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Gel–gel adhesion by tethered polymers
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The behavior of tethered polymers on gel/gel adhesion is studied with the single-chain mean-field
~SCMF! theory. It is shown that the gel surface structure, the gel/gel adhesion strength, the
equilibrium gel/gel distance, and the detailed interface structures can be tailored by specifically
designed tethered layers on gel surfaces. The SCMF theory allows to study the effect of various
variables of tethered layers, such as the surface coverage, the attraction between polymers and gels,
and the composition of block copolymers. These theoretical results provide guidelines for
experimental designs of novel gel materials with tethered layers. ©2001 American Institute of
Physics. @DOI: 10.1063/1.1345723#
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I. INTRODUCTION

Hydrogels are of great interest due to their wide range
biomedical applications or their use as model systems
some natural living tissues.1 Therefore, gel/gel adhesion i
an aqueous environment is used to model the interact
between synthetic hydrogels and natural tissues, such a
hydrogel mucoadhesion.2 It is a primary interest in the bio
materials field to understand and control the interaction
tween gels.

Another motivation to study gel/gel interactions is t
design of self-assembly systems using gel particles. Ass
blies of gels of different types possess combination functi
of the various components,3–5 and hence can be used
novel supramolecular materials such as artificial tissues.6 In
this case, it is essential to control the gel/gel interactio
such as the equilibrium interparticle distances and the rev
ibility of the coagulation.

One way to control the gel/gel adhesion is by using te
ered polymers on gel surfaces. In the last two decades,
ered chain systems have received considerable attentio
colloidal stabilization,7 protein adsorption prevention,8,9 and
solid/elastomer adhesion.10 Consequently, the properties an
behavior of polymer chains tethered on solid surfaces
relatively well understood.11–13On the other hand, polymer
tethered on gel surfaces are different from those on s
surfaces since gels are ‘‘penetrable’’ media. Therefore,
bulk structure of gels is also important to understand
behavior of those tethered polymers.

The objective of this work is to theoretically examine t
effect of tethered polymers on gel/gel adhesion. The res
will provide guidelines for the experimental design of tet
ered layers on gel surfaces. Recently, a similar system,
elastomer/tethered solid adhesion, has been studied bot

a!Author to whom correspondence should be addressed.
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perimentally and theoretically.10,14 Ligoure14 used a self-
consistent mean-field model and studied the adhesion
tween a polymer brush and elastomer. It was assumed14,15

that only a fraction of polymers penetrated into the elastom
while others were reflected at the interface between the e
tomer and the passive layer. The partition of tethered po
mers provided an interfacial energy of entropic origin, whi
was taken as the driving force for the chain penetration. T
penetrated polymers swelled the elastomer and caused
ergy penalty. Analytical results were provided on the re
tions between the adhesion energy and the polymer b
structures.14

Our system, which consists of two swollen gels in t
aqueous solution, is certainly different. First, we are int
ested in the case where the tethered polymers are attach
a penetrable medium, a base gel. Second, we want to un
stand the cases in which the polymer chains are relativ
short, up to a hundred segments, and the surface cover
vary from small to large. Thus, we need to apply a molecu
approach that enables the study of the polymer chain i
more detailed way and that is applicable in a wider range
surface coverage than the cases studied by Ligoure.14 While
our approach is more detailed in the description of the po
mer chains, we describe the gels as environments that do
change upon the penetration of the tethered polymers. T
approximation enables us to systematically study the chan
in the adhesion between the gels resulting from the chan
in the molecular architecture of the tethered polymers.

Our studies are based on the application of a molec
theory that has been successfully used to describe the
formational and thermodynamic properties of tethered po
mer layers under many different conditions for short to mo
erate chain length polymers at all surface coverage.9,13,16,17

In particular, in recent studies the theory has been show
provide a quantitative description of the pressure-area
therms of polystyrene-polyethylene oxide~PS-PEO! spread
9 © 2001 American Institute of Physics
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at the water/air interface18 as well as the ability of tethere
PEO to prevent protein adsorption.19,20 The ability of the
theory to quantitatively describe experimental systems,
well as to describe the systems at a detailed molecular le
provides us a tool that can be used for the molecular de
to achieve optimal gel–gel adhesion.

