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This paper describes a UV photopatterning of bioactive heparin-based hydrogels on glass substrates. In
this approach, hydrogel micropatterns were formed by UV-initiated thiol–ene reaction between
thiolated heparin and diacrylated poly(ethylene) glycol (PEG-DA). Analysis of gelation kinetics
showed that photo-crosslinked hydrogels formed faster and were stronger when compared to hydrogels
formed by competing Michael addition reaction. To highlight bioactivity of heparin–PEG hybrid gels,
hepatocyte growth factor (HGF) was mixed into prepolymer solution prior to hydrogel patterning.
Immunostaining showed that HGF was retained after 5 days in the hybrid heparin–PEG hydrogel
microstructures but was rapidly released from pure PEG gel microstructures. In a set of experiments
further highlighting bioactivity of microfabricated heparin-based hydrogel, primary rat hepatocytes
were cultured next to heparin and pure PEG hydrogel disks (500 mm in diameter). ELISA analysis
revealed that hepatocytes residing next to heparin-based hydrogels were producing 4 times more
albumin at day 7 compared to cells cultured next to inert PEG hydrogels. In the future, microfabricated
heparin-based hydrogels described in this paper will be employed for designing cellular
microenvironment in vitro and as vehicles for cell transplantation in vivo.

Introduction
Cellular fate in vivo is shaped by interactions with neighboring
cells, extracellular matrix (ECM) and signaling molecules (e.g.
growth factors). It is important to mimic the complexity of these
interactions in order to improve understanding of cues contributing to cell phenotype and to develop surrogate cell culture
systems that better reflect complexity of native tissue.1–3 Micropatterning approaches are particularly suited for designing and
defining cell–microenvironment interactions. A number of such
approaches have been described including microcontact
printing,4 photoresist lithography,5–8 microfluidics,9–11 protein
microarrays12–15 and electrochemical surface switching.16–18
Hydrogels are biomaterials that have been used extensively for
designing cellular interactions in vitro.19,20 Hydrogels may be
broadly grouped into non-fouling and bio-functional categories.
Non-fouling hydrogels are micropatterned to control cell–
surface interactions21–23 while biofunctional gels are being used
for attachment/encapsulation of cells or controlled release of
biomolecules.19,20,24–27 Biofunctionalization of the gel typically
involves incorporation of short peptide motifs to promote cell
attachment or gel digestion. Recently, our laboratory described
a new biofunctional hydrogel formed by Michael type addition
reaction of thiolated heparin and acrylated poly(ethylene glycol)
(PEG) chains.28–30 Heparin is a glycosaminoglycan that is known
to sequester various growth factors (GFs) and ECM proteins via
secondary bond formation.29,31,32 Unlike gels functionalized with
short peptide motifs, our gel contained intact heparin molecules
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(Mw 12 kDa) and proved to be an excellent matrix for GF
release29,33,34 and cell encapsulation/cultivation.34,35
While heparin-based hydrogel has shown considerable
promise, Michael-type addition reaction used for gelation in our
previous experiments was only suited for making large (millimetre-scale) gel objects.36 Recently, Anseth and Salinas described
thiol–ene reaction of thiolated biomolecules and acrylated
PEG.37,38 In the present paper, we investigated fabrication of
heparin hydrogel microstructures using UV-initiated thiol–ene
reaction of thiolated heparin (Hep-SH) and diacrylated PEG
(PEG-DA) (see Fig. 1A for reaction scheme). Resultant hydrogel
micropatterns were bioactive—retaining hepatocyte growth
factor (HGF) after 5 days under physiological conditions and
promoting function of primary rat hepatocytes. In the future, we
envision using microfabricated heparin-based hydrogels in tissue
engineering and stem cell differentiation studies.

