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Comparison With HepG2 Spheroids
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Abstract Three-dimensional culture systems are an ideal in vitro model being capable of sustaining cell
functionalities in a manner that resembles the in vivo conditions. In the present study, we developed an ultrasound trap-
based technique to rapidly produceHepG2 hepatocarcinoma cell aggregates within 30min. Enhanced junctional F-actin
was observed at the points of cell–cell contact throughout the aggregates. HepG2 aggregates prepared by the ultrasound
trap can bemaintained in culture on a P-HEMA-coated surface for up to 3weeks. The cells in these aggregates proliferated
during the initial 3 days and cell numberwas consistent during the followingmaintenance period. Albumin secretion from
these HepG2 aggregates recovered after 3 days of aggregate formation and remained relatively stable for the following 12
days. Cytochrome P450-1A1 activity was significantly enhanced after 6 days with maximal enzyme activity observed
between 9 and 18 days. In addition, comparison experiments demonstrated that HepG2 aggregates generated by the
ultrasound trap had comparable functional characterizations with HepG2 spheroids formed by a traditional gyrotatory-
mediated method. Our results suggest that HepG2 aggregate cultures prepared through the ultrasound trap-based
technique may provide a novel approach to produce in vitro models for hepatocyte functional studies. J. Cell. Biochem.
102: 1180–1189, 2007. � 2007 Wiley-Liss, Inc.
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Although three-dimensional (3D) aggregate
cultures have been used in laboratories formore
than 60 years [Holtfreter, 1944], it was only
30 years ago that the 3D cell culture models
were widely explored by the scientific commu-
nity [Sutherland et al., 1971; Mueller-Klieser,
1997; Santini and Rainaldi, 1999]. Compared to
conventional monolayer cultures, artificial con-
structs of robust 3D multicellular masses
(3DMMs) show different or even opposite cell
behavior including long culture period, regu-
lated gene production, stable drug metabolism

functions, quiescent cell populations resistant
to chemotherapeutic drugs and more closely
resemble the in vivo situation [Khalil et al.,
2001; Ma et al., 2003; Xu et al., 2003a; Mellor
et al., 2005]. Although the molecular mechan-
isms of 3Dmulticellular cultures still need to be
understood in detail, these in vivo like in vitro
models offer an efficient tool in a variety of
experimental and clinical studies [Mueller-
Klieser, 1997; Kunz-Schughart et al., 2004].

Over the years, a number of techniques have
been devised and developed to generate multi-
cellular cultures in vitro. For example, sponta-
neous aggregation of cells occurs on non-
adherent substrates such as agarose and the
commercial Primaria dish [Yuhas et al., 1977;
Lin et al., 2006]. Encapsulation of cells in
biochemical scaffolds like collagen, alginate
beads or galactosylated nanofibers has success-
fully produced different types of aggregate
cultures [Bell et al., 1979; Papas et al., 1993;
Chua et al., 2005]. In addition, gyrotatory-
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mediated methods have been used to obtain 3D
spheroid cultures [Sutherland et al., 1971;
Sakai et al., 1996; Ma et al., 2003; Xu et al.,
2003a].
An ultrasound standing wave trap (USWT)-

based technique was recently developed to
synchronously and rapidly generate multicel-
lular aggregates in suspension away from the
influence of a solid substrate [Bazou et al., 2005,
2006]. The technique employed for making
multicellular aggregates utilizes the phenom-
enon of particle aggregation inUSWT (Fig. 1A–
C). Standing waves are produced from the
superimposition of two waves of the same
frequency travelling in opposite directions.
These two waves are either generated from
two different sources, or the initial wave is
reflected from a solid boundary. Such waves are
characterized by lack of vibration at certain
points (acoustic pressurenodes), betweenwhich
areas of maximum vibration occur periodically
(acoustic pressure anti-nodes). Suspended cells
in USWT are affected by the direct acoustic
radiation force (DRF) [Gor’kov, 1962]. The
stronger, axial component drives particles
towards the pressure node planes, whereas the
lateral components, which are about two orders

of magnitude smaller, act within the planes
and concentrate particles/cells laterally into
clumps.