The article is organized as follows: Sec. II describes
theoretical method we used. Section III shows how the g
gel interaction can be tailored by using designed tethe
structures on gel surfaces. Section IV summarizes the re
with some concluding remarks.

II. THEORETICAL METHOD

In this work, the single-chain mean-field~SCMF!
theory13 is used to study the tethered polymers on gel s
faces. The SCMF theory is based on looking at a polym
chain with all its intramolecular interactions exactly tak
into account ~within the choice of the appropriate cha
model!. The intermolecular interactions~including the inter-
action with other tethered polymers, with solvent molecul
and with gel polymers in the system! are considered within a
mean-free approximation. The SCMF theory has been sh
especially suitable to study tethered polymers from v
short to moderate chain length and at all surface coverag13

These are the cases describing most of the biomedical a
cations.

The theory enables the incorporation of detailed conf
mational and chemical structure of the polymers through
exact treatment of the chain conformations.13 This is espe-
cially important for experimental designs of desired syste

The system of interest is composed of two hydrog
~the base gel and the target gel! at equilibrium with their
aqueous environment as shown in Fig. 1. Polymer chains
tethered on the base gel surface at a surface coverags
5Np /A, whereNp is the total number of the tethered chai
on the base gel surface andA is the total surface area of th
base gel.

The direction perpendicular to the planar gel surface
indicated as thez-direction, while the base gel surface corr

FIG. 1. Schematic representation of the system including the base ge
target gel, and tethered polymers tethered on the base gel surface
positionz50 represents the base gel surface plane, andz.0 for the space
outside the base gel whilez,0 for the space inside the base gel. T
distance between two gel surfaces isD.
Downloaded 22 Feb 2004 to 128.83.162.220. Redistribution subject to AI
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sponds toz50 plane~see Fig. 1!. The system is assumed t
be homogeneous in thexy plane and the only inhomogeneit
is in thez direction.

The tethered polymer chains are modeled asn connected
segments each of volumev and bond lengthl. The volume of
solvent molecules is also taken asv for simplicity. The two
hydrogels are modeled as homogeneous and their surf
are assumed uniform and sharp.fb and f t represent the
polymer volume fractions of the base gel and target gel,
spectively.

The derivation of the theory is based on the minimiz
tion of the system’s free energy. We separate the interac
potential into repulsive and attractive parts.13 The repulsive
potential is modeled with hard-core excluded volume int
actions. The repulsion among the segments within each t
ered chain is considered by using self-avoiding tethe
chain conformations. The intermolecular repulsive inter
tions are taken into account in an average way by pack
constraints. We define the layerz as the volume betweenz
andz1dz. The packing constraint condition at each layer
described by

^fp~z!&1^fs~z!&1fb~z!1f t~z!51, ~1!

where^& denotes ensemble average,f represent the volume
fractions of the components in layerz, and the subscriptsp,
s, b, and t denote tethered polymers, solvent molecules,
base gel polymers and the target gel polymers, respectiv
This constraint condition means that the volume of layerz is
occupied by the segments from the tethered polymers,
gel polymers and the solvent molecules.

In each layerz, the volume fraction of tethered polymer
is related to the average number of segments per c
^n(z)& in the same layer by

^fp~z!&5
Np^n~z!&v

Adz
5s(

a
Pana~z!v, ~2!

wherePa is the probability distribution function~pdf! of a
chain in conformationa, andna(z)dz is the number of the
segments that the tethered chain in conformationa has at
layer z.

