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Macromolecule Sorption and Diffusion in HEMA/MAA Hydrogels
D. E. Liy," C. Kotsmar,' F. Nguyen,Jr T. Sells,” N. O. Taylor,T J- M. Prausnitz,” and C. J. Radke®* ™+

"Department of Chemical and Biomolecular Engineering and *Vision Science Group, University of California, Berkeley, Berkeley,

California, 94720-1462, United States

ABSTRACT: Transient solute absorption and desorption concentration profiles were measured in a 70 wt % hydroxyethyl
methacrylate (HEMA)/30 wt % methacrylic acid (MAA) anionic hydrogel using two-photon confocal microscopy. Dilute
aqueous solutes included fluorescently labeled dextrans with molecular masses of 4, 10, and 20 kDa, and fluorescently labeled
cationic avidin protein. Cross-linking densities with ethylene glycol dimethacrylate (EGDMA) varied from 0 to 1 wt % with
polymer volume fractions increasing from 0.15 to 0.25. Average gel mesh sizes, determined from zero-frequency oscillatory shear
storage moduli, ranged from about 3.6 to 84 nm over the cross-link ratios studied. All solutes exhibit Stokes—Einstein
hydrodynamic radii obtained from measured free diffusion coefficients, D,, comparable to or larger than the average gel mesh
size. In spite of considerable size exclusion, the studied solutes penetrate the gels indicating a range of mesh sizes available for
transport. Transient uptake and release concentration profiles for FITC-dextrans follow simple diffusion theory with diffusion
coefficients, D, essentially independent of loading or release characteristic of reversible absorption. Although strongly size-
excluded, these solutes do not interact specifically with the polymer network. Diffusivities are accordingly predicted from a large-
pore effective-medium (LPEM) model developed to account for solute size, hydrodynamic drag, and distribution of mesh sizes
available for transport in the polymer network. For this class of solute, and using no adjustable parameters, diffusivities predicted
from the new effective-medium model demonstrate good agreement with experiment. For the specific-interacting cationic
protein, avidin, gel loading is 3 orders of magnitude slower than that of dextran of similar hydrodynamic radius. Desorption of
avidin is not complete even after 2 weeks of extraction. On the basis of size alone, avidin is strongly size-excluded, yet it exhibits a
partition coefficient of over 20. For the positively charged protein, we observed specific ion binding on the negatively charged
carboxylate groups of MAA-decorated polymer strands in the larger mesh spaces. Simple linear sorption kinetics gives an
adsorption time constant of 5 min and a desorption time constant of about 20 days, suggesting nearly irreversible uptake of

cationic avidin on the anionic gel matrix.

1. INTRODUCTION

Diffusion of solute molecules in hydrogels is of interest in a
wide variety of applications including chromatographic
separations,' * membrane separation,"* and encapsulation of
cells in hydrogels for biomedical treatment.°”® Due to their
biocompatibility, hydrogels are extensively used in pharmaceu-
tics for delivery of bioactive agents,>”'® and for synthesis of
artificial organs.”'" Soft contact lenses are hydrogels'>~'* and
can be used to deliver drugs'>~"” and comfort/wetting agents
to the eye.””*!

Hydrogels are cross-linked hydrophilic polymers swollen in
aqueous media.”**~** Cross-links between chains are formed
by physical entanglements, such as van der Waals attraction,
hydrogen bonding, ion binding, or, most commonly, covalent
bonds. The three-dimensional structure of a gel is best
described by a mesh whose spaces between polymer chains
are filled with aqueous solution. Mesh size, £ gauges the
distance between cross-links in the polymer network.>
Hydrogels are especially appealing for solute delivery because
their mesh sizes can be controlled, for example, by altering
temperature'® or pH."'

Solute diffusion in hydrogels occurs primarily through the
water fraction. Diffusivities of aqueous solutes in hydrogels are
diminished relative to their bulk values by interaction with the
polymer chains including hydrodynamic drag, physical
obstruction, electroosmosis, and specific binding.26_29 The
cross-linking process during hydrogel synthesis produces a

-4 ACS Publications  © 2013 American Chemical Society

distribution of polymer-strand molecular weights between
cross-links and, correspondingly, a distribution of mesh
sizes.”®® Thus, in addition to solute-chain interactions,
significant size exclusion can occur when solute size is
comparable to gel mesh size.”'

Because of extensive application, a large effort has been
expended on studying solute diffusion in hydrogels both
experimentally and theoretically.>~*'72672%32757 pyblished
work falls into two classes: diffusion of small solutes, such as
salts and small sugars, and diffusion of larger solutes, such as
polymers, surfactants, and proteins whose sizes are comparable
to the mesh size. Most studies are in the first class using a
Stokes cell or back extraction; concentration profiles are not
available. In most all cases, the hydrogels exhibit relatively large
water contents (more than 90%), and accordingly, solute size
exclusion is not extreme.

Little attention has been given to diffusion of charged
macromolecules in ionic hydrogels of opposite charge. Several
investigators have established that oppositely charged macro-
molecules are adsorbed in ionic hydrogels, especially at low
ionic strengths.'~* Large counterion solutes provide an
opportunity to study the transport rates of solutes that
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experience both size exclusion and adsorption to the polymer
network.

This work considers application of hydrogels to soft contact
lenses,®" characterized by relatively low water content*® and,
accordingly, small mesh sizes. Conversely, aqueous solutes of
interest, including surfactants, polymers, and proteins,""**%*!
are comparably large. Thus, we study diffusion of solutes in a
representative soft-contact-lens material with relatively high
polymer content where solute and mesh sizes are similar. Two-
photon confocal microscopy detects transient fluorescence-
intensity profiles within the gel. All diffusivity measurements are
performed in sufficient aqueous indifferent electrolyte that
electrostatic fields are absent.

