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Abstract: Engineered tissue constructs have the potential to

augment or replace whole organ transplantation for the

treatment of liver failure. Poly(ethylene glycol) (PEG)-based

systems are particularly promising for the construction of

engineered liver tissue due to their biocompatibility and

amenability to modular addition of bioactive factors. To

date, primary hepatocytes have been successfully encapsu-

lated in non-degradable hydrogels based on PEG-diacrylate

(PEGDA). In this study, we describe a hydrogel system

based on PEG-diacrylamide (PEGDAAm) containing matrix-

metalloproteinase sensitive (MMP-sensitive) peptide in the

hydrogel backbone that is suitable for hepatocyte culture

both in vitro and after implantation. By replacing hydrolyti-

cally unstable esters in PEGDA with amides in PEGDAAm,

resultant hydrogels resisted non-specific hydrolysis, while

still allowing for MMP-mediated hydrogel degradation.

Optimization of polymerization conditions, hepatocellular

density, and multicellular tissue composition modulated

both the magnitude and longevity of hepatic function in

vitro. Importantly, hepatic PEGDAAm-based tissues sur-

vived and functioned for over 3 weeks after implantation

ectopically in the intraperitoneal (IP) space of nude mice.

Together, these studies suggest that MMP-sensitive PEG-

DAAm-based hydrogels may be a useful material system

for applications in tissue engineering and regenerative

medicine. VC 2015 Wiley Periodicals, Inc. J Biomed Mater Res Part

A: 103A: 3331–3338, 2015.
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INTRODUCTION

Cell-based therapies promise to provide therapeutic alterna-
tives or bridges to whole organ transplantation to treat a
variety of liver diseases. For example, direct cellular injec-
tion of graft hepatocytes improves survival in animals with
acute liver failure and end stage liver failure due to cirrho-
sis,1–5 and can correct metabolic deficiencies in several
models of liver-based metabolic diseases.1,2 Despite these
and other encouraging results following hepatic cell trans-
plantation in animal models, disappointing clinical results to
date demonstrate the need for further improvements in
cell-based liver therapies.6 Currently, these studies have
been limited by inefficient engraftment and survival of
transplanted hepatocytes as well as a “lag phase” between
cell injection and successful cellular integration of the
grafted cells with host tissue.7 These limitations might be

addressed by constructing engineered liver tissue ex vivo,
which would enable preservation of the engineered hepato-
cellular microenvironment upon implantation.

Indeed, previous work has demonstrated that delivery of
hepatocytes in aggregates with intact intercellular junctions
(e.g., “spheroids”) or on microcarriers coated with extracellu-
lar matrix results in superior engraftment compared to iso-
lated suspensions of only hepatocytes.8,9 Such studies have
led to the development of a variety of natural (e.g., hyaluronic
acid, collagen, alginate)10–14 and synthetic [e.g., polyesters,
poly-L-lactic acid (PLA) with polyvinyl alcohol (PVA)]15–17

biomaterial matrices for the construction of three-
dimensional liver constructs. Of these, we believe that Poly-
ethylene glycol (PEG) hydrogels are particularly interesting
because of their biocompatibility, neutral charge, resistance
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to nonspecific protein absorption, and amenability for precise
chemical modification via the addition of bioactive factors
such as adhesive peptides and degradable linkages. Primary
hepatocytes have been previously encapsulated in non-
degradable PEG-based material systems and used for 3D
microenvironmental optimization and humanized mouse
model systems.16–20 Extension of this work for clinically rele-
vant liver repair applications, however, will likely require the
use of degradable material systems that enable long-term
engraftment and integration with the host.

