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 Development of artifi cial tissues providing the proper geometrical, mechanical, and environ-
mental cues for cells is highly coveted in the fi eld of tissue engineering. Recently, microfab-
rication strategies in combination with other chemistries have been utilized to capture the 
architectural complexity of intricate organs, such as the liver, in in vitro platforms. Here it 
is shown that a biofunctionalized poly (ethylene glycol) (PEG) hydrogel scaffold, fabricated 
using a sphere-template, facilitates hepatic sheet formation that follows the microscale pat-
terns of the scaffold surface. The design takes advantage of the excellent diffusion properties 
of porous, uniform 3D hydrogel platforms, and the enhanced-cell–extracellular matrix inter-
action with the display of conjugated collagen type I, which 
in turn elicits favorable Huh-7.5 response. Collectively, the 
experimental fi ndings and corresponding simulations dem-
onstrate the importance of biofunctionalized porous scaf-
folds and indicate that the microscaffold shows promise in 
liver tissue engineering applications and provides distinct 
advantages over current cell sheet and hepatocyte spheroid 
technologies. 
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  1.     Introduction 

 Microfabrication strategies enable the development of 
artifi cial tissues based on mimicking in vivo cellular envi-
ronments, including geometrical, mechanical, and envi-
ronmental cues along with effi cient nutrient and waste 
transfer. [ 1–5 ]  With emerging advances in 3D materials 
fabrication, there are new opportunities to design tissue 
engineering platforms that overcome the shortcomings of 
conventional 2D substrates. [ 6,7 ]  As one of the most archi-
tecturally complex organs in the human body, the liver 
has motivated numerous 3D design strategies, including 
liver cell (or so-called hepatocyte) encapsulation within 
matrices, [ 8–10 ]  spheroid culture, [ 11–14 ]  sandwich hydro-
gels, [ 15,16 ]  cell sheet engineering, [ 17–23 ]  and macroporous 
scaffolds. [ 24 ]  Based on the results obtained with various 3D 
platforms comprised of natural or synthetic biomaterials 
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as well as with rigid 2D polymeric substrates, there is gen-
eral agreement that structural and functional properties 
of cultured hepatocytes more faithfully mimic the in vivo 
phenotype in 3D platforms. [ 25,26 ]  

 One of the most promising 3D scaffolds entails a 
microstructured hydrogel platform that provides hex-
agonally packed interconnected spherical cavities in 
order to promote cell aggregation and the formation of 
a cellular spheroid in each cavity, as demonstrated for 
hepatocytes and other cell types. [ 27–32 ]  In order to create 
highly uniform microscale cavities for tunable spheroid 
size, the scaffold can be fabricated by inverted colloidal 
crystal (ICC) templating and utilizes nonfouling poly-
meric materials which minimize cell–scaffold interac-
tions while taking advantage of the porous network for 
high mass transfer rates. Although the spheroid model 
is well accepted in liver tissue engineering, [ 33 ]  there are 
high rates of necrosis at the spheroid core and accordingly 
motivation to develop new materials-inspired strategies 
to induce the formation of cell aggregates with different 
morphologies. 

 Herein, we report a new biofunctionalized hydrogel 
microscaffold that promotes hepatic sheet morphology 
with improved rates of cell viability and function. The 
recent advent of cell sheet technology and its growing 
success as a cell culture system reaffi rm the importance 
of this aggregate morphology. In contrast to existing ICC-
templated hydrogel scaffolds that promote weak-cell–
scaffold interactions, our design involves the conjuga-
tion of Type I collagen (Col I)—which is known to bind to 
cell surface integrins and infl uence cell behavior—to the 
poly mer scaffold, thereby establishing a bioactive plat-
form that takes advantage of the diffusion properties of 
the 3D platform while facilitating the formation of sheet-
like tissue architectures that follow the microscale pat-
terns of the scaffold surface.  

