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Abstract pH-responsive microgels are cross-linked poly-
mer colloids that swell when the pH approaches the pKa of
the particles. In this work, we present a comprehensive
investigation of pH-triggered particle swelling and gel
formation for a range of microgels containing methacrylic
acid (MAA). The microgels investigated have the general
composition poly(A/MAA/X), where A and X are the
primary co-monomer and cross-linking monomer, respec-
tively. The primary co-monomers were methyl methacrylate
(MMA), ethyl acrylate (EA) or butyl methacrylate. The
cross-linking monomers were either butanediol diacrylate
(BDDA) or ethyleneglycol dimethacrylate (EGDMA). The
microgels were studied using scanning electron microscopy,
photon correlation spectroscopy (PCS) and dynamic rheol-
ogy measurements. Gel phase diagrams were also con-
structed. The particles swelled significantly at pH values
greater than approximately 6.0. It was shown that poly(EA/
MAA/X) microgels swelled more strongly than poly
(MMA/MAA/X) microgels. Furthermore, greater swelling
occurred for particles prepared using EGDMA than BDDA.
Concentrated dispersions of all the microgels studied
exhibited pH-triggered gel formation. It was found that
the fluid-to-gel transitions for the majority of the six
microgel dispersions investigated could be explained using

PCS data. In those cases, gelation was attributed to a
colloidal glass transition. Interestingly, the microgels that
were considered to have the highest hydrophobic content
gelation occurred under conditions where little particle
swelling was evident from PCS. The data presented show
that gelled poly(EA/MAA/BDDA) and poly(MMA/MAA/
EGDMA) microgel dispersions have the strongest elastic-
ities at pH=7.
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Introduction

This article is dedicated to Prof. Haruma Kawaguchi in
honour of his important contributions to colloid and
polymer science. He has published many influential papers
concerning microgels [1–4], which have included ground-
breaking approaches such as the preparation of Janus
microgels [5, 6]. In this work, we investigate pH-responsive
microgels. These are [7, 8] cross-linked polymer particles
that swell when the pH approaches the pKa of the polymer
that comprises the particles. The first water-dispersible
responsive microgel was reported by Pelton and Chibante
[9] in 1986. In previous work from our group [10], it was
established that the height and mechanical properties of
degenerated intervertebral discs could be restored by
injection of poly(EA/MAA/BDDA) microgel followed by
pH triggered swelling. (EA, MAA and BDDA are ethyl
acrylate, methacrylic acid and butanediol diacrylate, re-
spectively). In the present study, we investigate the effects
of microgel particle composition on pH-triggered particle
swelling and gel formation of concentrated microgel
dispersions.
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pH-responsive microgel dispersions have been the
subject of considerable interest within the microgel litera-
ture [7, 11,12]. A large proportion of the work has focussed
on microgels containing acid groups [12–22]. Rodriguez et
al. [19] were the first to report the pH-dependent swelling
behaviour of poly(EA/MAA/BDDA) microgel dispersions.
Their studies were confined to dilute dispersions. They
concluded that the particles had a core–shell structure with
a lightly cross-linked shell. Tan et al. [22] studied the
behaviour of poly(EA/MAA/DAP) microgels (DAP is
diallyl phthalate) using static rheology measurements. They
reported that the swelling ratio scaled with the MAA
content raised to the power of 1.5. Hoare and Pelton [14]
reported an insightful study of the effect of carboxylic acid
containing monomers on the structure and swelling of poly
(NIPAM) (N-isopropylacrylamide) microgels. They identi-
fied a link between the apparent pKa of the acid groups and
the reactivity ratios of the co-monomers.

