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ABSTRACT: Poly(ethylene glycol) (PEG) (My = 6k, 10k, and 20k g/mol) terminated at both ends by
hydrophobic fluoroalkyl segments (—(CH2)2CnF2n+1, N = 6, 8, or 10) was synthesized and demonstrated to
self-assemble into hydrogels with phase behavior and mechanical and erosion properties that can be
systematically varied by molecular design. With increasing fluoroalkyl length relative to PEG length,
the phase behavior of these polymers in aqueous solution changes from the single-phase behavior of
familiar associative thickeners, to sol—gel coexistence, to precipitation. For those polymers that exhibit
sol—gel coexistence, the equilibrium gel concentration (or swelling ratio of the gel phase) and the modulus
of the gel phase are governed by the length of the PEG midblock, whereas the relaxation time is determined
by the hydrophobe length. The erosion characteristics of these hydrogels correlate with their phase
behavior. The gels of sol—gel coexisting species exhibit surface erosion in an open system with a slow
dissolution rate controlled by the end-group length; in contrast, hydrogels from polymers that show single-
phase behavior exhibit bulk erosion that is relatively fast. Therefore, the molecular structure of this
class of polymers produces hydrogels whose mechanical and erosion properties can be tailored for desired
applications. Based on the established biocompatibility of PEG, the degree to which the characteristics
of the gel phases can be tailored, and the surface erosion characteristics that can be achieved, these

materials might have applications in implantable drug-release depots.

Introduction

Bioerodible and biocompatible polymers are widely
used in medicine for drug delivery and medical devices.t
Relatively hydrophobic biodegradable polymers, e.g.,
poly(a-hydroxyl esters),1=2 polyortho esters,* and poly-
anhydrides,> have been successfully developed and used
for the controlled release of hydrophobic drugs and as
materials in structural supports such as surgical su-
tures, staples, and meshes. However, there also exists
a need for hydrophilic resorbable materials that can
incorporate protein drugs or cells® or be used to guide
wound healing, e.g., to prevent postoperative adhesion
formation.” Degradable hydrogel systems have been
studied for such purposes because of their inherent
hydrophilicity and biocompatibility.8

The application of natural hydrogels, such as gelatin,
collagen, or polysaccharides, has the advantage of
exploiting preexisting and sometimes evolutionarily
developed biological interactions and degradation path-
ways but is limited by the difficulty of tailoring the
degradation rate, as well as by uncertain immunological
responses and potentially difficult isolation and purifi-
cation procedures.»® The majority of synthetic biode-
gradable hydrogels are based on poly(ethylene glycol)
(PEG) because of its favorable properties of biocompat-
ibility, nontoxicity, and nonimmunogenicity.°
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Most PEG-based degradable hydrogel systems devel-
oped so far have been made by incorporating a variety
of cross-linkers to create a gel network and degradation
sites to induce degradation in the biological environ-
ment. In most cases, hydrolytically labile sites such as
esters have been incorporated;®710 alternatively, enzy-
matic degradation sites have been introduced to achieve
a degradative response to biological stimuli.1?

PEGs modified with hydrophobes at both ends have
been investigated widely as model associative poly-
mers.12726 These physically cross-linked systems have
potential applications as thickeners, adhesives, adsor-
bents, coatings, flocculants for wastewater treatment,
surfactants and stabilizers for heterogeneous polymer-
ization,’2 and DNA separating sequencing media.1*15
The majority of the systems studied so far do not exhibit
phase separation, but rather form a single phase over
the entire concentration range.’3-1522-26 Ag the concen-
tration of polymer dissolved in water increases, the size
of the connected clusters of associative polymers grows
continuously and finally forms an infinite gel-like
cluster. This can be regarded as a sol—gel transition,
but is not a thermodynamic phase transition.’? Above
a critical concentration at which the viscosity starts to
increase rapidly, all properties of systems existing as a
single phase change in a continuous manner with
concentration. The rheology of single-phase systems has
been modeled in terms of the concentration-dependent
topology of aggregation and by breakage of the junction
between micelles (bridging chains).'?

Recently, phase separation has been reported for
PEGs modified with long alkyl groups. Francois et al.
observed that systems of 2000-g/mol (2-kD) and 4-kD
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PEG modified with —Ci,H25 hydrophobes and 20-kD
PEG modified with —CygH37 form quasi-elastic gels at
high concentration,’® and Pham et al. reported that
aqueous solutions of 35-kD PEG with C18 alkyl groups
or PEGs from 20 to 35 kD with C16 alkyl groups
separate into a highly viscous lower phase and a low-
viscosity upper phase.’6718 Unlike the general phase
diagram of physical gel systems showing an upper
critical solution temperature (UCST),?” the equilibrium
concentrations of sol and gel of the hydrophobically
modified PEGs are either temperature-insensitive,” or
the equilibrium gel-phase concentration increases weakly
with increasing temperature (LCST behavior was even
found in some cases).'® Temperature-insensitive phase
behavior can be explained in terms of an entropically
driven association process,’” and an increase in equi-
librium gel concentration or LCST behavior can be
explained by the poorer solvation of PEG chains with
increasing temperature.®

Semenov et al. provided the first theoretical prediction
of phase separation of telechelic associative polymer
solutions in the limit of high aggregation number.?® The
phase behavior is governed by the competition between
osmotic repulsion among micelles composed of the
telechelic polymers (analogous to star polymers and
diblock micelles) and attraction resulting from the
increase in configurational entropy of the system when
bridges form between micelles. The entropic attraction
increases with aggregation number. When the attraction
is sufficiently large to overcome the repulsion, the
system separates into two phases: a close-packed “solid”
phase of micelles and a dilute “gas” phase of micelles
and free chains. Recently, Pham et al. advanced an
alternative view in which the phase separation is viewed
as a coexistence of a liquid and a gas of micelles.” By
modeling the associative micelles as adhesive hard
spheres, they were able to capture sol—gel coexistence
and to qualitatively describe the sol and gel composi-
tions. Thus, this approach has the potential of offering
more quantitative predictions than the purely scaling
approach of Semenov. However, the discrepancy be-
tween the semiempirically inferred value of the “sticki-
ness parameter” and the theoretical value expected for
the observed aggregation number was large (3 orders
of magnitude). This difficulty is likely to be related to
the function describing the intermicelle interaction
potential.

