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Hepatocyte transplantation is currently being considered as a new paradigm for treatment of fulminant liver
failure. Xeno- and allotransplantation studies have shown considerable success, but the long-term survival
and immunorejection of engrafted cells need to be further evaluated. Using novel alginate—protamine sul-
fate—alginate microcapsules, we have coencapsulated luciferase-expressing HepG2 human hepatocytes with
superparamagnetic iron oxide nanoparticles to create magnetocapsules that are visible on MRI as discrete
hypointensities. Magnetoencapsulated cells survive and secrete albumin for at least 5 weeks in vitro. When
transplanted intraperitoneally in immunocompetent mice, encapsulated hepatocytes survive for at least 4 weeks
as determined using bioluminescent imaging, which is in stark contrast to naked, unencapsulated hepatocytes
that died within several days after transplantation. However, in vivo human albumin secretion did not follow
the time course of magnetoencapsulated cell survival, with plasma levels returning to baseline values already
at 1 week post-transplantation. The present results demonstrate that encapsulation can dramatically prolong
survival of xenotransplanted hepatocytes, leading to sustained albumin secretion with a duration that may be

long enough for use as a temporary therapeutic bridge to liver transplantation.
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INTRODUCTION

Fulminant liver failure (FLF) is characterized as the
appearance of a sudden, severe liver injury accompanied
by hepatic encephalopathy and impaired protein synthe-
sis in previously healthy individuals. There are approxi-
mately 2,000 reported cases of FLF in the United States
yearly, comprising 0.1% of all causes of deaths (13).
Acute liver failure (ALF) resembles FLF as a disease,
except that hepatic encephalopathy develops after an ill-
ness duration of 1-12 weeks. Like FLF, there are also
around 2,000 cases reported annually in the United States
(17). Primary causes of FLF and ALF include viral hepa-
titis and drug- or alcohol-induced liver damage.

Liver allotransplantation is the only effective thera-
peutic solution for patients with FLF and ALF. However,
challenges associated with procurement, allocation, and
distribution of suitable immunocompatible organs have
led to prolonged waiting times and high mortality among
recipients on the waiting list (9). Even with the devel-
opment of newer surgical techniques, the mortality rate
of recipients on the waiting list remains around 9% and
may be even higher for the juvenile population (26). It is
estimated that 2,200 patients in the United States die each
year while awaiting liver transplantation (36).

Artificial and bioartificial hepatic support systems
have been proposed as a temporary “bridge” therapy to
provide palliative care and sustain patient survival until
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a suitable liver is available for transplantation. Such sys-
tems function to remove waste metabolites and toxins,
synthesize metabolites and enzymes, and reverse hepatic
inflammatory processes. Examples of artificial devices
include BioLogic-DT and the Molecular Adsorbent
Recirculating System, which combine hemodialysis with
adsorption using charcoal or albumin, and the bioartificial
liver (BAL) device and extracorporeal liver assist device
(ELAD), which operate by processing the patients blood
through a bioreactor containing live hepatocytes (20).
According to a meta-analysis of 11 randomized trials,
neither of these support systems significantly reduced
mortality as compared to standard medical procedures
for liver failure (43).

Transplantation of xenogeneic hepatocytes provides
an alternative to liver transplantation for FLF (12,14), as
well as an alternative to artificial and bioartificial sup-
port systems as a bridge to transplantation (11,32). For
example, isolated, cryopreserved human hepatocytes
have been delivered to the spleen of patients with grade
IV encephalopathy and were compared to controls who
received standard medical therapy (36). While all con-
trol patients died within 3 days, the hepatocyte-treated
patients maintained normal cerebral perfusion and car-
diac stability, with blood ammonia decreasing to nor-
mal levels. Successful, life-saving transplantation was
achieved in three of the five patients who were still alive
20 months later.