We assume good solvent conditions for polyme
Namely, the tethered polymer–solvent mixture is atherm
We only consider attractive interactions between tethe
polymers and gel polymers which is described as the sum
those of the consisting segments. Each segment of polym
is interacting with its environment through an average pot
tial, which depends on the composition of the environm
around the segment. Thus, the intermolecular attractions
tethered chain in conformationa with the gel polymers is
represented by

f 15kTE
2`

1`

na~z!dzE
2`

1`

~x tpC~z,z8!f t~z8!

1xbpC~z,z8!fb~z8!!dz8. ~3!

Here,x tp is the strength of the attraction between the te
ered polymer chain segments and the target gel chain
ments, whilexbp is the strength of the attraction between t
tethered polymer chain segments and the base gel. The m

he
he
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nitude of these two nonpositive parameters indicates the
tent of the attraction. The van der Waals-type paramet
C(z,z8), are functions ofz-direction distanceuz–z8u and ac-
count for the contribution of a chain segment at layerz and
the gel polymers13 at layer z8. Integration overz and z8
counts all the segments of the specific tethered chain an
the gel polymers in the system, respectively. Note that
interaction between tethered chains and the gel polymers
pend on the chain conformation due to the fact that the
polymer density is inhomogeneous in thez-direction.

The free energy of the system also has entropic con
butions, which includes the conformational and the trans
tional entropy terms. The conformational entropy of tethe
chains is of the form

Sc52kNp(
$a%

Pa ln Pa , ~4!

where the sum runs over all the possible conformation of
tethered chain, andk is the Boltzmann constant. The transl
tional entropy of solvent molecules in layerz is

St52kNs~z!ln fs~z!, ~5!

whereNs(z) is the number of solvent molecules atz.
The free energy per unit interface area is written as

sum of the above terms, and take the following form:

F

AkT
5sH(

$a%
Pa ln~Pa!1E

2`

1`

(
$a%

Pana~z!

3E
2`

1`

@x tpC~z,z8!f t~z8!

1xbpC~z,z8!fbt~z8!#dzdz8J
1E

2`

1`

fs~z!ln~fs~z!!v21dz, ~6!

whereF is the free energy of the whole system.
The free energy is a function of the pdf of the tether

chain conformationPa and the solvent density profile in dif
ferent layers,fs(z). These two quantities are determined
minimization of the free energy expression of Eq.~6! subject
to the packing constraint of Eq.~1!. Introducing Lagrange
multipliers p(z) the minimization procedure yields

Pa5
1

q
expH 2E

2`

1`

na~z!dzE
2`

1`

@xbpC~z,z8!fb~z8!

1x tpC~z,z8!f t~z8!#dz8J
3expH 2E

2`

1`

p~z!na~z!vdzJ , ~7!

fs~z!5exp$2p~z!v%, ~8!

whereq is the normalized factor for the pdf.
The only unknowns to determine the pdf and solve

density profiles are thep(z). After introducing Eqs.~7! and
~8! back into the packing constraint condition, Eq.~1!, a set
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of equations for the unknownp(z) is obtained. We solve
them as functions of the surface coverages, the volume
fraction of two gelsfb andf t , and the attraction paramete
between tethered chain segments and gel polymersx tp and
xbp .

To implement the calculation, we discretize the spa
into layers of finite thicknessd. It has been shown13 that the
results of the calculations are independent of the choiced
provided its value is between 1.0l and 2.0l, wherel is the
tethered polymer bond length. In this work, we taked as 1.86
l for computational convenience, and solve a finite set
coupled nonlinear equations for the discretizedp(z) by us-
ing standard numerical methods. The form ofC(z,z8) in Eq.
~3! is obtained by integrating the average attractive inter
tions over the whole volume of each different layer~as indi-
cated in detail before13!. Throughout this work, an attractio
parameterx521 corresponds to a segment pair potential
van der Waals-type with the depth minimume5kT. Upon
solution of the set of equations forp(z) we can calculate the
chain conformation pdfPa using Eq.~7!; then all the aver-
age properties of the system can be obtained.

