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ABSTRACT 
 
 We report the design and assembly of three-dimensional (3D) multi-cellular liver 

models comprised of primary rat hepatocytes, liver sinusoidal endothelial cells (LSECs), 

and Kupffer cells (KCs).  LSECs and KCs in the liver model were separated from 

hepatocytes by a nanoscale, detachable, optically transparent chitosan and hyaluronic 

acid (HA) polyelectrolyte multilayer (PEM) film.  The properties of the PEM were tuned 

to mimic the Space of Disse found in liver.  The thickness of the detachable PEM was 

650 to 1000 nm under hydrated conditions.  The Young’s modulus of the PEM was 

approximately 42 kPa, well within the range of modulus values reported for bulk liver.  

The 3D liver models comprised of all three cell types and a detachable PEM exhibited 

stable urea production and increased albumin secretion over a 12 day culture period.  

Additionally, the 3D liver model maintained the phenotype of both LSECs and KCs over 

the 12 day culture period, verified by CD32b and CD163 staining, respectively.  

Additionally, CYP1A1 enzyme activity increased significantly in the 3D liver models.  

The number of hepatocytes in the 3D liver model increased by approximately 60% on 

day 16 of culture compared to day 4 indicating.  Furthermore, only the 3D hepatic model 

maintained cellular compositions virtually identical to those found in vivo. DNA 

microarray measurements were conducted on the hepatocyte fractions of the 3D liver 

mimic to obtain insights into hepatic processes.  Gene sets up-regulated in the 3D liver 

model were related to proliferation, migration, and deposition of extracellular matrix, all 

functions observed in regenerating hepatocytes.  Taken together, these results suggest 

that inter-cellular signaling between the different cell types in the 3D liver model led to 

increased hepatic functions. To the best of our knowledge, this is the first study where 

three of the major hepatic cell types have been incorporated into a model that closely 

mimics the structure of the sinusoid.  These studies demonstrate that the multi-cellular 

liver models are physiologically relevant.  Such models are very promising to conduct 

detailed investigations into hepatic inter-cellular signaling. 
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Chapter 1. INTRODUCTION AND BACKGROUND 

 

1.1 INTRODUCTION TO THE LIVER 

 

1.1.1 Liver Organization, Function and Structure 

The liver is one of the largest and most important organs in the human body. It carries out 

a multitude of essential functions such as carbohydrate, lipid, and amino acid 

metabolism, plasma and protein biosynthesis, biotransformation of xenobiotics, drugs and 

toxins, and bile production. The liver is also capable of regeneration even when 70% of 

its mass has been removed (1). The liver stores excess glycogen, which can be converted 

to glucose for additional energy (2, 3). In addition to the synthesis of lipoproteins, the 

liver also plays an important role in cholesterol, steroid and fat-soluble vitamin 

metabolism (2, 3). Several plasma proteins such as albumin, globulin, fibrinogen, and 

prothrombin are synthesized in the liver (2, 3). In addition to deamination of amino acids, 

the liver can convert them into non-toxic urea (2).  It is responsible for the metabolism of 

xenobiotics, drugs and toxins (2, 3). The liver also produces and secretes bile, which is 

necessary for the metabolism of cholesterol and the emulsification of fats (2, 3). 

Bilirubin, a product of aged erythrocytes, is excreted into the bile canaliculi along with 

bile secreted by hepatocytes and then carried out of the liver to the small intestine (2, 4). 

Bilirubin has been implicated in various diseases such as jaundice when it is produced at 

a concentration greater than what the liver can excrete (2, 4). 

 

The microcirculatory unit of the liver, termed acinus, extends from the terminal portal 

venule and hepatic arteriole, delivering blood into the sinusoids and then to the central 

and hepatic veins (Figure 1.1) (5-8). The liver sinusoid is the microvasculature that 

delivers oxygen-rich blood to the parenchyma and non-parenchyma of the liver (2, 4). In 

the liver, zonation is characterized by the oxygen tension along the liver sinusoids from 

the portal vein (pO2 = 60 – 70 mm Hg) to the central vein (pO2 = 30 – 35 mm Hg) (5-8). 

The region around the terminal portal vein is called the periportal zone and the area 

around the central vein is known as the pericentral zone (5-8). Due to the oxygen tension 

between the periportal and pericentral zone, the changes in oxygen partial pressure create 
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differences in hepatic functions such as the asymmetric distribution of key enzymes of 

various metabolic pathways (5-8). For example, the capacity for energy metabolism, 

glucose formation, urea production, plasma protein biosynthesis, and bile formation is 

greater in the periportal region (higher pO2) while glucose uptake, glutamine formation, 

and xenobiotic metabolism is higher in the pericentral region (lower pO2) (5, 6, 8). 

 

 
Figure 1.1 Schematic diagram of the lobular liver structure (left), zoomed in view 

(right). 
 

The primary (parenchymal) cell type in the liver is the hepatocyte. Hepatocytes have 

three polarized domains: the apical domains forming bile canaliculi; the basal domain 

contacting the extracellular matrix (ECM); and the lateral domain where tight junctions 

exist with neighboring hepatocytes (2). The Space of Disse is the proteinaceous, 

interfacial region separating the hepatocytes from the liver sinusoids (Figure 1.2). 

Hepatic 
Portal 
Vein 

Central 
Vein 

Bile 
Duct 

H
ep

at
ic

 
A

rt
er

y 

Blood in, 
from gut 

Blood in, 
from heart 

Bile out, 
to gut 

Blood out, 
from liver 



	  

	   3 

 
Figure 1.2 Schematic of the microvasculature of the liver known as the liver sinusoid. 

 

The Space of Disse is a highly organized ECM consisting of proteins such as collagen 

types I, II, IV, and V; glycoproteins such as fibronectin, laminin, tenascin, and 

osteonectin; proteoglycans such as heparin and chondroitin sulfate; and 

glycosaminoglycans like hyaluronan (5). The liver sinusoids are lined with liver 

sinusoidal endothelial cells (LSECs) that possess fenestrae with pore sizes ranging from 

100 – 200 nm (9, 10). 

 

These pores play a crucial role in the passage of fluids, solutes and particles between the 

hepatocytes and the blood circulation. Additionally, the fenestrae also permit the passage 

of small molecules and metabolites to the hepatocytes effectively acting like a molecular 

sieve (9). The Kupffer cells reside within the sinusoid and are the resident macrophages 

of the liver. As the macrophage of the liver, Kupffer cells clear endotoxins and are 

responsible for the phagocytosis of foreign particles and bodies (11). The stellate cells, 

known as the fat-storing cells, contribute to remodeling of the ECM, the storage of 

retinoids, and secretion of cytokines (12-14). 

 

 

 

The Liver Sinusoid 

Blood In: 
Portal Vein, 
Hepatic Artery 

Blood Out: 
Central Vein 

Space of Dissé 

Hepatocytes Kupffer Cells LSECs Stellate Cells 



	  

	   4 

1.1.2 Parenchymal and Non-Parenchymal Cell Types 

1.1.2.1 Hepatocytes 

Hepatocytes make up 60 – 80% of the liver by mass (2). They perform several liver-

specific functions such as carbohydrate, lipid and amino acid metabolism, 

biotransformation of xenobiotics, drugs, and toxins. In addition to various metabolic 

functions, hepatocytes are involved in the biosynthesis of plasma proteins such as 

albumin and transferrin, the production of urea, and bile synthesis (2, 3). Hepatocytes are 

polarized, which is manifested at multiple levels such as their cell shape, cytoskeletal 

organization, and functionally defined domains in the cellular plasma membrane (2, 14). 

Hepatocytes are polygonal in morphology with f-actin localized in the cellular periphery 

(2). Additionally, cell polarity is critical in the maintenance of the hepatic phenotype and 

liver-specific functions (2, 3). Over the years, in vitro cultures have been developed to 

maintain cellular polarity and hepatic function in vitro (2, 3, 15, 16). Preservation of 

liver-specific function in vitro has been accomplished using ECM based substrates, 

adding soluble factors, and optimizing the cell-environment interactions (14-18). 

 

1.1.2.2 Liver Sinusoidal Endothelial Cells 

The second most abundant hepatic cell type (10 – 20% of the liver by mass), and most 

abundant non-parenchymal cell type, are LSECs (2, 9). The LSEC lining in the sinusoid 

behaves as a molecular sieve due to the fenestrae that are present. The pore size ranges 

from 100 – 200 nm and these pores can aggregate to form a dynamic and responsive filter 

(9, 10). The dynamic lining can contract or expand responding to various cues such as 

hormones, drugs and toxins. Additionally, the fenestrae permit or prevent the entry of 

metabolites, pathogens, and other circulating cell types found in the blood (9, 10). 

Through endocytosis and transcytosis, LSECs transport macromolecules from the 

bloodstream to the Space of Disse acting as a selective barrier (9). 

 

LSECs are capable of receptor-mediated endocytosis (19) due to their high affinity 

endocytotic receptors enabling the endocytosis of collagen, hyaluronan, and cholesterol 

(10, 19-26). The receptor-mediated endocytosis of acetylated low-density lipoprotein 

(acLDL), a product of lipid metabolism, is a unique marker of LSEC phenotype (26, 27). 
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Additionally, the presence of the surface marker Cd32b (binding with sinusoidal 

endothelial 1 antibody) provides another method to non-invasively assess the 

maintenance of LSEC phenotype (28, 29). In addition to their selective properties, LSECs 

are a scavenger system that removes waste products from the bloodstream and liver. 

 

1.1.2.3 Kupffer Cells 

Kupffer cells serve as the resident macrophage of the liver and constitute 5% of the cell 

types found in the liver (2). In their role as a macrophage, these cells mediate acute and 

chronic responses of the liver and maintain hepatic homeostasis (30).  The primary 

functions of these cells include phagocytosis of foreign bodies, removal of endotoxins, 

antigen presentation, production of pro-inflammatory cytokines, and the administration of 

the immune response (2, 31, 32).  Pathogen-activated Kupffer cells release inflammatory 

cytokines such as TNF-α, chemokines, growth factors and reactive oxygen species such 

as nitric oxide and superoxide (31). When the liver is not inflamed, Kupffer cells release 

anti-inflammatory cytokines such as interleukin-10 (IL-10) and TGF-β which down-

regulate T cell activation and receptor mediated antigen uptake (11, 31). Additionally, 

Kupffer cells can migrate throughout the liver sinusoid.  In addition to administering an 

immune response, pro-inflammatory cytokines secreted by Kupffer cells have been 

shown to mediate glucose production (33) and cytochrome P450 enzyme activity in 

hepatocytes (34, 35). 

 

1.1.2.4 Stellate Cells (Ito and Fat-Storing Cells) 

Stellate cells, that comprise approximately 5% of the liver (11) are responsible for storage 

of fat-soluble vitamins such as retinoids which maintain cell proliferation and 

differentiation, a healthy immune system and vision (36).  Additionally, stellate cells 

remodel the ECM by producing collagen (types I, II, IV, VI), fibronectin, laminin, 

proteoglycans, and matrix metalloproteinases (MMPs) (12).  Stellate cells are involved in 

the production of growth factors such as TGF-β1 (involved in human hepatic fibrosis), 

cytokines such as platelet-derived growth factor (PDGF), and the contraction and 

expansion of the lumen in response to vasoconstrictors (13, 36).  Stellate cells exist in 

two phenotypes, quiescent and activated. Quiescent stellate cells exhibit cytoplasmic lipid 
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droplets and dendritic-like prolongations that wrap the sinusoids (14, 36).  Expression of 

α-smooth muscle actin, vimentin and desmin are markers for quiescent stellate cells (12).  

Activated stellate cells lack lipid droplets and display a proliferative myofibroblast-like 

morphology (12). 

 

1.1.3 Hepatocyte Culture Systems 

Freshly isolated hepatocytes cultured in conventional 2D cultures exhibit rapid loss of 

liver-specific functions such as urea production, albumin secretion and detoxification 

within 24 h (2, 3, 15, 16, 37).  Efforts to mimic in vivo conditions have included 

controlling cell-ECM interactions (15-17), homotypic and heterotypic cell-cell 

interactions (37-45), and by adding hormones and other soluble factors (46). 

 

The most common in vitro culture system consists of cellular monolayers on collagen or 

MatrigelTM substrates and collagen sandwiches (15-17).  Cellular monolayers cultured on 

ECM proteins are unstable and lose their phenotypic-specific functions rapidly (15-17).  

Upon addition of a secondary collagen layer on top of a hepatocyte monolayer, their 

morphology and liver-specific functions have been maintained for at least six weeks (47).  

Such cultures are called collagen sandwiches.  When cultured on MatrigelTM, a protein 

mixture of basement membrane extract from Engelbreth-Holm-Swarm (EHS) mouse 

sarcoma, hepatocytes form stable spheroids due to homotypic cell-cell interactions (15).  

All of these cultures are comprised solely of parenchymal cells, which do not closely 

resemble the complex 3D liver architecture found in vivo. 

 

Recent studies have focused on stacking hepatocyte only cultures in 3D structures using 

self-assembling peptide nano-scaffolds (48), microporous biodegradable poly(D,L-

lactide-co-glycolide) membranes (49), de-cellularized porcine ECM (50), and 

nanofibrous poly(L-lactic acid) scaffolds (51). While these cultures were 3D, the stacked 

hepatocytes demonstrated limited hepatic function and failed to recapitulate the 

multicellular nature found in the hepatic microenvironment. 
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Hepatocytes have been co-cultured with other cell types to promote heterotypic cell-cell 

interactions in 2D cultures.  Hepatocytes have been cultured with non-hepatic cells such 

as embryonic murine 3T3 cells (44), rat dermal fibroblasts (52), human fibroblasts (53), 

and bovine aortic endothelial cells (18, 52).  In addition to non-hepatic cells, liver-derived 

cells types such as epithelial cells (38, 54), sinusoidal endothelial cells (39, 40), rat 

hepatic stellate cells (55), and Kupffer cells (41, 42) have been co-cultured with 

hepatocytes.  Despite these advances, these cultures are 2D and do not provide the 3D 

layered structure found in vivo. 

 

Approaches to develop 3D layered hepatic constructs that more closely resemble the in 

vivo environment include the use of temperature-responsive polymers or magnetite 

particles (56-60).  A thermo-responsive polymer, poly (N-isopropylacrylamide) 

(NiPAAM), has been used to culture cell monolayers. At 20 °C, NiPAAM depolymerizes 

and the cells cultured on this substrate can be harvested as a cell sheet.  Human aortic 

endothelial cells (HAECs) were first cultured on NiPAAM, then, removed as a cell sheet 

and finally, placed directly above a layer of primary hepatocytes (56-58).  Hepatocytes 

cultured in this manner maintained polygonal morphology and stable albumin expression 

compared to monolayers (56-58).  In another approach, magnetite cationic liposomes 

(MCLs) were used to assemble HAECs above a hepatocyte monolayer (59, 60).  HAECs 

were labeled with MCLs by electrostatic interactions between the particles and the cell 

membrane (60). MCL uptake studies revealed an accumulation of 38 pg of magnetite per 

cell within 8 h and labeled HAECs exhibited no difference in growth compared to 

unlabeled HAECs (60).  Using a magnet, labeled HAECs were manipulated and placed 

directly above hepatocytes (60).  After 2 days of culture, HAECs remained attached to 

the hepatocyte layer without the presence of a magnetic field (60).  Albumin secretion 

was significantly enhanced in the layered constructs compared to hepatocyte-only and 3D 

co-cultures of hepatocytes with HAECs (60).  However, both of these cell-layering 

approaches use potentially toxic monomers and particles with unknown long-term effects 

to assemble layered cell sheets.  Additionally, the long-term stability and ease of handling 

such cell sheets are of concern for these methodologies. 
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Recently, March et al. used reconfigurable cell culture substrates to promote paracrine 

signaling between hepatocytes and LSECs while avoiding the use of potentially cytotoxic 

materials (28).  Through the use of a micromechanical cell culture substrate, LSECs were 

cultured with hepatocytes in ‘contact’ or ‘gap’ mode (28). In the ‘contact’ mode, LSECs 

were cultured with hepatocytes to promote contact-mediated signaling between the two 

cell populations. In the ‘gap’ mode, LSECs were separated from hepatocytes by a 80 µm 

‘gap’ whereby cells could only communicate by diffusible soluble signals. LSEC 

phenotype, as measured by CD32b (SE-1) expression and uptake of acLDL was only 

observed for LSECs in the ‘gap’ mode only indicating the need for the 3D separation of 

the two cell types (28). 