Microencapsulation, which involves surrounding cells
by a semipermeable alginate membrane, may be used to
alleviate the need for immunosuppressive therapy in cell
transplant studies (25). This approach has primarily been
applied for microencapsulated pancreatic islet cells in
preclinical (25,40) and clinical (33,41) treatment of type
I diabetes. As for the case of FLF, naked and microen-
capsulated immortalized human hepatocytes have been
injected into the peritoneal cavity of mice induced with
FLF. Survival was increased from 23% to 55%, and his-
topathology revealed that encapsulated hepatocytes were
viable up to 2 weeks post-transplantation (21).

While preliminary studies demonstrate the proof of
concept for microencapsulated hepatocyte treatment as
an intermediate palliative option preceding identification
and transplantation a matching donor organ, additional
research is required to monitor the long-term efficacy of
the transplanted cells. Serial noninvasive imaging that
could correlate the transplantation site with the anatomi-
cal site of engraftment and long-term cell viability is nec-
essary to better understand the fate of the hepatocytes
after transplantation and is considered to be critical for
clinical implementation (28).

In this study, we describe the use of magnetic reso-
nance imaging (MRI)-visible magnetocapsules (MCs)
(4,19,23) that enable in vivo visualization of the
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engraftment of xenogeneic HepG2 human hepatocytes
in mice. In addition, we performed serial bioluminescent
imaging (BLI) to assess survival of luciferase-transfected
HepG2 cells over a period of up to 5 weeks after trans-
plantation into immunocompetent mice. We report here
that, as compared to transplants of naked, unencapsulated
cells, encapsulated human hepatocytes survive much lon-
ger with sustained albumin production in vivo.

MATERIALS AND METHODS
Cell Culture and Luciferase Transduction

Hep2G human hepatocytes, a perpetual cell line
derived from the liver tissue of a 15-year-old Caucasian
American male with a well-differentiated hepatocellular
carcinoma, were obtained from American Type Culture
Collection (ATCC #HB-065, Rockville, MD). Cells were
grown in T-75 flasks in Eagle’s minimum essential media
(EMEM) supplemented with 10% fetal bovine serum
(FBS, Life/Technologies/Gibco BRL, Grand Island, NY)
and 5% penicillin/streptomycin. This medium was used
in all experiments, unless otherwise specified. Medium
was changed once every 3 days, and cells were pas-
saged at 80% confluency. For lentiviral Luc transduction,
cells were plated into six-well plates at 80% confluency.
Packaged lentivector (pLenti4-CMV-fLuc2) was added at
250 pl/ml media. The amount of virus was calculated to
achieve a multiplicity of infection (MOI) of 10. Polybren
was added at 6 pg/ml and allowed to incubate overnight
to enhance transduction efficiency. Medium was then
changed, and after 24 h cells were transferred back to
T-75 flasks for further expansion.

Magnetoencapsulation

Magnetocapsule synthesis was performed as described
previously (4,5). Briefly, alginate (NovaMatrix, Sandvika,
Norway) was suspended in sterile 0.9% saline and mixed
with the appropriate amount of Feridex® [superparamag-
neticiron oxide (SPIO) particles; AMAG Pharmaceuticals,
Lexington, MA] to produce a 2% w/w alginate and
20% v/v Feridex® solution. 1.5x 107 Luc human hepa-
tocytes were suspended in this mixture and loaded into
a 1-ml syringe. The syringe was loaded into a custom-
made encapsulation system consisting of a syringe pump
(Harvard Apparatus, Holliston, MA) and a high-voltage
power supply (Spellman, Hauppauge, NY) wired to the
needle of the syringe. The cell-alginate mixture was dis-
pensed into a Petri dish containing 100 mM CaCl, and
10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) at a rate of 0.2 ml/min. This CaCl, bath
was grounded so that an electrostatic force draws drop-
lets from the tip of the needle into the bath. These set-
tings resulted in the production of approximately 12,000
magnetocapsules (MCs) measuring 500 pm in diameter,
with each MC containing around 1,000 cells. MCs were
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collected and washed three times with 0.9% saline con-
taining 10 mM HEPES and then suspended in a 0.05%
protamine sulfate (APP Pharmaceuticals, Schaumburg, 1)
solution for 5 min. After three more washes, the MCs were
suspended in a secondary 0.15% alginate solution for 5
min more, followed by a final three-step saline wash.