The chain model used for the chain conformation is
rotational isomeric state~RIS! model with self-avoiding in-
teractions. Specifically, each bond has three possible s
~trans, gauche1, andgauche2!, and we take the three state
to have the same internal energy, that is, the tethered ch
are fully flexible. For all the calculations in this work, a s
of 106 different chain conformations is used for each kind
tethered chains. It was tested that further increasing the n
ber of conformations in the set does not change the resu

The above equations, though explicitly written for th
homopolymer tethered chains, can be used for block cop
mers by recognizing that the segments in different blo
have different interactions with the two gels. The derivati
of the chain conformation pdf is based on the same proc
to obtain Eq.~7!, while Eq. ~3! is modified to include the
different attraction parameters between gels and the diffe
blocks. The tethered diblock copolymers with blocksA and
B have their conformation pdf of the following form:

Pa5q21expH 2E
2`

1`

naA~z!dzE
2`

1`

@xbpAC~z,z8!fb~z8!

1x tpAC~z,z8!f t~z8!#dz8J expH 2E
2`

1`

naB~z!dz

3E
2`

1`

@xbpBC~z,z8!fb~z8!1x tpBC~z,z8!f t~z8!#dz8J
3expH 2E

2`

1`

p~z!~naA~z!1naB~z!!vdzJ . ~9!

Here parametersnaA(z)dz andnaB(z)dz are the number of
segments of blockA andB, respectively in the conformation
a that are in layerz. In deriving Eq.~9! it was assumed tha
the two segments of the two blocks have the same volum

III. RESULTS AND DISCUSSION

In this section, we used the theory to investigate
effect of the tethered layer on the gel/gel interactions. T
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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3812 J. Chem. Phys., Vol. 114, No. 8, 22 February 2001 Huang, Szleifer, and Peppas
structure of the tethered layer determines the polymer be
ior in the gel/gel adhesion. Compared with the structure
the solid substrates, the structure of the tethered layer
gel surface depends on the gel properties such as the vo
fraction of the gel and the interaction between gel polym
and tethered chains. Figure 2~a! shows the average numbe
of the polymer segments as a function of the distance fr
the base gel surface for 40-segment tethered chains on a
gel with fb50.1 and with different surface coveragess.
Throughout this work, we fix the polymer volume fraction
the target gelf t50.1 ~which is a good model for the huma
mucus2!, and vary the other parameters.

As mentioned before, the tethered polymers can p
etrate into the base gel as well as stretch out of it. It is sho
in Fig. 2~a! that the segments distribute asymmetrica
across the tethered surface due to the repulsion between

FIG. 2. ~a! The average number of segments per tethered polymer
function of the distance from the tethered surface for three different sur
coverages. The surface coverages,s l 2 are 0.001~solid line!, 0.01 ~dotted
line!, and 0.1~dashed line!, respectively.l is the segment length of tethere
polymers. Other physical parameters include:fb50.1, tethered polymer
lengthn540, all of the interaction parameters are zero.~b! The probability
of finding the free end segment of tethered polymers as a function of
distance from the tethered surface for the same three cases in~a!.
Downloaded 22 Feb 2004 to 128.83.162.220. Redistribution subject to AI
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ered polymers and the base gel polymers. The segment
tribution depends on the surface coverage as well as the
gel properties. In the low surface coverage cases, most o
segments are outside of the base gel, because the dom
interaction is the repulsion between the tethered polymer
the base gel. Increasing surface coverage, the asymmetr
tent becomes less significant due to the increasing repul
among tethered polymers in the outside layer. Namely,
structure of the tethered polymer layer is the result of
optimal molecular structure that can be achieved conside
the repulsion between the tethered chains among themse
and with the base gel.

