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ABSTRACT: The pH and NaCl induced swelling response and drug and protein loading of poly(methacrylic
acid-co-acrylic acid) microgels (4-10 µm diameter) were measured as a function of cross-link density.
The swelling ratio (Q) of the microgels increased linearly from 2 to 12 when the mole fraction of cross-
linking monomer decreased from 0.25 to 0.10 (at pH’s > 5.3). In the presence of 5 M NaCl (at pH’s > 5.3),
microgels with cross-linking feed ratios of 0.25 and 0.10 swelled to only 80% and 60% of their maximum
volume measured at low ionic strength, respectively. To determine the average pore size in the different
cross-linking density microgels (feed ratios ) 0.25, 0.20, 0.15, and 0.10), we measured the size cutoffs for
the uptake of different sized proteins. On the basis of these size exclusion experiments, we calculated
the number of monomers between cross-links in each of these gels to be 6.5, 9.5, 12.5, and 16.5, respectively.
These values were used in our theoretical modeling of the network swelling (modified Flory-Huggins
thermodynamic model) to predict the pH-Q dependence for different degrees of cross-linking. The model
predictions of the microgel pH swelling response as a function of cross-link density were in good
quantitative agreement with experiments. Experimentally, the loading of smaller drug molecules did
not have clear molecular weight dependence for the different cross-link density microgels. However,
differences in the loading behavior of these molecules on the basis of their partition coefficients indicated
that binding affinity, molecular packing, and condensation were important factors that need to be explored
to optimize microgels for use in specific drug delivery applications.

Introduction
The term “microgel” refers to a micrometer-in-

diameter, spherical, covalently cross-linked polymer
network. Ionic microgels contain fixed ionic groups
bound to their backbone that give them ion-exchange
properties. To date, few studies have focused exclusively
on ionic gels at the micron size scale (i.e., 1-10 µm in
diameter),1,2 although there have been a number of
studies on centimeter size “slab gels”.3-5 Microgels are
characterized by their small size (∼1-10 µm) and faster
response times than slab gels, 0.5 s versus hours to days,
to reach swelling equilibrium when their ionic chemical
surroundings are changed.2

As a result of these features, microgels are being
explored for use in a number of new drug delivery and
therapeutic applications.6-11 Gels that are on the size
scale of microns can travel in the bloodstream, and those
that are on the size scale of fractions of a micron have
the potential to be targeted to certain diseased tissues
outside the bloodstream and even be taken up into the
intracellular compartment of target cells.12

For use in these applications, it is critical to under-
stand how microgel structure and composition deter-
mine their properties and performance is crucial. For
example, the use of microgels in a drug delivery ap-
plication requires an understanding of the effect that
the network pore size has on the controlled molecular
exchange of a drug or protein.5,13,14

Building upon previous studies on the effect of cross-
linking density on the swelling response4,13-16 and
drug5,13,17-21 and protein loading20,22 of slab gels, in this
paper we study for the first time the effect of cross-link
density on the swelling and drug/protein loading in
microgels. The work presented in this paper follows a
previous study of individual 4-7 µm diameter poly-
(methacrylic acid) microgels, in which the swelling
response was investigated for microgels with a single
cross-link density.2

In this work, first we measured the effect of cross-
link density on the microgel pH and NaCl swelling
response. Next, using a new technique that employed
protein loading, we measured the upper and lower
bounds of the microgel pore size versus cross-link
density. To further characterize the loading of the
microgels for potential applications in drug delivery, we
then studied the loading properties of two local anes-
thetics, benzylamine and dibucaine, and a chemo-
therapy drug, doxorubicin,11 as a function of cross-link
density. Finally, we used the experimentally measured
pore sizes of the microgels as an input to a modified
thermodynamic Flory-Huggins model to predict the
pH-Q response of the microgels as a function of their
degree of cross-linking. The experimental and model
results for the swelling response and the experimental
results for the drug and protein loading elucidate
several important factors that need to be explored to
design and optimize this system for specific drug
delivery and therapeutic applications.

Materials and Methods
Poly(methacrylic acid) Microgel Synthesis. All of the

microgels were synthesized by modifying the method developed
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by Kawaguchi.23,24 The same starting materials were used to
synthesize microgels with four different degrees of cross-
linking. All four compositions consisted of 4-nitrophenyl acry-
late monomer (NPA), methacrylic acid monomer (MAA),
methylenebis(acrylamide) cross-linker (MBAM), and azobis-
(isobutyronitrile) (AIBN). Table 1 shows the mole fractions of
starting materials and solvents that were used in the synthesis
of the different feed ratio (FR) microgels.

MBAM (Aldrich) was recrystallized twice from methanol at
50 °C; NPA was recrystallized from methanol and cooled to
-60 °C before collecting the crystals. AIBN (Aldrich) was
recrystallized twice from chloroform. MAA (Aldrich) was twice
distilled at 30 °C under vacuum. All monomers and initiators
were stored under argon at -20 °C. The monomers and
initiator with the FR’s listed in Table 1 were dissolved in the
corresponding mixtures of alcohol solvents. We found that a
less polar solvent was required to synthesize the 0.25 FR
microgels. Because nitrophenol acts as a chain transfer agent,
an excess molar mass of initiator to the amount of NPA
monomer was required.24 The reactions were 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 media was warmed to 60
°C, whereupon solid AIBN was added to the reaction. Within
3 min after the addition of the initiator, the solution became
a cloudy dispersion of particles. The reactions were left
unstirred, as stirring reduced the particle size. The reaction
was run for 3 h. It was left standing until it reached room
temperature. The sample was pelleted by centrifugation (2000
RCF) and then was resuspended in fresh ethanol. This process
was repeated five times, and then the sample was dried to a
constant weight (100 °C, 0.1 Torr for 12 h). The dried reaction
product was subsequently suspended and then resuspended
(four times) in 50 mL of 1 M NaOH (to hydrolyze the
nitrophenol groups from the microgels and thus give a random
copolymer between acrylic acid, methacrylic acid, and MBAM).
To remove the hydrolysis products, the resulting microgel
suspension was centrifuged and washed in distilled water four
times. Finally, the beads were stored in deionized water at 4
°C.

