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The assembly of cell-encapsulating microscale hydrogels using acoustic waves
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Microscale hydrogels find widespread applications in medicine and biology, e.g., as building blocks for
tissue engineering and regenerative medicine. In these applications, these microgels are assembled to
fabricate large complex 3D constructs. The success of this approach requires non-destructive and high
throughput assembly of the microgels. Although various assembly methods have been developed based
on modifying interfaces, and using microfluidics, so far, none of the available assembly technologies have
shown the ability to assemble microgels using non-invasive fields rapidly within seconds in an efficient
way. Acoustics has been widely used in biomedical arena to manipulate droplets, cells and biomolecules.
In this study, we developed a simple, non-invasive acoustic assembler for cell-encapsulating microgels
with maintained cell viability (>93%). We assessed the assembler for both microbeads (with diameter of
50 mm and 100 mm) and microgels of different sizes and shapes (e.g., cubes, lock-and-key shapes, tetris,
saw) in microdroplets (with volume of 10 mL, 20 mL, 40 mL, 80 mL). The microgels were assembled in
seconds in a non-invasive manner. These results indicate that the developed acoustic approach could
become an enabling biotechnology tool for tissue engineering, regenerative medicine, pharmacology
studies and high throughput screening applications.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Hydrogels have attracted increasing interest as intelligent
biomaterials with their controllable properties [1e3]. Recently, the
convergence of nano and microscale technologies and hydrogels
has resulted in the emergence of microscale hydrogels (microgels)
with widespread applications [4e6]. For instance, microgels can be
used as building blocks for tissue engineering and regenerative
medicine [7e10], and as carriers for cell/drug delivery [11,12]. In
these applications, directed manipulation of microgels is required
to fabricate larger constructs via assembly. Various nano and
microscale technologies have been employed to assemble micro-
gels. While manual manipulation provides control over individual
microgels [13], it has limited scalability and throughput. Directed
assembly approaches, such as programmable molecular recogni-
tion and binding scheme [14], hydrophilicehydrophobic interac-
tions [7], surface template [15], microfluidics [16,17], and magnetic
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assembly [10], are promising technologies to assemble microgels.
Although large gel patterns with controlled features (e.g., shape,
size, spatial resolution) have been achieved through directed
assembly, there are several challenges associated with these
methods including involvement of additional invasive molecules
around the gels to facilitate assembly such as cytotoxic organic
solvents. These methods also suffer from complexity of the
assembly process, long assembly times, and limited throughput.
Therefore, there is an unmet need for efficient methods to direct
microgel assembly.

It has been possible to manipulate bioparticles (e.g., cells, cell-
laden microgels) in microscale volumes to address challenges in
medicine [1,18e21]. Acoustics have been traditionally used for
medical imaging applications [22e24]. Recently, acoustic tech-
niques, such as ultrasonic standing waves and acoustic droplet
based bioprinting [25] have been used as actuation technologies
integrated with microfluidics [26e30] to manipulate particles and
cells. Examples include particle trapping and aggregation [31e34],
continuous-flow-based separation and manipulation of particles
and cells [35e39], cell synchronization [40], cell patterning [41],
droplet movement, merging, mixing and concentration [42e44],
and microcentrifugation [45,46]. Acoustic technologies offer
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Fig. 1. Acoustic microgel assembly process. (a) Fabrication of microgels using photolithography. (b) Assembly of the microgels within a liquid droplet using an acoustic assembler.
Distributed microgels were assembled by a transducer during the acoustic excitation.
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several advantages such as decreased instrumentation complexity
and gentle handling of biological moieties that are sensitive to
pressure and heat such as cells and cell-encapsulating microgels,
since these techniques are non-invasive [47]. While acoustic tech-
nologies have benefited medicine in various areas, they have not
yet been utilized for microgel assembly.

In this study, we have developed an acoustic assembler for
microgels. A field was applied to a droplet encapsulating microgels
of different shapes and sizes to agitate the particles to self-
assemble. We assessed the effect of acoustic frequency and
amplitude on the assembly process, and the effect of acoustic
excitation on the viability of cells encapsulated in the microgels.
The acoustic assembly approach is simple, rapid, and cost-effective
without need for expensive peripheral equipment, and the
assembly is performed in a non-invasive manner without any
sample preparation holding great potential for manipulating
microgels, particles and cells. Tissues are made of repeating func-
tional units, e.g., the liver is composed of repeating hexagonal lobes,
and the pancreas is made up of islets. For instance, microgels
encapsulated with cells can be assembled to 3D complex cellular
constructs in a high throughput manner, which can be used as
a platform for screening cell-drug response, cellebiomaterial
interactions.

