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ABSTRACT: Micrometer-sized (4—7 um diameter) poly(methacrylic acid) (PMAA) hydrogel microspheres
were synthesized by precipitation polymerization. Individual microspheres were held in a micropipet
and visualized by interference contrast microscopy. They were characterized with regard to their mass,
density, water content, electrophoretic mobility, and apparent pKa. Equilibrium changes in volume were
measured as functions of the pH and NaCl concentration of the suspending solution. The maximum
reduction in the microsphere equilibrium volume (V,,,.) at pH 3.0 was 0.28, where V, was the ratio of the
microsphere volume at the test pH to its volume at pH 6.6. A Donnan-based thermodynamic model,
modified to include counterion binding because of the high fixed charge density in the microspheres (3.0
M), was applied to determine the difference in the ion concentration between the interior and exterior of
the gel. The ion concentration differences (which were related to the osmotic pressure) predicted by the
model were proportional to the microsphere equilibrium volume with changing pH and salt concentration.
This supported the hypothesis that the equilibrium volume of the microspheres was set by a force balance
between the osmotic pressure and the elasticity of the hydrogel matrix. Microspheres changed from their
maximum equilibrium volume at pH 6.6 to their minimum equilibrium volume at pH 3.0 in 300 ms.
This indicated that diffusion of the polymer matrix and not diffusion of ions into and out of the microsphere

was the rate-limiting factor in determining a microsphere’s swelling rate.

Introduction

It is well recognized that a balance between the
osmotic pressure and the polymer elasticity sets the
physical dimensions of a hydrogel microsphere.22 The
osmotic pressure results from a net difference in con-
centration of mobile ions between the interior of the
microsphere and the exterior solution. For ionic poly-
mer gels, such as poly(acrylic acids), fixed negatively
charged acrylic acid groups attract hydrated counteri-
ons, which tend to expand the gel, while the conforma-
tional entropy elasticity of the cross-linked polymer
chains opposes this expansion. Neutralizing the gel by
reducing the pH of the aqueous bathing medium reduces
the net ion concentration difference (osmotic swelling
pressure) brought about by the presence of the fixed
charges. This reduction in the number of counterions
results in a dehydration of the gel (decrease in volume
due to the polymer elasticity) to an extent where further
compression is limited by the excluded volume of the
polymer chains. Similarly, increasing the NaCl con-
centration of the bathing medium reduces the mobile
ion concentration difference between the microsphere
and the external solution (osmotic swelling pressure)
and thereby reduces the gel’s volume, although not to
the same extent as reducing the charge density by
decreasing the pH.

To date, few studies have focused exclusively on ionic
gels at the micrometer size scale (i.e., 1-10 um in
diameter),® although there have been a number of
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studies on centimeter-size “slab gels” 12 and several
studies on microspheres between 0.1 and 1 um in
diameter.#=6 From an experimental perspective, both
the centimeter-size slab gels and the 0.1—1 um micro-
spheres have properties that can make them inconve-
nient to work with. Because of their size it takes the
centimeter-size slab gels tens of hours to reach an
equilibrium conformation in response to a change in
their chemical environment.” Because 0.1—1 um diam-
eter microspheres cannot be observed directly by light
microscopy and because they tend to aggregate at lower
pHs, their size can be difficult to measure accurately
by light scattering.® Thus, our motivation for working
with microspheres that are between 1 and 10 um in
diameter has been to characterize them as a distinct
subset of hydrogels and, from an experimental perspec-
tive, to take advantage of the fact that they (1) undergo
a very rapid response (i.e., fractions of a second to reach
equilibrium) to changes in environmental conditions, (2)
are large enough to view by light microscopy; and (3)
can be manipulated individually.

From an applications standpoint, there has been a
strong interest in the use of polymer hydrogels for drug
delivery.® As a result of their size, hydrogel micro-
spheres offer a new feature for drug delivery applica-
tions.® They are small enough to travel in the blood-
stream and, for hydrogels on the scale of fractions of a
micrometer, have the potential to actually be targeted
to certain diseased tissues outside the blood stream and
even be taken up into the intracellular compartment of
target cells.

In this work we present several experimental and
theoretical features that allow a detailed characteriza-
tion of microscopic hydrogels and their physical proper-
ties. We have built upon the pioneering work of
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Kawaguchi,® who synthesized ionic hydrogel micro-
spheres with diameters that range from 0.1 to 1 um.
We have modified the Kawaguchi protocol to synthesize
monodisperse microspheres (with high carboxyl group
densities) whose diameters, in an expanded state, have
dimensions between 0.1 and 7.0 um.

In this paper we introduce a new method for studying
individual microspheres by adapting a micropipet ma-
nipulation technique that was previously used to study
lipid vesicles and cells.’®11 This technique enabled us
for the first time to perform experiments on individual
microspheres with diameters between 4.0 and 7.0 um.
By use of this technique, a single microsphere can be
transferred from one chemical environment to another
directly on a microscope stage and the equilibrium
volume changes can be measured and related to the
volume of the same hydrogel microsphere in a control
solution. In addition, the swelling Kkinetics of a single
microsphere can be observed by flowing a test solution
around the individual microsphere while it is held by a
pipet.

Several different types of models (thermodynamic,
mechanochemical, and scaling theories) have been
previously developed, which predicted the equilibrium
volume response of ionic hydrogels to changes in pH
and/or ionic strength.212-15 Because of its successful
application to describe the pH and ionic strength
response of ionic slab gels, a thermodynamic approach
based on the Donnan equilibrium®16-18 was taken to
interpret the results of our experiments on the ionic
hydrogel microspheres.