Previous reports have demonstrated that an
ultrasound trap cangenerate 2Dcell aggregates
in suspensions from neural cells and chondro-
cytes, leading to the development of the cytos-
keleton and adhesion molecules within 1 h
[Bazou et al., 2005, 2006]. These studies showed
the rapid molecular development at cell–cell
contacts of 2Daggregates in very early stage (up
to 60 min) after formation in the USWT.
However, the application of the newly devel-
oped ultrasound trap-based technique for the
generation of 3D cell cultures, long-term main-
tenance in culture and cell functional charac-
teristics of such aggregates have not yet been
investigated.

In the present study, we produced 3D HepG2
hepatocarcinoma cell aggregates using a devel-
oped USWT (Fig. 1D) and maintained the
aggregates in culture for up to 3 weeks. The
filamentous-actin (F-actin) distribution, cell
proliferation, and two parameters for liver-
specific functions namely albumin secretion
and cytochrome P450-1A1 activity were exam-
ined in HepG2 USWT aggregates. All charac-
terizations of HepG2 USWT aggregates
assessed in this study were compared with
HepG2 spheroids generated by the traditional
gyrotatory-mediated method [Xu et al., 2003a;
Ma et al., 2003]. To the best of our knowledge,
this is the first report investigating the main-
tenance and characteristics of 3D cell culture
produced through an ultrasound trap-based
technique.

MATERIALS AND METHODS

Cell Culture

The human CaucasianHepatocellular cancer
cell line HepG2 (European Collection of Cell
Cultures, Salisbury, UK) was cultured in
DMEM (Sigma–Aldrich, Gillingham, UK) sup-
plemented with 10% fetal bovine serum, 1%
non-essential amino acids, 200 nM L-glutamine,
and 100 U/ml penicillin and 100 mg/ml strepto-
mycin (Invitrogen, Paisley,UK)with subcultur-
ing performed with 0.05% trypsin/0.02% EDTA
(Sigma–Aldrich) at a split ratio of 1:5. Sub-
cultured cells were allowed to recover for at
least 2 days before performing experiments to
form aggregates using either ultrasound equip-
ment or gyrotatory shaking.

Fig. 1. Schematics of the ultrasound standing wave trap
(USWT). A–C: Direct acoustic radiation force (DRF) affects
suspended particles in a resonator with l/2 water path length
depth. A: Distribution of particles before ultrasound application.
B: Axial DRF effect. C: Lateral DRF effect. Reproduced with
permission from Kuznetsova and Coakley [2004]. D: Design of
the resonator. 1, electrical connection; 2, piezoelectric transdu-
cer; 3, transducer’s etchedarea; 4, plastic tubecontaining sample
volume; 5, 1 mm-thick glass reflector. (x: lateral direction and z:
direction of sound propagation.)
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Ultrasonic Technique and Acoustic Chamber

The design of the cylindrical multi-wave-
length resonator with a disk piezoelectric
transducer is shown in Figure 1D. The thick-
ness of the 25mm diameter transducer was
1mm so that the transducer’s nominal thick-
ness resonance frequency was 2MHz. The
plastic cylindrical tube of 26mm height and
13mm inner diameter was glued to the trans-
ducer and contained 3.5ml of sample. The
transducer’s electrodes were etched to produce
an active radiation area of 6 mm in diameter. A
1-mm thick, 25-mm diameter quartz glass
(Heraeus Quarzglas, Surrey, UK) was used as
a reflector. A Hewlett Packard 33120A function
synthesizer provided a sine wave input to an
ENI 2100L amplifier, and the voltage across the
transducer was monitored on an oscilloscope.
The software STAND controlled the ultrasound
equipment and allowed preliminary determina-
tion of the resonance conditions by scanning
the voltage–frequency spectra from a voltmeter
[Hawkes and Coakley, 1996]. The frequency
of 2.24 MHz was maintained during the experi-
ments.

Ultrasound Cell Aggregates Formation and
Maintenance

HepG2 single cell suspensions for ultrasound
aggregation experiments were obtained by
incubation of monolayers with Accutase
(Sigma–Aldrich) that leaves most of the cell
surface molecules intact [Nitori et al., 2005].
The chamber and the cover glass were sterilized
with 70% ethanol. The chamber was filled with
HepG2 cells suspended in cell culture media
(6.5� 105 cell/ml) and sealed with the cover
glass in sterile conditions. It was then immedi-
ately connected to the ultrasound equipment
and sonication was initiated. The cell aggre-
gates were formed within 1 min at 60 V across
the transducer, after which the voltage was
reduced and maintained at 20 V to prevent the
system from overheating. The temperature
measured on the resonator’s surface with a
portable infrared thermometer (Rayn-
ger1STTM, Santa Cruz, CA, USA) did not
exceed 328C during the time of experiments.
Cell movement was monitored with a standard
PAL CCD JVC video camera (Victor Company,
Tokyo, Japan), which was connected via a 0.5
microscope adaptor to a TV. The images were
also recorded onto standard videotape. The

