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Abstract

The creation of stable flow cultures of hepatocytes is highly desirable for the development of
platforms for drug toxicity screening, bio-artificial liver support devices, and models for
investigating liver physiology and pathophysiology. Given that hepatocytes cultured using the
collagen overlay or ‘sandwich’ configuration maintain a wide range of differentiated functions,
we describe a simple method for adapting this culture configuration within a microfluidic device.
The device design consists of a porous membrane sandwiched between two layers of PDMS
resulting in a two-chambered device. In the bottom chamber, hepatocytes are cultured in the
collagen sandwich configuration, while the top chamber is accessible for flow. We demonstrate
that hepatocytes cultured under flow exhibit higher albumin and urea secretion, and induce
cytochrome P450 1A1 activity in comparison to static cultures. Furthermore, over two weeks,
hepatocytes cultured under flow show a well-connected cellular network with bile canaliculi
formation, whereas static cultures result in the formation of gaps in the cellular network that
progressively increase over time. Although enhanced functional response of hepatocytes
cultured under flow has been observed in multiple prior studies, the exact mechanism for this
flow induced effect remains unknown. In our work, we identified that hepatocytes secrete higher
level of collagen in the flow cultures; inhibiting collagen secretion within the flow cultures
reduced albumin secretion and restored the appearance of gaps in the cellular network similar
to the static cultures. These results demonstrate the importance of the increased collagen
secretion by hepatocytes cultured under flow as a mechanism to maintain well-connected
cellular network and differentiated function.
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1. Introduction

The ability to maintain long-term stable culture of primary hepatocytes is important for creating
bio-artificial liver support systems', drug toxicity screening platforms®, and models for
investigating liver physiology and pathophysiology®. Since liver plays a central role in drug
metabolism and detoxification, it is one of the principal target organs for studying toxicity of
drugs. Drug-induced hepatic injury is the most frequent reason cited for withdrawal of approved
drugs®. In vitro systems are often used as models to predict drug toxicity and pharmacokinetics
for clinical cases. Typically, these drug toxicity studies are conducted in static cultures.
However, in vivo hepatocytes are exposed to drugs under flow conditions. Microfluidic devices
can be used for culturing hepatocytes in a well-controlled flow microenvironment. Several
groups have taken advantage of the small geometries and diverse material types to culture
hepatocytes in microfluidic devices®”. There is a considerable interest in developing strategies
that promote the maintenance of stable hepatocyte phenotype and function in microfluidic
devices for up to a few weeks.

After isolation, hepatocytes rapidly lose their differentiated functions and require specialized
extracellular matrix (ECM) culture conditions, such as the collagen overlay or sandwich
configuration, for long-term culture® °. Other approaches that facilitate hepatocytes in
maintaining their function include co-cultivation with other cell types such as fibroblasts'® "', and
endothelial cells'®; or spheroid formation™. Although initially used in static cultures, these
approaches have also been adapted for flow systems. Typically, hepatocyte fibroblast co-
cultures are patterned under an open configuration and the introduction of flow requires
assembly of the pre-seeded devices' ™. Similarly, macro scale bioreactors have been
developed that enable hepatocyte seeding in sandwich configuration, but perfusion requires a
somewhat cumbersome assembly post-seeding’® '. Another approach relies on seeding
hepatocytes with the non-parenchymal cells on a scaffold within the multi-well flow plate where
the cells assemble into spheroids'®. Additionally, hepatocytes have been cultured in microfluidic
devices without collagen overlay, or in co-cultures where monocultures of hepatocytes are
either packed at high density® or induced to form aggregates® ’.Instead of directly exposing
hepatocytes to flow, these approaches rely on media transport through narrow side channels
that enclose the cells. Although, these microfluidic approaches provide interesting solutions,
hepatocyte functional data is only reported for up to one week of culture®”.