Note we assume that the FR that was set during the
synthesis was proportional to but not exactly equal to the
cross-link density in the microgels. Thus, where exact numer-
ical values were required, the FR was used. However, in
qualitative descriptions throughout the paper the terms are
used interchangeably.

Bulk Titration. We performed a bulk titration under an
argon atmosphere to determine the apparent pKa for each of
the different cross-link density microgels. A stock solution of
100 mM HCl was injected into a suspension of microgels (45
mg in 45 mL) with 10 mM NaOH that was added to fix the
initial sodium ion concentration at 6 mM and the pH of the
titration at 11.4. A back-titration was then performed with
100 mM NaOH. Titrations with 100 mM HCl were repeated
twice for each microgel composition at sodium concentrations
of 0.006 and 0.014 M. Titrations of NaCl solution in the
absence of microgels were performed at these same sodium
concentrations and were subtracted from the microgel titra-
tions. The methods and model that were used to determine
the apparent pKa and the capacity of the microgels were
described previously.2

Micromanipulation of Microgels. The micropipet flow
technique, which is centered on an inverted microscope, is a
useful method for manipulating and observing the swelling
response of individual microgels that have a diameter greater

than 1 µm2. This technique was used to measure the volume
response of the microgels to changes in pH and ionic solution
conditions. In a flow pipet experiment, an individual microgel
was held by a holding pipet in a chamber, which contained a
control solution. Positive pressures (500-1500 N/m2) were
applied to the “flow pipet” (∼20 µm 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 microgel, the microgel became
immersed in the flow field of the test solution. We repeated
all of the micropipet manipulation measurements on all four
different microgels. Note that, by using this technique to
measure the swelling response of single microgels, the errors
associated with diameter measurements of a bulk sample of
microgels, as a result of microgel polydispersity, were signifi-
cantly reduced.2

Solutions Used in the Measurements of the Volume
Response. Buffered sodium citrate and phosphate buffer solu-
tions were used in all of the measurements of the equilibrium
swelling response (Q) of individual microgels, unless otherwise
indicated. For the combined pH and NaCl concentration exper-
iments, the citrate buffer solutions contained 10 mM citrate
and ranged from pH 2.5 to 6.6 in approximately 0.2 pH unit
increments. The phosphate buffer solutions contained 10 mM
phosphate and ranged from pH 6.2 to 7.8. There were no
differences between the microgel volumes in 10 mM phosphate
and 10 mM citrate buffer at the same pH. For measurements
of Q of the microgels in response to changes in NaCl concen-
tration, the solutions contained 0.1 mM phosphate buffers with
0.001, 0.01, 0.1, 1.0, and 5.0 M NaCl, all at pH 7.8.

Macromolecule Loading. Protein Uptake. To obtain an
estimate for the mesh size in the four different cross-link
density microgels, a new method based upon protein loading
was used. Five different sized globular proteins (dimensions
ranging from 3.0 to 7.5 nm) with isoelectric points above pH
6.5, and thus positively charged, were incubated with the
microgels. The net positive charges of these proteins at pH’s
above 6.0 ensured that they would load into the negatively
charged gels by ion exchange.11 Their uptake was monitored
spectrophotometrically by measuring the absorbance versus
wavelength (Shimadzu UV-1601).

Exclusion of the different sized molecules from a given cross-
link density microgel was indicative of an upper bound on the
matrix mesh size. The five proteins were trypsinogen from
bovine pancreas (25 kDa), myoglobin from horse skeletal
muscle (17.5 kDa), avidin from egg white (62 kDa), glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) from chicken
muscle (140 kDa), and bovine catalase (232 kDa) (all were
obtained from Sigma Chemical Co., St. Louis, MO). Protein
structures were downloaded from the protein databank (NIH).
The linear dimensions of the crystal structures of each of the
proteins were estimated using RasMol.25 The crystal structures
provided us with a reasonable first-order approximation of the
space occupied by the proteins in the microgel. The fact that
a bulk volume condensation of the microgels was observed
when the proteins loaded suggested that the proteins and
microgel were dehydrated from their hydrated states in
solution.

To prevent any loss of protein due to adsorption of protein
on the tubes and pipet tips, all surfaces that would be exposed
to protein solutions were incubated in 1 mg/mL bovine serum
albumin (Sigma) prior to any of the protein uptake experi-
ments. All of the protein solutions were prepared in deionized
water at concentrations of 1 mg/mL. The four different
microgel compositions were each dried to constant weight (in
three separate vials) and were resuspended in deionized water
at a concentration of 1 mg/mL. A 50 µL aliquot of each of the
four cross-link density microgels was then added to 450 µL of
each protein solution. To ensure that the proteins would load
by ion exchange for the sodium counterions in the microgels,
the pH of each suspension was adjusted to a range between
6.10 and 7.00, bracketed by the pKa of the microgels and the
pI’s of each protein. The pH was adjusted by the addition of
submicroliter quantities of 0.5 M NaOH and 0.5 M HCl. As a
result of the limits on the pH ranges in which we could

Table 1. Starting Materials That Were Used in the
Synthesis of the Four Different Cross-Linking Density

Microgels

composition
cross-linker

MBAM MAC NPA solvents (vol %)

1 0.10 0.450 0.450 100% EtOH
2 0.15 0.425 0.425 100% EtOH
3 0.20 0.400 0.400 100% EtOH
4 0.25 0.375 0.375 75% MeOH, 25% EtOH
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measure the uptake of each protein, it was not possible to
standardize the total charge on the proteins during loading.
The pH of each suspension was as follows: trypsinogen (pH
6.5), myoglobin (pH 6.75), avidin (pH 7.0), GAPDH (pH 7.0),
and catalase (pH 6.1).

The resulting suspensions of microgels and proteins were
then placed on an orbitron rotator II (model 260250, Boekel
Industries, Inc.), until the system had reached steady-state
equilibrium (in the sense that no change in absorbance of the
supernatant was observed after 4-5 h). Any shifts in pH after
incubation were adjusted to the original pH’s listed above by
the addition of submicroliter quantities 0.5 M NaOH and 0.5
M HCl. Finally, the suspensions were pelleted by centrifuga-
tion (RCF 3000) for 15 min (Marathon Micro A, Fisher
Scientific).