We have established the principle of using pH-
responsive poly(EA/MAA/BDDA) microgel dispersions
to provide structural support for load-bearing soft-tissue
under biomechanical meaningful loads [10, 23]. The
injected dispersions underwent a fluid-to-gel transition at
pH values above 6.0, which is an ideal pH for application
in the body. The microgels contained about 37 mol%
MAA and were able to provide strong swelling, and hence
structural support, under physiological ionic strength
conditions. In order to develop microgels as a possible
biomaterial for soft tissue repair, it is important to
understand, and control, the relationships between particle
composition and mechanical properties of the gels. This is
the purpose of the present fundamental study. A secondary
objective was to establish which microgel compositions
were most suitable for providing gelled microgel disper-
sions with high elasticity at pH=7. In addition, new results
are presented for poly(MMA/MAA/EGDMA) (MMA and

EGDMA are methyl methacrylate and ethylene glycol
dimethacrylate, respectively) because this system is seen
as the microgel with the lowest regulatory barriers to
possible application as a biomaterial [10, 15].

Table 1 Summary of characterisation data and nominal compositions for the microgels from this study

Microgel
number

poly
(A/MAA/X)

Primary co-
monomer (mol%)

MAAa

(mol%)
dpH=4 (nm) qpH=8

b pHq=4 pHgel at
ϕp= 0.10

G′max

(Pa)c
pKa

d

1A MMA/MAA/BDDA 62 37 106 3.7 7.0 7.1 940 –
1B MMA/MAA/EGDMA 62 37 (45.0) 103 11.1 6.7 6.7 1510 6.35
1B(L) MMA/MAA/EGDMA 80 19 (23.0) 108 0.9 – 8.0 1930 7.60
2A EA/MAA/BDDA 62 37 (37.0) 112 26.4 6.0 6.6 1640 6.70
2B EA/MAA/EGDMA 62 37 76 156 5.7 6.2 300 –
3A BMA/MAA/BDDA 54 45 (29.0) 104 1.8 – 6.0 220 8.20

Each microgel was prepared using 0.5 mol% cross-linking co-monomer (EGDMA or BDDA) with respect to total monomer
a Nominal and actual mol% of MAA incorporated. The numbers in parentheses are the actual mol% MAA determined from potentiometric
titration data
b Calculated using hydrodynamic diameter values measured at pH=4 and 8 and also Eq. 1
cMeasured using ω=10 rad/s
d The values shown were determined from potentiometric titration data
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Fig. 1 Structures of MMA (a), EA (b), BMA (c), MAA (d), BDDA
(e) and EGDMA (f)
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Experimental

Preparation of microgels

Table 1 shows a summary of the compositions for the
microgels discussed in this work. All microgels were
prepared using a seed-feed method. Microgel 2A was
prepared using the method of Rodriguez et al. [19]. The
following gives the preparation method used for microgel
1B (note that microgel 1B(L) was prepared using half the
amount of MAA). Similar methods were used for the other
microgels. A monomer mixture containing MMA (Aldrich,
99%, 143.5 g), MAA (Aldrich, 99%, 72.0 g) and BDDA
(Aldrich, 98%, 2.2 g) was prepared and 12.5 % of the
mixture added to a pre-purged, stirred solution of sodium
dodecyl sulphate (SDS, BDH, 1.75 g in 500 g of water)
which had been heated to 80 °C. The monomers were
passed over an alumina column prior to use to remove
inhibitor. K2HPO4 (3 g of 7% solution in water) and 2.95 g

of a 5% ammonium persulfate (Aldrich, 98%) solution in
water were immediately added whilst maintaining a
nitrogen atmosphere. After appearance of a slight blue
turbidity, the feed was commenced. An additional quantity
of SDS solution (1.75 g SDS in 57.5 g of water) was added
at this point and the remaining monomer mixture added at a
continuous rate over a 90-min period. Additional ammoni-
um persulfate (3.3 g of 5% solution in water) was added
and the temperature maintained at 80 °C for a further 2 h.
The microgel was extensively dialysed against Milli-Q
quality water.

Physical measurements

Photon correlation spectroscopy measurements were per-
formed using a BI-9000 Brookhaven light scattering appara-
tus (Brookhaven Instrument Cooperation) fitted with a 20mW
HeNe and the detector was set at 90° scattering angle. A
mixed pH-buffer system (0.1 M) was used to maintain the pH

1νm 1 µm

(e) (f)

1 µm

1 µm 1 µm

(a) (b)

(d)

500 nm

(c)

Fig. 2 SEM micrographs for
the following microgels. a 1A,
b 1B, c 2A, d 2B, e 3A
and f 1B(L)
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at specific values (below). The particle swelling ratio (q) was
calculated using Eq. 1:

q ¼ d

dc

� �3
ð1Þ

where d is the hydrodynamic diameter and dc is the average
diameter of collapsed particles. In this work, we used the
hydrodynamic diameter measured at pH=4 (dpH=4) for dc
(see Table 1).

