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Dynamics of poly(ethylene glycol)-tethered, pH responsive networks
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Abstract

Smart biomaterials composed of pH responsive polymers, poly((meth)acrylic acid), were synthesized using a precipitation polymerization
technique. The microparticles were grafted with poly(ethylene glycol) (PEG) chains that are capable of complexing with the hydroxyl groups
of the polyacid and interpenetrating into the mucus gel layer upon entry into the small intestine. Upon introduction of an alkaline solution, these
materials imbibe a significant amount of water and create a highly viscous suspension. These materials have the necessary physicochemical
properties to serve as mucoadhesive controlled release drug carriers for the oral delivery of drugs.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Tethered polymer networks have received considerable at-
tention for their use in modifying surface adhesion and friction
[1e3], drug delivery systems [4e8], and bioadhesives
[1,2,9,10]. Biomimetic systems, biomaterials that mimic a bio-
logical environment to elicit a desired cellular response [11],
have also utilized tethered macromolecules to effectively en-
hance cellular adhesion [12e14] or prevent protein adsorption
[15]. Certain tethered polymer surfaces have been theorized to
act as adhesion promoters by interpenetrating into the mucous
gel layer, bridging the interface between the hydrogel-based
drug delivery system and the absorption site [16].

Hydrogels have been frequently used in biomedical applica-
tions because of their many shared characteristics with natural
tissue. The gel/gel adhesion between the hydrogel and the nat-
ural tissue can be controlled with the use of tethered polymers
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at the surface of the biomaterial. Since hydrogels are porous
penetrable materials much like natural tissue, the tethered
along with the bulk structure of the polymer requires a funda-
mental understanding to evaluate the structureeproperty rela-
tionships and dynamics.

Synthesis of polymer microparticles as the geometry for the
hydrogel material is preferred due to their ease of incorpora-
tion into traditional dosage forms such as tablets and capsule
formulations. Drug-loaded microparticles can be used on their
own as drug delivery systems due to their relatively high load-
ing capacity and ease of administration. Thermally initiated
free-radical precipitation polymerizations are typically utilized
as the preparation technique for obtaining microparticles pos-
sessing the necessary compressibility characteristics needed
for successful tablet compression [17].

The incorporation of a (meth)acrylic monomer possessing
a carboxylic acid moiety imparts pH responsive behavior
into the hydrogel network. The anionic behavior of the poly-
mer allows for ionic repulsion to occur along the polymer
backbone, causing the hydrogel networks to expand and col-
lapse depending on whether the pH of the environment is
above or below the pKa of the polymer. The addition of
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a polymer tether capable of participating in interpolymer com-
plexation may affect the swelling behavior, mechanical prop-
erties, and solute transport characteristics dependent on the
state of the network, complexed or uncomplexed.

Interpolymer complexation forms between electron defi-
cient moieties, such as the carboxylic acid groups found along
the backbone of polyacids, and moieties containing regions of
high electron density, such as the ether groups comprising
poly(ethylene glycol) (PEG). The complexation behavior is
a result of the non-covalent association between the polyacid
and the tether as a result of hydrogen bonding between the car-
boxyl group and the ether oxygen. This interpolymer complex-
ation is a thermodynamically favorable event and is reversible
in nature. The stability of the complex formed is strongly de-
pendent on the structure of the polymers and their relative
amounts incorporated into the network.

For complexation to occur, the pH of the environment must
be substantially lower than the pKa of the polyacid network to
allow for sufficient protonation of the carboxylic acid group.
Upon approach to the pKa, deprotonation occurs causing the
network to decomplex. Upon decomplexation, the dynamics
of the network is significantly altered, allowing for increased
swelling, a decrease in the mechanical integrity of the net-
work, and increased solute diffusion. Due to these interesting
characteristics, these polymer networks can be utilized in bio-
sensing applications, molecular recognition, and drug delivery
systems.