Measurements of absorbance versus wavelength were made
on the supernatant solutions of the protein/microgel suspen-
sions and a control solution that contained protein but had
never been exposed to the microgels. Appropriate dilutions
were made to obtain absorbance readings in the linear range
of Beer’s law. Absorbance readings for trypsinogen, myoglobin,
avidin, GAPDH, and catalase were made at 195.5, 407.5, 192.5,
190.5, and 192.5 nm, respectively. The entire procedure was
performed in triplicate for each protein and different cross-
link density microgel. The uptake of protein by the microgels
(milligram of protein per milligram of microgel) was calculated
using eq 1

where Ac and Ar are the absorbance of the control and reaction
supernatant solution, respectively, Vsys is the volume of system,
mgel is the mass of microgels in the system, and Cstock is the
concentration at which the protein stock solution was pre-
pared.

Small Ionic Molecule/Drug Uptake. To measure the bulk
loading of cationic anesthetics and an anticancer drug into the
different cross-link density microgels, we chose three monova-
lent, cationic molecules that have increasing molecular weight
and complexity. They were benzylamine hydrochloride (MW
143.6 g/mol), dibucaine hydrochloride (MW 379.9 g/mol), and
doxorubicin hydrochloride (MW 580.0 g/mol) (obtained from
Sigma Chemical Co, St. Louis, MO).

The loading experiments and absorbance measurements
were carried out in the same way as described above for the
protein loading experiments and were repeated three times
for each small molecule/microgel combination. The maximum
wavelengths for the absorbance measurements of benzylamine,
dibucaine, and doxorubicin were 206.0, 208.0, and 481.5 nm,
respectively. A 50 µL aliquot of each of the different cross-
link density microgels (prepared at 1 mg/mL in deionized
water) was combined in separate vessels with 450 µL aliquots
of 3.00 mM benzylamine in deionized water, 3.00 mM doxo-
rubicin in 10 mM tris buffer, and 1.50 mM dibucaine in
deionized water. The concentration of each cationic molecule
was set at a sufficient level to achieve the maximum loading.
The maximum loading level was determined by removing the
supernatant solution, resuspending the microgels in fresh
stock solution, and then measuring for additional uptake. In
a similar manner as for the protein loading experiments, the
pH of each suspension was adjusted to a range between 6.25
and 7.0, a range that was between the pKa of the microgels
and the pKa of each molecule. Experiments were run at pH
6.25fordibucaineandpH6.75forbenzylamineanddoxorubicin.26-28

To measure the volume change of the microgels when they
were loaded with the local anesthetics and doxorubicin, we
used the micropipet flow technique described above. Individual
microgels were immersed in test solutions that contained the
drug, and their volume change was measured by video
microscopy.2

Experimental Results and Discussion
Effect of Changes in Solution pH on Microgel

Volume. Video images of the lowest feed ratio (FR )

0.10) and highest feed ratio (FR ) 0.25) microgels in
pH 7.8 and 2.0 buffer are shown in Figure 1. It is evident
that the gels are more expanded at the higher pH
(Figure 1, A1 and B1) and that the lowest FR microgel
swells to a much larger volume than the highest FR
microgel. The condensation of the microgels in pH 2.0
buffer arises from the exchange of protons for sodium
ions and a subsequent reduction in the osmotic swelling
pressure inside the microgel.29 Figure 2 shows a plot of
the equilibrium swelling ratio, Q (Q ) the ratio of the
volume of a microgel at the test pH to its volume in its
most condensed state), versus pH for microgels that
were suspended in a citrate buffer solution at the pH
indicated. For a FR of 0.10, increasing the pH from 1.7
to 7.8, while holding the buffer ion concentration
constant, produced an increase in Q from 1 to 12.7. Note
that for pH’s < 3.6 all the different feed ratio microgels
reached their minimum volume, and for pH’s > 5.3 they
were in their most expanded state. These results were
consistent with the dependence of swelling on cross-link
density that has been observed for slab gels.4,13,16,30

Figure 3 shows that the maximum swelling (Qmax) at
pH’s > 5.3 decreased linearly with the FR (0.10-0.25),
which is proportional to the degree of cross-linking.
Thus, the greater the extent of cross-linking, the less
the gels swelled from their most condensed state when
placed in the high-pH solutions.

Figure 1. Video images of poly(methacrylic acid-co-acrylic
acid) microgels held by micropipets and suspended in different
pH citrate buffer solutions. (A1) Most expanded state: 0.10
FR microgel in pH 7.8 buffer. (A2) Most condensed state: the
same 0.10 FR microgel as A1 in a pH 2.0 buffer. (B1) Most
expanded state: 0.25 FR microgel in pH 7.8 buffer. (B2) Most
condensed state: the same 0.25 FR microgel as B1 in a pH
2.0 buffer.

Figure 2. Plot of the equilibrium swelling ratio (Q) for the
different cross-link density microgels versus the pH of the
external solution. Error bars on each data point represent the
standard deviation of the average swelling ratio of five
different PMAA microgels.

uptake ( mg of protein
mg of microgel) )

Ac - Ar

Ac
Vsysmgel

-1Cstock (1)
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Effect of Changes in NaCl Concentration on
Microgel Volume. Figure 4 shows a graph of Vr ()
1/Q), the ratio of the microgel’s volume at pH > 5.3 to
their maximally swollen volume against NaCl concen-
tration. The extent by which Vr was reduced increased
with NaCl concentration and decreased with the FR.
For all of the different FR’s, Vr decreased linearly with
increasing NaCl concentration. For the microgels with
a FR of 0.25 in 5 M NaCl, Vr was 0.75. In contrast, for
the lower cross-linking density gels (FR’s ) 0.20, 0.15,
and 0.10), Vr was 0.53, 0.48, and 0.45, respectively.