recorded video sequences were transferred to a
PC video card in digital format with hardware
MJPEG data compression (PinnacleMiro Video
DC30þ). After 30 min of application the ultra-
sound was turned off and the disc-like cell
aggregates were carefully removed from the
chamber under sterile conditions. The cell
concentration was adjusted to 2� 105 cells/ml
with fresh culture medium and 0.5 ml of the
aggregate suspension was seeded and main-
tained in each well of 24-well tissue culture
plates precoated with 0.5 ml of 2.5% poly (2-
hydroxyethylmethacrylate) (P-HEMA, Sigma–
Aldrich) dissolved in 95% ethanol. The culture
media were replaced every 3 days with fresh
media.

Spheroid Culture

HepG2 spheroids were generated by a gyro-
tatory-mediatedmethod according to a previous
study [Ma et al., 2003]. Briefly, HepG2 mono-
layer cultures were detached using 0.05%
trypsin/0.02% EDTA solution (Sigma–Aldrich)
and 3 ml of single cell suspension (1� 106 cell/
ml) was added to each well of six-well plates.
The plates were placed on a gyrotatory shaker
(New Brunswick, St. Albans, UK) at 83 rpm for
the first 24 h, and rotated at 77 rpm thereafter.
The cell culture media were replaced every
3 days with fresh media.

Fluorescence Staining of F-Actin

HepG2 aggregates generated in USWT for
30min were fixed in 90% ethanol for 20 min on
Histobond slides (Raymond A. Lamb Ltd.,
Eastbourne, UK). Samples were washed in
PBS, permeabilised for 30minwith 0.1%Triton
X-100 (Sigma–Aldrich) and blocked for 30 min
with 1% BSA (Sigma–Aldrich). F-actin was
stained for 20 min with 10 u/ml Phalloidin-
Alexa 488 conjugate (Invitrogen) and mounted
in VectaShield containing DAPI (Vector
Laboratories, Peterborough, UK). The stained
USWT aggregates were examined with an
Olympus BX41 microscope and images for
epifluorescence of F-actin were captured using
an Olympus DP-SOFT software (Version 3.1).

To determine the maintenance of junctional
F-actin during aggregate maintenance, both
HepG2 aggregates prepared by the USWT and
HepG2 spheroids generated by the gyrotatory-
mediatedmethod were stained at different time
points during culturewithPhalloidin-Alexa 488
conjugate as described abovewith the exception
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of cell permeabilisation. Confocal micrographs
of F-actin were captured by a Nikon PCM2000
Confocal Laser Scanning Microscope (CLSM)
using the COORD EZ2000 software.

Cell Proliferation Assay

At different time points during the aggregate
culture, cell proliferation was assessed using a
colorimetric assay based on the cleavage of a
tetrazolium salt by cellularmitochondrial dehy-
drogenase activity (WST-1, Roche, Mannheim,
Germany). One-unit volume of the WST-1
reagent was added to 10-unit volume of cell
culture suspensions, incubated for 60 min at
378C. The absorbance was read at 450 nm using
aMultiscanRCmicroplate reader (Labsystems,
Basingstoke, UK). The proliferation index was
calculated as the percentage of cell number on
the sampling day versus that on the day of
aggregate formation.

Immunoassay for Albumin Secretion

Aggregate culturemediumwas replacedwith
serum-free medium at indicated time points
and aggregates were incubated in the serum-
freemedium for 6 h. Culture supernatants were
then harvested and stored at �808C until
analysis for albumin concentrations by a sand-
wich enzyme-linked immunosorbent assay
(ELISA) kit according to the manufacturer’s
instructions (Bethyl Laboratories, Montgom-
ery, TX, USA). The albumin concentrations
were calibrated against total cellular protein
asmeasured using aProteinAssayKit (Bio-Rad
Laboratories, Hemel Hempstead, UK).