Here, we explore hydrogels made from the self-
assembly of PEG molecules modified at both ends with
fluoroalkyl end groups (Rt-PEGSs) that are sufficiently
long to exhibit sol—gel coexistence, particularly examin-
ing their potential as degradable carriers that have
controlled rheological properties and erosion rates.
Through the maintenance of the benefits of PEG-based
hydrogels and the use of physical junctions between
chemically inert fluoroalkyl groups, these materials
have been designed with biocompatibility in mind. The
physical nature of the junction provides a route to
surface erosion of the hydrogels when exposed to an
open environment, in contrast to strategies that incor-
porate degradation sites. Thus, the gel maintains the
modulus of the equilibrium composition and erodes in
a predictable manner via desorption of chains and
micelles, followed by their diffusion into the reservoir.
In addition, moving into the sol—gel coexistence regime
by using strong hydrophobic end groups avoids the rapid
bulk erosion characteristic of single-phase systems.
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Table 1. Bifunctional R-PEGs

PEG block end conversion®
sample (kg/mol) group? (%)
20KC8 20 —CgF17 96
20KC10 —C10F21 97 (92)
10KC8 10 —CgF17 94
10KC10 —CioF21 94 (96)
6KC6 6 —CeF13 99
6KC8 —CgF17 89
6KC10 —CioF21 97 (97)

a Full end group is —IPDU—(CH3)2—CnF2n+1, where IPDU is

-C(O)NH\)Q\NHC(O)-

b Degree of substitution as determined by °F NMR spectroscopy
(selected values determined by HPLC are in parentheses).

We describe the phase behavior, mechanical proper-
ties, and erosion characteristics of a range of materials,
including polymers that exhibit sol—gel coexistence. By
spanning a wide range of PEG and fluoroalkyl lengths,
the results enable the molecular design of materials that
have desired phase behavior (single-phase vs sol—gel
coexistence) with systematically varied mechanical and
erosion properties.

Experimental Section

Synthesis of End-Group-Modified PEGs. Poly(ethylene
glycol) (PEG) (with alcohol functionalities at both ends) of
nominal molecular weights 6000 g/mol (6 kD) (from Fluka,
Milwaukee, WI), 10 kD (from Aldrich, Milwaukee, W1), and
20 kD (from Fluka) were used to prepare telechelic R-PEGs.
Monomethoxy PEGs (i.e., with a methyl terminating group on
one end and alcohol on the other) of nominal molecular weights
2 and 5 kD (from Aldrich) were used to prepare monofunctional
Rt-PEGs. Three different fluorinated alcohols (CnF2n+1CH2CH2-
OH, n = 6, 8, 10) were purchased from Lancaster Synthesis
Inc. (Windham, NH). Isophorone diisocyanate (IPDI), dibu-
tyltin diacetate, and anhydrous tetrahydrofuran (THF) were
purchased from Aldrich. Anhydrous ethyl ether was from EM
Science (Hawthorne, NY).

The method of Glass et al.?> was used to attach fluorinated
end groups to the terminal hydroxyls of the polymers. The PEG
was dried by azeotropic distillation in toluene and was reacted
with a 100-fold molar excess (with respect to end groups) of
vacuum-distilled IPDI in anhydrous THF for 48 h. This
isocyanate-functionalized intermediate was precipitated in
anhydrous ethyl ether to remove unreacted IPDI and was
subsequently reacted with a 10-fold excess of fluorinated
alcohol in anhydrous THF for 48 h with the addition of
dibutyltin diacetate. The reaction mixture was precipitated in
anhydrous ethyl ether, dissolved in THF, and reprecipitated.
All reactions were done under argon.

The degree of substitution of the PEG termini with Rt groups
was determined by **F NMR spectroscopy using CF3sCOOH or
CF3sSOsNa (0 ~ —78 ppm) as an internal standard and
measuring the ratio of the peak intensites of the sample (CF3™,
0 ~ —83 ppm) and of the standard, according to the method of
Zhang et al.?*® The samples prepared for this study are
described in Table 1, where the abbreviation nKCm denotes a
polymer with a PEG midblock of MW n kg/mol and m-carbon
fluoroalkyl end groups, i.e., CF2m+1CH2CH,—PEG—CH,CH,-
CmFam+1. To verify the degree of conversion of the ends as
determined by **F NMR spectroscopy, each sample modified
with —CoF21 was also characterized using reverse-phase
HPLC. A C18 column was used with a Waters HPLC system
and eluted using a gradient input of mixed solvent (from 20/
80 acetonitrile/water to 100% acetonitrile), which can separate
unmodified, one-end-modified, and two-end-modified PEG.
Good agreement between the values obtained by HPLC (shown
in parentheses in Table 1) and the values obtained by 1°F NMR
spectroscopy support the reliability of the NMR method.
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Monofunctional R-PEGs were also prepared similarly using
monomethoxy PEGs of nominal molecular weights 2 and 5 kD.

Characterization of Sol—Gel Equilibria. In a vial,
weighed amounts of fine particles of dried bifunctional R-PEGs
were dissolved in deionized water, and the mixtures were
mechanically shaken for 24 h. Experiments were performed
at a number of concentrations, 1 wt % and greater. For samples
that demonstrated phase separation, the gel phase in contact
with the dilute phase formed at the bottom of the vial because
of the slightly higher density of PEG and fluoroalkyl groups
than water.