Almost universally, whenever hepatocytes in perfusion/flow cultures are compared to their
corresponding static cultures, under low shear stress conditions, the cells show higher function
in flow cultures, presumably due to greater nutrient exchange. However, the exact mechanism
through which flow induces higher function remains unknown. In this work, we first demonstrate
a simple method for culturing hepatocytes under the collagen sandwich configuration within a
fully assembled microfluidic device that is amenable to flow on top of the collagen gel.
Furthermore, we identify the importance of increased collagen secretion by hepatocytes during
flow condition in comparison to static cultures as a mechanism by which flow enhances and
stabilizes hepatocyte differentiated function in microfluidic devices.

2. Materials and Methods

2.1. Microfluidic Device Fabrication

A dual-layered, membrane-based microfluidic device (Figure 1) was fabricated at the BioMEMS
Resource Center at the Massachusetts General Hospital and assembled in-house. Silicon-wafer
templates served as negative molds to generate the top and bottom layers of the device in
poly(dimethyl)siloxane (PDMS, Sylgard 184, Dow Corning) using standard soft-lithography



Lab on a Chip

protocols'®. Two sets of inlet and outlet ports were punched into the top PDMS layer using a
0.75 mm dermal punch. A 3.0 um pore-sized PET membrane (8 x 10° pores/cm? and ~ 6 mm?
exposed surface area/cm?) obtained from transwell membrane insert (BD Biosciences) was cut
to desired shape using a laser cutter. The inverted top layer was first bonded to the membrane.
Briefly, a thin layer of PDMS pre-polymer was spin-coated onto a clean glass coverslip and a
clean top layer was placed onto it for the PDMS to spread on the surface around the channel®.
A clean laser-cut membrane was applied to the PDMS pre-polymer coated surface of the top
layer and bonded carefully while ensuring the fluidic channels remained free of PDMS pre-
polymer (Figure 1A). The membrane bonded firmly to the top layer after baking at 120°C for 1-2
hours (Figure 1B). The membrane-bound top layer and the bottom layer were treated with
plasma for 30 seconds using a vacuum plasma cleaner. Next, the two layers were aligned and
brought in conformal contact prior to baking at 70°C for 20 min (Figure 1C and 1D). All devices
were UV-sterilized for 15 min and the bottom cell culture chamber was coated with 50 yg/mL
fibronectin obtained from bovine plasma (Sigma-Aldrich) in PBS and maintained at 37°C for 1
hour before introducing primary hepatocytes. The dimensions of the bottom chamber was 10
mm? x 0.1 mm (Surface area x Height) and the overall volume of the top and bottom chambers
were ~ one JL each.

2.2. Primary Rat Hepatocyte Isolation and Cell Seeding into the Microfluidic Device

Rat hepatocytes were freshly isolated before each experiment from adult female Lewis rats
(Charles River Laboratories, Massachusetts) weighing 180-200 g, by a modified procedure as
described previously?'. All animals were treated in accordance with National Research Council
guidelines, and the studies were approved by the Subcommittee on Research Animal Care at
Massachusetts General Hospital. Typically, 200-300 million hepatocytes with 90-95% viability,
as determined by trypan blue exclusion, were isolated and immediately used for seeding
devices. A suspension of primary rat hepatocytes, at a final concentration of 10 million cells
(M)/mL, was primarily prepared by mixing one part of 20 M/mL cells suspended in media and
one part ice-cold collagen pre-gel solution (9 parts 1.25 mg/mL type | rat tail collagen mixed with
1 part 10X DMEM). The cell suspension was introduced into the bottom cell culture chamber
using a pipette tip. The device was placed in a 37°C cell culture incubator for one hour to
complete the collagen gel formation, which resulted in embedding of hepatocytes in the collagen
gel within the bottom chamber of the device. These cells embedded in collagen gel were
cultured in serum-free Williams E medium supplemented with, 0.05 U/L insulin, 0.01428 mg/L
glucagon, 20 ng/mL epidermal growth factor (EGF), 7.5 pg/mL hydrocortisone, 200 U/mL
penicillin, and 200 pg/mL streptomycin at 37 °C in humidified 10% CO, environment. Media in
the top chamber was replaced every 24 hours in devices maintained in static condition. Flow (5
or 20 pL/hour) of fresh media was introduced in the top chamber of perfusion devices after 48
hours of seeding and continued thereafter. Tygon tubing (0.01”IDx0.03"0OD, Cole Parmer) was
used for all fluidic connections and media perfusion. In some experiments, cis-hydroxyproline
(cHP, 40ug/mL) was added to the culture medium for cells under perfusion for inhibiting
collagen secretion?.

