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Matthew Rosinski

Welcome to the second edition of the fl edg-
ling CEMCOMMUNIQUÉ. Our device for 
informing the wider affi liated community in 
Boston of the latest news from our research 
members.  In this issue we learn about Arno 
Tilles’ efforts to develop an extracorporeal 
liver assist device, and Arul Jayaraman  and 
Deanna Thompson discuss the Special Shared 
Facility for Functional Genomics and Pro-
teomics and the new “Infl ammation Chip” 
that is being used to study in the acute phase 
response. We also welcome many new mem-
bers and visitors to the CEM and hope that 
your time here in Boston will be very produc-
tive, challenging and enjoyable. Good Luck to 
those leaving the CEM, we wish you a bright 
future. Listed inside is the schedule for the 
Biomedical Science and Engineering Sum-
mer 2002 Seminar Series that will host two 
“in-house” presentations within a week and is 
an opportunity to learn more about the diverse 
range of projects in the CEM.  Finally, there is 
a little story of a recent CEM mountain hiking 
trip to the Catskills, N.Y.

Being the editor of this newsletter I have yet 
to decide on what exactly I should write in this 
section that would be of widespread interest.  
Being a lowly post doc with comparatively 
little experience in this fi eld and feeling un-
qualifi ed to offer an expert opinion of the lat-
est news related to engineering in medicine in 
this issue, I have decided to draw on the vast 
resource of the internet.  Why should you read 
this when you could fi nd it yourself?  The an-
swer is: Time.  Here I will briefl y review some 
of the useful tools I have found that may help 
you work smarter.  I also ask that you send me 
links to your internet toolboxes so that I can let 
the wider community know about it.  Rather 
than just information, of which we have an 
overload, useful tools seem to appear less of-
ten and it is for this reason that I will discuss 
some of my favorites today.

For those gearing up for an academic ca-
reer the fi rst site I want to mention is the 
federally funded CRISP database:  www-
commons.cit.nih.gov/crisp/.  If you are writ-
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ing grants/business plans or just looking this 
is a great place to start.  You can search the 
abstracts of NIH funded grants since 1972 and 
the site has a very nice query template.  If you 
are interested in cytokines then an excellent 
place to start is: www.copewithcytokines.de/
cope.cgi.  Still a completely free website this 
is a fully indexed and referenced toolbox that 
is useful for both novice and experts alike.  If 
you are searching for antibodies then try the 
online version of Linscott’s directory at: http:
//www.linscottsdirectory.com/.  This subscrip-
tion based website is available to all members 
of the CEM and is a searchable database of 
antibodies and their suppliers around the 
world.  Contact Bob Crowther (Ph: 617-371-
4886) in the Core Morphology Resource for 
a username and password.  For more general 
news, commercial and diversifi ed bio interests 
there are, of course, www.biospace.com and 
www.bio.com.

Arul Jayaraman Ph.D. 
Operations Manager: Special Shared Facility 
for Functional Genomics and Proteomics
jayarama@helix.mgh.harvard.edu
617-671-4874
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Bioengineering of a Liver 
Assist Device
Arno W. Tilles, MD

The liver is one of the largest organs in the 
body and performs numerous functions 
which are vitally important to maintaining 
metabolic homeostasis (Figure 1.).  
These functions include synthesis of 
serum proteins, regulation of nutrients, 
production of bile, and metabolism and 
conjugation of compounds for excretion 
in the bile or urine.  Hepatocytes, which 
are the predominant cell type within 
the liver, account for two-thirds of the 
liver mass.  The liver is normally able to 
regenerate after acute injury and regain its 
function under appropriate physiological 
stimuli.  However, liver failure occurs 
when the normal regenerative process is 
compromised and the residual functional 
capacity of the damaged liver is unable to 
sustain life.

Over 30,000 patients die annually in the 
United States from liver disease.  The 
two principal causes of liver failure are 
cirrhosis and fulminant hepatic failure.  
Liver cirrhosis, whose etiology includes 
alcoholism and chronic hepatitis, is an 
irreversible process that occurs when 
fibrotic tissue replaces normal liver tissue 
as a result of chronic injury.  Fulminant 
hepatic failure is a clinical syndrome defined 
by impaired mental and neuromuscular 
function whose etiology includes chemical 
and viral hepatitis.  It occurs as a result 
of massive hepatocyte necrosis and is the 
most severe manifestation of end-stage 
liver disease with mortality rates greater 
then 80%.  Although there is currently 
no cure for liver failure, orthotopic liver 

transplantation is 
the only clinically 
proven effective 
treatment for 
patients with end-
stage liver disease.  
In the year 2000, 
there were 4954 
liver transplants 
performed in the 
United States 
(Based on UNOS 
OPTN data as of 
August 3, 2001) 
and 1686 patients 
died while waiting 
for a liver transplant 
(Based on UNOS 
OPTN data as 
of December 28, 
2001).  As can be 
seen from these 
statistics, a major 
limitation of this 
treatment is the 
scarcity of donor 
organs which results 
in patients dying while on the waiting list.  
There are currently over 18,000 patients on 
the waiting list to receive a donor liver.