Gel-phase concentrations were obtained by measuring wet
and dry weight as follows. After decanting off the dilute phase,
the gel phase was weighed; then the gel phase was vacuum-
dried and weighed again. The ratio of the two weights was
regarded as the concentration of the gel phase.

Concentrations of the dilute sol phase in equilibrium with
the gel phase (Csol,eq) Were measured using complex formation
of PEG with barium and iodine.° To 2 mL of sample solution
was added 0.5 mL of a 5% (w/v) solution of BaCl, in 1 N HCI.
Then, 0.25 mL of standard 0.1 N iodide solution (Aldrich) was
added. Ten minutes after addition of the I, solution, the
absorbance at 535 nm was measured. A standard calibration
line was obtained using 1, 5, 10, and 25 ug/mL solutions of
PEG; the plot displayed a linear relationship between PEG
concentration and absorbance (r> = 0.9973). To remove any
unwanted dispersed gel phase in the sol phase, the dilute
phase was removed and centrifuged, and then the supernatant
was used. The supernatant was diluted to the appropriate
range of concentration for this analytical method.

Mechanical Property Measurements. Samples were
prepared as described above. The mixing time was adjusted
to achieve an apparent equilibrium, as determined by the
disappearance of light scattering from the sample. The pre-
pared samples were centrifuged before being loaded to remove
any entrapped bubbles. A stress-controlled rheometer (SR
5000, Rheometric Scientific, Piscataway, NJ) equipped with a
solvent trap was used with a cone-and-plate geometry (0.1-
rad cone angle and 25-mm diameter) to obtain the rheological
data. With the appropriate solvent trap, drying of the sample
was negligible for 12 h at 25 °C.

Characterization of Erosion of Gel Phases. Erosion of
the gel phase was observed using surface plasmon resonance
(SPR).3! The surface plasmon resonance angle of a thin gold
film is sensitive to the thickness and refractive index of a layer
polymer gel in contact with it. On one side of a glass slide, a
gold film (~50 A) was deposited, and polymers were spin-
coated onto the gold surface from solution in ethanol. The
thickness of the coated film was measured using a profilometer
(o-stepper). A 10% solution of polymer in ethanol was spun at
2000 rpm to give a film of ~1-um thickness; the thickness was
increased or decreased by varying the concentration of the
polymer solution. The polymer-coated gold slide was assembled
into the optical apparatus so that the glass side was facing
the prism and the polymer-coated side was exposed to a
flowing stream of deionized water at 25 °C (Figure 1a). The
change in resonance angle was recorded as a function of time.
The changes in resonance angle reflect changes in film
thickness and refractive index that occur during initial swell-
ing and subsequent erosion of the polymer layer (Figure 1b).
This technique works well for relatively slow erosion rates (so
that a thin film of a few microns thickness erodes over several
hours or more). For faster erosion rates, a simple experiment
on very thick samples (~1 cm) placed in a vial with an excess
of water was used that involved simple detection of the
dissolved amount in the supernatant, which was refreshed at
regular intervals.

Results

Phase Behavior. The phase behavior of bifunctional
Rt+PEGs is governed by the relative length of the PEG
chain and the fluoroalkyl end groups (Table 3). Increas-
ing the PEG length increases the solubility of the
polymer in water, whereas increasing the length of the
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Figure 1. Schematic diagram of the surface plasmon reso-
nance (SPR) experiment in contact with a flowing system: (a)
sample configuration, (b) qualitative behavior of the resonance
angle 6, with decrease in the thickness D or refractive index
n of the polymer layer adjacent to the metal film.

Table 2. Monofunctional R+PEGs

PEG block end conversion®
sample (kg/mol) group? (%)
5K-M-C10 5 kg/mol —CloF21 91%
5K-M-C8 —CsgF17 91
2K-M-C10 2 —CioF21 89

a Full end group is —IPDU—(CH>)2—CnF2n+1, where IPDU is

-C(O)NH\QNHC(O)-

b Degree of substitution as determined by 1°F NMR spectroscopy.

hydrophobe decreases the solubility. For a given length
of PEG, if the hydrophobe is too short, no phase
separation occurs; the polymer simply dissolves into a
single phase. For example, 20KC10 and 20KC8 exist as
homogeneous solutions over the whole range of concen-
trations, although the viscosity increases dramatically
as the concentration of polymer increases. On the other
hand, if the hydrophobe is too long, it might not be
possible to dissolve the polymer at all (e.g., 6KC10).
Thus, for 6-kD PEG, a C10 fluorocarbon hydrophobe is
too long to exist as a sol phase; for 10-kD PEG, both
hydrophobes examined, C8 and C10, are in the right
range to produce sol—gel phase separation; and for 20-
kD PEG, even a C10 fluorocarbon hydrophobe is too
short to cause sol—gel phase separation.

For polymers that exhibit sol—gel coexistence, the
degree of swelling (the inverse of the concentration of
the gel phase) in the equilibrium gel is controlled mainly
by the PEG length (Table 3). When the PEG length is
fixed and the hydrophobe length is varied, the swelling
ratio is nearly constant (cf. L0KC10 to 10KC8 and 6KC8
to 6KC6). The swelling ratio increases with increasing
PEG length (cf. 6KC8 to 10KC8), which is analogous to
reducing cross-link density.