Sorption of fluorescently labeled dextrans and fluorescently
labeled avidin is investigated in both loading and release
directions. The anionic hydrogels consist of 70 wt %
hydroxyethyl methacrylate (HEMA)/30 wt % methacrylic
acid (MAA) in aqueous phosphate buffer (PBS, pH 7.4, ionic
strength = 0.15 M) with cross-link densities ranging from 0 to 1
wt %. Average gel mesh size is determined from oscillatory
shear rheometry and Gaussian-chain elastic-rubber theory.>!
Solute sizes are determined from independent measurement of
the bulk aqueous diffusion coeflicient in a restricted diffusion
cell®®? and Stokes—Einstein theory.”® Significant size exclusion
is evident with equilibrium solute partition coeflicients as low as
0.001 for the largest dextran molecule. To understand
nonspecific-interacting dextran diffusivities in the gel, we
interpret experimental data using an extended effective-medium
theory with all parameters determined independently. For
positively charged avidin fluorescein conjugate (Fl-avidin),
however, uptake and release rates are controlled by specific
electrostatic adsorption onto the negatively charged polymer
chains. Accordingly, avidin concentration profiles in the gel are
determined by both diffusion and adsorption kinetics.

2. EXPERIMENTAL SECTION

2.1. Gel Synthesis and Characterization. Hydrogels of
70 wt % HEMA (No. 128635, Sigma Aldrich, St. Louis, MO,
USA)/30 wt % MAA (No. 155721, Sigma Aldrich, St. Louis,
MO, USA) were synthesized by simultaneous copolymerization
and cross-linking of monomers with ethylene glycol dimetha-
crylate (EGDMA; 335681, Sigma Aldrich, St. Louis, MO, USA)
as the cross-linking agent at 0—1 wt % in aqueous solution.>*!
Details are described elsewhere.>’ Once synthesized between
shimmed glass plates, 6 mm X 6 mm films were cut and placed
into scintillation vials filled with phosphate buffer solution
(PBS: 0.15 M NaCl, 0.017 M Na,HPO,7H,0, and 0.003
MNaH,PO,H,0; pH 7.4) for no less than 7 days to allow
complete swelling. Because the pK, of monomeric MAA is 5.5,
the synthesized gels are anionic. The Debye length of the
background PBS electrolyte is about 0.5 nm, so polymer matrix
charge is effectively screened. Consequently, nonspecific
electrostatic-field effects on solute diffusion fluxes are absent.
All experiments were performed at ambient temperature.

Equilibrium swollen gels of varying cross-linked densities
were characterized by their water content from thermal
gravimetric analysis (TGA; Model 2950, TA Instruments,
New Castle, DE, USA) and by their average mesh size obtained
from linear oscillatory rheometry (Physica MCR301 Rheom-
eter, Anton-Paar, Ashland, VA, USA).*!

Following Peppas et al,”* the measured zero-frequency shear
storage modulus, G’(0), for each cross-link density swollen gel
was converted to an average mesh size as

18110

(&) = 1_{2Cp,RT/[M.G'(0)]}>p~"/%, where I._. is the
length of a covalent carbon—carbon bond in the backbone
(0.154 nm) and C, is the Flory characteristic ratio or rigidity
factor.”>®> For HEMA/MAA gels, C, equals 6.9.2* M, is the
molecular weight of a repeat unit, 112.7 g/mol for the 70 wt %
HEMA/30 wt % MAA copolymer, and p, is the density of the
dry polymer (1070 kg/m?* for 70 wt % HEMA/30 wt % MAA).
Table 1 reports the calculated average mesh sizes, (£), for gels

Table 1. Hydrogel Polymer Volume Fraction and Average
Mesh Size

cross-link density (wt % EGDMA) o° (&) [nm]
0 0.143 83
0.01 0.15 79
0.025 0.148 83
0.05 0.143 8.3
0.1 0.154 7.7
0.28 0.165 7.3
0.5 0.183 6.3
0.75 0.2 5.0
1 0.227 3.6

“Measured with TGA. “Calculated following Peppas et al?

with different cross-link densities and corresponding polymer
volume fractions, ¢.>' Average mesh size increases from 3.6 to
8.3 nm for increasing water volume fractions from 0.74 to 0.86.
An extended Ogston mesh-size distribution® adequately fits
the data in Table 1, giving an approximate polymer-strand
radius a; = 2 nm (see Figure 8 of Kotsmar et al.>").

2.2. Solute Characterization. Fluorescein isothiocyanate
dextrans (FITC-dextran4, MW = 4000 g/mol; FITC-dextran10,
MW = 10000 g/mol; FITC-dextran20, MW = 20 000 g/mol)
were obtained from TdBCons (Uppsala, Sweden). They were
extensively dialyzed prior to experiment to remove any free
label. Each FITC-dextran solution was placed in a Slide-A-Lyzer
Dialysis Cassette (No. 66212, 2000 molecular weight cutoff,
Thermo Scientific) for 1 h at room temperature followed by 1
week in a commercial refrigerator with the surrounding PBS
dialyzing solution changed daily. Only FITC-dextran20 showed
a decrease in gel diffusivity compared to those of the supplied
materials. Avidin fluorescein conjugate (Fl-avidin, No. A821)
was obtained from Invitrogen (Eugene, OR, USA) and was
used as received.

To ascertain the hydrodynamic radii of the chosen solutes,
we determined bulk diffusion coeflicients in a restricted
diffusion cell®® using UV/vis absorption.”” The experimental
protocol is described by Kotsmar et al.*’ From the measured
diffusion coefficient, the hydrodynamic radius of the aqueous
solute was ascertained from the Stokes—Einstein relation.***>%
Our measured bulk diffusivities show good agreement with
literature values.>"*® Table 2 displays the hydrodynamic
diameters, 2ag, of fluorescently labeled dextrans and avidin.
Reported diameters suggest that aqueous Fl-avidin is more

Table 2. Solute Hydrodynamic Diameters

solute MW [g/mol] 2ag [nm]
FITC-dextran4 4000 3.1%¢
FITC-dextran10 10 000 4.7%¢
FITC-dextran20 20 000 6.7%¢
Fl-avidin 68 000 7.05%

dx.doi.org/10.1021/ie402148u | Ind. Eng. Chem. Res. 2013, 52, 18109—18120
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compact compared to the corresponding branched linear
polymers of smaller or comparable molecular weight.
Comparison of Tables 1 and 2 reveals that all solutes are
comparable to or larger than the average gel mesh sizes.
Nevertheless, all solutes penetrate the gels but with small
partition coefficients as low as 0.001 due to significant size
exclusion."