Experimental
Chemicals and materials
Glass slides (75  25 mm) were obtained from VWR International, Inc. (Batavia, IL, USA). (3-Acryloxypropyl)trichlorosilane was purchased from Gelest, Inc. (Morrisville, PA,
USA). Heparin (sodium salt, from porcine intestinal mucosa, Mw
12 kDa) was purchased from Cellsus Ins. (Cincinnati, IA, USA).
Poly(ethylene glycol) diacrylate (PEG-DA, Mw 3.4 and 6 kDa,
98% degree of substitution) and tetra-functional poly(ethylene
glycol) sulfhydryl (PEG-SH4, Mw 10 kDa) were purchased from
SunBio Inc. (Anyang, Korea). 4-(2-Hydroxyethoxy) phenyl-(2hydroxy-2-propyl) ketone (Irgacure 2959) was purchased from
Ciba Specialty Chemicals Inc. (Basel, Switzerland). Sulfuric acid,
hydrogen peroxide, ethanol, epidermal growth factor (EGF),
collagenase type IV, bovine serum albumin (BSA), hepatocyte
growth factor (HGF), and toluidine blue O were purchased from
Soft Matter
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Fig. 1 (A) Schematic representation of UV-initiated thiol–ene reaction between thiolated heparin and acrylated PEG. The gelation time for this
polymerization reaction was less than 10 s. Gelation kinetics (B) and the final gel strengths (C) of hydrogels formed by UV photo-crosslinking: (-)
heparin-based hydrogel formed with thiolated heparin and PEG-DA, (C) PEG hydrogel formed with 4-arm thiolated PEG and PEG-DA, (:) PEG
hydrogel containing physically incorporated heparin and PEG-DA, (;) heparin-based hydrogel formed with thiolated heparin and PEG-DA by
Michael type reaction without UV irradiation. Results show faster gelation of heparin hydrogel (-) and PEG hydrogel (C) formed by UV-initiated
polymerization compared to Michael-type addition. In addition, heparin hydrogel (-) and PEG hydrogel (C) formed by photopolymerization were
stronger compared to gels formed by Michael addition.

Sigma-Aldrich (St Louis, MO, USA). Glucagon and recombinant human insulin were obtained from Eli Lilly and Company
(Indianapolis, IN, USA), and hydrocortisone sodium succinate
was obtained from Pfizer Inc. (Ann Arbor, MI, USA). Concentrated phosphate-buffered saline (10 PBS) was purchased from
Lonza (Walkersville, MD, USA). Dulbecco’s modified Eagle’s
medium (DMEM), sodium pyruvate, nonessential amino acids,
fetal bovine serum (FBS), and penicillin/streptomycin were
purchased from Invitrogen (Carlsbad, CA, USA). Human HGF
antibody and Goat IgG secondary antibody—H&L (HRP) were
purchased from Abcam Inc. (Cambridge, MA, USA). Metal
enhanced DAB substrate kit was obtained from Thermo Scientific Inc. (Rockford, IL, USA). Rat albumin ELISA kit was
obtained from Bethyl Laboratories (Montgomery, TX, USA).
Formalin was purchased from Fisher (Pittsburgh, PA, USA).
Goat anti-rat IgG fluorescein isothiocyanate was purchased from
Santa Cruz Biotechnologies, Inc. (Santa Cruz, CA, USA).
Mounting medium with DAPI was purchased from Vector
Laboratories, Inc. (Burlingame, CA, USA).
Characterizing gelation kinetics
Gelation was characterized with respect to changes in rheological
properties using a rheometer (Gemini, Malvern Instruments,
UK). A transparent parallel plate geometry sample holder (gap:
0.3 mm and diameter: 15 mm) with a transparent solvent trap
Soft Matter