Scanning electron microscopy (SEM) measurements were
obtained using a Philips FEGSEM instrument. Fluid-to-gel
phase diagrams were constructed by mixing known ratios of
microgel with sodium hydroxide solution and then tested
using tube inversion. Gels were considered to be present if
the samples did not flow when the tube was inverted.
Rheology measurements were performed using a Rheomet-
rics RMS-800. A cone and plate measurement geometry was
used. A frequency range of 0.01 to 15.9 Hz was employed.
The strain used for these measurements was 10%.

Results and discussion

Microgel characterisation

A range of microgels were prepared in this work (Table 1).
The structures of the co-monomers used are shown in
Fig. 1. The structure of the primary monomer was changed
from MMA to EA and butyl methacrylate (BMA) in order
to probe this effect on the pH-dependent properties. We also
investigated the effect of cross-linking monomer type by
using BDDA or EGDMA. The nominal concentration of
MAA within the microgel particles was also varied.

SEM was used to investigate particle morphology
(Fig. 2). Spherical particles were clearly evident for each
of the microgel dispersions with sizes in the region of
approximately 70–100 nm. This range is consistent with the
data obtained from photon correlation spectroscopy (PCS)
measurements (Table 1). The PCS results were a much
better measure of particle size than SEM. As will be shown
below, the particles did not swell significantly until the pH
exceeded approximately 6.0. It can be seen from Table 1 that
all of the microgels have collapsed particle sizes (dpH=4) in
the range of about 75 to 110 nm. This is consistent with
previous work from our group [10] and other workers for
microgel 2A [19].

pH-triggered swelling of microgel particles

The pH-dependent swelling of the particles was investigat-
ed using PCS measurements (Fig. 3). Values of q measured
at pH=8 (qpH=8) are shown in Table 1. All of the microgels

showed pH-triggered swelling of the particles to some
extent. This begins at pH values greater than 4.0 and is
significant at pH values above 6.0. Microgel 2A is used
here as a well-studied reference system, and the behaviour
observed is consistent with earlier results [10, 19]. The
effective pKa for this microgel was measured as 6.7 in our
earlier work [16]. The ionicity (or degree of neutralisation)
is given by the following equation [10]:

i ¼ 1

1þ 10pKa�pH
: ð2Þ

A pH of 6.7 should correspond to i=0.5. From the data
shown in Fig. 3, this corresponds to the pH region at which
q increases substantially. Therefore, it is reasonable to
associate the region of major particle swelling for each
microgel with its effective pKa. The pKa values for several
of the other microgels are also shown in Table 1.
Interestingly, microgels 1B(L) and 3A had the highest pKa
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Fig. 3 Variation of hydrodynamic diameter (a) and swelling ratio (b)
with pH for various microgels. The horizontal lines shown in b
correspond to q values of 4.0 and 6.0 (see text)
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values. These microgels are considered to have the most
hydrophobic compositions.

It can also be seen from Fig. 3 and Table 1 that the
microgels containing EA exhibit greater extents of swelling
(as judged by q) than those containing MMA (the spike at
pH=10 for Microgel 1B is not due to normal particle
swelling and will be discussed below). This is an interesting
trend and has not been reported before to our knowledge. A
difference in cross-link densities between the particle types
is possible such that EA promotes lower values. However,
this is not considered likely because the relative order of q
values (greatest for EA) is preserved (Table 1) for microgels
prepared using structurally different cross-linking mono-
mers (BDDA cf. EGDMA). Another explanation is re-
quired. We propose that the differences in swelling for these
microgels is related, in part, to the respective glass
transition temperatures (Tg) of the primary polymers. Tg
values were determined using differential scanning calo-
rimetry for microgels 1A, 2A and 3A. The Tg values
determined from those data were, respectively, 143.5, 26.0
and 50.0 °C, respectively. The values are higher than, but in
the same order, as those for the homopolymers. The Tg
values for poly(MMA), poly(EA) and poly(BMA) are
approximately [24] 99, −23 and 23 °C, respectively. The
Tg value for [24] poly(MAA) is approximately 228 °C. It is
the incorporation of MAA that is responsible for the higher
Tg values of the microgels compared to the homopolymers.
Furthermore, the Tg is related to chain flexibility, and it is