A quantitative analysis of the charge and water
content in a microsphere as a function of pH and NacCl
concentration was performed. Donnan theory combined
with information taken from the experimental results
was used to determine the distribution of fixed ions,
counterions, and co-ions inside the hydrogel matrix. The
ion concentration difference between the interior and
exterior of the gel (which is related to the osmotic
pressure) was calculated. Proportionality between the
concentration difference and the microsphere equilib-
rium volume with changing pH and NaCl concentration
was observed. This proportionality supports the hy-
pothesis that, like the slab gels, a force balance between
the osmotic pressure and the elasticity of the hydrogel
matrix sets the microsphere’s equilibrium volume.

An important feature of the microspheres, which were
examined in the experimental and theoretical analysis,
was their high fixed charge density at maximum swell-
ing (~3.0 M). Because of the high fixed charge density
in the microspheres, the existing Donnan theory, which
has previously been applied to weakly charged slab gels,
was modified to take into account counterion binding
within the matrix.

Materials and Methods

Poly(methacrylic Acid-co-methylenebisacrylamide)
Microsphere Synthesis. Poly(methacrylic acid-co-methyl-
enebisacrylamide) hydrogel microspheres were used in all
experiments. The starting materials consisted of 4-nitrophenyl
methacrylate monomer (NPMA) (2.07 g), methacrylic acid
monomer (MAA) (0.861 g), methylenebisacrylamide cross-
linker (MBAM) (0.771 g), azobis(isobutyronitrile) (AIBN) (1.5
g). The monomer feed ratio consisted of 4 methacrylic acid
monomers for every 1 methylenebis(acrylamide) cross-linker.

The microspheres were synthesized by modifying a method
developed by Kawaguchi.®> MBAM (Aldrich) was recrystallized
twice from methanol at 50 °C. NPMA was recrystallized from
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methanol and cooled to —60 °C before collection of the crystals.
AIBN (Aldrich) was recrystallized twice from chloroform.
MAA (Aldrich) was twice distilled at 30 °C under high vacuum.
All monomers and initiators were stored under argon at —20
°C. The monomers with the feed ratio stated above were
dispersed in 40 mL of reaction solution (methanol (18.0 mL),
acetone (12.0 mL), and ethanol (20.0 mL)). The reaction was
degassed at room temperature for 20 min by bubbling argon
into the alcohol solution. The flask containing argon was
immersed in a mineral oil bath and the reaction medium was
warmed to 60 °C, whereupon solid AIBN was added to the
reaction. Within 3 min after the addition of initiator, the
solution became a cloudy dispersion of particles. The reaction
was run for 1 h, at which time it was cooled to room
temperature. The sample was then centrifuged at 2000 RCF
to form a pellet, which was resuspended in fresh ethanol. This
process was repeated five times. In this procedure, NPMA was
included as a hydrophobic and hydrolyzable monomer, which
allows the formation of spherical particles in alcohol solution.?
The sample was then dried to a constant weight (100 °C, 0.1
Torr for 12 h). The dried reaction product (0.9 g) was
subsequently suspended in 200 mL of 1 M NaOH for 5 h (to
hydrolyze the nitrophenol groups from the microspheres and
thus give a random copolymer between MAA and MBAM). To
remove the products of the hydrolysis, the resulting micro-
sphere suspension was centrifuged and washed in distilled
water four times. This resulted in a relatively monodisperse
(average diameter of 5 + 1 um in ethanol, and measured as
described below) sample of microspheres. Finally, the beads
were stored at 4 °C in deionized water.

Mass of Individual Microsphere. The mass of a single
microsphere was determined by making three 1.00 mg/mL
suspensions of microspheres (in the proton form) in deionized
water and bath-sonicating (Branson 1200 ultrasonic cleaner)
them for 1 h (to disperse any aggregates that may have formed
after polymerization and processing). Then a 0.1 mL sample
of each suspension was diluted (1:2000) and the mean particle
concentration was determined by counting microspheres in a
hemacytometer (the concentration of each microsphere sus-
pension was measured four times).

Bulk Titration. To determine the apparent pK, of the
microspheres, a bulk titration of a 90.3 mg sample of the
microspheres suspended in 10 mM NaOH (added to fix the
initial Na* concentration and pH of the titration) was per-
formed with 100 mM HCI. A back-titration was then per-
formed with 100 mM NaOH. The methods used to analyze
the titration data are discussed in the Results section.

Electrophoretic Mobility Measurements. To measure
the electrophoretic mobilities of the microspheres as a function
of pH, 0.1 mg/mL suspensions of the microspheres (in 10 mM
citrate buffer, pH between 1.9 and 6.8) were placed in a
cylindrical microelectrophoresis chamber equipped with plati-
num electrodes (Mark I, Rank Brothers, Cambridge, England).
The system was calibrated with red blood cells (electrophoretic
mobility = —2.78 um cm s~ V1) as described in Seaman and
Heard.*® A 40 V potential was applied across the chamber and
the time required for a microsphere to travel a known distance
was measured by microscopic observation. From measure-
ments of the microsphere’s velocity in an electric field its
electrophoretic mobility was determined. The electrophoretic
mobility at each pH was an average of measurements on five
different microspheres.

Solutions Used in the Measurements of the Volume
Response. Two buffered sodium citrate solutions were used
in the measurements of the equilibrium volume response (V,)
of individual microspheres. For the combined pH and NaCl
concentration experiments, the solutions contained 10 mM
citrate buffer and ranged from pH 2.5 to 6.6 in approximately
0.2 pH unit increments. For measurements of V, of the
hydrogel microspheres in response to changes in NaCl con-
centration, the solutions contained 0.1 mM citrate buffers with
0.001, 0.01, 0.1, 1.0, and 5.0 M NaCl, all at pH 6.6.