  2.     Research and Discussion 

 As the basis for our design strategy, we employ poly (eth-
ylene glycol) diacrylate (PEG-DA) ICC scaffolds that 
are functionalized with chemically reactive acryloyl-
PEG-NHS groups. Using standard EDC/NHS chemistry, 
these functional groups enable the covalent attach-
ment of Col I to the scaffold surface with tunable protein 
coating densities. A schematic of the ICC fabrication and 
coating process is presented in Figure  1 A. A major advan-
tage of the ICC system is that the pore size and the size 
of necks between pores are controlled by the size of the 
porogen particles used, which in turn controls the size 
of the hepatocyte spheroids formed. We use 140 μm dia-
meter polystyrene (PS) beads in order to not exceed the 
maximum penetration depth of oxygen (the diffusion 

limit of oxygen in tissue is around 150–200 μm [ 34 ] ). Scan-
ning electron micro scopy (SEM) images of the scaffolds 
after particle leaching confi rm the successful creation 
of aesthetically distinguished pore cavities with inter-
connectivities (Figure  1 B). Quantifi cation of the pore 
structure demonstrated a unimodal distribution of pore 
sizes with a mean diameter of 102.3 ± 9.3 μm (Figure  1 C) 
and a mean interconnection diameter of 38.6 ± 4.3 μm 
(Figure  1 D). Subsequent conjugation of Col I at concentra-
tions of 20 μg mL −1  (Collagen 20), 200 μg mL −1  (Collagen 
200), and 400 μg mL −1  (Collagen 400) resulted in thin uni-
form coatings along the surface of the hydrogel scaffolds, 
especially as the concentration of collagen increased 
(Figure  1 E; Figure S1, Supporting Information). The topo-
graphical intricacies of the coated scaffolds imaged using 
SEM reveal an interwoven fi ber mesh network on the 
scaffold surface, which is also more pronounced at higher 
collagen concentration (Figure  1 F).  

 After verifying the intact and ordered ICC scaffolds 
with and without collagen coating, we next hosted 
human hepatocarcinoma cells (Huh-7.5) in the scaffolds 
as a model system in order to understand the effects of 
scaffold design on hepatocyte function. These cells were 
successfully cultured in the collagen-conjugated ICC scaf-
folds for a period of up to 2 weeks. Higher cell prolifera-
tion was observed when the cells were cultured in the 
bare 3D scaffolds compared to the 2D plate hepatocyte 
culture, as determined quantitatively by a cell counting 
assay kit (Figure  2 A) and qualitatively by live/dead 
staining (Figure S2, Supporting Information). For the Col-
lagen 200-coated scaffold, the proliferation of hosted cells 
was threefold higher and almost twofold higher than that 
of the 2D culture platform and the nonfunctionalized 
ICC scaffold, respectively. Further characterization of cell 
behavior using albumin ELISA demonstrated a positive 
correlation between collagen coating concentration and 
hepatocyte albumin secretion and a threefold increase 
in comparison to the nonfunctionalized ICC scaffold 
(Figure  2 B).  

 Specifi c morphological differences observed through 
SEM images of the cell-laden scaffolds revealed that the 
cells aggregated form a spheroid in nonfunctionalized ICC 
scaffolds (Figure  2 C), as shown in previous studies. [ 28,31,35 ]  
In stark contrast, the presence of the ECM coating redi-
rects the assembly of hepatocytes into a channel where 
the cells are located primarily near the walls of the scaf-
fold and form cell sheet-like aggregates aligning with the 
architecture of the scaffold. As the cells proliferate, they 
continue to line the walls of the cavities, and with this 
process of 3D self-assembled layering on the negatively 
curved surface the interconnections reach confl uency by 
day 7. 

