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ABSTRACT: Water-soluble PEG-based macromers containing oligomeric blocks of a hydrolyzable
a-hydroxy acid were synthesized and photopolymerized to form degradable hydrogels to control the release
of high molecular weight, hydrophilic solutes. First, network mesh size and volume swelling ratio during
the degradation process were characterized to understand fundamentally the effect of hydrogel degradation
kinetics and subsequent changes in network structure on solute release. Second, the release behavior
was examined and related to the swelling and structural properties of the hydrogels; experimental results
show that solute transport can be diffusion controlled or degradation controlled depending on the relative
size of the hydrogel mesh size to the solute. Finally, the ability to tailor the release from multilaminated
biodegradable hydrogels to obtain an approximate zero-order release profile was studied theoretically.

Introduction

Hydrogels are hydrophilic polymers that are cross-
linked to form insoluble, but water-swellable, networks.
Hydrogels have been used as drug carriers for controlled
drug delivery for several decades.>? The applications of
hydrogels are strongly linked to their excellent biocom-
patibility, flexibility in tailoring physiochemical proper-
ties, such as permeability and swelling, and the ability
to load drugs without the loss of their bioactivity.?

Nondegradable hydrogels have been extensively stud-
ied for diffusion-controlled and swelling-controlled de-
livery devices.3~5 In the design of drug delivery devices
used as implants, however, it is highly desirable to
utilize biodegradable hydrogels. Degradation avoids
removal of the device from the body by surgery or other
means when the device is no longer needed. Addition-
ally, because delivery can be controlled primarily through
the degradation of the polymer, biodegradable hydrogels
also provide flexibility in the design of delivery systems
for large molecular weight drugs, such as peptides and
proteins, which are not suitable for diffusion-controlled
release through nondegradable hydrogel matrices. There-
fore, biodegradable hydrogels have been developed in
recent years to prepare new and better drug delivery
systems by combining the unique properties of hydrogels
with various degradation mechanisms.

The materials of interest in this research were hy-
drolytically degradable hydrogels formed from poly-
(ethylene glycol) a-hydroxy acid block copolymers end-
capped with photocurable acrylate groups first developed
by Hubbell and co-workers.® Hubbell et al. used these
hydrogels to release high molecular weight pharmaceu-
tical;”® however, few studies have been performed to
correlate underlying hydrogel degradation kinetics, and
subsequent changes in network structure, with drug
release. The study of solute transport in hydrogels
necessitates a through characterization of the polymer
diffusional space available for transport. Therefore, to
gain a fundamental understanding of drug release from
biodegradable hydrogels, the first objective of this
research was to characterize the degradable hydrogels
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during the degradation process and investigate quan-
titatively and experimentally the influence of degrada-
tion of the hydrogel matrix on the release Kkinetics of
high molecular weight solutes. In particular, we wanted
to understand how the macromer composition affects
the polymer degradation properties, relate the degrada-
tion-dependent network swelling to an average mesh
size of the network, and determine how the mesh size
variations correlate to the solute release behavior.

Since the physical structure of the polymeric material
affects solute release rates through the solute diffusion
coefficient, investigation of solute transport through
cross-linked hydrogels requires quantitative analysis of
solute diffusion coefficients in the macromolecular mesh
of the polymer. To understand and better interpret the
release results from these biodegradable hydrogels, the
experimentally obtained time-dependent hydrogel prop-
erties were related to time-dependent solute diffusivity
to predict the release behavior from monolithic release
matrices studied here.

In addition to simulating solute release from uniform
hydrogel matrix devices, the modeling work was further
extended to multilaminated matrix devices. Multilami-
nation techniques allow for the fabrication of nonho-
mogeneous matrix devices where parameters such as
the degradation chemistry and solute loading can be
varied in each laminate to control the release behavior.
Previously, we developed a photolaminating technique
to prepare multilaminated matrix devices, in which the
polymer material and drug concentration in each con-
stitute layer can be easily controlled.>°~11 In addition,
we developed a simulation technique to model drug
release from multilaminated nondegradable hydrogel
matrices with constant solute diffusivity and any initial
concentration profiles. For the macromers studied here,
degradable multilaminated matrices can be synthesized
wherein time-dependent as well as spatial-dependent
properties can be varied throughout the matrix to
control the release behavior. When these biodegradable
hydrogels are laminated heterogeneously together, the
resulting nonuniform initial solute diffusivity in the
assembly and a time-dependent solute diffusivity in
each constitute layer can be manipulated to influence
significantly the overall solute release behavior. In this
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Table 1. Release Solutes with Selected Relevant Properties