Replacing Liver Functions
Over the past four decades, many attempts 
have been made to develop artificial liver 
systems to support patients with liver fail-
ure.  The goal of these systems is to provide 
temporary hepatic support for patients with 
fulminant hepatic failure who are awaiting 
orthotopic liver transplantation.  Since the 
liver has tremendous regenerative capac-
ity, some liver failure patients may spon-
taneously recover if provided temporary 

hepatic sup-
port, thereby 
averting a liver 
transplant and 
the associated 
life-long immu-
nosuppressive 
therapy.  Du-
plicating the 
liver’s complex 
metabolic func-
tions that are 
essential for sur-
vival has been a 
significant chal-
lenge.  There 
are two general 
categories of 
artificial liver 

devices that have been developed, non-
biological and biological.  Nonbiological 
methods, including hemodialysis and 
hemoperfusion, have had minimal patient 
survival benefit due to their inability to 
replace synthetic and metabolic functions.  
These results demonstrated the inability 
of treating liver failure using solely me-
chanical, nonbiological-based processes.  
Biological-based approaches such as cross-
circulation, extracorporeal liver perfusion 
with crosshemodialysis, and liver tissue 
hemoperfusion were all shown to provide 
limited functional support on a short-term 
basis.  The problems associated with these 
approaches were due to the difficulty in 
maintaining tissue viability and immuno-
logic complications.

The hybrid bioartificial liver 
device, in which functional hepatocytes 
are housed within a man-made synthetic 
device, can overcome some of the prob-
lems seen in other forms of liver support.  
These devices, with their metabolically 
active hepatocytes, can provide a broader 
range of liver-specific functions compared 
to non-biological or other biological-based 
systems.  In order for a bioartificial liver 
device to function optimally, it must main-
tain the hepatocytes in an environment that 
mimics the in vivo environment as close 
as possible.  In general, a bioreactor is in-
oculated with hepatocytes and the patient’s 
blood or plasma circulates through the 
device.  The ideal bioreactor design would 
maximize mass transfer to the hepatocytes 
thereby allowing nutrients, including oxy-

Being from Australia, snow at any time of 
year is a very strange experience but when 
I signed up for the CEM (a.k.a. Center for 
the Exploration of the Mountains) trip to 
the Catskills in New York state I certainly 
had no expectations.  Arriving at the 
camp site I met Joe Vitolo who, with deft 
scout master skills, was marshalling the 
many talents of our rather large group of 
varied description.  Assigned to lighting 
a fire I did my duty as best I could and 
was very glad I had with me the many 
information handouts that were provided before the camp to get the fire started.  Due to the weather the trail selection was altered and we 
hiked on only one day.  After brunch in a cozy diner and some last minute glove shopping for our crew we made tracks for the trailhead.  
Despite some rather revealing parking difficulties on the slippery, snow covered entrance we finally commenced our ascent.   It was very 
cold but I had come prepared with thermals, T-shirt, a fleece sweater, woolen vest and rain pants and jacket.  Obviously, very concerned 
about our levels of preparedness, Joe gave us some last advice not to wear too much clothing because you’ll be soon be taking it all off 
anyway.  Ignoring this of course 5 minutes later I was stumbling by the side of the trail delayering, and 5 minutes later doing this again.  
The hike was not without further surprises when one of our less fool hardy mountaineers realized they might rather be wrapped up in a 
sleepy bag back in the car and turned around.  Joe realized he’d left a really nice lunch in the car and explained that he would accompany 
our returning wounded in the interests of public safety.  Undaunted the rest of our motley crew pressed onward and upward toward our 
final destination.  Despite my initial overenthusiastic attire I am happy to say that I reached the summit with less in reserve than I will ever 
admit.  We relaxed and took this photo at the summit that, although it had no lookout and we could see nothing but trees, was indeed the 
pinnacle of our hike.  Meanwhile, while others munched on granola and nuts another problem lurked nearby.  Leg cramps had begun to 
overtake one of our members who just minutes earlier had been a happy face in the lens of Arno’s camera.  The cramps were severe enough 
for a change of plan for our victim’s descent.  While much slower, our poor injured comrade was dragged, carried and pulled down the 
side of the mountain by some of the veteran elites in the group.  In the end, everyone returned safely and was very happy to have explored 
this mountain range.  Maybe we’ll do it again in summer!  There is still a chance for you to partake in the above excursions planned for 
the rest of the year.  Ed.
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Figure 1. Normal Liver Histology (H&E)
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gen, and toxins from the patient’s blood or 
plasma to reach the hepatocytes.  The treat-
ed blood or plasma, including metabolites 
and synthetic products, is then returned to 
the patient’s circulation.  Achieving this 
task requires a large surface area for cell 
attachment with uniform cell distribution 
and flow.

Clinical Trials with 
Bioartificial Liver Devices 
Most devices undergoing clinical trials are 
designed based on hollow-fiber technolo-
gy, in which either porcine hepatocytes at-
tached to collagen-coated microcarriers or 
cells from the human hepatoblastoma cell 
line are typically loaded into the extralu-
minal compartment and patient plasma or 
blood is allowed to flow within the fiber 
lumina.  Currently, a clinical, multicenter 
Phase II/III randomized trial of a hollow-
fiber bioartificial liver device is in progress 
at several United States and European 
sites.  An interim report on this trial has 
recently indicated a survival advantage in 
patients with fulminant hepatic failure who 
received treatment with this bioartificial 
liver device.  It has been suggested that 
these hollow-fiber devices are subject to 
substrate limitations due to the relatively 
large diameter of the fibers as well as the 
transport resistances associated with the 
fiber wall.  Given the high oxygen utiliza-
tion of hepatocytes and low solubility of 
oxygen in plasma, the adequate delivery 
of oxygen in hollow-fiber bioartificial liver 
devices has been problematic.