 

In addition to separating the parenchymal cells from the non-parenchymal cells by an 

interface, Guzzardi et al. attempted to recapitulate the 3D structure by culturing 

hepatocytes with other cell types in a multi-compartmental modular bioreactor (MCmB) 

(61).  The MCmB represents a system where hepatocytes were cultured with other tissue 

types, such as adipocytes, in different chambers that were connected by flow of culture-

medium.  The MCmB configuration promoted paracrine and endocrine signaling without 

direct contact between the different cell types.  Simple diffusion and laminar flow 

conditions were investigated to determine the effect of hepatocyte/adipocyte cultures on 

metabolic regulation (61).  Hepatocytes cultured in the MCmB with an adipocyte 

chamber exhibited enhanced metabolic functions such as urea production, albumin 

secretion, and glycogen/ fatty free acid homeostasis (61).  These results coupled with the 

study by March et al. indicate the necessity of culturing hepatocytes with non-

parenchymal cells while limiting direct contact between the two cell types.  However, in 

both of these studies the overall distance of separation between the two cell types was at 

least 80-fold higher than the overall thickness of the Space of Disse in vivo, potentially 

limiting the non-contact interactions of the two cell types. 

 

 

 

 



	  

	   9 

1.2 POLYELECTROLYTE MULTILAYERS (PEMs)  

 

1.2.1 Introduction to the Layer-by-Layer (LbL) Assembly of Polyelectrolytes (PEs) 

The LbL of PEs was pioneered by Decher et al. in the 1990s (62, 63).  The self-assembly 

of alternately charged PEs results in the formation of PEMs.  (Figure 1.4).  The process 

of self-assembly is usually a result of electrostatic interactions (64).  However, other 

interactions between polymers such as hydrogen bonding (65), complimentary base 

pairing (66), and click chemistry (67) have also been exploited to assemble PEMs.  The 

ease of assembly and diversity of PEs has led to a multitude of biological applications 

including drug delivery, antibacterial coatings, and hepatic tissue engineering (68-72). 

 
Figure 1.3 Schematic of PEM assembly. Reprinted with permission from (73). 

 

The properties of PEMs can be wide ranging due the ability to choose from a wide range 

of cationic and anionic PEs, changing their solution properties and their deposition times.  

In addition, post-assembly modifications enable tuning the chemical and mechanical 

properties.  The resulting PEMs are highly dependent on PE solution properties such as 

pH (74), ionic strength (75) and PE concentration (75-77).  Additionally, the thickness 

can be directly controlled by choosing the number of bilayers in the multilayer (a bilayer 

consists of one cationic PE and one anionic PE) and through changes in the deposition 

conditions and the introduction of hydrogen bonding (64, 76).  Post-assembly methods 

typically include crosslinking (78-83), changing the pH (74-77), or the addition of 

functional groups (84-87). 

 

1.2.2 Methods for PE Deposition 

The LbL buildup of PEs has been accomplished using various techniques.  Virtually all 

PEMs first require a charged substrate.  Dip coating has been extensively explored due to 

the relative ease of immersing a charged substrate into a PE solution (62-64, 75-77, 88).  

Substrates are immersed in PE solutions for a period of time (ranging from 30 seconds to 

Cationic PE Solution Anionic PE Solution

WATER
RINSE

REPEAT

Assembled PEM
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1 h), and then rinsed to remove any unbound PE. In addition to coating 2D surfaces, 

PEMs have been assembled on 3D substrates such as cellulose fibers and polystyrene 

latex particles (89, 90).  More recently, spray coating has been used to reduce the need to 

remove excess PEs using a rinse step (91, 92).  Spray coating PEs such as poly 

(allylamine hydrochloride) (PAH) and sulfonated polystyrene (SPS) resulted in 20 bilayer 

PEMs assembled in 4 min compared to dipping which required 40 min to achieve similar 

film properties (91).  However, spray coating cannot be used to assemble PEMs on 

substrates with complex geometries, due to the limitation of directly spraying the PEs on 

the substrate (typically flat, 2D surfaces). 

 

1.2.3 Chemical Composition of PEs  

Both synthetic and naturally occurring PEs have been used to construct PEMs for various 

applications.  PAH, poly (diallyldimethylammonium chloride) (PDAC), poly (acrylic 

acid) (PAA) and SPS are among the most widely used synthetic PEs (74, 93-95).  In 

addition to these, other PEs such as poly (ethyleneimine) (PEI), azobenzene dyes, and 

poly (vinyl sulfate) have been used for bactericidal coatings, non-linear optical materials 

and glucose biosensors, respectively (69, 96, 97).  PEMs have been constructed from 

naturally occurring PEs such as polypeptides, polysaccharides, DNA and proteins (72, 

78-82, 93, 98-107).  PEMs have also been assembled using a combination of synthetic 

and naturally occurring PEs.  

 

1.2.4 Charge Compensation in PEMs 

PEM properties such as the thickness, stiffness and swelling can be correlated to the 

presence of charged polymer species and the counterions (63, 88).  Schlenoff et al. first 

described the effect of ions present in a PEM by investigating intrinsic and extrinsic 

charge compensation (88).  Intrinsic charge compensation is defined by the interaction 

between a cationic and an anionic PE, whereas extrinsic charge compensation is the 

matching of a charged PE with a counterion (77).  Typically, charge compensation in a 

PEM leads to a reversal of charge upon the adsorption of a subsequent, oppositely 

charged PE layer.  The overall charge remains net neutral due to the presence of 

displaced counterions interacting with the PEM extrinsically (108).  Thus if the ratio of 
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PEs in a PEM is 1:1, the PEM is intrinsically compensated, however any other ratio 

indicates the PEM is extrinsically compensated (108).  Due to the ability to change the 

stoichiometry of the PEM by counterions, the overall charge and chemical composition 

of the PEM can be chosen for the desired application (109). 

 

1.2.5 PEM Thickness 

Self-assembling PEMs can grow either in a linear manner or through exponential growth 

(62-64, 78, 99, 104, 105).  When PEMs are assembled using a combination of strong PEs, 

the thickness has been observed to increase linearly as a function of the number of 

bilayers (64, 76).  For example, studies have shown that PEMs comprised of PAA and 

SPS exhibit such a growth mechanism (Figure 1.5) (64).  This linear growth is attributed 

to the high charge density distributed along the backbone of these strong PEs (64, 76, 77).  

In addition to a linear growth, such PEMs often exhibit clearly defined layers due to 

intrinsic charge compensation negating PE diffusion (77). 

 

 

Figure 1.4 Linear and exponential growth of PEMs. Reprinted with permission from 
(73). 

 

In contrast, multilayers assembled from weak PEs grow in an exponential fashion.  

Examples of weak PEs that can grow exponentially include PLL, (HA), and poly (L-

glutamic acid) (PLGA) (Figure 1.5) (98, 99, 103, 110).  Exponential growth is attributed 
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to the diffusion of PEs within the multilayer and hydrogen bonding (111, 112).  Picart et 

al. described the exponential growth mechanism in a PLL/HA PEM.  During contact of 

the PEM with the PLL solution, PLL chains diffused into the interior of the multilayer 

(103, 113).  Upon immersion of the PEM in a HA solution, PLL chains diffused toward 

the surface resulting in the formation of aggregates and an exponential increase in the 

thickness of the resulting multilayer(103, 113). 

 

Recently, multilayers have been assembled with a combination of both linear and 

exponential growth regimes to create PEM “compartments” (114).  These 

“compartments” create regimes for promoting or preventing free diffusion of PEs within 

an exponential region and linear regions respectively (114).  Garza et al. used exponential 

and linear growth modes to design multiple reservoirs within a PEM for applications in 

drug delivery (114).  Impermeable layers of spray-deposited PLGA prevented direct 

cellular contact with drug-load reservoirs for up to 5 days (114). 

 

1.2.6 Mechanical Properties of PEMs are a Function of Chemical Composition, 

Assembly Conditions and Post-Assembly Modifications  

Through the incorporation of PEs such as carrageenan with different chemical structures, 

Schoeler et al. demonstrated the ability to modify the stiffness of a PEM (115).  The film 

stiffness was three times higher for PEMs assembled with ι-carrageenan compared to λ-

carrageenan due to the differences in chain conformations of the polysaccharides.  ι-

carrageenan exhibits a helical structure while λ-carrageenan exhibits a random coil 

conformation (115).  Another method is through the incorporation of nanoparticles.  The 

incorporation of poly (ferrocenylsilane) organometallics and single-wall nanotubes 

(SWNTs) has resulted in stiffness changes of up to two orders of magnitude (116-118).  

Upon incorporation of SWNTs into PDAC and PAA PEMs, the tensile strength increased 

from 200 kPa to 70 MPa due to the high strength properties of SWNTs (117). 

 

The disassociation of functional groups in a PE is based upon the pH of the solution.  

When the pH of the solution is close to the pKa of a PE, the PEs have a low charge 

density and adsorb in a thick and loopy conformation.  If the pH of the PE solution is 
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several units from its pKa, the chains are highly charged and adsorb in a thin, rod-like 

conformation (64, 76, 77).  Mermut et al. demonstrated a reduction in in Young’s 

modulus, from 6.5 to 0.1 MPa simply by increasing the pH from 5 to 9 for a PEM 

assembled from PAH and an azo-benzene PE (119).  Additionally, changing the solution 

pH has led to changes in thickness, surface roughness and the hydrated film thickness of 

PEMs (120, 121). 

 

When a PEM is assembled from strong PEs, changing the ionic concentration can be an 

effective method to tune its mechanical properties.  Adding salts, such as NaCl, 

effectively screens electrostatic charges by reducing the Debye length (75, 76).  The 

Debye length is the distance at which a charge is experienced, and the addition of salts 

reduces this distance, thereby, decreasing the effective charge density (75, 76).  These 

changes in charge density have a similar effect to changes induced by pH.  For example, 

increasing the ionic concentration of NaCl from 0 to 2 M led to film swelling and a 

reduction in rigidity for SPS/PDAC PEMs (75).  These PEMs (10 bilayers) swelled from 

10 nm to 350 nm upon the addition of 2M NaCl. (76). 

 

Chemical crosslinking is a commonly used technique to create covalent bonds within the 

PEM to modulate degradation and mechanical properties.  One of the simplest routes to 

chemical crosslinking is to heat multilayers that contain functional groups such as 

carboxyl and primary amines to promote amidization.  The presence of amide bonds has 

been shown to prevent degradation and simultaneously increases the Young’s modulus 

(122).  Another commonly used approach is the use of crosslinking agents such as 

glutaraldehyde (GA).  In the presence of primary amine groups, GA covalently binds to 

amines and creates inter- and intra-molecular crosslinks (123).  GA crosslinking has been 

shown to result in a one- to two-fold increase in the Young’s modulus (83).  More 

elaborate crosslinking methods have been utilized such as the use of zero-length 

crosslinkers (i.e. no additional molecules added to final PEM structure) and the 

incorporation of UV-reactive moieties into the PEM functionality.  The use of 

carbodiimide chemistry has opened up new avenues for the crosslinking of PEMs (78, 79, 
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124).  By varying the concentration of carbodiimides present in post-assembly solutions, 

the degree of crosslinking can be modified (80). 
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1.3 PEMS AND CELLULAR INTERACTIONS 

 

1.3.1 Assembly Conditions Modulate Cellular Adhesion 

In order to elicit a specific cellular response, the mechanical properties of a PEM are 

often tailored (74, 78, 80-83, 105, 125).  A property such as PEM thickness can be used 

to tune the stiffness and subsequent cellular adhesion.  Richert et al. assembled PLL/HA 

PEMs at various thicknesses, ranging from 3 to 15 μm (79).  When smooth muscle cells 

(SMCs) were cultured on PLL/HA PEMs, differences in the cellular spreading were 

observed and correlated inversely to the thickness of the multilayer (79).  SMCs cultured 

on 3 μm thick PEMs exhibited areas of 1100 μm2 compared to 800 μm2 for 15 μm thick 

films (79).  The Young’s modulus of the PEMs varied from 90 kPa (3 μm) to 40 kPa 15 

μm) indicating cellular adhesion and spreading were dictated by changes in rigidity as a 

function of the height of a multilayer. (79).  Additional studies with human 

chondrosarcoma cells on PLL/PLGA PEMs have demonstrated decreases in cellular 

adhesion with increasing thickness (80).   

 

Mendelsohn et al. demonstrated the ability to tune cellular adhesion of murine NR6WT 

fibroblasts by adjusting the pH during assembly.  PAH/PAA PEMs assembled at pH 6.0 

exhibited excellent cellular adhesion compared to multilayers assembled at pH 2.0 (74).  

Differences in cellular adhesion were attributed to increased rigidity and decreased 

hydration at pH 6.0 compared to PEMs assembled at a lower pH (74, 120). 

 

Functional groups such as amines or carboxylic acids offer routes to introduce crosslinks 

inter- and intramolecularly (79, 123).  Water-based crosslinking methods have been 

investigated using carbodiimide chemistry with zero-length EDC crosslinkers (79).  Ren 

et al. modulated myoblast adhesion, differentiation and myotube formation by 

crosslinking PLL/HA PEMs using 1- ethyl -3-[3-dimethylaminopropyl] carbodiimide 

hydrochloride (EDC) (125).  EDC concentrations ranging from 5 to 100 mg/mL were 

used with the highest concentration yielding a PEM modulus of 400 kPa (125).  The 

stiffest PEMs exhibited excellent myoblast adhesion with well-defined focal adhesions 

and f-actin fibers (125).  Additionally, myotube morphology was modulated by PEM 
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stiffness with the formation of thin, elongated tubes on the stiffest PEMs (125).  GA has 

also been used to covalently bind free amines present in PEMs (83, 126).  Larkin et al. 

crosslinked chitosan/HA PEMs by exposure to an 8 wt. % GA solution for either 1 or 2 

minutes (83).  PEM stability increased from complete degradation within 5 min (in 

phosphate buffered saline; 1X PBS) to at least 92 % weight retention over 7 days (83).  

Additionally, the Young’s modulus increased to 310 and 480 MPa, for 1 min and 2 

minute crosslinked PEMs respectively in comparison to 90 MPa for an unmodified film 

(83).  When BALB/c 3T3 fibroblasts were cultured on the crosslinked chitosan/HA 

PEMs, the cells colonized the crosslinked PEM surface within 6 days and exhibited well-

defined f-actin fibers (83). 

 

Crosslinking that does involve exposure to possible cytotoxic crosslinkers have also been 

utilized to modulate the properties of PEMs.  Moussallem et al. thermally crosslinked 

PAH/PAA PEMs by exposure to increased temperatures (127).  Exposure to high 

temperatures (180 °C) led to the creation of amide crosslinks.  Upon crosslinking, the 

hydrated Young’s modulus increased to 8 GPa compared to 6 MPa for unmodified PEMs 

(127).  Rat aortic SMCs cultured on these crosslinked PEMs expressed contractile 

phenotypic markers such as calponin and smooth muscle α-actin (127). SMCs cultured on 

unmodified PEMs did not express these markers, indicating that thermal crosslinking 

potentially directed their phenotype (127).   

