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ABSTRACT

We present a robust and straightforward method for fabricating remarkably responsive hydrogel scaffolds consisting of submicron-sized
microgel particles. We demonstrate that the microgel particles assemble either through bridging or depletion interactions to yield a structure
that swells or deswells at a macroscopic level in much shorter times as compared to a bulk polymer gel of similar characteristics. This
approach offers a new way of fabricating functional hydrogel scaffolds with controllable responsiveness to applied stimuli and excellent
loading capability for a wide variety of materials, irrespective of chemistry, size, and shape.

Stimuli-responsive hydrogels can swell or deswell in re-
sponse to changes in external triggers such as pH,1 temper-
ature,2 electric fields,3 light,4-7 and biomolecules;8 this makes
them useful for fundamental studies as well as industrial
applications in fields such as drug delivery,9-12 nanopattern-
ing,13 chemical and biosensing,14,15and photonic crystals.16-18

However, typically their response is not sufficiently fast to
make them widely useful, because the swelling kinetics is
determined by the relaxation of the polymer network, which
is proportional to the square of the gel size.19,20 Moreover,
the response is even slower if the swelling is accompanied
by phase separation stemming from spinodal decomposi-
tion,21-23 which usually occurs on length scales of∼1 µm.
Although there have been efforts to improve the response
kinetics by using sophisticated techniques that incorporate
additional porosity into the hydrogel24-26 or achieve either
grafting of dangling chains27,28 or hybridizing nanopar-
ticles29,30within the polymer network, there is still no proven
method to fabricate a polymer gel with a fast response time
on macroscopic length scales.

In this letter, we report a method for making thermally
responsive hydrogel scaffolds with a remarkably rapid
response to temperature changes. The procedure is based on

the aggregation and subsequent colloidal gelation of submi-
cron-sized microgel particles at room temperature; this is
achieved by using free polymers that either bridge or induce
a depletion attraction between the microgel particles. The
colloidal gel structure is then chemically treated at higher
temperatures to create covalent bonds between the microgel
particles, as shown schematically in Figure 1a, thereby
producing a mesoporous three-dimensional (3D) hydrogel
scaffold. The advantages of this technique include the
possibility of obtaining hydrogel scaffolds with different
shapes that exhibit remarkably fast response to changes in
temperature. In addition, our method is very flexible and
enables immobilization of both biomolecules and colloidal
materials of different types and sizes within the network of
microgel particles, because the clustering process can occur
in the presence of added materials.

In a typical procedure, we use∼800 nm poly(N-isopro-
pylacrylamide) (PNIPAm) microgel particles as building
blocks (See Supporting Information, Figure 1b). To add both
interaction and reaction sites onto the microgel particles, we
copolymerize∼5 mol % allylamine with NIPAm monomers;
this adds amine groups, which dissociate to yield ammonium
ions. Successful incorporation of these positive charges into
the microgel particles can be confirmed by measuring the
electrophoretic mobility of the particles, which is∼1.5 ×
10-8 m2 V-1 s-1. We then add a long water-soluble poly-
mer, poly(acrylic acid) (PAAc), to the microgel dispersion
inside a glass vial. This induces the formation of microgel
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clusters due to a polymer-mediated bridging process, which
results from the electrostatic attraction between the ammon-
ium ions of the microgel particles and the carboxyl groups
of the PAAc31,32 (Figure 1c). These clusters grow in size to
form a colloidal gel that spans the space of the container;
this provides a definite shape to the gel structure. The process
is finished by heating the gel structure to induce its shrinkage
and compaction, then adding glutaldehyde to covalently link
the microgel particles together.33 The final result is a stable
3D hydrogel scaffold, as shown in Figure 1d.

The heating step of the fabrication process is shown in
detail in Figure 2a (see also Supporting Information, movie
S1). A feature of this process is that the structure retains the
cylindrical shape of the container in which it is formed, and
its size decreases exponentially with time (Figure 2b). During
the process, the cylindrical hydrogel is always anchored to
the air/water interface, probably due to the increased
hydrophobicity of the microgel particles at high temperatures;
this leads to a stronger adhesion to the hydrophobic air/water
interface than to the more hydrophilic glass walls of the

Figure 1. The process for fabricating stimuli-responsive hydrogel scaffolds. (a) Schematic for the controlled aggregation and colloidal
gelation of the microgel particles. (b) Initially the microgel particles dispersed in water were positively charged due to the partial dissociation
of amine groups on their surface. (c) A cluster consisting of microgel particles formed after inducing the electrostatic attraction between the
positively charged microgel particles and the negatively charged poly(acrylic acid). After the cluster grew and formed a colloidal gel, the
sample was heated to bring the microgel particles close to each other. Then glutaldehyde was added to covalently link them. (d) The
fabrication process resulted in a 3D responsive microgel scaffold. These microgel particles labeled by copolymerizing with a fluorescence
monomer, methacryloxy thiocarbonyl rhodamine B (0.01 wt %, Polyfluor 570, Polysciences) were observed by using a confocal laser
scanning microscope (Zeiss).