P450-1A1 Activity

Cytochrome P450-1A1 enzyme activity of
HepG2 aggregates was measured using the
ethoxyresorufin-O-deethylase (EROD) assay
[Klotz et al., 1984; Peters et al., 2004]. The
EROD converts ethoxyresorufin to resorufin
that reflects the P450-1A1 activity. At differ-
ent time points, cell culture medium was
replaced with fresh medium containing the
specific P450-1A1 inducer b-naphthoflavone
(final concentration 50 mM, Sigma–Aldrich)
and aggregates were incubated for 24 h. The
induction medium was then replaced with
fresh medium containing 20 mM ethoxyresor-
ufin (Sigma–Aldrich), along with 200 mM
probenecid (Sigma–Aldrich) to prevent subse-
quent metabolism of resorufin. After a further
30 min of incubation, the cell culture super-

natants were collected and resorufin concen-
trations were determined at em/ex 560/586 nm
using a LS-50B fluorescence spectrometer
(Perkin-Elmer, Beaconsfield, UK). The resor-
ufin concentrations were calibrated by total
cell protein.

Statistical Analysis

Data were presented as mean�SD. Results
were analyzed using the two-tailed Student’s
t-test and differences were considered signifi-
cant at P< 0.05.

RESULTS

Formation of Cell Aggregates in USWT

Within 80 ms of ultrasound initiation, the
evenly distributed cells in suspension came
under the influence of the axial direct radiation
force and moved to the pressure node planes
forming multiple horizontal layers (Fig. 2A).
Since the transducer’s electrodes were etched,
the lateral components of the radiation force
concentrated the cells in aggregates at l/2
intervals at the central axis of the chamber
(Fig. 2B). This pattern was maintained during
the entire period (30 min) of sonication.

F-Actin Cytoskeleton Reorganization in
USWT Aggregates

Epifluorescence microscopy showed that F-
actin was notably detected at points of cell–cell
contact in a pattern of thick and continuous
band (junctional F-actin, marked with arrow-
heads) throughout the HepG2 aggregate pre-
pared by 30 min sonication in the USWT
(Fig. 3A). In the unsonicated single cell, F-actin
was distributed throughout the cytoplasm and
there was less prominent labeling around the
cell periphery (Fig. 3A, inset).

Stable F-Actin Distribution During
Aggregate Maintenance

After formation of 3-D HepG2 aggregates in
the USWT, the aggregates were transferred to
P-HEMAprecoatedplates formaintenance. The
shape of aggregates was maintained in culture
and the aggregates retained intact for 18 days
(Fig. 3B–D). Fluorescence staining and confocal
microscopy demonstrated that F-actin distribu-
tion including the junctional F-actin through-
out the aggregates remained consistent during
maintenance with no observable changes
between 1 and 18 days (Fig. 3C and D).
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The HepG2 aggregates generated and subse-
quentlymaintainedby thegyrotatory technique
exhibited morphological changes during cul-
ture. Single cells in suspension started to fuse
after 2 h of plating (Fig. 3E). After 24 h, small
and irregular aggregates appeared and pos-
sessed significant junctional F-actin (Fig. 3F).
Spherical aggregates at approximately 60 mm
diameter formed after 3 days and gradually
increased in size with increasing culture time
due to the fusion of smaller aggregates
(Fig. 3G–I). F-actin fluorescence in the center
of spheroids of 9 or more days old could not be
detected as they had become too thick (about
200 mm in diameter), resulting in dark areas
observed in the centre of the stained spheroids.

Cell Proliferation

To investigate the HepG2 cell proliferation in
3D aggregates generated by the gyrotatory
method or USWT, proliferation assays were
applied during aggregate maintenance. In
gyrotatory spheroids, no significant cell prolif-
eration was observed and the cell number
remained stable during the culture period
(Fig. 4A). In contrast, cells in USWT aggregates
(Fig. 4B) demonstrated significantly increased
cell number during the initial 3 days after
aggregate formation (P¼ 0.034 for 1 day versus
0 day,P¼ 0.002 for 3 day versus 1 day), followed
by reaching a plateau between 3 and 21 days
(P> 0.05).

Fig. 2. HepG2 cell aggregates generated in USWT. A: Layers of cells in pressure node planes at l/2
intervals. B: Cell aggregates in the axial region.