The phase boundary is insensitive to temperature:
increasing the temperature (up to 80 °C) does not lead
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Table 3. Phase Behavior of Bifunctional R-PEGs at 25 °C

equilibrium compositions
in water (wt %)

equilibrium compositions
in PBS (wt %)

type of phase

sample behavior Cyeleq® Csol,eq? Cgeleq Csoleq
20KC8 one-phase N/A N/A N/A N/A

20K10 one-phase N/A N/A N/A N/A

10KC8 two-phase 6.5+0.2 0.075 + 0.005 78+0.2 0.055 + 0.002
10K10 two-phase 6.8 +0.7 0.019 + 0.008 8.1+0.7 0.011 + 0.003
6KC6 two-phase 9.5+0.5 0.066 + 0.007 10.5+ 0.6 0.038 + 0.002
6KC8 two-phase 11.0+0.3 0.042 + 0.007 125+0.3 0.017 + 0.001
6KC10 insoluble N/A N/A N/A N/A

a Equilibrium gel-phase concentration. ? Equilibrium sol-phase concentration.

to any noticeable change of the gel-phase concentration
for the sol—gel coexisting systems. This insensitivity to
temperature is in accord with previously reported
hydrocarbon-ended phase-separating systems, as well
as with theoretical descriptions!” in terms of the en-
tropically driven formation of a concentrated phase. The
tradeoff between the entropy associated with the center-
of-mass positional freedom in the micelle gas and the
configurational entropy of the end groups distributing
among multiple micelle cores in the dense phase governs
the phase behavior, so the temperature dependence
cancels out.

A comparison of the behavior in deionized water with
that in phosphate-buffered saline (PBS) shows that the
gel concentration is slightly higher in PBS than in water
and that the sol concentration is consistently lower in
PBS than in water (Table 3). This difference is due to
the decreased solvation of PEG chains resulting from
the salting out effect®? and the increased aggregation
tendency of fluorocarbon end groups because of the
added salts in PBS.?°

The concentrations of the sol phases are very small
for all samples (<0.1 wt %), and unlike the gel composi-
tion, both the end-group length and the PEG length
affect the equilibrium sol concentration (Table 3).

Mechanical Properties of Gel Phases of Sol—Gel
Coexising Species at Cgeleq. The rheological proper-
ties of the gels at their equilibrium compositions show
single-relaxation behavior (Figure 2), similarly to previ-
ously examined modified PEG systems.13715.18.20-22 The
dynamic modulus of 10KC10 at Cgeleq Shows a very flat
plateau in the storage modulus above the frequency of
the maximum G" and its loss modulus drops as =1 with
increasing frequency in the same region. Below wy,
terminal behavior holds (G' ~ w?, G" ~ w). These
features are characteristics of a single-relaxation-time
(or Maxwell) fluid. For a Maxwell fluid, the following
relationship holds

G"(w) = [C'()G, — G'(w)’]

where G, is the plateau modulus. The Cole—Cole plot
(G" versus G') shows a nearly semicircle shape for
10KC10, indicating single-relaxation behavior (Figure
2). Over the accessible range of frequency, 10KC8 and
6KCS8 at their respective Cgel¢q Values appear to behave
like 10KC10.22 As one would expect, 6KC6 has a
substantially faster relaxation time, so that, in the
frequency range measured (100 rad/s), only terminal-
regime behavior is observed.

For gels at their equilibrium compositions, the PEG
midblock determines the modulus of the gel phase;
similar values in the plateau modulus are observed for
10KC10 and 10KC8 (Figure 3), reflecting the similar
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Figure 2. Systems that exhibit sol—gel coexistence show
nearly single-relaxation behavior of the equilibrium gel (i.e.,
at concentration Cgeeq), illustrated here by 10KC10: (a)
dynamic moduli, (b) Cole—Cole plot. The solid curve is for a
single Maxwell element. The dashed curve is for G"(w) =
[G'(w)Go — G'(w)?]™™ with m = 0.49. (T = 25 °C.)

densities of physical junctions in these gels, also evident
from the similar values of their swelling ratios (Table
3). A higher value was observed for 6KC8, indicating
that a higher density of physical junctions is present,
which also agrees with its smaller swelling ratio relative
to those of 10KC10 and 10KCS8.

The viscoelastic relaxation time (z;) of these gels, the
inverse of the frequency at the loss maximum (wx 1)
(Figure 3b), increases strongly with the hydrophobe
length; the ~40-fold difference in 7, between 10KC10
and 10KC8 (Table 4) shows that two CF, units signifi-
cantly increase the average residence time of a given
R group in a physical junction of the gel (which controls
the longest relaxation time).13-1518.20-22 |nterestingly,
10KC8 and 6KC8 gels in their respective equilibrium
states demonstrate similar relaxation times, which
indicates that the end group dominates the relaxation
behavior. This is in contrast to single-phase-type sys-
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Figure 3. Dynamic moduli of gel phases of sol—gel coexisting
species at equilibrium compositions (Cgeleq): (a) Storage moduli,
(b) loss moduli. (T = 25 °C.)

Table 4. Mechanical Properties of Gel Phases at Cgeleq

at 25 °C
10KC10 10KC8 6KC8
composition (%) 6.8 6.5 11.0
relaxation time (zr) (s) 1.2 0.029 0.023
plateau modulus (G,) (kPa) 14.4 18.5 56.1
viscosity (17,) (kPa s) 18 0.53 15

tems, which show strong concentration dependence of
7r until the concentration is sufficiently large that the
bridge/loop ratio is O(1).13 This insensitivity to concen-
tration (comparing 7, for 10KC8 and 6KCS8) is a conse-
quence of the fact that the equilibrium gel concentra-
tions are high enough that the bridge/loop ratios are
already O(1). Finally, the zero-shear viscosity (10), which
is the product of the plateau modulus and the relaxation
time, varies over 1 order of magnitude with modest
changes in molecular structure (10KC10 > 6KC8 >
10KCS8, Table 4).

