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Abstract

Multilayer nanofilms, formed by the layer-by-layer (LbL) adsorption of positively and negatively
charged polyelectrolytes, are promising substrates for tissue engineering. We investigate here the
attachmemt and function of hepatic cells on multilayer films in terms of film composition, terminal
layer, rigidity, charge, and presence of biofunctional species. Human hepatocellular carcinoma cells
(HepG2), adult rat hepatocytes (ARH), and human fetal hepatoblasts (HFHb) are studied on films
composed of the polysaccharides chitosan (CHI) and alginate (ALG), the polypeptides poly(L-lysine)
(PLL) and poly(L-glutamic acid) (PGA), and the synthetic polymers poly(allylamine hydrochloride)
(PAH) and poly(styrene sulfonate) (PSS). The influence of chemical cross-linking following LbL
assembly is also investigated. We find HepG2 to reach confluence after seven days of culture on
only 2 of 18 candidate multilayer systems: (PAH-PSS), (i.e. n PAH-PSS bilayers) and cross-linked
(PLL-ALG),-PLL. These two systems, as well as cross-linked (PLL-PGA),-PLL, support attachment
and function (in terms of albumin production) of ARH, provided collagen is adsorbed to the top of
the film. (PAH-PSS);, cross-linked (PLL-ALG),, and cross-linked (PLL-PGA),-PLL films all
support attachment, layer confluence, and function of HFHb, with the latter film promoting the
greatest level of function at 8 days. Overall, film composition, terminal layer, and rigidity are key
variables in promoting attachment and function of hepatic cells, while film charge and
biofunctionality are somewhat less important. These studies reveal optimal candidate multilayer
biomaterials for human liver tissue engineering applications.
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1. Introduction

Each year, end-stage liver disease claims thousands of lives in the US [1]. Orthotopic liver
transplant is currently the only treatment for end-stage liver disease, but is far from ideal owing
to its high cost, the adverse effects associated with surgery and immuno-suppression, and the
severe lack of donor organs. Liver tissue engineering, where one seeks to augment liver
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function by implanting functional hepatocytes, offers an attractive alternative [1-6]. Important
challenges include the large number of cells necessary for clinical benefit (at least 10% of the
native liver mass) and the need to provide a suitable environment for their long-term
engraftment. A promising strategy is to create functional cellular constructs within an
implantable biomaterial support device, such as a porous polymer scaffold. Optimal device
design may allow for enhanced initial number, survival, growth, and function of transplanted
cells, but a key challenge is to optimize the cell-biomaterial interactions, so that transplanted
cell survival and function is maximized.

Biomaterials comprising tissue engineering support devices must exhibit appropriate chemical,
mechanical, and biofunctional properties to allow cells to efficiently attach, proliferate, and
function. Previous work focusing mainly on rodent systems has shown adult hepatocytes to
attach, proliferate (to a limited extent), and form flat structures, but exhibit limited function,
on mechanically rigid materials and/or materials containing adhesion promoting ligands, and
to function and be more rounded, but not proliferate, on mechanically compliant materials and/
or materials with fewer adhesion-promoting ligands [7-9]. Biofunctional and mechanical
influences may even be used together to control morphology and functional fate, but
attachment/proliferation and function are typically inversely related [10-12]. Less is known
of substrate influence on human hepatocytes and their progenitors. Because adult human
hepatocytes are not routinely available and generally exhibit very limited proliferation in
vitro, human hepatic progenitor cells, as found among cells isolated from the fetal liver,
represent a promising cell source. While recent studies utilizing rodent [13-16] and human
[17-19] hepatocyte progenitors testify to their significant proliferative capacity, the focus has
generally been on controlling differentiation in vitro through soluble cytokines and growth
factors rather than on their biomaterial interactions.

Multilayer nanofilms, formed by the layer-by-layer (LbL) method, are promising biomaterials
for a variety of cell contacting applications owing to their ease of formation and the possibility
to tailor their chemical, mechanical, and biofunctional (i.e. via immobilized biomolecules)
properties [20-33]. LbL assembly occurs through the alternate adsorption of positively and
negatively charged polyelectrolytes, and the resultant multilayer films can be rendered
bioactive through the adsorption of protein or other biological molecules capable of
transmitting signals to contacting cells. The mechanical properties of the film — e.qg. stiffness,
hydration, density, thickness — can be controlled very precisely by the choice of polymer,
solution conditions (pH and ionic strength), post-formation chemical cross-linking steps, and
number of layers. Hepatocytes tend to be sensitive to substrate properties [7-12], and thus
appear to be well-suited targets for modulation by LbL assembled multilayer films. However,
little is currently known [25,33].