2. Materials and methods

2.1. Preparation of microgels

Polyethylene glycol (PEG) hydrogel precursor solution was prepared by using
20% (w/w) PEG 1000, 0.05% Irgacure (w/w) and Dulbecco’s Modified Eagle Medium
(DMEM). Microgels were fabricated using photolithography, Fig. 1a. To fabricate
microgels, a droplet of PEG precursor solution (40 ml) was pipetted on the glass slide
(25 mm � 25 mm), Fig. 1a. Then, the droplet was covered with a 3-(trimethoxysilyl)
propylmethacrylate (TMSPMA) coated glass cover slip and a photomask with
a designed shape (square, circular, saw, lock-and-key, and tetris blocks) and size
(100e800 mm). The thickness of the microgel was controlled by the changing the
number of spacers used (150 mm and 300 mm in this study), Fig. 1a. After 45 s under
the UV light (power 2.5mW/cm2, height 37mm), the photomask and glass cover slip
were removed and microgels were obtained (Fig. 1a). To render the outside surface
of the microgels hydrophilic, the microgels were treated in plasma cleaner (Harrick
plasma, Ithaca, NY) for 3 min. The plasma treatment of microgels was performed to
enable complete suspension of the microgels in Dulbecco’s Phosphate Buffered
Saline (DPBS), and hence to prevent the microgels from sticking to the surface of the
assembly container (i.e., petri dish surface).

2.2. Preparation of cell-encapsulating microgels

NIH 3T3 mouse fibroblast cells were cultured in DMEM (10% FBS, 1% penicillin-
streptomycin) in a standard CO2 incubator (5% CO2). After confluence, the cells were
collected through trypsinization and resuspended in the PEG precursor solution at
three cell concentrations (1, 5, 10 million cells/mL). The cell-encapsulating microgels
were then fabricated following the protocol described above.

2.3. Acoustic assembler

The acoustic assembler was composed of a piezoelectric transducer (Buzzer, CEP
1141, CUI Inc., Tualatin, OR), a frequency generator (HP 8112A), and an assembly
chamber (e.g., Petri dish), as depicted in Fig. 1b. The transducer was used to generate
acoustic waves, which were transmitted to the particles in the assembly chamber
placed above the buzzer top surface. The frequency and intensity of generated
acoustic wave were controlled using the pulse generator by varying the pulse
frequency (0.8e7.0 kHz) and amplitude (1e16 V) applied to the transducer. The
transducer output is maximal at 4.2 kHz as reported in the data sheet.

2.4. Acoustic assembly of microbeads

We used glass beads (Polysciences Inc., Warrington, PA) of two different sizes
(i.e., 50 mm, 100 mm in diameter). To assemble the beads, a droplet of DPBS was
manually pipetted on the Petri dish (assembly chamber), and the beads were of
designed concentration were added into the droplet, Fig. 1b. Then, acoustic wave
excitation was applied and the whole assembly process was recorded using a video
camera (Sony a700). We quantified the assembly time by analyzing the video using
the public domain NIH ImageJ program (developed at the U.S. National Institutes of
Health and available at http://rsb.info.nih.gov/nih-image). The assembly time was
defined as when the area change (normalized to initial area) was less than 1%. We
assessed the assembly time of beads for four different bead concentrations (i.e.,
30 mg/ml, 50 mg/ml, 75 mg/ml, 100 mg/ml), and four droplet volumes (i.e., 10 mL,
20 mL, 40 mL, 80 mL).

2.5. Single-layer assembly of microgels using acoustics

To assemble microgels in a single layer, the microgels were transferred onto
a petri dish containing DPBS (Fig. 1b). Acoustic waves were applied at different
frequencies and amplitudes to the bottom of the petri dish (Fig. 1b), and the
movement of microgels was recorded using a video camera (Sony a700).

2.6. Dual-layer assembly of microgels using acoustic fields

To assemble two layers of microgels, the first layer of microgels were first
assembled following the protocol described above. After a single layer was assem-
bled, the construct was stabilized by adding PEG solution (5 mL) followed by a second
UV crosslinking. Then, additional microgels were added onto the surface of the
assembled first layer. The acoustic assembly process was repeated to build a second
layer. The two-layer construct was stabilized by adding PEG solution (5 mL) followed
by a second UV crosslinking. The assembled gel construct was then collected by
pulling out the droplet.