 To further characterize the cell-sheet-like assembly, 
we stained cells for albumin, F-actin, and nuclei, and 
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 Figure 1.    PEG-DA hydrogel scaffold fabrication by ICC templating and Col I-functionalization. A) Schematic illustrating the fabrication process 
of ICC scaffolds. B) SEM micrographs of colloidal crystals made from 140 μm polystyrene beads (left) and ICC scaffold at different magnifi ca-
tion. Red arrows point to the interconnections between pores. Analysis of the SEM micrograph by ImageJ allowed histogram construction 
of C) pore and D) interconnection diameters. The ICC hydrogels were freeze-dried before imaging, resulting in the shrinkage of the pore and 
interconnection diameters. E) Confocal microscopy images of the ICC scaffolds after functionalization with different concentrations of Col I 
(20, 200, and 400 μg mL −1 ). Col I was stained with a specifi c Col I antibody (green). F) SEM images of ICC scaffold coating with collagen, after 
dehydration process, showed collagen fi bril in a dose dependent manner. Scale bars are B) 100 μm, E) 200 μm, and F) 5 μm. 
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imaged them using confocal microscopy (Figure S4, Sup-
porting Information). In accordance with the SEM images, 
the immunofl uorescent images confi rmed that non-
functionalized ICC scaffolds support spheroid formation 
(Figure  3 A) while the collagen-coated scaffolds promote 
formation of 3D sheet-like cell aggregates. Quantifi ca-
tion of the multilayer cell sheet thickness demonstrated 
that cells could self-assemble into up to three cell layers 
(≈27 μm thick) by day 14 (Figure  3 B). [ 20 ]  The dramatic 
alteration of morphology in the collagen-coated ICC scaf-
folds and the enhanced albumin secretion by the Huh-
7.5 cells demonstrate the functional importance of the 
improved cell-ECM and cell–cell interactions.  

 To investigate the underlying molecular mechanism 
behind the multilayer cell sheet phenomenon observed in 
the Col I-functionalized hydrogel scaffolds, we analyzed 

the gene expression profi le for three adhesion pro-
teins using real time PCR: integrin β1, E-cadherin, and 
N-cadherin. Integrins are a large family of proteins that 
function to link the cells and the ECM proteins. [ 36 ]  In the 
case of α5β1-integrin and collagen, integrin-ECM medi-
ated cell contacts have been shown to regulate spheroid 
formation. [ 37 ]  E-cadherin plays a vital role in mediating 
cell–cell adhesion in several cell types, including primary 
hepatocytes. [ 38 ]  Importantly, we observed that E-cadherin 
was the major adhesion molecule expressed in a col-
lagen dose-dependent and time-dependent manner in 
our system (Figure S4A, Supporting Information). In the 
Collagen 400-coated ICC scaffolds, E-cadherin was highly 
upregulated in comparison to the nonfunctionalized ICC 
group on day 14 (≈fourfold), which suggests an increased 
level of homotypic cell interactions in the multilayer 
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 Figure 2.    Evaluation of Huh-7.5 cell proliferation, function, and attachment pattern in 3D ICC scaffolds. Huh-7.5 cells (10 6 ) were seeded in 2D 
culture plates or 3D ICC scaffolds coated with or without collagen. After cell seeding on Day 0, A) cell proliferation was quantifi ed by CCK-8 
colorimetric assay on days 1, 4, 7, 10, and 14. The data were normalized to Day 1 absorbance values and then converted into percentages of 
the control ( n  = 3, mean ± SD; ***:  p  < 0.001 versus day 1 each group). B) Albumin secretion was detected from collected media samples, on 
the days indicated above, using human albumin ELISA. Albumin secretion was normalized by cell number according to cell metabolism rate. 
C) SEM micrographs of cell-laden ICC scaffolds with different concentrations of Col I on day 1 and day 7 (scale bars 100 μm and 10 μm for 
low and high magnifi cation, respectively) were taken after fi xation and dehydration, indicating the different cell growth patterns.
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assembly. The gene expression levels of N-cadherin 
(Figure S4B, Supporting Information) and Integrin β1 
(Figure S4C, Supporting Information) were slightly upreg-
ulated by the presence of higher doses of collagen (Col-
lagen 200 and Collagen 400), indicating the role of cell–
ECM interactions in the hydrogel scaffold. 

 Based on the experimental evidence, we employed 
2D Monte Carlo (MC) simulations of cell proliferation in 
two adjacent cavities connected by a neck (Figure  4 ; for 
the details, see Section 3 in the Supporting Information) 
in order to illustrate the role of cell–cell and cell–scaffold 
adhesion in cell aggregation and to clarify how this pro-
cess can infl uence the connectivity of pores. If cell–sur-
face adhesion is negligible or weak (e.g., nonfunctional-
ized ICC), then cell proliferation results in cell aggregation 
and spheroid formation in the center of the cavities. On 
the other hand, if cell–surface adhesion is moderate or 
strong (e.g., ECM-coated ICC), then cell aggregation and 

growth occurs primarily near the scaffold surface, leading 
to multilayer hepatocyte sheet formation. These simula-
tions yield excellent agreement with the experimental 
fi ndings and further support that the ECM functionali-
zation promotes hepatic-like sheet formation through 
induction of strong cell–surface adhesion. A comparative 
strategic schematic of the hepatocyte spheroid and multi-
layer hepatocyte sheet formation in the absence and pres-
ence of an ECM coating is presented in Figure S5 in the 
Supporting Information.  