In our research, we studied the synthesis and characteriza-
tion of microparticles composed of polymers possessing the
ability to form interpolymer complexes stabilized by hydrogen
bonding. These tethers are also present to act as adhesion pro-
moters between the hydrogel and other gel networks such as
the mucous gel layer covering the epithelium of the gastroin-
testinal tract. The conditions necessary for a successful poly-
merization are elucidated. The effects of the concentration
and size of the polymer tether on the dynamics of the polymer
networks are evaluated. Also, the behavior of two different
polyacids in conjunction with the polymer tether is studied.

2. Experimental

2.1. Synthesis

Methacrylic acid (MAA, inhibited with 250 ppm hydroqui-
none), anhydrous potassium carbonate (K2CO3), and ethyl ac-
etate (EtAc) were obtained from Fisher Scientific and used as
received. Acrylic acid (AA, inhibited with 200 ppm hydroqui-
none), poly(ethylene glycol) methyl ether methacrylate
(PEGMMA, Mn w 300, 1100) and PEGMMA solution
(Mn w 2080, 50 wt% in H2O) were obtained from Sigmae
Aldrich (Milwaukee, WI). The PEGMMA 50 wt% in H2O
solution was freeze-dried to obtain anhydrous PEGMMA
Mn w 2080. Allyl pentaerythritol (APE), pentaerythritol tria-
crylate (PETA), and di(4-tert-butylcyclohexyl) peroxydicar-
bonate (BCHPC) were kindly supplied by Perstorp Polyols
(Toledo, OH), Sartomer (Exton, PA), and Degussa Initiators
(Elyria, OH), respectively. All other chemicals were of reagent
grade and used as received.

In a typical thermally initiated free-radical precipitation
polymerization, MAA, K2CO3, PEGMMA, and deionized
distilled water (ddH2O) were combined and mixed to form
a homogeneous mixture, allowing the escape of the neutraliza-
tion by-product carbon dioxide [17]. The crosslinking agent,
APE or PETA, was dissolved in ethyl acetate. The monomer
mixture and crosslinking agent were added to a four-necked
round bottom flask equipped with an overhead stirrer, nitrogen
purge, and condenser containing the polymerization solvent
EtAc. Following a 20 min purge with nitrogen, the initiator
BCHPC dissolved in the polymerization solvent was added
to the vessel and further purged for an additional 10 min.

The molecular structures of the monomer, crosslinking
agent, and thermal initiator are shown in Fig. 1. The vessel
was placed in a thermostatic bath at 50� 0.5 �C where precipi-
tation was evident in a matter of minutes. The reaction was
allowed to proceed for 16 h to ensure a high percentage of
monomer conversion. Following the polymerization, the parti-
cle slurry was centrifuged and washed with fresh ethyl acetate
and dried using a rotary evaporator at elevated temperature
and reduced pressure (90 �C/40 mmHg).

2.2. Characterization

Discs containing 1 mg of sample and 150 mg of KBr were
prepared on a Carver laboratory press using a 15,000 lb com-
pression force. Infrared spectra of the microparticles were
obtained in the wavenumber range of 400e4000 cm�1 on
a Fourier transform infrared spectrophotometer (FT-IR, Thermo
Mattson Infinity, Thermo Electron Corp., Waltham, MA) in
transmission mode equipped with a KBr beamsplitter and
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DTGS detector. Each spectrum is an average of 64 scans at
a resolution of 1 cm�1.

The thermal properties of the microparticles were charac-
terized using a differential scanning calorimeter (DSC,
MDSC 2920, TA Instruments, New Castle, DE). Approxi-
mately 10e15 mg of samples was analyzed at a sample rate
of 10 �C/min over the range of 80e160 �C for poly(acrylic
acid) and 80e300 �C for poly(methacrylic acid) using
a heat/cool/heat method to erase the thermal history.