Micromanipulation of Microspheres. An important
feature of this work was the ability to manipulate and isolate
single hydrogel microspheres having diameters between 4 and
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Figure 1. (a) Schematic diagram of the chamber and mi-
cropipets that were used for the micromanipulation of the
hydrogel microspheres. The control solution was pH 6.6 citrate
buffer and the test solution was citrate buffer at the test pH.
The chamber, the pipets, and the microspheres (dark dots) are
not shown to scale. (b) Schematic diagram of a microsphere
transfer using the micromanipulation transfer technique. In
the top part of the figure the holding pipet is coaxial with the
transfer pipet. During the transfer, the holding pipet was
inserted into the transfer pipet and the stage was shifted to
the right so that both pipets were stationed in the left chamber.
In the bottom part of the figure, the holding pipet (which has
been removed from the transfer pipet) was exposed to the left
chamber solution. The chamber and the pipets are not drawn
to scale.

7 um. A micromanipulation transfer technique centered
around an inverted microscope was used to transfer single
hydrogel microspheres from a chamber containing the control
solution to the test solution across the air/water interface
separating the two chambers (Figure 1a). The two chambers
consisted of four 3 x 15 mm cover slips, which were mounted
by using a small amount of vacuum grease on the top and
bottom of a glass support stage. Buffer solutions were added
to both chambers. The control chamber contained a dilute
suspension of microspheres in buffer. The solutions in the two
chambers were prevented from mixing by an air gap between
the chambers.

The “holding” pipet that was used to pick up and manipulate
microspheres (Figure 1a) was forged from 0.75 mm x 0.4 mm
x 6 in. borosilicate glass tubing (A-M Systems Inc., Everett,
WA), pulled to a fine point with a pipet puller (KOPF Model
730), and cut with a microforge to tip sizes of 3—4 um i.d. The
pipet was mounted in a chuck and connected to a water-filled
manometer. Suction pressures of 500 N/m? were applied to
the pipet tip by using a 5 mL syringe acting onto the air gap
of the manometer reservoir. By application of suction pressure
to the pipet tip, an individual microsphere was retrieved from
the bottom of the chamber and held in the center of the field
of view for accurate measurement of its diameter (Figure 2).

A “transfer” pipet was used to transfer the microsphere from
the control chamber to the test solution. This pipet was much
larger (40—50 um i.d.) than the holding pipet that manipulated
the microsphere, such that the holding pipet could be inserted
into it and the microsphere could be shielded from the air/
water interface as it was transferred between chambers. The
transfer pipet was also forged from the glass tubing described
above.

In these transfer experiments, the equilibrium diameter of
the microsphere was first measured in the control solution at
the bottom of the chamber close to the objective to provide an
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Figure 2. (a) Video image of an individual poly(methacrylic
acid) hydrogel microsphere held by a micropipet and sus-
pended in pH 6.6 citrate buffer. The microsphere is in an
expanded state. (b) Video image of the same poly(methacrylic
acid) hydrogel microsphere, in a condensed state, held by a
micropipet and suspended in pH 3.0 citrate buffer.

Figure 3. Video image of a flow pipet near a microsphere
(held by suction pressure on a holding pipet) in pH 3.0 citrate
buffer solution. The microsphere was initially suspended in
pH 6.6 citrate buffer, as shown in Figure 2a.

image with the best optical quality. The microsphere was then
picked up by the holding pipet (shown in Figure 2a), raised to
a level such that the holding pipet and transfer pipet were
coaxial, and then inserted into the transfer pipet. The stage
and the chambers were then translated while the pipets
remained fixed. A schematic diagram of the transfer process
is shown in Figure 1b. By moving the stage, the pipets were
shifted from the control chamber to the test chamber. In this
manner, when the holding pipet was removed from the
transfer pipet, the microsphere was exposed to a different
chemical solution in the test chamber (Figure 2b). No differ-
ences were detected between the diameter of a microsphere
held by the holding pipet and those placed on the bottom of
the chamber in the test solution.

A micromanipulation “flow pipet” technique was used to
measure the microsphere swelling kinetics. Unlike the trans-
fer technique, the flow pipet technique was performed in a
single chamber. In a flow pipet experiment, an individual
microsphere was held by a holding pipet in a chamber, which
contained a control solution. Positive pressures (500—1500
N/m?) were applied to the “flow pipet” (~20 um i.d.), which
was filled with a test solution, by using a 1 mL syringe acting
onto the air gap of a second manometer reservoir. When this
flow pipet was aligned axially with the microsphere (Figure
3), the microsphere became immersed in the flow field of the
test solution. There were three advantages of the flow pipet
technique over the transfer technique for examining swelling
kinetics: (1) improved optics throughout the course of swelling,
(2) the ability to set a clearly defined boundary concentration
of the test solution at the microsphere surface while the
microsphere was in focus, and (3) a rapid change of the bathing
solution.

In all of the micromanipulation experiments, images of
microspheres were displayed on a television screen by using
a CCD camera (Hamamatsu C2400). Experimental time and
pressure transducer readings were multiplexed onto the video
signal with a video multiplexer (model 401, Vista Electronics,
La Mesa, CA). Experiments were recorded on a videocassette
recorder (Panasonic PV-4311, %/, in. tape). Geometric mea-
surements of the microspheres were subsequently made with
a video caliper system (model 305, Vista Electronics, La Mesa,
CA). The separation distance of the video calipers was
calibrated to a 10 um scale with a Nikon stage micrometer.
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Table 1. Values of the Variables That Characterize the
Microsphere

numerical

properties of microspheres value
dry mass of microsphere 472 x 1011 g
dry volume of microsphere 3.88 x 10714 L
dry density of microsphere 1.22 g/cm3
expanded volume of microsphere 1.39 x 10718 L
average monomer MW 152 g/mol
number of monomers per microsphere 1.9 x 101*
carboxyl group density in expanded state 3.0M
polymer volume fraction at the apparent pK, 0.46
polymer volume fraction in most expanded state 0.28
apparent pK, in water 4.7

The diameter of the microspheres was determined by aligning
one video caliper tangent to the top part of the microsphere
and the other video caliper tangent to the bottom edge of the
microsphere. The corresponding separation distance was
determined by the numerical reading on the calibrated video
caliper. A complete review of the micromanipulation technique
as used in the study of lipid vesicles can be found in the
literature.

