies of the hydrodynamic
thickness (ca. 400 nm) of glass-adsorbed col-
lagen monomer (20); and especially by radio-
metric measurements (21) on adsorption of
radiolabeled monomeric collagen onto glass
and mica: these showed an adsorbance of ~1
mg-m~2, which rules out any thick, multi-
layer, side-on adsorption of the collagen, and
suggests a rather sparse “forest” of collagen
rods sticking out from the surface. This is con-
siderably different from both the PEO and po-
lylysine adsorption modes, and suggests a be-
havior highly specific to this rod-like protein.

The origin of the repulsive forces for the
two ionized adsorbed species (Figs. 4, 5) is in-
dicated by the F vs D variation in the initial
stages of the interaction: in this regime the
force varies as

Foce?

for both the collagen and the flexible polypep-
tide: the value of 1/« (~1 nm) corresponds
closely to the Debye screening length (14, 15)
expected for electrostatic (double-layer) re-
pulsion at the ionic strengths (0.1-0.2 M
KNO:;) of the aqueous electrolyte. Thus these
initial stages are dominated by the electrostatic
interactions between the macromolecule-
bearing mica surface. For PEO, on the other
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hand, the initial rise in F(D), which is also
quasiexponential, has a “decay-length” of
some 8 nm, very different to the Debye
screening length at 0.1 A KNOj. The repul-
sion for the PEO then is of different origin; it
is associated with osmotic repulsion between

~ opposing segments in the good solvent me-

dium.

IV. LONG-RANGE ATTRACTIVE
SURFACE FORCES

One unique mode by which adsorbed flex-
ible polymers may modify surface interactions
is that of bridging: when a single polymer is
simultaneously adsorbed on both surfaces,
spanning the gap between them, as indicated
schematically in Fig. 6. The contribution of
such bridging is always attractive (1); in good
solvent conditions there is in addition a re-
pulsive component resulting from the osmotic
interactions of polymer segments within the
gap, and the net force acting between the sur-
faces depends on the relative magnitudes of
the bridging and the osmotic effects. Broadly
speaking, for polymer volume fractions ¢ in
the intersurface gap, the contribution of (at-
tractive) bridging goes approximately as ¢,
while that of the osmotic repulsion goes ap-
proximately as ¢? (for a given separation D,
and making the zero-order assumption that ¢
is uniform across the gap). Thus at sufficiently
low ¢ (and hence low adsorbance) bridging
attraction should be the dominant effect, even
in good solvent conditions.

Recently, together with Paul Luckham, we
measured surface forces between mica sheets
immersed in a solution of high-molecular-
weight PEO (M = 1.2 X 10% in 0.1 M KNO,
aqueous electrolyte under conditions where

FI1G. 6. Schematic illustration of “bridging.”
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the amount of polymer adsorbed could be
limited to low values. This was done by main-
taining the surfaces very close together (D
~ 20 um) during the incubation in solution
so that the rate of polymer adsorbance was
severely diffusion limited. The results of such
a study, at progressively longer incubation
times—corresponding to increasing amounts
of polymer adsorbed and in the gap—are
shown in Fig. 7, based on Ref. (9). Figure 7,
curve (a), shows the force profile in the absence
of polymer, indicating little interaction down
to ca. 15 nm where a weak attraction is ob-
served, due to van der Waals forces between
the bare mica substrates. Following addition
of polymer (to a few ppm) and 1 h incubation,
the short-range attraction disappears (Fig. 7b),
to be replaced, after a further 2 h in the so-
lution, by a marked, long-ranged (3100 nm,
or some 3R, for this polymer) attraction Fig.
7¢). This attraction persists for up to about 6
h incubation (longer incubation corresponding
to more adsorbed polymer on the surface); at
longer time, it disappears to be replaced by a
monotonic repulsion which becomes progres-
sively longer ranged (Fig. 7, curves d and e)
up to a limit (after about 24 h incubation) of
D ~ 6R, (=2¢), similar to the case of the fully
adsorbed PEO in Fig. 3.

These results represent the first direct ob-
servation of long-ranged attraction between
substrates bearing an adsorbed flexible poly-

FIG. 7. Interaction between mica surfaces in 0.1 M
aqueous KNO; solution (curve a), and after progressively
longer incubation times at D ~ 20 gm, following addition
of polyethylene oxide (M = 1.2 X 10°% to the solution.
Incubation: curve b, 1 h; curve ¢, 3 h; curve d, 8 h; curve
e, 32-48 h. Taken from Ref. (9).
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mer in good solvent conditions, i.e., where the
osmotic interaction between the segments is
repulsive. They strongly indicate a “bridging”
phenomenon, as in Fig. 6; they also have im-
plications for our understanding and control
of flucculation/stabilization processes in col-
loidal dispersions with adsorbed polymers. For
example, the minimum in the attractive well
(at D = Dy;) in Fig. 7¢, when translated to
the case of two colloidal particles (size 1 pm)
obeying the same force law F/R = 2w E(D),
corresponds to a total adhesive energy between
them of some 20 k7 when they are a distance
Dgin apart. Such particles, once adhered,
would not readily be forced apart again by
thermal fluctuations (of energies ~ 1 k7).
Since, as also shown by our experiments, little
additional polymer makes its way into the gap
once the surfaces are close together (D ~ D,;),
the adhered particles would effectively be per-
manently aggregated.