2.3. Hepatocyte Morphology and Polarization

Hepatocyte morphology and monolayer integrity were assessed by phase contrast microscopy.
Hepatic polarization and bile canalicular network were observed using a solution of 2uM
CellTracker™ Green CMFDA (Life Technologies) in a Live Cell Imaging Solution (Life
Technologies). CMFDA remains in the cytosol in non-polarized hepatocytes that lack any
canaliculi network, and is excreted by polarized hepatocytes into canaliculi when they are
present (Figure 2). Reagents were introduced through the top chamber using a pipette tip for
both these assays.
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2.4. Hepatocyte Function: Albumin, Urea and CYP450 assay

Albumin (Figure 3A) and urea (Figure 3B) contents in the cell culture supernatant samples
collected from the microfluidic devices were measured using in vitro rat albumin ELISA kit
(Abcam) and Urea BUN assay kits (Stanbio) following the manufacturer’s protocols.

CYP1A1 activities (Figure 3C) were assessed by induction of culture with 3-methylcholanthrene
(3-MC) at a final concentration of 2uM in media. Static devices were exposed to 3-MC 24 hours
before measuring CYP activity. In flow devices, induction was either done by continuous
perfusion of 3-MC (16.7 nM) for 24 hours such that the amount of 3-MC exposed to the cells
were similar to the static devices, or by static induction with 2uM 3-MC for 24 hours (Figure S2).
CYP1A1 conversion of ethoxyresorufin to resorufin after 20 minutes of cell exposure to the
substrate solution (10 uM ethoxyresorufin + 80uM dicumarol in phenol red free Earle’s Balanced
Salt Solution (EBSS)) added to the top chamber of the device and incubated at 37°C was
determined by measuring the fluorescence at 520-530 nm excitation and 580-590nm emission.
CYP1A1activity was reported in terms of resorufin concentration.

2.5. Collagen Gene Expression and Protein Analysis

For gene expression studies, hepatocyte cell pellets were collected from the microfluidic devices
by perfusion of collagenase through the bottom and top layer, washed with 1X ice-cold PBS and
centrifuged, and stored at -80°C. Total RNA from cell pellets was isolated using RNeasy Mini Kit
(Qiagen) as per the manufacturer’s instructions. RT-PCR was performed on day 7 hepatocytes
to assess relative differences in Collagen Type | (col1at), Type IV (col4at), and Type V
(col5a1) mRNA expression (Figure 4A) in flow and static devices using OneStep RT-PCR kit
(Qiagen) following the manufacturer’s protocol.

The total Collagen Type IV produced by hepatocytes on day 7 under static and flow conditions
(Figure 4B) were quantified using Collagen Type IV (CoL-4) Elisa kit (Mybiosource) as per
manufacturer’s protocol.

2.6. Statistical Analysis

Each experiment was performed in duplicates from at least three different rat isolations.
Quantitative data was plotted as the meanzstandard error of the mean wherever indicated.
Statistical analysis was performed using Student’s unpaired two-way t-test. Differences were
considered statistically significant when p<0.05.