made of PMMA to allow UV irradiation but prevent drying
during measurements and a roughened surface to prevent slippage of sample was used. An oscillatory time sweep at 1 rad s1
frequency for gelation kinetics, and a frequency sweep from 0.1
to 100 rad s1 with 1% shear strain in the linear viscoelastic range
for gel strength after gelation were used. Under room temperature (25  C), 60 mL of samples were loaded and exposed to
365 nm, 18 W cm2 UV light using an OmniCure series 1000 light
source with an irradiation distance of 3 cm between the sample
and the UV source. Gelation was subsequently characterized by
monitoring the changes in elastic modulus (G0 ) at 25  C
controlled by a Peltier plate. The frequency sweep of the modulus
at the final stage of polymerization was characterized to verify
the gel formation. Gelation profiles for four different types of
hydrogels were characterized: (1) heparin-based hydrogel formed
by UV-initiated reaction of thiolated heparin (40% thiolation)
and PEG-DA (6 kDa), (2) PEG hydrogel formed by UV-initiated
reaction of 4-arm thiolated PEG (10 kDa) and PEG-DA (3.4
kDa), (3) hydrogel formed by UV-initiated polymerization of
unmodified heparin and PEG-DA, and (4) hydrogel formed by
Michael type reaction of thiolated heparin and PEG-DA by
Michael type reaction without UV irradiation at 25  C. Final
concentration of hydrogel was 10% w/v in all cases. The four
types of hydrogel were studied to determine: (a) the importance
of thiolation for integration of heparin into hydrogel network—
comparison of (1) and (3), (b) the possibility that Michael type
This journal is ª The Royal Society of Chemistry 2010
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addition reaction was competing with UV-initiated thiol–ene
reaction—comparison of (1) and (4), (c) the importance of
heparin incorporation for bioactivity of hydrogel microstructures—comparison of bioactivity of (1) and (2). Control PEG
hydrogels were prepared by using tetra-functional poly(ethylene
glycol) sulfhydryl (PEG-SH4, 10 kDa) and 3.4 kDa PEG-DA
(1 : 1 molar ratio of thiol group and acrylate group) with similar
physical and mechanical properties to those of heparin-based
hydrogels. In all cases, total concentration of gel precursors was
set to be 10% w/v.
Surface modification of glass substrate
Silane modification was used to anchor gel structures to glass.
Glass slides were cleaned by immersion for 10 min in piranha
solution consisting of three parts of sulfuric acid (95% v/v in
water) and one part hydrogen peroxide (35% w/v in water). Glass
slides were then thoroughly rinsed with deionized (DI) water,
dried under nitrogen, and kept in a class 10000 clean room at
room temperature. Prior to silane modification, the glass slides
were treated in an oxygen plasma chamber (YES-R3, San Jose,
CA, USA) at 300 W for 5 min. For silane modification, glass
substrates were placed in 2 mM solution of 3-acryloxypropyl
trichlorosilane in anhydrous toluene for 1 h. The reaction was
performed in a glove bag under nitrogen purge to eliminate
atmospheric moisture. After modification, the slides were rinsed
with fresh toluene, dried under nitrogen, and cured at 100  C for
2 h. Silane modified slides were placed in a desiccator until
further use.
Micropatterning of hydrogels on silane-modified glass surfaces
Heparin-based hydrogels were prepared by UV-initiated thiol–
ene polymerization of thiolated heparin (Hep-SH) and diacrylated poly (ethylene glycol) (PEG-DA). 40% thiolated Hep-SH,
prepared as reported previously,30 and 6 kDa PEG-DA (1 : 1
molar ratio of thiol group and acrylate group) were dissolved in
PBS containing 1% w/v photo-initiator, 4-(2-hydroxyethoxy)
phenyl-(2-hydroxy-2-propyl) ketone (Irgacure 2959), in 70% v/v
ethanol. This precursor solution was applied onto the silanetreated glass surface containing terminal acrylate functional
groups and was covered with a cover slip (25  25  0.13 mm) to
create a uniform prepolymer layer sandwiched between two glass
substrates. Next, a photomask was placed on top of the liquid
prepolymer layer and was exposed to 365 nm, 18 W cm2 UV
light using an OmniCure series 1000 light source (EXFO, Vanier,
Quebec, Canada). The regions exposed to UV light underwent
polymerization and became cross-linked, while unexposed
regions were dissolved after immersion in DI water. Manual
dispensing of prepolymer allowed us to conserve customsynthesized thiolated heparin (only 10 ml prepolymer solution is
needed to micropattern 1  1 in glass piece). However, exposure
of the prepolymer layer through a 130 mm thick glass cover slip
limited hydrogel feature size to 30 mm. Use of spin-coating and
more precise control of the gap between photosensitive polymer
and the photomask will allow us to decrease the feature size for
hydrogel micropatterns in the future.
Toluidine blue O staining of hydrogel microstructures was
performed as described by Gosey et al.39 Staining of negatively
This journal is ª The Royal Society of Chemistry 2010