 Irrespective whether cells are aggregated as spheres 
or sheets, their location is nearly close-packed, and the 
mass transport in the space between cells is ineffi cient. 
With increasing hepatosphere size above 200–400 μm, 
the cell proliferation can accordingly be limited or termi-
nated by the supply of oxygen and nutrients and removal 
of metabolites. [ 31 ]  In our scaffolds, the size of aggregates 
restricted by the size of cavities is smaller. In this case, 
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 Figure 3.    Characterization of hepatic multilayer sheet formation in 3D ICC scaffold depending on the collagen concentration and the culture 
time period. A) DIC and immunofl uorescent images of Huh-7.5 cells on day 14, taken by confocal microscopy, showed the multilayer sheets 
formed by the cells. Albumin (green) was stained by Alexa Fluor 488-conjugated second antibody, f-actin (red) was stained by Alexa Fluor 
555-labeled phalloidin, and nuclei (blue) were counterstained by DAPI. B) Cell multilayer thickness was quantifi ed by analyzing the confocal 
images with ImageJ. The thickness of fi ve points on each image was measured and averaged ( n  = 3).
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the supply of oxygen and/or nutrient can, however, be 
limited at the level of a scaffold, i.e., there is critical scaf-
fold size. Our analysis, based on the conventional reac-
tion–diffusion equations (Section 4, Supporting Informa-
tion), indicates that the critical scaffold size is about 0.5 
cm, a value larger than the size of our scaffold (0.2 cm). 
Thus, the mass-transport limitations are not signifi cant in 
our case, but should receive attention if the scaffold size is 
increased depending on application needs.  

  3.     Conclusion 

 In conclusion, we have developed a novel biomaterials 
platform that directs the multilayer sheet assembly of 
hepatocytes within an ICC-templated hydrogel scaf-
fold. We were able to control the coating density of Col I 
protein on the surface of the PEG scaffold, which in turn 
allowed enhanced cell–cell and cell–ECM interactions. The 
facile microfabrication techniques and simple chemistries 
employed here to facilitate this cell sheet morphology 
prove more advantageous than existing cell sheet compli-
cated technologies and hepatocyte spheroid platforms. We 
confi rmed the dependence of the cell morphology on the 
adhesion properties of the scaffold by Monte Carlo simu-
lations and clarifi ed analytically the likely changes in the 
cell behavior due to mass-transport limitations in bare 
and ECM-coated scaffolds. This treatment helps to under-
stand the limitations on the size of the whole scaffold. In 
a broader context, the ECM-conjugated porous scaffold 
can be employed for different cell types and can be easily 
tethered with different compositions of ECM proteins with 
the eventual goal to fabricate clinically applicable tissues 
for use in tissue regeneration, transplantation, xenobiotic 
toxicity testing, and liver disease studies. Taken together, 
we demonstrate that materials fabrication strategies 

can be employed to tune the adhesive properties of the 
scaffold, thereby enabling control over cell proliferation 
and aggregation.  

  4.     Experimental Section 

  Synthesis of PEGDA : PEGDA ( M  W  = 4600) was synthesized 
as previously described. [ 39 ]  Briefl y, diol-terminated PEG ( M  W  = 
4600; Sigma) reacted with a 2.5 mol excess of acryloyl chloride 
and triethylamine base catalyst in tetrahydrofuran (THF; Sigma) 
overnight at room temperature. The collected PEGDA was 
then purifi ed by fi ltration, liquid–liquid extraction in dichlo-
romethane, and precipitation in diethyl ether. 

  Preparation of Colloidal Crystal Lattices : Polystyrene (PS) 
spheres ( D  =140 μm; Duke Scientifi c Corporation) were pipetted 
into Eppendorf tube molds and washed with 70% ethanol 
(Merck). The assemblies were placed in an ultrasonic bath to 
arrange the spheres into ordered crystal colloidals (CCs). PS 
spheres were annealed in a furnace at 130 °C for 6 h. 