2.3. Gel-Solute Confocal Microscopy. Diffusion coef-
ficients of the fluorescently labeled solutes in the hydrogels
were determined using two-photon confocal microscopy.®*’
A distinct advantage of two-photon fluorescence is excitation in
a small volume (~1 gm?) allowing minimal photobleaching and
permitting transient-profile assessment. At dilute solute
concentrations between 107> and 5 X 10™* M, fluorescence
intensity measured both in solution and in the gel was
confirmed linearly proportional to the dye concentration.’®
Because concentrations are measured in the gel phase, diffusion
coefficients are directly ascertained with no need for correction
by a partition coeflicient. We obtained both loading and
unloading profiles to ascertain reversibility of solute uptake and
release. A Carl Zeiss (Jena, Germany) 510 LSM META NLO
Axiolmager Confocal Microscope equipped with a Spectra-
Physics (Santa Clara, CA) MaiTai HP DeepSee Laser was used
for two-photon imaging at 780 nm. Fluorescence emission was
collected with a Plan-Neofluar 10x/0.30 NA objective (Carl
Zeiss GmbH) using a 500—550-nm emission filter.

For solute-absorption measurements, 6 mm X 6 mm, 800—
2500-pum-thick swollen gel sheets were first soaked in the
chosen aqueous-PBS/solute solution under magnetic stirring at
400 rpm. At selected times, a gel sheet was removed from
solution, lightly blotted on both faces, placed flat on a
microscope slide (VWR Micro Slides, 48300-047, VWR
International, West Chester, PA, USA), and covered with a
microscope cover glass (No. 12-541-B, Fisher Scientific, Fair
Lawn, NJ, USA) to prevent water evaporation. Vertical
scanning on the microscope was performed downward through
the gel at 3-um intervals over the entire slab thickness at an
instrument-set scan rate of about 10 ym/s. To minimize edge
effects, scans were performed in the middle of the gel slab.
Figure la shows typical two-photon confocal fluorescence
micrographs of FITC-dextran20 absorbing into a 70 wt %
HEMA/30 wt % MAA hydrogel slab with 0.25 wt % cross-link
density ((£) = 7.3 nm) at increasing exposure times. FITC-
dextran20 permeates the gel from both faces in the expected
fashion for diffusive transport. Longer exposure times give more
penetration toward the slab center with surface intensities
remaining nearly constant. Complete equilibration occurs in
less than 1 day for this particular solute/gel combination.

For solute-desorption measurements, nascent swollen gel
sheets were first soaked in the pertinent aqueous-solute
solution under magnetic stirring for at least 48 h at 400 rpm
to guarantee complete saturation. Sample scans confirmed that
all solutes, except avidin, reached a uniform-equilibrated
concentration profile.’’ Measured water contents of solute-
loaded and nascent swollen gels were identical. Accordingly, for
the dilute solutes employed, solute loading does not alter
overall swelling. After equilibration, solute-saturated gel sheets
were placed in a large volume of solute-free PBS solution also
under magnetic stirring at 400 rpm. At selected release times, a
gel sheet was scanned similarly to the absorption measure-
ments, but without blotting. Figure 1b shows sample
fluorescence micrographs of FITC-dextran20 desorption from
a 70 wt % HEMA/30 wt % MAA hydrogel with 0.25 wt %

18111
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Figure 1. (a) Fluorescence micrographs of FITC-dextran20 absorption
into a 70 wt % HEMA/30 wt % MAA hydrogel with 0.25 wt % cross-
link density at different absorption times. (b) Fluorescence micro-
graphs of FITC-dextran20 desorption from a 70 wt % HEMA/30 wt %
MAA hydrogel with 0.25 wt % cross-link density at different
desorption times.

cross-link density ((¢) = 7.3 nm). As desorption progresses,
fluorescence intensity decreases from the center toward the two
surfaces of the gel slab (i.e., top and bottom of the micrographs
in Figure 1, respectively) as solute diffuses out from the gel and
into the surrounding excess PBS solution. After sufficient time,
total desorption from the gel is observed, although complete
release can take many days depending on the particular solute
molecule and gel under study.

As illustrated in Figure 2, images obtained from two-photon
confocal microscopy were converted into fluorescence intensity
versus position profiles. Because fluorescence intensity varies
linearly with dye concentration, solute intensity profiles are
equivalent to transient concentration profiles in the gel.
Typically, four to six different scanned intensity profiles of
each micrograph were averaged into one profile. Resulting
averaged intensities were then smoothed with the 10 most
nearby points by an adjacent-averaging smoothing technique.*”
Background fluorescence intensity was then subtracted.

Figure 2a gives loading intensity profiles corresponding
directly to the micrographs in Figure la, while Figure 2b
reflects release intensity profiles corresponding directly to
micrographs in Figure 1b. The distance scale is from top to
bottom of the gel sample. Characteristic diffusion-profile shapes
are found for each sorption direction. Because of signal
attenuation, intensity profiles are not strictly symmetric with
intensities near the bottom of the gel slab slightly lower than
those near the top of the slab. This effect is clearly seen in the
fully saturated or zero-time profile in Figure 2b. Detected
fluorescence intensities decline when a thick sample is scanned
deeply. Higher solute concentrations are more prone to this
decline. To overcome the lack of uniform signal detection at
the solute concentrations studied, we evaluated data measured
only in the top half of the gel where intensities are practically

dx.doi.org/10.1021/ie402148u | Ind. Eng. Chem. Res. 2013, 52, 18109—18120
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Figure 2. (a) Transient intensity profiles of FITC-dextran20
absorption into a 70 wt % HEMA/30 wt % MAA hydrogel with
0.25 wt % cross-link density. (b) Transient intensity profiles of FITC-
dextran20 desorption from a 70 wt % HEMA/30 wt % MAA hydrogel
with 0.25 wt % cross-link density. Solid and dashed lines represent
measured profiles and best fits to eqs 2—4, respectively.

independent of sample depth. For our gel samples, signal
attenuation in the top half of the gel is minimal and does not
infect solute diffusivities.