charged heparin molecules in the hydrogel micropatterns by this
dye (purple color) was visualized using optical microscopy (Zeiss
Axiovert 40, Carl Zeiss, NJ, USA). Toluidine blue O staining was
performed on three types of hydrogel micropatterns: (1) hydrogels created by UV-initiated thiol–ene reaction of Hep-SH and 6
kDa PEG-DA, (2) hydrogels created by free-radical polymerization of unmodified heparin (Mw 12 kDa) and 6 kDa PEG-DA
(same molar ratio of heparin and PEG-DA in case (1), and (3)
hydrogels created by UV-initiated thiol–ene reaction of tetrafunctional PEG-SH (10 kDa) and 3.4 kDa PEG-DA (1 : 1 molar
ratio of thiol group and acrylate group). These three types of
hydrogels had similar mechanical properties33 but differed in
terms of the presence of heparin molecules and their covalent
integration into the gel. In all cases, total concentration of gel
precursors was set to be 10% w/v.
HGF retention in hydrogel microstructure
Equal amounts of 20% w/v hydrogel and 1 mg mL1 HGF were
mixed to form a final concentration of 10% w/v hydrogel containing 0.5 mg mL1 HGF. Two types of precursor solutions
were used: (1) heparin-based hydrogel formed with thiolated
heparin (40% thiolation) and PEG-DA (6 kDa) and (2) PEG
hydrogel formed with 4-arm thiolated PEG (10 kDa) and PEGDA (3.4 kDa). Hydrogel micropatterns were prepared on glass
substrates as described in the previous section and were stored at
37  C in 1 PBS for up to 5 days. The hydrogel micropatterns
were immunostained at days 1 and 5 to check the amount of
retained HGF. First, samples were incubated with the human
HGF antibody (diluted 1 : 2000 in blocking solution) for 2 h at
37  C and washed twice in 1 PBS solution. Next, samples were
incubated with Goat IgG secondary antibody—H&L (HRP)
(diluted 1 : 5000 in blocking solution) for 1 h at room temperature followed by washing in PBS solution. To visualize the
presence of HGF, a DAB (3,30 diaminobezidine) color reagent
(Thermo Scientific Inc. Rockford, IL, USA) was diluted 1 : 10 in
peroxide buffer and incubated with hydrogel micropatterns for
10 min at room temperature in the dark Brown color due to HGF
immunostaining was observed by brightfield microscopy.
Cell patterning around heparin-hydrogel microstructures
Primary rat hepatocytes were employed in our studies. Cells were
isolated from adult female Lewis rats (Charles River Laboratories, Boston, MA) weighing 125–200 g, using a two-step collagenase perfusion procedure described previously.40 Typically,
100–200 million hepatocytes were obtained with viability >90%
as determined by trypan blue exclusion. Primary hepatocytes
were maintained in DMEM supplemented with epidermal
growth factor (EGF), glucagon, hydrocortisone sodium succinate, recombinant human insulin, 200 units per mL penicillin,
200 mg mL1 streptomycin and 10% FBS. Prior to cell seeding,
hydrogel micropatterns were formed on silane-coated glass
substrates using the protocol described earlier. The substrates
were then incubated with collagen I solution (0.1 mg mL1) for 20
minutes, washed in 1 PBS solution, rinsed in DI water and
dried using nitrogen. The surfaces were placed into a 12-well
plate and exposed to 3 mL of rat primary hepatocytes suspended
in culture medium at a concentration of 1  106 cells mL1. After
Soft Matter
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1 h of incubation at 37  C, hepatocytes became localized on
collagen regions, but did not attach on top of the hydrogel. The
samples were then washed twice in PBS to remove unbound
hepatocytes and fresh media were added to the sample well.
Murine 3T3 fibroblasts were maintained in DMEM supplemented with 10% FBS, 200 U mL1 penicillin, and 200 mg mL1
streptomycin at 37  C in a humidified 5% CO2 atmosphere. 3T3
cells were seeded using the same protocol as described above.
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Analysis of hepatic function
Production of albumin by the hepatocytes was assessed using
standard ELISA protocols.40 To detect intracellular albumin,
samples with primary hepatocytes were placed into 4% formalin
solution and were subsequently washed three times in 1 PBS
solution. The samples were then incubated with anti-rat serum
albumin antibody (1 : 250 dilution in 1 PBS) for 1 h at room
temperature. After incubation, samples were washed twice in 1
PBS solution. The samples were then stained with anti-sheep IgG
conjugated with fluorescein isothiocyanate (1 : 100 dilution in 1
PBS) for 1 h at room temperature followed by a two-time rinse in
1 PBS solution. Finally, samples were mounted using
a mounting medium containing DAPI to determine the location
of nuclei. Stained cells were visualized and imaged using
a confocal microscope.

