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a b s t r a c t

Hepatocyte spheroids can maintain mature differentiated functions, but collide to form bulkier struc-
tures when in extended culture. When the spheroid diameter exceeds 200 mm, cells in the inner core
experience hypoxia and limited access to nutrients and drugs. Here we report the development of a thin
galactosylated cellulosic sponge to culture hepatocytes in multi-well plates as 3D spheroids, and
constrain them within a macroporous scaffold network to maintain spheroid size and prevent detach-
ment. The hydrogel-based soft sponge conjugated with galactose provided suitable mechanical and
chemical cues to support rapid formation of hepatocyte spheroids with a mature hepatocyte phenotype.
The spheroids tethered in the sponge showed excellent maintenance of 3D cell morphology, cellecell
interaction, polarity, metabolic and transporter function and/or expression. For example, cytochrome
P450 (CYP1A2, CYP2B2 and CYP3A2) activities were significantly elevated in spheroids exposed to
b-naphthoflavone, phenobarbital, or pregnenolone-16a-carbonitrile, respectively. The sponge also
exhibits minimal drug absorption compared to other commercially available scaffolds. As the cell seeding
and culture protocols are similar to various high-throughput 2D cell-based assays, this platform is readily
scalable and provides an alternative to current hepatocyte platforms used in drug safety testing
applications.

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

Spheroids are three-dimensional multi-cellular aggregates that
exhibit a high degree of cell-to cell contact. Compactness of cells
contained in 3D spheroids in vitro preserve complex in vivo cell
phenotypes which are otherwise absent in conventional 2D
cultures [1,2]. 3D multi-cellular spheroids have been useful in
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multiple applications including stem cell, cancer biology and tissue
engineering research [3e6]. In 3D hepatocyte spheroids, tight
cellecell junctions help sustain cell viability for extended culture
periods and maintain high level liver-specific functions e.g.
albumin secretion, urea synthesis and cytochrome P450 activity
[7,8]. These attributes make 3D hepatocyte spheroids potentially
attractive for in vitro drug safety testing.

Growing spheroids using previously described methods such as
by hanging drop, centrifugation, on 2D substrates, or in suspension
culture are limited since these methods provide no means of
physical spheroid constraint during extended culture. Conse-
quently there is difficulty in controlling spheroid size and in
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manipulating floating spheroids for cell-based drug safety testing
applications [9e12]. When smaller spheroids collide to form larger
spheroids in culture, mass transfer of oxygen, nutrients, metabo-
lites and drugs can be impeded in the inner core yielding high
variability during drug safety testing [11]. Attempts to constrain 3D
spheroids in a diffusible dimension have been achieved by growing
spheroids on microfabricated platforms [13,14], polyurethane
foams [15,16], and polymeric scaffolds [17], but these methods do
not provide the optimal chemical and mechanical microenviron-
ments needed to maintain high level cellular functions. Further-
more, scalability in manufacturing and simplicity in operation for
high-throughput, large-scale drug safety testing applications is
also problematic.

To address these concerns we have constrained hepatocyte
spheroids in a macroporous network of a soft galactosylated
cellulosic sponge. The macroporosity of the sponge provides
control over spheroid size while the conjugated galactose ligands
present chemical cues to the cells to form spheroids. The soft
hydrogel-based sponge would be proper to maintain mature
hepatocyte differentiated functions via control of the matrix
rigidity [18]. The configuration of the sponges supports high-
throughput applications and ease of use, similar to readily avail-
able 2D culture platforms. Sponges are fabricated in bulk and sliced
thin to minimize drug absorption. Hepatocyte spheroids grown in
the sponge canmaintain 3D cell morphology, cellecell interactions,
polarity, transporter expression, excretion andmetabolic functions;
and exhibit in some cases improved CYP450s enzyme activities.

2. Materials and methods

2.1. Materials

All chemicals and reagents were purchased from Sigma Aldrich (Singapore),
unless otherwise stated.

2.2. Chemical synthesis of galactosylated hydroxypropyl cellulose allyl (HA Gal)

Hydroxypropyl cellulose (HPC), Mw¼ 80,000 g/mol andw3.4 � of etherification
was dehydrated by azeotropic distillation in toluene. 4 g of dried HPC was dissolved
in anhydrous chloroform (100 mL), to which 2.095 mL allyl isocyanate 98% and 1 mL
dibutyltin dilaurate 95% were added dropwise. The mixture was stirred vigorously
for 48 h at room temperature, after which it was precipitated in an excess amount of
anhydrous diethyl ether. Following vacuum drying, the product was dissolved in
deionized water (DI H2O), purified by dialysis for 3 days, and finally lyophilized to
the intermediate product, hydroxypropyl cellulose allyl (HA). For galactose conju-
gation, 1 g of HA was dissolved in 15 mL anhydrous dimethylformamide (DMF) in
which the hydroxyl groups were activated by addition of 1,10-carbonyldiimidazole
(0.322 g in 2 mL DMF). D-(þ)-galactosamine HCl (0.427 g in 30 mL DMF), which was
dissolved with addition of triethylamine, was added to the mixture with two folds
molar ratio compared to D-(þ)-galactosamine HCl. The reaction was carried out for
a further 48 h at room temperature. To remove impurities, the mixture was further
dialyzed in excess methanol and subsequently in deionized water for 3 days each
and the final product (hydroxypropyl cellulose allyl galactose, HA Gal) was lyophi-
lized. A schematic diagram with the complete synthesis described, including 1H
NMR characterization is shown in Fig. 1C.