solubility in water diffusivity at 37 °C in

solute MW (Da) Stokes' radius (A) at 25 °C (mg/mL) aq soln (107> mm?/s)

lysozyme 14 100 10.0 2.17
bovine serum albumin (BSA) 65 000 40.0 1.00
FITC—dextrin (dextrin) 77 000 >25.0 0.63

O CH OoC the photoinitiator solution was added to each 1 g of the

1l [ TR macromer solution. For the release experiments, various

CH2=CH‘C'O(|C—E'O CH,-CH,-O C‘F‘Q*C—CH=CH: solutes (0.4—1.0 wt %) were then added to the macromer

HO m n g m solutions. The resulting solutions were pipetted into a mold

Figure 1. Chemical structure of macromer copoly(PEG-b-D,L-
lactic acid) diacrylates.

study, the simulation technique was extended to exam-
ine the effects of nonconstant solute diffusivity on solute
release from degradable multilaminated matrix devices.

Experimental Section

Materials. Poly(ethylene glycol)s (PEGs) with molecular
weights 3400, 4600, and 8000 Da were obtained from Aldrich,
and bp,L-lactide (LA) was obtained from Polysciences. Other
chemicals used in the macromer synthesis were stannous
octoate (Sigma), triethylamine (Aldrich), acryloyl chloride
(Aldrich), dichloromethane (Sigma), and anhydrous diethyl
ether (Aldrich). All were of reagent grade and used as received.
The photoinitiator 2,2-dimethoxy-2-phenylacetophenone (DMPA,
Aldrich) was dissolved in N-vinylpyrrolidone (NVP, Aldrich)
to form a 600 mg/mL solution of DMPA prior to use. NVP was
chosen due to its amphilicity and bicompatibility® and because
it helps reduce the extractable sol fraction. Three hydrophilic,
macromolecular solutes were studied, as listed in Table 1 along
with the solute molecular weight, Stokes’ radius, and solubility
in water at 25 °C.'2 An estimation of the solute diffusivity in
dilute aqueous solution at 37 °C was calculated using the
Stokes—Einstein equation®® (eq 1), and the results are listed
in Table 1.

_ kgT
fs = 671D,

)

In this equation, rs is the Stokes—Einstein hydrodynamic
radius of the solute, kg is Boltzmann’s constant, T is temper-
ature, 7 is the viscosity of water at T, and Dy is the solute
diffusivity in water at T.

Methods. For the preparation of the macromer, we adopted
the method of Hubbell.® Briefly, the macromer was synthesized
in a two-step process. In the first step, the dihydroxy poly-
(ethylene glycol) was reacted with p,L-lactide for 6 h at 160—
200 °C using stannous octoate as a catalyst under vacuum and
argon atmosphere. Then, the intermediate block copolymer
was dissolved in methylene chloride, precipitated in anhydrous
diethyl ether, and vacuum filtered followed by desiccating for
a minimum of 24 h before use. In the second step, the
intermediate block copolymer was acrylated. The intermediate
block copolymer was dissolved in methylene chloride, and a
3-fold excess of triethylamine was added to the solution
followed by adding dropwise a 3-fold excess of acryloyl chloride.
The mixture was then reacted at 0 °C for 12 h followed by at
room temperature for 12 h under vacuum and argon atmo-
sphere to add an acrylate unit to each end of the macromer.
The final macromer structure is shown in Figure 1, where m
is the number of lactoyl units per end and n is the number of
ethylene glycol units. The distribution of the lactoyl units in
the lactide copolymers was confirmed by NMR experimental
results.® Specifically, 3400 Da PEG with 0, 3, and 5 lactoyl
units per end (3.4KLO, 3.4KL3, and 3.4KL5) and 4600 Da PEG
and 8000 Da PEG with 5 lactoyl units per end (4.6KL5, 8KL5)
were synthesized.