To improve oxygenation, some designs 
utilize hollow fibers as conduits for oxygen 
delivery.  In one design, discrete bundles of 
woven capillary membranes enter and leave 
the bioreactor forming a three-dimensional 
structure.  The hepatocytes are distrib-
uted in a collagen matrix on the membrane 
framework and the extracapillary space is 
perfused with plasma.  The capillary bun-
dles allow independent oxygen supply and 
plasma inflow and outflow.  Using this de-
sign, it was demonstrated that hepatocytes 
could express differentiated functions over 
several weeks.  In a Phase I clinical trial 
using this device with porcine hepatocytes, 
acute liver failure patients were success-
fully bridged to liver transplantation.  In 
another clinical trial, this device containing 
primary human hepatocytes isolated from 
discarded transplantation organs, success-
fully bridged three acute liver failure pa-
tients to transplantation.

Our Experience
In an effort to maximize oxygen availabil-
ity to the hepatocytes and to reduce mass 
transport limitations, we recently devel-
oped a microchannel flat-plate bioreactor 
with an internal gas permeable membrane 
through which oxygen is supplied (Figure 
2).  The hepatocytes are attached to a colla-
gen-coated glass substrate and are in direct 
contact with the perfusing medium.  A gas 
permeable membrane separates the liquid 
compartment from the oxygenating gas 
compartment.  This design allows oxygen 
delivery to the hepatocytes to be decoupled 
from the medium flow, thereby allowing 
oxygen delivery and flow to be studied 
independently.  Hepatocyte viability and 
function obtained in this bioreactor con-
figuration was compared to that obtained 
in a similar bioreactor without the internal 
membrane oxygenator.  In the absence 
of internal membrane oxygenation, there 
was a significant decrease in the viability 
and function of hepatocytes, whereas in 
the bioreactor with internal membrane 
oxygenation, viability as well as stable 
albumin and urea synthetic functions were 
maintained.  In fact, stable albumin and 
urea synthesis rates were maintained for 
up to 10 days under perfusion conditions 
in this bioreactor.  Using the bioreactor 
with the internal membrane oxygenator 
to evaluate the effects of shear stress on 
hepatocyte synthetic and detoxification 
functions, we found that albumin and urea 
synthesis rates were more stable at lower 
wall shear stresses (0.01 – 0.33 dyn/cm2) 
than at higher wall shear stresses (5 – 21 
dyn/cm2).  Ethoxyresorufin-o-deethylation 
(EROD) activity, which is primarily cata-
lyzed by cytochrome P4501A1, was not 
adversely affected by a shear stress of 10 

dynes/cm2 for at least 12 hours.

These results show that internal membrane 
oxygenation within a bioreactor is critical 
to maintain long-term hepatocyte viability 
and function.  They also provide informa-
tion on the optimal design of hepatocyte 
bioreactors and the eventual scaling-up 
to clinical devices.  For example, the fact 
that albumin and urea synthesis are both 
more stable at lower shear stresses while 
P450 activity is enhanced at higher shear 
stresses, suggests that bioreactor efficiency 
could potentially be increased if the biore-
actor had specific shear stress regions (e.g., 
high and low) whereby each of these func-
tions could be optimized.

A scaled-up version of our flat-plate biore-
actor with internal membrane oxygenation, 
and containing porcine hepatocytes was 
tested in a D-galactosamine rat model of 
liver failure.  There was a significant re-
duction in two clinically important plasma 
parameters, namely, ammonia level and 
prothrombin time, in animals treated with 
this device.  Most importantly, animal sur-
vival at 7-days was significantly improved 
in the rats treated with the hepatocyte 
seeded bioreactor (50%) compared to those 
treated with the unseeded bioreactor (11%) 
(Figure 3). An extracorporeal bioartificial 
liver device is a promising technology for 
the treatment of liver failure.  Studies us-
ing our porcine hepatocyte-based flat-plate 
bioreactor with an internal membrane oxy-
genator have demonstrated its efficacy in a 
rat model of liver failure.  These results are 
promising and will hopefully lay a founda-
tion for the eventual clinical application of 
this device.

New CEM Members From Project

Alptekin Aksan, Ph.D. Michigan State University New electroporation protocols  for 
efficient transfection of molecules 

Julia Ansari Rutgers University Summer student: In vivo perfusion 
studies 

Justin Azadivar University of California, Berkley Summer student: Cryopreservation 

Catherine Cornell Harvard University Summer student: Genomics 

Scott Banta, Ph.D. Rutgers University Liver and muscle metabolism after 
burn injury 

Xudong Cao, Ph.D. University of Toronto Re-innervation of nerves into 
artificial skin grafts 

Justin Gainer Johns Hopkins University Summer student: Liver and muscle 
metabolism 

Daniel Irimia, Ph.D. University of Illinois  Microsystems bioengineering 

Jae-Sung Park, Ph.D. University of Wisconsin, Madison BioMEMS 
aspects of a liver assist device 

Padmavathy 
Rajagopalan, Ph.D. 

Boston University Hepatic tissue engineering 

Alex Revzin, Ph.D. Texas A&M University BioMEMS 

Martina Richtsfeld, M.D. Technische Universität München  Acetylcholine esterase effects on 
neuromuscular transmission 

Mrinal Shah Boston University Summer student: Cryopreservation 

Keishi Sugimachi, M.D., 
Ph.D. 

Kyushu University, Japan Biopreservation of hepatocytes for 
use bioartificial liver reactor 

Angela Thornton Rutgers University Summer student:  Molecular 
Machines

Going to:         Position 
Jason Acker, Ph.D 

Kyongbun Lee, Ph.D 

Margret Poremski MD 

Kristina Roberts 

University of Alberta 

Tufts University 

Medical College of Pennsylvania 

Harvard University  

Assistant Professor, Pathology 

Assistant Professor, Chem. Eng. 