In this work, we investigate the attachment, growth, viability, and function of three
hepatocellular systems cultured on multilayer film biomaterials: 1) human hepatocellular
carcinoma (HepG2) cells, convenient owing to their ease of handling, indefinite proliferation,
and weak anchorage dependence, 2) adult rat hepatocytes (ARH), thought to be an acceptable
analog to human cells, and 3) human fetal hepatoblasts (HFHb), progenitor cells capable of
significant proliferation. We consider multilayer films composed of polypeptides,
polysaccharides, and/or synthetic polymers — each chosen based on previous success in other
cell contacting applications. We investigate the influence of film composition, post-formation
chemical cross-linking, and the presence of extra-cellular matrix protein terminal layers. We
characterize multilayer films via optical waveguide lightmode spectroscopy (OWLS) and
quartz crystal microgravimetry with dissipation (QCMD), and analyze cell attachment/
viability/growth via optical microscopy and cell function in terms of albumin secretion. We
seek to understand the influence of film chemical, mechanical, and biofunctional properties on
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the behavior of hepatocellular systems, and to determine best candidate materials for eventual
human liver tissue engineering applications.

2. Materials and Methods

2.1. Optical Waveguide Lightmode Spectroscopy (OWLS)

OWLS is a very precise (to about 1 ng/cm?) optical detection method for measuring
macromolecular adsorption at the solid-liquid interface [34-37]. The sensing principle involves
the excitation of guided modes via a polarized laser beam directed upon a grating coupler at
the surface of an optical waveguide. The mass and thickness of an adsorbed layer can be related
to changes in the guided modes through an optical model, such as one assuming an optically
uniform adsorbed layer [38]. Our OWLS instrument (OWLS 110, MicroVacuum, Budapest)
is composed of a parallel plate flow cell whose bottom surface is an OW 2400 Sensor Chip
(MicroVacuum), consisting of a planar Si;—4TiyO»> waveguide (x=0.25+0.05) coated onto a
glass substrate.

2.2. Quartz Crystal Microgravimetry with Dissipation (QCMD)

A QCM consists of a thin quartz disc sandwiched between a pair of electrodes. The resonant
frequency of the crystal, when excited by an AC voltage, depends on the total oscillating mass,
including coupled water. A “soft” (viscoelastic) adsorbed layer will dampen the crystal's
oscillation [39-42]. The dissipation may be measured at multiple frequencies and by applying
a viscoelastic model, the mass, thickness, elastic shear modulus, and shear viscosity of the
adhering film can be determined. Our QCMD instrument (D300, Q-Sense, Sweden) is
composed of a parallel plate flow cell whose bottom surface is a QSX 303 Sensor Chip (Q-
Sense), consisting of a planar SiO, coating on a quartz crystal.

2.3. Multilayer film formation/protein adsorption

Reagents—Low viscosity alginate (ALG), poly(L-lysine) (PLL; 70-150 kDa), poly(L-
glutamic acid) (PGA; 3-15 kDa), poly(sodium 4-styrene sulfate) (PSS; 70 kDa), rat collagen
type I (rCl), human collagen types IV (hCIV), poly(allylamine hydrochloride) (PAH; 15 kDa),
low molecular weight chitosan (CHI), lactobionic acid (LA) and sulfo-NHS are obtained from
Sigma; NHS and EDC from Fischer Scientific (Suwance, GA); and human collagen type |
(hCI) from VWR international (Bridgeport, NJ). The buffer solution is 10 mM Bis-Tris with
150 mM NaCl adjusted at pH 6 with acetic acid. The polymer concentrations are 0.4 g/L for
PLL and PGA, 0.5 g/L for CHI, ALG, PSS and PAH, and 0.1 mg/ml for Galactosylated
Chitosan (GALCHI). All polymer solutions (polymer plus buffer) are adjusted to pH 6. All
polymers are used as received except for the galactosylated chitosan, which is made using the
protocol of Chung, et al [43]. rCl and hCIV (hClI) are dissolved in acetic acid at concentration
0.1 mol/L (0.5 mol/L) and then diluted in Bis-Tris buffer to their final concentration.

Chemical cross-linking—Cross-linking is performed on films built either on 24-well plates
or SiTiO, sensor ships. The cross—linking solution is a mixture of EDC at 400 mM and sulfo-
NHS at 100 mM in a 10 mM Bis-Tris buffer with 150 mM NaCl adjusted at pH 5.5. Multilayer
films are soaked in a fresh cross-linking solution for 16 hours. Films grown in the OWLS
system are rinsed with Bis-Tris buffer under flow (volumetric flow rate 80 pL/min), while
those formed in culture wells are rinsed 3 times for an hour. The protocol successfully tested
by Richert, et al [44] is followed, except that Bis-Tris buffer is used and four additional hours
of exposure to the cross-linking solution are employed.