  Preparation of Prepolymer Solution : To prepare the PEGDA 
solution for scaffolds without a collagen coating, 50% (w/v) 
PEGDA and 0.05% (w/v) Irgacure 2959 (I2959, Sigma) were 
dissolved in deionized water. Similarly, the PEGDA-PEG-NHS 
prepoly mer solution for scaffolds with a collagen coating was 
prepared by thoroughly mixing 50% (w/w) PEGDA, 10% (w/v) 
acryloyl-PEG-NHS (PEG-NHS; Laysan Bio, Inc.), and 0.05% (w/v) 
I2959 in deionized water. 

  Fabrication and Characterization of Inverted Colloidal Crystal 
(ICC) Scaffolds : The prepolymer solution infi ltrated the annealed 
colloidal crystal by centrifugation for 5 min and excess precursor 
solution was removed by blotting. PEGDA and ICC was then 
exposed to 365 nm UV light (Bluewave 200 UV spotlight, Blaze 
Technology) at 10.84 mW cm −2  for 5 min for polymerization. The 
hydrogel and CC complex were then soaked in THF for 24 h to 
dissolve PS spheres completely. ICC scaffolds were washed with 
phosphate buffered saline (PBS; Hyclone) for at least 4 h and ICCs 
containing PEG-NHS were coated in collagen I solution (from rat 
tail; Sigma) by centrifugation and shaking for 30 min and then 
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 Figure 4.    Representative lattice snapshots during MC simulations of cell proliferation in two adjacent cavities connected by a neck. The 
cavities are mimicked by hexagons. The boundary sites shown by open squares represent the scaffold surface. Cells are exhibited by fi lled 
circles. Two series of snapshots correspond to the bare ICC and ECM-coated ICC scaffolds, respectively. The fractions of occupied sites in 
each series are 0.1, 0.2, 0.4, and 0.6.
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stored at 4 °C overnight. The ICC scaffolds were sterilized by 
ultraviolet (UV) light for 30 min before cell culture use. 

  Preparation of Scaffolds for SEM : ICC scaffolds were fi rst fi xed 
with 4% Paraformaldehyde (PFA; Alfa Aesar) and then trans-
ferred sequentially to 25%, 50%, 75%, 95%, and 100% ethanol for 
30 min each and to make sure of proper water removal. The scaf-
folds were stored at −80 °C until ethanol evaporated completely 
and then dried in a freezone 4.5 (Lobconco) freeze drier for 48 h. 
The SEM samples were coated with a Pt fi lm of 10 nm thickness 
using a JFC-1600 (JEOL) sputter coater and the micrographs were 
taken with a JSM-7600F (JEOL) FE-SEM instrument at a voltage of 
5 kV. 

  Cell Culture : Human hepatocarcinoma cells (Huh-7.5; Apath) 
were maintained in Dulbecco’s modifi ed Eagle's medium 
(DMEM; Hyclone) supplemented with 10% fetal bovine serum 
(FBS; Hyclone), 100 U mL −1  penicillin (Life Technologies), and 
100 mg mL −1  streptomycin (Life Technologies) in a humidifi ed 
atmosphere with 5% CO 2  at 37 °C. Medium was changed every 
3 d before cell seeding for 3D cell culture. For cell seeding, the 
ICC scaffolds were placed and washed with PBS in 24-well plates 
(Corning), and kept in 2 mL complete media for 30 min. Media 
were aspirated and scaffolds were dried for 1 h under UV light 
for sterilization. Cells were detached from the culture plate using 
0.25% Trypsin-EDTA solution (Life Technologies) and collected 
cells were adjusted to 4 × 10 7  cells in 1 mL media. A 25 μL volume 
containing 1 × 10 6  cells was carefully pipetted on top of each ICC 
scaffold. After 12 h, cell-seeded ICC scaffolds were transferred 
into new 24-well plates and media was changed every 3 d. 