Bioactive degradable PEG-based systems have been devel-
oped which incorporate matrix-metalloproteinase (MMP)-sen-
sitive peptides into the hydrogel backbone,21–25 thereby
allowing for cell-initiated degradation of the matrix and facili-
tating 3D cell migration. However, in most of these systems,
MMP-degradable moieties are attached through hydrolytically
unstable ester bonds and therefore may experience nonspe-
cific cleavage from the material backbone via hydrolysis.26 In
this work, we built engineered liver tissue with a hydrogel
system based on PEG-diacrylamide (PEGDAAm), which repla-
ces unstable ester bonds with hydrolytically stable amides. We
first describe the synthesis of PEGDAAm, followed by its reac-
tion with bis-cysteine MMP-sensitive peptides via step-growth
polymerization to create photoactive macromers of the form
acrylamide-PEG-(peptide-PEG)n-acrylamide. Hydrogels were
formed from these macromers via radical-initiated photopoly-
merization and then characterized for MMP-susceptibility and
base-catalyzed hydrolysis. To form functional hepatic tissue
constructs, we identified parameters for hepatocyte density,
polymerization conditions, and multicellular composition that
maximized engineered hepatic tissue function in vitro. More-
over, these engineered tissues exhibited robust hepatic func-
tion and engraftment in vivo for several weeks in rodents.

MATERIALS AND METHODS

Synthesis and characterization of poly(ethylene glycol)
diacrylamide (PEGDAAm)
The reaction scheme for the synthesis of Polyethylene glycol
diacrylamide (PEGDAAm; MW, 3400) from polyethylene gly-

col (PEG) is given in Figure 1(A).26,27 Anhydrous triethyl-
amine (TEA, 6 molar excess to PEG, 34.4 mL, 0.2471 mol)
was added to a solution of dry PEG (MW 3400, 140 g,
0.0412 mol) and 4-dimethylaminopyridine (DMAP, 0.1 molar
equivalent to mesyl chloride, .0247 moles, 3.0183 g) in
anhydrous dichloromethane (DCM, 150 mL) under argon.
After mixing for 10 min, a concentrated solution of mesyl
chloride (MsCl, 6 molar excess to PEG, 19.1 mL, 0.2471
mol) in DCM was added dropwise with rapid stirring. The
reaction proceeded overnight under argon. PEG dimesylate
was purified by filtering the solution through filter article
under vacuum, followed by precipitation in diethyl ether
(1 L). The product was again filtered and dried under vac-
uum to yield PEG dimesylate. To synthesize PEG diamine
from PEG dimesylate, the entire PEG dimesylate product
was added to 800 mL 25% aqueous ammonia solution
within 2 days of completing the previous reaction. The con-
tainer was closed and sealed tightly with Parafilm, and the
reaction proceeded for 4 days with vigorous stirring at
room temperature. The container was then opened to
atmosphere to allow the ammonia to evaporate over 3 days.
To remove remaining ammonia, NaOH was used to raise the
pH of the solution to 13, and the solution was extracted
with DCM (1:5 DCM volume to ammonia solution) three
times. The DCM washes were pooled and concentrated
under rotary evaporation. The product was then precipi-
tated in diethyl ether, filtered, and dried under vacuum.
Yields were typically ;80%, and percent amination was
99% as verified by 1H NMR for the characteristic peak (3.1
ppm) of the PEG methylene protons adjacent to the amine
end group. To synthesize PEG diacrylamide from PEG dia-
mine, anhydrous DCM (75 mL) was added to PEG diamine
(70 g, 0.0206 mol) and stirred until the solution became
clear. The mixture was cooled to 4 �C on ice. To this cooled
solution was added Diisopropylethylamine (DIPEA, 2 molar
excess to PEG diamine, 5.7 mL, .0412 mol), followed by
acryloyl chloride (4 molar excess to PEG diamine, 6.5 mL,
0.083 mol) dropwise with rapid stirring. The reaction pro-
ceeded overnight under argon protected from light and

FIGURE 1. (A) Synthesis of polyethylene glycol diacrylamide (PEGDAAm) from PEG. Reaction of PEG under anhydrous conditions with mesyl

chloride yields PEG-dimesylate, which is aminated under aqueous conditions to yield PEG-diamine. Reaction of PEG-diamine with acryloyl chlo-

ride in the presence of DIPEA yields PEG diacrylamide (PEGDAAm). (B) Synthesis of MMP-sensitive PEGDAAm is effected in aqueous conditions