For all FR values, Vr in the presence of NaCl was less
than in the presence of protons (0.45 for NaCl versus
0.10 for protons). A primary reason for this difference
was that the sodium 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.31 For more details, see Eichen-
baum et al.2

Effect of Cross-Linking Density on Molecular
Loading. There were two goals of the loading experi-
ments: (1) to measure the pore size in the different
cross-link density gels by protein size exclusion and (2)
to quantitate the loading of two local anesthetics,
benzylamine and dibucaine, and a chemotherapy drug,
doxorubicin, as a function of the cross-link density. It

was not meaningful to quantitatively compare the
degree of loading of the proteins and the drugs because
we could not standardize the net positive charge on the
proteins (see Methods section).

Protein Loading/Exclusion. To measure the average
pore size of the different cross-link density microgels
at pH’s > 6.0, four positively charged globular proteins
were incubated with the microgels. The shortest cross-
sectional dimensions of these proteins ranged from 3.5
to 7.5 nm (obtained from crystallography) with the
microgels. Under these conditions, there was an elec-
trochemical potential gradient driving the proteins to
exchange with sodium ions and load into the anionic
microgels. In cases where the average pore size in the
gel was smaller than the effective diameter of a protein,
that protein was sterically excluded from the microgel
matrix (measured by UV absorbance of the supernatant
solution). Thus, to obtain an estimate for their range of
pore sizes, we determined whether a protein loaded or
was excluded from each cross-link density microgel.

To determine whether the spectraphotometric loading
measurements were indicative of a bulk or surface
loading, micropipet manipulation experiments were
conducted. We observed that the microgels underwent
a bulk condensation when they were immersed in the
solutions of the proteins that were not excluded (as
measured spectrophotometrically). This observation
suggested that there was a bulk loading of the proteins
into the microgels.

Figure 5 shows the spectra of the absorbance versus
wavelength for all of the protein loading experiments
into the four different FR microgels and the control,
which consisted of protein solution at the same dilution
factor as the microgel suspensions but that had not been
exposed to any microgels. Focusing on the case of avidin,
for FR’s of 0.20 and 0.25, there was not a significant
difference in the intensities of the absorbance spectra
between the solutions containing the microgels and the
avidin control, indicating that the protein did not load
into these microgels. However, in the cases of the 0.10
and 0.15 FR gels, there was a significant decrease in
the intensities of the absorbance spectra, indicating that
avidin was removed from the suspending solution and
had loaded into these microgels.

Figure 6 shows a graph of the loading of four different
proteins into all four FR microgels. It is evident from
the plot that all of the proteins shown in the plot loaded
into the gels with a FR of 0.10, although less GAPDH
loaded into these gels than the other FR gels. The total
exclusion of bovine catalase (not shown in Figure 6
because it was completely excluded from all FR’s, see
Figure 5) and partial exclusion of GAPDH from the 0.10
FR microgels (statistically significantly different than
the other proteins taken up for this FR, t-test, R ) 0.05)
indicated that their average pore size lies between 6.5
and 8.5 nm, the range of the minimum end-to-end
distance for bovine catalase and GAPDH. For the gels
with a FR of 0.15, the partial loading of avidin and
exclusion of GAPDH indicated that the average pore size
was between the 5.5 nm minimum end-to-end distance
for avidin and the 6.5-7.5 nm minimum end-to-end
distance for GAPDH. In the case of the gels with a FR
of 0.20, GAPDH and avidin were excluded from the
microgels, whereas myoglobin and trypsinogen were
loaded. This indicated that the average pore size for the
0.20 FR gels was between the 4.4 nm minimum end-
to-end distance for myoglobin and the 5.5 nm minimum

Figure 3. Plot of the maximum swelling (Qmax) for the
different cross-link density microgels versus the feed ratio for
the pHs greater than 5.3. Each data point represents the
average volume ratio of five different microgels at the indicated
degree of cross-linking. The largest Q was observed for a
microgel with a FR of 0.10.

Figure 4. Plot of Vr for the different cross-link density
microgels versus NaCl concentration in the high pH regime
(pH > 5.3). Each data point represents the average volume
ratio of five different microgels at the indicated NaCl concen-
tration. The largest NaCl induced Vr of 0.62 was observed in
5 M NaCl.
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end-to-end distance for avidin. Finally, in the case of
the gels with a FR of 0.25, with the exception of
trypsinogen, all of the proteins were excluded from the

microgels. This indicated that the average pore size was
between the 3.0 nm minimum end-to-end distance of
trypsinogen and the 4.0 nm minimum end-to-end dis-
tance of myoglobin.

The crystal structures of the proteins that were used
in the loading experiments, as well as schematic rep-
resentations of the pore dimensions of the different
cross-link density microgels (all drawn to scale) that
were deduced from the loading experiments, are shown
in Figure 7. The fact that a bulk volume condensation
of the microgels was observed when the proteins loaded
suggested that the proteins and microgel were dehy-
drated from their hydrated states in solution and that
the crystal structures provided a reasonable estimate
for the pore size.

Drug Loading. Figure 8 shows the molecular struc-
tures of the three cationic drugs that were loaded into
the microgels.27,28,32 These compounds were chosen
because of their potential therapeutic value, similarity
in being monovalent cationic weak bases, and increasing
size, water solubility, and chemical complexity. Like the
proteins investigated, the net positive charges of these
drugs at pH’s above 6.0 provided a driving force for them
to load into the negatively charged gels by ion ex-
change.11 A summary of the properties of the drugs is
shown in Table 2.

Figure 5. Spectra plotted as absorbance versus wavelength for the protein loading of the four different FR microgels. The control
spectrum was for the loading solution in the absence of microgels. Note that avidin was excluded from the 0.20 and 0.25 FR
microgels.

Figure 6. Plot of the trypsinogen (MW ) 25 kDa, dimension
) 3.0 nm), myoglobin (MW ) 34 kDa, dimension ) 4.4 nm),
avidin (MW ) 62 kDa, dimension ) 5.5 nm), and GAPDH (MW
) 140 kDa, dimension ) 7.5 nm) loading into microgels of FR
0.10, 0.15, 0.20, and 0.25.