Fig. 3. Morphology and F-actin staining of HepG2 aggregates.
A: Epifluorescence micrograph of F-actin stained with Phalloi-
din-Alexa 488 in 3D aggregates generated in the USWT.
Examples of junctional F-actin are marked with arrowheads
(bar 25 mm). Inset shows an unsonicated single cell (bar 10 mm).
B: Light microscope observation of the USWT aggregate
maintained on a P-HEMA-coated surface after 1 day of aggregate

formation in USWT. C and D: Confocal micrograph of F-actin
staining in USWT aggregates after 1 day (C) and 18 days (D). E–I:
Confocal micrograph of F-actin staining in gyrotatory-produced
aggregates after 2 h (E), 1 day (F), 3 days (G), 9 days (H) and
18 days (I) (B–I, bar 50 mm). [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]
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Recovered Albumin Secretion

The time-dependent albumin secretion by
HepG2 USWT aggregates during maintenance
is shown in Figure 5. Albumin secretion levels
sharply increased after three days of aggregate
formation in USWT as compared with day 1
(P¼ 0.029), followed by a relatively stable
phase between 3 and 15 days (P> 0.05). After
18 days, the albumin release started to
decrease (P¼ 0.035 for 18 days versus 15 days,
P¼ 0.028 for 21 days versus 18 days). In
comparison, spheroid aggregates showed
delayed recovery of albumin secretion (Fig. 5).
The albumin secretion level after 1 day was
slightly higher than USWT aggregates
(P¼ 0.1). Increased albumin secretion was
observed between 6 and 12 days (P< 0.01
versus 1 day) followed by decreased secretion
during 15–21 days. In addition, the overall
albumin secretion of gyrotatory spheroids
between 3 and 18 days of maintenance in

culture showed lower levels than USWT aggre-
gates, although significant difference was only
found after 15 days (P¼ 0.007).

Recovered P450-1A1 Activity

The production amount of resorufin at differ-
ent time points during aggregate culture repre-
sents the kinetics of cell P450-1A1 activity. As
shown inFigure 6, the enzymeactivity ofUSWT
aggregates was slightly enhanced at day 3
compared to day 1 (P¼ 0.11), followed by a
steady increase between 3 and 9 days (P¼ 0.036
for 6 days versus 3 days, P¼ 0.030 for 9 days
versus 6 days). A stable phase for P450-1A1
activity was demonstrated between 9 and 18
days. In HepG2 spheroids, the enzyme activity
started to increase after 6 days (P¼ 0.031 for
6 days versus 3 days,P¼ 0.015 for 9 days versus
6 days) and remained stable until 18 days.
Similar to albumin secretion, higher P450-1A1
activity levels of HepG2 USWT aggregates
between 3 and 21 days were observed compared
to gyrotatory-prepared spheroids.

DISCUSSION

In comparison with monolayer hepatocytes,
the generation of 3D hepatocyte cultures
in vitro produces efficient models that are more
similar to the in vivo situation in term of cell
morphology, functionality and cytotoxicity
[Walker et al., 2000; Khalil et al., 2001; Ma

Fig. 4. Cell proliferation studies of HepG2 aggregates. Cell
numbers in gyrotatory spheroids (A) and USWT aggregates (B)
were measured at the indicated time points using a cell
proliferation reagent WST-1. Three independent experiments
with triplicates were performed.

Fig. 5. Comparison of kinetics of albumin release fromHepG2
USWT aggregates and gyrotatory spheroids. At indicated time
points, the cells were treatedwith serum-freemedium for 6 h and
culture supernatants were then collected. The concentrations for
human albumin in culture supernatants were determined using
ELISA and normalized by cell protein amount. Data are obtained
from three separate experiments with two to three replicate
samples.
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et al., 2003; Xu et al., 2003a,b; Elkayam et al.,
2006]. However, traditional methods producing
maturemulticellular aggregates generally take
several days [Ma et al., 2003; Hasebe et al.,
2005; Elkayamet al., 2006]. Herewe report that
the developed USWT produces 3D HepG2
aggregates within 30 min and that they can
survive on P-HEMA surfaces with recovered
cell functions during the maintenance period.