(100 mM sodium borate, pH 9.0) by reacting the MMP-sensitive peptide CGPQGIWGQGCR with PEGDAAm. (C) Schematic of hydrogel mesh net-

work resulting from photopolymerization of MMP-sensitive PEGDAAm from (B) with cell-adhesive peptides conjugated to PEG and tethered as

pendant chains (see text for details). (D) Reaction of MMP-degradable peptides with a 1.6 molar excess of PEGDAAm resulted in ;85% conjuga-

tion (sum of medium and high molecular weights). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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allowed to warm to room temperature. Aqueous reaction
byproducts were removed by using aqueous 2M K2CO3 (2
molar excess to acryloyl chloride, 82.4 mL, 0.164 mol) to
phase separate the solution overnight. The lower organic
phase was dried over MgSO4 to remove residual aqueous
solution, filtered, precipitated in diethyl ether and dried
under vacuum to yield PEG diacrylamide. Yields were typi-
cally ;70%, and percent amidation was >90% as verified
by 1H NMR for the characteristic peaks (5.6, 6.1, and 6.3
ppm) of the vinyl protons on the acrylamide end groups.

Synthesis and characterization of MMP-sensitive
PEGDAAm-peptide hydrogels
To make degradable photoactive hydrogel precursors, PEG-
DAAm was reacted in 1.6 molar excess with the
collagenase-sensitive peptide CGPQGIWGQGCR (Aapptec,
Louisville, KY; 95% pure by HPLC) by dissolution in sodium
borate (100 mM, pH 9.0). The reaction was sterile filtered
(0.22 lm PVDF membrane, Millipore, Billerica, MA), pro-
tected from light, and incubated at 37 �C to yield macro-
mers of the type acrylamide–PEG–(peptide–PEG)n–
acrylamide. Reaction products were dialyzed, frozen and
lyophilized, and stored at 280 �C until use.

PEG-peptide conjugates were analyzed by GPC with a
refractive index detector and DMF solvent using three tan-
dem styrene-divinylbenzene (SDVB) columns spanning a lin-
ear molecular weight range from 1 to 500 kDa for
polystyrene. PEG molecular weight standards (628 Da to
478 kDa; Sigma) were utilized to assess molecular weight of
the PEG-peptide conjugates.

MMP-sensitive PEGDAAm-based hydrogels were created
by photopolymerization of aqueous solutions of PEGDAAm
(5–40 wt %) with 0.1% (w/v) Irgacure 2959 photoinitiator
(I-2959, Ciba) at 100 mW cm22 (320–520 nm, 60 s, EXFO).
Hydrogels were swollen to equilibrium for 24 h in 20 mM
HEPES-buffered saline (HBS) containing 0.2 mg mL21 NaN3

(to prevent microbial growth), and then assessed for wet
weight changes over time in either 0.2 mg mL21 collagenase
(Sigma–Aldrich) to assess MMP-sensitivity or in 0.1N NaOH
to assess sensitivity to base-catalyzed hydrolysis.

Cell isolation and culture
Rat hepatocytes were isolated from 2- to 3-month old
female Lewis rats (Charles River) by collagenase perfusion
as described previously.28–30 Briefly, animals were anesthe-
tized and the portal vein was cannulated. The liver was
then perfused with buffers and digested with collagenase.
The resultant digest was purified using Percoll centrifuga-
tion. Hepatocytes were cultured in DMEM with high glucose
(Cellgro), 10% (v/v) fetal bovine serum (Gibco), 0.5 U mL21

insulin (Lilly), 7 ng mL21 glucagons (Bedford Laboratories),
7.5 mg mL21 hydrocortisone (Sigma), and 1% penicillin-
streptomycin (“Hepatocyte media,” Invitrogen). J2-3T3 fibro-
blasts, a gift of Dr. Howard Green (Harvard Medical School),
were cultured in DMEM with high glucose, 10% bovine
serum, and 1% penicillin–streptomycin. Liver endothelial
cell line TMNK-1 (“LEC”), a gift from Dr. Naoya Kobayashi
(Okayama University), were cultured in DMEM with high

glucose, 10% FBS, and 1% penicillin-streptomycin. Cells
were used between passages 7 and 19.