Surgical Resident 

Graduate Student  
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An Inflammation 
Chip to Investigate 
the Acute Phase 
Response
Arul Jayaraman Ph.D
Deanna Thompson Ph.D 
(photo below)

The Special Shared Facility (SSF) for 
Functional Genomics and Proteomics 
at MGH/SBH has established the 
infrastructure and capabilities for 
generating cDNA microarrays.  
Microarrays (or gene chips) are a powerful 
tool for simultaneous monitoring of gene 
expression in a high-throughput manner.  
In a single experiment, microarray analysis 
can provide information on the changes in 
several genes that are pertinent to a disease 
state or cellular process.  In contrast, 
traditional methods for studying gene 
expression such as Northern blots and RT-
PCR are more laborious, time consuming, 
and are not suited for simultaneous 
measurement of gene expression levels.  
Microarrays are based on using either 
cDNA (DNA corresponding to mRNA) or 
oligonucleotides as hybridization targets and 
can be generated by either robotic spotting 
on surfaces (cDNA and oligonucleotides) 
or synthesizing them on surfaces in situ 
(oligonucleotides).  In cDNA microarrays, 
each gene of interest is represented by a 
partial-length DNA sequence and up to 
10,000 genes can be routinely spotted on 
glass slides.  The material to be arrayed 
is typically generated using polymerase 
chain reaction (PCR) and robotically 
printed onto a coated microscope slide.  
On the other hand, oligonucleotides can 
either be robotically spotted similar to 
the cDNA arrays or synthesized on a 
glass substrate using photolithography.  

respectively.  In addition to the human 
cDNA, plant (Arabadopsis thaliana) 
cDNA and human beta-actin cDNA are 
also been spotted on each array, and serve 
as internal controls for the various steps 
involved in microarray analysis.  Each gene 
represented on the array has been printed 
in triplicate on standard glass microscope 
slides that are coated with poly-L-lysine 
to bind the cDNA.  Extremely clean slide 
surfaces and an even coating of poly-L-
lysine are required for high quality arraying 
of cDNA.  Therefore, the human cDNA 
microarray has been printed on slides 
that have been individually checked later 
checked and stored at room temperature 
in a dust-free box prior to printing.  

The GMS 417 arrayer uses a proprietary 
Pin-and-Ring™ technology from 
Affymetrix for spotting samples on the 
slides.  An aliquot of cDNA is lifted in 
each ring and held in place by surface 
tension.  A tiny droplet of cDNA (~ 1nL) 
is deposited on the slide surface as the pin 
passes through the ring.  The GMS 417 
arrayer can print up to 42 chips in a single 
run.  After each printing run, the first and 
last slides in the lot are always visually 
inspected (with the blue dye spike) to 
ensure there is no deterioration in spot 
quality.  The slides are processed to remove 
any excess salt and unbound cDNA, UV 
cross-linked to fix the cDNA, and the 
surface reduced to prevent non-specific 
adsorption of DNA during hybridization.

Each gene on the array is represented by 
multiple (10-20) oligonucleotides that 
correspond to different regions of the 
gene.  The primary difference between 
the cDNA and oligonucleotide arrays is 
the target size represented on the chip.  
Typical cDNA lengths used for arraying 
range from 500 to 2000 base pairs, while 
the targets used in oligonucleotides 
arrays vary in length, from 25 bases 
for the in situ synthesized arrays to 70 
bases for printed oligonucleotides arrays.  

The Functional Genomics and Proteomics 
SSF Core facility has a GMS 417 arrayer 
that can print in either a 96- or 384-well 
format depending on the sample number 
and replicates required.  The arraying 
protocol developed at the SSF and used for 
microarray printing is outlined in Figure 
1.  cDNA corresponding to the genes of 
interest was obtained as plasmid-bearing 
bacterial clones from commercial sources 
and amplified using PCR.  The fidelity of 
the cDNA to be arrayed has been verified 
with agarose gel electrophoresis, and 
purified in a high-throughput format using 
a Millipore microplate filtration system.  
Using the protocol in Figure 1, the SSF has 
prepared a master plate of human cDNA at 
a concentration of 250 ng/µL in arraying 
buffer.  Since inconsistencies in arraying 
could lead to confounding experimental 
results, a detergent and blue dye have 
also been added to the cDNA to ensure 
the generation of uniform spots and for 
visual quality control checks of the array, 

SBH have expressed an interest in using 
this array for mechanistic investigations 
on gene expression and regulation in 
normal and abnormal states.  For example, 
the inflammation microarray is being 
used to study the molecular mechanisms 
belying the expression of albumin, a key 
liver-synthesized protein that is down-
regulated during the acute-phase response 
to burn injury as well as the regulation 
of neutrophil mobilization from the bone 
marrow. 

Differential gene expression analysis 
using microarrays is still in its infancy 
because of high variability in generating 
arrays, protocols that have not yet been 
standardized, and data analysis methods 
that are in development.  However, 
there is unlimited potential for applying 
microarrays in different aspects of 
biomedical research.  Such an analysis 
may also result in a deeper understanding 
of disease states and abnormalities.  Along 
with disease phenotyping, chips have 
numerous uses in areas of drug discovery 
(pharmacogenomics), human diagnostics, 
investigating cell signaling pathways, 
exposure assessment (toxicogenomics), 
agriculture diagnostics, media optimization, 
mutant detection, and pharmaceutical 
diagnostics (validation of batches).  Due to 
the great potential that exists, we envision 
that cDNA chips will have a major impact 
on biomedical research.

Acknowledgments:  The SSF is partly 
funded by a grant from Shriners Hospitals 
for Children (#8490).