Macromolecules, Vol. 32, No. 15, 1999 Ionic Microgels 4871



Figure 9 shows a plot of the loading of protons (as
measured by bulk titration), benzylamine, dibucaine,
and doxorubicin for the four different FR microgels. It
is evident from the plot that the capacity of all of the
microgels for protons exceeded their capacity for any of
the larger cationic molecules. The loading of benzy-
lamine was independent of the FR and lower than that
of dibucaine or doxorubicin for the 0.10 and 0.15 FR gels.
In contrast, the loading of dibucaine and doxorubicin
decreased from 5.19 mequiv/g for the 0.10 FR gels to
3.54 mequiv/g for the 0.25 FR gels. It is unlikely that
the sole reason for this difference is the larger size of
the dibucaine, 379.9 g/mol, and doxorubicin, 580.0 g/mol,
as compared to benzylamine, 143.6 g/mol.

To better understand the source of these differences
in loading behavior, we used the micropipet flow tech-
nique to measure the volume changes of the four FR
microgels when they were loaded with each of the
cationic molecules (Figure 10). In Figure 10, it was

evident that the loading of dibucaine and doxorubicin
caused a volume condensation and a change in the
refractive index of the microgels that was distinctly
different from their refractive index due to a pH induced
condensation (Figure 1).

Figure 11 shows a plot of Vr of the four different FR
microgels when they were loaded with the benzylamine,
dibucaine, and doxorubicin. On average, when loaded
with benzylamine, dibucaine, and doxorubicin the Vr’s

Figure 7. Schematic diagram showing the estimated range of pore sizes in the different cross-link density microgels based upon
the protein loading experiments (see text).

Figure 8. Molecular structures for the compounds that were
used in the small molecule loading studies.

Figure 9. Plot of the amount of small macromolecule/drug
loading as a function of the feed ratio. Note that proton loading
was measured by bulk titrations of the microgels.
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were 0.9, 0.5, and 0.7, respectively. It was evident from
the plot that benzylamine did not significantly condense
any of the microgels when it loaded. This implied that
the interaction and binding of benzylamine molecules
in the microgels was comparable to that of the hydrated
sodium counterions for which they exchanged. A weaker
interaction between benzylamine and the ionic network
was consistent with the lower degree of loading of
benzylamine as compared to the cases of dibucaine and
doxorubicin.

The magnitude of the volume reduction associated
with the dibucaine loading was the largest of the three

molecules, decreasing from a Vr of 0.30 to 0.70 for the
0.10 and 0.25 FR microgels, respectively. This decrease
in the volume reduction between the 0.10 and 0.25 FR
microgels was consistent with the 1.65 mequiv/g de-
crease in dibucaine loading between these FRs. It
suggested that the volume available in the collapsed
0.25 FR microgels limited the loading of dibucaine.

For the doxorubicin loading, the different FR micro-
gels all condensed to the same extent. This implied that
at equal degrees of condensation there was a larger free
volume available for doxorubicin loading into the two
lower FR microgels as compared to the two higher FR
microgels. This result was consistent with the higher
loading (by 1.65 mequiv/g) of doxorubicin into the 0.10
and 0.15 FR microgels as compared to the 0.20 and 0.25
FR microgels.

These loading results suggest that the binding and
subsequent dehydration and collapse of the microgel
matrix play an important role in determining the degree
of loading of the microgels. To understand the cause of
the overall differences in the microgels’ average Vr upon
loading (Vr’s were 0.9, 0.7, and 0.5 for benzylamine,
doxorubicin, and dibucaine, respectively), we compared
the drugs’ octanol-water partition coefficients, P. The
log P’s for benzylamine, doxorubicin, and dibucaine were
1.07, 1.85, and 2.52, respectively.33 These partition
coefficients indicated that it was more thermodynami-
cally favorable for dibucaine (log P ) 2.52) to reside in
a less polar environment than benzylamine (log P )
1.07). Thus, dibucaine, which had the highest partition
coefficient, dehydrated the microgels to the largest
extent (Vr ) 0.5), and benzylamine, which had the
smallest partition coefficient, condensed the microgels
the least (Vr ) 0.7). Because the microgel matrix pore
size changed when the matrix condensed, steric con-
straints as well as variations in the intermolecular
interactions and packing of these different molecules
within the matrix were expected to have played an
important role.

Model Results and Discussion

Thermodynamic Model To Predict Equilibrium
Swelling. To obtain a quantitative explanation for the
swelling versus pH curves (Figure 3), we have modified
existing Flory-Huggins thermodynamic theory for the
swelling of ionic networks to predict the pH swelling
response of the microgels as a function of their degree
of cross-linking.34,35 We chose this model because of its
successful application to describe the pH swelling
response of ionic slab gels.3,4,14,35-39

The primary modifications to the existing model
included (1) the use of a term to account for counterion
binding in the matrix, because of the high density of
fixed charges in the microgels (3.0 M), (2) the inclusion
of a term to account for the change in solubility of the
microgels with pH/polymer volume fraction (this en-
tailed using a variable Flory ø parameter), and (3) the
use of a non-Gaussian expression for the elasticity to
account for the high cross-linking density in the micro-
gels (6.5 and 16.5 monomers between cross-links based
upon an FR of 0.25 and 0.10, respectively). A complete
derivation of the model can be found in Appendix B.

Model Inputs. The inputs that were used in the
model are summarized in Table 4. For each of the
microgel cross-link densities, we used the same value
of F, the density of pure polymer in the microgels, as
was measured experimentally.2 The value for φo, the

Table 2. Parameters Describing the Drugs Used in the
Loading Studies

drug/
molecule MW (g/mol) vol (Å3)

octanol/water
partition coeff (log P)

proton 1 N/A N/A
benzylamine 143.6 27.6 1.07
dibucaine 379.9 135.5 2.52
doxorubicin 580.0 450.5 1.85

Figure 10. Panels A1, A2, and A3 show video micrographs
of three different 0.10 FR microgels that were unloaded and
fully swollen in pH 7.0 citrate buffer. Panels B1, B2, and B3
show the same three microgels that were loaded and condensed
with benzylamine, dibucaine, and doxorubicin, respectively.
The video micrographs of the benzylamine loaded gels were
visually indistinguishable from the control of a microgel
immersed in buffer with no drug present.