Experimental Results

Hydrogel Microsphere Characterization. Table
1 provides a list of the microsphere properties that were
calculated and/or measured. The average dry micro-
sphere density was calculated by dividing the average
dry microsphere mass by its volume (measured by video
microscopy of a dried sample). Its dry density was 1.2
glcm3. The average mer molecular weight of 152 g/mol
was calculated by using a weighted average of the MAA
monomer to cross-linking monomer-to-initiator ratio.
The average number of mers per microsphere ~ 1.9 x
10 was calculated on the basis of the mer molecular
weight and the microsphere mass. The concentration
of carboxyl groups in the expanded microsphere was
determined by dividing the number of carboxyl groups,
measured by bulk titration (see below), by the micro-
sphere volume. The polymer volume fraction of 0.28 in
its most expanded state was equal to the average dry
microsphere volume, divided by the average maximally
expanded microsphere volume. The polymer volume
fraction of a microsphere was 0.46 when the pH equaled
the apparent pK, (discussed below). This value was
calculated by taking the equilibrium volume ratio of a
dry microsphere and dividing it by the equilibrium
volume ratio of a microsphere at the apparent pKa.

Bulk Microsphere Titration. We performed a bulk
titration of the microspheres to determine their appar-
ent pK,. The determination of the pK, of a polyacid,
such as a hydrogel, from bulk titration is more complex
than for a monoacid in solution (e.g., acetic acid).
Whereas a monoacid has only one type of pK,, an ionic
hydrogel is expected to have two types of pKss: intrinsic
and apparent.’®> The apparent pK, of an ionic hydrogel
is defined as the external solution pH at which protons
are 50% dissociated from all of its fixed ionic groups.1®
The intrinsic pK, of an ionic hydrogel is defined as the
pH at which protons are 50% dissociated from the
equivalent monomer form of its fixed charge in solution.

For the case of a polyelectrolyte in solution, the reason
that no single pKj can describe the dissociation constant
of all of its acid groups is that the dissociation of a given
acid group depends on how many acid groups nearby
on the chain have dissociated (within a Debye length).20
Similarly, for an ionic hydrogel, as the pH is increased
and its fixed acid groups become ionized, the amount
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Figure 4. Plot of the pH titration curve for 90.3 mg of PMAA
microspheres. The apparent pK, of the hydrogel (4.7) was
determined by using the results from the titration. This
apparent pK, value was determined on the basis of a bulk
sodium concentration during the titration of 25 mM, a con-
centration of charged groups at 50% conversion of 0.8 mequiv/g
of water, a pH at the midpoint between the maximum and
minimum values of 6.35, and a weight of microspheres being
titrated of 90.3 mg. The error in the calculation of the apparent
pKawas ~ + 0.3 pH unit because of the range of the pH of the
inflection point and the uncertainty in the estimate for the
sodium concentration at 50% conversion.

Table 2. Values of the Parameters That Were Used to
Determine the Apparent pKa,

variable value variable value
pH 6.315 mass (g) 0.0903
apparent pKa 4.7 mequiv/g 8.86
NaCl (mM) 0.025 % H,0 0.72
meq 0.80 [X] 2.16

of work required to remove half of the remaining bound
ions (against the mean field electrostatic potential of
the unbound negative charges) will increase.?! As a
result we expect that the titration curves for the
hydrogel microspheres will show that the apparent pK,
is smeared out over a wide pH range and is also
dependent on the solution ionic strength (which will set
the charge screening effects inside the gel).

The expression for the apparent pK, of a hydrogel
microsphere takes into account that, for hydrogel mi-
crospheres, (1) there is a difference in pH between the
inside of the microspheres and the bulk solution and
(2) the point at which half of the fixed charges are
unbound is dependent on the counterion concentration
inside the gel (screening effect).’> For these reasons it
would be incorrect to use the Henderson—Hasselbalch
equation, which is commonly applied to calculate the
pKa of soluble acids and bases from titration data. The
appropriate expression for the apparent pK, is given
by15

pKapparent = pHi + IOg [Na+] - IOg[XIZ] (1)
where [Na'] is the bulk sodium concentration, [X/2] is
the concentration of carboxyl groups when half of the
mers are protonated, and pH; is the pH at the inflection
point on the titration curve. The values from the bulk
titration (Figure 4) that were used in eq 1 to calculate
the apparent pKa (pKapparent in €q 1) are summarized in
Table 2. We will now describe the methods that were
used to determine their values from the titration data.
For [Na*], because its value changed from 0.035 to 0.015
M during the titration as a result of the addition of 22.5
mL of titrant, an average value of 0.025 M was used.
[X/2] was set equal to the number of equivalents of acid
that were required to ionize half of the fixed charges in
the gel (i.e., the number of equivalents added between
the two pHs at which the first derivative of the titration



5088 Eichenbaum et al.

0
£ _05: "
o E =
29 4 []
fg sl |
g 8-15¢ s
o= &
o2 - [
=E'2.5 !.
83 LTI
82 s .
.3_5E, I ol i
1 2 3 4 5 6 7

Figure 5. Plot of the electrophoretic mobility of PMAA
microspheres versus pH of the external solution. Error bars
represent the standard deviation of four different measure-
ments. Region | corresponds to 5.3 < pH < 6.8, region Il
corresponds to 4 < pH =< 5.3, and region 11l corresponds to
1.8 < pH < 4.0.

curve in Figure 4 became nonzero). As we had expected,
there was not one distinct pH;, which corresponds to an
inflection point on the titration plot, in Figure 4 (pH at
which the second derivative changed sign), but rather
there were several spread out over a pH range between
5.7 and 6.9. Thus the average of these two values (pH;
= 6.25) was used in eq 1.