 

Labeled cDNA (probes) from cells or 
tissue can be generated by several methods; 
however, the most common technique is 
direct labeling of the cDNA (Figure 2).  
Briefly, mRNA isolated from treated and 
control populations is reverse-transcribed 
using a fluorescently labeled nucleotide 
(Cy3-dUTP or Cy5-dUTP) and results in 
a labeled probe.  Three plant mRNA from 
are spiked into the reaction and serves 
as an indicator of reverse-transcription 
efficiency and hybridization specificity, 
as these plant probes will bind only to the 
corresponding plant cDNA spotted on the 
array and not to any human cDNA.  In 
addition, human beta-actin (a prevalent 
component of the cytoskeleton) mRNA 
is also spiked in to check the quality of 
the RNA sample generated from cells or 
tissue.  The Cy3- and Cy5- labeled probes 
are purified by removing unincorporated 
dye and nucleotides and hybridized in a 
humid chamber overnight.  The array is 
then scanned on both a red (Cy5) channel 
and green (Cy3) channel and the images 

imported into an analysis software package 
(Jaguar 2.0) to determine the intensity 
of each spot (which corresponds to the 
relative levels of each gene in the sample).  
Figure 3 depicts a typical microarray 
image generated at the SSF using this 
protocol.  The ratio of Cy5-treated/Cy3-
control can be used to determine the 
relative up- or down regulation of a 
particular gene in a given cellular state.  

The SSF has recently completed printing 
an inflammation array that contains 
containing 141 unique human genes 
relevant to the inflammatory response, 
including cytokines, cytokine receptors, 
signal transduction kinases, heat shock 
proteins, transcription factors, liver 
specific genes, and controls).  The 
capability to generate custom arrays in-
house is a cost-effective alternative to 
buying arrays from commercial sources, 
a limitation that has deterred investigators 
from using microarrays in their research.  
Several ongoing projects at MGH and 
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An Inflammation 
Chip to Investigate 
the Acute Phase 
Response
Arul Jayaraman Ph.D
Deanna Thompson Ph.D 
(photo below)

The Special Shared Facility (SSF) for 
Functional Genomics and Proteomics 
at MGH/SBH has established the 
infrastructure and capabilities for 
generating cDNA microarrays.  
Microarrays (or gene chips) are a powerful 
tool for simultaneous monitoring of gene 
expression in a high-throughput manner.  
In a single experiment, microarray analysis 
can provide information on the changes in 
several genes that are pertinent to a disease 
state or cellular process.  In contrast, 
traditional methods for studying gene 
expression such as Northern blots and RT-
PCR are more laborious, time consuming, 
and are not suited for simultaneous 
measurement of gene expression levels.  
Microarrays are based on using either 
cDNA (DNA corresponding to mRNA) or 
oligonucleotides as hybridization targets and 
can be generated by either robotic spotting 
on surfaces (cDNA and oligonucleotides) 
or synthesizing them on surfaces in situ 
(oligonucleotides).  In cDNA microarrays, 
each gene of interest is represented by a 
partial-length DNA sequence and up to 
10,000 genes can be routinely spotted on 
glass slides.  The material to be arrayed 
is typically generated using polymerase 
chain reaction (PCR) and robotically 
printed onto a coated microscope slide.  
On the other hand, oligonucleotides can 
either be robotically spotted similar to 
the cDNA arrays or synthesized on a 
glass substrate using photolithography.  

respectively.  In addition to the human 
cDNA, plant (Arabadopsis thaliana) 
cDNA and human beta-actin cDNA are 
also been spotted on each array, and serve 
as internal controls for the various steps 
involved in microarray analysis.  Each gene 
represented on the array has been printed 
in triplicate on standard glass microscope 
slides that are coated with poly-L-lysine 
to bind the cDNA.  Extremely clean slide 
surfaces and an even coating of poly-L-
lysine are required for high quality arraying 
of cDNA.  Therefore, the human cDNA 
microarray has been printed on slides 
that have been individually checked later 
checked and stored at room temperature 
in a dust-free box prior to printing.  

The GMS 417 arrayer uses a proprietary 
Pin-and-Ring™ technology from 
Affymetrix for spotting samples on the 
slides.  An aliquot of cDNA is lifted in 
each ring and held in place by surface 
tension.  A tiny droplet of cDNA (~ 1nL) 
is deposited on the slide surface as the pin 
passes through the ring.  The GMS 417 
arrayer can print up to 42 chips in a single 
run.  After each printing run, the first and 
last slides in the lot are always visually 
inspected (with the blue dye spike) to 
ensure there is no deterioration in spot 
quality.  The slides are processed to remove 
any excess salt and unbound cDNA, UV 
cross-linked to fix the cDNA, and the 
surface reduced to prevent non-specific 
adsorption of DNA during hybridization.

Each gene on the array is represented by 
multiple (10-20) oligonucleotides that 
correspond to different regions of the 
gene.  The primary difference between 
the cDNA and oligonucleotide arrays is 
the target size represented on the chip.  
Typical cDNA lengths used for arraying 
range from 500 to 2000 base pairs, while 
the targets used in oligonucleotides 
arrays vary in length, from 25 bases 
for the in situ synthesized arrays to 70 
bases for printed oligonucleotides arrays.  