A second artifact arises in the experimental intensity data
directly at the top surface of the gel, best illustrated by close
examination of the absorption profiles in Figure 2a. Solute
concentrations at the top surface should be large and remain at
a single large value during loading. In some cases, however, the
maximum fluorescence intensity measured in the gel sample is
not exactly at the top surface of the gel, but sometimes is
observed downward to a depth of S0 ym. Most likely, the gel
surface is locally dried due to the blotting procedure.
Consequently, we do not directly use the measured surface
intensities in the fitting procedure to obtain solute/gel diffusion
coefficients. We find that stirring the surrounding bulk aqueous
phase at higher speeds, or even no stirring, has no influence on
the measured concentration profiles, confirming negligible
external mass-transfer resistance.

2.4. Nonadsorbing-Solute—Gel Diffusion Coefficients.
At dilute concentration, solute diffusion in a nonadsorbing gel
follows Fick’s second law with a constant diffusion coefficient

oC(t, x) b 9*C(t, x)
o Ox* (1)

where C is the solute concentration per unit volume of liquid, ¢
denotes time, D is the solute diffusivity in the gel, and « is the
spatial coordinate for a domain thickness 2L with x = 0 locating

the center of the gel slab. As highlighted above, only data for
—L < x < 0 were analyzed. For both loading and release,
symmetry is demanded at the centerline. For loading, C(t,—L)
= C,, where C,, is the final solute concentration in the gel in
equilibrium with the bulk aqueous solute solution. For release,
C(t,—L) = 0 since the desaturating aqueous solution is devoid
of solute and in excess. Initial conditions are C(0,x) = O for
adsorption and C(0,x) = C, for desorption because
desaturation occurs from the initial equilibrium state.

Let A,(tx;t*) be defined as

phns ) =22V

o\E x5 £ ) = ZT{I - exp[_ln Dt*/L ]}

n

X exp[—/lnth/Lz] cos[A,x/L] ()

where A, = (2n + 1)7/2 and t* is a final loading time.
Absorption then follows according to

C(t <

ctx) > A, x5 )
C°° n=0 (3)
and desorption from an equilibrated gel at C, obeys the
relation

C(t, x) <
— = A (t, x; ©
. Z:,) o )

4)

Transient intensity profiles are fit to eqs 2—4 by Levenberg—
Marquardt least-squares-error minimization’® to obtain sepa-
rate diffusion coeflicients in the absorption and desorption
directions. We use 100 terms in the summations.

For loading profiles, we do not rely on the measured surface
intensity at x = —L because of surface blotting. To obtain C,,
we use an extrapolated concentration from least-squares fitting
of the concentration profile and average over all measured
profiles in that loading run. All profiles are then adjusted to this
average surface concentration and re-fit for the best diffusion
coefficient by a second least-squares minimization. For any
given solute—gel system, no less than four data sets at different
absorption times were fit to find the diffusion coeflicient.
Resulting diffusion coeflicients were then averaged by linearly
weighting them by the inverse mean-square error of a particular
profile. Likewise, the overall standard deviation of the diffusion
coefficient was established by similar linear weighting of the
standard deviations for each transient profile.

For the corresponding solute-desorption experiments, initial
fluorescence intensity of the dye-saturated gel for each solute—
gel system was measured and set as constant and proportional
to Cg,. Thereafter, local equilibration with the excess solute-free
aqueous solution established the gel surface concentration:
C(t—L) = 0. Figure 2b, however, illustrates that solute
fluorescence at the surface, although small, is not exactly zero
after background subtraction. Because this concentration was
always less than 5% of the saturated concentration, it was
averaged over the measured profiles and subtracted from the
measured intensity profiles. Best fitting of the diffusion
coefficient and assessment of standard deviation from the
desorption profiles was then performed as for the absorption
profiles.

3. RESULTS

3.1. Nonspecific-Interacting Solutes. Table 3 summa-
rizes diffusion coeflicients for absorption measured for the three

dx.doi.org/10.1021/ie402148u | Ind. Eng. Chem. Res. 2013, 52, 18109—18120
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Table 3. Solute—Hydrogel Absorption Diffusivities

D X 107 [ecm?*/s]

17 FITC-dextran4 FITC-dextran10 FITC-dextran20
0.143 (0)* 444 + 0.84 252 + 0.94 0982 + 0.13
0.154 (0.10) 3.15 £ 0.20 1.64 + 0.63 0.669 + 0.17
0.165 (0.25) 2.11 + 0.086 1.10 + 0.15 0.675 + 0.25
0.183 (0.50) 1.16 + 0.04 0.549 + 0.079 0.737 £+ 0.053
0227 (1.0) 122 + 0.18 0.689 + 0.117 0.404 + 0.12

“Numbers in parentheses correspond to wt % cross-linking density.

labeled dextrans in five different polymer-content 70 wt %
HEMA/30 wt % MAA gels at pH 7.4. In spite of molecular
hydrodynamic sizes comparable to or larger than the average
gel mesh size, all solutes permeate all gels. As expected,
diffusivities of the same solute decrease with increasing polymer
content (ie., with decreasing mesh size). In the same cross-link-
density gel, solute uptake rates decrease with increasing
molecular weight, also as expected.

Table 4 reports the corresponding solute—gel diffusion
coefficients for desorption from the same cross-link-density

Table 4. Solute—Hydrogel Desorption Diffusivities

D X 107 [cm?/s]

17 FITC-dextran4 FITC-dextran10 FITC-dextran20
0.143 (0)* 2.61 + 0.97 1.25 + 0.46 0.777 + 0.063
0.154 (0.1) 234 + 047 - 0.809 + 0.11
0.165 (0.25) 1.84 + 0.07 1.45 + 0.20 0.787 %+ 0.059
0.183 (0.5) 1.56 + 029 0.63 + 0.36 0.897 + 0.15
0227 (1.0) 1.03 + 0.07 0.54 + 0.11 0.617 + 0.063

“Numbers in parentheses correspond to wt % cross-linking density.

hydrogels as those for absorption. Trends are identical to those
for the loading direction. Comparison of the loading and
release diffusion coefficients reveals agreement, although the
solute-desorption diffusivities are somewhat smaller than those
for absorption. Lack of significant difference between
absorption and desorption diffusion coefficients suggests that
the solute molecules do not interact strongly with the gel
matrix. Loading and release are reversible. Indeed, we find that
all dextran solutes are completely extracted from the HEMA/
MAA gels to within experimental precision. Concomitantly, all
solutes are size-excluded from a large portion of the liquid void
space in the gels.>’ The somewhat smaller desorption diffusion
coefficients might be attributed to small interaction with the
polymer strands in the larger mesh-size spaces.