Figure 2. The heating process of the microgel particle-based colloidal gel. (a) Time series of the heating process. The temporal origin
was chosen when a 5 mL glass vial containing the colloidal gel structure is placed inside a glycerol bath at 65°C. (b) Phase change
kinetics of the colloidal gel as a function of time at 65°C. Diameter of the cylindrical hydrogel,D, was normalized with the initial
diameter,D0.
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container.34,35 By contrast, when the scaffold is fabricated
in plastic containers, such as polyethylene and polypropylene,
it always adheres to both the air/water interface and the
container walls, inhibiting the formation of the desired
structure. Thus some hydrophilicity of the container walls
is essential in our technique; in this case, the shape of the
container completely determines the shape of the scaffold.
For instance, if cubic containers of glass are used instead of
cylindrical containers of glass, cubic hydrogels are generated.
Our procedure thus provides great flexibility in designing
the shape of the hydrogel structure.

Once this structure is fabricated, it maintains the thermal
sensitivity of the single microgel particles, as shown in Figure
3a. Both microgel particles and hydrogel scaffolds show an
equivalent decrease in size, when normalized by the low-
temperature dimensions, with increasing temperature. They
also exhibit a transition temperature of∼32 °C, typical of
PNIPAm gels and microgels, and lack any size hysteresis
after repeated heating and cooling cycles (Figure 3b). These
results demonstrate that the thermal properties of the hydrogel
scaffold are determined solely by those of its unit building
blocks; this adds further flexibility to our technique, as fine-

tuning of the microgel properties enables manipulation of
the properties of the hydrogel scaffolds that are made with
them.

Our hydrogel structure exhibits a remarkable improvement
in response dynamics. In conventional polymer gels, the time
to deswell is determined by the polymer relaxation time,21,22

τ, which characterizes the decay of size in time:D(t) ) (A
- Af)e(-t/τ) + Af; D(t) is the gel diameter at timet in the
case of cylindrical gels,A is the initial size, andAf is the
final size. To illustrate this improvement, we fabricate a bulk
hydrogel using the same chemistry as the microgel particles
and the same size as our hydrogel scaffolds and plot the
evolution of the size after a sudden temperature jump from
20 to 44°C (Figure 4a). The size decreases exponentially
with time until the final deswollen dimensions are ap-
proached. From the data, we obtainτbulk ∼1.5× 104 s, which
is consistent with previous studies.22,23 For our hydrogel
scaffold, we obtain a similar temporal evolution of the size
but with τscaffold ∼1.4 × 102 s (Figure 4b), which is∼102

times smaller thanτbulk. The reswelling of this hydrogel
scaffold after a sudden temperature jump from 44 to 20°C
is characterized by a similar relaxation time,τscaffold∼1.5×
102 s, and an identical original dimension. These remarkably
faster kinetics arise from the small dimensions of the micro-
gel particles that form the scaffold structure; the smaller size
speeds the diffusion of fluid through the microgel particles,
thereby reducingτ. Nevertheless, this time is still larger than
the deswelling time of a single microgel particle, which is
∼10 ms;36 this is most likely due to the covalent bonds that
are established among the microgel particles that affects their
own relaxation time and reduces the overall permeability of
the scaffold by comparison to a single microgel particle. We
further note that the enhanced kinetics of our scaffolds are
achieved without significant loss in mechanical strength, an
essential feature for applications. We have obtained a
compressive modulus of 5× 103 Pa at 20°C and 1.1× 105

Pa at 44°C to be compared with∼104 Pa at 20°C and∼105

Pa at 44°C that are typical for bulk hydrogels.37

The robustness of our fabrication technique enables
hybridization of a wide variety of materials within the
responsive hydrogel scaffold. We demonstrate this by

Figure 3. (a) Deswelling behavior of the single microgel particle
and the hydrogel scaffold. We plot the diameter,D, normalized by
the initial diameter,D0, as a function of the temperature,T. Particle
diameters of the microgel particles were measured by using dynamic
light scattering (HS4500, Malvern). (b) A hydrogel scaffold before
and after the transition temperature. In this case, the microgel
particles were copolymerized with rhodamine-tagged monomers
(Polyfluor 570,∼0.05 wt %, Polysciences) to achieve better visuali-
zation. The system reversibly changed between these two states.