The Functional Genomics and Proteomics 
SSF Core facility has a GMS 417 arrayer 
that can print in either a 96- or 384-well 
format depending on the sample number 
and replicates required.  The arraying 
protocol developed at the SSF and used for 
microarray printing is outlined in Figure 
1.  cDNA corresponding to the genes of 
interest was obtained as plasmid-bearing 
bacterial clones from commercial sources 
and amplified using PCR.  The fidelity of 
the cDNA to be arrayed has been verified 
with agarose gel electrophoresis, and 
purified in a high-throughput format using 
a Millipore microplate filtration system.  
Using the protocol in Figure 1, the SSF has 
prepared a master plate of human cDNA at 
a concentration of 250 ng/µL in arraying 
buffer.  Since inconsistencies in arraying 
could lead to confounding experimental 
results, a detergent and blue dye have 
also been added to the cDNA to ensure 
the generation of uniform spots and for 
visual quality control checks of the array, 

SBH have expressed an interest in using 
this array for mechanistic investigations 
on gene expression and regulation in 
normal and abnormal states.  For example, 
the inflammation microarray is being 
used to study the molecular mechanisms 
belying the expression of albumin, a key 
liver-synthesized protein that is down-
regulated during the acute-phase response 
to burn injury as well as the regulation 
of neutrophil mobilization from the bone 
marrow. 

Differential gene expression analysis 
using microarrays is still in its infancy 
because of high variability in generating 
arrays, protocols that have not yet been 
standardized, and data analysis methods 
that are in development.  However, 
there is unlimited potential for applying 
microarrays in different aspects of 
biomedical research.  Such an analysis 
may also result in a deeper understanding 
of disease states and abnormalities.  Along 
with disease phenotyping, chips have 
numerous uses in areas of drug discovery 
(pharmacogenomics), human diagnostics, 
investigating cell signaling pathways, 
exposure assessment (toxicogenomics), 
agriculture diagnostics, media optimization, 
mutant detection, and pharmaceutical 
diagnostics (validation of batches).  Due to 
the great potential that exists, we envision 
that cDNA chips will have a major impact 
on biomedical research.

Acknowledgments:  The SSF is partly 
funded by a grant from Shriners Hospitals 
for Children (#8490).

 

Labeled cDNA (probes) from cells or 
tissue can be generated by several methods; 
however, the most common technique is 
direct labeling of the cDNA (Figure 2).  
Briefly, mRNA isolated from treated and 
control populations is reverse-transcribed 
using a fluorescently labeled nucleotide 
(Cy3-dUTP or Cy5-dUTP) and results in 
a labeled probe.  Three plant mRNA from 
are spiked into the reaction and serves 
as an indicator of reverse-transcription 
efficiency and hybridization specificity, 
as these plant probes will bind only to the 
corresponding plant cDNA spotted on the 
array and not to any human cDNA.  In 
addition, human beta-actin (a prevalent 
component of the cytoskeleton) mRNA 
is also spiked in to check the quality of 
the RNA sample generated from cells or 
tissue.  The Cy3- and Cy5- labeled probes 
are purified by removing unincorporated 
dye and nucleotides and hybridized in a 
humid chamber overnight.  The array is 
then scanned on both a red (Cy5) channel 
and green (Cy3) channel and the images 

imported into an analysis software package 
(Jaguar 2.0) to determine the intensity 
of each spot (which corresponds to the 
relative levels of each gene in the sample).  
Figure 3 depicts a typical microarray 
image generated at the SSF using this 
protocol.  The ratio of Cy5-treated/Cy3-
control can be used to determine the 
relative up- or down regulation of a 
particular gene in a given cellular state.  

The SSF has recently completed printing 
an inflammation array that contains 
containing 141 unique human genes 
relevant to the inflammatory response, 
including cytokines, cytokine receptors, 
signal transduction kinases, heat shock 
proteins, transcription factors, liver 
specific genes, and controls).  The 
capability to generate custom arrays in-
house is a cost-effective alternative to 
buying arrays from commercial sources, 
a limitation that has deterred investigators 
from using microarrays in their research.  
Several ongoing projects at MGH and 
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gen, and toxins from the patient’s blood or 
plasma to reach the hepatocytes.  The treat-
ed blood or plasma, including metabolites 
and synthetic products, is then returned to 
the patient’s circulation.  Achieving this 
task requires a large surface area for cell 
attachment with uniform cell distribution 
and flow.

Clinical Trials with 
Bioartificial Liver Devices 
Most devices undergoing clinical trials are 
designed based on hollow-fiber technolo-
gy, in which either porcine hepatocytes at-
tached to collagen-coated microcarriers or 
cells from the human hepatoblastoma cell 
line are typically loaded into the extralu-
minal compartment and patient plasma or 
blood is allowed to flow within the fiber 
lumina.  Currently, a clinical, multicenter 
Phase II/III randomized trial of a hollow-
fiber bioartificial liver device is in progress 
at several United States and European 
sites.  An interim report on this trial has 
recently indicated a survival advantage in 
patients with fulminant hepatic failure who 
received treatment with this bioartificial 
liver device.  It has been suggested that 
these hollow-fiber devices are subject to 
substrate limitations due to the relatively 
large diameter of the fibers as well as the 
transport resistances associated with the 
fiber wall.  Given the high oxygen utiliza-
tion of hepatocytes and low solubility of 
oxygen in plasma, the adequate delivery 
of oxygen in hollow-fiber bioartificial liver 
devices has been problematic.

To improve oxygenation, some designs 
utilize hollow fibers as conduits for oxygen 
delivery.  In one design, discrete bundles of 
woven capillary membranes enter and leave 
the bioreactor forming a three-dimensional 
structure.  The hepatocytes are distrib-
uted in a collagen matrix on the membrane 
framework and the extracapillary space is 
perfused with plasma.  The capillary bun-
dles allow independent oxygen supply and 
plasma inflow and outflow.  Using this de-
sign, it was demonstrated that hepatocytes 
could express differentiated functions over 
several weeks.  In a Phase I clinical trial 
using this device with porcine hepatocytes, 
acute liver failure patients were success-
fully bridged to liver transplantation.  In 
another clinical trial, this device containing 
primary human hepatocytes isolated from 
discarded transplantation organs, success-
fully bridged three acute liver failure pa-
tients to transplantation.