 

1.3.2 PEM Composition and Cellular Adhesion 

In one of the first studies including biological PEs, Lvov et al. demonstrated that PEMs 

comprised of DNA and PAH could be assembled to potentially investigate template-

dependent synthesis of polyamines by copying the natural principles of DNA packing.  

For example, the DNA/PAH PEMS could be used to study the interaction of negative 

charges of DNA phosphates with precisely spaced, positively charged amine groups 

(128).  In biological applications, cellular response can be enhanced or inhibited 

depending on the PEs used.   For example, Elbert et al. assembled PEMs comprised of 

the naturally occurring PEs, poly (L-lysine) (PLL) and alginate (ALG) (98).  These PEMs 

were used to render surfaces biologically inert and block the adhesion of human 
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fibroblasts (98).  Whereas, Berg et al. assembled PAA and arginine-glycine-aspartic acid 

(RGD) modified PAH multilayers that promoted murine wild-type NT6 fibroblast 

adhesion (121).  The RGD peptide was chosen due to its ease of incorporation onto the 

PEM surface and its role in promoting cellular adhesion (121). 

 

Richert et al. assembled PLL/PLGA PEMs and chose to make the final PE layer 

comprised of a polyanion or polycation.  Therefore, the final PE layer (referred to as the 

terminating layer) was either PLL or PLGA.  Human chondrosarcoma cells adherent on 

PEMs terminating in PLL exhibited 80 nN adhesion forces, 8-fold higher compared to 

PLGA-terminated films as determined by micropipetting (104).  However, when the 

PEMs were sufficiently stiff, Thompson et al. observed that the terminating PE layer had 

no significant effect on microvascular endothelial cell (MVEC) proliferation (120).  In 

some cases, the choice of the cationic PE is important since they can result in 

cytotoxicity.  When polyethylenimine (PEI), a cationic PE was used to assemble a PEM, 

it resulted in the death of periodontal fibroblasts (129).  Fischer et al. compared PEI, PLL 

and PDAC polycations and found that L929 mouse fibroblasts exhibited lower metabolic 

activity on PEI than PLL or PDAC (130).  Similarly, the cytotoxicity of polyanions has 

been investigated. Polyanions such as dextran sulfate and derivatives of bovine serum 

albumin have demonstrated slight cytotoxic effects in primary brain microvessel 

endothelial cells and primary rat hepatocytes, however in comparison to polycations such 

as PLL, protamine, and histone, these effects were minimal (131).   

 

1.3.3 PEM Surface Morphology Modulates Cellular Migration 

Cells respond to various factors in their environment including topography which can 

range from the nano- to the microscale (132). Basement membranes in vivo, exhibit 

porosities that range from the micro to nanoscale (133, 134).  These pores enable the 

diffusion of gases and nutrients to cells and are therefore an important component of 

PEM design (135). Mendelsohn et al. demonstrated that pores could be induced in 

PAA/PAH PEMs upon exposure to an acidic aqueous solution at a pH of 2.5. The 

average pore size ranged from 100 to 500 nm and the porosity was attributed to the 

cleavage of polymer chains and their subsequent reorganization (122). Further studies by 
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Hiller et al. revealed nanoscale porosities (15 to 80 nm) when the solution pH was further 

reduced to 1.8 (136). In both cases, the porosity was maintained by heating at 200°C to 

introduce thermal crosslinks (122, 136). Both of these studies outlined a new method for 

inducing porosity (Figure 1.6), however the effect of pore size on cellular response was 

not investigated. Recently, Hajicharalambous et al. showed that submicron and 

nanoporous PEMs exhibiting an average pore size of 100 to 600 nm can be used to mimic 

the basement membrane of the human cornea (133, 134). Human corneal epithelial cells 

(HCECs) were cultured on PAA/PAH PEMs with average porosities of 100 and 600 nm 

(137). PEMs with pore sizes of 100 nm exhibited two-fold higher migration speeds of 

approximately 30 µm/h when compared to 600 nm pore-sized PEMs (137). Porosity also 

affected cytoskeletal organization, with HCECs only exhibiting well-defined actin 

structure and vinculin focal adhesion on the nanoporous PEMs (137). 

 

 
Figure 1.5 Schematic representation for the creation of nanoporous PEMs comprised 

of PAA and PAH. Reprinted with permission from (73). 
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1.4 PEMS USED FOR CULTURING PRIMARY HEPATOCYTES 

 

PEMs have previously been used as a planar substrate for the culture of primary 

hepatocytes.  Kidambi et al. used PDAC as the cationic PE and SPS, PVS, or PAS as the 

anionic PEs (138).  Primary hepatocytes attached and spread on all PEMs over a 7-day 

culture period (138).  The terminating PE layer was varied between PDAC, SPS, PVS, 

and PAS to investigate the effect on hepatic functions.  Both urea production and albumin 

secretion were significantly higher than collagen-coated tissue culture polystyrene for all 

terminating PE layers, however both functions decreased over the culture period (138). 

 

More recently, Chen et al. investigated the effect of both mechanical compliance and 

ligand presentation of synthetic PEMs for increasing cell adhesion and liver-specific 

functions of primary rat hepatocytes (139).  Synthetic PEMs comprised of PAH and PAA 

exhibited elastic moduli that ranged from 200 kPa to 142 MPa.  Negligible hepatocyte 

attachment was observed on the most compliant 200 kPa PEM while 100% attachment 

was observed on the most compliant, 142 MPa, PEM (139).  Decorin and collagen were 

used to promote cell adhesion and liver-specific functions of hepatocytes on the PEMs.  

Urea production, albumin secretion, and CYP1A activity was increased in primary 

hepatocytes cultured on PAH/PAA PEMs coated with collagen compared to tissue 

culture flasks coated with collagen (139).   

 

In addition to cultures of primary hepatocytes, patterned co-cultures of primary 

hepatocytes and fibroblasts using PEMs have also been investigated.  Kidambi et al. used 

PDAC/SPS PEMs that were patterned with SPS using microcontact printing.  Primary 

hepatocytes demonstrated a preferential attachment on the SPS compared to PDAC.  In 

contrast, fibroblasts were adherent to both SPS and PDAC.  Patterned PEM cultures of 

primary hepatocytes exhibited lower urea production and albumin secretion over a 7-day 

culture period.  However, upon introduction of fibroblasts, albumin production increased 

6-fold over the 7-day culture (140).  While these studies highlight the ability to use PEMs 

for culturing primary hepatocytes, all of these cultures are 2D in nature and do not 

recapitulate the 3D hepatic microenvironment. 
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1.5 THE 3D LIVER MIMIC 

 

In an effort to more closely mimic the key physiological, spatial and geometrical 

characteristics of the hepatic environment in vivo, our research group has assembled a 3D 

liver mimic (Figure 1.4) (70-72). 

 
Figure 1.6 A schematic of a general 3D liver mimic containing endothelial cells (ECs), 

a PEM and hepatocytes. 
 

Initially, the 3D liver mimic was comprised of primary rat hepatocytes, human umbilical 

vein endothelial cells (HUVECs) and an intermediary PEM.  Henceforth, this 

combination is referred to as HEP+PEM+HUVEC (72).  The intermediary PEM layer 

was assembled directly on live hepatocytes using chitosan and DNA. Chitosan and DNA 

served as the cationic and anionic PEs, respectively.  These PEs were chosen for their 

compatibility with endothelial cells and hepatocytes (85, 141-144).  The intermediate 

PEM provided a cell-adhesive surface for culturing a second layer of cells (72).  By 

incorporating the PEM, optimal hepatic function was obtained for HEP+PEM+HUVEC 

constructs compared to hepatocyte monolayer cultures.  Additionally, the presence of the 

PEM maintained the classic polygonal hepatocyte morphology (72).  However, the PEM 

was assembled directly above hepatocytes limiting further modifications.  Another 

concern was the use of DNA, which is susceptible to enzymatic degradation. Although 

the presence of HUVECs significantly enhanced hepatic function they are not the resident 

endothelial cells of the liver.   

 

More recently, a 3D liver mimic was assembled using primary rat hepatocytes and human 

LSECs (the combination is referred to as HEP+PEM+hLSEC) (70).  The intermediate 

ECs 

PEM 

Hepatocytes 

Collagen Gel 
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PEM was comprised of chitosan and hyaluronic acid (HA).  Chitosan/HA PEM 

properties were measured using a quartz crystal microbalance (QCM) with dissipation 

monitoring.  The thickness of the hydrated PEMs was found to range between 30 to 55 

nm for 5 and 15 layer PEMs, respectively (70).  The shear modulus was approximately 

100 kPa and the PEMs had a viscosity similar to that of water (~ 2 mPa s) indicating 

these PEMs were highly hydrated (70). 

 

Primary hepatocytes cultured in a hepatocyte monolayer (HM) and collagen sandwich 

configuration (CS) served as the negative and positive controls, respectively.  In the CS 

configuration, where a second layer of collagen gel is placed above the hepatocytes, have 

demonstrated maintenance of urea production, albumin secretion, and cellular 

morphology for up to 4 to 6 weeks (16, 17, 47).  The presence of a chitosan/HA PEM 

maintained cellular morphology in HEP+PEM constructs.  This was demonstrated 

through actin localization around the periphery compared to stress fibers observed in the 

HM cultures (70).  Additionally, hLSEC phenotype was maintained in the 

HEP+PEM+hLSEC construct as indicated by the receptor-mediated endocytosis of 

acLDL (70).  Furthermore, liver-specific functions such as urea production and albumin 

secretion were statistically higher in HEP+PEM+hLSEC constructs compared to HM on 

day 7 (70).  An important feature of differentiated hepatocytes is the presence of bile 

canaliculi.  Well-defined bile canaliculi were observed in the HEP+PEM+hLSEC and CS 

cultures whereas HMs exhibited diffuse fluorescence indicating the absence of the 

canaliculi (70).  Additionally, CYP1A1/2 activity in HEP+PEM+hLSEC constructs 

exhibited a 4 to 16-fold increase compared to a 2-fold in the CS. (70) 

 

In our most recent study using the 3D liver mimic, primary rat LSECs (rLSECs) were 

incorporated to determine if the dedifferentiation of both cell types could be prevented.  

In this study, rLSECs were seeded on chitosan/HA PEMs that had been deposited above 

a layer of hepatocytes (71).  Adhesion and proliferation of rLSECs were only observed in 

HEP+PEM+rLSEC cultures (71). Additionally, LSEC phenotype was verified by 

immunostaining for sinusoidal endothelial 1 (SE-1) antibody, indicating the presence of 

the cell-surface marker identified as Cd32b (71).  At days 4 and 12, maintenance of 
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rLSEC phenotype was verified in the HEP+PEM+rLSEC constructs whereas rLSEC 

monolayers exhibited only weak fluorescence indicating dedifferentiation (71).  Urea and 

albumin production, and the presence of well-defined bile canaliculi confirmed 

maintenance of hepatic function in the HEP+PEM+rLSEC cultures (71).  Additionally, 

CYP1A1 and CYP3A enzyme activities exhibited a 3 to 7-fold increase in the 

HEP+PEM+rLSEC constructs over 12 days (71).  These results indicated that 

incorporating primary rat hepatocytes and rLSECs in a physiologically relevant model 

can maintain the differentiated state of both cell types.  However, the assembly of the 3D 

liver mimic directly on live hepatocytes has several disadvantages.  For example, cells 

are deprived of media for up to 45 min during the LbL deposition of the PEM. 

Additionally, tuning the properties of the PEM after deposition is virtually impossible. 

Perhaps the biggest disadvantage of directly assembling PEMs on live cells is the loss of 

the ability to perform subsequent chemistries on the PEMs, such as introducing cell-

adhesive ligands. 
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1.6 GENOME-WIDE GENE EXPRESSION PROFILING 

 

Genome-wide gene expression analysis can provide extensive information on the cellular 

processes and phenotype at the transcriptional level. Gene expression analysis can also 

yield information related to the presence and relative concentrations of functional gene 

products. Typically, gene expression comparisons are done between two culture 

conditions such as treated vs. untreated (145), cancerous vs. benign (146), or for a cell 

type exposed to different culture conditions (147).  Gene expression is traditionally 

measured using microarray-based technologies.  The basic operational principle of 

microarray technology is that mRNA from a cell is used to generate complimentary DNA 

(cDNA), which is hybridized to DNA sequences immobilized on a substrate in an ordered 

array (148).  Each spot or probe on the array is a well-defined DNA sequence, generated 

from a library for the particular species of interest, and printed onto a substrate (149).  

The size of the probes range from 100 to 300 nm and are spaced at a similar distance 

from other probes. Upon introduction of the fluorescently labeled cDNA, hybridization, 

via complementary DNA binding, to the probe occurs (149).  Each location on the 

microarray is examined using a laser to determine the level of fluorescence, which relates 

directly to the amount of cDNA hybridized to the probe (150).  The fluorescence 

intensity for each hybridized probe can be compared to standards on the array or across 

contrasts to determine if a particular gene is up- or down-regulated (150).  Microarrays 

can contain more than 30,000 probe sets. For example, the Affymetrix Genechip® Rat 

Genome 2.0 microarray consists of more than 31,000 probe sets, corresponding to 30,000 

transcripts of 28,000 rat genes. 

 

1.6.1 Genome-Wide Transcriptional Profiles of Commonly Used Hepatocyte Cultures 

Recently, the transcriptional profiles of primary rat hepatocytes in HM and CS cultures 

were investigated over an 8-day period using the Affymetrix GeneChip® Rat Genome 

2.0 microarray (147).  Gene set enrichment analysis (GSEA) was used to summarize the 

temporal differences between the HM and CS at the level of predefined biological 

pathways, i.e. summarizing differential expression at the level of gene sets. The 

phenotype of the HM compared to the CS is well known to diverge in less than 24 h for 
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processes such as cytochrome P450 enzyme activity (151).  The results of the this study 

revealed a significant up-regulation of liver-related functions such as bile acid synthesis 

as well as lipid, amino acid, alcohol, and carbohydrate metabolism in the CS compared to 

the HM (147).  Additionally, liver-specific gene sets became increasingly significant over 

the culture period indicating a divergence in the phenotype of these two culture systems, 

correlating well with previous reports in the literature (147).  These findings highlight the 

utility of using microarrays as a tool to assess the genome-wide gene expression profiles 

for hepatic model systems. 

 

1.6.2 Gene Expression Profiles in Hepatic Multicellular Cultures 

The number of literature reports investigating primary hepatocyte gene expression in 

multicellular cultures (e.g. hepatocytes cultured with non-parenchymal cells) is limited.  

Recently, March et al. cultured hepatocytes and LSECs together using a micromechanical 

substrate previously described in section 1.1.3 (28).  In addition to investigating the effect 

of co-culture on hepatocyte and LSEC phenotype, gene expression analysis was 

performed on mRNA from primary hepatocytes.  Spent medium obtained from LSEC 

cultures was used to provide soluble factors to hepatocytes.  From this experiment, March 

et al. revealed that pleiotrophin, IGF-I, and angiotensin expression in hepatocytes most 

likely contributed to the maintenance of LSEC phenotype (28).  While the presence of 

soluble factors in the LSEC conditioned medium most likely contributed to hepatocyte 

gene expression profiles and subsequent regulation of LSEC phenotype, this does not 

truly represent the contributions of both cell types.  Reports of multicellular hepatic 

cultures highlight the importance of cellular signaling in the maintenance of phenotypic 

functions and the powerful tool that gene expression profiling can be for understanding 

these complex biological processes. 
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1.7 RESEARCH OBJECTIVES  

 

The research objectives of this thesis are motivated by the need to design 3D hepatic 

cellular models that closely recapitulate the geometric, spatial and physiological features 

found in vivo.  To date, no culture system has accurately captured the height of the Space 

of Disse.  Additionally, no system has included the three most common hepatic cell types 

into one model at physiologically relevant in vivo ratios.  Cellular models that mimic the 

hepatic architecture can be used to systematically study a wide range of cues and stimuli.   