2.7. Cell viability test

Cell viability was examined using a live/dead assay (Molecular Probes, Invi-
trogen) and the florescent images were taken using an inverted fluorescent
microscope (Nikon, TE2000). Number of living and dead cells were counted using
NIH ImageJ program, and cell viability was quantified using the live/dead cell
numbers. We quantified cell viability for five sample groups: cells cultured in culture
flask (as Control 1), cells suspended in PEG precursor solution before crosslinking (as
Control 2), cells encapsulated in PEG microgels after crosslinking, cells encapsulated
in PEG microgels after acoustic excitation for 5 s and 30 s. The two time points were
chosen based on the duration of acoustic excitation needed to assemble microgels.

3. Results and discussion

We presented a method to acoustically assemble microscale
hydrogels encapsulated in a droplet of liquid (Fig. 1). The acoustic
directed assembly method conducted in this study manipulated
microgels into compact microgel aggregates. To assess the manip-
ulation of particles within the droplets using acoustics, we first
studied assembly of 50 mm and 100 mm diameter glass microbeads
(Fig. 2). The microbeads were randomly distributed within the
droplet before acoustic excitation (Fig. 2a, c). After the acoustic
excitation, the beads moved to the center area of the transducer
and formed a packed assembly (Fig. 2b, d). To have a quantitative
understanding of the interaction of acoustics with particles within
the droplets, we also quantified the effect of acoustic frequency,
amplitude, droplet size, and bead concentration on the assembly
time (Fig. 2eeh).We observed that the frequency (0.8e6.0 kHz) had
significant effect on the bead assembly time compared to droplet
volume when the bead size and concentration were fixed
(Fig. 2eef). Assembly times decreased significantly with increasing
acoustic excitation frequency in the range up to 2 kHz. It didn’t
change significantly in the range of 2e4 kHz, but increased signif-
icantly with further increase in frequency (Fig. 2). For example, for
50 mm beads in droplet volume of 40 mL, the assembly times were
29.30 � 2.13 (0.8 kHz), 16.02 � 3.40653 (1 kHz), 3.97 � 0.87
(1.6 kHz), 2.96 � 0.32 (2.0 kHz), 3.09 � 0.09 (3.0 kHz), 4.10 � 0.17
(3.2 kHz), 1.38 � 0.19 (4.0 kHz), 2.72 � 0.60 (4.4 kHz), 8.31 � 2.43
(5.2 kHz), 34.71 � 1.58 (6.0 kHz) seconds. Similar trend of
frequency-assembly time relationship was also observed for
100 mm beads (Fig. 2f). The observed frequency dependent
assembly time can be explained by the transducer used. When the
transducer operates close to its resonance (4.2 kHz), it couples
more energy hence requires less time to assemble the beads. When
the operation frequency is moving away from the resonance, there
is less coupling, i.e., longer assembly time. We also checked the
assembly time under different excitation amplitudes (0e16 V). We
observed that assembly time decreased as the amplitude increased
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Fig. 2. Acoustic assembly of microbeads. Images of (a) distributed 50 mmmicrobeads before acoustic excitation, and (b) after acoustic excitation. Bead concentration was 50 mg/mL.
Images of (c) distributed 100 mm microbeads before acoustic excitation, and (d) after acoustic excitation. Bead concentration was 50 mg/mL. Assembly time versus frequency for
different drop sizes for (e) 50 mm beads and (f) 100 mm beads. (g) Assembly time versus amplitude of excitation for a 20 mL droplet. (h) Assembly time versus bead concentration
within a 20 mL droplet.
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(Fig. 2g). The assembly times were 23.32 � 2.70, 10.79 � 1.73,
4.65 � 0.33, 3.25 � 0.65, 2.27 � 0.22, 1.53 � 0.12, 1.13 � 0.15,
0.99 � 0.06 s for amplitudes of 1, 2, 3, 5, 7, 10, 13, 16 V, respectively.
Finally, we observed that the assembly time decreased with
increasing bead concentration within the liquid droplet of fixed
volume (Fig. 2h). The assembly times were 1.03 � 0.13, 0.88 � 0.13,
0.70 � 0.08, 0.38 � 0.03 s for bead concentrations of 30, 50, 75,
100 mg/mL, respectively. At higher concentrations, beads need to
travel less distance before contacting with another bead since the
droplet volume was fixed (20 mL).