The free chain end distribution is important for the k
netics of chain interpenetration in gel/gel adhesion.21 Figure
2~b! shows the distribution of the free end segments of
tethered chains as a function of the distance from the b
gel surfaces for the same cases shown in Fig. 2~a!. At low
surface coverage most of the free end segments are ou
the base gel, which is consistent with the segment distri
tions in Fig. 2~a!. As the surface coverage increases, for
layer outside the base gel, the maximum of the distribut
shifts further from the surface; on the other hand, the fract
of tethered chains with end segments inside the gel also
creases. An interesting result is that at some relatively h
surface coverage the chain ends have a bimodal distribu
Those tethered chains with their ends inside the base gel
be expected to have slower kinetics when penetrating
the approaching gel, because they need to move out of
base gel before penetrating into the target gel.

Increasing the volume fraction of the base gel sh
more tethered polymer segments outside of the gel, provi
that there is no attraction between them. The extreme ca
for the gel withfb51, that is, a solid substrate. However,
the attraction between tethered polymers and gel polyme
strong enough, most of the polymer segments situate in
the gel, and leave a very thin tethered layer outside, wh
hence has little effect on the gel/gel interaction.

In this work, we assume that there is no attraction b
tween the two bare surfaces of the gels in order to study
effect of the tethered layer. To characterize the effect of te
ered polymers on gel/gel adhesion, we define the dimens
less free energy change of the system,F/kT, divide by the
number of tethered polymersNp , asf,

f 5
F

NpkT
5

F

AskT
. ~10!

This parameterf represents the contributions per tether
chain to the interaction between the base gel and the ta
gel. We calculatef as a function of the gel/gel interface dis
tance,D, for different tethered structures. Practically, the fr
energy per unit interface area,F/A, as a function of interface
distanceD can be measured by using the surface fo
apparatus.22 The following theoretical prediction off vs D/ l
curves can be transformed to compare with the measur
F/A vs D data after definition of the basic chain parametel.
If f decreases with decreasingD, i.e., if the two gels get
contact spontaneously in the aqueous environment, we
clude that tethered polymers enhance the gel/gel adhes
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Otherwise, tethered layers provide a repulsion barrier
gels as expected in the normal colloidal stabilization cas

Figure 3 showsf as a function of the gel/gel distance fo
the same gels with four different values of interaction para
eters between tethered polymers and the target gel polym
When there is no attraction between the two polymers,
tethered layer introduces an extra repulsion barrier for
gels. It is noteworthy that the free energy penalty for co
plete contact of two gels is smaller than if the polymers w
tethered on solid substrates. This is due to the fact that
base gel provides extra space for tethered polymers to r
range themselves. By choosing the chemical structure
tethered polymers and hence increasing their attraction
the target gel polymers, the gel/gel adhesion becomes t
modynamically favorable and tethered chains contribute
the adhesion strength, which is shown in the other th
curves in Fig. 3. The contribution to the adhesion ene
from each chain is defined by the negative free ene
change,f 0 at D50, and the dimensionless adhesion ene
per unit interface area isW5F0 /AkT5 f 0s.

The interaction between the tethered layer and the
proaching target gel changes the molecular organizatio
polymers, which can be shown by the changes of segm
distribution profiles of tethered polymers with the change
interface distance. In the case without polymer/gel attract
the tethered polymers are compressed inside the gap w
the two gels try to get closer to each other. In the case w
attraction between tethered polymers and the target gel
polymer chains spontaneously penetrate into the target g
the favorable gel/gel contact process.

The average contribution per tethered chain to the ad
sion is a function not only of the chain length and t
polymer/gel attraction parameter, but also of the surface c
erage of the tethered layer. Figure 4~a! shows the free energ
profiles of three different cases. The contribution per chain
the adhesion energy decreases as the surface coverag
creases provided other parameters are the same. Figure~b!