proposed that a lack of conformational flexibility for the
MMA-rich chains restricts the extent of particle swelling
that can be achieved. This idea, however, cannot explain
the low swelling for microgel 3A. Presumably, that is due
in part to the hydrophobic nature of BMA (discussed
below).

It can also be seen from Fig. 3 and Table 1 that
microgels containing EGDMA swell more than those
containing BDDA. Microgel 2B particles partially dis-
solved at pH=10, which is an indication of insufficient
cross-linking monomer incorporation at the particle periph-
ery. It is therefore reasonable to suggest that EGDMA
results in a lower shell cross-linking density than BDDA.
The EGDMA cross-linking monomer should be more
reactive than BDDA, being a methacrylate, and can be
expected to be incorporated into the core of the particles
more effectively, which would lead to a relative lack of
cross-linking monomer at the particle periphery.

A third trend from Fig. 3 and Table 1 is that microgel 3A
exhibits the least pH-triggered swelling of the microgels.
The primary monomer is the most hydrophobic of all used
in this work. Presumably, hydrophobic domains may form
within the particle (acting as associative cross-links) which
oppose pH-triggered swelling. It can be seen from Table 1
that the actual mol% MAA incorporated into the microgel
3A particles, as determined by potentiometeric titration,
was relatively low (29.0 mol%) compared to the other
microgels. This may contribute to the relatively low extent
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Fig. 4 Images of fluids and gels
obtained at different pH values.
The samples were: a 1A, b 1B, c
2A, d 2B, e 3A and f 1B(L)
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of pH-triggered swelling observed for microgel 3A com-
pared to the other systems.

A final trend from the data shown in Fig. 3 is that the
q value decreases with decreasing MAA content, i.e.
microgel 1B(L) swells much less than microgel 1B. This
is expected and can be explained in a straightforward
manner using electrostatic repulsion arguments or consid-
ering the osmotic pressure associated with mobile ions.
Furthermore, microgel 1B(L) seems to have a higher
effective pKa than microgel 1B because it can be seen
from Fig. 3 that swelling does not begin until the pH
exceeds 8.0. This is supported by the relatively high pKa

determined for this microgel (Table 1.) It has been noted in
related work [25] involving particles containing MAA that
increasing levels of hydrophobic co-monomers increases
the effective pKa.

pH-triggered gelation of concentrated microgel dispersions

In order to assess the gel-forming properties of the microgel
dispersions, fluid-to-gel phase transitions were investigated
using the tube inversion method. Images of selected fluids and
gels are shown in Fig. 4. These images were taken using
concentrated dispersions with a particle volume fraction, �p,
of 0.10. These types of gels have been assumed to form [15]
because of steric confinement of swollen particles. The gels
that form result from swelling of the particles to the point
where a critical �p* value is reached [26], i.e. when the
effective microgel particle volume fraction, �eff(m)=�p*. The
particles then become sterically confined by their neigh-
bours. Strictly speaking, the gelled state is an equilibrium
property of the microgel dispersion caused by steric
confinement of swollen particles. It is considered as a

Fig. 5 Gelation phase diagrams
for various microgels. The sys-
tems are: a 1A, b 1B, c 2A, d
2B, e 3A and f 1B(L)
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colloidal glass transition. The gelation is reversible because
dilution with water of the same pH reduced �p to less than
�p* and a gel-to-fluid transition occurred.