Erosion Characteristics. The erosion characteris-
tics of the hydrogels were determined using surface
plasmon resonance (SPR). For the hydrogels that exhibit
sol—gel coexistence, the transient resonance angle (6)
shows four distinct stages (Figure 4): an initial rapid
decrease (t0), a small gradual increase to an equilibrium
value (71), a constant value for a prolonged period (z2),
and finally a decrease to the value corresponding to the
bare gold surface in contact with water (z3). The initial
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Figure 4. Change of surface plasmon resonance angle with
time for 10KCS8 film of initial dry film thickness 0.55 um.
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Figure 5. Dissolution time as a function of the initial dry
thickness of 10KC8 gels.

rapid decrease of 6 during o is due to swelling from the
dried state, which reduces the polymer concentration,
producing a concomitant decrease in the refractive
index. The resonance angle drops even lower than that
of the equilibrium state, 6eq; during the interval 74, the
resonance angle approaches the equilibrium value.
Because the resonance angle tracks the polymer con-
centration, the fact the 6 passes through a minimum
in the first ~1 um adjacent to the gold film indicates
that the concentration drops below the equilibrium gel
concentration and then rises back to Cgejeq. This anoma-
lous overswelling is reminiscent of similar phenomena
in a variety of systems.34 Because the thickness of the
swollen film (~8 um in the example shown in Figure 4)
is much greater than the depth probed by SPR (~1 um),
the constant resonance angle observed during 7 indi-
cates that the polymer concentration in the gel is
constant. The decrease of 6 during 73 results from the
decrease in thickness as the last ~1 um of the gel erodes.

For a given polymer (10KC8), the resonance angle
during the interval 7, is independent of the initial
thickness of the film, consistent with the polymer
concentration being equal to that of the equilibrium gel
throughout the periods 72 and 73. The duration of the
prolonged plateau, 7», increases linearly with film thick-
ness, consistent with surface erosion of the equilibrium
gel at a constant erosion rate. The increase in
dominates the behavior of the total dissolution time,
defined in Figure 4, leading to a linear increase in
tdissolution With film thickness (Figure 5). The initial
swelling transient (7o and t;) is also sensitive to film
thickness: As the initial dry thickness increases from
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Figure 6. Lyotropic phase transition of one-end-modified PEG
solutions: (a) phase diagram, (b) schematic representation.

0.5 to 2 um, the time for the initial swelling step 7o
increases from ~0.5 to ~2.5 h, and the depth of the
undershoot decreases (for the thickest films studied, the
71 interval is no longer well-defined, so the trends in 7;
with film thickness are not as pronounced). The final
transient in 6(t) during the 73 is period is independent
of the initial thickness, consistent with the interpreta-
tion that this final process occurs at the intrinsic erosion
rate for the equilibrium gel of a given polymer as the
film decreases in thickness from the threshold of
sensitivity of SPR to zero thickness.

The dissolution rate of the polymers that exhibit sol—
gel coexistence is computed from the linear relationship
between the dry thickness and the dissolution time (e.g.,
Figure 5). For these species, the dissolution rate appears
to be controlled mainly by the hydrophobe length: The
dissolution rate of 6KC8 is of the same order of
magnitude as that of 10KC8, whereas 10KC10 dissolves
at least 100 times slower than 10KC8 (the final stage
was too slow to be observed within the experimental
time).

For comparison, we also examined the dissolution of
two types of hydrogels that do not show sol—gel coexist-
ence: an associative polymer that exhibits the usual
single-phase behavior (20KC10) and hydrogels formed
by lyotropic ordering of micelles®® (5KmPC10, Figure
6). In these systems, there is no thermodynamic barrier
for dissolution from the bulk, and the driving force for
dissolution is the concentration of the polymer matrix
(~10' wt %), which is much greater than the driving
force for dissolution of equilibrium gels (the equilibrium
sol concentration for the sol—gel coexisting polymers is
only ~10~2 wt %). Consistent with the high driving force
for dissolution and the continuous change in concentra-
tion upon exposure to an open system, the resonance
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Table 5. Dissolution Rates at 25 °C?2

species conc 10KC10 10KC8 6KC8 20KC10 5K-M-C10
(wt %) (6.8) (6.5) (11.0) (10.0) (12.8)

dissolution rate <1075 1.67 x 107 3.33 x 107* 0.168 0.201
(mgcm=2h-1)

a2 Note: For systems exhibiting sol—gel coexistence, the com-
positions of the polymer matrices used are the equilibrium gel
concentrations. For single-phase (20KC10) and lyotropic (5K-M-
C10) systems, the initial concentrations were chosen to be high
enough that gels formed (Figure 6a). For these fast-dissolving gels,
the rates are for the initial linear stage of dissolution from the
bulk gel state.

angles of 20KC10 films of initial thicknesses in the
range 0.1—2 um decrease rapidly to their final values
without any plateau, which implies fast and homoge-
neous erosion of the gels. Because the erosion rate was
too fast to quantify by SPR, the erosion rates were
instead obtained during the initial linear regime of
dissolution of thick gels prepared in vials. As expected,
20KC10 and 5KmPC10 exhibit much faster dissolution
rates than species that exhibit sol—gel coexistence (~102
times faster than the dissolution of 10KC8). The erosion
rates of the various samples span 5 orders of magnitude
(Table 5).

The erosion kinetics of the systems with C8 fluoro-
alkyls roughly track their equilibrium sol concentra-
tions; however, it is interesting to note that the relative
erosion rate of 10KC10 is much slower than one would
expect on the basis of its equilibrium sol concentration.
The usual expectation for surface erosion is that it is
limited by the mass transfer rate at the surface, often
described in terms of a mass transfer coefficient (mostly
determined by the flow conditions at the surface) and
the equilibrium concentration of the eroding species. In
this series of experiments, the flow conditions are held
fixed, and the molecular or micellar diffusivities are
similar across all systems. Therefore, the mass transfer
coefficient can be regarded as constant, and the ratio of
the erosion rates is expected to follow the ratio of the
equilibrium sol concentrations. This appears to be a
good approximation for 10KC8 and 6KC8, within the
uncertainty in determining Csoeq. However, the very
large difference in the dissolution rates between 10KC10
and 10KC8 cannot be understood in terms of the small
difference (~4 times) in their equilibrium sol concentra-
tions. This suggests that a different physical mechanism
applies.