Equation 1 yielded an apparent pK, of 4.7. By
comparison, the pK, of methacrylic acid in water at 25
°C is 4.66.22 Thus, despite the initial concern regarding
the different pKss (apparent and intrinsic), the apparent
pKa of the hydrogel matrix with many carboxyl groups
was comparable to that of an individual monomer in
solution. However, there was a broad range of possible
apparent pKss (pKa = 3.8—5.3), based upon the range
of inputs for pH; and [Na*] to eq 1.

Electrophoretic Mobility. The electrophoretic mo-
bilities of individual microspheres were measured as a
function of the bulk solution pH (Figure 5). The plot
can be considered to be composed of three distinct
regions. Region I: for 5.3 < pH < 6.8 the electrophoretic
mobility remained essentially constant at —2.8 um c¢cm
s71 V1. The microsphere mobility did not change
significantly in this region because at pHs > 5.3 which
is 0.7 pH unit above the apparent pK,, there was no
significant change in charge density in the gel and the
microsphere volume did not change. Region IlI: for 4
< pH =< 5.3, the electrophoretic mobility decreased
linearly (from —2.7 to —2.1 um cm s~ V~1) and had a
slope of 0.36 (R? = 0.99). In this region the competing
effects of an increase in charge density due to micro-
sphere condensation and a decrease in charge density
due to proton binding resulted in a slope that was
significantly smaller than the linear region at 1.8 < pH
< 4.0. Region I11: for 1.8 < pH < 4.0 the electrophoretic
mobility decreased linearly with pH (from —2.1 to —0.25
um cm st V™) and had a much higher slope of 1.15
(R? = 0.99).

Effect of Changes in Solution pH on Micro-
sphere Volume. Video images of a hydrogel micro-
sphere (held by a micropipet) at pH 6.6 and 3.0 are
shown in Figure 2 panels a and b, respectively. From
these images it is seen that the gel is more expanded
at the higher pH. This condensation arises from the
exchange of protons for Nat and a subsequent reduction
in the osmotic swelling pressure inside the microsphere
(discussed in more detail below).1®

Figure 6 shows a plot of the equilibrium volume size
ratio V. (i.e., the ratio of the volume of a microsphere
at the test pH to its volume at pH 6.6) versus pH for
microspheres suspended in a citrate buffer solution at
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Figure 6. Plot of the microsphere equilibrium volume size
ratio (V) versus pH of the external solution for citrate buffer
solutions containing no additional NaCl. Error bars on each
data point represent the standard deviation of the average
swelling ratio of five different PMAA microspheres.
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Figure 7. Plot of the microsphere equilibrium volume size
ratio (V,) versus pH of the external solution for five different
NacCl concentrations: 0.001, 0.010, 0.10, 1.0, and 5.0 M. There
was no statistically significant change in size of the micro-
spheres when the pH was lowered below pH 4.0 for a given
NaCl concentration (p < 0.05).

the pH indicated. Each bead was transferred from the
reference solution (10 mM sodium citrate at pH 6.6).
This provided a reference volume (V, = 1) to which all
the others were normalized. It was seen that decreasing
the pH from 6.6 to 2.7 while holding the buffer ion
concentration constant caused V, to decrease from 1 to
0.28. In addition, the microspheres were estimated to
change from a water volume fraction of 0.72 to a water
volume fraction of 0.06 in their most condensed state.
Note that for pHs < 3.6 the microspheres reached their
minimum volume. Conversely, in solutions with pHs
> 5.3, the microspheres were in their most expanded
state.

Combined Effects of pH and NaCl Concentra-
tion on Microsphere Volume. Because anionic hy-
drogels are ion-exchangers, when the pH increases and
protons dissociate, counterions exchange with the pro-
tons and screen and/or bind to the negative charges on
the polymer matrix.’®> Co-ions follow any additional
counterions, which are drawn into the gel. To satisfy
net electroneutrality and equilibrium chemical potential
conditions there must be a higher concentration of
counterions inside the gel than in the bulk.

Figure 7 shows a plot of V, as a function of pH for
five buffered NaCl concentrations. For all salt concen-
trations V, was sigmoidal. As illustrated on the plot,
the four major regimes contained in these data are (1)
the low pH regime (pH =< 3.6), where the swelling of
microspheres was not affected in a statistically signifi-
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Figure 8. Plot of the microsphere equilibrium volume size
ratio (V,) versus NaCl concentration in the high pH regime
(pH > 5.3). Each data point represents the average volume
ratio of five different microspheres at the indicated NaCl
concentration. The largest NaCl induced volume change of 0.62
was observed when a microsphere was transferred from a
solution containing 0.001 M NacCl to a solution containing 5
M NacCl.

cant manner by either pH or salt concentration (t-test,
p < 0.05); (2) the pHs of the inflection points, which
increase slightly but not significantly (<0.1 pH unit)
with changes in salt concentration; (3) the high pH
regime (pH 5.3—6.6), where for a given salt concentra-
tion there was a constant value for V,; and (4) pHs >
5.3, where V, decreased with increasing NaCl concen-
tration (this point is illustrated in more detail in Figure
8).

Effect of Changes in NaCl Concentration on
Microsphere Volume. Figure 8 shows a plot of V,
versus NaCl concentration at pHs > 5.3. Increasing the
ionic strength of the bathing medium reduced the mobile
ion concentration difference between the microsphere
and the external solution (osmotic swelling pressure)
and thereby reduced the gel's volume. It was clear that
the magnitude of the largest reduction in V, caused by
changes in the ion concentration of NaCl (5 M) (V, =
0.62) was less than the reduction in volume induced by
lowering the pH to less than 4.0 (V, = 0.28). A primary
reason for this difference was that the Na* counterions
do not bind to carboxyl groups as strongly or as tightly
as protons do; as a result they have more water
associated with them and thereby generate a larger
osmotic swelling pressure opposing condensation.??