3. Results and discussion

3.1. Microfluidic Device Design

It is well established that culturing hepatocytes under sandwich configuration results in adoption
of an in vivo-like morphology and polarity and maintenance of wide range of differentiated
functions® ® %" 2. Our goal was to design a microfluidic device that permits fluid flow in
conjunction with sandwich culture of hepatocytes. In a single layered device, introduction of
collagen gel on top of hepatocytes can clog the channel without leaving any space for fluid flow.
Thus, our device design includes (Figure 1) a porous membrane sandwiched between two
layers of PDMS that results in a two-chambered device. In recent reports, porous membranes
have been utilized for fabricating two chamber microfluidic devices®* ?°. For our device, the
hepatocytes that were suspended in the collagen pre gel solution are introduced into the bottom
chamber and allowed to gel. These results in hepatocytes embedded in collagen gel in the
bottom chamber, while the top chamber remains open for introducing flow on top of the
membrane. The intervening membrane acts as a barrier preventing collagen gel from entering
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the top chamber, while at the same time permitting soluble factor exchange between the top
and the bottom chambers through the pores of the membrane.

3.2. Effect of Flow on Hepatocytes Morphology, and Function

In vivo, endothelial cells and the extracellular matrix of the space of Disse separate the
sinusoidal flow from hepatocytes. Hepatocytes continuously exchange nutrients and other
soluble factors via flow occurring within the sinusoids. In order to simulate this effect and test
the effect of flow, the top chamber in the device was continuously perfused with cell culture
medium starting from day 2 of culture. As shown in Figure 2, hepatocytes in flow cultures
display flattened cuboidal morphology with sustained and well-connected cellular network over a
period of two weeks. Furthermore, they also exhibit an extended network of bile canaliculi as
seen in the fluorescence micrograph obtained from the CMFDA assay. CMFDA, by itself, is not
fluorescent and it passively enters in the cell cytoplasm where it is cleaved by an esterase
resulting in formation of the fluorescent product. This fluorescent product is a substrate of the
transporter protein MRP-2 expressed on the apical domain, which leads to its accumulation in
bile canaliculi®®. In contrast to flow condition, hepatocytes in static cultures within the microfluidic
device started to show gaps in the cellular network that progressively increased with time
(Figure 2). This led to lack of bile canaliculi network formation.

The effect of flow on hepatocytes was further evaluated by measuring albumin and urea
secretions and cytochrome P450 1A1 (CYP1A1) activity. Hepatocyte cultures subjected to flow
showed higher albumin and urea secretion in comparison to static cultures (Figures 3a and 3b),
confirming previous reports' "> . The differences in albumin and urea secretions for flow vs
static conditions became greater with time during the first week of culture and then it leveled off.
The above results from the flow experiments were obtained at the media flow rate of 5 pl/hour.
We evaluated if the hepatocyte function can be enhanced by increasing the media flow rate. We
observed that at 20 pl/hour, albumin and urea secretion at the end of the first week of culture
was much lower (Figure S1) as compared to 5 pl/hour. Thus, additional flow experiments and
their comparison to the static cultures were conducted at the flow rate of 5 pl/hour.

Higher function of hepatocytes in flow cultures was further supported by the CYP1A1 activity.
The CYP activity was measured after treating hepatocytes with 3-MC, which is a known inducer
of CYP1A1, for 24 hours. In contrast to albumin and urea secretions, the difference in CYP
activity between the flow and static cultures was starkly pronounced as early as day 3 of culture
(Figure 3C, p<0.01). This indicates that even relatively short duration of flow (24 hours) can
greatly enhance the CYP activity of hepatocytes in comparison to static induction. It is important
to note that in the flow devices, the inducer concentration was reduced to 16.7nM (vs 2uM in
static) in order to maintain the same total amount of inducer in flow and static conditions over
the 24 hour period. Similar results were obtained on days 7 and 14, where the flow cultures
showed higher CYP activity than the static cultures. In order to decouple the contribution of
continuous 3-MC exposure in flow devices, control experiments were conducted where
hepatocytes maintained in perfusion cultures were also treated with 3-MC under static condition
for 24 hours and compared to static devices. Figure S2 indicates that the CYP activity of
hepatocytes on day 7 was higher in flow than in static cultures (p<0.05) even though the 3-MC
treatment was conducted under static condition. The CYP activity was highest for the condition
where hepatocytes were maintained in flow cultures and the 3-MC treatment was also
conducted in flow condition. These results underscore the dynamic interplay of multiple flow
elicited factors that can influence hepatocyte function in microdevices.