If the rate of diffusion of micelles away from the
surface exceeded the rate of release of micelles from the
surface, the surface concentration could drop below
Csoleq- The overall flux would then be determined by the
rate of detachment of micelles from the gel. Our rheo-
logical data suggest that this could explain the more
than 2 orders of magnitude slower erosion rate for C10
systems than for C8 systems: The rheological relaxation
time is approximately 40 times slower for 10KC10 than
for 10KC8 or 6KC8 (Table 4). The rheological relaxation
time is related to the average time required for a single
chain end to be freed from the aggregate core in which
it resides. For a chain to become completely free to leave
the gel, both ends must be free, which would be a much
rarer event, scaling as ~(viscoelastic time, 7,) 2. Release
of a micelle from the gel might be even more rare.

Discussion

Comparison to Prior Studies of R+-PEGSs. This
study represents the first report of sol—gel coexistence
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in a fluorocarbon-terminated PEG system. However, in
view of our results, it is surprising that previous studies
of similar materials did not observe sol—gel phase
separation. Menchen et al. reported the insolubility of
8KC8 in water, although it is not clear whether it
precipitated or phase-separated.'® Neither phase sepa-
ration nor precipitation was reported for solutions of 6-
or 10-kD PEG modified with —C11H22C8F17.20’22 The
origin of these discrepancies might lie in differences in
chemical structure (the degree of end-capping) or in
experimental methods (differences in methods have
been implicated previously as the source of wide differ-
ences in the reported aggregation number for a given
end group?’). For example, the absence of any viscosity
enhancement for a solution of 6-kD PEG modified with
—C11H2,CgF172° might have resulted from the low
viscosity of the sol phase in which the coexisting gel
might have been suspended. Also, the absence of phase
separation in 10-kD PEG modified with —C1;H2,CgF17
might be due to the low conversion rate of end-capping
(<80%).36

Implications for Biomedical Applications. For
potential applications of bifunctional R+PEGs that
demonstrate sol—gel coexistence as a delivery vehicle,
it is desirable to have systematic control of gel properties
such as composition and modulus, as well as transport
properties such as diffusion coefficient and viscosity. The
observed properties of the equilibrium gel phase of Ry
PEGs that exhibit sol—gel coexistence show that the gel
composition, modulus, and viscosity can be adjusted by
choice of the PEG midblock length, the end-group
length, or both. The low concentration in the dilute
phase translates into a small driving force for the
dissolution of these gels when they are exposed to an
open system (e.g., when used as an implant or as a drug-
release depot). Also, the addition of salts causes a small
increase in the equilibrium gel concentration and a
decrease in the equilibrium sol concentration. The effect
of dissolved salts (Table 3) will be present in vivo with
the small, but beneficial, result of increasing the modu-
lus and reducing the rate of dissolution.

By choice of the lengths of the hydrophilic PEG and
hydrophobic end groups, the type and rate of erosion of
the hydrogel can be controlled as well. The dissolution
characteristics in an open system correlate with the
type of phase behavior of the polymer matrix: Sol—gel
coexistence provides a constant polymer concentration
during the erosion process (Figure 8c) in contrast to the
continuous decrease in the polymer concentration of the
whole matrix for single-phase systems (Figure 8a,b).
The constant polymer concentration during erosion at
sol—gel equilibrium implies that erosion occurs only at
the surface, indicating that this hydrogel degrades
heterogeneously and that a constant release rate of an
embedded nondiffusible target material can be achieved.
A strong dependence of the erosion rate on the end-
group length suggests that the erosion for sol—gel
coexisting species is controlled by end-group dissocia-
tion. The absolute values of the dissolution rates of sol—
gel coexisting species are sufficiently slow that such
species would be appropriate for applications as delivery
depots in the body.

Implications for Theory. The key features to
capture regarding systems that exhibit sol—gel coexist-
ence are the compositions of the equilibrium phases and
the transition from single-phase to sol—gel coexistence
behavior. As mentioned above, two models have been
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Figure 7. Phase diagram of the end-group-modified PEG
systems (a) sticky hard-sphere phase diagram in terms of
7s ~ (stickiness parameter)™, adapted from Figure 11 of ref
17; (b) possible explanation of the change in phase behavior
with N in terms of a shift in the phase boundary as a result of
changes in the intermicelle potential with PEG length (see
text).

presented to capture the phase behavior of telechelic
associating polymers: Semenov’s scaling theory,?® which
describes how the aggregation number, p, and the
number of segments of hydrophilic chain, N, affect the
equilibrium gel concentration but cannot predict the
guantitative composition of the equilibrium phases or
the transition from single-phase to sol—gel coexistence
behavior; and Pham et al.’s approach using the sticky
hard-sphere model,'” which makes quantitative predic-
tions of the composition of the equilibrium phases and
the transition from single-phase to sol—gel coexistence
behavior but is formulated in terms of a stickiness
parameter (1/ts) that must be determined empirically
to account for the experimental data. Here, we compare
the observed phase behaviors of the present systems and
those previously described in the literature to the
predictions of each of these models, starting with the
equilibrium gel concentration, then moving to the equi-
librium sol concentration, and finally addressing the
transition from single-phase to sol—gel coexistence
behavior.