2.3. Preparation of HA Gal sponges

HA Gal was dissolved in deionized water to a final concentration of 7.5% wt/vol
after which the solution was inserted into tubes (diameter 6 mm, length 3 cm). The
tubes were heated in a water bath (50 �C) until phase separation occurred, and then
crosslinked by g irradiation for 30 min at a dose of 10 kGy/h (Gammacell 220, MDS
Nordion, Canada). The sponge monoliths were obtained by breaking tubes subse-
quent to freezing in dry ice. A Krumdieck tissue slicer (Alabama Research & Devel-
opment USA)was used to cut the sponge uniformly (50 rpm for 1mm thickness). We
fabricated thin sponge slices to reduce possible drug absorption during assays. Sliced
sponges were washed extensively with excess amounts of deionized water for 3
days to remove uncross-linked polymers. Finally, slices were lyophilized and ster-
ilized by g irradiation (1.7 kGray total dose) prior to cell seeding with hepatocytes. A
schematic diagram of the sponge preparation is described in Fig. 1B.

As a comparison, galactosylated polyethylene terephthalate (PET Gal)
membranes were also seeded with hepatocytes. Preparation and synthesis steps of
PET Gal membranes have been described previously [11].
2.4. Physiochemical characterization of HA Gal sponges

2.4.1. High performance liquid chromatography elution assay
Galactose presence in the spongewas detected by a HPLC elution assay. Sponges

were hydrolyzed by 6 N HCl at 110 �C for 24 h. Cooled hydrolyzed solutions were
evaporated, re-suspended in 500 mL deionized water and derivatized using the
ATTO-TAG� CBCQA amine-derivatization kit (Molecular Probes, USA) for fluores-
cence detection on a C-18 column using HPLC (Agilent Technology, place). The
mobile phase consisted of A) water þ0.1% trifluoroacetic acid (TFA), and B)
acetonitrileþ 0.1 %TFAwith an A/B gradient 98:2/70:30 in 45 min. The flow rate was
1 mL/min and the fluorescence detector settings were excitation at 450 nm, and
emission at 550 nm.

2.4.2. X-Ray photoelectron spectroscopy
X-Ray photoelectron spectroscopy was used to qualitatively verify galactose

ligand conjugation onto the HA chemical backbone. Measurements were made on
a VG ESCALAB Mk II spectrometer with a MgKa X-ray source (1253.6 eV photons) at
a constant retard ratio of 40.

2.4.3. Elastic modulus measurement
The elastic modulus of the sponge was measured by atomic force microscopy

(Bioscope Catalyst, Veeco Instruments, Santa Barbara, CA) in deionized water. A
hybrid Atomic ForceMicroscopy (AFM) probe consisting of a silicon nitride cantilever
and a silicon tip (ScanAsyst-Fluid, Veeco Probes, Camarillo, CA) was used. The
deflection sensitivity was calibrated by ramping force-distance curves on a glass
surface, and the spring constant was calibrated by the thermal noise method. After
calibration, 128 � 128 force-distance curves were recorded over an area of
5 mm�5 mmby force volume. Each force-distance curvewas analyzedbyfitting to the
Hertz model with conical tip geometry and Poisson ratio of 0.5. The obtained elastic
moduli from each force-distance curve were mapped into a bitmap image with
128� 128 pixels. The curve fitting and statistical analysis was implemented by a self-
developed Fortran program (available upon request). The relationship between
elastic modulus with the measured force is described asF ¼ 2=p,E=1� v2tan ad2,
whereF is themeasured force, E is Young’s elasticmodulus, v is the Poisson ratioof the
material undermeasurement (0.5was used in the data processing), a is the half angle
of the probe (22 �) and d is the sample deformation.

2.4.4. Zeta potential measurement
HA Gal solutions in deionized water with different concentrations

(0.125e2.5 % wt/vol) were heated to 50 �C to let the phase separation occur. The zeta
potentials were measured using Malvern Zeta Sizer Nano ZS 90 (Malvern Instru-
ments, United Kingdom) normalized to the base potential of water.

2.4.5. Scanning electron microscopy
Top and cross section views of the sponge surface morphology and porosity

were captured using SEM (JEOL JSM-5600, Japan) at 10 kV. High magnification of
SEM (15,000 folds) was performed to observe the sponge surface structure. Prior to
imaging, the dried sponge was sputter-coated with platinum for 60 s. Pore size
distribution of the sponges was quantified with ImageJ software (version 1.43u)
from collective SEM top view images of the sponges.

2.5. Hepatocyte isolation and culture

Hepatocytes were isolated from male Wistar rats weighing 250e300 g using
a modified in situ collagenase perfusion method [19]. Animals were handled
according to the IACUC protocols approved by the IACUC committee of National
University of Singapore. Cells were maintained with Williams’ E medium supple-
mented with 10 mM NaHCO3, 1 mg/mL BSA, 10 ng/mL of EGF, 0.5 mg/mL of insulin,
5 nM dexamethasone, 50 ng/mL linoleic acid,100 units/mL penicillin, and 100mg/mL
streptomycin and were incubated with 5% CO2 at 37 �C and 95% humidity. Medium
was replenished every two days. Viability of hepatocytes was determined to be
>90% by the Trypan Blue exclusion assay. Yields were approximately 108 cells per
rat. Freshly isolated rat hepatocytes (105 cells in 10 mL culture medium) were loaded
to the centre of the wells in 48-well plates; the sponges were immediately inserted
into the wells to allow cells to be absorbed into the sponges from the lower surface.
Another aliquot of 105 cells in 10 mL culture medium was then seeded into the
sponge by dropping the cell suspension onto the top sponge surface. The cell
suspensionwas absorbed into the sponge interior due to the inherent hydrophilicity
of the sponges. The process takes 10 min to 1 h. Fresh culture mediumwas added to
the sponge edge (300 mL per sponge in 48-well plate). Hepatocytes seeded on
a collagen sandwich platform (0.29 mg/mL collagen concentration) were used as
control as reported previously [20].