Our Experience
In an effort to maximize oxygen availabil-
ity to the hepatocytes and to reduce mass 
transport limitations, we recently devel-
oped a microchannel flat-plate bioreactor 
with an internal gas permeable membrane 
through which oxygen is supplied (Figure 
2).  The hepatocytes are attached to a colla-
gen-coated glass substrate and are in direct 
contact with the perfusing medium.  A gas 
permeable membrane separates the liquid 
compartment from the oxygenating gas 
compartment.  This design allows oxygen 
delivery to the hepatocytes to be decoupled 
from the medium flow, thereby allowing 
oxygen delivery and flow to be studied 
independently.  Hepatocyte viability and 
function obtained in this bioreactor con-
figuration was compared to that obtained 
in a similar bioreactor without the internal 
membrane oxygenator.  In the absence 
of internal membrane oxygenation, there 
was a significant decrease in the viability 
and function of hepatocytes, whereas in 
the bioreactor with internal membrane 
oxygenation, viability as well as stable 
albumin and urea synthetic functions were 
maintained.  In fact, stable albumin and 
urea synthesis rates were maintained for 
up to 10 days under perfusion conditions 
in this bioreactor.  Using the bioreactor 
with the internal membrane oxygenator 
to evaluate the effects of shear stress on 
hepatocyte synthetic and detoxification 
functions, we found that albumin and urea 
synthesis rates were more stable at lower 
wall shear stresses (0.01 – 0.33 dyn/cm2) 
than at higher wall shear stresses (5 – 21 
dyn/cm2).  Ethoxyresorufin-o-deethylation 
(EROD) activity, which is primarily cata-
lyzed by cytochrome P4501A1, was not 
adversely affected by a shear stress of 10 

dynes/cm2 for at least 12 hours.

These results show that internal membrane 
oxygenation within a bioreactor is critical 
to maintain long-term hepatocyte viability 
and function.  They also provide informa-
tion on the optimal design of hepatocyte 
bioreactors and the eventual scaling-up 
to clinical devices.  For example, the fact 
that albumin and urea synthesis are both 
more stable at lower shear stresses while 
P450 activity is enhanced at higher shear 
stresses, suggests that bioreactor efficiency 
could potentially be increased if the biore-
actor had specific shear stress regions (e.g., 
high and low) whereby each of these func-
tions could be optimized.

A scaled-up version of our flat-plate biore-
actor with internal membrane oxygenation, 
and containing porcine hepatocytes was 
tested in a D-galactosamine rat model of 
liver failure.  There was a significant re-
duction in two clinically important plasma 
parameters, namely, ammonia level and 
prothrombin time, in animals treated with 
this device.  Most importantly, animal sur-
vival at 7-days was significantly improved 
in the rats treated with the hepatocyte 
seeded bioreactor (50%) compared to those 
treated with the unseeded bioreactor (11%) 
(Figure 3). An extracorporeal bioartificial 
liver device is a promising technology for 
the treatment of liver failure.  Studies us-
ing our porcine hepatocyte-based flat-plate 
bioreactor with an internal membrane oxy-
genator have demonstrated its efficacy in a 
rat model of liver failure.  These results are 
promising and will hopefully lay a founda-
tion for the eventual clinical application of 
this device.

New CEM Members From Project

Alptekin Aksan, Ph.D. Michigan State University New electroporation protocols  for 
efficient transfection of molecules 

Julia Ansari Rutgers University Summer student: In vivo perfusion 
studies 

Justin Azadivar University of California, Berkley Summer student: Cryopreservation 

Catherine Cornell Harvard University Summer student: Genomics 

Scott Banta, Ph.D. Rutgers University Liver and muscle metabolism after 
burn injury 

Xudong Cao, Ph.D. University of Toronto Re-innervation of nerves into 
artificial skin grafts 

Justin Gainer Johns Hopkins University Summer student: Liver and muscle 
metabolism 

Daniel Irimia, Ph.D. University of Illinois  Microsystems bioengineering 

Jae-Sung Park, Ph.D. University of Wisconsin, Madison BioMEMS 
aspects of a liver assist device 

Padmavathy 
Rajagopalan, Ph.D. 

Boston University Hepatic tissue engineering 

Alex Revzin, Ph.D. Texas A&M University BioMEMS 

Martina Richtsfeld, M.D. Technische Universität München  Acetylcholine esterase effects on 
neuromuscular transmission 

Mrinal Shah Boston University Summer student: Cryopreservation 

Keishi Sugimachi, M.D., 
Ph.D. 

Kyushu University, Japan Biopreservation of hepatocytes for 
use bioartificial liver reactor 

Angela Thornton Rutgers University Summer student:  Molecular 
Machines
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Bioengineering of a Liver 
Assist Device
Arno W. Tilles, MD

The liver is one of the largest organs in the 
body and performs numerous functions 
which are vitally important to maintaining 
metabolic homeostasis (Figure 1.).  
These functions include synthesis of 
serum proteins, regulation of nutrients, 
production of bile, and metabolism and 
conjugation of compounds for excretion 
in the bile or urine.  Hepatocytes, which 
are the predominant cell type within 
the liver, account for two-thirds of the 
liver mass.  The liver is normally able to 
regenerate after acute injury and regain its 
function under appropriate physiological 
stimuli.  However, liver failure occurs 
when the normal regenerative process is 
compromised and the residual functional 
capacity of the damaged liver is unable to 
sustain life.