In Vitro Characterization

After saline washing, capsules were visualized using
an inverted light microscope (Olympus IX71, Center
Valley, PA). Magnetoencapsulated and naked hepatocytes
were assessed and compared for human albumin produc-
tion and survival in vitro. Naked hepatocytes were plated
into 12-well plates at a density of 10* cells per well.
Immediately after magnetoencapsulation, MCs were
divided up into wells in six-well plates so that there were
100 MCs with 5 ml of media in each well. For cell viabil-
ity/proliferation assessment, luciferin (150 ug/ml) was
added every 3—4 days, and after 5-min incubation, BLI
was performed using an IVIS 200 optical imaging device
(Caliper Life Sciences, Hanover, MD) with 10-sec expo-
sure time. Following each imaging session, naked cells
and encapsulated cells were washed to remove luciferase
substrate and then replated with fresh media.

For assessment of human albumin secretion, 1 ml
of cell culture medium was removed every 3—4 days.
Collected samples were stored at —80°C. Cells were then
washed and replated with fresh media. At the end of the
testing period, frozen samples were thawed and assayed
for human albumin using a human albumin ELISA kit
(AssayPro, St. Charles, MO). Medium containing FBS but
without cells was included as negative control. According
to the manufacturer, cross-reactivity with bovine and
mouse albumin is <0.02% and <0.1%, respectively.

Transplantation and Functional Assessment
of Magnetocapsulated HepG2 Hepatocyes

Mouse studies were approved by our institutional ani-
mal care and use committee. White FVB female mice,
6-8 weeks old, were kept in cages with food ad libitum.
Magnetoencapsulated and naked (i.e., unencapsulated)
cells were suspended in 1.0 ml of sterile 0.9% saline and
injected intraperitoneally under 1.5% general isoflurane
anesthesia using a 20-G needle. Mice were injected with
3,000 (n=8) or 6,000 (n=8) MCs (corresponding to
3% 10°¢ and 6 x 109 cells, respectively) and with 3.75x 10°
(n=8) or 7.5%10° (n=8) naked cells. Blood samples
(150-200 ul) were collected from the tail vein at days
1, 3, 7, 10, 14, 21, and 28 days after transplantation.
Baseline (pretransplantation) blood samples were also
obtained. Blood samples were centrifuged at 12,000 rpm
for 5 min, and plasma was collected and then stored at
—80°C. Human albumin secretion was determined using
the same AssayPro ELISA Kkit.
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Noninvasive Imaging of Cell Survival
and Magnetocapsule Engraftment

Serial noninvasive imaging experiments were per-
formed under general 1.5% isoflurane anesthesia. For BLI,
at each time point mice were injected intraperitoneally
with 150 mg/kg luciferin and imaged 15 min later using
an IVIS 200 optical imaging device with a 10-s exposure
time. Image analysis was done using Livinglmage soft-
ware. Regions of interest were drawn over the abdominal
region. For each ROI, the total photon flux was calcu-
lated and used as primary readout for quantification of
cell survival.

For MRI, one representative mouse from each group
(3,000 and 6,000 MCs containing cells) was imaged at
day 28 using a 9.4-T Bruker horizontal bore magnet. 2-D
T2-weighted spin echo (SE) images were obtained using
a slice thickness of 0.8 mm and the following parameters:
repetition time (TR)=1,500 ms, echo time (TE)=15 ms,
field of view (FOV)=2.6x2.6 cm, and matrix=172x 172.
T2*-weighted images were also obtained using a TR =
500 ms, TE = 6 ms, flip angle =45°, FOV =3x3 cm, and
matrix = 172x 172.