2.6. Hepatocyte spheroids characterization

2.6.1. Spheroids size distribution
Spheroid size distribution was quantified using ImageJ software from phase

contrast images of living hepatocyte spheroids cultured on the PET galactose
membrane and in the HA Gal sponges on day 1, 3 and 6.



Fig. 1. Materials synthesis. A) Chemical synthesis steps, B) Schematic diagram of galactosylated cellulosic sponge preparation and C) 1H NMR spectrum of galactosylated cellulosic
sponge in d6-acetone.
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2.6.2. Scanning electron microscopy
Hepatocyte spheroids in sponges on day 1, day 3 and day 7 were fixed with 2.5%

glutaraldehyde overnight and stained with 1% OsO4 for 1 h. Samples were then
dehydrated step-wise with ethanol (25%, 50%, 75%, 90% and 100%) for 10 min each,
dried in a vacuum oven and sputter-coatedwith platinum for 60 s. The samples were
viewed with a scanning electron microscope (JEOL JSM-5600, Japan) at 10 kV.

2.6.3. Live/dead staining
Hepatocytes spheroids were co-stained with Cell Tracker Green (CTG, 20 mM)

(Molecular Probes, USA) and Propidium Iodide (PI, 25 mg/mL) (Molecular Probes,
USA) to quantify live and dead cells, respectively. Cells were incubated for 30 min at
37 �C and then fixed with 3.7% paraformaldehyde for 30 min at room temperature.
Fluorsave (Merck Chemicals) was applied to the stained spheroids to minimize
photo-bleaching. Images were acquired by confocal laser scanning microscopy
(Zeiss LSM510, Germany) at 488 and 543 nm excitation wavelengths.

2.6.4. Time-lapse imaging of spheroids formation
The dynamic process of hepatocyte spheroid formation in the sponges was

monitored immediately upon cell seeding. Hepatocytes were pre-stainedwith 20 mM
Cell Tracker Green (Molecular Probe, USA) for 20 min prior to seeding. Cell-seeded
sponges were imaged consecutively for 12 h using a DeltaVision system (Applied
Precision, USA) equipped with nano-positioning and a controlled temperature
chamber set at 37 �C and 5% CO2. Images were acquired in hourly intervals to
minimize light exposure to the cells.
2.7. Hepatocyte functional assessments

2.7.1. Immunofluorescence microscopy
To stain F-actin, E-cadherin and Mrp2/CD147, hepatocytes cultured for 48 h in

the sponges were fixed in 3.7% paraformaldehyde for 30 min. For staining F-actin,
the cells were permeabilized for 5 min in 0.1% Triton X-100 and incubated with 1 mg/
mL TRITC-phalloidin (Molecular Probes, USA) for 20 min. For E-cadherin, the cells
were permeabilized with 0.1% Triton X-100 for 30 min, blocked with 1% BSA for
30 min, incubated with mouse anti-rat E-cadherin (BD, USA) overnight at 4 �C fol-
lowed by incubation with a FITC conjugated anti-mouse secondary antibody (Santa
Cruz, USA). For MRP2/CD147 staining, the cells were permeabilized with 0.1% Triton
X-100 for 30 min, blocked with 1% BSA for 30 min, incubated with rabbit anti-rat
MRP2 (Sigma Aldrich, Singapore) and mouse anti-rat CD147 (Serotec, USA) over-
night at 4 �C and eventually incubated with FITC conjugated anti-mouse and TRITC
conjugated anti-rabbit secondary antibodies (SigmaeAldrich, Singapore). For all
stained samples, Fluorsave (Merck Chemicals) was applied to minimize laser-
induced photo-bleaching. Microscopy images were acquired with 20� lens on
a Zeiss Meta 510 upright confocal microscope. The 3D image stackwas reconstructed
using LSM Browser.

2.7.2. Transmission electron microscopy
Hepatocyte spheroids in sponges were fixed with 3.7% paraformaldehyde for

30 min and treated with 1% OsO4 for 2 h at room temperature. Samples were
subsequently dehydrated step-wise with ethanol (25%, 50%, 75%, 95% and 100%) for
10 min followed by 100% acetone twice for 20 min each. Upon dehydration, samples
were then treated with 1:1 ratio mixture of acetone and araldite resin for 30 min at
room temperature followed by overnight treatment at a 1:6 ratio at room temper-
ature. On the following day, the samples were placed into araldite resin for 30min at
room temperature before transferring into a 40 �C oven for another 30 min. Araldite
resinwas subsequently changed followed by 1 h treatments at 45 �C and 1 h at 50 �C.
Lastly, the samples were embedded with araldite resin at 60 �C for 24 h. Sections of
90e100 mm thickness were sliced using a Leica EM UC6 Ultramicrotome, collected
onto 200-mesh copper grids and co-stained with uranyl acetate and lead citrate for
10 min each. Observation was undertaken with a Transmission Electron Microscope
(TEM) (JEOL JEM-1010, Japan) at voltage 100 kV.

2.7.3. Biliary excretion of fluorescein dye
For monitoring the functional status of hepatocyte repolarization, we visualized

the excretion of fluorescein dye via bile canaliculi. Hepatocytes spheroids were
incubated with 15 mg/mL fluorescein diacetate (Molecular Probes, USA) in culture
medium at 37 �C for 45 min at different time intervals (16 h, 24 h and 48 h) post-
seeding. The cultures were then rinsed and fixed with 3.7% paraformaldehyde for
30 min before viewing with a 20� lens on a Zeiss Meta 510 upright confocal
microscope.