We have designed nanoscale detachable, and biocompatible PEMs comprised of chitosan 

and HA that serve as a substitute for the Space of Disse.  The use of detachable PEMs 

whose properties can be modulated to those found in the liver are highly desirable.  

Additionally, Kupffer cells, the resident macrophage of the liver, were incorporated into 

the 3D liver mimic.  The inclusion of Kupffer cells should provide additional 

communications and soluble signals between parenchymal and non-parenchymal cells. 

The performance of 3D liver mimics were compared to HM, CS, and 2D co-cultures. The 

ability for each of the three cell types in the 3D model, to maintain their differentiated 

state was studied. 

 

1.7.1 3D Design Criteria for 3D Liver Models  

In vivo, hepatic parenchymal cells are separated from non-parenchymal cells by a 

protein-rich interface named the Space of Disse.  The thickness of the Space of Disse 

ranges from 0.5 – 1 µm (2).  Detachable PEMs comprised of HA and chitosan were 

designed to mimic the height of the Space of Disse.  The design considerations for the 

detachable PEMs and the 3D liver mimic were as follows: 

 

1. The detachable PEM should be comprised of biocompatible PEs that are 

compatible with all cell types to be incorporated into the 3D liver models. 

2. The detachable PEM should be similar to the thickness of the Space of Disse and 

be stable in aqueous medium to prevent degradation. The detachable PEM should 

have similar mechanical properties to that of the liver in vivo.  Since there are no 

reports of the mechanical properties for the Space of Disse, mechanical properties 
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previously obtained for bulk liver will be our goal.  Previously reported 

measurements for bulk liver modulus range from 40 to 200 kPa (152, 153). 

3. The 3D liver mimic should include the main cell types found in the liver. 

 

1.7.2 Stated Research Objectives 

The research objectives of this thesis are: 

1. Assemble biocompatible, detachable PEM comprised of chitosan and HA. 

2. Tune the properties of the detachable PEM (e.g. thickness and modulus) to more 

closely mimic the Space of Disse. 

3. Investigate hepatic functions and the ability of all three cell types to maintain their 

differentiated state over the culture period. 

4. Conduct genome-wide gene expression studies of hepatocytes to identify key 

hepatic cell processes that are upregulated in the 3D liver models.   
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1.8 EXPERIMENTAL PLAN 

 

1.8.1 Aim 1: Design and Assemble 3D Liver Sinusoidal Mimics (Specific Contribution: 

Measuring PEM Properties) 

The first objective of this research project was to measure the mechanical properties of 

PEMs used to mimic the Space of Disse in vitro.  The PEMs were assembled using HA 

and chitosan.  The PEM viscosity, shear modulus, and hydrated thickness were measured 

using a QCM-D.  The frequency and dissipation data were modeled using a Voigt model 

for a viscoelastic thin film layer. 

 

1.8.2 Aim 2: Design Detachable and Biocompatible PEMs 

One of the primary goals of this thesis was to assemble detachable PEMs comprised of 

HA and chitosan for mimicking the Space of Disse.  The optimal PE concentration, 

bilayer number, and solution pH for assembling detachable PEMs were determined.  The 

detachable PEMs were characterized using x-ray photoelectron spectroscopy, FTIR, 

stability measurements, profilometry, UV/vis spectroscopy, and atomic force microscopy.  

The biocompatibility of the PEMs was assessed using 3T3 BALB/c fibroblasts.  The 

proliferation and cytoskeletal organization of adherent 3T3 BALB/c fibroblasts was used 

to determine the biocompatibility of the PEMs. 

 

1.8.3 Aim 3: Design Detachable PEMs that Mimic the Space of Disse 

After designing 3 micron detachable HA and chitosan PEMs, the next goal was to reduce 

their thickness to mimic the Space of Disse. This was achieved by varying the PE 

concentration, solution pH, and the number of bilayers.  The PEM properties were 

characterized using atomic force microscopy, stability studies, UV/vis spectroscopy, and 

profilometry. 

 

1.8.4 Aim 4: Incorporating Detachable PEMs into a Multicellular 3D Liver Mimic 

The final objective of this thesis was to incorporate detachable PEMs that mimicked the 

Space of Disse into a multicellular 3D liver model.  Detachable PEMs comprised of 12.5 

bilayers of chitosan and hyaluronic acid (thickness of 600 nm under hydration) were used 
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to mimic the Space of Disse in vitro.  The 3D liver mimics were assembled by layering 

LSECs and Kupffer cells on PEMs placed above hepatocytes.  The 3D liver mimics were 

maintained for 12 days.  The phenotype of hepatocytes, LSECs, and Kupffer cells was 

monitored over the culture period.  Hepatocyte function was monitored by measuring 

urea production, albumin secretion, and CYP1A1 isoenzyme activity.  LSEC phenotype 

was monitored by sinusoidal endothelial-1 surface receptor activity on days 4 and 12.  

Kupffer cell phenotype was monitored by CD163 surface receptor (ED-2) activity on 

days 4 and 12.  The number of hepatocytes, LSECs, and Kupffer cells were counted on 

days 4 and 12 to determine the extent of proliferation and in vitro cellular ratios.  Gene 

expression analysis of the 3D liver mimics was conducted to determine the effect of 

intercellular signaling on maintaining hepatic phenotype.  These studies also enabled the 

identification of molecules that potentially played a role in upregulated hepatic processes.   
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Chapter 2. The Design of In Vitro Liver Sinusoid Mimics using Chitosan-Hyaluronic 

Acid Polyelectrolyte Multilayers 

 

2.1 INTRODUCTION 

 

The liver is one of the largest organs in our bodies and performs a multitude of functions 

such as metabolism, detoxification, and plays a major role in the body’s complex defense 

mechanisms. The deterioration in any one of the liver’s functions can cause serious, life-

threatening health problems.  The liver is comprised of ~70% hepatocytes (parenchymal 

cells) and the remainder is made up of non-parenchymal (liver sinusoidal endothelial, 

Kupffer, and hepatic stellate) cells (2). Liver sinusoids in vivo contain layers of 

hepatocytes and endothelial cells separated by the Space of Disse comprised primarily of 

collagen fibers (2). 

 

In general, the lack of organ donors, the rising cost of organ transplant surgeries, and the 

complications related to immune response are issues that confront patients.  The use of 

extra-corporeal liver-assist devices also known as bio-artificial livers, have the potential 

to enable the recovery of patients with injured livers or function as a bridge to 

transplantation (154).  

 

The design of extracorporeal liver assist devices can be accelerated if three-dimensional 

(3-D) liver mimics are available to systematically test cellular response to a variety of 

stimuli.   In addition, the testing of drugs and pharmaceuticals are conducted on 

monolayers of hepatocytes or on animals.  Hepatocyte monolayers do not present a 

physiologically relevant model and animal models can be very expensive and complex to 

analyze.  Although two-dimensional (2-D) cell cultures and co-cultures are used 

extensively as model systems (16, 17, 37, 44, 45, 155-157), they do not recapitulate key 

spatial, geometric, and physiological characteristics of cellular architectures found in 

vivo.  The complex heterotypic interactions between parenchymal (hepatocytes) and non-

parenchymal (LSEC) cells in the liver are responsible for optimal hepatic function.  

Recent reports in the literature have shown that even at the embryonic stage, interactions 
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between endothelial cells and hepatic progenitor cells are critical for normal liver 

development (158-160).  Since interactions between the parenchymal and non-

parenchymal cells of the liver are critical in maintaining optimal hepatic function (40, 

161, 162), efforts to layer these cells to emulate liver architecture in vivo are ongoing.  

Recently, new approaches to form layered 3-D liver-like tissues have been reported (57, 

60, 163-165).   Temperature-responsive culture dishes, magnetic liposome technology, 

and organ-printing techniques have been utilized to form layered cell sheets.  Although, 

these methodologies offer new avenues to assemble liver mimics, issues related to long-

term stability and ease in handling and assembly are of concern.    

 

The distance of separation between hepatocytes and endothelial cells in the liver, the 

Space of Disse, is a critical factor in assembling liver-mimetic tissues (72).  In vitro, the 

presence of an interfacial region has been shown to play a significant role in the assembly 

and performance of liver mimics.   In a previous report, hepatocytes and human umbilical 

vein endothelial cells (HUVECs) were assembled in stratified layers by incorporating a 

chitosan/DNA PEM between the cell layers (72).  This study demonstrated the need for 

an interface between hepatocytes and HUVECs to obtain optimal hepatic phenotypic 

function and showed that PEMs to could potentially mimic and function as the Space of 

Disse in vitro.   Some of the drawbacks in this study were the use of DNA as the 

polyanion and HUVECs.  DNA is susceptible to enzymatic degradation and HUVECs 

exhibit significantly different phenotypic characteristics in comparison to LSECs.   

 

We report the assembly of liver mimetic architectures comprised of primary rat 

hepatocytes and human LSECs with an intermediate PEM comprised of chitosan and 

hyaluronic acid (HA).  Chitosan was selected as the cationic PE due to its compatibility 

with hepatocytes (85, 141, 142).  HA is found in the basal membranes of connective 

tissues is utilized to modify surfaces for the culture of endothelial cells (143, 144).   We 

have measured the shear modulus and viscosity of the hydrated chitosan/HA PEM and 

have conducted studies that demonstrate that liver-specific functions such as urea and 

albumin secretion, as well as cytochrome P450 (CYP1A1/2) enzymatic activity are 

maintained and enhanced in the liver mimetic cellular architectures.  
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2.2 MATERIALS AND METHODS 

 

2.2.1 Materials 

Dulbecco’s Modified Eagle Medium (DMEM) containing 4.5 g/L glucose, phosphate-

buffered saline (PBS), Earle’s balanced salt solution (EBSS), ethoxy resorufin, penicillin, 

streptomycin, and trypsin-EDTA was obtained from Invitrogen Life Technologies 

(Carlsbad, CA). Type IV collagenase, HEPES (4-(2-hydroxyethyl) piperazine-1-

ethanesulfonic acid), glucagon, hydrocortisone, ammonia, dicumarol, sodium dodecyl 

sulfate (SDS), and hydrogen peroxide were obtained from Sigma-Aldrich (St. Louis, 

MO). Human LSECs and endothelial cell growth medium and supplements were obtained 

from ScienCell Research Laboratories (San Diego, CA). Unless noted, all other 

chemicals were obtained and used as received from Fisher Scientific (Pittsburgh, PA).  
 

2.2.2 Hepatocyte Isolation and Culture 

Primary rat hepatocytes were harvested from female Lewis rats (Harlan, Indianapolis, IN) 

that weighed between 170-200g.  A two-step in situ collagenase perfusion method was 

utilized (16, 17). Briefly, animals were anesthetized with 3 L/min of a gas mixture of 3% 

(v/v) isofluorane/97% oxygen (Veterinary Anesthesia Systems Co., Bend, OR). The liver 

was perfused through the portal vein with Krebs Ringer Buffer (KRB; 7.13 g/L sodium 

chloride, 2.1 g/L sodium bicarbonate, 1 g/L glucose, 4.76 g/L HEPES and 0.42 g/L 

potassium chloride) that contained 1mM EDTA (ethylene diamine tetra acetic acid), 

followed by serial perfusion with a 0.075% w/v and a 0.1% w/v collagenase (Sigma, 

Type IV) in KRB containing 5 mM calcium chloride. Cell suspensions were filtered 

through nylon meshes with porosity ranging from 250-62 μm (Small Parts, Inc., Miramar, 

FL). Hepatocytes were separated using a Percoll (Sigma-Aldrich) density centrifugation 

technique. Cell viability was determined by trypan blue exclusion.  Hepatocytes were 

cultured on collagen-coated 6-well sterile tissue culture plates (Becton Dickinson 

Labware, Franklin Lakes, NJ) and were maintained in culture medium that consisted of 

DMEM supplemented with 10% heat-inactivated fetal bovine serum (Hyclone, UT) 200 

U/mL penicillin, 200 μg/mL streptomycin, 20 ng/mL epidermal growth factor (BD 

Biosciences, San Jose, CA) 0.5 U/mL insulin (USP, Rockville MD) , 14 ng/mL glucagon 
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and 7.5 μg/mL hydrocortisone.  A collagen gelling solution was prepared by mixing 9 

parts of type I collagen (BD Biosciences) solution and 1 part of 10X DMEM.  Sterile 6-

well tissue culture plates were coated with 0.5 ml of the gelling solution and incubated at 

37oC for 1h to promote gel formation.  Isolated hepatocytes were suspended in 

hepatocyte culture medium at a concentration of 1x106 cells/ml and seeded on the 

collagen-coated wells at a density of 1 million cells/well.  Collagen sandwich cultures 

were formed by the deposition of a second layer of collagen 24h later.  Hepatocytes 

maintained in stable collagen sandwich and in unstable confluent monolayer cultures 

served as positive and negative controls, respectively.  Hepatocyte cultures were 

maintained at 37°C in a humidified gas mixture of 90% air/10% CO2. The culture 

medium was replaced every 24h and medium samples were stored until further analysis.    

 

2.2.3 Assembly of Polyelectrolyte Multilayers (PEMs) on Hepatocytes 

Chitosan (200-300kDa M.W., Sigma-Aldrich) and hyaluronic acid (HA; > 1 million 

M.W., Acros Organics, Fairlawn NJ) were used as the cationic and anionic PEs, 

respectively.  Chitosan (0.01%w/v) solutions were prepared by dissolving the polymer in 

a 1% v/v acetic acid solution and maintained at pH values ranging from 6.1-6.3.  HA 

(0.01%w/v) solutions were prepared by diluting in PBS and adjusted to a pH range of 

7.2-7.3.  PEMs were assembled on hepatocytes by first depositing a cationic PE on the 

cell layer followed by the anionic PE.  The exposure time for each PE solution was 

approximately 1-2 minutes.  The desired number of bilayers was obtained through the 

sequential and alternate deposition of PE layers. At the end of the deposition procedure, 

the samples were rinsed in 1X PBS and subsequently maintained in cell-culture medium 

at 37oC. 

 

2.2.4 Hepatocyte-LSEC Cellular Constructs 

Human LSECs were maintained in medium supplemented with 5% (v/v) fetal bovine 

serum, 1% (v/v) endothelial cell growth supplement, 100 U/mL penicillin and 100 μg/mL 

streptomycin at 37ºC under a humidified gas mixture of 95% air/5% CO2.  Primary 

hepatocytes were first seeded on collagen-gel coated surfaces and allowed to spread up to 

48-72h to form a confluent layer of cells.  Thereafter, a PEM consisting of alternately 
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charged chitosan and HA was deposited, followed immediately by seeding a layer of 

LSECs.  LSECs were plated at a low cell density of 5000 or 10,000 cells per sample since 

they proliferated over time. Non-adherent LSECs were removed 1h later.  In experiments 

where the hepatocyte-LSEC constructs were imaged, the LSECs were tagged with a non-

toxic, fluorescent, membrane-permeable dye (PKH 26 Red and Green Fluorescence Cell 

Linker Kit; Sigma-Aldrich) prior to seeding.  Hepatocyte-LSEC cellular constructs were 

maintained for up to 10 days in hepatocyte culture medium.  The culture medium was 

changed every 24h and medium samples were stored at 4s°C until further analysis. 