For hydrogel synthesis, a 20—40 wt % macromer solution
was made by dissolving macromers at the desired concentra-
tion in HEPES-buffered saline (pH 7.4, 10 mM), and 2 uL of

between two glass microscope slides and exposed to 365 nm
UV light (Blak-Ray, nominal intensity 10 mW/cm?) for several
minutes until the polymerization was complete. The resulting
polymer hydrogels were cropped to the desired disk shape (1—2
mm in thickness, 13.8 mm in diameter) and characterized
experimentally as described below.

In characterizing the degradation behavior of hydrogels for
controlled release applications, the volume swelling ratio (Q)
is an important parameter. Volume swelling ratio is the
volume of the swollen matrix per unit volume of dry polymer
matrix. This parameter is a function of the hydrophilicity of
the network as well as the degree of cross-linking and the
network structure. Knowledge of the equilibrium degree of
swelling allows for calculation of matrix structural parameters
such as the molecular weight between cross-links and the mesh
size of the gel. Experimentally, one gel was placed in a vial
containing 10 mL of the HEPES buffer, which was placed in
a water bath at 37 °C. At a predetermined time, the gel was
removed and weighed in air, Wageg, and in heptane, W geg.
Then, the gel was dried under vacuum and room temperature
until constant weight followed by weighing in air, W4y, and
in heptane, Wy qry. The Q was calculated according to eq 2.

_ (Wa,deg - Wh,deg)/Ph
(Wa,dry - Wh,dry)Ph

Q @

Here the density of heptane, pn, is 0.684 g/cm3.

For the hydrogel networks prepared from the photopoly-
merizable copoly(PEG-b-b,L-lactic acid) diacrylates, the mac-
romers are cross-linked through their acrylate end groups. The
average molecular weight between cross-links, M., and hence
the mesh size of the network, was determined from equilibrium
swelling measurements. The average molecular weight be-

tween cross-links, M., was calculated using the Flory—Reh-
ner equation.**

Vll(ln(l — )+ vyt )
- @3)

2
v
M, 3 _ 22

S
M,

where M,, is the number-average molecular weight of the un-
cross-linked polymer (the molecular weight of the macromer),
V; is the molar volume of the solvent (18 cm®mol), v is the
polymer volume fraction in the equilibrium swollen gel, which
equals the reciprocal of the volume swelling ratio, Q, 7 is the
specific volume of the polymer, and y is the polymer—solvent
interaction parameter.

Since y has not been experimentally determined for these
novel hydrogels, we made two assumptions to estimate con-
servatively this value. As the molecular weight of the PLA was
sufficiently small compared to that of the PEG segment in the
macromers studied in this paper, the properties of the mac-
romers in solution and the gel properties were assumed to be
determined primarily by the PEG segment. A value for the
PEG—solvent interaction parameter of 0.426° was used in this
investigation. In addition, since y was found to be nearly
independent of PEG polymer volume fraction in the ranges
from 0.04 to 0.2,%° in which our experimental polymer volume
fractions belong to, the value of the PEG—solvent interaction
parameter was kept constant in calculating the mesh size.
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Some limitations to these assumptions are discussed as
followed. First, the existence of PLA makes the macromer more
hydrophobic than PEG, which may result in a higher value of
x than 0.426 for the macromer. In addition, y may vary with
degradation time as the hydrophilicity of the network changes.

The mesh size of the hydrogel network was determined as
described by Canal and Peppas.!® The root-mean-squared end-
to-end distance of the polymer chain in the unperturbed state
was calculated using eq 4:

(?02)1/2 — Icnl/2nl/2 (4)

where | is the bond length, C, is the characteristic ratio of the
polymer, and n is the number of bonds in the cross-link. The
mesh size in angstroms, &, of the swollen polymer network was
then calculated from

E=v, ()" (5)

For solute release experiments, the hydrogel was formed
by photopolymerizing an aqueous solution of a macromer
precursor, in which 0.4—1.0 wt % of a bioactive solute was
dissolved to ensure homogeneous distribution throughout the
hydrogel matrix after photopolymerization. Since photopoly-
merizations proceed very rapidly at room temperature, the
entrapped solutes kept their stability during the UV irradia-
tion. After photopolymerization, the disk-shaped gel was
placed in a vial containing 10 mL of the HEPES buffer (pH =
7.4, 37 °C). At predetermined time points, samples of 2.4 mL
were taken and replaced by fresh buffer. The protein concen-
trations of lysozyme and BSA were measured with the Bio-
Rad protein assay using the microassay procedure,*’” in which
a differential color change of a dye occurs in response to
various concentrations of protein. The concentration of FITC—
dextran was monitored using a UV—vis spectrophotometer
(Hewlett-Packard 8452A diode array) at 494 nm (the wave-
length of maximum absorbance for FITC—dextran). Since the
polymer degradation products interfere with the measurement
of the solute concentration, the solutions from identical hy-
drogels without solute were used as a blank in analyzing the
solute concentration as a function of degradation.