Cell encapsulation
MMP-degradable PEGDAAm “pre-polymer solution” was cre-
ated with final concentrations of 5% (w/v), PEGDAAm,
0.1% (w/v) Irgacure 2959 photoinitiator (I-2959, Ciba), and
10 mmol mL21 acrylate-PEG-RGDS.25 Hepatocytes and J2
fibroblasts were co-cultured for 6–9 days and then trypsi-
nized and suspended at a final density of 4–8 3 106 hepa-
tocytes/ml in pre-polymer solution. For hydrogels
containing LECs, LECs were trypsinized and encapsulated at
a density of 6 3 106 cells mL21 of pre-polymer (in addition
to hepatocytes and J2 fibroblasts). Cells in pre-polymer
were exposed to UV light from a spot curing system (320–
390 nm, 10–100 mW cm22, 50–500 s, EXFO lite) to produce
hydrogels. Hydrogels were washed with PBS and cultured in
hepatocyte media with media changes every other day.

In vitro assays to assess hepatic function
Cell culture media from hydrogels containing encapsulated
cells was collected and stored at 220 �C until analyzed.
Hepatic function was measured by two surrogate measures,
albumin production and urea secretion. A rat albumin
enzyme-linked immunosorbent assay (ELISA) kit (Bethyl
labs) was used to quantify albumin production in cell cul-
ture media. To measure urea in cell culture media samples,
acid-catalyzed condensation of urea with diacetylmonoxime
was used to yield a quantifiable colored product (Urea
Nitrogen Kit, StanBio Labs).

Live/dead imaging
To label cells for in vitro live cell imaging, hydrogels con-
taining cells were incubated with calcein AM (“Live” cell
stain, 5 lg mL21, Invitrogen) and ethidium homodimer
(“Dead” cell stain, 2.5 lg mL21, invitrogen) in hepatocyte
media for 30 min at 37 �C and then washed three times.
Images were obtained using a Nikon Eclipse TE200 inverted
fluorescence microscope and CoolSnap-HQ Digital CCD
Camera.

Immunostaining
For immunostaining, hydrogels containing cells were col-
lected at day 14, washed in PBS and fixed in a solution con-
taining 4% paraformaldehyde (Electron Microscopy
Sciences, Hatfield, PA). Fixed gels were processed, embed-
ded in paraffin, and section for histology. Sections were
stained using a primary antibody against cytokeratin (1:800,
Sigma) and a secondary Alexa 488-conjugated goat-anti-
mouse antibody (Life Technologies, Invitrogen). Images
were obtained using a Nikon Eclipse TE200 inverted fluo-
rescence microscope configured with a CoolSnap-HQ Digital
CCD Camera.

In vivo implantation studies and imaging
To label cells for noninvasive in vivo imaging of hepatic
function of engineered tissues, hepatocyte co-cultures were
transduced in 2D culture with a lentivirus in which firefly
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luciferase is expressed under a hepatocyte-specific albumin
promoter (pTRIP.Alb.IVSb.IRES.tagRFP-DEST, gift of Charles
Rice, The Rockefeller University) in “viral media” (20% v/v
packaged virus, 4 lg mL21 polybrene, 20 mM HEPES in
hepatocyte media) for 6 h at 37 �C. Cells were then washed
three times with hepatocyte media and cultured until
encapsulation in hydrogel.

All animal procedures were approved by the Committee
for Animal Care in the Department of Comparative Medicine
at Massachusetts Institute of Technology. NIH guidelines for
the care and use of laboratory animals have been observed.
For intraperitoneal implantation of hydrogels containing
cells, NCr nude mice (Taconic) were anesthetized with iso-
fluorane. Hydrogels containing either 8 3 106 hep-
atocytes1 J2 and 6 3 106 liver endothelial cells or no cells
(sham) were placed into the intraperitoneal space via a
1 cm incision. Animals were closed aseptically, placed under
a heat lamp for recovery, and administered 0.1 mg mL21

buprenorphine every 12 h for pain for 3 days after surgery.
Bioluminescence imaging was utilized to monitor engi-
neered tissue function non-invasively over time. Specifically,
mice with implanted tissues were injected intraperitoneally
with 250 lL of 15 mg mL21

D-Luciferin (Caliper Life Scien-
ces) and imaged using the IVIS Spectrum (Xenogen) system
and Living Image software (Caliper Life Sciences).