  Viability and Proliferation Assays of Huh-7.5 within the ICC 
Scaffold : The cell viability in ICC scaffolds was measured using 
the LIVE/DEAD Cell Viability/Cytotoxicity kit (Life Technologies) 
according to manufacturer's protocol. In brief, 4 μM calcein-AM 
and 8 μM ethidium homodimer-1s (EthD-1) were prepared in 
complete media and added to the cell-laden scaffold and incu-
bated at 37 °C. After incubation for 1 h, live cells stained by 
Calcein-AM were imaged as green using a 494–517 nm emission 
fi lter, and dead cells stained by EthD-1 were imaged as red using 
a 517–617 nm emission fi lter by confocal microscope (LSM710, 
Carl Zeiss) under a laser excitation of 488 nm. Cell proliferation 
in ICCs was analyzed quantitatively using Cell Counting Kit-8 
(CCK-8; Dojindo Molecular Technologies) according to the manu-
facturer's instructions. Typically, after cells were incubated with 
CCK-8 for 1 h at 37 °C, the colorimetric culture media were meas-
ured with a plate reader using a 450 nm wavelength. Measured 
absorbance was converted to cell number with a standard curve. 
The experiment was repeated three times. 

  Function Assays of Huh-7.5 within the ICC Scaffold : Aliquots of 
media from cell cultures of the ICC scaffold were collected every 
3 d, debris was removed by centrifugation, and the supernatants 
were stored at −20 °C. Albumin concentration was determined 
using a human albumin enzyme-linked immunosorbent assay 
(ELISA) kit (Abcam) according to the manufacturer's instruc-
tions. The experiment was performed three times, and the data 
for the parameters were normalized against the cell number and 
amount of albumin on Day 1. 

 The transcript levels of regulative and functional genes in 3D 
ICC hydrogel cultures were determined at various time points 
after cell seeding. Primers were chosen with an online primer 
design program; [ 40 ]  primer nucleotide sequences are presented 

in Table S1 (Supporting Information). Isolation of total RNA, 
synthesis of cDNA, and quantitative real-time PCR were carried 
out as described previously. [ 41 ]  In brief, total RNA was isolated 
with TRIzol reagent (Life Technologies), followed by the syn-
thesis of the fi rst strand cDNA with iScript Reverse Transcrip-
tion Supermix (Bio-Rad Laboratories). Next, SYBR green-based 
real-time quantitative PCR (qPCR) was performed with the SYBR 
select Master Mix for CFX (Life Technology) in the CFX connect 
real-time PCR system using amplifi cation mode (95 °C for 20 s, 
followed by 40 cycles of 10 s at 95 °C, and 40 s at 60 °C). All reac-
tions were run three times, and data were analyzed by the 2 −ΔΔCT  
method, as described previously. [ 42 ]  The values were normalized 
against the input determined for the housekeeping gene, glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH). 

  Immunostaining and Confocal Microscopy : Cell-laden ICC scaf-
folds were collected at various time points for immunocytochem-
istry. Cells were washed twice with PBS, fi xed with 4% PFA for 
5 min, permeabilized with 0.1% Triton X-100 in PBS for 30 min, 
washed again with PBS and incubated in a 3% BSA blocking 
buffer in PBS for 1 h. The CYP3A4 and albumin were stained 
with specifi c primary antibody (Santa Cruz Biotechnology) over-
night at 4 °C and then washed three times with PBS to remove 
unbound primary antibody. The cells were incubated with anti-
mouse secondary antibody conjugated with Alexa Fluor 488 
(Life Technologies). At the same time, fi lamentous actin (F-actin) 
was stained with Alexa Fluor 555 labeled phalloidin (Life Tech-
nologies) for 2 h at room temperature. After washing twice with 
PBS, nuclei were stained with 10 μg mL −1  2,6-diamidino-2-phe-
nylinodole, dihydrochloride (DAPI; Life Technologies) for 5 min. 
Stained cell images were captured with a confocal microscope, 
LSM710 with a ZEN program (Carl Zeiss). 

  Statistical Analysis : The signifi cance of differences between 
the groups was studied using the paired two-tailed Student’s 
 t -test. Signifi cance of gene expression was determined using 
GAPDH-normalized 2 −ΔΔCT  values. All data are represented as 
means ± SD. *,  p  < 0.05; **,  p  < 0.01; ***,  p  < 0.001.  

  Supporting Information 

 Supporting Information is available from the Wiley Online 
Library or from the author.  
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