Multilayer films in 24 well plates—Standard 24 well polystyrene plates are employed. A

polymer solution is introduced into a well and maintained for 15 min, during which time an
adsorbed polymer layer forms. A solution of pure buffer then replaces the polymer solution,
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and is maintained 8 min (this step is repeated once). Each subsequent layer is introduced by a
15 min adsorption step and 2 rinsing steps of 8 min. For cross-linked films, an EDC/sulfo-NHS
solution is introduced for 16 hours and then rinsed 3 times with the Bis-Tris buffer for 1 hour.
In certain cases, a layer of collagen is adsorbed for 30 min and rinsed 15 min with Bis-Tris and
3 times with PBS for 1 hour. Each experiment is duplicated.

Multilayer films with OWLS/QCMD—To avoid bubble formation, the buffer is degassed
in an ultrasonic bath for 25 min prior to use. A sensor chip is washed with 2% Hellmanex
(Hellma, Mulheim, Germany), a commercial glassware detergent. The sensor chip is then
rinsed with deionized water and placed in the flow cell. A buffer solution is continuously
introduced into the flow cell, at a flow rate of 80 uL/min, until a stable baseline is achieved.
A solution of polymer is then introduced for 15 min, and a buffer rinse of 15 min follows. Each
subsequent layer is introduced by a 15 min adsorption step and a 15 min rinsing step. For cross-
linked film, the EDC/sulfo-NHS solution is introduced for 20 min under flow condition, and
then the flow is stopped for 16 hours. The EDC/sulfo-NHS solution is then rinsed with the Bis-
Tris buffer for one hour and a layer of collagen is adsorbed for 30 min and rinsed. For certain
films, a layer of collagen is adsorbed for 30 min and rinsed until desorption becomes negligible.

2.4. Cell culture

Human hepatocellular carcinoma cells (HepG2) are cultured in Minimum Essential Medium

Eagle (ATCC, Manassas, VA) plus 1% penicillin / streptomycin (Sigma, St. Louis, MO) and
10% fetal bovine serum (Sigma). Half of the medium is changed every 2 days. Cells are cultured
ina 75 cm? flask until they reach 70% confluence, detached from the flask with 0.5 g/L trypsin
and 0.2 g/L EDTA and seeded on 24-well polystyrene plates coated with multilayer films at a
concentration of 2.5 x 104 cells/cm?. The polystyrene well without multilayer film serves as

the control.

Suspensions of adult Sprague-Dawley rat hepatocytes (ARH) are harvested in the Yale
University Cell Isolation Core Facility using an established 2-step collagenase protocol as
previously described [45]. Cells are immediately seeded on 24-well plates coated with
multilayer films at a concentration of 2.5 x 104 cells/cm? in William’s Medium E (Sigma)
supplemented with HEPES (10 mmol/L; Invitrogen, Carlshad, CA) glutamine (2 mmol/L;
Invitrogen); dextrose (1.8 mg/L; Sigma), gentamycin (8 mg/L; Invitrogen), dexamethasone (1
pmol/L), ITS supplement (4 mg/L; Sigma), 5% Fetal Bovine Serum (Sigma), and an antibiotic-
antimycotic composed of 200 units/mL penicillin, 200 mg/L streptomycin, and 0.5 mg/L
amphotericin B (Invitrogen). 70% of the medium is changed daily. A rat collagen type | coated
tissue culture plate (Biocoat, BD Biosciences, San Jose, CA) serves as the control.

Following all institutional approvals and with the mother’s consent, human fetal liver tissue is
harvested following an elective termination from a 16 week-old gestational age abortus, by
staff of the Human Fetal Tissue Repository, Albert Einstein College of Medicine, NY. Human
fetal hepatoblasts (HFHb), along with associated stromal cells, are harvested by digesting liver
tissue with 5 g/L collagenase type D (Roche, Indianapolis IN) at 37°C for 30 minutes with
gentle agitation. Harvested cells are allowed to attach to plates in William’s E medium
supplemented with nicotinamide (10 mmol/L); HEPES (20 mmol/L); NaHCO3 (17 mmol/L);
pyruvate (550 mg/L); ascorbic acid-2-phosphate (0.2 mmol/L); glutamine (2mmol/L);
dexamethasone (107 mol/L); ITS+ premix containing insulin (6.25 g/L), transferrin (6.25 g/
L) and selenious acid (6.25 pg/L); bovine serum albumin (1.25 g/L); linoleic acid (5.35 pg/L);
5% fetal bovine serum, an antibiotic-antimycotic composed of 200 units/mL penicillin, 200
mg/L streptomycin, 10 mg/L gentamycin, and 0.5 mg/L amphotericin B (Invitrogen) [17]. After
4 hours, the medium is changed to remove serum and epidermal growth factor is added (20
pg/L). All cultures are maintained at 37°C in a 5% CO» incubator with half of the medium
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changed every 2 days. To expand cell numbers, the cultures are passaged twice, using a 2-step
EGTA (Sigma) and then collagenase (type 1V) dispase (Roche, Indianapolis, IN) treatment
[17] and seeded on 24-well plates coated with multilayer films at density of 1.25 x 10° cells/
cm?. A rat collagen type | coated tissue culture plate (Biocoat, BD Biosciences, San Jose, CA)
serves as the control.