Statistical analysis
Data are expressed as the mean6 standard error. Statistical
significance was determined using one-way ANOVA followed
by Tukey’s post hoc test.

RESULTS

Synthesis and characterization of PEGDAAm-based
macromers and hydrogels
Overall, the method used to generate PEGDAAm from PEG
is straightforward (Fig. 1), and the synthesis step that pro-
duces PEG-diamine from PEG yields a 203 cost savings rel-
ative to commercially available sources for PEG-diamine.
GPC analysis demonstrated that approximately 85% of the
PEGDAAm reacted with the peptide [Fig. 1(D)]. Exposure of
MMP-sensitive PEGDAAm-based hydrogels to collagenase
yielded a degradation curve (Fig. 2) similar to that seen
previously for MMP-sensitive PEGDA-based hydrogels.25

However, MMP-sensitive PEGDAAm-based hydrogels demon-

strated complete stability over several weeks in 0.1N NaOH
compared to PEGDA-based hydrogels, whose degradation
was complete within a few hours [Fig. 1(B)]. These results
further confirm 1H NMR characterization of synthesized
PEGDAAm precursors and the lack of hydrolytically unstable
ester bonds in our PEGDAAm-based hydrogels.

PEGDAAm-based hydrogels support hepatocyte function
in vitro
To test the suitability of PEGDAAm for use in engineered
liver tissues, we used them to encapsulate hepatocytes and
assayed for maintenance of functional liver traits. We iso-
lated rat hepatocytes and cocultured them for 6–9 days in
the presence of supporting stromal cell line, J2-3T3 fibro-
blasts (Fib), which have been shown previously to aid in
the maintenance of hepatic function in vitro.19,31–33 After
this stabilization period, the cultures were trypsinized and
resuspended in pre-polymer solution prior to exposure to
UV light to produce cell-laden hydrogels. Embedded hepa-
tocytes maintained the capacity to produce albumin and
secrete urea, two surrogate measures of hepatic function,
for at least 15 days (Fig. 3). In these studies, we found
that hepatocyte density impacts hepatic function on a per
cell level after encapsulation in the MMP-degradable PEG-
DAAm hydrogels. Specifically, both albumin secretion and
urea production were greater on a per cell level in hydro-
gels containing 8 3 106 hepatocytes per ml as compared
to 4 3 106 hepatocytes per mL of prepolymer solution
(Fig. 3).

We hypothesized that modulation of polymerization con-
ditions might also improve the activity of cell-laden hydro-
gels, since primary hepatocytes are known to be sensitive to
UV exposure. We varied the UV intensity and exposure time
utilized to achieve polymerization, while keeping the total
UV energy density constant in each case. Hydrogels poly-
merized using 100 mW cm22 UV intensity for 50 s exhibited
enhanced albumin secretion and urea synthesis compared
to hydrogels that were polymerized using 10 mW cm22 UV
for 500 s (Fig. 4; 8 3 106 hepatocytes1Fib/ml). Together,
these results demonstrate that MMP-degradable PEGDAAm
hydrogels support liver functions of encapsulated hepato-
cytes and that both polymerization conditions and intercel-
lular signaling interactions modulate these traits upon
encapsulation.

FIGURE 2. (A) MMP-sensitive hydrogels were polymerized at 40% w/w and then swollen to equilibrium over 24 h (n 5 3). (B) Degradation of

MMP-sensitive PEGDAAm hydrogels in collagenase (0.2 mg mL21 with 0.2 mg mL21 NaN3). (C) Assessment of the stability of MMP-sensitive