Tube inversion measurements were used to construct
phase diagrams (Fig. 5) for all of the microgel dispersions.
A key parameter is the minimum pH at which a gel forms
(pHgel) when �p=0.10. An interesting trend can be seen
(Table 1) is that pHgel for the poly(A/MAA/X) microgels
increases in the order X = BMA, EA, MMA. Furthermore,
pHgel is smaller for X = EGDMA than when X = BDDA.
The third trend is that pHgel is much higher for microgel 1B
(L) than for 1B.

The relationship between �eff(m) and �p is given by Eq. 3:

feff mð Þ ¼ q fp : ð3Þ

It was suggested previously that a critical �p* of about 0.4
to 0.6 applied for microgel 1B dispersions [15]. This was
tested for all of the microgels in the present work using the
data shown in Fig. 3b. At �p=0.10, the critical q values at
which gels form should be between 4.0 and 6.0. Table 1
shows the pH at which q=4.0 (pHq=4) for the microgels. It
can be seen that there is reasonable agreement between pHq=4

and pHgel for four of the six microgels investigated. This
suggests that gel formation can be explained using the
concept of a colloidal glass transition due to steric confine-
ment for those systems. However, it must be noted that
increasing amounts of NaOH added to increase the pH of the
dispersions causes the ionic strength to increase considerably.
This will cause some de-swelling of the microgel particles.
Therefore, the pHq=4 values shown in Table 1 should be
considered as minimum values.

It is, however, noteworthy that two of the microgel
dispersions [microgels 1B(L) and 3A] form gels when the q
values are much less than 4.0; therefore, �eff(m) is much less
than �eff(m)* when these gels form. This would indicate that
gelation for those systems is a result of another mechanism.
The fact that some swelling occurs for these systems
(Fig. 3b) in the vicinities of the respective pHgel values
(Table 1) indicates that neutralisation of the RCOOH
groups must occur. However, in both systems, the hydro-
phobic interactions due to microdomain formation by the
principal monomer (BMA or MMA) presumably restrict the
extents of swelling. It is proposed that the result is a highly
charged microgel with strong electrostatic repulsion be-
tween particles (by contrast, the charge density is reduced
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somewhat in a microgel that swells). This could result in a
gel by virtue of repulsive interparticle interactions.

Considering the phase diagrams for microgels 2B and
3A (Fig. 5d, e), it can be seen that gel-to-fluid transitions
are evident at high pH. In the case of microgel 2B, this is
attributed to partial particle dissolution at high pH, as was
observed by PCS measurements (Fig. 3). In the case of 3A,
however, no evidence of particle dissolution can be found
from PCS measurements, although the maximum pH of
those measurements was slightly less than the gel-to-fluid
transition pH (of approximately 11.5). A high ionic
strength, due to addition of NaOH, would decrease
electrostatic repulsion and may be the cause of the gel-to-
fluid transition in that case.

Rheological studies of concentrated microgel dispersions

The viscoelastic properties of the gels were investigated
using dynamic rheology measurements at room temperature.
Data for G′ (elastic modulus) and tanδ (δ=G″/G′, G″ is the
loss modulus) are plotted in Figs. 6 and 7 as a function of
pH. All of these data were obtained using �p=0.10. Data at

selected oscillation frequencies, ω, are presented in these
figures. This enables the frequency dependence of the
parameters to be assessed. The maximum values for G′
obtained, G′max, are a measure of maximum gel elasticity and
are shown in Table 1.
Generally, a fluid is indicated by low G′ values and tanδ
values greater than 1.0. Conversely, a gel is indicated by
tanδ≤1.0 and increased G′ values. The data shown in Figs. 6
and 7 are consistent with the respective phase diagrams
(Fig. 5) and show the fluid-to-gel or gel-to-fluid transitions.
Another criteria for a gel is frequency-independent tanδ
values [27]. However, all the gels show frequency-dependent
tanδ values (Fig. 7). This is a common observation for
physical gels as discussed by Seetapan et al. [28] The
frequency dependence of the tanδ values may originate
from the non-permanent nature of the networks that are
responsible for our gels or from a disordered arrangement
of swollen particles within the gels. The latter comment
takes into account the fact that our gels result from upon a
rapid increase in �eff(m). A frequency-independent tanδ
may be expected in physical gels where a self-similar
structure occupies the entire gel volume. However, in the