Swelling and Condensation Kinetics. It is well
established in studies of the diffusive transport of ions
in hydrogels that the diffusion time of a hydrogel is
proportional to the square of the gel dimension.*> Thus,
when the scale of a hydrogel changes from centimeters
(slab gels) to micrometers (microspheres), its swelling
time is reduced by 8 orders of magnitude, i.e., from tens
of hours to milliseconds. Figure 9 shows a plot of V,
versus time for a PMAA microsphere suspended in pH
6.6 citrate buffer and then immersed in pH 3.0 citrate
buffer delivered from a flow pipet (see Figure 3). As
protons permeate into the sphere, the charged carboxyl
groups on the polymer backbone become protonated and
the gel condenses. The condensation began within 50
ms after exposure to the flow pipet solution, and a
steady-state volume (V, = 0.28) was reached after 300
ms. Similarly, after the flow pipet was removed, the
microsphere began to rehydrate within 50 ms and
reached an expanded equilibrium volume after 300 ms.
This process was completely reversible.
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Figure 9. Plot of the microsphere equilibrium volume size
ratio (V,) versus time for microspheres suspended in pH 6.6
citrate buffer and then immersed in a flow field of pH 3.0
citrate buffer from a flow pipet. The arrows indicate the times
at which the microspheres were exposed to a new buffer
solution.

Discussion

Thermodynamic Model of Microsphere Equilib-
rium Response. Utilizing the experimental results
from the bulk titration and volume response measure-
ments, we have developed a thermodynamic model to
calculate the concentration of all of the ions that are
present (bound and unbound) inside the microsphere
as a function of pH and NaCl concentration. We will
show that the changes in the ion concentration differ-
ence between the microsphere and the bulk solution,
which were predicted by the model, were proportional
to the microsphere’s change in volume. This result
supported the hypothesis that the physical dimensions
of an ionic hydrogel microsphere were set by a balance
between the ion concentration difference (related to the
osmotic pressure) and the polymer elasticity.1:2 Modify-
ing the model of Grignon and Scallan® (which is based
on Donnan theory), we included the effects of counterion
binding inside the gel that arose because of the high
fixed charge density and the high salt concentrations
in the microspheres that were studied.

According to the Donnan theory, the concentration of
fixed charges on one side of a semipermeable membrane
affects the distribution of all the diffusible ions between
the two volumes separated by the membrane. For ionic
hydrogel microspheres, which have negative acrylic acid
groups that cannot move out of the gel, the solution
within the microsphere can be regarded as separated
from the external solution by an equivalent semiperme-
able membrane. The “membrane” confines the fixed
charges but permits the free passage to water and all
small monovalent ions.

We have defined the concentrations of dissociated
carboxyl groups as [R], carboxyl groups bound with
hydrogen as [RH], carboxyl groups bound with sodium
as [RNa], hydrogen ions as [H*], hydroxyl ions as [OH],
sodium ions as [Na*], and chloride ions as [CI7]. The
subscripts m and s refer to the microsphere and external
solution, respectively.

For a given pH and NaCl concentration in the bulk
solution, the acid groups inside the microsphere were
assumed to have a concentration ¢ and a degree of
dissociation a, yielding a concentration of acid groups
in undissociated form of ca. The concentration of
hydroxyl ions was related to the concentration of protons
in each phase by the hydrolytic constant of water Ky,.
The sum of the concentration of carboxyl groups that
were bound with both hydrogen ions and Na* was equal



5090 Eichenbaum et al.

Table 3. Expressions for the Equilibrium Concentrations
of the Fixed and Free lons That Are Inside the
Microsphere and in the External Solution®

concentration inside concentration in

group microsphere external solution
RH c¢(1 — a) — [RNa]

RNa c(1 — a) — [RH]

R~ ca

H* [H'Im [H]s

OH~ [OH Im [OH"]s

Na* [Na]m [Na*]s

Cl- [CI7]m [CI]s

a These expressions are used in the development of the model.

to the total concentration of groups that were bound,
c(1 — a). By applying the condition of electroneutrality,
the concentration of Na* in both the microsphere and
the external solution was expressed as a function of the
concentration of the other positive and negative ions in
each solution. Table 3 contains a summary of the
expressions for the concentrations of fixed ions, coun-
terions and co-ions both in the external solution and in
the microspheres.

We have assumed that the expressions for the dis-
sociation constants of the fixed carboxyl groups were of
the same form as those of an individual acid in solu-
tion.1® The dissociation constant of protons from car-
boxyl groups K,, and the dissociation constant of so-
dium, K, are defined in

_[RIH"] _[R71[Na"]

K,= Kya =
Na [RNa]

= TR @

Substituting the appropriate terms from Table 3 into
eq 2 and rearranging terms yields eq 3, an expression
for the fraction of ionized groups:

_ KaKNa
=7 +
[H ]mKNa+[Na ]m + KaKNa

®3)

By use of the concentrations of the diffusible ions in the
bulk solution, the appropriate Donnan equilibrium for
the model is given by eq 4, where 1 is the Donnan ratio:

p oy _Naly,_[OH], (o),
[H], [Na'l, [OH, [CI],

By combining the first two ratios in eq 4, eq 5 is obtained

w

Y 4 [Cl ] + Cat
[H']n
A= (5)
L +[CI7,,

By substituting A[H™]s for [H*]y and [CI~]s/A for [Cl7]m
from eq 4, eq 6 is obtained:

1= ca
H Kw [CI']s ©

+
AHT, A

Equation 6 provided an expression for 4 as a function
of a, the external ion concentrations (which were set
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Table 4. Values of the Inputs to the Thermodynamic
Donnan Model

model input numerical value (M)

carboxyl group concentration (c) at pH 6.6 3.0
carboxyl group concentration (c) at pH 2.7 10.1

KNa 101
Ka 1074.7
NaCl concentration for V, vs pH 0.01

NacCl concentration for V, vs NaCl
concentration

0.01, 0.10, 1.00, 5.00

experimentally), and the carboxyl group concentration
inside the microsphere (calculated from the experimen-
tal results). Substituting eq 3 into eq 6 resulted in a
fourth-order equation in 4, with 1 as the only unknown
variable. The roots of this equation at each bulk
solution pH and NacCl concentration were evaluated by
using Mathematica (Version 3.0, Wolfram Research,
Inc.). Of the four roots, three were eliminated as
possible solutions because they were negative. The one
positive root, the only root that made physical sense for
a Donnan ratio, was used in all subsequent calculations.