PEGDAAm hydrogels in 0.1 N NaOH compared to MMP-sensitive PEGDA-based hydrogels.25 Bars indicate standard deviation. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Addition of liver endothelial cells improves engineered
tissue longevity
“Angiocrine” signals provided by endothelial cells have been
shown to be important for hepatocyte phenotype and func-
tion both in a liver regeneration34 setting as well as in in
vitro engineered tissue model systems.17,19,35 We therefore
tested whether further addition of immortalized liver endo-
thelial cells (LECs) to hepatocyte cocultures upon encapsu-
lation in MMP-degradable PEGDAAm hydrogels altered
hepatic function. Inclusion of LECs in tissues dramatically
altered morphology of the tissue construct with time via the
formation of a self-supporting interconnected cellular net-
work by 2 weeks in culture [Fig. 5(A), right]. Conversely,
cells in hydrogels without LECs spread locally in the hydro-
gel over time in culture but remained dispersed throughout
the hydrogel [Fig. 5(A)]. By 2 weeks in culture, hydrogels
without LECs were completely degraded such that they
could not be detected macroscopically in culture; cells in
degraded hydrogels were presumably released into suspen-
sion in media and aspirated upon media changes [Fig. 5(B)].
Conversely, all tissues with LECs remained intact and pro-
duced albumin for at least 3 weeks in culture [Fig. 5(B,C)].
Immunohistochemistry confirmed that tissues encapsulated

with hepatocyte co-cultures and LECs maintained a popula-
tion of cytokeratin-positive hepatocytes at 3 weeks in cul-
ture [Fig. 5(D)]. Together, these results suggest that LEC-
mediated preservation of 3D tissue structure enabled main-
tenance of hepatic-specific function for at least 3 weeks
[Fig. 5(C)].

Sustained hepatic function after implantation in
rodents
We then investigated whether hepatocytes encapsulated in
MMP-degradable PEGDAAm hydrogels could be successfully
engrafted into rodents (Fig. 6). Hepatocyte co-cultures were
transduced with a lentivirus in which luciferase is expressed
under a modified albumin promoter17,35 and encapsulated
with LECs in MMP-degradable PEGDAAm hydrogels. MMP-
degradable PEGDAAm hydrogels with or without encapsu-
lated cells were inserted into the peritoneal space of immu-
nodeficient mice. Individual mice were assayed over time
for the production of bioluminescent signals. Mice bearing
cell-laden hydrogels exhibited detectable signals for at least
15 days after implantation, whereas mice grafted with cell-
free hydrogels did not generate any bioluminescence. These
observations indicate that hepatocyte albumin promoter

FIGURE 3. Cellular concentration (A) impacts hepatic tissue function, as measured by albumin production (B) and urea synthesis (C) (**p< 0.01,

*p< 0.5, 5% PEGDAAm, 10 mmol RGDS. UV 10 mW cm22 for 210 s).

FIGURE 4. UV intensity and exposure duration (A) for material polymerization modulate albumin secretion (B) and urea synthesis (C) of encap-

sulated hepatocytes. (**p< 0.01, 5% PEGDDAAm, 10 mmol RGDS, 8 3 106 hepatocytes/mL).
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FIGURE 5. (A) Inclusion of LECs in hepatic hydrogels results in interconnected cellular network (green, calcein; red, ethidium homodimer, 5%

PEGDAAm, 10 mmol RGDS. UV 10 mW cm22 for 210 s, 1LEC 6 3 106 heps/mL) and prolongs hydrogel lifetime (B) and hepatic tissue function

(C). Hepatic hydrogels with LECs contain cytokeratin-positive hepatocytes (green) after 3 weeks in culture (D). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

FIGURE 6. PEGDAAm-based hepatic tissues survived and function after implantation in vivo to 2 weeks. (5% PEGDAAm, 10 mmol RGDS). UV 10

mW cm22 for 210 s, 8 3 106 Hep/J2 1LEC 6 3 106 heps/mL in all animals w/cells. Sham animals had blank MMP-degradable PEGDAAm hydro-

gels. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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activity was maintained for over 2 weeks after implantation.
Collectively, these findings indicate demonstrate that MMP-
degradable PEGDAAm hydrogels can be utilized as a bioma-
terial carrier for hepatocytes implanted in vivo.

DISCUSSION

In the work described here, we have constructed engineered
liver tissue with precisely controlled chemical and biological
parameters using a hydrolytically-stable and MMP-
degradable PEG-based hydrogel system. Screening of poly-
merization conditions, cellular density and cellular composi-
tion resulted in synthetic engineered hepatic tissue that
exhibits robust hepatic function for several weeks following
engraftment in rodents.