2.5. Cell attachment / growth

Cell attachment and growth is assayed via images obtained from a phase contrast optical
microscope (IX71, Olympus, Center Valley, PA).

2.6. Albumin secretion

3. Results

The quantity of albumin released by cells into the medium is determined by indirect sandwich
enzyme-linked immunosorbent assay (ELISA). Rat and human albumin ELISA quantification
kits are from Bethyl Laboratories, Inc (Montgomery, TX).

3.1. Human hepatocellular carcinoma (HepG2) cells

We begin by investigating the attachment and growth of HepG2 cells on a number of multilayer
films. As polyelectrolyte building blocks, we consider the polysaccharides chitosan (CHI),
galactosylated chitosan (galCHI), and alginate (ALG); the polypeptides poly(L-lysine) (PLL)
and poly(L-glutamic acid) (PGA); and the purely synthetic polymers poly(allylamine) (PAH)
and poly(styrene sulfonate) (PSS). In certain cases, we consider the influence of a chemical
cross-linking step following LbL assembly. We employ the notation (A-B), to indicate a film
formed from n A-B bilayers, and (A-B),-A to indicate a films formed by n A-B bilayers plus
one additional layer of A.

We seed cells initially at ~20% coverage, and then measure percent coverage at 3 and 7 days
(Table 1 and Figure 1). In the case of the polysaccharide films (CHI-ALG)4, (CHI-ALG)3-
CHI, (galCHI-ALG),, (galCHI-ALG)3-galCHI, (CHI-ALG)4-X, (CHI-ALG)3-CHI-X,
(galCHI-ALG)4-X, (galCHI-ALG)3-galCHI-X (X indicating a cross-linking step), and the
polypeptide-polysaccharide films (CHI-PGA),, (CHI-PGA)3-CHI, (CHI-PGA)-X, and (CHI-
PGA)3-CHI-X, we observe no appreciable cell attachment. Attachment and growth is more
pronounced on one polypeptide-polysaccharide pair, PLL-ALG. We observe a few cells on
(PLL-ALG), after 7 days, 90% coverage on (PLL-ALG)3-PLL after 5 days (data not shown;
most cells detached after seven days) and 100% coverage (i.e. full confluence) on (PLL-
ALG)3-PLL-X after 7 days. For the synthetic polymer system, we observe full confluence on
(PAH-PSS), after 7 days, but only 80% coverage on (PAH-PSS)3-PAH after 3 days and
significant detachment after 7 days. As a control, we seed cells on a bare tissue culture plate
and observe about 40% coverage after 3 days and full confluence after 7 days. Thus, of all the
systems considered, we observe confluent HepG2 layers to form only on tissue culture
polystyrene and on the (PLL-ALG)3-PLL-X and (PAH-PSS), films.

3.2. Adult rat hepatocytes (ARH)

We next investigate the attachment and growth of ARH on multilayer film biomaterials. We
consider the PAH-PSS and PLL-ALG systems based on our HepG2 results, and the PLL-PGA
system owing to its previously demonstrated cyto-compatibility [20]. We additionally consider
the influence of the extracellular matrix protein rat collagen I (rClI).

In Table 2, we show the ARH percent coverage after 1 and 3 days in culture. While many
systems show significant attachment at day 1, none exhibit any growth in cell number between
days 1 and 3. In the absence of rCl, only the (PAH-PSS)5 system supports non-negligible
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coverage at day 3; (PLL-PGA)s-X and (PLL-PGA)4-PLL-X support ~50% coverage at day 1,
but no cells are apparent at day 3. In contrast, all of the systems support at least 20% coverage
in the presence of rCI. The PLL-ALG and PLL-PGA systems (with rCI) perform about as well
as the rCI control, and generally outperform the PAH-PSS systems, in terms of ARH coverage.
We observe no appreciable correlation between ARH coverage and the amount of adsorbed
collagen (discussed in Section 3.4).

In Fig. 2, we show the albumin secretion of ARH after 2 and 4 days, as measured by ELISA.
We observe only the rCI control layer to exhibit enhanced albumin secretion following 2 days
(~ 1200 ng/mL/day), and all systems to be roughly equivalent after 4 days.