Figure 3 summarizes the loading (closed symbols) and
release (open symbols) diffusivities, D, in the 70 wt % HEMA/
30 wt % MAA gels from Tables 3 and 4 normalized by their
corresponding bulk diffusivities, D, as a function of polymer
volume fraction, ¢, for the three labeled dextrans. For
comparison, relative macromolecular diffusivities measured in
agarose®® and polyacrylamide®” gels are shown. Clearly, our
dextran—HEMA/MAA data correspond to higher-polymer-
content gels where size exclusion is pronounced. Our data fall
in line with those measured by fluorescence recovery after
photobleaching (FRAP) by Johnson et al for proteins in
agarose gels, but are somewhat larger than those by Tong and
Anderson® in polyacrylamide gels. FRAP does not distinguish
between diffusion in the uptake and release modes.

0.8
e O FITC-dex4
0.7 r B0 FITC-dex10
A X FITC-dex20
06
o0.5 r e A
[a) ® A ,
~
o 04 ! Y
A
03 * * * °
|
0.2 [ ]
O
® o9 u I~
01 e o ’QQ] é "
0 1 1 1 1
0.00 0.05 0.10 0.15 0.20 0.25

P

Figure 3. Relative diffusion coefficients of FITC-dextran4 (@, O),
FITC-dextran10 (M, 00), and FITC-dextran20 (A, A) in 70 wt %
HEMA/30 wt % MAA hydrogels as a function of polymer volume
fraction. Filled symbols correspond to the loading direction, while
open symbols correspond to the release direction. Also shown are the
relative macromolecular diffusion coefficients of lactalbumin (blue
downward triangles), ovalbumin (blue diamonds), bovine serum
albumin (blue pentagons), and Ficolls of molecular weights 21 kDa
(blue circles) and 61 kDa (blue triangles) in agarose gels,36 and
RNAase (red diamonds) and bovine serum albumin (red pentagons)
in acrylamide gels.””

3.2. Specific-Gel Interacting Counterion Solute. Figure
4 shows fluorescence micrographs and transient concentration
profiles (solid lines) for Fl-avidin loaded into and released from
a 70 wt % HEMA/30 wt % MAA hydrogel with 0.05 wt %
cross-link density. Loading is far from complete after 6 days
compared to at most 3 days for full saturation by dextran
solutes of similar size. Desorption was initiated at 6 days and
continued for 16 days.

The release profile in Figure 4b reveals both farther solute
penetration into the gel compared to the loading profile and
back extraction into the bulk aqueous solution. After 2 weeks of
leaching, however, only 20% of the initially loaded solute is
released into the surroundings. Application of Fick’s law in eq 1
to predict loading profiles gives an average absorption diffusion
coefficient of 7.2 X 107'° cm?/s for several repeat runs. This
diftusion coefhicient is 3 orders of magnitude smaller than those
for the dextran solutes in Table 3. Apparently, absorption is
slowed not only by molecular diffusion, but also by specific
attraction of Fl-avidin to the gel matrix.

4. COMPARISON TO THEORY

4.1. Nonspecific-Interacting Solutes. Numerous theories
are available to quantify solute diffusion when specific
interaction with the gel is ne§li§ible.9’32_38’40_42’45 Most all,
including free-volume theory,” *> however, require empirical
adjustable parameters, and do not make use of measured gel
mesh size or gel fiber radius. Table S displays three current
physical-based theories that allow a priori prediction of
hindered solute diffusion in hydrogels. All follow the suggestion
of Brady®' and express the relative diffusivity as a product of a
hydrodynamic-resistance factor, F, and a steric or obstruction
factor, S, related inversely to tortuosity or

D/D, = FS (8

dx.doi.org/10.1021/ie402148u | Ind. Eng. Chem. Res. 2013, 52, 18109—18120
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Figure 4. (a) Fluorescence micrographs and (b) transient intensity
profiles (solid lines) of Fl-avidin (0.12 mg/mL solution) in 70 wt %
HEMA/30 wt % MAA gel with 0.05 wt % cross-link density. ag = 7.1
nm; (£) = 8.3 nm. Loading for 6 days followed by release for 16 days.
Profiles correspond to the top half of the gel (denoted by brackets in
(a)). Dashed lines are predicted from eqs 3 and 4 for loading and
release, respectively, with a diffusion coefficient of 7.2 X 107'% cm?/s

best fit from the loading profile.

where D and D, are the diffusion coeflicients in the hydrogel
and bulk solution, respectively.***%*”#*7 In these expressions,
a = (1 + ag/ag)?, where ag is the solute radius and a is the gel
fiber radius.

Hydrodynamic drag is ignored (i.e, F = 1) in the Ogston
expression for D/D,, top row in Table 5. Conversely, Clague
and Phillips* simulated hydrodynamic drag on a sphere in a
random arrangement of cylindrical fibers giving F = exp( —ag®)
with a and b established from the simulations. To account for
obstruction, Philips®® adopted the stochastic simulations of
Johansson and Lofroth® represented by S = exp(—0.84a"%).
In Brinkman effective-medium theory,”"’? bottom row in Table

S, hydrodynamic drag is given by

F= [1 + (ag/ ) + gwﬁf] o

where « is the absolute hydrodynamic (Darcy) permeability of
aqueous solvent in the gel. The accompanying steric factor in
Table S originates from the analytical cylindrical-cell theory of
Johansson et al.>* that well represents the hard-sphere steric
simulations of Johansson and Lofroth.>

To implement the Brinkman effective-medium theory, we
invoke the Carman—Kozeny expression for hydrodynamic
permeability: x = (1 — ¢@){ry*)/27y%, where {ry>) is the mean
square hydraulic radius and 7y is the gel hydrodynamic
tortuosity.”>® For a random array of fibers with negligible
overlap,” the mean hydraulic radius is a1 — ¢)/2¢, revealing
that k scales as the square of the polymer-strand radius with the
familiar Carman—Kozeny porosity dependence

=(1_(ﬂ)3 2

K D) ag
8¢ Ty

(7)

Tortuosity is included in eq 7 to account for increased path
length, for channel shape, and for error in employing a
hydraulic radius in creeping flow and in approximating the
mean-square hydraulic radius by the square mean. To establish
7y, Figure S displays measured hydrodynamic I;ermeability for
gels similar to our HEMA/MAA copolymer’>~"* as a function
of (1 — ¢)*/¢* on logarithmic scales. Hydraulic permeabilities
of the hydrogels are extremely low, in the nanodarcy range, due
to the molecular size of the polymer strands and to the
relatively low water contents of the gels (i.e, due to the small
mesh sizes). The unity-slope solid line in Figure S is best fit to
eq 7. With a; fixed at 2 nm, we establish a tortuosity of 7y; ~ 4.7
for our HEMA/MAA gels.