2.7.4. Albumin secretion & urea synthesis
Albumin secretion by hepatocytes on days 1, 3, 5 and 7 were assayed using a rat

albumin enzyme-linked immunosorbent assay quantitation kit (Bethyl Laboratories
Inc., Montgomery, Texas). Urea synthesis by cultured hepatocytes in culturemedium
spiked with 1 mM NH4Cl for 90 min was assayed on the same days using a Urea
Nitrogen Kit (Stanbio Laboratory, Boerne, Texas). All functional data were normal-
ized by the number of cells seeded in the sponges which was quantified using the
Quant-iT� PicoGreen dsDNA Assay Kit (Invitrogen, Singapore).
2.8. Drug inducibility of hepatocyte spheroids

2.8.1. Reverse transcriptase polymerase chain reaction
RNAwas extracted from hepatocytes cultured as 3D spheroids in HAGal sponges

by TRIzol (Invitrogen, Singapore). Total RNA concentration was quantified by
a Nanodrop (Thermo scientific) and 1 mg of RNA was converted to-cDNA by High
Capacity RNA-to-cDNA kit (Applied Biosystems). Primers were designed using
Primer 3 and real-time PCR was performed by using SYBR Green fast master mix in
an ABI 7500 Fast Real-Time PCR system (Applied Biosystems). Gene expression was
calculated using the DDCT method normalized to GAPDH. The primers used in
experiment are shown below. These basal level gene expression experiments were
performed on day 3 and day 5 post-seeding, which were the day intervals for the
induction experiments.CYPs

Gene Forward sequence Reverse sequence
CYP1A2
 CACGGCTTTCTGACAGACCC
 CCAAGCCGAAGAGCATCACC

CYP2B2
 TCTCACAGGCACCATCCCT
 GTGGGTCATGGAGAGCTG

CYP3A2
 TGGGACCCGCACACATGGACT
 TCCGTGATGGCAAACAGAGGCA

CYP4A1
 TCATGAAGTGTGCCTTCAGC
 GATGTTCCTCACACGGGAGT

CYP2E1
 AGGCTGTCAAGGAGGTGCTA
 ATGTGGGCCCATTATTGAAA

Transporters

Mdr1a
 TGACATTCGCTCTCTTAACAT
 TGGGATTCCGTATGAGG

Mrp2
 CGCGAGGAGAGCATTAT
 GGCAAGGTAGAATTTGGTTAT

Ntcp
 CATTATCTTCCGGTGCTATGA
 GTTTCTGAGCATCGGGATT

Bsep
 TGACATTCGCTCTCTTAACAT
 TGGGATTCCGTATGAGG

Oatp1
 CTTAAAGCCAACGCAAGACC
 AGAGATACCCAAGGGCACAA
Mdr1a: Multi-Drug Resistance 1a, Mrp2: Multi-drug Resistance Protein 2, Ntcp: Na/
taurocholate Co-transporting Polypeptide, Bsep: Bile Salt Export Pump, Oatp1:
Organic Anion Transporting Polypeptide 1.

2.8.2. CYP450 induction study
Hepatocyte spheroids cultured in sponges were used to study drug induction of

three CYP450 enzymes, i.e. CYP1A2, CYP2B2 and CYP3A2. 72 h post-seeding, cells
were incubated at 37 �C with culture medium containing inducers (50 mM b-
naphthaflavone, for CYP1A2; 1 mM phenobarbital, for CYP2B2; 50 mM pregneno-
lone-16a-carbonitrile, for CYP3A2). After 48 h of induction, medium was removed
and the cells were further incubated for 2 h at 37 �C with Krebs-Henseleit-
bicarbonate (KHB) buffer (118 mm NaCl, 1.2 mM MgSO4, 1.2 mM KH2PO4, 4.7 mm
KCl, 26 mM NaHCO3, and 2.5 mM CaCl2) containing the P450 substrates (200 mM

phenacetin, for CYP1A2; 200 mm bupropion, for CYP2B2; and 5 mM midazolam, for
CYP3A2). The drug metabolite product in the supernatant was assayed from
induced and vehicle (0.1% DMSO) treated hepatocytes cultured in HA Gal sponges
or in collagen sandwich cultures. Detected metabolite products for CYP1A2,
CYP2B2 and CYP3A2 were acetaminophen (APAP), hydroxy bupropion (OH-
bupropion) and hydroxy midazolam (OH-midazolam), respectively. Cell superna-
tants (300 mL) were added with 50 mL internal standards (100 ng/mLAPAP-D4 for
APAP and 10eOHemidazolam, 100 ng/mL OH-bupropion-D6 for OH-bupropion)
and dried in a vacuum concentrator (Eppendorf). The obtained residues were
reconstituted in 50 mL methanol containing 0.1% formic acid and centrifuged at
12,000 g for 10 min. The supernatants were then analyzed by Liquid
Chromatography-Mass Spectrometry (LC-MS Finnigan LCQ Deca XP Max, Agilent
1100 series). The LC-MS experimental setup consisted of solvent A, 0.1% formic acid
in water, and solvent B, 0.1% formic acid in methanol, with a flow rate of 0.8 mL/
min; and a Phenomenex Onyx-monolithic C-18 column with dimensions of
100 � 3.0 mm. The mass spectrometry parameters were spray voltage 5 kV, sheath
gas flow rate of 80 arbitrary unit, auxiliary gas flow rate set at 20 arbitrary unit,
capillary temperature of 350 �C, tube lens 45 V, and capillary voltage 30 V. Elution
schemes for the three different metabolites products were for APAP and OH-
midazolam, solvent B gradually increased from 6% to 90% in 6 min while for OH-
bupropion, solvent B gradually increased from 10% to 90% in 6 min.