The equilibrium weight swelling ratio of the polymeric hy-
drogel microparticles was determined by carefully weighing
50 mg of dried particles and combining them with 35 mL of
NaHCO3 solution (1.5 g/100 mL). The suspension was agi-
tated for 60 min and then centrifuged for 60 min at
2000 rpm, carefully discarding the supernatant. The pellet
was resuspended in an additional 35 mL of NaHCO3 solution
and agitated for 60 min. The suspension was centrifuged at
2000 rpm for 60 min and by carefully removing the superna-
tant the weight of the gelled mass was determined. This pro-
cedure was also carried out in a 0.1 N HCl solution.

Approximately 4.0 g of the prepared polymer microparti-
cles previously dried at 30 �C and 77 mm Hg was added to
350 mL of an agitated aqueous solution containing the appro-
priate amount of NaCl to achieve the specified ionic strength.
After a 15 min hydration period, the pH of the microparticle
slurry was adjusted accordingly using 1 N NaOH, and a suffi-
cient volume of ddH2O was added to make the final volume of
liquid 400 mL.

One milliliter of the polymer gel was placed on the lower
part of the two cylindrical (D¼ 19 mm) agarose sample
mounts (0.5 g agarose in 50 mL of ddH2O) in a tensile tester
(Instron 4301, 10 N load cell, Canton, MA) at 22 �C. The
upper sample mount was brought into contact with a 42 mN
impingement force achieved through resting the upper sample
mount on the gel sample and lower sample mount, and the
gel was allowed to relax for 5 min. The upper sample mount
was raised at 6 mm/min until failure of the gel bond oc-
curred, and the detachment force was measured as a func-
tion of displacement. The area under the graph obtained
by plotting the force versus elongation between the start of
the experiment and the peak force is defined as the work of
adhesion.

3. Results and discussion

3.1. Precipitation polymerization for synthesis of
tethered microparticles

The main requirement for a precipitation polymerization is
the presence of an inert diluent which dissolves the monomer
but precipitates the polymer as it is formed. In the formation
of the tethered microparticles, the monomer, crosslinking
agent, tether, and initiator are dissolved in ethyl acetate which
is a non-solvent for the formed polymer [18]. Polymer precip-
itates out and forms agglomerated microparticles. These types
of polymerizations are different than those of dispersion poly-
merizations in that there is no polymeric dispersant present to
stabilize the polymer particles as they are formed. This stabi-
lizer forms a dissolved protective layer around the polymer par-
ticles as they grow, and its absence presents an unstable
dispersion which results in flocculation of the growing poly-
meric particles. The resultant microparticle is composed of pri-
mary polymeric particles which have agglomerated together.

The processes involved with precipitation polymerizations
depend on the solubility characteristics of the polymer, espe-
cially those processes related to the formation and growth of
polymer particles. The free energy change DGm must be neg-
ative for the monomers and the diluent to mix. More specifi-
cally the heat of mixing DHm must be smaller than the
entropy factor TDSm since the entropy of mixing will always
be positive as can be seen in Eq. (1).

DGm ¼ DHm� TDSm ð1Þ
The total cohesion energy, the total energy needed to sepa-

rate the molecules of each liquid to a distance infinitely far
from one another, is given by Eq. (2).

E¼ ðDHv �RTÞ=Vm ð2Þ
The solubility parameter d is defined as the square root of

the cohesive energy density since the interaction between the
unlike molecules can be taken as the geometric mean of the
cohesive energy densities of the two components.

E1 ¼ d2
1; E1 ¼ d2

2; E12 ¼ d1d2 ð3Þ
The heat of mixing can be obtained by subtracting the con-

tributions of a mixture from the cohesive energies of the sep-
arate unmixed components as shown in Eq. (4), where Vm is
the average molar volume of the mixture. Because the interac-
tions between like molecules are counted twice, a factor of 2 is
added.