0.0

0.5

1.0

1.5

2.0

2 4 6 10 12 14

pH

ta
n

δ

0.0

0.5

1.0

1.5

2.0
ta

n
δ

0.0

0.5

1.0

1.5

2.0

ta
n

δ

0.0

0.5

1.0

1.5

2.0

ta
n

δ

0.0

0.5

1.0

1.5

2.0

ta
n

δ

0.1

1

10

50

0.1

1

10

50

0.1

1

10

50

0.1

1

10

50

0.1

1

10

50

0.1

1

10

50

(a) (b)

(c) (d)

(e) (f)

8

2 4 6 10 12 14

pH

8

2 4 6 10 12 14

pH

8 2 4 6 10 12 14

pH

8

0.0

0.5

1.0

1.5

2.0

ta
n

δ

2 4 6 10 12 14

pH

8

2 4 6 10 12 14

pH

8

Fig. 7 Variation of tanδ with
pH at selected ω values in rad/s
(see legend) for concentrated
microgel dispersions (�p=0.10).
The systems investigated were:
a 1A, b 1B, c 2A, d 2B, e 3A
and f 1B(L)

342 Colloid Polym Sci (2009) 287:335–343



case of a less ordered structure, a range of local environ-
ments can be envisaged, some of which may have a large
viscous component.

It can be seen from Fig. 6 and Table 1 that the poly(A/
MAA/X) (A = MMA or EA) gels have highest G′ values.
The strongest and weakest gelled microgel dispersions, as
judged by G′, are microgels 1B(L) and 3A, respectively. The
origin of this difference is not clear at this stage and requires
a more detailed rheological study. It is noteworthy, however,
that for both of these systems, there are noticeable decreases
in G′ at higher pH values (Fig. 6e, f). We suggest that this is
due to a gel-to-fluid transition as a result of the increased
ionic strength (due to NaOH addition) and concurrent
decreased electrostatic repulsion. This behaviour is similar
to that observed for microgel 2B (Figs. 6d and 7d), which
also exhibited a maximum for G′ with respect to pH.
However, in that case, the decrease of G′, and increase of
tanδ, at high pH values is attributed to partial particle
dissolution. This was evident from the PCS data (Fig. 3).

An important consideration for our intervertebral disc
repair programme is the viscoelastic properties of the gelled
microgel dispersions in the vicinity of pH=7.0. It can be seen
from Fig. 6 that the gels with the highestG′ values at pH=7.0
are microgels 1B and 2A. The viscoelastic properties of each
of these gels are not greatly different. This result suggests
that for these gelled microgel dispersions, the conformational
flexibility is not a factor that governs gel elasticity.

Conclusions

This work has investigated in detail the pH-triggered particle
swelling and gelation of microgel dispersions containing
MAA. It is the first study of its type to systematically
investigate the effect of microgel composition on particle
swelling and gelation properties for these dispersions. The
work has demonstrated that poly(EA/MAA/X) particles
swell more strongly than poly(MMA/MAA/X) particles.
This may be due to reduced poly(MMA) conformational
mobility. The most hydrophobic microgels, microgels 1B(L)
and 3A, swelled least. It was also found that microgels
containing EGDMA swelled more than those prepared using
BDDA. There were two distinct gel types identified in this
work. Four of the six systems studied gave gels due to steric
confinement of the particles, and the pH values at which
fluid-to-gel transitions occurred could be explained using
their pH-dependent particle sizes (from PCS). In addition,
the two most hydrophobic microgels gave gels when ϕeff(m)

was much less than those values.
The work has clearly shown that the gels that are most

suited for use in the body, at least in terms of the elastic
properties, are microgels 2A and 1B. The latter system is
preferred for potential use in vivo because it is based on

components that have already been used as biomaterials
[23]. The application of microgels within the body for soft
tissue repair is an area that is currently being investigated at
Manchester [10] and elsewhere [29].
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