FIG. 3. The free energy per tethered polymer,f, as a function ofD for four
differentx tp cases:x tp50.0 ~solid line!, 20.2 ~dotted line!, 20.25~dotted–
dashed line!, and20.3 ~dashed line!. In all casesfb50.3, tethered polymer
lengthn5100, all of the other interaction parameters are zero.
Downloaded 22 Feb 2004 to 128.83.162.220. Redistribution subject to AI
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shows the dimensionless adhesion energy,Wl2, as a function
of surface coverage of tethered polymers. Clearly a ma
mum adhesion is achieved under some optimal tethe
structures. This is similar to the experimental observation
the elastomer/tethered solid systems.10

Based on the above discussion, the qualitative inter
tion between two gels can be altered by the choice of te
ered polymers, especially the attraction parameter betw
tethered polymers and gel polymers. However, the deta
gel/gel interface structure and interactions are also impor
for optimized performance, such as in the case of the s
assembly of gel particles. In the following, we will show th
the use of block copolymers in the tethered layer can lea
tuning of the gel/gel interactions.

The block copolymers consist of two types of blocks,A
and B, where the blockA is the anchoring block. Figure 5
shows how the equilibrium gel/gel distances can be c
trolled by using these diblock copolymers with differe
compositions. The equilibrium distances of different syste

FIG. 4. ~a! The free energy of the system per tethered polymer,f, as a
function of D for different cases of the surface coverage:s l 250.01 ~solid
line!, 0.1 ~dotted line!, and 0.2~dashed line!. In all casesfb50.3, tethered
polymer lengthn540, x tp520.3, andxbp50.0. ~b! The adhesion energy
as a function of surface coverages for the cases shown in~a!.
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are indicated by the minimum in the free energy profi
curves. In these diblock copolymers, the first block~block A!
is repulsive to the target gel, while monomers in the blockB
are attractive to it. Initially the outer layer of the tether
structure mainly consists of the segments of the blockB, and
provide attraction for the target gel. The penetration proc
will continue until reaching some intermediate interface d
tance, where the attraction between the target gel and
block B is compromised by the repulsion by the blockA.
Note that the use of homopolymers of the same two mo
mers would cause either pure repulsion or complete con
between gels.

Figure 6 shows the segment distributions of the t
blocks under the equilibrium interface distance for one of
copolymer tethered layers shown in Fig. 5. The two gel s
faces are indicated by the two vertical lines, while the data
block A andB are represented by the solid and dotted lin
respectively. It is shown that the first block mainly resides
the gap between two gels, while the second block penetr
into the target gel. In this case, the tethered layer brings
two gels together without letting them completely contac

The adhesion fracture strength between two gels w
tethered layers is expected to depend on the detailed s
ture of these connector polymers.23,24 The tethered chains
have one end covalently bound on the surface of one gel,
they can penetrate into both sides and form various bri
structures across the interface, such as the so-called ‘‘m
stitch’’ structure.24 In the following we will show that the
use of copolymers as tethered chains is able to specific
design the bridge structures.

Figure 7 shows the segment distribution profiles of
two blocks of tethered copolymers across the gel/gel in
face, i.e., at distanceD50 between the two gels. In th
figure, the target gel is in the positive-z side while the base
gel is in the negative-z side. We see that the first block
which originates from the tethering segment, mainly distr

FIG. 5. The free energy per tethered polymer,f, as a function ofD for cases
of diblock AB copolymers with different compositions:A1B575125
~solid line!, 50150 ~dotted line!, and 25175 ~dashed line!. Other physical
variables include:fb50.3, s l 250.01, x tpA50.0, x tpB520.4, andxbpA

5xbpB50.0.
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utes inside the target gel, however, the remaining part of
tethered polymer has significant fraction of segments ins
the base gel. The more detailed segment distribution d
suggest the most probable chain conformation is as show
Fig. 8; the tethered chains first penetrate into the target
and then come back to the base gel, i.e., forming a loop
interface conformation.