Increased junctional F-actin has been asso-
ciatedwith cell–cell adhesion inmouse sarcoma
cells and human keratinocytes. Following the
initiation of cell–cell adhesion, F-actin is
rapidly recruited to points of contact in order
to stabilise and strengthen intercellular adhe-
sive interactions [Chu et al., 2004; Zhang et al.,
2005]. It is hypothesized that cell–cell adhesion
leading to the formation of a stable 3D aggre-
gate is enhancedby the recruitment ofF-actin to
regions of contact [Tzanakakis et al., 2001;
Wang et al., 2006]. This response forms an ideal
biomarker to identify when intercellular adhe-
sive biomechanical interactions occur following
the initiation of cell–cell contact, thus indicat-
ing the development of aggregate stability
following formation. In this study, we observed
an increase in junctional F-actin at points of
contact between HepG2 cells in the multi-
cellular aggregates formed in the USWT after
30 min, indicating a biological response result-
ing from the initiation of cell–cell contact and
interaction upon exposure to the ultrasound
standing wave.

We initially attempted to maintain the
HepG2 USWT aggregates by the traditional

gyrotatory-mediated method. However, the
shaking force destroyed the USWT aggregates.
P-HEMA isamatrixmade of synthetic polymers
that can reduce or eliminate cell adhesion to
growth surfaces when applied at various con-
centrations [Folkman and Moscona, 1978].
Here, we showed that the HepG2 USWT
aggregates can be maintained in suspensions
in 2.5%P-HEMAprecoated plates. The shape of
USWT aggregates and internal cell–cell con-
tacts using the junctional F-actin as a para-
meter remained stable during aggregate
maintenance. In contrast, only small cell
masses using the gyrotatory method were
observed during the initial 1–3 days (Fig. 3).

In the present study, cell proliferation in two
types of HepG2 3D cultures was examined by a
colorimetric assay based on the cleavage of
WST-1, which has been recently used in
spheroid studies [Casey et al., 2001; Burleson
et al., 2006; King et al., 2006; Kuijlen et al.,
2006]. We showed that HepG2 cells in USWT
aggregates grew in the first 3 days after
formation followed by constant cell number
during maintenance, while the cell number in
gyrotatory spheroids remained stable over time.
In addition, total cellular protein amount of
USWTaggregates increased by 3days of culture
and retained constant thereafter. The cell
protein amount in gyrotatory spheroids kept
similar level during culture (data not shown).
The kinetics of total cellular protein amount
of these 3D cultures is in line with, thus
supports, the proliferation results shown here.

Cellular conversion of cell-impermeable
WST-1 to formazan primarily occurs at the cell
surface [Berridge et al., 1996]. Reasonably, the
water-soluble tetrazolium salt diffuses inside
3D cell culture like nutrients and cleaved
formazan penetrates outside culture into the
surrounding environment like secreted sub-
stance and cell waste [Jiang et al., 2005].
Relevant reports showed that in situ nutriment
consumption rate in multicellular spheroids
was equal to monolayer cells when spheroid
diameter did not exceed 150 mm and nutrient
consumption rate had a slight decrease (<10%)
when spheroid diameter reached 250 mm, while
this rate significantly decreased when spheroid
size increased to over 500–1000 mm in diameter
[Freyer and Sutherland, 1985; Jiang et al.,
2005]. In this study, diameter of a gyrotatory
spheroid was 50–70, 150–200 and 200–250 mm
after 3, 9 and 18 days, respectively (Fig. 3). The

Fig. 6. Comparison of P450-1A1 activity of HepG2 USWT
aggregates and gyrotatory spheroids. The aggregate cultures
were pretreated at different time points by b-naphthoflavone for
24 h and then applied in EROD assays. Results are from three
independent experiments with triplicate samples throughout.
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spheroid size after 21 days had no significant
change compared to 18 days. USWT produced
disc-like aggregates,which remaineddisc shape
during maintenance (Figs. 2 and 3). Confocal
microscopy revealed that HepG2 USWT aggre-
gate was 5–9 cell deep (Kuznetsova et al.,
unpublished data), suggesting that they were
approximately 40–70 mm in thickness. Further-
more, both 3D cultures retained stable during
whole period of culture time under our con-
sideration (up to 21 days). There was no
significant degradation of spheroids/aggregates
observed, suggesting normal exchange of nutri-
ents andwaste between cells in 3D cultures and
surroundings. It is suggested that most WST-1,
if not all, and its reaction product penetrate
through these two types of HepG2 3D culture
with limited size/thickness used in the present
study.
Previous reports suggested diverse patterns