Figures 6—8 compare the a priori theories listed in Table S to
our measured dextran solute diffusivities in the 70 wt %
HEMA/30 wt % MAA gels as a function of golymer volume
fraction. Obstruction alone in Ogston’s model > (small dashed
lines) significantly overpredicts the data. The combined theory
of Phillips** (long dashed lines) also does not reduce diffusivity
enough, especially for the smaller dextrans. Effective-medium
theory (dashed—dotted lines) best represents the data, but
careful examination demonstrates a larger solute-size depend-
ence than that from experiment especially for the largest solute.
Although the range of polymer volume fractions is limited in
Figures 3 and 6—8 (i.e., a narrow range of cross-link densities)
and data are scattered, the measured solute-size dependence of
D/D, is weaker than that predicted by all three theories. No
simple scaling factor overcomes this disagreement.

A likely explanation for both minimal penetration and faster
measured diffusion rates of solutes with sizes larger than the

Table S. Selected Gel-Diffusion Models

model type
D
steric — = exp(—va)
D,
D b 109
hydrodynamic and steric; computational D = exp(—a¢p’) exp(—0.84a ™)
o
hydrodynamic and steric; Brinkman effective D
medium D,

expression” ref

Ogston et al.*

Phillips,*® Claque and Phillips,*” Johansson and
Lofroth™

-1
1 _
= [1 + (ag/VK) + ;(as/\/?)z] [e7* + azeaEl(Za)] Solomentsev and Anderson,” Johansson et al®*

“a = @1 + ag/ap)’ a = 3.727 — 2.460(ag/ag) + 0.822(ag/as)’ b = 0.358 + 0.366(ag/as) — 0.0939(ag/as)’s E,(x) = [2(e™/u) du.
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Figure 5. Hydrodynamic permeability, k, as a function of polymer
content expressed as (1 — @)>/¢@” for hydrogels similar to 70 wt %
HEMA/30 wt % MAA: Refojo’® ((I); Quinn and Grodzinsky”* (A);
Monticelli et al.”® (O). With a; = 2 nm, the best-fit unity-slope straight
line gives a hydrodynamic tortuosity of 7y = 4.7.
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Figure 6. Relative diffusion coefficients of FITC-dextran4 (@, O) in
70 wt % HEMA/30 wt % MAA hydrogels as a function of polymer
volume fraction. Filled symbols correspond to the loading direction,
while open symbols correspond to the release direction. Lines reflect
the predictions of Ogston et al® (), Phillips33 (= =), effective-
medium theory>*”? (— - —), and LPEM theory (—).

average gel mesh size is that only a fraction of the liquid-filled
voids are solute occupied. Hydrogels clearly exhibit a
distribution of mesh sizes. Large solutes in high-polymer-
content gels penetrate and permeate through the larger
interconnected mesh-size spaces.”’ This framework successfully
predicts measured equilibrium partition coefficients of the
labeled dextrans in our HEMA/MAA gels.31 The larger is the
solute, the larger are the mesh sizes necessary to permit
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Figure 7. Relative diffusion coefficients FITC-dextran10 (M, O0) in 70
wt % HEMA/30 wt % MAA hydrogels as a function of polymer
volume fraction. Filled symbols correspond to the loading direction,
while open symbols correspond to the release direction. Lines reflect
the predictions of Ogston et al.** (---), Phillips® (—-), effective-
medium theory>*”? (- - —), and LPEM theory (—).
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Figure 8. Relative diffusion coefficients of FITC-dextran20 (A, A) in
70 wt % HEMA/30 wt % MAA hydrogels as a function of polymer
volume fraction. Filled symbols correspond to the loading direction,
while open symbols correspond to the release direction. Lines reflect
the predictions of Ogston et al® (), Phillips33 (= =), effective-
medium theory34‘72 (= =), and LPEM theory (—).

diffusion and the smaller is the fraction of liquid-filled space
available for transport.

Current estimates of F and S in Table 5 apply to solutes that
are small relative to the gel mesh sizes and do not account for
solute-size exclusion from the smaller liquid-filled spaces.
Apparently, small solutes experience relatively more hydro-

dx.doi.org/10.1021/ie402148u | Ind. Eng. Chem. Res. 2013, 52, 18109—18120



Industrial & Engineering Chemistry Research

dynamic drag and obstruction compared to larger ones because
of transport through the larger mesh-size spaces. This effect
partially offsets the larger drag and obstruction attributed to
solute size in current effective-medium theory.

4.2. Large-Pore Effective-Medium Theory. To account
for solute transport only in the occupied portion of the gel
voids, we create a hypothetical large-pore effective medium
(LPEM) consisting of the distribution of mesh sizes available
for solute transport. Hydrodynamic and obstruction factors,
F’'7* and §,** are modified to describe solute access only to
mesh sizes larger than their size and, thus, to account for drag
and obstruction only within accessible liquid-filled voids. All
liquid-filled pores sizes in the LPEM are assumed to percolate.