The looplike conformation distribution can be tuned
changing the composition of the tethered copolymers. T
ing a 40-segment diblock chain as an example, we quan

FIG. 6. The average number of segments of each block in copolymerAB as
a function of the distance from the tethered surface: blockA ~solid line! and
block B ~dashed line!. The copolymer isA1B550150, and the distance
between two gels is the equilibrium distance shown in Fig. 5. All the ot
parameters are the same as in Fig. 5. The vertical line atz/ l 511 represents
the surface plane of the target gel. Therefore, the segments withz,0 are
within the base gel, those withz.0 but behind the vertical dotted line are i
the gap between two gels, and those beyond the vertical line are within
target gel.

FIG. 7. The average number of segments of each block in copolymerAB
as a function of the distance from the tethered surface: blockA ~solid line!
and blockB ~dashed line!. The copolymer isA1B510130, and the dis-
tance between two gels is zero. In all casesfb50.3, s l 250.01, x tpA

5x tpB520.3, andxbpA50, xbpB520.3.
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tively define the looplike conformation as the following: th
tenth segment situates in the target gel with a penetra
depth larger thand, which is about 5.5 Å for poly~ethylene
glycol! ~PEG!, and the fortieth segment is inside the base
also with a penetration depth beyondd. Figure 9 shows the
probability of this looplike conformation that the tethere
copolymers take as a function of the fraction of the seco
block, blockB, in the copolymers. It is shown that this pro
ability reaches a maximum at some intermediate composi
of the copolymers.

IV. CONCLUDING REMARKS

We have studied the effect of tethered polymers on
gel/gel adhesion by using the single-chain mean-field the
We have shown that the gel surface structure, the gel
adhesion strength, the equilibrium gel/gel distance, and
detailed interface structure can be tailored by specifically
signing tethered layers on gel surfaces.

The bulk properties of the gel, on whose surface
polymers are tethered, have an important effect on the t
ered structure. Depending on the volume fraction of the

FIG. 8. The schematic representation of the most probable conformatio
the tethered copolymers at the gel/gel interface under the conditions s
fied in Fig. 7. The polymers, which tethered on the base gel surface,
penetrate into the target gel side, and then go back into the base gel s

FIG. 9. The probability of tethered chains in looplike conformation a
function of the fraction of theB block in the copolymers. The copolymer ha
40 segments, and the distance between the two gels is zero. In all
fb50.3, s l 250.01, x tpA5x tpB520.3, andxbpA50, xbpB520.3.
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and the interaction between gel and polymers, the tethe
chains exhibit different partition across the interface betwe
gel and the aqueous environment, which in turn affects
initial interaction between two gels. By tethering differe
polymers on the base gel surface, the interaction betw
gels can be modified from pure repulsion to spontane
adhesion. In the adhesion process, the tethered chains
etrate into the coming gel and form bridges between the
gels.

The use of block copolymers at the gel surface provid
more detailed control on the gel/gel interaction. The interfa
distance, where is an attractive minimum, can be tuned
using copolymers with different compositions. This sugge
the use of tethered copolymers to design the self-assem
systems of gels. The conformation of these copolym
across the gel/gel interface may also be tuned, such as
formation of the looplike structures.

We used a simple model for the gels for which we a
sume that they are in the equilibrium swollen state and th
properties are not changed by the chain penetration. T
limits our ability to include the specific parameters of ge
such as the mesh chain lengths. In some cases, the exis
of free polymers in a swollen gel may cause gel collapse.
example, the addition of PEG chains resulted in the colla
of poly~methacrylic acid! gels due to the complex formatio
between gels and the linear polymer.25 Obviously, a more
descriptive model of swollen gels will be used in furth
studies.

The theoretical predications may be tested by dir
force measurement techniques, for example, by using
surface force apparatus. It should be emphasized that
results shown here are the equilibrium data, and that
calculated adhesion enhancement corresponds to the
of zero separation rate.23,24 The dynamic aspect of the ad
hesion test with connected chains at the interface is ra
complicated. Recent experimental26,27 and theoretical
studies23,24,28–32as well as computer simulations33,34 have
been discussed in the literature.
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