in cell proliferation and cell cycle control in 3D
culture systems. Human hepatocyte aggregates
formed in alginate beads showed significant
proliferation during 20 days of culture [Khalil
et al., 2001]. However, rat hepatocyte aggre-
gates formed on a titanium dioxide gel surface
showed slightly decreased cell number over
time [Nakazawa et al., 2006]. The 3D constructs
produced from a C3A human hepatocyte cell
line maintained a constant cell number during
culture in alginate scaffolds [Elkayam et al.,
2006]. In addition, human ovarian cancer
multicellular aggregates cultured onanagarose
gel showed a p27-associated cell cycle regula-
tion with an increase in G0–G1 phase cell
population and a decrease in S and G2-M phase
cells [Xing et al., 2005]. Results from thepresent
study demonstrate that HepG2 cells in the
aggregates generated from USWT and main-
tained in culture on a P-HEMA-coated surface
proliferated during the first 3 days and survived
with cell number unchanged thereafter. HepG2
spheroids generated by the gyrotatory-
mediated method had a relatively stable cell
number over time.Our present data support the
concept that cells in 3D cultures undergo
growth arrest and cell survival which are
regulated by an array of signalling pathways
involved in 3D cell–cell communications, which
differ from those in 2D monolayer cultures
[Bates et al., 2000]. It seems that regulation of
cell cycle control in 3D cultures depends on cell
types and approaches used to generate the
culture models. In addition, the signalling

mechanisms involved in cell behavior of 3D
cultures need to be fully elucidated.

It was demonstrated that rat liver spheroids
prepared by the gyrotatory-mediated method
showed recovered biochemical and functional
characterizations including nitric oxide synth-
esis, albumin synthesis, enzyme activities and
energy metabolism [Ma et al., 2003; Xu et al.,
2003b]. HepG2 spheroids have been used as an
in vitro model in hepatotoxicity studies [Xu
et al., 2003a]. In addition, HepG2 aggregates
cultured on alginate beads retained elevated
production of various proteins related to liver
functions compared to monolayer cells at simi-
lar cell density [Khalil et al., 2001]. Albumin
secretion and cytochrome P450-1A1 activity are
two of the most important liver-specific func-
tional markers and both have been widely used
to evaluate functionality of liver in vitro models
[Juillerat et al., 1997; Peters et al., 2004;Hasebe
et al., 2005]. Here, we showed that the albumin
release and P450-1A1 activity from HepG2
USWT aggregates recovered after 3–6 days of
aggregate formation and remained relatively
consistent for at least 9 days in culture.
Compared to USWT aggregates, albumin secre-
tion and P450-1A1 activity in gyrotatory spher-
oids recovered later in culture, possibly due to
the small number of cells fusing to aggregates
during the initial days. In addition, both overall
albumin secretion and P450-1A1 activity in
HepG2 USWT aggregates during culture
showed higher levels than gyrotatory spher-
oids. Our preliminary study showed increased
P450-1A1 mRNA expression in HepG2 gyrota-
tory spheroids aged 6 days after drug induction
in comparison with conventional monolayer
culture (Liu et al., unpublished data). The
potentially enhanced biosynthetic characteris-
tics, such as production of P450 isozymes,
proangiogenic cytokines, growth factor recep-
tors and erythropoietin, of USWT-derived cell
aggregates from HepG2 or other cell types
compared to traditional cultures and the mole-
cular basis need to be further investigated in the
future.

In conclusion, the developed USWT rapidly
produces 3D HepG2 multicellular aggregates,
which can be maintained on P-HEMA-coated
surfaces for long periods of time. HepG2 cells in
theUSWTaggregates showproliferating poten-
tial in the initial three days followed by constant
cell number during maintenance. The liver-
specific functions including albumin secretion
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and cytochrome P450-1A1 activity in HepG2
USWT aggregates recover and remain rela-
tively stable during culture. Our data also
demonstrate that the functional characteriza-
tion of HepG2 USWT aggregates is comparable
to HepG2 spheroid cultures produced by the
traditional gyrotatory-mediated method. The
application of USWT to generate 3D aggregates
using other cell types is currently under our
studies. Recently, 3Dhumanerythrocyte aggre-
gates have been successfully formed in the
USWT (Kuznetsova et al., unpublished data).
It would be also interesting to explore the
possibility of using this technique to rapidly
produce co-culture of cells from different origin
to investigate the interaction between different
cells or tissues. Reasonably, the novel ultra-
sound-derived 3D culture model would not only
contribute to the research of cell behavior in the
very early stage of cell aggregation, but also
form a part of the overall in vitro models for cell
functional and toxicological studies.
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