Model Inputs. The values of the inputs that were
used in the model are shown in Table 4. A bulk NacCl
concentration of 0.01 M was used to model the micro-
sphere’s volume response to changes in the bulk solution
pH. Bulk NaCl concentrations of 0.01, 0.10, 1.0, and
5.0 M and the carboxyl group density at pH 6.6 were
used to model the microsphere’s response to changes in
NaCl concentration in the high pH regime (pH > 5.3).
The carboxyl group concentration at each pH was
calculated by dividing the total number of carboxyl
groups (measured by bulk titration) by the microsphere
volume at each pH (measured by micropipet manipula-
tion). Only the fixed carboxyl group concentrations at
pH 6.6 and 2.7 are shown in Table 4. The apparent pK,
of 4.7 that was measured in the bulk titration was used
to set the dissociation constant of protons in the model.
A value for Kya, the dissociation constant of sodium from
carboxyl groups, of 0.1 M was used in the model. This
estimate was in the midrange of the dissociation con-
stants for macromolecules with similar chemical struc-
tures to the polymer microsphere: 0.43 M for imino
diacetic acid,?* 0.06 M for nitrilo triacetic acid,?* 0.02
M for ethylenediamine tetracetate®® and 0.7 M for Na*
from phosphatidylserine on a phospholipid bilayer.26

Model Predictions of the Unbound lon Concen-
trations in the Microsphere. The important points
to be gleaned from the model predictions of the unbound
ion concentrations in the microsphere (shown in Figure
10) are listed below: (1) The concentrations of unbound
Na® and carboxyl ions increased in a statistically
identical manner (t-test) with increasing pH. This was
because there was a direct exchange of unbound sodium
counterions for protons as the pH was increased. (2)
There was an order of magnitude change in the con-
centration of unbound sodium and carboxyl ions with
pH; their concentration increased from 0.03 M at pH
2.7100.47 M at pH 6.6. (3) The unbound chloride ion
concentration decreased by an order of magnitude from
2.87 x 1073 M at pH 2.7 to 1.91 x 10™* M at pH 6.6.
The unbound chloride ion concentration in the micro-
sphere was 2 orders of magnitude lower than the
unbound sodium concentrations because there was a
electrochemical potential gradient, which opposed chlo-
ride ion entry into the microsphere.

Model Predictions of AC and Comparison with
Microsphere Volume Response. In an ideal solution,
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Figure 10. Plot of the predictions of the model concentrations
of unbound Na* and CI~ ions in the microsphere as a function
of the pH of the external solution. The values for the unbound
Na* and carboxyl group concentrations in the microsphere (H)
are shown on the left axis and the values for the unbound
chloride ion concentrations in the microsphere (O) are shown
on the right axis. Note the different scales.
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Figure 11. Plot of the model prediction for the ion concentra-
tion difference (between the microsphere and external solution)
and the experimental V, as a function of the pH of the external
solution.

the concentration difference of the mobile ions (AC)
between the microsphere and the external solution is
directly proportional to the osmotic pressure and is
governed by the van't Hoff equation.?” However, inside
a hydrogel microsphere, because of the high ion con-
centrations (greater than 1 M), the van't Hoff equation
may not apply.’®> Therefore, in the discussion that
follows we only assume that there is a qualitative
proportionality between the osmotic pressure and AC.

Figure 11 shows a plot of the model predictions for
AC and the experimental V. as a function of the external
solution pH. Note that as the pH of the external
solution was lowered below 3.6, the model predicted that
the ion concentration difference approached zero. In
this pH range the pressure generated by AC was not
sufficient to overcome the entropy elasticity of the
polymer matrix and the microsphere was dehydrated
to an extent where further compression was limited by
the excluded volume of the polymer chains. As the pH
of the external solution was increased from 3.6 to 5.3
the model predicted that AC increased in proportion to
the increase in the microsphere volume, overcoming the
entropy elasticity and perhaps hydrogen bonding be-
tween CO,~ and CO,H groups. The increased osmotic
pressure generated by the increased AC acted to in-
crease the volume of the microsphere. In comparison,
at pHs above 5.3 the model predicted that AC continued
to increase, whereas the experimental results showed
that V, remained constant. This observation was con-
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Figure 12. Plot of the model prediction for the ion concentra-
tion difference (between the microsphere and external solution)
and the experimental V, as a function of the NaCl concentra-
tion of the external solution.

sistent with the hypothesis that the microsphere matrix
reached its elastic limit above pH 5.3.

Figure 12 shows a plot of the model predictions for
AC and the experimental V. as a function of the external
solution NaCl concentration. As the NaCl concentration
of the external solution was increased, the model
predicted that AC decreased. This reduction in the AC
resulted in a decrease in the swelling pressure; this in
turn resulted in a decrease in the volume of the
microsphere. The model predicted that the magnitude
of the ion concentration difference for a microsphere in
5 M NacCl, pH 6.6, was much larger (i.e., produced a
higher osmotic pressure) than the ion concentration
difference for a microsphere in 0.01 M NacCl, pH 2.7.
This model prediction was consistent with the experi-
mental observation that the equilibrium volume of the
microsphere was larger in a high-concentration NaCl
buffer at high pH than in a low-concentration NaCl
buffer at low pH.