3.3. Effect of Flow on Collagen Secretion by Hepatocytes

Page 6 of 14



Page 7 of 14

Lab on a Chip

In the sandwich configuration, it is believed that the layer on top of hepatocytes acts as a barrier
for retention of endogenous collagen secreted by hepatocytes and this freshly secreted collagen
is responsible for the maintenance of hepatocytes differentiated function. In light of this
understanding, we hypothesized that in the flow cultures higher function could be due to greater
level of collagen secreted by hepatocytes. In order to test this hypothesis, we first evaluated
expression of collagen la1, Va1, and Va1 genes in flow and static conditions, as previous
reports indicate that hepatocytes secrete different types of collagens including type |, IV, and
V¥ In our experiments, we observed that perfused hepatocytes expressed more type Va1
(p<0.01) and Va1 collagens in comparison to static cultures, while the level was similar for
collagen type la1 (Figure 4a). Since the greatest flow-induced increase in gene expression was
observed for collagen type IVa1, we further evaluated collagen type IV secretion by
hepatocytes. Figure 4b indicates that indeed flow enhanced collagen type IV protein secretion
by hepatocytes (~4 fold, p<0.01) in comparison to static condition.

In the past reports, collagen synthesis and secretion by hepatocytes has been directly linked to
the level of proline both in monoculture®® and co-culture®®. One plausible reason for higher
collagen synthesis in flow cultures could be due to hepatocytes being exposed to greater
amounts of proline compared to static cultures. Since the same media composition was used for
both static and flow cultures, hepatocytes in the flow cultures inherently were exposed to a
much larger amount of various factors, including proline, present in the cell culture medium. One
way of mitigating the effect of proline on collagen secretion by hepatocytes is by introducing
cHP in the culture medium. Past reports indicate that cHP gets incorporated in freshly
synthesized collagen and disrupts the triple helix structure of collagen molecules, which
interferes with their secretion®. In our experiments, we observed that addition of cHP to flow
cultures resulted in a decrease of Type IV collagen secretion. Strikingly, addition of cHP to the
flow cultures also resulted in formation of gaps in the cellular network of hepatocytes that were
not observed in the regular flow cultures (Figure 4c). Furthermore, addition of cHP resulted in
reduction of albumin secretion by hepatocytes in the flow cultures (Figure 4d, p<0.05) thereby
further supporting the role of higher collagen secretion in the flow cultures as a mechanism for
more functional hepatocytes.

Taken together, the above results are consistent with the following mechanism. In the flow
cultures, due to greater availability of proline, hepatocytes secrete higher levels of collagen and
thus gradually remodel the ECM microenvironment. This endogenously secreted collagen leads
to a progressive increase in albumin by various mechanisms, which may include the presence
of “ECM responsive elements” in the promoter region of albumin, enhanced sequestration of
growth factors, and/or mechanical effects®. Furthermore, the freshly secreted collagen
accumulating around hepatocytes perhaps provides “anchors” that prevent the appearance of
gaps in the cellular network as the overall ECM environment is remodeled with time. By
contrast, in static cultures, less proline is available for collagen synthesis and secretion. This
leads to less albumin synthesis and as the ECM environment is remodeled, the amount of
collagen produced over time is perhaps not sufficient to provide enough attachment sites, which
leads to appearance of gaps in the cellular network. However, we cannot rule out the
contribution of other factors such as feedback inhibition on the overall difference in albumin
secretion observed between the static and flow cultures. For instance, in the static cultures,
there is accumulation of albumin that can potentially inhibit further albumin secretion over a 24
hour period. By contrast, in the flow cultures, albumin is continuously removed and thus any
potential feedback inhibition is minimized.