3.3. Human fetal hepatoblasts (HFHb)

We next investigate the attachment, growth, and function of HFHb on film compositions
identical to those employed in the ARH studies. In addition, we consider films with a terminal
layer of human collagen IV (hCIV), a prominent extra-cellular matrix protein within the human
liver parenchyma. In many systems, fully or nearly confluent monolayers are achieved at day
1, reflecting strong attachment (Table 3). For the synthetic (PAH-PSS)s system, we observe
the maintenance of a fully confluent layer throughout the 8 day period, irrespective of the
presence of collagen. Only negligible attachment is observed on the (PAH-PSS)s-PAH system
without collagen. In the presence of rCI or hCIV, modest initial attachment is observed at day
1, and nearly confluent layers are present at day 4, reflecting growth among attached cells.
However, neither of these systems supports confluence up to 8 days.

We also observe fully confluent layers at each time point, in the presence and absence of
collagen, for the cross-linked polysaccharide-polypeptide (PLL-ALG)s5 system. Fully
confluent layers are also observed at day 8 for the corresponding PLL terminated film; however,
fewer cells are present at shorter time periods.

For the cross-linked polypeptide (PLL-PGA)5 system, we observe strong (very strong in the
presence of collagen) initial attachment, and nearly confluent layers at day 4. However, we
observe confluence to be maintained for 8 days only in the presence of hCIV. In contrast, for
the cross-linked (PLL-PGA)s-PLL system, we observe strong initial attachment, and fully
confluent layers at days 4 and 8, irrespective of the presence of collagen. Although confluence
is reached at day 8 on the control plate (Biocoat plate with rCl), it is important to note that
most of the systems considered here support higher levels of attachment at the time of seeding
compared to the control.

We next consider the albumin secretion of the confluent systems described above. All systems
considered produce albumin, indicating the presence of functional hepatoblasts and/or
hepatocytes. In Fig. 3a, we consider films for which confluence is reached in the absence of
collagen, and observe film composition to significantly influence the rate of albumin secretion.
For (PLL-PGA)4-PLL-X, the rate of albumin secretion is relatively high (~150 ng/mL) on days
1 and 3, but then steadily decreases over the next 5 days. For (PLL-ALG)s-X, the albumin
production peaks at day 5 and for (PAH-PSS)s, the production steadily increases over 8 days.

We find the presence of collagen to have no measurable influence on the albumin secretion for
the (PAH-PSS)s film (Fig. 3b). In contrast, albumin production in the (PLL-PGA)4-PLL-X
and (PLL-ALG)s-X systems shows a marked collagen influence (Figs. 3c and 3d). In the former
system, albumin secretion starts high (low) and steadily decreases (increases) in the absence
(presence) of collagen, and in the latter system, the day 8 albumin secretion rate in the presence
of rCl and hCI1V is considerable greater than that of the collagen-free system. Only the (PLL-
PGA)4-PLL-X-rCl system meets the day 8 albumin production of the rClI control, and therefore
may be the best overall candidate in terms of promoting liver cell function.
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3.4. Multilayer films

In this section, we consider the physicochemical and protein adsorption characteristics of the
PAH-PSS, PLL-ALG, and PLL-PGA multilayer films. In Fig. 4, we show film mass and
thickness during LbL assembly, as measured via OWLS. We observe the mass and thickness
of PAH-PSS to increase roughly linearly with layer number, while those of PLL-ALG and
PLL-PGA to increase in a super-linear fashion. These results may be understood in the context
of previous work identifying two LbL archetype assembly modes, linear and exponential, with
the principal difference being discrete layering in the former case and a uniformly mixed film
in the latter case [20,23].

We observe PAH-PSS films to be about three times as dense as the PLL-ALG and PLL-PGA
films, based on film mass per area divided by the thickness (Table 4). We attribute this
difference to the relatively low degree of hydration of the PAH-PSS system. We observe cross-
linking to result in thinner, denser (and thus less hydrated) films.

We also show in Table 4 the mass of hCl and hCIV adsorbed on each of the polymer films.
We observe the PSS-PAH system to be the most adsorbent for both proteins, and both cross-
linked systems to adsorb significantly less protein. Among the cross-linked systems, films
terminating in PLL exhibit a lower protein adsorption. PSS is known to be attractive to proteins;
we find enhanced adsorption of hCIV but not hCl on the PSS terminated film. It is interesting
to note the relatively high collagen adsorption to the (PAH-PSS)g system, for which liver cell
attachment, proliferation, and albumin production is fairly collagen insensitive.

In Fig. 5, we show the shear modus, viscosity, and film thickness, as measured by QCMD,
during film formation and following chemical cross-linking. The QCMD film thickness data
qualitatively follow those obtained using OWLS. However, the former tend to be larger in
magnitude, most likely due to the greater extent to which QCMD accounts for the presence of
water trapped within the film interior. The increase in film thickness during cross-linking
observed via QCMD (but not OWLS) is difficult to reconcile; although a decrease in overall
film hydration is expected, perhaps some additional water is trapped near to the film surface
owing to a decrease in the number of polymer loops and tails extending away from the interface.
We find PLL-PGA and PLL-ALG films to have higher shear and viscous moduli compared to
the PAH-PSS film, despite the higher mass/volume (Table 4) of the latter system. As expected,
we find chemical cross-linking to increase film rigidity.