Rate-Limiting Step in Microsphere Swelling/
Condensation Kinetics. In the section that follows
we discuss the rate-limiting step in the microsphere
swelling/condensation Kinetics. The dynamic swelling
and condensation of the microsphere is a result of the
exchange of ions and water between the microsphere
and the external solution. The rate of ion exchange
depends on the diffusivities of the counterions within
the matrix.22 For slab gels it has been shown that the
diffusivity of the matrix (Dge) determines the Kkinetics
of swelling and depends on the elastic properties and
the friction between the matrix and the solution.” To
determine whether the rate-limiting step for the Kinetics
of microsphere swelling and condensation was diffusion
of the polymer matrix, we now determine the appropri-
ate diffusion coefficient for the exchange of ions that are
entering and leaving the microsphere.

English et al.}” point out that if ion binding interac-
tions take place in a gel, then the ion diffusion coefficient
must be modified from that in bulk water. The effect
of ion binding to acidic groups is to slow the diffusion
process. The effective diffusion coefficient in the case
of binding is given by

Dion (7)
CAKion
(Kion + Cion)2

D

effective —

1+

In this equation, Ca is the total fixed binding site
concentration, Ko is the dissociation constant of the ion



5092 Eichenbaum et al.

Table 5. Values Used in Equation 7 to Calculate the
Effective Diffusion Coefficients for Na™ and Protons in
the Microsphere

variable protons Na*
Dion (cm?/s) 9.38 x 1075 1.32 x 1075
Ca (M) 0.47 0.01
Kion (M) 10747 1071t
Cion (M) 0.001 0.01

from the carboxyl groups, Cion is the concentration of
the diffusing ion front, and Do, is the diffusion coef-
ficient for the ion in water at infinite dilution. English
et al.’” conclude that the effective diffusion coefficient
can be much lower than the free diffusion coefficient
due to ion binding (for small perturbations from equi-
librium in a system with a large number of free binding
sites).

The degree to which the diffusion coefficients of Na™
and protons are lowered inside a microsphere depends
on the initial concentration of counterions in the mi-
crosphere (Cion in eq 7). Because there was a difference
in starting concentrations of counterions prior to con-
densation versus expansion, different diffusion coef-
ficients should apply in each case. However, for the
purposes of this analysis to determine the rate-limiting
factor, we only discuss the slowest case scenario (i.e.,
the expansion), where a lower diffusion coefficient for
Nat applies.

We will now show that the measured 300 ms time
for the microsphere to expand was 2 orders of magni-
tude slower than the time required for H™ to diffuse out
of the microsphere and 1 order of magnitude slower than
the time required for Na*™ to diffuse into the micro-
sphere. Just prior to expansion, the microsphere was
in its protonated form (i.e., with protons as the coun-
terion). Upon exposure to 10 mM citrate buffer, pH 6.6,
a fixed 107662 M concentration of protons and 0.01 M
concentration of Na* was set at the boundary of the
unstirred layer of the microsphere. The appropriate
diffusion coefficients for Na™ and protons under these
conditions were calculated by inputting the values
shown in Table 5 into eq 7 and were 2.7 x 107% and 9.4
x 1078 cm?/s, respectively.

The distance across which the proton and Na* ions
diffused was equal to the sum of the microsphere radius
and the thickness of the unstirred layer. The thickness
of the unstirred layer, §, was a function of the fluid
velocity (V. = 500 um/s), the Kinematic viscosity (v =
0.01 cm?/s), and the circumferential distance along the
microsphere from the blowing pipet (5 x 107% m).29:30
By insertion of the above values into

ORIV (®)

the maximum thickness of the unstirred layer was
estimated to be on the order of 0.1 x 107® m, i.e., 50—
100 times smaller than the diameter of the microsphere.
Thus the distance from the edge of the unstirred
boundary layer to the center of the microsphere was ~
3 x 1076 m.

The diffusion times that were calculated for the efflux
of protons and influx of Na* across this distance were
2 and 1 order of magnitude faster, respectively, than
the observed 300 ms condensation time of the micro-
spheres. The diffusion times were 3.9 and 16.7 ms,
respectively. In contrast, the time scales for the diffu-
sion of polymer slab gels (with similar compositions to
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that of the microsphere) are comparable to the observed
time scale of the microsphere swelling and condensa-
tion.28 Diffusion coefficients on the order of 10~7 cm?/s,
have been measured for synthetic slab gels” and mast
cell granules (naturally occurring ionic microspheres).?8
Thus the diffusion of the polymer chains, and not the
diffusion of ions, was likely to have been the rate-
limiting factor in determining the rate of microsphere
swelling/condensation.

Conclusion

This paper presented the first observations of the
equilibrium and kinetic swelling behavior of individual
PMAA ionic hydrogel microspheres as a function of pH
and NaCl concentration. We have introduced a new
micropipet method for studying single microspheres and
applied Donnan theory (modified to account for ion
binding) to provide a thermodynamic interpretation of
the microsphere equilibrium volume response.

The equilibrium volume behavior of PMAA hydrogel
microspheres was consistent with that of other ionic
microspheres measured in bulk.® The changes in the ion
concentration difference between the microsphere and
the bulk solution, which were predicted by the model,
were proportional to the microsphere change in volume.
This result supported the hypothesis that the physical
dimensions of a hydrogel microsphere were set by a
balance between the ion concentration difference (re-
lated to the osmotic pressure) and the polymer elastic-
ity.12 It was also shown that the diffusion of the
polymer matrix was orders of magnitude faster than
that of slab gels (hundreds of milliseconds versus hours)
and dominated the kinetics of the volume response. This
may have physiologic importance since the time course
of swelling for naturally occurring mast cell granules
from beige mice (5 um diameter) was similar to that of
PMAA microspheres.?831.32
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