DHm=Vm ¼
�
E1f1 þE2f2

�
�
�
E1f2

1þE2f2
2þ 2E12f1f2

�

ð4Þ

From these equations, the heat of mixing can be expressed in
the following form and is minimized when the difference be-
tween the solubility parameters of the liquids is as small as
possible.

DHm ¼ Vmf1f2ðd1� d2Þ2 ð5Þ

FloryeHuggins solution theory shows that the free energy
of mixing Eq. (6) is highly dependent on the molecular weight
of the polymer.

ðDGmÞv¼ ðRT=VÞðf1 ln f1þ ðf2=mÞln f2þ cf1f2Þ ð6Þ

c is the Flory polymeresolvent interaction parameter
which is related to the solubility parameters of the components
by equation, where b is a correction to the Flory combinatorial
entropy with a value between 0.2 and 0.4.

c¼ bþ ðd1� d2Þ2V1=RT ð7Þ

Further evaluation of precipitation and phase separation can
be described as an equilibrium process by the FloryeHuggins
theory and one can derive the chemical potential for each
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component of the precipitation polymerization. These deriva-
tions yield that the solubility of a polymer in a liquid diluent
falls off very rapidly as the molecular weight is increased
and as the difference in solubility parameters for each compo-
nent increases [18].

The precipitation polymerization of tethered microparticles
synthesized in this work occurs through the following stages:
(a) the polymer formed is insoluble in the diluent and polymer
particles precipitate from the initially homogeneous reaction
solution; (b) opalescence is detected almost immediately after
initiation of polymerization due to the formation of polymer
particles at very low conversions; (c) high molecular weight
polymers are obtained due to restricted radical termination
in the formed glassy particle (Fig. 2) [19].

Due to the biomedical application of the particles, absence
of a dispersant was desired to eliminate the need for removal.
The resulting size distribution is rather polydisperse with 95%
of the particles being smaller than 30 mm (data not shown).
The addition of the low molecular weight PEG used in these
studies did not act as a polymerizable stabilizer as can be
noted from the presence of the agglomeration and the absence
of individual primary particles.

For AA precipitation polymerizations, it is necessary to pre-
neutralize a small portion of the acrylic acid monomers to form
potassium acrylate. Potassium acrylate imparts the proper sol-
ubility characteristics onto the formed polymer to precipitate
out of solution. Without the addition of potassium acrylate to
the monomer solution, polymerization and marginal precipita-
tion occur, but the large agglomerates formed are undesirable.
The polymerization proceeds as a solution polymerization
without production of any microparticles. For PMAA, the pre-
neutralization is not necessary due to the solubility characteris-
tics of the formed polymer, but can be utilized to increase the
microclimate pH of the particles’ formed. However, a large
concentration of potassium acrylates and methacrylates is in-
soluble in ethyl acetate, resulting in a heterogeneous mono-
mer/diluent mixture.
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Fig. 2. Molecular structure of the crosslinked PEG-tethered polyacid hydrogel

prepared through a thermally initiated free-radical precipitation polymerization.
For the P(AA-g-PEG) polymerizations, the PEG does affect
the solubility of the formed microparticles. With PEG being
soluble in ethyl acetate, its incorporation results in a higher
propensity for salvation of the growing polymer chains. This
effect can be kinetically controlled by decreasing the reaction
temperature after initiation to decrease the extent of agglomer-
ation that occurs. For P(MAA-g-PEG) polymerizations, this
effect is negligible due to large extent of the insolubility of
PMAA in ethyl acetate.

The choice of initiator relies on the fact that a lower reac-
tion temperature is needed for increasing concentrations of
PEG. The peroxydicarbonate provides this characteristic.
However, lauroyl peroxide can also be utilized as the initiator
for systems composed of a high AA:EG ratio or for all MAA
systems. The choice of crosslinking agent is also dependent on
the monomer employed. Due to the reactivity ratios of acrylic
and methacrylic acid, an allyl or acrylate functionalized cross-
linking agent, respectively, must be used to achieve a cross-
linked network.