Results and Discussion

In biodegradable hydrogels, if the solute release is to
be controlled by the degradation of the polymer, the
characteristic dimensions, mobility, and degradation
rate of the hydrogel must be matched to the size of the
diffusing solute molecules. If the initial mesh size of the
hydrogel is much larger than that of the solute to be
released, the entrapped solute simply diffuses out of
network with little influence of degradation. In addition,
control of variations with mesh size in time is very
important if one wants to design time-programmed
solute delivery devices. Oftentimes, the water content
increases with degradation, which further influences the
release of entrapped molecules. Therefore, the param-
eters affecting the network mesh size and volume
swelling ratio during the degradation process were
investigated in this study.

The physical characteristics and the degradation
behavior of the investigated hydrogels are controlled by
three main factors: the type of o-hydroxy acid segment,
the length of the a-hydroxy acid segment, and the
molecular weight of the central PEG segment. For these
highly swollen hydrogels, the degradation product lactic
acid rapidly releases from the network, and hence, the
effect of the degradation product on gel degradation was
assumed to be negligible. We chose b,L-lactide as the
degradable linkage in this study since its degradation
rate allows timely collection of data based on our
preliminary results;° however, one may easily incor-
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Figure 2. Effect of the length of lactide block on (A) volume
swelling ratio and (B) network mesh size of the hydrogel
network as a function of degradation time. The hydrogels were

produced from macromers (a) 3.4KLO, (b) 3.4KL3, and (c)
3.4KLS5.

porate e-caprolactone or glycolide or copolymers to
adjust further the degradation rate.

To examine the influence of the length of lactoyl
repeat units on the variation of gel mesh size and
volume swelling ratio with degradation time, hydrogels
with fixed PEG molecular weight (3400 Da) and varied
number of lactoyl repeat units (0, 3, 5) were prepared.
The experimental results are presented in Figure 2. As
shown in Figure 2A, the initial mesh size of the 3.4KLO
hydrogel network was slightly larger than that of
3.4KL3 and 3.4KL5 hydrogel networks, which was
attributed to the lower gel fraction of 3.4KLO (0.781)
compared with those of 3.4KL3 (0.872) and 3.4KL5
(0.892).1° The initial mesh size of the 3.4KL3 and
3.4KL5 gel networks was almost the same value. Upon
degradation, however, the variation in mesh size was
significantly influenced by the length of lactoyl repeat
units. In curve a, the 3.4KL0 macromer had no hydro-
lyzable lactoyl unit attached, and the mesh size of the
polymer did not change over the time period examined.
In curves b and c, the mesh size increased with
degradation time as the ester linkages in the lactoyl
repeat units were hydrolyzed. As the number of repeat
lactoyl units increased from 3 to 5, the average variation
of mesh size with degradation time increased from 4.5
to 6.9 A/day over the time period examined.

The increased degradation rate was attributed to the
longer hydrolyzable ester linkage. Upon exposure to
water, the hydrogel undergoes random chain scission
by simple hydrolysis of the ester linkage, in which every
ester in the chain has an equal probability of being
attacked. Therefore, the occurrence of chain scission of
the macromer is proportional to the number of its
hydrolyzable units; the longer the lactoyl repeat units,
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Figure 3. Effect of the length of PEG segment on (A) volume
swelling ratio and (B) network mesh size of the hydrogel
network as a function of degradation time. The hydrogels were
produced from macromers (a) 3.4KL5, (b) 4.6KL5, and (c)
8KL5.