To evaluate the ability of the acoustic wave on assembling
microgels, we tested several different shapes of microgels (square,
lock-and-key, Tetris, saw) to form single-layer assembly, Fig. 3. We
first assembled microgels of simple shapes (400 mm square),
Fig. 3a. Similar to the microbead assembly, the distributed
microgels were placed onto a center area over the transducer and
assembled after acoustic excitation was applied (Fig. 3a). We also
quantified the microgel assembly process in the form of area
change with duration of the acoustic excitation, which was
normalized to area before acoustic excitation (Fig. 3b). We
observed that the normalized area decreased with duration of
Fig. 3. Single-layer assembly of microgels via acoustic excitation. (a) Images of 200 mm squ
duration of the acoustic excitation. (c)e(d) Images of lock-and-key microgels before and afte
shaped microgel, while 200 mm circular microgels were enclosed in 1 mm square microgels
1 mm saw-shaped microgels before and after acoustic excitation.
acoustic excitation exponentially, which was 0.98, 0.89, 0.83, 0.81
at t ¼ 1, 2, 5, 20 s respectively. We also checked the acoustic
assembly of microgels of complex shapes, including lock-and-key
(Fig. 3dee), tetris (Fig. 3b), and saw (Fig. 3g). However, we
observed that as the individual shapes and assembly patterns of
the microgels were designed to be more complex (e.g., lock-and-
key, Tetris, saw), the assembly time increased. For example, the
assembly times for the lock-and-key microgels (>60 s) were
greatly increased compared to those for microbeads (w1 s) or
square microgels (w20 s).

To assess the capability of acoustic method to fabricate complex
constructs, we assembled microgels into a two-layer construct,
Fig. 4. Distributed microgels (Fig. 4a) were first assembled into
single layer using acoustic excitation (Fig. 4 b and e), which was
stabilized by secondary crosslinking (Fig. 4c). Additional microgels
were then introduced on the surface of the assembled single layer,
and the acoustic excitation was applied to form assembled second
layer (Fig. 4d and f). Also, the droplets were in a locally humid
environment and did not rapidly dry out during assembly. Via this
layerelayer approach, a multi-layer construct was fabricated
(Fig. 4g).
are microgels before and after acoustic excitation. (b) Change of normalized area with
r acoustic excitation. Circular microgels (200 mm in diameter) were connected by a star-
. (e) Images of Z-shaped tetris blocks before and after acoustic excitation. (f) Images of



Fig. 3. (continued).

F. Xu et al. / Biomaterials 32 (2011) 7847e78557852



Fig. 4. Multi-layer assembly of microgels via acoustics. (a) Distributed microgels were first assembled into (b) single layer using acoustic excitation. (c) The single-layer assembly
was stabilized by second crosslinking. (d) New microgels were then introduced on the surface of the assembled single layer to form assembled second layer. (e) Enlarged image of
single-layer assembly. (f) Enlarged image of double-layer assembly. (g) Image of fabricated multi-layer hydrogel construct.
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Fig. 5. Viability of cells encapsulated in microgels during the acoustic assembly process. (a) Fabricated cell-encapsulating microgels and (b) corresponding fluorescent images of
live/dead staining after crosslinking. Cell viability in individual microgels after (c) crosslinking and (d) after acoustic excitation for 5 s. (e) Quantification of cell viability in medium,
in PEG, after crosslinking and after acoustic excitation (5 s and 30 s).

F. Xu et al. / Biomaterials 32 (2011) 7847e78557854
To check the effect of acoustic excitation process on cells
encapsulated in the microgels, we evaluated cell viability of fibro-
blasts at three cell concentrations (1, 5, 10 million cells/mL), Fig. 5.
Cells were encapsulated in microgels using photolithography
(Fig. 5a). We observed that cells remained viable after crosslinking
(Fig. 5bec) and acoustic excitation (Fig. 5d), and there were only
few dead cells. For cell concentration of 5 million cells/mL,
cell viability percentage was 97.2 � 1.2 in medium, 96.4 � 1.0 in
hydrogel precursor solution, 93.2 � 3.4 after crosslinking,
96.6 � 2.9 and 97.5 � 3.3 after acoustic excitation for 5 s and 30 s
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respectively (Fig. 5e). These results indicated that crosslinking and
acoustic excitation didn’t have significant effect on cell viability
compared to controls.

4. Conclusion

In summary, we demonstrated a method of acoustic directed
assembly of cell-encapsulating microgels in a rapid, non-invasive
manner. The acoustic assembly method presented here can be
used to fabricate multi-layer constructs via a layer-by-layer
approach. Therefore, the acoustic assembly approach can become
an enabling biotechnology tool for applications in the field of tissue
engineering and regenerative medicine, pharmacological studies,
and high throughput screening applications.
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