3.2. FT-IR spectroscopy of poly(ethylene glycol)-tethered
biomaterials

Fig. 3 shows the IR spectra for crosslinked poly(acrylic
acid) (PAA) microparticles containing the PEGMMA tether
at various concentrations and potassium acrylate (P(AA-g-
PEG)) and Table 1 lists the vibrational assignments for the
various peaks present in the spectra. All spectra exhibit the
characteristic C]O stretching, with crosslinked PAA stretching
occurring at 1710 cm�1 and moving to a slightly higher wave-
number with increasing PEG tether concentration (1740 cm�1

for AA:EG 50:50). This indicates a higher prevalence of
obtaining cyclic hydrogen-bonded COOH groups in dimeric
form with a decreasing concentration of the PEG tether [20].
As the concentration of PEG increases in the network, the con-
centration of free (non-hydrogen-bonded) COOH groups in-
creases due to the disruption or prevention of dimeric
formation with the addition of the PEG macromolecule into
the structure. The asymmetric vibration of the methyl group
present at the end of the PEG tether is exhibited on the
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FT-IR spectrum at approximately 2890 cm�1. The characteris-
tic CeOeC stretching of the PEG tether is clearly evident at
approximately 1110 cm�1.

3.3. Differential scanning calorimetry

The glass transition temperature, Tg, of the dry crosslinked
PAA is approximately 131 �C, which is significantly higher
than that reported for linear PAA (Fig. 4). As reported previ-
ously [17], this can be attributed to the presence of the pentaery-
thritol crosslinking agent and potassium acrylate. Upon
incorporation of small amounts of the PEG tether (AA:EG
98:2 and 90:10), the DCp is decreased with no change or ap-
pearance of a second Tg. It is not until the ratio of AA:EG
is increased to 83:17 that a second Tg is observed. This is
due to a heterogeneous network consisting of crosslinked
PAA rich domains and domains containing both the cross-
linked PAA and the PEG tether. Upon further increase of the
PEG concentration, a single lower Tg is observed, indicating
the return to a more homogeneous network.

Table 1

Vibrational assignments for crosslinked PAA and the effect of PEG tether

addition on the spectra of P(AA-g-PEG) microparticles

Wavenumber (cm�1) Intensitya Assignmentb

x-PAA PAA-g-PEG

3440 v y(OeH) free groups

w3200 m y(OeH) associated w/water

2970 w ya(CeH) CH2

2890 mes ya(CH3)

w2620 w y(OeH) bonded groups

1710 Shifts to slightly

higher

s y(C]O)

1560 s y Carboxylate ion

1460 1460 w d(CH2) out of plane

1260 s y(C]O) or d(OeH)

1190 s Related to 1260

1110 s y(CeOeC)

820 w g(CH2)

a Intensity: v, variable, w, weak, m, medium, s, strong.
b Vibrations: y, stretching, a, asymmetric, d, bending, g, rocking.
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3.4. Swelling behavior of PEG-tethered hydrogel
networks

To evaluate the swelling properties of the PEG-tethered hy-
drogel networks, the amount of water uptake of the micropar-
ticles, q, was calculated according to Eq. (8), where Ws and Wd

are the weights of the swollen polymer and the dry polymer,
respectively.

q¼ Ws

Wd

ð8Þ

The polymer volume fraction after equilibrium swelling,
y2,s, was calculated according to Eq. (9), where rd and rwater

are the densities of the polymer (1.41 g/cm3) and water
(0.995 g/cm3), respectively.

n2;s ¼
Wd=rd

Wd=rdþWs=rwater

ð9Þ

The molecular weight between crosslinks, Mc, was calculated
according to the FloryeRehner Eq. (10), where Mn is the num-
ber average molecular weight of the uncrosslinked polymer
(20,000 for PMAA; 50,000 for PAA), y is the specific volume
of the polymer (0.71 cm3/g), V1 is the molar volume of the
swelling medium (18.1 cm3/mol), and c is the Flory poly-
meresolvent interaction parameter in water which is calcu-
lated as a weighted average for the c values: PMAA,
c¼ 0.5987; PAA, c¼ 0.495; and PEG, c¼ 0.55.