  

2.2.5 Measurement of the Physical Properties of the PEM 

The self-assembly of hydrated PEMs was monitored in situ using a quartz crystal 

microbalance with dissipation monitoring (QCM-D E4, Q-Sense, Sweden). The AT-cut 

quartz crystal coated (Q-Sense) with gold electrodes was cleaned with a 5:1:1 mixture of 

ammonia, hydrogen peroxide and 18 MΩ cm PicoPure water (Molecular Devices, 

Sunnyvale CA) respectively. The quartz crystal was excited to its fundamental frequency 

at approximately 5MHz in the QCM-D open module chamber. The PE solution was 

placed directly on the crystal sensor. The deposition procedures were similar to 

conditions used to assemble PEMs on live hepatocytes.  The change in resonant 

frequency and the decay time of the vibration relaxations were recorded. The PEM 

thickness was estimated using the Sauerbrey equation (166). 

m
n
Cf Δ−=Δ   (1)   

Δf = change in the resonant frequency (Hz) 

Δm = change in mass per unit area (ng.cm-2) 

C= sensitivity factor (17.7 Hz.cm2.ng-1) 

n = overtone number 

Since HA and chitosan can also exhibit viscoelastic behavior, the Voigt model (a simple 

spring and dashpot in parallel operating with no-slip) was applied to the QCM-D 

response (167). The change in resonant frequency and change in dissipation factor for a 

viscoelastic film are related to changes in the resonant frequency and dissipation using 

equations 2-4.         
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where ω = angular frequency, h0 = thickness of the quartz crystal, ρ0 = density of the 

quartz crystal, δ = viscous penetration depth, χ  = the viscoelastic ratio  (ratio of storage 

to loss moduli) and h and ρ are the thickness and density of the PEM, respectively. The 

viscoelastic ratio is defined as:  

)4(
ηω
µ

χ =
 

where µ = shear modulus, and η is the film viscosity. The viscoelastic ratio and thickness 

were varied as the change in frequency and change in dissipation data were fitted using a 

mean squared error (MSE) method (168, 169).  Qtools software (QSense) was used to 

predict the layer thickness, shear modulus, and viscosity, on the assumption that the 

density of a PE layer is 1.1 g cm-3 (72).   

 

2.2.6 Measurement of Urea Production and Albumin Secretion 

Medium samples were analyzed for rat albumin concentration by an enzyme-linked 

immunosorbent assay (ELISA), in triplicate, utilizing a polyclonal antibody to rat 

albumin (Cappel Laboratories, Aurora, OH) (72).  Urea concentration was determined, 

via its specific reaction with diacetyl monoxime using a commercially available assay kit 

(BUN Assay Kit Stanbio Laboratory; Boerne TX) with volumes scaled down for use in 

96-well plates. The absorbance was measured on a SpectraMax M2 microplate reader 

(Molecular Devices).  Standard curves were generated using purified rat albumin or urea 

diluted in culture medium.   

 

2.2.7 Actin Cytoskeletal Staining   

Hepatocyte cultures were fixed in a 2% glutaraldehyde (Electron Microscopy Sciences, 

Hatfield, PA) solution in PBS at room temperature for 20 min.  The cultures were 
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exposed to a 0.1% Triton X-100 solution to render the membranes permeable and 

subsequently incubated with rhodamine-phalloidin (Molecular Probes) diluted in a 1% 

bovine serum albumin (BSA) in PBS.  Actin cytoskeletal structure was imaged using an 

inverted Zeiss LSM510 confocal microscope (Carl Zeiss Inc.).  

 

2.2.8 Microscopy 

Cells were observed and imaged using an inverted Nikon TE-2000 (Nikon USA) 

microscope with 10X, and 20X objectives.  Phase-contrast and fluorescent images of the 

cells were collected using a Hamamatsu CCD camera (Hamamatsu City, Japan) and 

analyzed using Nikon’s Imaging Software (NIS- Elements). 

 

2.2.9 Uptake of Acetylated Low Density Lipoprotein (acLdL) by LSECs 

Hepatocyte-LSEC cultures were incubated for 3h with 20 µg/mL of Alexa Fluoro® 3,3'-‐

dioctadecylindocarbocyanine (DiI) acLdL (Invitrogen) diluted in serum-free hepatocyte 

culture medium. To remove non-specifically bound acLdL, the cultures were rinsed and 

maintained in phenol-red free DMEM.  Imaging was conducted on a Nikon TE-2000 

microscope.   

 

2.2.10 Di-peptyl Peptidase IV (DPP IV) Immunostaining to Image Bile Canaliculi  

Cells were fixed in a 2% glutaraldehyde/PBS solution, followed by permeabilization for 

in a 0.1% Triton X-100 solution.  The cultures were incubated overnight at 4oC in a 3% 

goat serum (Chemicon) solution.  The samples were incubated with a mouse monoclonal 

antibody to rat DPP IV (Cell Sciences, Canton, MA) and a secondary FITC-conjugated 

rabbit anti-mouse IgG antibody (Sigma-Aldrich) and imaged using an inverted Zeiss 

LSM510 confocal microscope.  

 

2.2.11 Measurement of Cytochrome P450  (CYP1A1/2) Activity 

 Cytochrome P450 (CYP1A1/2) activity was induced by adding 3 methyl cholanthrene 

(3MC, Sigma, 2µM) to the hepatocyte cultures, 48h prior to conducting measurements.   

Cytochrome-P450 dependent ethoxy-(EROD) resorufin o-dealkylase detoxification was 

measured using ethoxyresorufin as the substrate.  The incubation mixture contained the 
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resorufin substrate (5µM) and 80µM dicumarol diluted in EBSS (Invitrogen) (170).  

Aliquots (100µL) were taken at 5, 15, 25, and 35 minutes after adding the resorufin 

mixture, transferred to a 96-well plate and the fluorescence intensity was measured using 

a SpectraMax M2 microplate reader (excitation wavelength = 530 nm and emission 

wavelength = 580 nm).  Fluorescence intensity was converted to values of concentration 

by comparison to a standard curve for resorufin fluorescence with concentrations ranging 

from 0-1000 nM.  The rate of resorufin formation (nM/min) was calculated from the 

early linear increase in the fluorescence curve and defined as cytochrome P450 

isoenzyme activity.  

 

2.2.12 Separation of Hepatocytes and LSECs  

The cultures were incubated with a 0.1% w/v collagenase solution.  The cell suspensions 

were incubated with Dynabeads (Dynabeads® CD31 Endothelial Cell; Invitrogen) for 20 

min at 4°C in an orbital shaker.  Dynabead-bound cells (LSEC fractions) were collected 

by a magnet (DynaMag™-15; Invitrogen) and the supernatants (hepatocyte fractions) 

were transferred to a new tube. Purity of cell populations was observed to be > 97%.  

Hepatocyte fractions were centrifuged and diluted in a 0.1% sodium dodecyl sulfate 

(SDS) solution for measurement of DNA content.  

 

2.2.13 Measurement of DNA Content  

Cells were harvested by treatment with a 0.1% collagenase solution and subsequently   

lysed in a 0.1% sodium dodecyl sulfate (SDS; BioRad, Hercules, CA) solution and stored 

at –20oC until further analysis.  For DNA measurements, aliquots of cell suspensions 

were treated with a fluorescent DNA-binding dye (Hoechst 33258, pentahydrate-bis-

benzimide, Invitrogen). Fluorescence intensity was measured using a SpectraMax M2 

microplate reader plate reader (excitation and emission wavelengths were 355 nm and 

460 nm, respectively).  Fluorescence intensity was converted to DNA concentration by 

comparison to a standard curve for calf thymus DNA (Sigma-Aldrich) fluorescence with 

concentrations ranging from 0-40 µg/ml.   
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2.2.14 Statistical Analysis 

All data are reported as mean ± standard deviation. T-tests were conducted to detect 

differences in the mean values (α =0.05).  
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2.3 RESULTS 

 

PEMs comprised of 5 up to 30 alternating layers of chitosan and HA were assembled 

above a confluent layer of primary hepatocytes.   The height of the hydrated PEM as well 

as its modulus and viscosity were determined by QCM-D measurements (166, 168, 169).  

The film thickness, shear modulus and viscosity of each layer were modeled by following 

an iterative method using the Voigt model approximation (167), Table 2.1. The thickness 

was found to be approximately 6 nm/PE layer for a PEM consisting of 5 layers.  The 

thickness per PE layer reached a maximum value of 5.2 nm/layer for a PEM of 10 layers.  

While the reason for the sub-linear growth of film thickness with layer number in the 

present case is not completely clear, it may be due to the fact that the chitosan was not 

highly charged at the pH at which it was deposited.  The values for shear modulus were 

initially high due to substrate effects (95.7 ± 66.3 kPa for 5 layers) but decreased as more 

layers were deposited before increasing again to reach a maximum value  (104.5 ± 13.6 

kPa) for a PEM comprised of 15 bilayers.  The PEM exhibited viscoelastic characteristics 

and was found to be less rigid as more layers were deposited. The PEM film viscosity 

values were close to those reported for water indicating a high degree of hydration. 

 

Table 2.1 Thickness, shear modulus and viscosity values for hydrated chitosan/HA 
PEMs. 
 
Layer Thickness (nm) Shear Modulus 

(kPa) 

Film Viscosity (m 

Pa s) 

5 30.82 ± 6.71 95.7 ± 66.3 1.69 ± 0.18 

10 52.27 ± 5.25 56.6 ± 17.8 1.78 ± 0.09 

15 55.50 ± 4.18 104.5 ± 13.6 2.12 ± 0.09 

 

In the first step towards assembling 3D liver mimics, hepatocyte-PEM cultures were 

investigated.  Urea production and albumin secretion were measured to evaluate the 

phenotypic function and the results were compared to collagen sandwich cultures 

(positive control) and hepatocyte monolayers (negative control) (Figure 2.1).  Over a 7 

day period, urea production decreased by 64% and 33% for hepatocyte monolayer and 
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collagen sandwich cultures respectively.  However, urea production increased over the 

same time period for hepatocytes cultured in the presence of a PEM scaffold.  The 

increase in urea production was found to be 12% and 48% for hepatocyte cultures that 

had either 5 or 15 PE layers respectively.  The values for urea production on day 7 were 

higher and statistically significant (p<0.05) in hepatocyte cultures with 5 (49.1±4.4 

µg/106 hepatocytes) or 15 (45.7±3.3 µg/106 hepatocytes) PE layers in comparison to 

hepatocyte monolayer (36.8±4.6 µg/106 hepatocytes) and were similar and statistically 

insignificant (p>0.05) in comparison to values measured for collagen sandwich 

(46.7±9.1µg/106 hepatocytes) cultures.  In stable hepatocyte cultures, albumin secretion 

has been shown to increase with time (16, 17).  Over a 7-day period, albumin secretion 

increase by 71% in collagen sandwich cultures and decreased by 50% in monolayer 

cultures  (Figure 2.2).  Albumin secretion in hepatocyte-PE cultures increased over the 7 

day observation period.  In hepatocyte cultures with 5 or 15 PE layers, albumin secretion 

increased by approximately 36% or 7% respectively.  Cultures with PEM consisting of 30 

or 45 PE layers did not exhibit satisfactory urea or albumin production and were not 

included in further analyses.  The values for albumin secretion on day 7 were higher and 

statistically significant (p<0.05) in hepatocyte cultures with 5 (5.2±1.6 µg/106 

hepatocytes) or 15 PE layers (2.8±0.3 µg/106 hepatocytes) in comparison to hepatocyte 

monolayers (1.8±0.7 µg/106 hepatocytes) and were similar and statistically insignificant 

(p>0.05) in comparison to values measured for collagen sandwich (6.1±0.9 µg/106 

hepatocytes) cultures. 
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Figure 2.1 Urea production measured over a 7-day period for HM (n = 6), with 5 PE 

layers (5 PE layers, n = 6), with 15 PE layers (15 PE layers, n = 6), and in a CS (n = 6). 
*p<0.05 when compared to hepatocyte monolayers on day 7. CS, collagen sandwich; 

HM, hepatocytes cultured as monolayer. 
 

 
Figure 2.2 Albumin production measured over a 7-day period for HM (n = 6), with 5 
PE layers (5 PE layers, n = 6), with 15 PE layers (15 PE layers, n = 6), and in a CS (n 

= 6). *p<0.05 when compared to hepatocyte monolayers on day 7. 
 

The actin cytoskeletal organization revealed significant differences between hepatocyte 

monolayers and hepatocyte-PEM cultures.  In the absence of rhodamine phalloidin, 

fluorescence was not observed in hepatocytes, and this was defined as the negative 

control (Figure 2.3 A).  Hepatocyte monolayer cultures exhibited a mesh-like network of 

f-actin through the entire cross-section of the cell (Figure 2.3 B).  The cytoskeletal 

organization in hepatocyte-PEM samples was observed to be very similar to hepatocytes 

cultured in a CS culture (Figure 2.3 C).  In these cells, f-actin was observed to be 

balanced salt solution (Invitrogen).33 Aliquots (100 mL) were
taken at 5, 15, 25, and 35min after adding the resorufin
mixture and transferred to a 96-well plate, and the fluores-
cence intensity was measured using a SpectraMax M2 mi-
croplate reader (excitation wavelength! 530 nm and
emission wavelength! 580 nm). Fluorescence intensity was
converted to values of concentration by comparison to a
standard curve for resorufin fluorescence with concentra-
tions ranging from 0 to 1000 nM. The rate of resorufin for-
mation (nM/min) was calculated from the early linear
increase in the fluorescence curve, normalized to the DNA
content in hepatocytes, and defined as cytochrome P450
isoenzyme activity. The absolute values obtained on day 7
for CYP1A1/2 activity were divided by the baseline activity
on day 1 to obtain values of fold increase.

Separation of hepatocytes and LSECs. The cultures
were incubated with a 0.1% w/v collagenase solution. The
cell suspensions were incubated with Dynabeads (Dyna-
beads! CD31 Endothelial Cell; Invitrogen) for 20min at 48C
in an orbital shaker. Dynabead-bound cells (LSEC fractions)
were collected by a magnet (DynaMag"-15; Invitrogen) and
the supernatants (hepatocyte fractions) were transferred to a
new tube. Purity of cell populations was observed to be
>97%. Hepatocyte fractions were centrifuged and diluted in
a 0.1% SDS solution for measurement of DNA content.

Measurement of DNA content. Cells were harvested by
treatment with a 0.1% collagenase solution and subsequently
lysed in a 0.1% SDS solution and stored at "208C until fur-
ther analysis. For DNA measurements, aliquots of cell sus-
pensions were treated with a fluorescent DNA-binding dye
(Hoechst 33258, pentahydrate-bis-benzimide; Invitrogen).
Fluorescence intensity was measured using a SpectraMax M2
microplate reader (excitation and emission wavelengths
were 355 and 460 nm, respectively). Fluorescence intensity
was converted to DNA concentration by comparison to a
standard curve for calf thymus DNA (Sigma-Aldrich) fluo-
rescence with concentrations ranging from 0 to 40mg/mL.

Statistical analysis. All data are reported as
mean# standard deviation. t-tests were conducted to detect
differences in the mean values (a! 0.05). The Bonferroni
correction was used to account for multiple hypothesis
testing. The corrected p-values are reported.