2.9. Drug absorption properties of sponge

Sponges were incubated with various hydrophobic and hydrophilic drugs (with
different net charges) dissolved in PBS for 24 h at 37 �C. The concentrations of each
compound before and after incubation were recorded with UV Spectrophotometer
(Shimadzu, Japan). Percentage of drug absorptionwas determined by the formula as
follows:

%Absorption ¼
�
1� ConcentrationFinal

ConcentrationInitial

�
� 100%

2.10. Statistical analysis

Statistical comparisons were undertaken using paired two-tailed Student t tests.
Results are expressed as mean � standard error of the mean.
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3. Results

3.1. Synthesis and characterization of galactosylated cellulosic
sponge

The first step in the chemical synthesis of the macroporous
cellulosic sponges involved the conjugation of allyl groups onto
hydroxypropyl groups of hydroxypropyl cellulose to act as cross-
linking sites during g irradiation, as described elsewhere [21]. The
galactose conjugation onto the remaining available hydroxypropyl
groupswas performedusing 1,10-carbonyldiamidazole in anhydrous
dimethylformamide (Fig. 1A). The sponge fabrication is depicted in
detail in Fig. 1B.

Galactose presence on the chemical backbonewas verified by 1H
NMR by identifying additional peaks atw7e8 ppmwhich indicates
additional bonds from the attached galactose (Fig. 1C). The inte-
grated peak area between 2.5 ppm and 5 ppm showed an increase
from 2.067 to 2.402 relative amount of the proton, which correlated
to the presence of more hydroxyl groups from the conjugated
galactose (estimated to be 1 conjugated galactose per 3 subunits of
the HA Gal backbone).

To further confirm the presence of galactose in the sponges, we
hydrolyzed the spongeswith 6 N hydrochloric acid at 110 �C for 24 h,
derivatized using an amine-derivatization kit and analyzed the
products using HPLC. As a comparison, a pure D-(þ)-galactosamine
samplewasalso assayed.Oneelutedpeak in theHPLCchromatogram
at w43 min represents the bound galactose (Fig. 2A) [11]. An X-ray
photoelectron spectroscopy spectrum showed increased nitrogen
atomic counts after conjugation (w1.5% increase) (Fig. 2B). Lectin
conjugated with FITCwas also used to specifically stain galactose on
the sponge surface and showed increased FITC signal, compared to
non-galactose containing HA sponges (data not shown).

Surface morphology and porosity of the sponges were charac-
terized using SEM. Image analysis of the sponge porosity showed
the average pore size to be between 110 and 130 mm (Fig. 2C) for
potentially constraining cellular spheroids within diffusion-limited
dimension [22,23]. Measurement of the elastic modulus of the
sponges using atomic force microscopy revealed an average
modulus of 5.6 kPa (Fig. 2D). This modulus is considered to be soft
and close to themodulus of native rat and human livers [24,25]. The
net charge of the HA Gal structure in deionized water was
measured through zeta potential measurement of the HA Gal at
different concentrations ranging from 0.125 to 2.5% wt/vol (Fig. 2E).
At 2.5% wt/vol the value approached an almost neutral charge
(�0.91 mV), which at concentrations beyond 2.5% wt/vol the
solution became difficult to measure accurately due to its high
viscosity. Therefore, at the working concentration for cell culture
(7.5% wt/vol), the value is considered to be a neutral net charge.

In addition to the macroporous structure viewed from the top
of thesponges, theporosityalsoexpanded throughout thesponges in
cross-sectional areas (Fig. 2F i,ii). High magnification images of the
sponge surface revealed surface nano-roughness in the nanometer
scale which might tether the hepatocyte spheroids to the sponge
(Fig. 2F iii). The dry sponge was incubated in fluorescein
isothiocyanate solution to stain the sponge’s macroporous structure
in aqueousphase. By laser confocalmicroscopy,weobserved that the
macroporosity was maintained as a hydrated macroporous network
structure in an aqueous environment (Fig. 2F iv) in contrast to typical
hydrogels that lose their porosity in an aqueous environment.

3.2. Characterization of hepatocyte spheroids in cellulosic sponges

3.2.1. Hepatocyte spheroids formation in cellulosic sponges
Rat hepatocytes cultured on three different platforms revealed

platform-dependent cell behaviors (Fig. 3A). Hepatocytes cultured
on collagen monolayers were relatively flat and spread on day 3
onwards, which correlate with rapid loss of differentiated functions
[11]. Hepatocyte spheroids formation on galactosylated poly-
ethylene terephthalate membranes (2D PET Gal membrane) took 3
days to form, and often collided with adjacent spheroids to form
larger spheroids. In the HA Gal sponge cultures, hepatocytes
immediately organized into 3D spheroids within 1 day of culture,
and maintained similar sizes until at least day 6. Hepatocyte
spheroids formed in the HA Gal sponges were smaller than those
formed on 2D PET Gal membrane, with spheroid diameter
60.7� 15.9 mm and 108.1�19.2 mm, for each platform, respectively.
In addition, spheroids formed in HA Gal sponges were constrained
by the sponge pores and thus did not easily detach as those plated
on 2D PET Gal membranes.

Hepatocyte spheroids cultured between day 1 and 7 showed
gradual increases in surface smoothness and disappearance of the
cellecell boundaries (Fig. 3B). On day 1, the cell morphology was
spherical. The nature of the hydrophilic and soft hydrogel sponges
would prevent the cells from spreading, which normally occurs on
hard substrates [18]. Tethered spheroids on the sponge surface
was observed (Fig. 3B). The arrows in the figure show the contact
points where the spheroids adhere to the sponge surface.

Hepatocyte spheroid viability, which was assessed by co-
staining live and dead cells using Cell Tracker Green (CTG) and
Propidium Iodide (PI), respectively, showed no PI signal which
revealed good viability maintenance from day 1 to day 7 in culture
(Fig. 3C). The CTG signals illustrated indistinguishable borders
between single cells in the spheroids, which reflected the tightness
of the cellecell contacts.

Dynamic observation of hepatocytes upon seeding into the
sponges for the first 12 h showed that by 7 h, the cells had reor-
ganized themselves into hepatocyte spheroids with no further
detectable changes in cell movement (Fig. 3D). The spheroid
morphology appeared compact and with cell boundaries becoming
indistinguishable after 7 h.