the higher probability of chain scission of the macromer
and, hence, the higher the degradation rate. Further,
when chain scission occurs on either end of the two
extensions of the macromer, the cross-link breaks. The
resulting network accommodates more water as dem-
onstrated by the experimental results for the hydrogel
volume swelling ratio (Figure 2B), and the increased
water content in the hydrogel further promotes its
hydrolysis rate. In addition, as experimentally observed,
the time to reach complete degradation of the network
decreased as the number of lactoyl repeat unit in the
macromers increased. For example, the total degrada-
tion times for 3.4KL3, 3.4KL5, and 3.4KL10 hydrogels
were 17, 10, and 4 days, respectively. It is worthy to
mention that characterization of these gels with deg-
radation is challenging as hydrolysis leads to increased
swelling and the samples become extremely fragile and
difficult to handle. We were able to follow the degrada-
tion quantitatively to about 50% mass loss.

In addition, experiments were conducted to investi-
gate the effect of the molecular weight of the PEG
segment on the gel mesh size and volume swelling ratio
with degradation time. Figure 3 presents the results for
hydrogels produced from 3.4KL5, 4.6KL5, and 8KL5
macromers. As illustrated in Figure 3A, when the PEG
molecular weight changed from 3400 to 4600 to 8000
Da, the initial volume swelling ratio increased cor-
respondingly as a result of the PEG hydrophilicity.
Figure 3B also shows that the higher the PEG molecular
weight, the larger the initial network mesh size, since
a higher PEG molecular weight, and hence a higher
macromer molecular weight, results in a lower cross-
linking density of the hydrogel. Upon degradation, both
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Figure 4. Cumulative release of lysozyme from hydrogels
with different length of lactide segment as a function of release

time. The hydrogels were produced from macromers (a)
3.4KLO, (b) 3.4KL3, and (c) 3.4KL5.

the network mesh size and the volume swelling ratio
increase as discussed previously. In addition, the slopes
of the curves for the volume swelling ratio and mesh
size increase from curve a (3.4KL5) to curve b (4.6KL5)
to curve ¢ (8KL5).

The experimental results of Figures 2 and 3 show that
the network mesh size and the volume swelling ratio
increase with degradation time, and the variation of the
two parameters with degradation time depends on the
number of lactoyl repeat and PEG segment. To demon-
strate that hydrogel mesh size and volume swelling ratio
greatly affect the release behavior of encapsulated
solutes, hydrogels with different number of lactoyl
repeat unit (0, 3, 5) were used to release lysozyme, a
model hydrophilic drug with a molecular weight of
14 100 Da and hydrodynamic radius of ~16.0 A.

As shown in the experimental results (Figure 4), the
lysozyme release profiles begin with a major release
spike. Since the size of lysozyme (16.0 A) is smaller than
the initial mesh size of the three hydrogels (from 32 to
42 A), lysozyme diffuses from the hydrogel unhindered,
and the high solute concentration gradient at the
beginning contributes to the burst effect. After this
initial period, the release profiles exhibited significantly
different release behavior depending on the composition
of the hydrogel carriers. On average, computed from the
slope of the release profiles from the initial burst effect
to about 76% release, the lysozyme release rate was
~0.0027%/h for 3.4KLO, 0.018%/h for 3.4KL3, and
0.104%/h for 3.4KL5.

The difference in the release rates is closely related
to the influence of the network degradation and subse-
guent network structure on the solute diffusivity. As will
be discussed later, the solute diffusivity in hydrogels is
closely related to the hydrogel mesh size and its volume
swelling ratio (eq 6); the larger the hydrogel mesh size
and volume swelling ratio, the larger the solute diffusion
coefficient in hydrogel. Therefore, the solute diffusivity
in the 3.4KLO0 hydrogel does not change over time, and
the solute release rate decreases with time as the solute
concentration gradient decreases. In contrast, both the
3.4KL3 and 3.4KL5 gels exhibited an increased mesh
size and volume swelling ratio with degradation time
(Figure 2), leading to a higher solute diffusivity with
degradation. The increased solute diffusivity counters
the decreasing concentration gradient, and thus the
overall solute release rate increases greatly from the
nondegradable 3.4KLO gel to the degradable 3.4KL3 gel
and 3.4KL5 gel.
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Figure 5. Effect of the molecular weight of the solutes on
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and (B) as a function of hydrogel mesh size. The release solutes
were (a) lysozyme, (b) BSA, and (c) dextran. The hydrogels
were produced from the 3.4KL5 macromer.