Results

PEMs comprised of 5 up to 30 alternating layers of chit-
osan and HA were assembled above a confluent layer of
primary hepatocytes. The height of the hydrated PEM as
well as its modulus and viscosity were determined by QCM-
D measurements.29,31,32 The film thickness, shear modulus,
and visocosity of each layer were modeled by following an
iterative method using the Voigt model approximation30

(Table 1). The thickness was found to be *6 nm/PE layer for
a PEM consisting of five layers. The thickness per PE layer
reached a maximum value of 5.2 nm/layer for a PEM of 10
layers. While the reason for the sub-linear growth of film
thickness with layer number in the present case is not com-
pletely clear, it may be due to the fact that the chitosan was
not highly charged at the pH at which it was deposited. The

values for shear modulus were initially high due to substrate
effects (95.7# 66.3 kPa for five layers) but decreased as more
layers were deposited before increasing again to reach a
maximum value (104.5# 13.6 kPa) for a PEM comprised of
15 bilayers. The PEM exhibited viscoelastic characteristics
and was found to be less rigid as more layers were depos-
ited. The PEM film viscosity values were found to be similar
to that of water (1.01 mPas), indicating a high degree of
hydration.34

In the first step toward assembling 3D liver mimics, he-
patocyte–PEM cultures were investigated. Urea production
and albumin secretion were measured to evaluate the phe-
notypic function and the results were compared to CS cul-
tures (positive control) and hepatocyte monolayers (negative
control) (Fig. 1). Over a 7-day period, urea production de-
creased by 64% and 33% for hepatocyte monolayer and CS
cultures, respectively. Urea production was observed to be
lower in cultures with PEMs than in hepatocytes cultured as
a monolayer or CS samples on day 1. This was attributed to
the fact that hepatocytes that undergo PEM deposition take
*2 days to stabilize from the deposition procedure; how-
ever, these cells exhibited increased urea production over the
culture period. The increase in urea production was found to
be 12% and 48% for hepatocyte cultures that had either 5 or
15 PE layers, respectively. The values for urea production on
day 7 were higher and statistically significant ( p< 0.05) in
hepatocyte cultures with 5 (49.1# 4.4 mg/106 hepatocytes,

Table 1. Thickness, Shear Modulus, and Viscosity
Values for Hydrated Chitosan–Hyaluronic Acid

Polyelectrolyte Multilayers

Layer Thickness (nm)
Shear modulus

(kPa)
Film viscosity

(mPas)

5 30.82# 6.71 95.7# 66.3 1.69# 0.18
10 52.27# 5.25 56.6# 17.8 1.78# 0.09
15 55.50# 4.18 104.5# 13.6 2.12# 0.09
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FIG. 1. Urea production measured over a 7-day period for
HM (n! 6), with 5 PE layers (5 PE layers, n! 6), with 15 PE
layers (15 PE layers, n! 6), and in a CS (n! 6). *p< 0.05
when compared to hepatocyte monolayers on day 7. CS,
collagen sandwich; HM, hepatocytes cultured as a mono-
layer.

2734 KIM ET AL.

p! 0.0016) or 15 (45.7" 3.3 mg/106 hepatocytes, p! 0.008)
PE layers in comparison to hepatocyte monolayer
(36.8" 4.6 mg/106 hepatocytes) and were similar and
statistically insignificant ( p> 0.05) in comparison to values
measured for CS (46.7" 9.1 mg/106 hepatocytes) cultures. In
stable hepatocyte cultures, albumin secretion has been
shown to increase with time.3,4 Over a 7-day period, albu-

min secretion increased by 71% in CS cultures and de-
creased by 50% in monolayer cultures (Fig. 2). Albumin
secretion in hepatocyte–PEM cultures increased over the
7-day observation period. In hepatocyte cultures with 5 or
15 PE layers, albumin secretion increased by *36% or 7%,
respectively. Cultures with PEMs consisting of 30 or 45 PE
layers did not exhibit satisfactory urea or albumin pro-
duction and were not included in further analyses. The
values for albumin secretion on day 7 were higher and
statistically significant ( p< 0.05) in hepatocyte cultures
with 5 (5.2" 1.6 mg/106 hepatocytes, p! 0.003) or 15 PE
layers (2.8" 0.3 mg/106 hepatocytes, p! 0.0024) in compar-
ison to hepatocyte monolayers (1.8" 0.7 mg/106 hepato-
cytes) and were similar and statistically insignificant
( p> 0.05) in comparison to values measured for CS
(6.1" 0.9 mg/106 hepatocytes) cultures.

The actin cytoskeletal organization revealed significant
differences between hepatocyte monolayers and hepatocyte–
PEM cultures. In the absence of rhodamine phalloidin,
fluorescence was not observed in hepatocytes, and this was
defined as the negative control (Fig. 3A). Hepatocyte
monolayer cultures exhibited a mesh-like network of f-actin
through the entire cross section of the cell (Fig. 3B). The cy-
toskeletal organization in hepatocyte–PEM samples was
observed to be very similar to hepatocytes cultured in a CS
culture (Fig. 3C). In these cells, f-actin was observed to be
localized only along the peripheral regions of the cell similar
to hepatocytes cultured in a CS.

FIG. 3. Actin cytoskeletal organization in (A) Hepatocyte monolayer without the addition of rhodamine phalloidin (neg-
ative control), (B) Hepatocyte monolayer, (C) CS culture, (D) Hepatocytes–5PE Layers, and (E) Hepatocytes–15 PE Layers.
Scale bar! 50 mm. Color images available online at www.liebertonline.com/ten.
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FIG. 2. Albumin production measured over a 7-day period
for HM (n! 6), with 5 PE layers (5 PE layers, n! 6), with 15
PE layers (15 PE layers, n! 6), and in a CS (n! 6). *p< 0.05
when compared to hepatocyte monolayers on day 7.
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localized only along the peripheral regions of the cell similar to hepatocytes cultured in a 

CS. 

 
Figure 2.3 Actin cytoskeletal organization in (A) Hepatocyte monolayer without the 

addition of rhodamine phalloidin (negative control), (B) Hepatocyte monolayer, (C) CS 
culture, (D) Hepatocytes-5 PE layers, and (E) Hepatocytes-15 PE Layers. Scale bar = 

50 µm. 
 

A second layer of LSECs was deposited on hepatocyte-PEM cultures as well as on 

hepatocyte monolayers (Figure 2.4).  Images taken 2h post-LSEC seeding indicated that 

in the absence of an intermediate PE scaffold, LSECs were non-adherent (Figure 2.4 A). 

However, in the presence of the chitosan/HA PEM, LSECs were adherent (Figure 2.4 B).  

These trends prevailed over longer culture periods as well suggesting that the PEM 

provides a biocompatible surface for LSECs to adhere and proliferate.   On day 7, in the 

absence of the chitosan/HA scaffold, LSECs were not observed above hepatocytes 

(Figure 2.4 C), whereas high concentrations of LSECs were observed on 

hepatocyte/PE/LSEC constructs (Figure 2.4 D-F).    It is significant to note that LSECs 

were adherent only above hepatocytes and were not found in regions between adjacent 

hepatocyte aggregates (Figures 2.4 D-F). 

p! 0.0016) or 15 (45.7" 3.3 mg/106 hepatocytes, p! 0.008)
PE layers in comparison to hepatocyte monolayer
(36.8" 4.6 mg/106 hepatocytes) and were similar and
statistically insignificant ( p> 0.05) in comparison to values
measured for CS (46.7" 9.1 mg/106 hepatocytes) cultures. In
stable hepatocyte cultures, albumin secretion has been
shown to increase with time.3,4 Over a 7-day period, albu-

min secretion increased by 71% in CS cultures and de-
creased by 50% in monolayer cultures (Fig. 2). Albumin
secretion in hepatocyte–PEM cultures increased over the
7-day observation period. In hepatocyte cultures with 5 or
15 PE layers, albumin secretion increased by *36% or 7%,
respectively. Cultures with PEMs consisting of 30 or 45 PE
layers did not exhibit satisfactory urea or albumin pro-
duction and were not included in further analyses. The
values for albumin secretion on day 7 were higher and
statistically significant ( p< 0.05) in hepatocyte cultures
with 5 (5.2" 1.6 mg/106 hepatocytes, p! 0.003) or 15 PE
layers (2.8" 0.3 mg/106 hepatocytes, p! 0.0024) in compar-
ison to hepatocyte monolayers (1.8" 0.7 mg/106 hepato-
cytes) and were similar and statistically insignificant
( p> 0.05) in comparison to values measured for CS
(6.1" 0.9 mg/106 hepatocytes) cultures.

The actin cytoskeletal organization revealed significant
differences between hepatocyte monolayers and hepatocyte–
PEM cultures. In the absence of rhodamine phalloidin,
fluorescence was not observed in hepatocytes, and this was
defined as the negative control (Fig. 3A). Hepatocyte
monolayer cultures exhibited a mesh-like network of f-actin
through the entire cross section of the cell (Fig. 3B). The cy-
toskeletal organization in hepatocyte–PEM samples was
observed to be very similar to hepatocytes cultured in a CS
culture (Fig. 3C). In these cells, f-actin was observed to be
localized only along the peripheral regions of the cell similar
to hepatocytes cultured in a CS.

FIG. 3. Actin cytoskeletal organization in (A) Hepatocyte monolayer without the addition of rhodamine phalloidin (neg-
ative control), (B) Hepatocyte monolayer, (C) CS culture, (D) Hepatocytes–5PE Layers, and (E) Hepatocytes–15 PE Layers.
Scale bar! 50 mm. Color images available online at www.liebertonline.com/ten.
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FIG. 2. Albumin production measured over a 7-day period
for HM (n! 6), with 5 PE layers (5 PE layers, n! 6), with 15
PE layers (15 PE layers, n! 6), and in a CS (n! 6). *p< 0.05
when compared to hepatocyte monolayers on day 7.
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Figure 2.4 Merged phase-contrast (hepatocytes) and red-fluorescent LSECs. Images 

taken 2 h post-LSEC seeding. (A) Hepatocytes-LSECs and (B) Hepatocytes-5 PE 
Layers-5000 LSECs. Merged phase-contrast (hepatocytes) and fluorescent (LSECs) 
images taken 7 days post-LSEC seeding. (C) Hepatocytes-LSECs, (D) Hepatocytes-5 

PE Layers-5000 LSECs, (E) Hepatocytes-5 PE Layers-10,000 LSECs, and (F) 
Hepatocytes-15 PE Layers-5000 LSECs. Scale bar = 100 µm. 

 

The maintenance of LSEC phenotype was assessed by fluorescent imaging of the 

receptor-mediated uptake of ac-LdL.  Since hepatocytes do not have this receptor, these 

cells did not exhibit any fluorescence (Figures 2.5 A and B) as well as LSECs cultured 

on hepatocytes in the absence of a PEM (Figure 2.5 C and D).  However, LSECs 

adherent on hepatocyte-PEM samples exhibited fluorescence thereby, indicating the 

Figure 4.  Kim et al
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endocytosis of the low density lipoprotein (Figure 2.5 E - H).  These results indicate that 

LSEC phenotype is maintained in the 3-D constructs. 

 
Figure 2.5 Phase-contrast images of (A) LSECs, (C) Hepatocytes, (E) Hepatocyte-

LSECs, (G) Hepatocytes-5 PE Layers-5000 LSECs, and (I) Hepatocytes-15 PE Layers-
5000 LSECs. Fluorescent images of acetylated low density lipoprotein uptake for (B) 

LSECs (negative control, in the absence of acetylated low-density lipoprotein), (D) 
Hepatocytes, (F) Hepatocytes-LSECs, (H) Hepatocytes-5 PE Layers-5000 LSECs, and 

(J) Hepatocytes-15 PE Layers-5000 LSECs. 
 

On day 7, (Figure 2.6 A), albumin secretion in hepatocyte-PEM-LSEC cultures was 

statistically higher (p<0.05) in comparison to hepatocyte monolayers.  The p-values for 

hepatocyte-5L-5000 LSECs, hepatocyte-5L-10,000 LSECs, and hepatocyte-15L-5000 

LSECs were found to be 0.04, 0.006, and 0.015, respectively.  Samples containing 

LSECs in the presence of a PE interface exhibited statistically higher albumin secretion 

compared with hepatocyte-LSEC cultures.  The p-values for hepatocyte-5L-10,000 

LSECs and hepatocyte-15L-5000 LSECs were found to be 0.039 and 0.03, respectively, 

Figure 5. Kim et al
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when compared to albumin production in the absence of a PE multilayer.  However, the 

albumin secretion for all 3D liver mimics was found to be similar to CS cultures and the 

values were statistically insignificant.  Urea production decreased over the 7-day period 

for all samples. Hepatocytes cultured as a monolayer sample exhibited ~70% decrease in 

urea production over a 7-day period (Figure 2.6 B). The decrease in the hepatocyte-

PEM-LSEC samples was ~40%-45% and similar to the decrease observed in CS cultures. 

	  
Figure 2.6 Albumin secretion (A) and urea production (B) measured over a 7-day 

period for HM, with LSECs in the absence of a PEM (Hep+5000 LSECs and 
Hep+10,000 LSECs), with LSECs in the presence of a PEM (Hep+5L+5000 LSECs, 

Hep+5L+10,000 LSECs, and Hep+15L+5000 LSECs) and in a CS (n = 3 for all 
conditions. 

 

An important differentiated function of hepatocytes is the presence of bile canaliculi, the 

channels through which bile acids are transported from the liver (171, 172).  The 

presence of canaliculi was determined through the localization of a fluorescent DPP IV 

enzyme.  These structures were not present in hepatocyte monolayers and hepatocyte-

LSEC cultures (Figures 2.7 A and C).  These structures were better defined in 

hepatocyte-PEM cultures (Figure 2.7 D). However, well defined bile canaliculi were 

observed in hepatocyte-PEM-LSEC (Figures 2.7 E, F) and collagen sandwich cultures 

(Figure 2.7 B).  These results suggest that the PEM plays an important role in 

maintaining cellular polarity and in modulating the heterotypic interactions between 

hepatocytes and LSECs.   

LSECs cultured on hepatocytes in the absence of a PEM (Fig.
5E, F). However, LSECs adherent on hepatocyte–PEM sam-
ples exhibited fluorescence, indicating the endocytosis of the
low-density lipoprotein (Fig. 5G–J). These results indicate that
LSEC phenotype is maintained in the 3D constructs.

On day 7 (Fig. 6A), albumin secretion in hepatocyte–
PEM–LSEC cultures was statistically higher ( p< 0.05) in
comparison to hepatocyte monolayers. The p-values for
hepatocyte–5L–5000 LSECs, hepatocyte–5L–10,000 LSECs,
and hepatocyte–15L–5000 LSECs were found to be 0.04,
0.006, and 0.015, respectively. Samples containing LSECs in
the presence of a PE interface exhibited statistically higher
albumin secretion compared with hepatocyte–LSEC cul-
tures. The p-values for hepatocyte–5L–10,000 LSECs and
hepatocyte–15L–5000 LSECs were found to be 0.039 and
0.03, respectively, when compared to albumin production in
the absence of a PE multilayer. However, the albumin
secretion for all 3D liver mimics was found to be similar to
CS cultures and the values were statistically insignificant.
Urea production decreased over the 7-day period for all

samples. Hepatocytes cultured as a monolayer samples
exhibited *70% decrease in urea production over a 7-day
period (Fig. 6B). The decrease in the hepatocyte–PEM–LSEC
samples was *40%–45% and similar to the decrease
observed in CS cultures.

An important differentiated function of hepatocytes is
the presence of bile canaliculi, the channels through which
bile acids are transported from the liver.35,36 The presence of
canaliculi was determined through the localization of a
fluorescent di-peptyl peptidase IV enzyme. Very diffuse
fluorescence was observed in hepatocyte monolayers and
hepatocyte–LSEC cultures (Fig. 7C, D), indicating that
well-defined canaliculi were not formed. These structures
were better defined in hepatocyte–PEM cultures (Fig. 7E).
However, well-defined bile canaliculi were observed in
hepatocyte–PEM–LSEC (Fig. 7F, G) and CS cultures (Fig. 7B).
These results suggest that the PEM plays an important role
in maintaining cellular polarity and in modulating the het-
erotypic interactions between hepatocytes and LSECs.