RESULTS

In Vitro Studies

MCs were found to be uniform in size with a diam-
eter of approximately 450 um (Fig. 1). The preparation
appeared brown in color as a result of the coencapsula-
tion of Feridex®. Cells appeared to be homogeneously

Figure 1. Light microscopic image of magnetoencapsulated
HepG2 hepatocytes. Capsules measured 450 pm in diameter,
contained around 1,000 cells each, and have a brownish appear-
ance that originated from the encapsulated iron oxide. Scale bar:
500 pm.
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Figure 2. Bioluminescence signal intensity (A, C) and human albumin secretion (B, D) of naked (A, B) and magnetoencapsulated
(C, D) cells in vitro. Cell densities were 1x 10* cells and 1x 10° cells per well, respectively.

encapsulated. The cell viability in vitro was determined
by BLI (Fig. 2). The BLI signal was found to remain
constant for naked hepatocytes throughout the 5-week
period (Fig. 2A). For magnetoencapsulated cells, the
initial BLI signal was much higher, caused by the 10x
higher cell concentration, with a gradual decrease over
time (Fig. 2C). Both naked and encapsulated hepato-
cytes continued to secrete albumin over a time period of

1 month (Fig. 2B and D). Human albumin production in
vitro, as detected by ELISA, was in the range of about
0.4-0.7 pg/ml for naked cells and about 0.01-0.02 pg/
ml for encapsulated cells.

In Vivo Mouse Studies

Following intraperitoneal transplantation, naked human
hepatocytes were found to rapidly die within the first days

Day

Figure 3. Representative bioluminescence images of a mouse transplanted intraperitoneally with
6,000 magnetocapsules (MCs; 1x10° cells per capsule, top) or 7.5x 10° naked hepatocytes (bottom).
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Figure 4. Total in vivo bioluminescent imaging (BLI) radiance levels over a period of 5 weeks for
mice transplanted with 3 x 10° magnetoencapsulated cells (black bars), 6 x 10° magnetoencapsulated
cells (dark gray bars), 3.75x 10° naked cells (light gray bars), or 7.5 10° naked cells (white bars).

of transplantation (Fig. 3). In contrast, although the signal
gradually decreased over time, the survival of magneto-
encapsulated cells was significantly longer (p<0.05 for
all time points, two-tailed Student’s ¢ test), with the BLI
signal persisting for about 4 weeks. The BLI signal from
human hepatocytes was proportional to the amount of
transplanted cells (Fig. 4) and corresponded to the in vivo
human albumin production. At day 3, detectable albumin
levels could only be seen for magnetoencapsulated cells,
which lasted until day 7 for the higher amount of encapsu-
lated cells (Fig. 5). The maximum plasma levels of human
albumin were found to be on day 1, with values of 9.34
and 24.16 pg/ml of human albumin for 3x 10° and 6x 10°
magnetoencapsulated cells, respectively.

MR Imaging
Following intraperitoneal transplantation, MCs could be
seen clearly throughout the peritoneal cavity (Fig. 6). The
40 1
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Figure 5. In vivo human albumin levels over a period of 5
weeks for mice transplanted with 3x 10° magnetoencapsulated
cells (black bars), 6 x 10° magnetoencapsulated cells (dark gray
bars), 3.75x 10° naked cells (light gray bars), or 7.5x 10° naked
cells (white bars).

SPIO-induced hypointensities were particularly pronounced
on the T2*-weighted images, as expected given that this
imaging sequence is much more sensitive to the magnetic
field inhomogeneities induced by the magnetocapsules.

DISCUSSION

In this study, we investigated the in vitro and in vivo
functionality of xenografted human hepatocytes, which
were embedded within magnetocapsules that are MR vis-
ible. As it has been previously reported that alginate-poly-
L-lysine-alginate (APLLA) capsules may cause fibrosis
(35), possibly as a result from exposure of host tissue to
poly-L-lysine (PLL)-derived cationic lysine residue that
branches out into the outer layer of alginate (33,38), we
decided to use protamine sulfate as a polycation to cross-
link alginate capsules instead. Protamine sulfate is a clini-
cal grade antiheparin drug that has been reported to have
less toxicity over other cationic transfection agents (34)
and has been used in conjunction with Feridex® to render
cells magnetic for MRI cell tracking studies (1).