In the flow cultures, perfusion has been shown to be detrimental depending on the level of shear
stress experienced by hepatocytes®. Various design schemes, such as culturing hepatocytes in
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microgrooves'® or separating perfusion channels from cell seeding channel®”, reduce
hepatocyte exposure to flow and thereby facilitate culture in low shear stress conditions. In our
design, a 10um thick membrane and the collagen gel on top of hepatocytes separates them
from flow. Thus, detrimental effect of shear stress in our device at the flow rate of 5 pl/hour was
likely minimal. Although at the higher flow rate of 20 pl/hour, where we observed greatly
reduced albumin and urea secretion, we cannot exclude the detrimental contribution of shear
stress on the collagen gel and/or hepatocytes. Another design consideration in the flow devices
is the delivery of oxygen to hepatocytes as they are highly metabolically active cells. In the
absence of gas exchange, oxygen carried by flowing medium can be the only means of
delivering oxygen. However, in our case, since the devices were made up of PDMS, which is
highly permeable to oxygen, it is unlikely that in the static and flow cultures there was any
consequential difference in delivery of oxygen.

4. Conclusion

In this report, we have developed a simple method for culturing hepatocytes in sandwich
configuration within a pre-assembled microfluidic device that is compatible with flow on top of
the gel. Hepatocytes showed higher function in the flow cultures as compared to static cultures
over a period of two weeks. We observed that the flow can elicit both a quick response as
measured by the induced CYP 1A1 activity and a more gradual and sustained effect as
indicated by the albumin and urea secretion. We identified the role of greater collagen synthesis
as a mechanism for higher function of hepatocytes in the flow cultures.

In the past, the flow cultures for hepatocytes have largely been used for bioartificial liver devices
due to an inherent requirement for eventual coupling of devices within a flow circuit. However,
there is a growing realization that including flow in drug toxicity platforms and models for
investigating liver physiology and pathophysiology will be of great benefit as in vivo hepatocytes
experience dynamic flow environment. Development of simple methods for culturing
hepatocytes in flow condition will further facilitate achieving this goal.
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Figure 1: Schematic of various steps involved in fabrication of microdevice. A) A thin
layer of PDMS pre-polymer is stamped on the feature facing side of the top layer and a PET-
based membrane is carefully placed on the surface to cover the entire fluidic channel. B) The
membrane sticks firmly to the top layer after baking at 120°C for 1-2 h. C) Membrane-bound top
layer is bonded to the bottom layer using plasma cleaner. D) Schematic of the assembled
device. E) Cross-sectional view of the assembled device shows that hepatocytes in collagen gel
is introduced and cultured in the bottom layer and growth medium is introduced through the top
layer.

Figure 2: Continuous perfusion of media maintained cell morphology and monolayer
integrity for two weeks. Representative phase contrast images from day 3, 7, and 14 of
hepatocyte cultures maintained under static and flow conditions. Static cultures show a gradual
change in morphology with low nuclear clarity, appearance of gaps in cellular network unlike
flow/perfusion cultures that show stable morphology with clear cell nuclei and well-connected
cellular network. Perfusion also induces polarization of hepatocytes and formation of extensive
bile canalicular networks by 14 days compared to static cultures. CMFDA is a fluorophore that
remains in the cytoplasm of non-polarized hepatocytes and is excreted into bile canalicular
spaces in polarized hepatocytes. Image scale bar: 20 um

Figure 3: Cultures under flow maintain higher functions. Hepatocytes cultured under
continuous perfusion of media have higher and stable A) Albumin secretion, B) urea secretion,
and C) induced CYP 1A1 activity (as measured by resorufin concentration) over a two week
period compared to static cultures. *p<0.01

Figure 4: Flow stabilizes cellular network and albumin synthesis in hepatocytes by
enhancing collagen secretion. A) Cultures maintained under flow express higher level of
collagen Type Va1 and Type Va1l genes compared to static cultures. B) Even at a functional
level, Collagen Type IV protein is produced in higher amounts in cultures under flow compared
to static. C) In flow cultures, addition of 40 uyg/mL cHP from Day 2 to Day 7 reduces collagen
secretion by hepatocytes and disrupts cellular network as seen in static cultures. D) cHP also
reduces albumin synthesis in flow cultures. Image scale bar: 20 um.*p<0.01, #p<0.05
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