3.2.2. Hepatocyte spheroids phenotypes in cellulosic sponges
Immunofluorescence staining of F-actin, E-cadherin and MRP2/

CD147 in the hepatocyte spheroids 48 h post-seeding, in compar-
ison to collagen sandwich control, showed localization of these
markers (Fig. 4A). As would be expected in non-spreading cells,
F-actin staining revealed that the actin cytoskeleton had
a predominant cortical localization in both sponge and collagen
sandwich cultures and an absence of stress fibers. E-cadherin
staining, a marker of cellecell junctions demonstrated that cells in
the hepatocyte spheroids have tight associations between neigh-
boring cells. E-cadherin expression also supports the maintenance
of cell viability during long-term culture [26]. MRP2/CD147 staining
marked the apical and basolateral domains of the hepatocytes,
respectively. In MRP2/CD147 staining image (Fig. 4A rightmost
panel), the signals showed a comparable and non-colocalized
signal as observed in collagen sandwich culture.

Ultrastructural views observed by transmission electron
microscopy illustrated the sub-cellular micro-structures located
inside the spheroids. The images of hepatocyte spheroids cultured
for 48 h demonstrated a space between neighboring cells, remi-
niscent of the bile canaliculi with the presence of microvilli
(Fig. 4B) [27,28]. Tight junctions between the two cells were also
clearly observed.

3.2.3. Hepatocyte spheroids differentiated functions in cellulosic
sponges

Several hepatocyte functions are thought to be dependent on
the polarized phenotype of the cells, including biliary excretion,
albumin secretion and urea synthesis. Since we observed an early



Fig. 2. Characterizations of cellulosic sponge. A) Galactose elution assay with High Performance Liquid Chromatography (HPLC), B) X-ray Photoelectron Spectroscopy, C) Sponge
pore size distribution, D) Elastic modulus measurement by Atomic Force Microscope (AFM), E) Zeta potential measurement, and F) Secondary Electron Image of sponge: I) Cross
section view (scale bar 100 mm), ii) Top view (scale bar 100 mm), iii) Sponge surface nano-roughness (scale bar 1 mm) and iv) Confocal image of FITC stained sponge (scale bar 50 mm).
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appearance of polarity markers of hepatocytes in the cellulosic
sponges, we investigated whether these functions were also
enhanced.

Biliary excretion was examined by the addition of fluorescein
diacetate dye at various time intervals, including 16, 24 and 48 h
post-seeding (Fig. 4C). Polarized hepatocytes formed bile canaliculi
structures between neighboring cells that contain the MRP2
transporter (see Fig. 4A). Viable cells in the spheroids will cleave
FDA into fluoroscein dye by intracellular esterases which then be
excreted by MRP2 into the bile canaliculi. FDA staining in the
hepatocyte spheroids formed in the sponge showed an accumula-
tion in the bile canaliculus between two cells, starting from 16 h
post-seeding, significantly faster than has been reported in collagen
sandwich which normally occurs between 48 and 72 h post-
seeding [29]. Morphology of the FDA signal resembled the
mouth-like shape of bile canaliculi described elsewhere [30,31],
confirming its proper excretion.

Maintenance of albumin secretion and urea synthesis, markers
of mature differentiated hepatocytes, during extended culture is
a prerequisite for drug safety testing applications [32]. Fig. 4D
demonstrates that these functions were generally better main-
tained in hepatocytes cultured in the HA Gal sponge compared to
the collagen sandwich for at least 7 days. When the hepatocytes
were cultured in collagen sandwich, they had albumin secretion
rate ranging from 57.74 mg/million cells/day to 219.70 mg/million
cells/day for 7 days of culture. Hepatocytes cultured in the sponge
on average secreted albumin at the rate ranging from 127.51 mg/
million cells/day to 1145 mg/million cells/day, showing their peak
on day 5 (Fig. 4D left panel). There was a decrease of secretion to
908.95 mg/million cells/day on day 7. Urea synthesis in sponge-
cultured hepatocytes increased from day 1 (71.31 mg/million
cells/90 min) to day 7 of culture (666.44 mg/million cells/90 min;
Fig. 4A right panel). On average, hepatocytes cultured in collagen
sandwich showed relatively stable and lower urea synthesis rate
in the range of 30.52 mg/million cells/90 min to 40.52 mg/million
cells/90 min.

3.2.4. Hepatocyte spheroids drug-metabolizing enzymes and
transporters maintenance

Maintenance of drug-metabolizing enzymes (CYP1A2, CYP3A2,
CYP4A1, CYP2B2 and CYP2E1) and drug transporter expression
(Mdr1a, Mrp2, Ntcp, Bsep and Oatp1) was examined in hepatocyte
spheroids and compared to sandwich culture. Hepatocyte spher-
oids showed higher expression of CYP1A2, CYP3A2 and CYP4A1
than the hepatocytes cultured in collagen sandwich (Fig. 5A left
panel). The expression of CYP2B2 on day 5 was similar for both
culture configurations. For CYP2E, collagen sandwich culture
slightly outperformed the hepatocyte spheroids culture on day 3;
however on day 5, the spheroid culture showed a 3.42 folds higher
expression of CYP2E than in collagen sandwich.

In addition to drug-metabolizing enzymes, various drug
transporters known to be expressed in liver were analyzed. These
transporters are involved in the influx of endogenous substances
and xenobiotics into liver, or conversely the efflux of endogenous
substances and xenobiotics into the bile or blood [33]. Together
with CYPs, these transporters mediate clearance of drugs from
liver. Bsep, Mdr1a, and Mrp2 are efflux transporters which are
present on the apical canalicular membrane [34,35]. Oatp1 and
ntcp are located in the basolateral membrane and act as influx
transporters. On day 3 and 5 in culture, we observed a modest
upregulation of Mrp2 in the hepatocyte spheroids at 2.6 folds and
1.7 fold, respectively (Fig. 5A). On day 3, Oatp1 had similar
expression in hepatocytes cultured in both culture configurations.
On day 5, however, there was a drastic upregulation (13 folds) in
the sponge culture. Mdr1a expressions for both culture
configurations were similar for both days 3 and 5. For both Ntcp
and Bsep expression on both day 3 and day 5, hepatocyte spher-
oids exhibited lower level expression than the collagen sandwich
culture.