1

Mc

¼ 2

Mn

�
y

V1

h
lnð1� y2;sÞ þ y2;sþ cy2

2;s

i
�

y
1=3
2;s �

y2;s

2

� ð10Þ

After determining Mc the number of links between two
crosslinks, n, was calculated according to Eq. (11), where
Mr is the average molecular weight of the repeat unit (MAA,
86.09; AA, 72.06; EG, 44).

n¼ 2Mc

Mr

ð11Þ

The value of the root-mean squared end-to-end distance of
the polymer chain in the freely jointed state was calculated us-
ing Eq. (12), where [ is the carbonecarbon bond length
(1.54 Å).

�
r2
�1=2¼ [

ffiffiffi
n
p

ð12Þ

The root-mean squared end-to-end distance of the polymer
chain in the unperturbed state was calculated according to Eq.
(13), where Cn is the Flory characteristic ratio or rigidity factor
of the polymer (PMAA, Cn¼ 14.6; PAA, Cn¼ 14.6; and PEG,
Cn¼ 3.8).

�
r2

o

�1=2¼
ffiffiffiffiffi
Cn

p �
r2
�1=2 ð13Þ

Lastly, the mesh size of the hydrogel network, x, was deter-
mined according to Eq. (14).
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x¼ y
�1=3
2;s

�
r2

o

�1=2 ð14Þ

The results for the swelling dynamics of PAA microparti-
cles are summarized in Table 2. Loosely crosslinked PAA
(0.43 mol% APE) imbibes a significant amount of water in
the sodium carbonate buffer (pH w 9) as compared to 0.1 N
HCl. As the amount of crosslinking agent increases, the degree
of swelling in the carbonate buffer decreases. The results for
the swelling dynamics of PMAA microparticles (Table 3)
show a similar trend. At similar crosslinking levels, PMAA
microparticles imbibe a significantly less amount of water
due to the presence of the methyl group along the backbone
of polyacid. Swelling of both networks occurs due to deproto-
nation of the carboxyl group resulting in ionic repulsion of the
neighboring chains. This causes the network to expand and
imbibe more water. In the 0.1 N HCl buffer, the carboxylic
acid groups remain protonated and water uptake is minimal.
This expansion is also evident through the significant increase
in the mesh size for the polymers in the carbonate buffer as
compared to the 0.1 N HCl solution. As crosslinking is in-
creased, the mesh size decreases which corresponds to the
lower solution uptake.

Upon incorporation of PEG, the swelling dynamics of the
PMAA microparticles changes significantly (Table 4). The
swelling capacity of the tethered hydrogels is significantly
lower as compared to crosslinked PMAA microparticles con-
taining no tether. The degree of swelling is similar with
a slightly smaller mesh size. The ratio of the mesh size in
carbonate buffer versus 0.1 N HCl is significantly greater
for tethered hydrogels. This allows for a dramatic increase
in the amount of water uptake in higher pH solutions com-
pared with lower pH ones providing a stimulus responsive
material.

Table 2

Equilibrium swelling ratio of crosslinked PAA microparticles

Theoretical

crosslinking

ratio (Xtheo)

0.1 N HCl NaHCO3 buffer

Weight

swelling

ratio (q)

Mesh size

(x, Å)

Weight

swelling

ratio (q)

Mesh size

(x, Å)

0.0043 17.0� 0.3 420 91.4� 0.8 780

0.0075 15.0� 0.2 400 64.6� 1.7 700

0.0148 14.4� 0.2 390 47.6� 0.2 630

0.0309 16.5� 0.7 420 34.7� 2.2 561

Table 3

Equilibrium swelling ratio of crosslinked PMAA microparticles

Theoretical

crosslinking

ratio (Xtheo)