In vitro, magnetoencapsulated human hepatocytes
secreted lower levels of albumin as compared to naked
hepatocytes, but the secretion was stable over the time
period studied. The occurrence of a lower, steady produc-
tion of albumin for encapsulated, immortalized human
hepatocytes as compared to naked cells has previously
been reported elsewhere (21). However, following xeno-
geneic transplantation of the encapsulated hepatocytes in
a mouse model of FLF, the study by Mai et al. (21) did not
report on the secreted albumin levels in vivo. Others have
successfully encapsulated (xenografted) hepatocytes for
treatment of acute liver failure (15,22,30,44) and hepatec-
tomy (42), but the exact time course of in vivo cell survival
is unknown. In two studies, based on end-point histologi-
cal observations, encapsulated hepatocytes injected intra-
peritoneally were reported to survive up to 14-35 days
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Figure 6. Magnetic resonance (MR) images of the peritoneal cavity of mice transplanted with 6,000
(A, B) or 3,000 (C, D) magnetocapsules. Shown are T2- (A, C) and T2*- (B,D) weighted images.
MCs can be seen as dispersed hypointensities throughout the peritoneal cavity at the single capsule
level (arrows). s, spinal cord; k, kidney; i, intestinal tract (hypointense containing stool and air).

(3,8,37). In our study, we assessed the time course of sur-
vival noninvasively using BLI. This imaging technique,
based on the conversion of luciferin by luciferase under
emission of photons, has previously been used to deter-
mine the survival of encapsulated kidney epithelial cells
(18), fibroblasts (39), and pancreatic islet cells (29).

We found that, in vitro, both naked cells and encap-
sulated cells survived for a 5-week period in culture. In
vivo, naked hepatocytes did not survive for more than a
few days, while magnetoencapsulated hepatocytes sur-
vived for a full 4 weeks. In vivo albumin production by
naked cells was negligible, even for the first few days
when they were still alive. Encapsulated cells, in contrast,
exhibited sustained secretion levels in a cell-dose-dependent
manner for about 1 week post-transplantation. The rea-
son for this much more rapid decline in albumin secretion
as compared to the relative number of surviving cells is

not known, but the continued production of albumin for
7 days may be sufficiently long enough to enable the use
of encapsulated hepatocyte cell therapy as a temporary
bridge until a suitable liver transplant is available.
Previously, hepatocytes have been labeled with SPIO
in order to be detected with MRI (27,31). For example,
Morgul et al. (24) used Tat-peptide-modified superpara-
magnetic nanoparticles to label human hepatocytes, which
were clearly detectable on a 3.0-T clinical MR scanner.
MR labeling of cells has now entered the clinic for moni-
toring cell transplantation and allows real-time assess-
ment of the initial cell engraftment as well as the use of
MR-compatible catheters for real-time MR-guided injec-
tion (10). In order to visualize alginate microcapsules,
exogenous contrast agents have been coencapsulated (5)
for visualization by MR (2,4,7,16), ultrasound (2,7,16),
or X-ray/computed tomography (CT) imaging (2,6,7,16).
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Rather than labeling hepatocytes directly, we embedded
SPIO within the hydrogel of the alginate capsule in order
to make encapsulated hepatocytes that are MR visible.
Indeed, magnetocapsules could be detected on the sin-
gle capsule level, which suggest that MR monitoring of
engraftment and cell injection is indeed possible.

In summary, we have synthesized magnetocapsules as a
novel entity forimmunoprotecting hepatocytes while simul-
taneously allowing MR imaging. Magnetoencapsulated
hepatocytes showed a dramatically improved survival fol-
lowing xenogeneic transplantation and secrete albumin in
vivo for at least 1 week postgrafting. The present results are
directly relevant to ongoing efforts in developing encapsu-
lated cell therapy for treatment of acute liver disease.
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