Figure 11. Plot of the fraction Vr for the four FR microgels
loaded with benzylamine, dibucaine, and doxorubicin. The
control, which consisted of a microgel immersed in a buffer
solution with no drug present, had a Vr of 1.
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ratio of the microgels’ dry volume to their condensed
volume, was measured by video microscopy and was the
same within experimental measurement error ((0.02)
for all of the FR microgels. The functional relationship
that was used for ø is discussed in Appendix B. The
number of carboxyl groups in a known mass of microgels
was measured by bulk titration for each of the different
cross-linking density microgels. The polymer volume
fractions that were predicted by the model at each pH
were referenced to the polymer volume fraction of the
microgels in their most condensed state.

The values for N, the number of monomers between
cross-links in the different gels, were deduced from
experimental measurements on gel pore sizes (see
Figure 7). Specifically N was calculated by solving for
the number of mers of dimension 0.24 nm, connected
to a single cross-linking mer with a dimension of 0.9
nm (one cross-linking monomer per pore) that would
occupy a linear dimension equal to the experimentally
measured pore sizes. These linear dimensions for the
mer and cross-linker were estimated from an analysis
of the known bond lengths and angles of their molecular
structures in ChemDraw. The values of N were adjusted
by using best-fit values within their experimentally
measured range of corresponding pore sizes.

The mer average molecular weight, Mmer, of each of
the four different cross-link density microgels was
estimated using a weighted average of the molecular
weights of the monomers between cross-links. This
calculation took into account the number of mers
between cross-links, N, and included the molecular
weight of a single MBAM cross-linking monomer. Thus,
Mmer increased from 86 g/mol for the FR ) 0.10
microgels to 97 g/mol for the FR ) 0.25 microgels.

Model Predictions of the pH Swelling Response
and Comparison with Experiment. We will first
describe the results of the model to predict the pH
swelling curves for the different cross-link density
microgels (Figure 3). The model predictions and experi-
mental results are presented in Figure 12. The data
show that there is quite good quantitative agreement
between theory and experiment (R2 g 0.95, t-test) over

the entire pH range for all four microgel FR’s. In
addition, the model reveals the linear relationships
between the experimentally measured adjustable pa-
rameter N, the FR of the microgels (Figure 13a), and
the Q values at pH’s > 5.5 (Figure 13b). The relationship
between N and the cross-link density implies that there
is a direct relationship between the molecular dimen-
sions inside the microgel matrix and the feed ratio that
was used in the synthesis.

Model Predictions of the Microgel Modulus as
a Function of pH. The theoretical model, described in
the previous section, was used to estimate the bulk
modulus of the microgels as a function of pH. In a
regime below their elastic limit, polyelectrolyte gels
swell to the concentration at which their bulk modulus,
G, equals the osmotic pressure.35,40,41 At low salt con-
centrations the osmotic pressure is dominated by coun-
terions and is on the order of kT per free counterion.
To confirm that the swelling response of the microgels
that were studied experimentally was in the low-salt

Table 3. Values of the Constants in Eq B9 for Different
Polymer/Water Systems

polymer øo b ref

poly(methacrylic acid gels) 0.42 0.60 30
poly[N-(2-hydroxypropyl)-

methacrylamide]
0.47 0.489 45

poly(2-hydroxyethyl
methacrylate-co-methacrylic acid)

0.51 N/A 46

poly(vinyl alcohol) 0.46 0.456 47

Table 4. Values for the Inputs to the Thermodynamic
Swelling Model

input value source

Ka 10-4.7 measured
KNa 0.25 ref 52
CNa bulk 0.03 M experiment
F polymer 0.85 cm3/g measured
φo 0.8 measured
V1 18 cm3/mol CRC
ø 0.45 + 0.489φ ref 53
Ccarboxyl 5.77 mequiv/g measured
FR N Mmer measured, adjustable

parameter
0.25 6.5 86 g/mol
0.20 9.5 90 g/mol
0.15 12.5 94 g/mol
0.10 16.5 97 g/mol

Figure 12. Plot showing a comparison of the experimental
results and model predictions for the pH swelling response of
the four different cross-link density microgels.

Figure 13. (a, top) Plot of N, the number of monomers
between cross-links, versus the experimental swelling ratio at
pH’s greater than 5.5 for the four different cross-link density
microgels. (b, bottom) Plot of the experimental feed ratio of
cross-linking monomer versus N for the four different cross-
link density microgels.
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limit, we plotted the osmotic pressure at each corre-
sponding pH versus concentration of counterions inside
a microgel c/A, where 1/A is the fraction of dissociated
charged groups on the polymer backbone. The value of
the parameter A was calculated using the Donnan
model described in Appendix B. The slope of 1 (R2 )
0.99) for π vs c/A indicated that the microgels were
indeed in the low-salt regime and that the osmotic
pressure was kTc/A. This gives the estimate for the
modulus of a microgel

Using eq 2, we obtained a plot of the bulk modulus
(G ) π) of the four different cross-link density microgels
as a function of pH (Figure 14). The most important
information contained in Figure 14 revealed that for all
cross-link densities the modulus of the microgels in-
creased about 2 orders of magnitude, from ∼104 Pa at
pH 2.0 to ∼106 Pa at pH 7.8. The model also predicted
that at pH’s > 5.5, as the cross-linking density increased
from 0.10 to 0.25, the modulus would increase from ∼1
to ∼3 MPa. We attribute this to the increased concen-
tration of counterions per chain.

We have obtained qualitative evidence, using the
micromanipulation technique, to support the predictions
that the microgel bulk modulus increased when the pH
was raised from 2.0 to 7.8. In Figure 15, we show a
sequence of images of a microgel, suspended in pH 2.0
buffer, before, during, and after a force was applied to
it by a glass bead. In response to the application of the
mechanical force by the glass bead, a mechanical
deformation of the microgel was clearly observed. In
contrast, when the same force was applied to the same
microgel, suspended in pH 7.8 buffer, no mechanical
deformation was visible.

The model predictions for the bulk moduli of the
microgels were in agreement with the qualitative ex-
perimental measurements that have been made on
anionic slab gels of similar composition to the micro-
gels30,42 and naturally occurring micron scale polyelec-
trolyte gels.43 For poly(acrylic acid) slab gels, Schossler
et al. have observed an increase in the modulus from
∼105 Pa at low pH to ∼106 Pa at high pH. For poly-
(methacrylic acid) slab gels. Hasa et al. have observed
an increase in the modulus from ∼104 Pa at low pH to
∼105 Pa at high pH.