Equilibrium Gel Concentration. Experimental re-
sults show that the equilibrium gel concentration is
more sensitive to PEG length (~N) than to the aggrega-
tion number (p, mainly determined by the end-group
length37:38), in qualitative accord with the scaling rela-
tion predicted by Semenov, namely, ¢* ~ (pY2/N)3'~1,
where ¢* is the average polymer concentration within
the equilibrium gel and v is the Flory exponent.2® For
example, pairwise comparisons for similar relative
changes in p vs N in Pham et al.1” show that increasing
p from ~20 (35-kD PEG with C16 alkyl ends) to ~33
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Figure 8. Schematic representation of dissolution of the polymer gel in an open environment: (a) single-phase species (e.g.,
20KC10), (b) lyotropic cubic-phase gel (e.g., 5K—M—C10), (c) sol—gel coexisting species.

(35-kD PEG with C18 alkyl ends) gives a ~17% increase
in Cgereq (Figure 8 of ref 17), whereas a decrease in PEG
length from 35- to 20-kD PEG (both with C16 alkyl
ends) gives a ~65% increase in Cgeleq (Figure 8 of ref
17). From the present study, a ~50% increase in p from
10KCS8 to 10KC10, as determined by SANS,38 gives no
distinct change in Cgeleq, Whereas a ~40% decrease in
PEG length from 10KC8 to 6KC8 gives a ~70% increase
in Cgeleq. INdeed, the observed behavior suggests that
the greater sensitivity of Cgeeq to N than to p is even
more pronounced than indicated by the Semenov scaling
expression.

In the context of the model of Pham et al., the N
dependence of the polymer concentration in the equi-
librium gel arises solely from the decrease in polymer
concentration within a micelle as N increases.l” How-
ever, this does not fully account for the observed
decrease in Cgeleq With increasing N.*C The present
fluoroalkyl-ended systems also illustrate the significant
dependence of the intermicelle attraction on the PEG
midblock length. The small difference in gel volume
fraction between 10KC8 and 10KC10 (¢ = ~0.61 and
~0.59, respectively)*! suggests a weak dependence of
the intermicelle attraction on p, while the significant
difference between 10KC8 and 6KC8 (¢ = ~0.59 and
~0.70, respectively)*! shows a strong dependence on N
(Figure 7a). This argues that the attraction between the

micelles depends significantly on both p and N. In
addition, the observed micellar volume fraction, ¢, of
the 6KC8 equilibrium gel is too large to describe using
the adhesive hard-sphere phase diagram (Figure 7),17
presumably because, unlike hard spheres, micelles can
deform and even overlap.

Equilibrium Sol Concentration. The dependence of the
equilibrium sol concentration on N and p reinforces the
conclusion that the intermicelle attraction depends on
both p and N. The most striking indication of this is
the fact that the Csyeq Values for the present systems
are much smaller than for those studied by Pham et
al.1” To account for Cs¢q being from 2 to 10 times lower,
the intermicelle attraction would have to be substan-
tially larger. In their application of the sticky hard-
sphere model, this difference in intermicelle attraction
would be attributed to a difference in p. However, there
is very little change in intermicelle attraction with p,38
and the aggregation numbers for the present fluroalkyl-
ended systems are similar to those of the alkyl-ended
PEG molecules of Pham et al.3° Therefore, it is difficult
to explain the smaller Cgeq Values on the basis of p
alone. On the other hand, the present systems show very
large changes in phase behavior with PEG length (Table
3). Therefore, we believe that the low values of Csgjeq in
the present systems might predominantly reflect the
shorter PEG lengths in this study (which were 10- and
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6-kD PEG) compared to those in Pham et al. (which
were 20- and 35-kD PEG).

The relative values of the equilibrium sol and gel
volume fractions*! also support the need to incorporate
physical interactions not included in the sticky hard-
sphere model. For one system (35-kD PEG with C16
alkyl ends), Pham et al. found good agreement among
the values of the stickiness parameter (75 1) inferred
from three different characteristics: the second virial
coefficient (from dynamic light scattering at C < Csgjeq),
bsoleq, and ¢geleq. However, for 35-kD PEG with C18
alkyl ends, the 75 value inferred from light scattering
(rs ~ 0.07) was substantially lower than the two differ-
ent values of 7 inferred from ¢sol.eq aNd ¢geieqt’ (Figure
7a). The discrepancies between the values of 75 inferred
from ¢soleq aNd ¢geleq are even more pronounced in our
systems (10KC10, 10KC8, and 6KC8 in Figure 7a).4?
Indeed, for 6KC8, ¢geieq is simply too large to be
explained within the context of the sticky hard-sphere
model (Figure 7a).

Transition from Single-Phase to Sol—Gel Coexistence
Behavior. Three fluoroalkyl-terminated PEGs exhibiting
single-phase behavior have been described that are
particularly instructive to compare to the systems that
exhibit sol—gel equilibrium, namely, the 35KC8 system
studied by Winnik and co-workers!415 and the 20KC10
and 20KC8 systems of the present study. All of these
systems show that PEG length plays a very large role,
as pairwise comparisons can be made to systems with
the same hydrophobe (35KC8 and 20KC8 vs 10KC8, and
20KC10 vs 10KC10). Considering the insensitivity of the
intermicelle attraction to p,!” the change in phase
behavior as the PEG is increased from 10 to 20 kD
(Figure 7a) also indicates that the intermicelle attrac-
tion is very sensitive to N.