4. Discussion

Tissue engineering, where one seeks cellular constructs capable of providing functional support
for diseased or damaged tissues, can benefit from biomaterials that promote cell attachment,
proliferation, and function. Multilayer nanofilms formed via LbL assembly are promising in
this regard owing to their ease of formation and the possibility to tailor their chemical,
mechanical, and biofunctional properties. The human liver represents a challenging but
important tissue system upon which biomaterial-based regenerative strategies can be
developed. While many studies attest to the utility of LbL assembled films in cell-contacting
applications, little is known about their application to hepatocellular systems. Our intention
here is to take the first steps toward multilayer nanofilm-based tissue engineering of the human
liver.

We construct multilayer film biomaterials employing polysaccharides, polypeptides, and
purely synthetic species proven to be successful in previous cell-contacting applications. As
polysaccharides, chitosan (CHI), alginate (ALG), and a galactosylated chitosan (galCHI) are
employed. The latter choice is motivated by studies showing hepatocytes to bind specifically
to galactose moieties [43,46]. As polypeptides, poly(L-lysine) (PLL) and poly(L-glutamic
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acid) (PGA) are employed. The PLL-PGA system has been quite extensively studied:
chondrosarcoma cells have been shown to adhere to PLL terminated films more strongly than
to glass or PGA terminated films [20], and there is evidence of biocompatibility with SaOS-2
osteoblast-like cells for films ending with either PLL or PGA and with human periodontal
ligament cells for films ending with PGA [47]. As synthetic polymers, poly(allylamine
hydrochloride) (PAH) and poly(styrene sulfonate) (PSS) are employed. Previous work on this
system has shown films ending by PAH to improve adhesion of endothelial cells compared to
protein coatings [48], and films ending in PSS to support the attachment of primary hepatocytes
from two month old rats [25,33]. We consider films formed from a single “class” of polymer,
as well as those formed from a polysaccharide and a polypeptide. Moreover, we modify the
mechanical rigidity of certain films through a chemical cross-linking protocol.

Hypothesizing that useful biomaterials must at a minimum support cell attachment and growth,
we begin by screening a number of candidate multilayer films against a human liver cell line:
HepG2. Next, we employ films upon which HepG2 reach confluence, and investigate the
attachment, growth, and function of two primary cell systems: adult rat hepatocytes and human
fetal hepatoblasts. In doing so, we seek both to identify best performing systems; to understand
the role of film composition, rigidity, biofunctionality, and charge on liver cell behavior; and
to compare outcomes between HepG2 and ARH, systems commonly used in basic research
studies, and HFHDb, representing a viable cell source for human transplantation. Below, we
summarize our finding in terms of these key variables.

Film composition

We observe the type of polymers comprising the multilayer film biomaterial to play an
important role in the cell response. As convincingly shown in Table 1, relatively few of the
investigated polyelectrolyte pairs promote attachment and growth of the HepG2 cell line.
Somewhat surprisingly, none of the pure polysaccharide films fared well, including those
containing galactose units, previously shown to specifically enhance hepatocyte attachment
[43,46]. While the (PLL-ALG),-PLL system promoted strong attachment in all three
hepatocellular systems, attachment on (PAH-PSS),, by ARH was somewhat weaker than by
HepG2 and HFHDb, indicating a possible species specificity of this latter film. Film composition
appears to play a large role in cell function as well: HFHb albumin production (in the absence
of collagen) begins high and decreases about 30% over 8 days on the (PLL-PGA),-PLL film,
begins low and increases 3 fold over 8 days on the (PAH-PSS),, film, and exhibits a mid-time
point maximum on the (PLL-ALG), film. The success of the PAH-PSS systems may be
partially attributed to the known attraction between the side-chain styrene groups and
hepatocytes [25,33]. Itis tempting to partially attribute the success of PLL-PGA and PLL-ALG
systems to the presence of PLL. Indeed, PLL is known to strongly complex with oppositely
charged polymers, a feature contributing to film rigidity (see below). However, based on the
present study, it is difficult to definitively explain why the PLL-containing systems promote
liver cell attachment and growth to a far greater extent than do other seemingly comparable
systems.