For all three cytochrome P450s in the drug induction experi-
ments, the basal levels in the sponge-cultured hepatocyte spher-
oids showed higher metabolite production than the collagen
sandwich (Fig. 5BeD). This reflected an improved ability of hepa-
tocyte spheroids in metabolizing drugs and correlated with the
upregulation of drug-metabolizing enzyme expression in hepato-
cyte spheroids at basal level (Fig. 5A left panel). Metabolite
production CYP1A2 induced hepatocyte spheroids showed a higher
absolute amount than the hepatocytes in collagen sandwich,
4973�1327 ng/million cells per 2 h and 1449�173 ng/million cells
per 2 h, respectively, as well as a higher fold of metabolite
production activity between induced and basal levels, 18.67 folds
for spheroids versus 6.66 folds for collagen sandwich (Fig. 5B). For
CYP2B2 induction, induced hepatocyte spheroids and collagen
sandwich exhibited an absolute value of metabolite production of
73.91 � 1.90 ng/million cells per 2 h and 43.96 � 7.18 ng/million
cells per 2 h, respectively, but reflecting a similar 4.53 and 4.64 folds
change over basal levels in both culture configurations (Fig. 5C). For
CYP3A2 induction, the absolute value of metabolite production of
the induced spheroids culture showed a lower value than collagen
sandwich culture, 139.85 � 9.14 ng/million cells per 2 h and
541.38 � 132.83 ng/million cells per 2 h, respectively (Fig. 5D). This
translated into a 6.53 and 31.98 folds induction over basal levels for
each of the culture configurations. The 6.53 folds induction of
metabolic activity for CYP3A2 over basal levels is still considered
significant.

3.3. Drug absorption properties comparison of cellulosic sponge
and other commonly used scaffolds

To be useful in drug safety testing it is important to charac-
terize absorption of different classes of commonly used drugs in
the sponge platform. Eight drugs with differing hydrophilicity and
net charges were chosen. The definition of hydrophobic and
hydrophilic drugs was determined based on drug partition coef-
ficients (log P), where hydrophobic drugs have log P >> 0 and
hydrophilic drugs have P � 0. For comparison, drug absorption
experiment was performed with three other scaffolds for hepa-
tocyte culture in vitro, i.e. collagen gel, PuraMatrix� gel, and
Reinnervate polystyrene scaffolds [6,36,37]. The drug absorption
properties of two tested hydrophobic drugs were found to be
dependent on the solubility limit of each drug (Fig. 6). Testos-
terone with low water solubility (23.4 mg/mL) and bulky chemical
structure was found to be severely absorbed by all four tested
scaffolds. WY14643, another hydrophobic drug with higher water
solubility (40 mg/mL), showed 9%, 14%, 24% and 0% drug absorption
to the HA Gal sponge, collagen gel, PuraMatrix� gel and Rein-
nervate scaffold, respectively. For the hydrophilic drugs with
positive and negative charges, HA Gal sponge absorbed at most
10% of the tested drugs, which was less than the collagen gel and
PuraMatrix� gel but more than Reinnervate scaffold. Hydrophilic
drugs with neutral net charges such as nicotine and caffeine were
29% and 19% absorbed in the HA Gal sponge, respectively. This was
comparable to the extent of adsorption by collagen gels, 23% and
29%, respectively. PuraMatrix� gel absorbed 45% and 32% of
nicotine and caffeine, respectively. Reinnervate scaffold absorbed
5% and 11% of nicotine and caffeine, respectively. The significant
absorption of hydrophilic drugs with neutral net charges to the
sponge correlated with the net neutral charge of the sponge
(shown by its Zeta potential in Fig. 2E). In most of the tested drugs
for drug absorption, the HA Gal sponge outperformed the collagen



Fig. 3. Hepatocyte spheroids formation in cellulosic sponge. A) Rat hepatocyte cultured in 3 different platforms. Scale bar is 100 mm. Diameter of hepatocyte spheroids formed on
PET Gal membrane on day 3: 39.8 � 8.1 mm, day 6: 108.1 � 19.2 mm, and in HA Gal sponge day 1: 46.1 � 9.3 mm, day 3: 55.7 � 21.1 mm, day 6: 60.7 � 15.9 mm, B) SEM Images of
hepatocyte spheroids formed in HA Gal sponge. Arrow in the tethered spheroid figure indicates the tethering location of the spheroid on sponge surface. C) Hepatocyte spheroids
viability, D) Time-lapse images of hepatocyte spheroids formation in HA Gal sponge.

B. Nugraha et al. / Biomaterials 32 (2011) 6982e6994 6989
sandwich, which is the commonly used biomatrix for hepatocyte
culture.
4. Discussion

We have conjugated galactose ligands onto cellulosic sponges
by using D-(þ)-galactosamine, which is commercially available,
more cost effective and readily useful for large-scale synthesis
than customized 1-O-(6-aminohexyl)-D-galactopyranoside (AHG),
which has been used previously [11,38,39]. The absence of a hexyl
spacer in galactosamine compared to AHG was found only critical
in the early stage of cell attachment kinetics, as shown by the
comparison of HepG2 cells adhesion energy on the polyethylene
membrane conjugated with AHG and lactobionic acid [40]. Unlike
other hydrogels, the macroporous networks in our cellulosic
sponge support the in situ formation and maintenance of polarized
hepatocyte spheroids [41e43]. The cellulosic sponge, which acts as
a hepatocyte substratum anchor, did not prevent cell aggregation,
as would normally happen in cell culture platforms with excessive
extracellular matrix presentation [44]. In addition, galactose pre-
sented chemical cues to the hepatocytes to reorganize into 3D
spheroids, while the macroporous structure constrained and
tethered them physically. Since the galactose ligand only interacts
weakly with ASGPR receptors in the hepatocyte cell membrane
[11], it is the combination of the physical and chemical cues in the
sponge which is important in establishing stable constrained
hepatocyte spheroids.