Results and discussion
In this study, we describe microfabrication of bioactive heparincontaining hydrogels (Fig. 1). Gelation kinetics were characterized and micropatterning of hydrogel structures of varying
geometries was demonstrated. Primary hepatocytes cultured for
7 days next to heparin hydrogel micropatterns produced much
higher levels of albumin compared to cells cultured next to inert
PEG micropatterns.

Analysis of mechanical properties (Fig. 1C) showed that UVinitiated polymerization of precursor solutions of thiolated
heparin/acrylated PEG (case 1) and thiolated PEG/acrylated
PEG (case 2) resulted in strongly networked gel with a storage
modulus of 11 kPa. On the other hand, UV polymerization of
unmodified heparin/acrylated PEG solution resulted in a weaker
gel of 0.4 kPa. This suggests that unmodified heparin was not
covalently linked into the gel network. Lack of integration of
unmodified heparin into the gel was further confirmed by heparin
staining discussed in the next section. Fig. 1C also shows that gel
formation did not occur via Michael type addition reaction of
thiolated heparin and acrylated PEG when carried out at room
temperature.
The concentration and the composition of the heparin
hydrogel have been shown by us to have a significant impact on
the bioactivity of the hydrogel.30,35 The hydrogel modulus could
be controlled by the total concentration of precursors, the degree
of thiolation of Hep-SH, the molecular weight of PEG-DA and
the molar ratio between two precursors. Gels with modulus
similar to that of native tissue (liver) were shown to elicit highest
levels of hepatic phenotype expression. We also hypothesize that
increasing the molar fraction of heparin in the hydrogel may
further increase the biological activity of the hydrogels.
Formation of hydrogel micropatterns
Fast gel formation allowed to micropattern heparin-containing
prepolymer solution in a manner analogous to negative tone
resist lithography. As described in Fig. 2A, liquid prepolymer
solution was dispensed onto a glass substrate and exposed to UV
through a photomask, resulting in thiol–ene cross-linking of
exposed regions. Unpolymerized precursor solution was
removed by development in water, leaving behind hydrogel
microstructures anchored to glass substrate. Attachment of
hydrogels to glass was achieved via an acrylated silane coupling
layer described by us previously.8,21

Gelation kinetics of heparin hydrogel
The gelation kinetics were characterized by monitoring the
changes in elastic modulus (G0 ) with a rheometer. Gelation
profiles of four types of materials were studied: (1) heparin-based
hydrogel formed with thiolated heparin and PEG-DA, (2) PEG
hydrogel formed with 4-arm thiolated PEG and PEG-DA, (3)
hydrogel formed with unmodified heparin and PEG-DA, and (4)
heparin-based hydrogel formed with thiolated heparin and PEGDA by Michael type reaction without UV irradiation. As shown
in Fig. 1B, at a fixed irradiation time (1 min at UV intensity of 18
W cm2) and initiator concentration (1% w/v), fast and intense
crosslinking was achieved for cases (1) and (2) due to the photoinitiated polymerization between acrylate and thiol groups.
When unmodified heparin was used instead of thiolated heparin,
only PEG-DA molecules underwent free radical polymerization
resulting in slower gelation. Experiments described in Fig. 1 were
carried out at 25  C, below the temperature needed for Michaeltype addition reaction.30 Therefore, as shown in Fig. 1B, UVinitiated gelation of acrylated and thiolated precursors occurred
as fast as 10 s (cases 1 and 2) whereas no appreciable gelation was
seen after 10 min of Michael addition reaction (case 4). These
data suggested that at room temperature, with UV initiation,
thiol–ene reaction was the predominant mode of gel formation.
Soft Matter