Over 30,000 patients die annually in the 
United States from liver disease.  The 
two principal causes of liver failure are 
cirrhosis and fulminant hepatic failure.  
Liver cirrhosis, whose etiology includes 
alcoholism and chronic hepatitis, is an 
irreversible process that occurs when 
fibrotic tissue replaces normal liver tissue 
as a result of chronic injury.  Fulminant 
hepatic failure is a clinical syndrome defined 
by impaired mental and neuromuscular 
function whose etiology includes chemical 
and viral hepatitis.  It occurs as a result 
of massive hepatocyte necrosis and is the 
most severe manifestation of end-stage 
liver disease with mortality rates greater 
then 80%.  Although there is currently 
no cure for liver failure, orthotopic liver 

transplantation is 
the only clinically 
proven effective 
treatment for 
patients with end-
stage liver disease.  
In the year 2000, 
there were 4954 
liver transplants 
performed in the 
United States 
(Based on UNOS 
OPTN data as of 
August 3, 2001) 
and 1686 patients 
died while waiting 
for a liver transplant 
(Based on UNOS 
OPTN data as 
of December 28, 
2001).  As can be 
seen from these 
statistics, a major 
limitation of this 
treatment is the 
scarcity of donor 
organs which results 
in patients dying while on the waiting list.  
There are currently over 18,000 patients on 
the waiting list to receive a donor liver.

Replacing Liver Functions
Over the past four decades, many attempts 
have been made to develop artificial liver 
systems to support patients with liver fail-
ure.  The goal of these systems is to provide 
temporary hepatic support for patients with 
fulminant hepatic failure who are awaiting 
orthotopic liver transplantation.  Since the 
liver has tremendous regenerative capac-
ity, some liver failure patients may spon-
taneously recover if provided temporary 

hepatic sup-
port, thereby 
averting a liver 
transplant and 
the associated 
life-long immu-
nosuppressive 
therapy.  Du-
plicating the 
liver’s complex 
metabolic func-
tions that are 
essential for sur-
vival has been a 
significant chal-
lenge.  There 
are two general 
categories of 
artificial liver 

devices that have been developed, non-
biological and biological.  Nonbiological 
methods, including hemodialysis and 
hemoperfusion, have had minimal patient 
survival benefit due to their inability to 
replace synthetic and metabolic functions.  
These results demonstrated the inability 
of treating liver failure using solely me-
chanical, nonbiological-based processes.  
Biological-based approaches such as cross-
circulation, extracorporeal liver perfusion 
with crosshemodialysis, and liver tissue 
hemoperfusion were all shown to provide 
limited functional support on a short-term 
basis.  The problems associated with these 
approaches were due to the difficulty in 
maintaining tissue viability and immuno-
logic complications.

The hybrid bioartificial liver 
device, in which functional hepatocytes 
are housed within a man-made synthetic 
device, can overcome some of the prob-
lems seen in other forms of liver support.  
These devices, with their metabolically 
active hepatocytes, can provide a broader 
range of liver-specific functions compared 
to non-biological or other biological-based 
systems.  In order for a bioartificial liver 
device to function optimally, it must main-
tain the hepatocytes in an environment that 
mimics the in vivo environment as close 
as possible.  In general, a bioreactor is in-
oculated with hepatocytes and the patient’s 
blood or plasma circulates through the 
device.  The ideal bioreactor design would 
maximize mass transfer to the hepatocytes 
thereby allowing nutrients, including oxy-

Being from Australia, snow at any time of 
year is a very strange experience but when 
I signed up for the CEM (a.k.a. Center for 
the Exploration of the Mountains) trip to 
the Catskills in New York state I certainly 
had no expectations.  Arriving at the 
camp site I met Joe Vitolo who, with deft 
scout master skills, was marshalling the 
many talents of our rather large group of 
varied description.  Assigned to lighting 
a fire I did my duty as best I could and 
was very glad I had with me the many 
information handouts that were provided before the camp to get the fire started.  Due to the weather the trail selection was altered and we 
hiked on only one day.  After brunch in a cozy diner and some last minute glove shopping for our crew we made tracks for the trailhead.  
Despite some rather revealing parking difficulties on the slippery, snow covered entrance we finally commenced our ascent.   It was very 
cold but I had come prepared with thermals, T-shirt, a fleece sweater, woolen vest and rain pants and jacket.  Obviously, very concerned 
about our levels of preparedness, Joe gave us some last advice not to wear too much clothing because you’ll be soon be taking it all off 
anyway.  Ignoring this of course 5 minutes later I was stumbling by the side of the trail delayering, and 5 minutes later doing this again.  
The hike was not without further surprises when one of our less fool hardy mountaineers realized they might rather be wrapped up in a 
sleepy bag back in the car and turned around.  Joe realized he’d left a really nice lunch in the car and explained that he would accompany 
our returning wounded in the interests of public safety.  Undaunted the rest of our motley crew pressed onward and upward toward our 
final destination.  Despite my initial overenthusiastic attire I am happy to say that I reached the summit with less in reserve than I will ever 
admit.  We relaxed and took this photo at the summit that, although it had no lookout and we could see nothing but trees, was indeed the 
pinnacle of our hike.  Meanwhile, while others munched on granola and nuts another problem lurked nearby.  Leg cramps had begun to 
overtake one of our members who just minutes earlier had been a happy face in the lens of Arno’s camera.  The cramps were severe enough 
for a change of plan for our victim’s descent.  While much slower, our poor injured comrade was dragged, carried and pulled down the 
side of the mountain by some of the veteran elites in the group.  In the end, everyone returned safely and was very happy to have explored 
this mountain range.  Maybe we’ll do it again in summer!  There is still a chance for you to partake in the above excursions planned for 
the rest of the year.  Ed.
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Figure 1. Normal Liver Histology (H&E)
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