CYP1A1/2 isoenzyme activity was monitored over a
7-day period since the metabolism of toxins, an important
phenotypic function of hepatocytes, is mediated through the
CYP class of microsomal enzymes. Control measurements
conducted on LSEC cultures revealed that LSECs exhibited
extremely low enzymatic activity. For example on day 1,
the CYP1A1/2 activity for LSECs was found to be
0.12! 0.03 nM/min/mg DNA in comparison to the activity in
a CS culture (4.14! 0.4 nM/min/mg DNA). On day 7, the
values were found to be 0.06! 0.02 and 8.45! 1.6 nM/min/
mg DNA for LSECs and CS cultures, respectively. Since the
enzymatic activity on day 7 exhibited by hepatocytes alone is
*140 times higher than that observed for LSECs alone, we
concluded that the CYP enzyme activity observed in the 3D
constructs is primarily due to hepatocytes. The CYP1A1/2
activity remained stable in hepatocyte–PEM samples and
exhibited a twofold increase in CS cultures. A significant
increase was observed only in hepatocyte–PEM–LSEC con-
structs where the fold increase over the observation period
ranged from 4-fold to 16-fold (Fig. 8). Three-dimensional li-
ver mimics that contained 10,000 of LSECs exhibited either a
7.5-fold (hepatocyte–5 PE Layers–10,000 LSECs) or a 16-fold
increase (hepatocyte–15 PE Layers–10,000 LSECs) These
trends suggest that the communications and interactions
between these two cells types are critical for enhancing the
detoxification capability of hepatocytes in vitro.

Discussion and Conclusions

The design of 3D structures of hepatic parenchymal and
nonparenchymal cells using PE scaffolds is an innovative
approach to mimic liver sinusoidal structure found in vivo.
Although hepatocytes cultured in a CS configuration are
stable over extended periods of time, they do not resemble
liver architecture in vivo. Additionally, the presence of thick
collagen gels prevents the assembly of 3D stratified cellular
constructs. LSECs have been shown to function as a scav-
enger system in vivo, by playing a vital role in the balance of
lipids, cholesterol, and vitamins.37–41 Through blood clear-
ance, LSECs can remove waste macromolecules that are
either soluble or colloidal in nature. Several components of
connective tissue are eliminated rapidly from the blood
through receptor-mediated endocytosis in LSECs.
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FIG. 6. Albumin secretion (A) and urea production (B)
measured over a 7-day period for HM, with LSECs in the
absence of a PEM (Hep" 5000 LSECs and Hep" 10,000
LSECs), with LSECs in the presence of a PEM (Hep" 5L
5000 LSECs, Hep" 5L" 10,000 LSECs, and Hep" 15L
5000 LSECs) and in a CS (n# 3 for all conditions). PEM,
polyelectrolyte multilayer.
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LSECs cultured on hepatocytes in the absence of a PEM (Fig.
5E, F). However, LSECs adherent on hepatocyte–PEM sam-
ples exhibited fluorescence, indicating the endocytosis of the
low-density lipoprotein (Fig. 5G–J). These results indicate that
LSEC phenotype is maintained in the 3D constructs.

On day 7 (Fig. 6A), albumin secretion in hepatocyte–
PEM–LSEC cultures was statistically higher ( p< 0.05) in
comparison to hepatocyte monolayers. The p-values for
hepatocyte–5L–5000 LSECs, hepatocyte–5L–10,000 LSECs,
and hepatocyte–15L–5000 LSECs were found to be 0.04,
0.006, and 0.015, respectively. Samples containing LSECs in
the presence of a PE interface exhibited statistically higher
albumin secretion compared with hepatocyte–LSEC cul-
tures. The p-values for hepatocyte–5L–10,000 LSECs and
hepatocyte–15L–5000 LSECs were found to be 0.039 and
0.03, respectively, when compared to albumin production in
the absence of a PE multilayer. However, the albumin
secretion for all 3D liver mimics was found to be similar to
CS cultures and the values were statistically insignificant.
Urea production decreased over the 7-day period for all

samples. Hepatocytes cultured as a monolayer samples
exhibited *70% decrease in urea production over a 7-day
period (Fig. 6B). The decrease in the hepatocyte–PEM–LSEC
samples was *40%–45% and similar to the decrease
observed in CS cultures.

An important differentiated function of hepatocytes is
the presence of bile canaliculi, the channels through which
bile acids are transported from the liver.35,36 The presence of
canaliculi was determined through the localization of a
fluorescent di-peptyl peptidase IV enzyme. Very diffuse
fluorescence was observed in hepatocyte monolayers and
hepatocyte–LSEC cultures (Fig. 7C, D), indicating that
well-defined canaliculi were not formed. These structures
were better defined in hepatocyte–PEM cultures (Fig. 7E).
However, well-defined bile canaliculi were observed in
hepatocyte–PEM–LSEC (Fig. 7F, G) and CS cultures (Fig. 7B).
These results suggest that the PEM plays an important role
in maintaining cellular polarity and in modulating the het-
erotypic interactions between hepatocytes and LSECs.

CYP1A1/2 isoenzyme activity was monitored over a
7-day period since the metabolism of toxins, an important
phenotypic function of hepatocytes, is mediated through the
CYP class of microsomal enzymes. Control measurements
conducted on LSEC cultures revealed that LSECs exhibited
extremely low enzymatic activity. For example on day 1,
the CYP1A1/2 activity for LSECs was found to be
0.12! 0.03 nM/min/mg DNA in comparison to the activity in
a CS culture (4.14! 0.4 nM/min/mg DNA). On day 7, the
values were found to be 0.06! 0.02 and 8.45! 1.6 nM/min/
mg DNA for LSECs and CS cultures, respectively. Since the
enzymatic activity on day 7 exhibited by hepatocytes alone is
*140 times higher than that observed for LSECs alone, we
concluded that the CYP enzyme activity observed in the 3D
constructs is primarily due to hepatocytes. The CYP1A1/2
activity remained stable in hepatocyte–PEM samples and
exhibited a twofold increase in CS cultures. A significant
increase was observed only in hepatocyte–PEM–LSEC con-
structs where the fold increase over the observation period
ranged from 4-fold to 16-fold (Fig. 8). Three-dimensional li-
ver mimics that contained 10,000 of LSECs exhibited either a
7.5-fold (hepatocyte–5 PE Layers–10,000 LSECs) or a 16-fold
increase (hepatocyte–15 PE Layers–10,000 LSECs) These
trends suggest that the communications and interactions
between these two cells types are critical for enhancing the
detoxification capability of hepatocytes in vitro.

Discussion and Conclusions

The design of 3D structures of hepatic parenchymal and
nonparenchymal cells using PE scaffolds is an innovative
approach to mimic liver sinusoidal structure found in vivo.
Although hepatocytes cultured in a CS configuration are
stable over extended periods of time, they do not resemble
liver architecture in vivo. Additionally, the presence of thick
collagen gels prevents the assembly of 3D stratified cellular
constructs. LSECs have been shown to function as a scav-
enger system in vivo, by playing a vital role in the balance of
lipids, cholesterol, and vitamins.37–41 Through blood clear-
ance, LSECs can remove waste macromolecules that are
either soluble or colloidal in nature. Several components of
connective tissue are eliminated rapidly from the blood
through receptor-mediated endocytosis in LSECs.
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measured over a 7-day period for HM, with LSECs in the
absence of a PEM (Hep" 5000 LSECs and Hep" 10,000
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Figure 2.7 Di-peptyl peptidase IV immunostaining for bile canaliculi measured 3 days 
post-LSEC seeding. (A) Negative control (CS culture in the absence of antibodies), (B) 

CS culture, (C) Hepatocyte monolayer, (D) Hepatocytes+5000 LSECs, (E) 
Hepatocytes+15 PE Layers, (F) Hepatocytes+15 PE+5000 LSECs, and (G) 

Hepatocytes+15 PE+10,000 LSECs. Scale bar = 50 µm. 
 

CYP1A1/2 isoenzyme activity was monitored over a 7-day period since the metabolism 

of toxins, an important phenotypic function of hepatocytes, is mediated through the CYP 

class of microsomal enzymes.  CYP1A1/2 activity remained stable in hepatocyte-PEM 

samples and exhibited a 2-fold increase in collagen sandwich cultures.  A significant 

increase was observed only in hepatocyte-PEM-LSEC constructs where the fold increase 

over the observation period ranged from 4-fold up to 16-fold (Figure 2.8).  3-D liver 

mimics that contained 10,000 of LSECs exhibited either 7.5-fold (hepatocyte-5 PE 

Layers-10000 LSECs) or a 16-fold increase (hepatocyte-15 PE Layers-10000 LSECs.  

These trends suggest that the communications and interactions between these two cells 

types are critical for enhancing the detoxification capability of hepatocytes in vitro. 

Chitosan–HA PEMs exhibited shear modulus values that
are in the range reported for the bulk modulus values of the
liver.42,43 PEMs exhibiting elastic moduli in the 100 kPa range
have been shown to maintain and modulate hepatic pheno-
type, suggesting that the shear modulus values reported in
this study are suitable for the assembly of liver sinusoidal
mimics.44 The films are well hydrated, thereby promoting
the diffusion of small molecules such as cytokine and other
signaling molecules. Hepatocyte–PEM cultures with either
5 or 15 PE layers were found to exhibit urea and albumin
production similar to CS cultures. This is of importance be-
cause the height of the PEM ranges from 30 to 55 nm, which
is significantly lower than the thickness of a collagen gel (in
the mm range). It is hypothesized that the height of the PEM
decreases slightly due to the formation of chitosan aggre-

gates.45,46 These data suggest that cellular polarization, an
important feature of hepatocytes cultured in CS cultures,
occurs even in the presence of a nano-scale PEM. Further, the
nano-scale dimensions of the PEM offer the potential to
promote and control homotypic and heterotypic cellular
interactions.

The chitosan–HA PEM provides a surface for LSECs to
adhere and proliferate. LSECs were found to adhere only on
hepatocytes in the presence of a PEM and were nonadherent
in the absence of PEMs or in regions adjacent to hepatocyte
aggregates. Hepatic phenotypic features such as bile canali-
culi were well defined in hepatocyte–PEM–LSEC samples in
comparison to hepatocyte monolayers or hepatocyte–LSEC
cultures, thereby suggesting enhanced autocrine/paracrine
signaling through the PEM. Cytochrome P450, CYP1A1/2
activity was enhanced up to 16-fold over a 7-day period in
hepatocyte–PEM–LSEC cultures. These observations suggest
that the hepatocyte–PEM–LSEC constructs could provide a
more physiologically relevant model system to study the
metabolism of drugs and toxins. In the future, our goal is to
investigate the enzyme kinetics of CYP3A, which accounts
for the metabolism of *50% of pharmaceuticals available
today,47,48 as well as the CYP2B and CYP2C family of en-
zymes, implicated in the metabolism of amphetamines and
anti-inflammatory agents.49,50 The modes through which
hepatic parenchymal and nonparenchymal cells communi-
cate remain cryptic. Through detailed studies on profiling
cytokine levels as well through gene expression studies, our
future goals are to unearth molecular signatures and the key
signaling molecules that enhance cell–cell communications in
hepatic architectures.

Some alternate approaches to design hepatic structures
are the use of a temperature-responsive polymer such as
N-isopropyl acrylamide,17–19 the use of cationic magnetic
liposome,20 and the use of laser guided writing techniques.51,52

FIG. 7. Di-peptyl peptidase IV immunostaining for bile canaliculi measured 3 days post-LSEC seeding. (A) Negative control
(CS culture in the absence of antibodies), (B) CS culture, (C) Hepatocyte Monolayer, (D) Hepatocytes! 5000 LSECs,
(E) Hepatocytes! 15 PE layers, (F) Hepatocytes! 15 PE! 5000 LSECs, and (G) Hepatocytes! 15 PE! 10,000 LSECs. Scale
bar" 50 mm.
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Figure 2.8 Fold change in CYP1A1/2 enzyme activity for HM and CS, with PEMs only, 

with LSECs only, and in three-dimensional liver mimics (n = 3 for all conditions). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chitosan–HA PEMs exhibited shear modulus values that
are in the range reported for the bulk modulus values of the
liver.42,43 PEMs exhibiting elastic moduli in the 100 kPa range
have been shown to maintain and modulate hepatic pheno-
type, suggesting that the shear modulus values reported in
this study are suitable for the assembly of liver sinusoidal
mimics.44 The films are well hydrated, thereby promoting
the diffusion of small molecules such as cytokine and other
signaling molecules. Hepatocyte–PEM cultures with either
5 or 15 PE layers were found to exhibit urea and albumin
production similar to CS cultures. This is of importance be-
cause the height of the PEM ranges from 30 to 55 nm, which
is significantly lower than the thickness of a collagen gel (in
the mm range). It is hypothesized that the height of the PEM
decreases slightly due to the formation of chitosan aggre-

gates.45,46 These data suggest that cellular polarization, an
important feature of hepatocytes cultured in CS cultures,
occurs even in the presence of a nano-scale PEM. Further, the
nano-scale dimensions of the PEM offer the potential to
promote and control homotypic and heterotypic cellular
interactions.

The chitosan–HA PEM provides a surface for LSECs to
adhere and proliferate. LSECs were found to adhere only on
hepatocytes in the presence of a PEM and were nonadherent
in the absence of PEMs or in regions adjacent to hepatocyte
aggregates. Hepatic phenotypic features such as bile canali-
culi were well defined in hepatocyte–PEM–LSEC samples in
comparison to hepatocyte monolayers or hepatocyte–LSEC
cultures, thereby suggesting enhanced autocrine/paracrine
signaling through the PEM. Cytochrome P450, CYP1A1/2
activity was enhanced up to 16-fold over a 7-day period in
hepatocyte–PEM–LSEC cultures. These observations suggest
that the hepatocyte–PEM–LSEC constructs could provide a
more physiologically relevant model system to study the
metabolism of drugs and toxins. In the future, our goal is to
investigate the enzyme kinetics of CYP3A, which accounts
for the metabolism of *50% of pharmaceuticals available
today,47,48 as well as the CYP2B and CYP2C family of en-
zymes, implicated in the metabolism of amphetamines and
anti-inflammatory agents.49,50 The modes through which
hepatic parenchymal and nonparenchymal cells communi-
cate remain cryptic. Through detailed studies on profiling
cytokine levels as well through gene expression studies, our
future goals are to unearth molecular signatures and the key
signaling molecules that enhance cell–cell communications in
hepatic architectures.

Some alternate approaches to design hepatic structures
are the use of a temperature-responsive polymer such as
N-isopropyl acrylamide,17–19 the use of cationic magnetic
liposome,20 and the use of laser guided writing techniques.51,52

FIG. 7. Di-peptyl peptidase IV immunostaining for bile canaliculi measured 3 days post-LSEC seeding. (A) Negative control
(CS culture in the absence of antibodies), (B) CS culture, (C) Hepatocyte Monolayer, (D) Hepatocytes! 5000 LSECs,
(E) Hepatocytes! 15 PE layers, (F) Hepatocytes! 15 PE! 5000 LSECs, and (G) Hepatocytes! 15 PE! 10,000 LSECs. Scale
bar" 50 mm.
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2.4 DISCUSSION AND CONCLUSIONS 

 

The design of 3-D structures of hepatic parenchymal and non-parenchymal cells using PE 

scaffolds is an innovative approach to mimic liver sinusoidal structure found in vivo.  

Although hepatocytes cultured in a collagen sandwich configuration are stable over 

extended periods of time, they do not resemble liver architecture in vivo.  Additionally, 

the presence of thick collagen gels prevents the assembly of 3-D stratified cellular 

constructs.  LSECs have been shown to function as a scavenger system in vivo, by 

playing a vital role in the balance of lipids, cholesterol and vitamins (19, 21, 25, 173, 

174). Through blood clearance LSECs can remove waste macromolecules that are either 

soluble or colloidal in nature.  Several components of connective tissue are eliminated 

rapidly from the blood through receptor-mediated endocytosis in LSECs.  