Cellulosic sponges were fabricated in large-scale with thin
dimensions to reduce drug absorption. Compared to other scaf-
folds used for cultivation of hepatocyte spheroids, our sponge has
a softer mechanical stiffness (E < 10 kPa) [37,45], durable mac-
roporosity and is fabricated without chemical cross-linkers, yet
crosslinked through stable chemical bonds [21]. The soft stiffness
of the sponge will prevent cell spreading, which is important for
maintenance of the mature hepatocyte phenotypes [18].

Hepatocytes cultured as 3D spheroids in the cellulosic sponge
were tethered onto the sponge surface, which has nano-
roughness, and constrained within the macroporosity of the
sponge. Hepatocyte spheroids started to form at 7 h post-seeding
with a gradual increase in cell boundary tightness. They exhibited
maintenance of cell viability for 7 days in culture, polarity markers
and 3D cell morphology including a cortical F-actin cytoskeleton
and tight cellecell junctions. At 16 h post-seeding they have
excreted fluorescein dyes into bile canaliculi-like structures, which
was faster than the other platforms used to form hepatocyte
spheroids or collagen sandwich cultures [12,29,46]. These trans-
lated into high level of albumin secretion and urea synthesis,
which were significantly higher than collagen sandwich culture.
Compared to other galactosylated scaffolds used for culturing
primary rat hepatocytes, hepatocytes cultured in cellulosic
sponges also showed relatively higher maintenance of albumin



Fig. 3. (continued).
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secretion and urea synthesis at least two fold [47e49]. Hepatocyte
spheroids constrained in the sponge expressed multiple phase 1
CYP450 enzymes and drug transporters at the same or higher level
than hepatocytes cultured in collagen sandwich with the excep-
tion of Ntcp and Bsep.
When these spheroids were incubated with known P450
inducers such as b-naphthoflavone (CYP1A2), phenobarbital
(CYP2B2), or pregnenolone-16a-carbonitrile (CYP3A2), the abso-
lute value of metabolite production of CYP1A2, CYP2B2 and
CYP3A2 were elevated, respectively. Levels of drug metabolites



Fig. 4. Cellular characterizations of hepatocyte spheroids. A) Immunofluorescence of mature hepatocyte markers (scale bar 20 mm), B) Transmission Electron Microscopy images at
48 h post-seeding (scale bars for i and ii are 1 mm and 0.5 mm, respectively. TJ: Tight Junction, BC: Bile Canaliculi, Mv: Microvili, M: Mitochondria), C) Fluorescein diacetate excretion
of hepatocytes in collagen sandwich (CS) and sponge (HA Gal) at different time intervals (scale bar 20 mm), D) Albumin secretion and urea synthesis function of hepatocyte in the
sponges and collagen sandwich. **p value < 0.05 and *p value < 0.1.
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under basal conditions, as measured by LC/MS, in the hepatocyte
spheroids cultured in the sponge were higher compared to the
collagen sandwich (Fig. 5BeD). Upon drug inductions, the amount
of metabolites increased even more in the hepatocytes cultured
in HA Gal sponge, while only true for CYP1A2 and CYP2B2, the
major CYPs in rat hepatocytes [50e52]. Similar induction folds of
CYP2B2 in sponge and collagen sandwich culture were correlated
to the reduction of CYP2B2 expression in hepatocyte spheroids
between day 3 and day 5 to a similar level with the collagen
sandwich culture on day 5 (Fig. 5A left panel). CYP3A2 showed
lower but still significant level of induction. The sponge exhibited
lower or comparable drugs absorbency than collagen gel,
Puramatrix� gel and Reinnervate scaffold. Overall, the galactosy-
lated cellulosic sponge supports the uniform formation,
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maintenance and functions of hepatocyte spheroids that are useful
for drug safety testing.
5. Conclusion

We have synthesized and fabricated a galactosylated macro-
porous cellulosic hydrogel sponge as a platform to culture hepato-
cytes as 3D spheroids for drug safety testing applications. The soft
macroporous cellulosic sponge with conjugated galactose facilitates
the formation of hepatocyte spheroids by presenting both the
mechanical cues (via matrix rigidity) and chemical cues for the
hepatocytes to reorganize into 3D spheroidswithin 7 h post-seeding.
The constrained hepatocyte spheroids maintain cell viability, cell
polarity markers, and 3D cell morphology. These translate into
maintained hepatocyte-specific functions and expression of drug
metabolic enzymes and drug transporters. Furthermore, hepatocyte
spheroids grown in the sponge show inducibility of various drug-
metabolizing enzymes including CYP1A2, CYP2B2 and CYP3A1, with
higher basal drug-metabolizing expression. The sponge has
comparable or lower drug absorbency as other cell culture scaffolds.
Importantly, sponge fabrication is amenable for large-scale produc-
tion and high-throughput screening. Cell seeding into the sponge
involves simple steps similar to high-throughput 2D cell cultures.
Together, this platform provides a promising tool for hepatocyte-
based drug safety testing. As other cells such as stem cells, neuro-
blasts and cardiomyocytes also show more mature phenotypes
when cultured as spheroids, cellulosic sponges may have broad
applications in other areas of pharmaceutical research.
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