Regarding the effect of end group at fixed N and
similar p, for 35-kD PEG, Winnik et al. found that
35KC8 showed single-phase behavior, whereas Pham
et al. found that 35-kD PEG with C16 or C18 alkyl ends
showed sol—gel coexistence. If the aggregation number
for 35KC8 is indeed similar to that for 10KC8 (p ~ 30%9),
it is larger than that for the 35-kD PEG with C16 alkyl
groups and similar to that for 35-kD PEG with C18 alkyl
ends.” Therefore, one would expect 35KC8 to have
intermicelle attraction as strong as that for 35-kD PEG
with C18 alkyl ends and to exhibit sol—gel coexistence
(Figure 7a), which is not the case. Similarly, a compari-
son of 20KC10 to 20-kD PEG with C16 alkyl ends shows
the surprising result that 20KC10 exhibits single-phase
behavior even though it has a larger p (~503%°) than 20-
kD PEG with C16 alkyl ends (p ~ 20, based on 35kD
PEG with C16), which exhibits sol—gel coexistence.

These comparisons show effects of p for fixed PEG
length that are contrary to the physics of both the
Semenov model and the model of Pham et al. This
discrepancy suggests that the type of hydrophobe plays
an important role that is not captured by current models
(fluoroalkyl-ended systems show weaker intermicelle
attraction than their alkyl ended couterparts). Perhaps
this reflects a difference in corona structure resulting
from the difference in core structure. It is believed that
fluoroalkyl groups behave as short rods that aggregate
laterally such that the PEG chains must emerge from
the faces of the fluoroalkyl aggregate core, whereas alkyl
groups form liquidlike, spherical cores that do not as
tightly constrain the lateral spacing of the PEG chains.
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Unexplained Effects of N and Hydrophobe Type.
Current physical models of the interactions between
micelles lead to interaction potentials that are indepen-
dent of N because the softer repulsion with increasing
N is offset by the increasing area over which the
repulsion acts when micelles come into contact, which
is valid whether the chains in the corona are stretched
or not.172843 Consequently, the intermicelle interaction
potential used by both Semenov and Pham et al. is
determined exclusively by the aggregation number of
the hydrophobic core. In contrast, the phase behaviors
of the present systems, 20KC10 vs 10KC10 and 10KC8
vs 6KC8, and the previously reported data'41517 con-
sistently reveal that the intermicelle interaction poten-
tial is also affected by the size of the micelle (determined
by the PEG midblock length).

The substantial effect of PEG length on phase behav-
ior could qualitatively be explained by a change in shape
of the intermicelle interaction potential. It is known that
small changes in interparticle potential ®(r) can cause
profound shifts in the phase boundary.**45 In the
context of micelles, a change in ®(r) might result from
a crossover from having strong chain stretching to weak
chain stretching as N increases. Such a change would
be reasonable, given that the outermost blob size, &,
was half the micelle radius R for 35-kD PEG with C18
alkyl ends (p ~ 30),'7 indicating that this relatively long
PEG was not substantially stretched. However, as the
PEG length decreases, &,/R is expected to decrease in
the crossover regime between unstretched and stretched
brushes, making the intermicelle potential steeper.
Thus, the observed phase behavior might indicate that,
for an approximately fixed aggregation number (set by
the hydrophobe), the change in the character of the
corona (e.g., degree of stretching) might cause the
position of the gas—liquid phase boundary to shift
(Figure 7b).

The peculiarities in the phase behavior of PEG itself
might cause one to question whether the explanation
of the observed N dependence could be PEG-specific. For
example, PEG displays an unusual dependence of
solvent quality on PEG concentration. Increasing the
PEG concentration produces significantly poorer solvent
conditions.*® Accordingly, with increasing molecular
weight of the PEG, and thus increasing blob size for the
outermost corona, the solvent quality improves. There-
fore, bringing micelles together for larger PEG mid-
blocks might cost more free energy (by increasing the
PEG—PEG contacts when the outer corona is in a good
solvent condition) than bringing micelles together for
shorter PEG midblocks (because they were in a poorer
solvent condition, so having increased PEG—PEG con-
tacts costs less). However, in the concentration range
relevant here (“outer blob” concentrations of 2—6 wt %),
this effect seems to be too small to explain the large
change in the interaction potential suggested by the
observed phase behavior.46:47

In search of some physical explanation for the ob-
served effects of hydrophobe type and PEG length on
the position and nature of the sol—gel coexistence curve
and the character of the resulting gels, one could
consider the interfacial energy of the hydrophobic core
and how its effect is progressively shielded with in-
creasing N. One might speculate that increasing PEG
length might screen the hydrophobic core more ef-
fectively, so the micelle would be more soluble (weaker
intermicelle attraction). However, because the PEG
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chains are stretched near the cores of all of the micelles
reported in the literature, it seems that the identity of
the core would be well shielded in all existing systems.
Therefore, we do not know how important this effect
would be. Thus, understanding the observed effects of
PEG length and hydrophobe type appears to be an
unsolved problem.

Conclusions

The phase behavior, rheology, and erosion kinetics of
bifunctional R--PEGs provide a unified picture and show
that the material properties of this class of hydrogels
can be systematically tuned over a wide range. By
judicious choice of the lengths of the PEG and fluoro-
alkyl end groups, different phase behaviors—from single-
phase behavior, to sol—gel coexistence (phase separa-
tion), to essentially insoluble precipitation—are obtained.
For polymers that exhibit sol—gel coexistence, the
swelling ratio and modulus of the gel phase are deter-
mined by the PEG midblock length, the relaxation time
and erosion Kinetics are dominated by the hydrophobe
length, and the viscosity and equilibrium sol concentra-
tion depend on both PEG midblock and hydrophobe
length.

The accessibility of sol—gel coexistence behavior has
a number of important implications for potential ap-
plications of PEG hydrogels formed by aggregation of
hydrophobes. By providing hydrogels that exhibit sur-
face erosion at low enough rates to be useful, these
materials are candidates for applications in the con-
trolled release of therapeutic proteins and in tissue
engineering. A gquantitative theoretical description of
the phase behavior remains elusive, particularly the
effects of the PEG length, the hydrophobe type, and the
soft (deformable and compressible) nature of micelles.
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