Figure 4. Time evolution of the swelling ratio,D(t)/D0, for (a) a bulk hydrogel and (b) a hydrogel scaffold, whereD0 is the initial size.
From the exponential fits shown in the graphs, we obtained the characteristic deswelling time for both structures. In these measurements,
the samples were first allowed to equilibrate at 20°C for 24 h and were subsequently introduced inside a water bath, whose temperature
was precisely set to 44°C. To determine the reswelling time of the hydrogel scaffold shown in panel b, the same sample was equilibrated
at 44°C and then was swelled at 20°C, following the same procedure used for determining the deswelling time.
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engineering the hydrogels with several representative func-
tional materials. The hydrogel scaffold serves as a thermally
responsive reservoir for these additional components. For
example, we have homogeneously immobilized antibody
proteins and fluorescein-conjugated goat antimouse immu-
noglobulin G within the hydrogel scaffold (Figures 5a). We
have also engineered composite hydrogels by hybridizing
fluorescently labelled polystyrene particles (Figure 5b), silica
particles (Figure 5c), and magnetic nanoparticles (Figure
5d,e). This hybridization occurs irrespective of the surface
properties of the added particles. In the case of positively
charged colloidal materials, we take advantage of the
electrostatic attraction between these species and the nega-
tively charged groups of the PAAc to induce adhesion to
the microgel particles. By contrast, when the colloidal
materials have either negative or no charge, we use the
depletion interaction to induce aggregation with the microgel
particles38 (see Supporting Information). In this fashion, we
have fabricated magnetic composite hydrogels with either
negatively or positively charged magnetic nanoparticles.
Notably, the added colloidal particles, regardless of the size
and type, remain within the hydrogel matrix even after
repeated heating and cooling cycles, implying that they have
been structurally locked in the microgel structure. Even after
the hybridization process, the composite hydrogels maintain

their excellent thermo-sensitivity as well as their fast response
time, as shown in Figure 5f. We obtainτscaffold-silica∼4.0 ×
102 s andτscaffold-Fe2O3∼3.2 × 102 s for scaffolds containing
silica and magnetic particles, respectively. Moreover, they
display the functions that originate from the added materials
(see Supporting Information).

In conclusion, this study introduces a framework for
fabricating hydrogel scaffolds that exhibit fast response
kinetics and the important ability of retaining a variety of
functional materials without affecting the original functions
of both the building blocks of the scaffold and the added
species. The key to our approach is the use of submicron
microgel particles that can be assembled either through
bridging or depletion interactions to yield a structure that
swells or deswells at a macroscopic level in much shorter
times as compared to a bulk polymer gel of similar
characteristics. Future studies will focus on achieving scaf-
folds with denser packings of microgel particles that should
have even higher mechanical strength compared to those
presented in this study. The approach we have presented
offers a new way of fabricating robust and functional
hydrogel scaffolds with excellent loading capabilities for a
wide variety of materials, irrespective of chemistry, size, and
shape. Moreover, these materials are controllable and
responsive to external stimuli.

Figure 5. Hybridization of the hydrogel scaffolds with a variety of functional materials. (a) A differential interference contrast image for
a hydrogel scaffold immobilizing the antibody fluorescein-conjugated goat antimouse immunoglobulin G. Approximately 1% w/v antibody
was formulated in the original microgel dispersion. (b) A fluorescence image of a scaffold hybridized with fluorescein-labeled polystyrene
particles (1µm, NH2 functionalized, green,∼0.1% w/v, Invitrogen). In this case, the microgel particles were labeled with Polyfluor 570
(∼0.01 wt %, red). (c) A scanning electron microscope (SEM) image of a hydrogel scaffold hybridized with silica particles (∼200 nm,
0.2% w/v, Ludox HS40, Aldrich). (d,e) Hydrogel scaffolds hybridized with magnetic nanoparticles (∼10 nm,∼0.1 vol %, EMG 607,
FerroTec). The SEM photographs were taken after freeze-drying the samples. (f) Time evolution of the swelling ratio for hybridized hydrogel
scaffolds with silica particles (closed circles,∼200 nm, 0.2% w/v) and magnetic nanoparticles (open circles,∼10 nm,∼0.1 vol %). In
these measurements, we equilibrated the samples at 20°C and deswelled them at 44°C.
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