To evaluate the dependence of the release rate on the
size of the entrapped solute, a series of solutes with
different molecular weights were incorporated into
3.4KL5 hydrogel disks. The chosen solutes were lyso-
zyme, BSA, and FITC—dextran. As shown in Table 1,
the molecular weight for these solutes ranges from
14100 to 77 000 Da, and the hydrodynamic radius
varies from 16.0 to 55.0 A. The release profiles of these
solutes were followed during the degradation of the gel.
The experimental results of cumulative fractional re-
lease as a function of release time are shown in Figure
5A. In addition, the relationship between the solute
release and the network mesh size was examined to gain
further insight into understanding the effect of network
mesh size on solute release, and the results are dem-
onstrated in Figure 5B.

Experimental results shown in Figure 5A,B illustrate
that there is a distinct correction between the size of
the solute, the network mesh size, and the overall
release behavior. Although all of the solutes were able
to diffuse from the 3.4KL5 hydrogel upon degradation,
the release profiles were dramatically different depend-
ing on the solute size. As the solute size increased from
16 A (curve a) to 34.8 A (curve b) to 55 A (curve c), the
solute release rate decreased, and the solute release
behavior was more closely coupled to the degradation
process. For example, lysozyme was almost totally
released at the beginning when the mesh size of the
3.4KL5 hydrogel was around its initial value (32 A)
because the lysozyme could readily diffuse from the
network due to its small size (16 A). However, there was
negligible dextran (55 A) release at the beginning
because dextran size was much larger than the initial
hydrogel mesh size. Upon degradation, as the mesh size

PEG-Based Degradable Networks 2513
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Figure 6. Simulating the effect of molecular weight of the
solute (a) lysozyme, (b) BSA, and (c) dextran on cumulative
fractional release. The solid lines were experimental data, and
the dash lines were model data. The hydrogels were produced
from the 3.4KL5 macromer.

of the network continuously increased and approached
the solute size, the dextran began to release slowly.
When the mesh size of the hydrogel was larger than
the dextran size (~60 A), the solute release rate greatly
increased as indicted by a steeper release curve in
Figure 5B.

As shown in the above experimental results, the mesh
size and volume swelling ratio of the investigated
degradable hydrogels increased with degradation time,
and the variation of the two parameters was closely
related to the solute release behavior. To describe
guantitatively the influence of hydrogel degradation on
solute release, free volume theory'® was used here to
relate the change of the network structure with degra-
dation time to a change in the time-dependent solute
diffusivity affecting the solute release. For homogeneous
hydrogels, there are many equations to describe the
relationship between diffusivity and polymer structure
based on free volume theory and hydrodynamic
theory.21819 Equation 6 was chosen to simulate our
experimental data as the parameters are easily defined
for our system.

b Yool et o

In this equation, Dy is the solute diffusion in a gel, Dg
is the solute diffusion in the liquid at infinite dilution,
Is is the radius of the solute, £ is the mesh size between
cross-links, and ¢ is the volume fraction of polymer in
the gel. Y is the ratio of the critical volume required for
a successful translational movement of the solute
molecule and the average free volume per molecule of
the liquid. For correlation purposes, a good approxima-
tion for Y is unity.1®

In our model, we used the experimentally determined
network mesh size and the volume fraction of polymer
in the gels to calculate the time-dependent solute
diffusivity during the degradation process. Then the
time-dependent diffusivity was used to simulate the
solute release process using the well-known diffusional
release for films with uniform initial drug loading.2°
Specifically, we simulated the release of lysozyme, BSA,
and dextran from the 3.4KL5 hydrogel, and the model-
ing results are shown in Figure 6.