Film terminal layer

Film terminal layer strongly influences the attachment and growth of HepG2 and, for certain
systems, HFHDb. In the case of HepG2, the two films observed to promote confluent layers,
(PAH-PSS),, and (PLL-ALG),-PLL-X, promote only sparse attachment when terminated with
the opposite layer. Confluence is observed for HFHb i) on PLL-ALG films irrespective of
terminal layer, ii) on PSS but not PAH terminated PAH-PSS films, iii) on PLL-PGA films
irrespective of terminal layer in the presence of collagen, and iv) on PLL but not PGA
terminated films in the absence of collagen. In contrast, film terminal layer appears to have
little influence on the attachment of ARH.
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While the importance of surface chemistry on the behavior of contacting cells has long been
considered, the importance of mechanical properties has only been recognized more recently.
In particular, cell behavior has been shown to depend sensitively on multilayer film rigidity:
osteoblasts showed increased long term proliferation [28], smooth muscle cells showed
increased spreading [44], and chondrosarcoma cells showed increased attachment [23] on more
rigid films. In this study, we seek to control film rigidity via EDC-NHS chemical cross-linking.
We show, for the (PLL-ALG),-PLL system, HepG2 attachment and growth to be significantly
enhanced by chemical cross-linking. However, no other system was positively affected in this
way, including some films exhibiting appreciable HepG2 attachment/growth in the absence of
cross-linking. In addition, it should be noted that the PAH-PSS system induces a comparable
cell response to that of the cross-linked PLL-PGA and PLL-ALG systems, despite being
significantly less rigid (in terms of QCMD measured mechanical moduli). Thus, factors beyond
film rigidity are clearly at play here.

Film biofunctionality

Film charge

Overall, we observe the presence of biofunctional species (collagen | and V) on top of the
multilayer film biomaterial to influence the behavior of hepatocellular systems in only certain
cases. For example, the presence of collagen is critical in promoting ARH attachment for all
but one film considered. In contrast, collagen plays a significant role in promoting HFHb
attachment in only two systems: confluence is reached in the presence of either rCl and hCIV
on (PAH-PSS),-PAH films at day 4 (but is not maintained through day 8), and confluence is
maintained through day 8 in the presence of hCIV (but not rCl) in the (PLL-PGA),-X system.
These observations point to a species-specific difference in the role of adsorbed collagen on
the biomaterial-cell interaction. Collagen influences the albumin production of HFHb for the
PLL-PGA and PLL-ALG, but not the PAH-PSS, systems. Interestingly, collagen can inhibit
albumin production at short times (PLL-PGA system), but generally enhances albumin
production at longer times. It is possible that the degree of conformational change among
adsorbed collagen molecules differs among the systems investigated here, and that these
differences are partially behind our observed system-dependent collagen effect.

Overall film charge appears to be the least important variable for predicting cell behavior. For
example, in the case of HepG2, of the two systems promoting significant cell attachment, one
is positive and the other negative.

It is interesting to consider whether other film properties may play important roles in
hepatocellular behavior. For example, film hydrophobicity is expected to vary among the
systems considered here, with the general trend that chemical cross-linking [49] and protein
adsorption [50] render hydrophilic surfaces (such as native polyelectrolyte multilayer films)
more hydrophobic. Generally, cell attachment is weaker on more hydrophobic surfaces [51,
52], although the direct influence of hydrophobicity is difficult to distinguish from related
properties, such as charge and tendency to adsorb protein [53]. Within this framework, our
finding that chemical cross-linking enhances cell attachment and growth seems to suggest
increased film rigidity to more than offset any increased hydrophobicity. At the same time, our
finding that collagen has a fairly modest influence on cell attachment and growth may suggest
increased hydrophobicity to partially offset the presence of biofunctional species.

Through these studies, we identify multilayer biomaterial systems upon which HFHb systems
reach confluence within a few days. A common requirement being a large number of
transplanted cells, these systems become top candidates for various liver tissue engineering
applications. Among systems promoting confluent HFHb layers, (PAH-PSS),, is appealing
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owing to its insensitivity to collagen and its promotion of a steadily increasing albumin
secretion, a signal of healthy and functioning cells. Cross-linked (PLL-ALG), and (PLL-
PGA),-PLL also appear to be promising, in part owing to their expected biodegradability

5. Conclusion

We investigate here the attachment, growth, and function of rodent and human hepatocellular
systems on multilayer nanofilm biomaterials formed via LbL assembly. We find film (polymer)
composition, terminal layer, and rigidity to be the most important properties in promoting cell
attachment, growth, and function. The influence of adsorbed proteins collagen I and IV is less
pronounced, but some films perform better in the presence of these proteins. The direct
influence of layer charge appears to be quite weak. Additionally, we observe important
differences in the biomaterial-cell interaction due to cell age, immortalization state, and
species. Through these studies, we identify the following nanofilm biomaterials as optimal in
promoting confluent layers of functional cells within the HFHb system: (PAH-PSS),,, cross-
linked (PLL-ALG) p, and cross-linked (PLL-PGA),-PLL. These systems become top
candidates for in vivo human liver tissue engineering applications.
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Fig. 1.

Photomicrographs of HepG2 taken after 3 and 7 days culture on (PLL-ALG)3-PLL, (PLL-
ALG)3-PLL-X, (PAH-PSS),, (PAH-PSS)3-PAH, and the uncoated culture well.
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Fig. 3.