Fig. 2 (A) Diagram describing micropatterning of heparin-based
hydrogel. After coating silane-modified glass with heparin-based PEG
prepolymer solution, the substrate was exposed to UV light through
a photomask, crosslinking exposed regions. Unexposed regions of the
precursor solution were developed by immersion in water. (B) Heparinbased hydrogel formed by UV-initiated thiol–ene reaction stained for
negatively charged heparin molecules by toluidine blue O (upper panel).
Hydrogel with physically incorporated heparin (middle panel) or no
heparin (lower panel) did not retain toluidine blue O. These data suggest
that UV-initiated thiol–ene reaction allowed integration of heparin into
hydrogel network.
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The presence of heparin in the hydrogel microstructures was
confirmed by toluidine blue O staining. This dye has a positive
charge39 and binds strongly to negatively charged heparin molecules. As shown in Fig. 2B (upper panel), the heparin-based
hydrogel, formed by UV-initiated exposure of thiolated heparin
and PEG-diacrylate precursors, retained toluidine blue O dye
(red/purple color), indicating that heparin was present in the
hydrogel. Conversely, toluidine blue O staining was not observed
in the gel formed by photocrosslinking of unmodified heparin/
PEG acrylate precursor solution (Fig. 2B, middle panel), suggesting unmodified heparin leached out after immersion of gel
structures in water. Pure PEG hydrogels serving as negative
control also showed lack of toluidine blue O staining (Fig. 2B,
lower panel). These results suggest that only thiolated heparin was
stably/covalently incorporated into hydrogel microstructures.
Importantly, photolithography approach described here
allowed fabrication of hydrogel microstructures of various

Fig. 3 Micropatterning of heparin hydrogel structures of varying
geometries on a glass substrate. Disks (A), microwells (B) or rings (C)
could be microfabricated with ease based on the design of the photomask.
Toluidine blue O staining (purple color) shows the presence of negatively
charged heparin molecules inside the hydrogel.

This journal is ª The Royal Society of Chemistry 2010

dimensions and geometries. Fig. 3 shows a range of sizes and
geometries of heparin-based hydrogel microstructures photolithographically patterned on glass. Toluidine blue O staining
(purple color) demonstrates the presence of heparin inside these
hydrogel micropatterns.

Retention of HGF in heparin hydrogel microstructures
A number of microfabricated gels have been described in the
literature.20,21,23,41–43 Unlike these previous reports, microfabricated hydrogels described in this study contained intact
heparin—a 12 kDa glycosaminoglycan that associates with
proteins via heparin binding domains. HGF is a heparin binding
domain-expressing protein that is involved in the development/
regeneration of liver as well as other organs.44,45 To highlight the
bioactivity of microfabricated hydrogels, HGF was added into
prepolymer solutions of either thiolated heparin/acrylated PEG
or thiolated PEG/PEG-DA. After micropatterning, hydrogel
structures prepared from these two prepolymer solutions were
immunostained for the presence of HGF. HRP-labeled antibodies and precipitating reagent DAB were used to visualize
retention of HGF molecules in the hydrogel. Fig. 4 shows that
HGF is present in both heparin-containing and heparin-free
hydrogel microstructures (brown color) after one day incubation
of micropatterned surface under physiological conditions. By
day five, however, heparin-based gel microstructures retained
HGF, whereas HGF staining of pure PEG microstructures was
approaching that of a negative control (gels without HGF). This
supports the notion that heparin hydrogel microstructures can
bind GFs to ensure slower/more sustained release of these
molecules.

Fig. 4 HGF retention inside hydrogel microstructures. HGF was
incorporated into prepolymer solution comprised of either thiolated
heparin/PEG-DA or thiolated PEG/PEG-DA. The resultant hydrogel
micropatterns were immunostained for HGF with HRP/DAB amplification used to visualize signal (brown color). Results show that at day 1,
both heparin-based and all PEG hydrogels stained strongly for HGF,
however, by day 5 only heparin-based gel microstructures retained HGF.
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Cultivating cells on surfaces containing hydrogel microstructures
In order to further assess the bioactivity of heparin gel, primary
rat hepatocytes were cultured on glass substrates containing
hydrogel micropatterns. To promote cell attachment, micropatterned surfaces were incubated for 20 min in solution of
collagen (I). Given that heparin-containing hydrogels had high
PEG content (1 : 1 molar ratio of heparin to PEG), this short
incubation was sufficient to deposit collagen on silanized glass
but was insufficient to adsorb protein molecules onto the
hydrogel. Immersion of micropatterned surfaces into collagen (I)
solution ensured that cells attached onto regions around or
within but not on top of hydrogel structures. We do envision
culturing cells either on top or inside hydrogel microstructures as
described in our recent publications,35,36 however, in this study
we wanted to assess proximity or paracrine effects of heparin gel
microstructures on neighboring cells.
Fig. 5A and B show representative images of hepatocytes
adherent next to hydrogel microstructures (wells and pillars),
while Fig. 5C demonstrates patterning of stromal cells (3T3
fibroblasts). Higher magnification image in Fig. 6A shows that