Does such bridging play a role in the case
of adsorbed polyelectrolytes? This question is
of particular interest in the context of cellular
and biocolloidal systems, as well as in synthetic
dispersions in ionic media. Living cells fre-
quently synthesize and secrete flexible poly-
electrolytes, such as polysaccharides (22) for
example, hyaluronic acid), and in addition
have a variety of macromolecular species in-
corporated into the cell membrane surface (18,
23). Thus bridging effects may be of relevance
to (nonspecific), long range cell-cell adhesion
and membrane-membrane interaction pro-
cesses. Very recently, Chris Toprakcioglu, to-
gether with Paul Luckham and myself, has ex-
amined the variation of surface forces between
mica sheets immersed in a solution of poly-1-
lysine in aqueous electrolyte, where—as for
the case of PEO, Fig. 7—the rate of polypep-
tide adsorption was severely diffusion-limited.
The situation here is inherently more com-
plicated than with the uncharged PEO, as one
might expect the adsorbance of the ionized
poly-L-lysine to change the mica surface po-
tential as it adsorbs. Nonetheless preliminary
data do suggest that, over a limited adsorbance
regime, long-range bridging attraction due to
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polyelectrolyte molecules spanning the mica—
mica gap may be the dominant mode. Further
experiments on this system are in progress.

V. SUMMARY AND CONCLUDING REMARKS

The measurement of forces between two at-
omically smooth surfaces across a liquid me-
dium provides a singularly direct experimental
means for studying the modification of surface
interactions by adsorbed macromolecules. The
useful range of the technique, up to a few
hundred nanometers, is about an order of
magnitude larger than the extension from each
surface of typical adsorbed macromolecular
layers; in addition, the regime of surface sep-
aration of interest for interactions with ad-
sorbed macromolecules is generally greater
than about 5 nm: this allows interpretation of
the force profiles uncomplicated by very-short-
range structural and solvation effects near the
smooth substrates. The information on the
adsorbance, available simultaneously from
refractive index data, provides an additional
dimension to the investigations.

Comparison of force profiles for uncharged
and charged flexible polymers and a rigid rod-
like protein shows different characteristics for
the three cases. In particular, the adsorbed
layers in the case of the charged macromoie-
cules, though very extended following initial
adsorption, appear to undergo an irreversible

JACOB KLEIN

compression after a first approach, while the
flexible uncharged polymer behaves reversibly
over sufficiently long time scales. A nonspecific
feature which appears common to both the
charged and uncharged flexible polymers is
that of long-ranged, net bridging attraction—
though this is manifested only over a narrow
range of adsorbance. These and other con-
trasting features are summarized for the three
systems in Table 1.

Finally, it is important to bear in mind that
in this technique one is essentially integrating
effects measured over surface areas very much
larger than either the range of the interactions
or the size of the adsorbed molecules (the radii
of the curved mica sheets are around 1 cm).
While this makes the technique very suitable
for measuring, and interpreting, nonspecific
effects, especially for flexible uncharged poly-
mers, care must be taken in the case of rigid
(or even flexible) charged macromolecules. In
these systems the specific configuration at the
solid-liquid interface may have a profound ef-
fect on the overall measured interactions (un-
like for flexible uncharged polymers where
these effects decay rapidly away from the in-
terface): interpretation of force profiles in this
case requires detailed knowledge of the con-
figuration of the adsorbed species. It is prob-
ably most directly obtained using other sur-
face-sensitive techniques (24).

TABLE I

Summary of Adsorption and Surface Interaction Features (Mica Surfaces in 0.1 M KNO;)

Relaxation of

Quasi- Net bridging surface layers
irreversibly Initial attraction at Extension & of following
Macromolecule adsorbed interaction low adsorbance adsorbed layer compression
Uncharged, flexible v Repulsive v §~3+ 1R, Yes
(polyethylene oxide) osmotic
Charged, flexible 4 Repulsive- ? 8 ~ 8R, initially No
(poly-L-lysine) electrostatic
double layer
Charged, rigid v Repulsive ? End-on adsorption No

(collagen rods)

initially
6 ~ 300-350 nm
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