Conclusion
In this paper we examined the effect of the degree of

cross-linking on the pH and NaCl swelling response and
the molecular and macromolecular loading of ionic
microgels. We found that the swelling ratio of the

microgels increased linearly from 2 to 12 when the mole
fraction of cross-linking monomer decreased from 0.25
to 0.10 (at pH’s > 5.3). We used Flory-Huggins theory,
modified to account for ion binding, the change in the
Flory interaction parameter with swelling, and the non-
Gaussian elasticity of the microgel matrix, to quanti-
tatively predict the equilibrium swelling of the microgels
as a function of pH. The model also provided us with
an estimate for the pH dependence of the microgel
modulus that was in agreement with the experimental
results.

Through a series of protein loading and exclusion
experiments, we determined the range of pore sizes in
the microgels, as a function of their degree of cross-
linking. We showed that the microgels load high con-
centrations of protein in a cross-link density dependent
manner. These results have important implications for
the design and application of these microgels to protein
delivery. We observed that drug and small molecule
loading into the different cross-link density gels did not
have clear molecular weight dependence and that there
were small differences in the loading behavior for the
different molecules studied. Consistent with the conclu-
sions of Kim et al.5 for the drug loading of slab gels,
these results suggest that binding affinity, microgel
condensation upon loading, and drug packing appeared

Figure 14. Theoretical plot using eq 2 of the modulus of the
four different cross-link density microgels as a function of pH.

G ) π ) c
A

kT (2)

Figure 15. Video micrograph sequence of the compression of
a microgel (left pipet) by a glass bead (right pipet) in pH 2.0
buffer. The sequence was as follows: (A) precompression, (B)
compression, (C) retraction of glass bead, microgel showed
deformation (time ) 0 s), (D) partial recovery (time ) 2 s),
and (E) full recovery (time ) 10 s).
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to be important factors that need to be explored to
optimize microgels for use in specific drug delivery
applications.
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Appendix A. Nomenclature

A number of monomers between uncondensed
charges

Ac absorbance of the control solution
Ar absorbance of the supernatant in the reaction

solutions
b the slope for the functional dependence of the ø

parameter on φ

c monomer concentration (number density)
cs salt concentration (number density of each monov-

alent salt ion)
E modulus of the gel
Fel elastic part of the free energy of a gel
Fmix mixing part of the free energy of a gel
Fos osmotic part of the free energy of a gel
FR feed ratio of cross-linking monomer in the mi-

crogels
G bulk modulus
k Boltzmann’s constant
mer average monomer repeat unit of the polymer

chain
Mc monomer average molecular weight
N number of monomers in a gel strand
P octanol-water partition coefficient
Q equilibrium swelling (ratio of a fully swollen gel

volume to its condensed volume)
Qmax maximum equilibrium swelling ratio in pH 7.8

buffer, 0.01 M NaCl
T temperature
Vr ratio of the microgel volume in the presence of a

given pH, NaCl and or drug concentration
fully swollen microgel volume in pH 7.8 buffer,
0.001 M NaCl

ø Flory interaction parameter
øo Flory interaction parameter at infinite dilution
φ volume fraction of polymer
λ Donnan ratio
µel elastic part of the chemical potential of a gel
µmix mixing part of the chemical potential of a gel
µosm osmotic part of the chemical potential of a gel
π osmotic pressure of a semidilute solution at the

same concentration as the gel
F density of polymer

Appendix B. Model Derivation

At a fixed pH and NaCl concentration, the extent that
a hydrogel swells is set by an energy balance between
the osmotic pressure in the polymer matrix and the
elastic energy of the network.36 In uncharged gels the
osmotic pressure arises from the configurational entropy
of the chains (kT per chain). In polyelectrolyte gels the
polymer contribution to the osmotic pressure is often

dominated by the osmotic pressure arising from the
concentration of fixed ionic groups in the gel and in turn
to the reduction of the translational entropy of free ions
associated with these ionic groups.13,41,44 The elastic
energy of the microgel network is controlled by the
degree of cross-linking in the polymer matrix and is set
during the synthesis of the gel.

Following the usual affine assumption, we split the
total free energy of the system, Ftotal, into an osmotic,
elastic, and a mixing free energy, Fos, Fel, and Fmix,
respectively (eq B1).35

Taking the derivative of each of the terms in eq B1 with
respect to the number of solvent molecules and recog-
nizing that, at swelling equilibrium, the total chemical
potential of the solvent in the gel equals the chemical
potential of the solvent in the bulk,35 we obtain eq B2.

Thus, the osmotic swelling pressure is equal to the
difference between the chemical potential of the solvent
in the bulk solution, µsol, and the chemical potential of
the solvent in the gel, µos. The µmix and µel terms in eq
B2 are the polymer/solvent mixing contribution and the
elastic contribution to the chemical potential of the gel,
respectively.

Below we will present the expressions that were used
to calculate π, µel, and µmix in eq B2 as a function of pH.
Because each of these expressions may be written as a
function of the swelling ratio Q()φ-1), the solution of
eq B2 at each pH provides the model prediction for the
equilibrium swelling data shown in Figure 2.

Since the microgels behave as if they are in the low-
salt limit (see below), to calculate the osmotic pressure,
we apply the equation given by Shibayama et al. for the
pressure due to the translational entropy of the coun-
terions (eq B3).35

In eq B3, A is the number of monomers between charged
monomers, and φ is the volume fraction of polymer in
the microgel.

To calculate the osmotic pressure as a function of pH
in eq B3, we needed to calculate the value of A at each
experimental pH. To determine A, a Donnan model that
included ion binding was used.2 According to the Don-
nan theory, the concentration of fixed charges on one
side of a semipermeable membrane affects the distribu-
tion of all the diffusible ions between the two volumes
separated by the membrane. For ionic microgels, which
have negative acrylic acid groups that cannot move out
of the gel, the solution within the microgel can be
regarded as separated from the external solution by an
equivalent semipermeable 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
protons as [RH], carboxyl groups bound with sodium
as [RNa], protons as [H+], hydroxyl ions as [OH-],
sodium ions as [Na+], and chloride ions as [Cl-]. The

Ftotal ) Fos + Fel + Fmix (B1)

π = µsol - µos ) µmix + µel (B2)

π ) kTφ

A
(B3)
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subscripts m and s in the equations below refer to the
microgel and external solution, respectively.