Fig. 5 Micropatterning of cells on hydrogel containing surfaces. (A)
Primary rat hepatocytes residing inside heparin hydrogel microwells and
(B) around hydrogel disks. (C) Patterning of 3T3 fibroblasts around
heparin hydrogel ring structures.

Soft Matter

hepatocytes residing next to heparin hydrogel structures had
cuboidal morphology with large nuclei and prominent cell–cell
boundaries—features consistent with differentiated hepatic
phenotype. In vivo, liver is responsible for synthesis of serum
proteins such as albumin. Therefore, albumin synthesis is used as
one measure of hepatocyte function in vitro. Immunostaining for
intracellular albumin was carried out to characterize functionality of hepatocytes. Fig. 6B shows strong signal associated with
the presence of albumin in the cytoplasm of hepatocytes (green
fluorescence) residing next to heparin hydrogel microstructures.
A weak intracellular albumin signal was observed in cells
cultured next to pure PEG gel structures (data not shown).

Fig. 6 Bioactivity of hydrogel microstructures. (A) Brightfield microscopy image showing cuboidal morphology of primary rat hepatocytes.
(B) Intracellular albumin immunostaining of primary hepatocytes
residing next to heparin-based hydrogel element at day 6 in culture.
Green color—intracellular albumin and blue color—DAPI staining of
nuclei. (C) ELISA analysis of albumin secretion by primary hepatocytes
cultured next to PEG and heparin-based hydrogel micropatterns. Error
bars represent standard deviation of the mean for n ¼ 3 samples.
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Additional proof of enhancement in the function of hepatocytes
residing next to heparin hydrogel surfaces was obtained by
albumin ELISA. As seen in Fig. 6C, albumin production in
hepatocytes cultured next to heparin-based hydrogel microstructures was 4 fold higher at day 7 compared to hepatocytes
cultured next to pure PEG hydrogels. Albumin secretion level of
0.075 ng mL1 per cell per day in hepatocytes residing next to
heparin hydrogels was 2 to 4 fold lower than in micropatterned
co-cultures but still significantly higher than albumin synthesis
reported for hepatocyte monocultures.46,47 Significant enhancement in hepatic function observed in Fig. 6 may be attributed to
cells being stimulated by biomolecules released from heparin
hydrogels. It should be noted that heparin hydrogels were not
preloaded with HGF or other biomolecules; therefore, gel
bioactivity should be attributed to uptake and release of
signaling molecules present in cell culture. While the hepatostimulatory signals released by the hydrogel are yet to be determined, one possible mechanism is that heparin gel structures take
up cell-secreted molecules at initial stages of cultivation and
release these molecules back to cells over time in culture, thus
preventing de-differentiation of hepatocytes. This and other
mechanisms explaining the bioactivity of heparin hydrogels are
currently under investigation in our laboratories.

Conclusion
While a large number of hydrogel types and microfabrication
strategies have been described in the literature, the reports on
microfabricated gels that actively stimulate and promote cell
function are limited. In this study, we describe photo-patterning
of thiolated heparin and diacrylated PEG to create hydrogel
microstructures with covalently incorporated heparin domains.
Dynamics of polymerization were characterized, showing that
photo-initiated gelation was several fold faster than competing
Michael addition reaction. Using photolithography-like process,
we fabricated heparin hydrogel microstructures of varying
geometries and dimensions. Importantly, hydrogel microstructures were bioactive—allowing controlled release of HGF and
promoting the function of primary rat hepatocytes. We envision
future use of microfabricated heparin-based gels in designing
tissue engineered constructs, promoting differentiation of stem
cells and developing vehicles for stem cell transplantation.
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