Albumin secretion versus time for human fetal hepatoblasts seeded on various multilayer film
biomaterials. (a) confluent systems in the absence of collagen, (b) PAH-PSS systems, (c) PLL-
PGA systems, (d) PLL-ALG systems, and (e) confluent systems in the presence of collagen
not shown in (b)—(d).
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as measured by OWLS.
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Shear modulus (a), viscosity (b), and thickness (c) of PAH-PSS, PLL-ALG, and PLL-PGA
films during LbL assembly, as measured by QCMD. Data points along right vertical axis are
taken following film exposure to chemical cross-linking agents (see Section 2.3).
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Table 1
The percent coverage of HepG2 cells seeded onto various multilayer films, as determined by phase contrast micrographs
taken at 3 and 7 days in culture. Lack of data implies negligible cell attachment. The bare tissue culture polystyrene
well serves as the control.

1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Type of Film Film Composition % Coverage Day 3 % Coverage Day 7
Synthetic (PAH-PSS), 100 % 100%
(PAH-PSS),-PSS 70-80% 10-20%
Polysaccharide (CHI-ALG),
(CHI-ALG)5-CHI - -
(GALCHI-ALG),
(GALCHI-ALG),-galCHI
Polysaccharide-Polypeptide (CHI-PGA),
(CHI-PGA),-CHI 10-20% -
(PLL-ALG), 5-10% 10-20%
(PLL-ALG);-PLL 30-40% 20-30%
Cross-Linked Polysaccharide (CHI-ALG),-X
(CHI-ALG);3-CHI-X - -
(GALCHI-ALG),-X -—- -
(GALCHI-ALG)5-GALCHI-X --- -
Cross-linked Polysaccharide- Polypeptide (CHI-PGA),-X
(CHI-PGA);-CHI-X 10-20% -
(PLL-ALG),-X
(PLL-ALG);-PLL-X 70-80% 100%
No film (Control) 30-40% 100%
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The percent coverage of primary (passage 0) adult rat hepatocytes (ARH) seeded onto various multilayer films, as
determined by phase contrast micrographs taken at 1 and 3 days in culture. Lack of data implies negligible cell
attachment. A rat collagen | (rCl) coated well (Biocoat) serves as the control.

Type of Film Film Composition % Coverage Day 1 % Coverage Day 3
Synthetic (PAH-PSS); 20-30% 20-30%
(PAH-PSS)c-rCl 30-40% 20-30%
(PAH-PSS),-PAH
(PAH-PSS),-PAH-ICI 30-40% 20-30%
Polysaccharide-Polypeptide (PLL-ALG)5-X
(PLL-ALG)5-X-[Cl 70-80% 60-70%
(PLL-ALG),-PLL-X
(PLL-ALG),-PLL-X-rClI 60-70% 60-70%
Polypeptide (PLL-PGA)s-X 40-50% -—-
(PLL-PGA)g-X-rCl 60-70% 40-50%
(PLL-PGA),-PLL-X 40-50% -
(PLL-PGA),-PLL-X-ICl 70-80% 60-70%
Control rCl 70-80% 60-70%
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Table 3
The percent coverage of passage 1 human fetal hepatoblasts (HFHb) and associated stromal cells -- harvested from rat
collagen | adsorbed flasks using EGTA/collagenase-dispase -- seeded onto various multilayer films, as determined by
phase contrast micrographs taken at 1, 4, and 8 days in culture. Lack of data implies negligible cell attachment. A rat
collagen I (rCl) coated well (Biocoat) serves as the control.

Multilayer Film Day 1 Day 4 Day 8
(PAH-PSS); 98% 100% 100%
(PAH-PSS).-rCl 90% 100% 100%
(PAH-PSS).-hCIV 95% 100% 100%
(PAH-PSS),-PAH 5% 3% 0%
(PAH-PSS),-PAH-rCI 30% 95% " 1%
(PAH-PSS),-PAH-hCIV 40% 100% 0%
(PLL-ALG)s-X 100% 100% 100%
(PLL-ALG)s-X-rCl 80% 98% 100%
(PLL-ALG)5-X-hCIV 95% 100% 100%
(PLL-ALG),-PLL-X 10% 50% 98%
(PLL-ALG),-PLL-X-rCI 30% 50% 100%
(PLL-ALG),-PLL-X-hCIV 5% 30% 100% "
(PLL-PGA)s-X 50% 95% 10%
(PLL-PGA)-X-CI 80% 100% 2%
(PLL-PGA)s-X-hCIV 95% 100% 100%
(PLL-PGA),-PLL-X 80% 100% 100%
(PLL-PGA),-PLL-X-rCI 70% 100% 100%
(PLL-PGA),-PLL-X-hCIV 90% 100% 100%
rCl 20% 30% 100%

*
Contracting phenotype observed
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