Our group and others have demonstrated that primary
hepatocytes survive and function with culture on the sur-
face of,35 within micromolded wells,36 or fully encapsulated
within non-degradable PEG-based hydrogels.16–20 Our cur-
rent work further demonstrates survival and function of pri-
mary hepatocytes after encapsulation in a degradable PEG-
based material system. It is known that hepatocytes are
sensitive to the kinetics of photopolymerization,16 so it was
not surprising that hepatocyte function varied with photo-
polymerization kinetics under constant light dosage.

The PEGDAAm material system used in these studies is
an extension of our previous approaches, in which we cre-
ated bioactive PEG-based hydrogels using step-growth poly-
merization via Michael-type addition to create high MW
bioactive macromers with the form acrylate–PEG–(peptide–
PEG)n–acrylate.25 The PEG-diacrylate-based materials used
in our previous studies were suitable for short timecourse
(3 days) and low cell density angiogenic sprouting assays,
but the presence of hydrolytically unstable ester bonds pre-
cluded applications in longer timecourse and higher cell
density hepatic tissue engineering applications. Of particular
note, it is known that serum-containing media includes
esterases which may structurally weaken PEGDA-based or
other hydrogel systems via non-specific ester-bond hydroly-
sis over time. In the studies described here, by reacting thi-
ols on MMP-sensitive peptides with the acrylamides in
PEGDAAm, we abrogated non-specific gel degradation and
allowed for gels in which highly metabolically active cells—
hepatocytes—could be encapsulated and allowed to remodel
their extracellular microenvironment via MMP-activity.

Importantly, the addition of both J2 stromal fibroblasts
and LECs were essential for maximal function and longevity
of hepatocytes encapsulated in PEGDAAm.37,38 This finding is
consistent with results reported in other systems, in which
hepatic phenotypes can be at least partially rescued by pro-
viding supportive signals that may mimic aspects of the in
vivo micoenvironment in vitro.19,33 In particular, hepatic func-
tion was similarly enhanced upon encapsulation in non-
degradable PEG systems in the presence of microenviron-
mental factors such as non-parenchymal cell types and bioac-
tive moieties (e.g., RGD adhesion peptide, heparin).16–18 We
postulate that augmented hepatic function we observe in the
presence of non-parenchymal cells is likely due to a combina-

tion of diverse cell-cell contact, paracrine, and extracellular
matrix interactions,19,32,33 such as via the release of
“angiocrine factors” secreted by endothelial cells.34

Finally, we demonstrate that PEGDAAm-based tissues
containing hepatocytes, supportive stromal fibroblasts, and
liver endothelial cells survive and function after ectopic
implantation in the intraperitoneal space of immunocompro-
mised mice. Similar to our own previous work in non-
degradable PEG-based tissues, this work demonstrates that
ectopic transplantation of hepatocytes is a viable option for
the support of hepatocytes in vivo. Recent work by the
Lagasse group, in which primary hepatocytes injected in the
intraperitoneal space provided functional benefit in a model
of the human liver disease tyrosinemia type I, suggests that
such an ectopic approach may have therapeutic relevance.39

Such ectopic transplantation could be particularly useful for
replacing lost hepatic function in patients with chronic
hepatic damage due to cirrhosis and fibrosis, which limit
the engraftment of hepatocytes in the host liver. These sys-
tems may ultimately be applied as a “bridge” or replace-
ment for whole organ transplantation.

CONCLUSIONS

In the work described here, we have constructed engineered
liver tissue composed of primary hepatocytes and support-
ing non-parenchymal cells encapsulated in a hydrolytically
stable and MMP-degradable PEGDAAm hydrogel system. We
found that optimization of polymerization conditions, cellu-
lar density, and multicellular composition resulted in syn-
thetic engineered hepatic tissue that exhibits robust hepatic
function for several weeks following engraftment in rodents.
This work may provide a new avenue for utilizing synthetic
degradable materials for organ failure applications.
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