The hydrodynamic factor of the large-pore gel is estimated
from eqs 6 and 7 but at a larger liquid volume fraction, 1 — ¢,
characteristic of the LPEM. To determine ¢;, we assume that
the average hydraulic radius in the large-pore medium, (ry);,
relative to that of the original medium from Carman—Kozeny,
ie, a{l — @)/2¢, scales linearly with the average mesh radius

(rp)y, = lag(1 = @) /20)(r), /() (8)

where r is the mesh radius or half of the mesh size and subscript
“L” indicates the large-pore pseudomedium. The average mesh
radius is obtained from the Ogston distribution.*

agg (r) = 2¢(1 + r/ag) exp[—¢(1 + r/ag)’] (9)

where g (r;a¢) dr is the volume fraction of water-filled spaces
with radii between r and r + dr. The average mesh radius of the
original distribution and that of the LPEM follow by definition

“r (ndr 4 7
= h BOY Z explo) e 7)

B fooogo(r) dr 2 (10)

and

/oo rgo(r) dr

as

= /u*:ogo(r) dr
=ag + ﬂ\/z X exp(p(1 + as/af)z)
2V e

x erfc[ /o (1 + ag/ay)] (11)

respectively. Equations 8—11 give the polymer fraction of the
LPEM since (ry);, = a{1 — ¢1)/2¢,. Darcy permeability of the
accessible voids, ki, is then available from eq 7 with ¢ replaced
by @;. The hydrodynamic factor follows from eq 6. We do not
adjust the hydraulic tortuosity of the LPEM in eq 7.

The LPEM-modified obstruction factor emerges from two
extensions of the cylindrical-cell model of Johansson et al.**
First, we correct the original expression of Johansson et al.** for
the diffusion coefficient, D(R), of solute transporting across a

"L

single cylindrical cell of radius R”®”” to read
D(R) 1-d*/R
D, 1+ a*/R? (12)

where a = ag + az Adoption of eq 12 gives a slightly modified
expression for the obstruction factor: S = (1 — a)e™ +
2a’e"E,(2a), where a = (1 + ag/a;)* and E, is the exponential
integral, E (x) = /;" (e™/u) du. Second, we replace the
original-medium polymer volume fraction by that of the
hypothetical large-pore medium

S=(1-a)e™ + 20 *e“E,(2a) (13)

where a; = ¢ (1 + ag/a;)>. Equation 13 explicitly accounts for
occupancy of solute only in the large liquid-filled voids and for
excluded volume within those larger pores. The LPEM-
modified obstruction factor also agrees with the hard-sphere
steric simulations of Johansson and Loforoth.’® With F and S
now specified in eqs 6 and 13, solute diffusivity in the gel
follows from eq S.

Solid lines in Figures 6—8 display predictions of the
proposed LPEM theory for the relative diffusivities of FITC-
dextran4, FITC-dextran10, and FITC-dextran20 in the 70 wt %
HEMA/30 wt % MAA gels measured as a function of polymer
volume fraction using no adjustable parameters. Agreement for
all noninteracting solutes is acceptable to within, at most, a
factor of 2. Thus, LPEM theory well predicts diffusion
coefficients of large solutes (relative to mesh size) in high
polymer content gels with no adjustable constants.

4.3. Specific-Interacting Counterion Solute. The slow
loading and release of cationic Fl-avidin shown in Figure 4
coupled with the large measured partition coefficient of 23.9°!
and the small loading diffusion coefficient of 7.2 X 107'° cm?/s
indicates strong specific adsorption to the HEMA/MAA
polymer chains. To understand the transport kinetics, we first
extend eq 1 to account for the amount of protein specifically
adsorbed to the polymer as distinct from that occupying the
liquid-filled spaces

oC(t, x) I on(t, x) b 9*C(t, x)
ot 1-¢) ot ox* (14)

where C is the moles of nonadsorbed solute in the liquid-filled
voids per liquid volume and #n is the moles of specifically
adsorbed solute per unit polymer volume in the gel.>" Equation
14 assumes that the dilute solute does not influence swelling,
that diffusion occurs only in the liquid phase of the gel, and that
surface diffusion along the polymer backbone is negligible. This
approach contrasts with that of Russell et al,,>* who make no
distinction between liquid-phase and chain-surface transport in
a gel.

To describe the rate of adsorption, the simplest approach is
to assume local equilibrium with a linear isotherm: n = KC,
where K is Henry’s adsorption constant (dimensionless).*"
Substitution of Henry’s law into eq 14 yields an effective
diffusion coefficient governing transport in the gel: D, = D/[1 +
@K/(1 — ¢)]. Accordingly, specific adsorption of solute onto
the polymer chains with a large Henry’s constant drastically
retards diffusion rates. The measured Henry’s adsorption
constant for Fl-avidin is 5500, giving an effective diffusion
coefficient 3 orders of magnitude smaller than that for a
nonadsorbing solute of the same size, qualitatively consistent
with the observed loading diffusion coeflicient of Fl-avidin.
Quantitative agreement between the calculated D, and the
measured loading diffusion coefficient from Figure 4b, however,
is lacking.

The lower dashed line in Figure 4b reflects the predicted
release profile after t* = 16 days of leaching using eq 2, the
expression C(tx)/Co, = Y29 A,(tx;t*) and the measured
loading diffusion coefficient of 7.2 X 107'° cm?/s. Because the
amount of solute adsorbed is linearly proportional to the liquid-
phase concentration, separate accounting for n(tx) is not
requisite. In Figure 4b, theory predicts that 75% of the initially
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loaded solute is released over the 16-day extraction period,
much more than the measured 20%.

The large discrepancy between observed and predicted Fl-
avidin release kinetics in Figure 4b and the quantitative
disagreement between calculated and measured D, values
suggest that local sorption equilibrium is not attained within the
gel. To relieve the local-equilibrium restriction, we invoke
simple linear adsorption/desorption kinetics for the solute in
the gel

on(t, x) _
== k_,[KC — n] (15)
so that
2
oc(t, %) _ |, 0 C(tzf 9 [ ke - ]
ot Ox -9 (16)

where k_, is the first-order desorption rate constant and k_,K is
the first-order adsorption rate constant. The solution to egs 15
and 16 is given in the Appendix. As with loading of the
nonadsorbing solutes because of surface blotting, we first
estimate the surface concentration C(t,—L) = C,, in eq A3 from
the Fl-avidin loading profile in Figure 4b near the top face of
the gel. The remainder of the loading profile at 6 days is then fit
to obtain the desorption rate constant and the diffusion
coefficient of Fl-avidin in the 70 wt % HEMA/30 wt % MAA
gel.