For a given pH and NaCl concentration in the bulk
solution, the acid groups inside the microgel were
assumed to have a concentration c and a degree of
dissociation R () 1/A), yielding a concentration of acid
groups in undissociated form of cR. The concentration
of hydroxyl ions was related to the concentration of
protons in each phase by the hydrolytic constant of
water, Kw. The sum of the concentration of carboxyl
groups that were bound with both hydrogen and sodium
ions was equal to the total concentration of groups that
were bound, c(1 - R). By applying the condition of
electroneutrality, the concentration of Na+ in both the
microgel and the external solution was expressed as a
function of the concentration of the other positive and
negative ions in each solution.

Equation B4 gives an expression for the fraction of
ionized groups in the microgel as a function of the
binding constants of protons (Ka) and sodium (KNa) as
well as the concentrations of protons ([H+]) and sodium
([Na+]) in the microgel.

Using the concentrations of the diffusible ions in the
bulk solution, the appropriate Donnan equilibrium for
the model is given by eq B5, where λ is the Donnan
ratio.

By combining the first two ratios in eq B5, eq B6 is
obtained.

By substituting λ[H+]s for [H+]m, and [Cl-]s/λ for [Cl-]m
from eq B5, eq B7 is obtained.

Equation B7 provided an expression for λ as a
function of R () 1/A), the external ion concentrations
(which were set experimentally), and the carboxyl group
concentration inside the microgels (calculated from the
experimental results). Substituting eq B4 into eq B7
resulted in a fourth-order equation in λ, with λ as the
only unknown variable. The roots of this equation at
each bulk solution pH and NaCl concentration were
evaluated 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 calcula-
tions. From the value for λ that was obtained at each
pH, the corresponding value of R () 1/A) was obtained.

The inputs to the Donnan model were as follows. A
bulk NaCl concentration of 0.03 M (set experimentally)
was used. The carboxyl group concentration at each pH
was calculated by dividing the total number of carboxyl
groups (5.7 mequiv/g as measured by bulk titration) by
the microgel volume at each pH (measured by micropi-
pet manipulation). The apparent pKa of 4.7 that was
measured in the bulk titration was used to set the
binding constant of protons. A value for KNa, the binding
constant of sodium to carboxyl groups, of 0.25 M based
upon binding constants in the literature was used in
the model.2

The chemical potential due to mixing, µmix, can be
described by the Flory-Huggins equation (eq B8),36 in
which φ is defined as the polymer volume fraction in
the gel and ø is the Flory interaction parameter.

In the classical Flory theory, at constant temperature
and for a fixed polymer composition, ø is treated as a
constant.45 However, in the case of anionic hydrogels
that undergo a pH-induced condensation, the ø param-
eter cannot be treated as a constant. The hydrophilic/
hydrophobic balance of the microgel matrix changes
with pH when protons bind to the polymer backbone.
As a result, a microgel changes from a polymer matrix
for which water is a good solvent (ø < 0.5) to one for
which water is a poor solvent (ø > 0.5). The result is
that, at low pH, the microgel matrix collapses and
squeezes out water.

An empirical equation describing the dependence of
the ø parameter on the polymer volume fraction for both
ionic and nonionic hydrogels has been determined to
have the form30,45-48

where øo is the Flory parameter of the polymer at
infinite dilution and b is the slope. The values for øo and
b have been determined experimentally for several
polymer/water slab gel systems by elastic moduli mea-
surements (Table 2).

Unfortunately, there were no experimentally mea-
sured values for the concentration dependence of the
Flory parameter of our microgels. Thus, we used best
fit values within the range of those published for the
comparable polymer systems shown in Table 2.30,45-48

For øo and b the same values of 0.45 and 0.49 were used
respectively in the case of all four FR microgels. Note
that because this is an empirical equation, additional
factors may be contained in it. Because the variation in
cross-link density for the four microgels under investi-
gation is relatively small (range of feed ratio ) (0.1
mole fraction units) following Freed et al., we thought
it valid to use the same relationship to model each of
the different cross-link density microgels.49

The chemical potential due to the polymer elasticity
in eq B2 can be described by an expression that assumes
non-Gaussian chain statistics. The use of a non-Gauss-
ian expression is appropriate for the highly cross-linked
microgels, which have polymer chains that contain
fewer than 20 monomers between cross-links as based
upon the monomer feed ratio.13

There have been several treatments of the swelling
of a non-Gaussian polymer network.13,50,51 In our analy-
sis we use the expression derived by Kovac (eq B10)
because it is mathematically simpler than the inverse
Langevin approximation used previously and gives

R )
KaKNa

[H+]mKNa + [Na+]m + KaKNa

(B4)

λ )
[H+]m

[H+]s

)
[Na+]m

[Na+]s

)
[OH-]m

[OH-]s

)
[Cl-]m

[Cl-]s

(B5)

λ )

Kw

[H+]m

+ [Cl-]m + cR

Kw

[H+]s

+ [Cl-]m

(B6)

λ ) x1 + cR
Kw

λ[H+]s

+
[Cl-]s

λ

(B7)

µmix ) kT(ln(1 - φ) + φ + øφ
2) (B8)

ø ) øo + bφ (B9)
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quantitatively similar results.50 The equation is

where F is the density of the polymer, V1 is the molar
volume of the solvent, φ is the polymer volume fraction,
Mmer is the mer average molecular weight, and N is the
number of monomers between cross-links.

Substituting the expressions for the osmotic, mixing,
and elastic contributions to the chemical potential, given
by eqs B3, B8, and B10, respectively, into eq B2 results
in eq B11.

Equation B11 can be solved numerically for φ, and by
doing so, we obtained a value for the swelling ratio Q
() φ-1) at each pH.
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