Figure 6 illustrates that the simulation data and
experimental results agree quite well, especially for
spheroidal molecules such as lysozyme and BSA. This
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Figure 7. Simulation results of dextran release from a four-
layer hydrogel matrix device with a uniform initial dextran
concentration. The hydrogel materials were produced from
macromers, from center outside, 3.4KL3, 3.4KL5, 4.6KL5, and
8KL5, respectively.

agreement indicates a time-dependent diffusivity can
be used to account for both the Fickian-type diffusion
of solute from the gel matrix and the release of solute
upon the degradation of the gel. For the higher molec-
ular weight solute dextran, however, there was a
slightly greater deviation but fairly quantitative as-
suming the simplifications employed. First, the mesh
size is an average spacing between cross-links in the
polymer, and hence, some spaces between cross-links
in the hydrogel are larger or smaller than the estimated
mesh size. Dextran may release slowly from the hydro-
gel initially due to the heterogeneous distribution of
cross-links as observed experimentally. Second, the
Stokes—Einstein equation (eq 1) assumes that the solute
has a spherical shape to calculate its hydrodynamic
radius. The fact that dextran molecules have rodlike
configurations indicates that the actual cross-sectional
area of the molecule is smaller than the estimated one,
and hence, the molecule has a better chance to be
released from the polymer compared with the ideal
spherical shape. This difference between the ideal and
actual shape of dextran may explain the faster release
rate in experimental profiles compared with the pre-
dicted data based on a spherical solute molecule.

As demonstrated above experimentally and theoreti-
cally, solute release behavior from single-layer biode-
gradable hydrogels greatly depends on the hydrogel
properties; the same solute may display different release
patterns in different hydrogel matrices. Furthermore,
a multilaminated matrix with a different type of hy-
drogel or drug in each layer could provide unique
advantages in controlling the actual release profile. To
confirm this idea, solute release was modeled from a
four-layer matrix device, where each layer contains a
different matrix chemistry. For this simulation, dextran
was used as a model solute, and a constant release rate
(5 x 107°> mg/(s mm?2)) was desired. The solute concen-
tration was uniformly distributed, and the hydrogel
materials, from center outside, were produced from
macromer 3.4KL3, 3.4KL5, 4.6KL5, and 8KL5, respec-
tively. Mesh sizes and volume swelling ratios of these
hydrogels during degradation process were previously
characterized as presented in Figures 2 and 3.

In Figure 7, the solute release from the four-layer
matrix device approaches zero order until 70% of the
initially loaded drug was released. In this simulation,
the initial burst effect is due to the larger initial mesh
size of 8KL5 hydrogel compared to the solute size. The
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burst effect can be easily controlled by choosing hydro-
gels that have smaller initial mesh sizes than the solute
size. Since the initial mesh size of the 4.6KL5, 3.4KL5,
and 3.4KL3 layers were smaller than the solute size,
the solute release from these three constitute layers
displayed induction periods as demonstrated by the
three abruptly increased matrix flux in the release
profile. This result is similar to the release of dextran
in Figure 5A where the dextran release showed a
delayed release due to the smaller initial network mesh
size compared to the solute size. Experimentally, a
smoother flux profile from the four-layer matrix would
be expected due to the mobility of polymer chains and
the existence of a distribution of hydrogel mesh size as
discussed previously.

In addition to constant release behavior, more com-
plex release pattern can be achieved from bulk degrada-
tion-controlled multilaminates by synthesizing and
characterizing suitable biodegradable hydrogels and
manipulating the initial network mesh size and the
hydrogel degradation rate in each constitute layer. For
example, a delayed-release system with a controlled
time lag can be obtained by employing hydrogels with
an initial mesh size smaller than the solute size.
Moreover, the magnitude of the release rate can be
easily manipulated by adjusting the solute concentra-
tion, and different types of solute can be loaded in each
layer and released in a programmed method by ma-
nipulating the hydrogel property.

Conclusions

Degradable hydrogels, photopolymerized from water-
soluble PEG-based macromers containing hydrolyzable
oligomeric blocks of a hydrolyzable a-hydroxy acid, were
used to control the release of high molecular weight
hydrophilic solutes. The variation of the network mesh
size and volume swelling ratio with degradation time
was found to depend on the type and length of oligo(a-
hydroxylic acid), as well as the molecular weight of PEG
sequence. Experimental release results show that the
solute release behavior from these hydrogels is strongly
affected by the relative value of the network mesh size
and the hydrodynamic radius of the solute. When the
hydrodynamic radius of the solute is much larger than
the mesh size of the network, the solute release behavior
is degradation-controlled. The experimental character-
ization of the network with degradation time was used
to simulate the drug release behavior, and the resulting
model data and experimental results agree quite well.
Finally, model results demonstrate that approximate
zero-order release behavior can be achieved from bulk
degradation-controlled multilaminated matrix devices
theoretically.
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