The upper dashed line in Figure 9 shows the resulting model
fit to the measured loading profile with D/D, = 0.5 and k_, = 6
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Figure 9. Transient loading and release profiles (bold lines) of Fl-
avidin in a 70 wt % HEMA/30 wt % MAA hydrogel with 0.05 wt %
cross-link density. Desorption begins after 6 days of loading. Dashed
and dotted lines are predicted from linear sorption kinetics with D/D,
= 0.5, K = 5500, and k_, = 6 X 1077 s7%,

X 1077 s7! giving a characteristic desorption time of 19 days.
Shown in the lower dotted line is the corresponding release
profile of Fl-avidin predicted with no adjustable parameters.
Although not quantitative, agreement of the measured profiles
with the linear-kinetic model is much improved over that based
on the local-equilibrium assumption shown in Figure 4b. The
observed small desorption rate constant suggests that Fl-avidin
is tightly bound to the polymer strands, approaching
irreversible attachment, typical for proteins at long exposure
times.”® %% Strict conformance to linear sorption kinetics is,
therefore, unlikely. Additional transient-profile data at differing
Fl-avidin concentrations are necessary to establish more
realistic sorption kinetics.

Considerable size exclusion is expected for the 7.1-nm avidin
molecule in the 8.3-nm mesh-size gel. Accordingly, Fl-avidin
penetrates only a small fraction of the aqueous-occupied
voids.”! In view of the small voidage occupancy, the large
measured Henry’s adsorption constant and the concomitant
small desorption rate constant indicate strong specific
adsorption on the polymer matrix. Donnan electrostatic
attraction®® is an unlikely explanation because of extensive
screening by the background aqueous electrolyte at a Debye
length of 0.5 nm. Rather, the experimental evidence strongly
supports specific ion binding between cationic Fl-avidin and
anionic MAA groups along the polymer strands.

5. CONCLUSIONS

Using two-photon confocal fluorescence microscopy, we
measured transient loading and release concentration profiles
of four labeled aqueous solutes: FITC-dextrans of 4, 10, and 20
kDa molecular weights, and fluorescein conjugate avidin, at pH
7.4, in negatively charged 70 wt % HEMA/30 wt % MAA
hydrogels having 0—1 wt % cross-link density. A unique feature
of our measurements is that solute size is comparable to or
larger than the average mesh size of the gels and the polymer
volume fraction range is higher than those typically studied.
Although all solutes are significantly size-excluded from major
portions of the gel voids, they all permeate through the
available gel network by liquid-phase diffusion. Except for
cationic Fl-avidin, all solutes exhibit reversible absorption and
desorption with diffusion coefficients approximately equal in
both directions in obedience to Fick’s second law. For these
nonadsorbing solutes, gel diffusivities decrease strongly with
increasing polymer content and less so with increasing solute
size. LPEM theory gives D/D, as a product of a hydrodynamic
factor, F, and an obstruction factor, S, taking into account only
gel mesh sizes available for transport. When all parameters are
independently determined, LPEM theory agrees quantitatively
with measured solute diffusion coefficients. Accordingly, an
estimate of nonadsorbing aqueous-solute transport rates in
hydrogels is available without the need to adjust parameters.
Although LPEM is physically grounded, it does not account for
dynamic fluctuations in the mesh-size distribution.

For the positively charged counterion Fl-avidin solute,
diffusion is significantly slowed by strong specific adsorption
on the anionic polymer strands. When compared to a dextran
molecule of the same hydrodynamic size, avidin absorbs more
slowly into the gel by over 3 orders of magnitude. Desorption is
even slower, approaching irreversible uptake. An effective local-
equilibrium diffusion coefficient does not predict uptake and
release kinetics. Simple linear adsorption/desorption kinetics
more successfully fits the measured concentration profiles,
giving a desorption time constant of about 20 days. The large
measured Henry’s adsorption constant and the small
desorption rate constant highlight strong ion binding of the
cationic avidin onto the anionic MAA moieties of the gel
polymer. The difference between diffusion rates of non-
adsorbing and specific adsorbing solutes in hydrogels is striking
and must be accounted for.

B APPENDIX: SOLUTION TO LINEAR-ADSORPTION
KINETICS MODEL

Boundary conditions for eqs 14 and 15 are described in section
4.3 for loading and release after a time #*. Convenient solution
of these equations is by Laplace transform with inversion by
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residues and convolution.** The measured concentration per
unit volume of gel is the sum of that in the liquid pores and that
on the gel strands: C,, = (1 — @)C + ¢@n. Let B,(x;t*) be
defined as

B, (x; t*) = 2(_1)n (1+5)
ST T, S+ @21 + 1K 4 28,)/4,7]
X cos[A,x/L){exp[Sk_t*] — 1} (A1)

where 4, = 2n + 1)z/2, r = ¢/(1 — ¢), ®* = k_,L*/D is the
Thiele parameter, and

28,071, 77 = —[1 + (1 + rK)®*/4,%]

+ 1+ (1 + KD /A2 — 407/,
(A2)

Accordingly, for loading into a gel initially devoid of solute, the
measured concentration profile obeys the expression

C, (t, x; c0) -
ol L= - B,(x; o) exp[S,k_t]
(1 - (p)coo ,;0 !

+ K| 1 — exp[—k_,t]

— ) (1 + 8B, (x; )

n=0

X {exp[Sk_it] — exp[—k_;t]}
(A3)

The first two terms on the right of eq A3 correspond to the
solute concentration in the liquid-filled voids per unit gel
volume, while the last term on the right corresponds to solute
adsorbed on the polymer matrix per unit gel volume. Because
adsorption is not instantaneous, the amount adsorbed at x =
—L rises while solute concentration in the gel pores remains at
Co
The case of desorption from a partially saturated gel is more
complicated. We find for extraction from an initial solute
concentration profile at t* that

C,(t, x; t*) -
Sl B T) S B (x %) exp[S,k_t]
(1 - ¢)C00 VE) '

o

+ K| D0 (1 4+ 8,)7'B, (x5 %) X {exp[S,k_t]

n=0

— exp[—k_t]} | + rK exp[—k_;t]| 1 — exp[—k_,t*]

— ) (1 + 8B, (x; )

n=0

X {exp[Sk_it*] — exp[—k_,t*]}
(A4)

Again, the first term on the right of eq A4 reflects the solute
profile in the liquid-filled voids of the gel, while the second two
terms on the right correspond to the adsorption profile. Factors
in which ¥ appears reflect the initial partially saturated solute

profile. Both roots in eq A2 are used as are over 100 terms in
the indicated summations.
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