0.1 N HCl NaHCO3 buffer

Weight

swelling

ratio (q)

Mesh size

(x, Å)

Weight

swelling

ratio (q)

Mesh size

(x, Å)

0.0043 11.6� 0.6 270 40.5� 0.4 350

0.0079 11.9� 0.5 270 34.8� 0.8 340

0.0148 11.8� 0.6 270 26.6� 0.6 310

0.0309 11.2� 0.7 260 20.8� 1.1 290
3.5. Gel/gel adhesion of tethered hydrogels

Crosslinked PAA hydrogel microparticles, upon neutraliza-
tion, produce a highly viscous suspension at low concentrations
(1 wt% polymer). This viscous gel suspension possesses tack
which is capable of adhering to other hydrogel materials.
This characteristic is exhibited in Figs. 5e7 for crosslinked
PAA microparticles containing a PEG tether. The gel adhesion
remains relatively unchanged upon incorporation of low
amounts of the PEG tether (AA:EG 83:17). However, as the
concentration is increased to a ratio of AA:EG 60:40, a signifi-
cant decrease in the adhesive characteristics is obtained. The
viscosity of the neutralized hydrated gel is the key factor that
attributes to the ability of the gel to act as a bioadhesive.
With higher concentrations of PEG, the amount of ionizable
groups present in the network is decreased which leads to a sig-
nificant reduction in the viscosity of the gel. The lowered vis-
cosity in turn causes the adhesive characteristics to be lower
than hydrogels containing lowered amounts of PEG.

4. Conclusions

The fundamental understanding of the behavior of tethered
gel networks has implications in tissue engineering, adhesion,
and drug delivery. In this research, ionizable hydrogel networks
containing a PEG tether were successfully synthesized using
a thermally initiated free-radical precipitation polymerization.
The effects of the PEG tether on the structure of the

Table 4

Equilibrium swelling of crosslinked PEG-tethered PMAA microparticles

(PEG-1000)

MAA:EG 0.1 N HCl NaHCO3 buffer

Weight swelling

ratio (q)

Mesh size

(x, Å)

Weight swelling

ratio (q)

Mesh size

(x, Å)

83:17 6.1� 0.2 61 41.6� 0.9 300

69:31 5.8� 0.3 54 42.0� 0.5 290

50:50 5.3� 0.4 45 43.4� 1.2 270
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Fig. 5. Evaluation of the peak force obtained from neutralized hydrated gels

containing (a) crosslinked PAA (0.75 mol% APE), (b) PAA-g-PEG, PEG-

1000, AA:EG 98:2, (c) 90:10, (d) 83:17, and (e) 60:40.
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microparticles were evaluated. The addition of the PEG was
shown to cause disruption of the dimer formation of PAA. Dif-
ferential scanning calorimetry exhibited a concentration depen-
dent decrease in the Tg of xerogels. At low concentrations, the
network exhibits a heterogeneous behavior which is evident
through a lowered DCp and the presence of two distinct Tgs.

The gel adhesion of a neutralized gel was shown to be de-
pendent on the amount of PEG incorporated into the network,
which in turn affected the viscosity of the gel. These materials
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Fig. 6. Evaluation of the work of adhesion of neutralized hydrated gels con-

taining (a) crosslinked PAA (0.75 mol% APE), (b) PAA-g-PEG, PEG-1000,

AA:EG 98:2, (c) 90:10, (d) 83:17, and (e) 60:40.
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Fig. 7. Evaluation of the work of cohesion of neutralized hydrated gels con-

taining (a) crosslinked PAA (0.75 mol% APE), (b) PAA-g-PEG, PEG-1000,

AA:EG 98:2, (c) 90:10, (d) 83:17, and (e) 60:40.
possess interesting swelling properties which can be beneficial
in the development of pH responsive drug delivery systems.
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