 

Chitosan-HA PEMs exhibited shear modulus values that are in the range reported for the 

bulk modulus values of the liver (152, 153).  PEMs exhibiting elastic moduli in the 

100kPa range have been shown to maintain and modulate hepatic phenotype suggesting 

that the shear modulus values reported in this study are suitable for the assembly of liver 

sinusoidal mimics (139).  The films are well hydrated, thereby, promoting the diffusion 

of small molecules such as cytokine and other signaling molecules.  Hepatocyte-PEM 

cultures with either 5 or 15 PE layers were found to exhibit urea and albumin production 

similar to collagen sandwich cultures.  This is of importance, since the height of the PEM 

ranges from 30-55nm, which is significantly lower than the thickness of a collagen gel (in 

the mm range).  It is hypothesized that that height of the PEM decreases slightly due to 

the formation of chitosan aggregates (175, 176). These data suggest that cellular 

polarization, an important feature of hepatocytes cultured in collagen sandwich cultures, 

occurs even in the presence of a nano-scale PEM.  Furthermore, the nano-scale 

dimensions of the PEM offer the potential to promote and control homotypic and 

heterotypic cellular interactions.    

 

The chitosan-HA PEM provides a surface for LSECs to adhere and proliferate.  LSECs 

were found to adhere only on hepatocytes in the presence of a PEM and were non-
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adherent in the absence of PEMs or in regions adjacent to hepatocyte aggregates.  

Hepatic phenotypic features such as bile canaliculi were well defined in hepatocyte-

PEM-LSEC samples in comparison to hepatocyte monolayers or hepatocyte-LSEC 

cultures, thereby suggesting enhanced autocrine/paracrine signaling through the PEM.  

Cytochrome P450, CYP1A1/2 activity was enhanced up to 16-fold over a 7 day period in 

hepatocyte-PEM-LSEC cultures. These observations suggest that the hepatocyte-PEM-

LSEC constructs could provide a more physiologically relevant model system to study 

the metabolism of drugs and toxins.  In the future, our goal is to investigate the enzyme 

kinetics of CYP3A which accounts for the metabolism of approximately 50% of 

pharmaceuticals available today (177, 178) as well as the CYP2B and CYP2C family of 

enzymes, implicated in the metabolism of amphetamines and anti-inflammatory agents 

(179, 180).  The modes through which hepatic parenchymal and non-parenchymal cells 

communicate remain cryptic.  Through detailed studies on profiling cytokine levels as 

well through gene expression studies, our future goals are to unearth molecular signatures 

and the key signaling molecules that enhance cell-cell communications in hepatic 

architectures.   

Some alternate approaches to design hepatic structures are the use of a temperature-

responsive polymer such as N-isopropyl acrylamide (57, 163, 181), the use of cationic 

magnetic liposome (164), and the use of laser guided writing techniques (40, 162). In the 

first two approaches, issues related to working with cell sheets and the long-term effects 

of magnetic liposomes pose problems. Although laser-guided writing techniques are a 

promising approach, the design of large 3D liver models could potentially be time 

consuming. More recently, studies on perfused cocultures of primary hepatocytes and 

LSECs reveal that such systems can maintain LSEC phenotype (174). Our approach to 

design 3D liver mimics through the incorporation of PEMs and hepatic cells is a simple 

and effective methodology. The PEMs used in this study are biocompatible and 

biodegradable and do not affect hepatic phenotype. In the future, the PEMs can be 

modified with hepatocyte-specific adhesive ligands to promote receptor-mediated 

adhesion. Cellular constructs that mimic liver sinusoidal structure in vivo could aid in the 

design of liver-assist devices and provide accurate models for applications in toxicity and 

drug testing. Since LSECs are the first barrier to blood-borne pathogens in the liver, 
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tissue mimics that incorporate these cells could play a vital role in advancing our 

knowledge on the communications and signaling between hepatic parenchymal and non-

parenchymal cells. 
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Chapter 3. Biocompatible, Detachable, and Free-standing Polyelectrolyte Multilayer 
Films 
 
3.1 INTRODUCTION 

Polyelectrolyte multilayers (PEMs) have gained tremendous popularity due to the ease 

and versatility in assembling such films (63, 64, 98, 182-185).  Due to the precise control 

that can be exerted over film properties, PEMs have been investigated for a multitude of 

different uses including drug delivery, nano-fluidic devices, modulating cellular 

adhesion, anti-bacterial coatings and hepatic tissue engineering (68, 69, 72, 74, 120, 121, 

137, 186-191). To date, most PEMs that have been assembled, are adherent on an 

underlying substrate and cannot be detached.   In a majority of the reports in the 

literature, the substrate on which the PEM is deposited is designed to interact via ionic 

bonding with the cationic or anionic polyelectrolyte (PE).  Therefore, the self-assembled 

multilayer cannot be detached without significantly rupturing or degrading the film.  This 

prevents the use of PEMs in applications that necessitate free-standing films such as 

biomaterials (192), biomimetic membranes (193), scaffolds for tissue engineering (117), 

and drug delivery (194).  Since PEMs can be assembled from virtually any combination 

of oppositely charged PEs, are inherently versatile, and exhibit several properties that are 

applicable to diverse research foci, there is a critical need to design robust, stable, non-

degrading, free-standing detachable films.  In addition, to enhance the use of detachable 

PEMs as biomaterials, they must be designed to be compatible with live cells.  

 

Despite their myriad applications, fabricating free-standing self-assembled multilayers 

has proven to be difficult (95, 116, 194-204).  Approaches used to design detachable 

PEMs include the presence of sacrificial layers, the dissolution of initial layers in the self-

assembled multilayer, and through the neutralization of charged layers (95, 116, 195-

201).  Some potential disadvantages of these approaches are the changes, both chemical 

and physical, that the films undergo during the post-processing steps in order to separate 

the film from the underlying substrate. These include the introduction of defects, 

increasing surface roughness, and tears into the PEMs.  More recently, the use of 

hydrophobic substrates to assemble free-standing PEMs was reported (202, 203).  In this 

study, free-standing films comprised of poly (ethylene oxide) and poly (acrylic acid) 
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were deposited on hydrophobic substrates such as Teflon™ and poly (propylene).  Due to 

the weak van der Waal’s interactions between the polymer multilayers and the substrate, 

as well as hydrogen bonding mediated between poly (ethylene oxide) and poly (acrylic 

acid), the films could be peeled easily and were observed to be free of defects. Free-

standing nanoporous films have also been assembled using a combination of spin-coating 

and hydrophobic substrates (194, 204).  However, these reports have not investigated 

properties of the PEMs that are critical in their use as biomaterials, such as long-term 

stability in aqueous solutions, optical transparency, and cellular response. Detachable and 

free-standing PEMs exhibit significant potential for use in tissue engineering 

applications, specifically, in the design of scaffolds and biomimetic membranes (137, 

205).   Since we can modify the chemical and physical properties of the PEMs prior to 

bringing them in contact with cells, detachable PEMs can be used with a wide range of 

reaction chemistries. 

 
We report a simple and versatile approach for the fabrication of novel, biocompatible, 

free-standing PEMs obtained through the sequential and alternate deposition of anionic 

(hyaluronic acid, HA) and cationic (chitosan) PEs on an inert, hydrophobic 

poly(propylene) substrate. To the best of our knowledge, this is the first report on the 

fabrication of detachable and free-standing PEMs that are biocompatible, composed 

purely of polyelectrolytes, optically transparent, stable in aqueous solutions and do not 

require post-assembly modifications to enable detachment. These PEMs are 

biocompatible since they are comprised of chitosan and HA, which are PEs derived from 

polysaccharides, used in cell and tissue engineering applications (70, 85, 86, 141, 143, 

144, 206, 207).  HA is found in the basal membrane of connective tissues and has been 

used as a surface to support cell-cultures (70, 86, 144).  Chitosan is obtained from the 

shells of crustaceans and has been used in cell-based applications due to its compatibility 

with a variety of cell types (85, 141, 206, 207). 

 

In the present study, detachable and free-standing PEMs comprised of HA and chitosan 

were obtained ranging in thickness from 1.8 to 3.6 µm. The long-term stability of the 

PEMs under physiologically relevant conditions was monitored to determine their 
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efficacy in biological applications.  The physical and chemical properties of the PEMs 

were systematically investigated to obtain comprehensive information on the surface and 

bulk chemical composition of the PEMs, their surface topography, and their mechanical 

properties.  Measurement of the optical properties of the PEMs in the 400–900 nm range 

demonstrated their transparency.  The interactions between cells and the free-standing 

detachable PEMs were determined through a combination of studies such as cell 

viability, proliferation, and cytoskeletal organization. 
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3.2 MATERIALS AND METHODS 

 
3.2.1 Materials 

Chitosan (Mw ≈ 350 kDa), bovine serum albumin, and glutaraldehyde (GA) were 

obtained from Sigma-Aldrich (St. Louis, MO).  Hyaluronic acid (HA, Mw ≈ 750kDa), 

and acetic acid were obtained from Fluka  (St. Louis, MO).  Phosphate buffered saline 

(PBS; 137 mM NaCl, 2.7 mM KCl, 10mM Na2HPO4, 1.76 mM KH2PO4), Dulbecco’s 

Modified Eagle Medium (DMEM), and Penicillin-Streptomycin (Pen-Strep), were 

obtained from Invitrogen Life Technologies (Carlsbad, CA).  Bovine calf serum (BCS) 

was obtained from Hyclone (Logan, UT). Unless noted otherwise, all other chemicals 

were obtained and used as received from Fisher Scientific (Pittsburgh, PA).  

 

3.2.2 Fabrication of Detachable and Free-standing PEMs   

HA and chitosan were used as the anionic and cationic polyelectrolytes (PEs) in order to 

assemble the detachable polyelectrolyte multilayers (PEMs).  HA solutions were 

prepared in 18 MΩ cm Picopure water (Hydro, Raleigh NC) and chitosan solutions were 

prepared in 1 % v/v acetic acid. Solution concentrations ranged from 1 to 5 mM (based 

on repeat unit molecular weight of the polymer, i.e. 340.3 g mol-1 and 874.7 g mol-1 for 

chitosan and HA respectively). The solutions were filtered through 0.45 µm 

polyethersulfone filters (Nalgene, Rochester NY). The pH of HA and chitosan solutions 

was maintained at 4.0 and 5.0 respectively. HA-chitosan PEM films were assembled on 

inert, hydrophobic poly (propylene) (PP, McMaster-Carr, Princeton, NJ) substrates using 

a robotic deposition system (NanoStrata, Gainesville, FL).  The PP substrates were 

cleaned by sonication in acetone. The hydrophobicity was determined using static water 

contact angle measurements (KSV Instruments, Helsinki, Finland).  Clean PP substrates 

exhibited an average water contact angle of 103.2 ± 2.8° (averaged over fifteen 

measurements per sample). In order to vary PEM properties, the deposition time per PE 

was varied from 10 to 20 min.  PEMs were assembled by first depositing an anionic PE 

(HA) followed by the cationic PE (chitosan).  The desired number of bilayers, ranging 

from 20-50, was obtained through the sequential and alternate deposition of PE layers. A 

bilayer (BL) is defined as one cationic and one anionic PE.  The PEM assemblies were 
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rinsed for 4 min in a water bath adjusted to pH 4.5 between PE depositions.  The typical 

assembly time for a 50 BL HA-chitosan film was 40 h.  Prior to PEM detachment, the 

films were dried overnight in air and peeled from the underlying hydrophobic substrate 

using tweezers.  Films reported as detachable peeled with ease and were found to be free 

of defects. Films which exhibited delamination and stress-cracking, with little to no 

control over detachability, were noted as detachable but not reproducible or robust. Films 

that did not detach from their substrate were noted as non-detachable.  In order to 

promote the stability of the PEMs in solution, the films were lightly cross-linked before 

detachment by exposure to a solution containing 8 % w/v GA (124, 208).  The exposure 

time to the crosslinker, was varied from 1 to 2 minutes to vary the degree of crosslinking. 

The PEM films were subsequently air-dried and stored at room temperature until further 

use. 

 

3.2.3 Film Stability 

Detachable HA-chitosan PEM films were placed in PBS at 37oC and monitored over a 7 

day period. On day 7, the PEMs were dried under vacuum at 50°C for 24h. The weight of 

the detachable PEMs was measured prior to and subsequent to exposure to PBS to 

determine the extent of degradation or loss in weight. 

 

3.2.4 Profilometry 

A Veeco Dektak 150 (Veeco Metrology, Santa Barbara CA) profiler was used to 

determine the dry and hydrated thickness of the detachable PEMs. Scan lengths for each 

sample were maintained at 1000 µm. The thickness values reported were averaged over 7 

to 15 measurements per sample. For measurements under hydrated conditions, PEMs 

were maintained in 1X PBS for 24h, the excess water was wicked from the sample and 

measurements were performed within five minutes to prevent dehydration. 

 

3.2.5 Optical Properties 

The optical transmission in the 400-900 nm range was measured on a UV/vis 

spectrophotometer (Perkin Elmer Lambda 25, Downers Grove IL). Optical transparency 

was measured for both dry and hydrated HA-chitosan films. For hydrated PEM 
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measurements, PEMs were maintained in 1X PBS for 24 h prior to measurement, the 

excess water was wicked from the sample and measurements were performed within five 

minutes to prevent dehydration. 

 

3.2.6 Atomic Force Microscopy (AFM)   

The surface topography of the detachable PEMs was measured on an AFM (Veeco 

Multimode AFM, Santa Barbara CA).  Surface roughness of dry unmodified and cross-

linked PEMs was determined using silicon nitride DNP tips with a spring constant of 

0.12 N/m (Veeco, Santa Barbara CA) in contact mode at a scanning rate of 2 Hz.   

Surface features, specifically, peak to valley heights were measured using Nanoscope® 

software (Veeco). 

 

3.2.7 Nano-indentation  

The Young’s modulus of unmodified and cross-linked PEMs was measured using a nano-

indenter (Triboindenter, Hysitron Inc., Minneapolis MN) equipped with a 90° cono-

spherical indenter tip. The tip was non-imaging with a radius of approximately 10 µm. 

The nano-indenter was operated under a controlled load while sensing tip displacement. 

The measured tip drift rate was observed to be less than 0.40 nm/s.  Indentation tests were 

performed on the HA side of the detachable films for both crosslinked and unmodified 

films. The PEMs were fixed to an aluminum substrate with carbon tape. For each film, 

nine indentations were performed with a peak load of 300 µN. Measurements were 

performed under ambient conditions. 

Force is denoted as P and displacement by h. Force-displacement (P – h) curves were 

generated by nano-indentation using a programmed load function.  The load function was 

increased linearly from 0 µN to 300 µN over 10s then decreased back to 0 µN.  The 

retraction of the tip from the material was used to calculate the mechanical properties of 

the sample according the method proposed by Oliver and Pharr (209).  The reduced 

modulus, Er, and sample hardness, H, were defined by the following equations. 
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E and υ are defined as the Young’s modulus and Poisson’s ratio of the sample. Et and υt  

are the Young’s modulus and Poisson’s ratio of the indenter tip. These values, Et = 1140 

GPa and υt = 0.07 were supplied by the manufacturer.  In a previous study, where nano-

indentation was utilized to determine the properties of dry and rigid poly (allylamine 

hydrochloride)-poly (styrenesulfonate) PEMs, the Poisson’s ratio υ was assumed to be 

0.33 in equation (1) (210). The peak indentation load and projected area at the peak 

indentation load were denoted as Pmax and A respectively. The experimental stiffness, S, 

was defined as the slope of the retraction curve at the maximum displacement, and was 

related to the reduced modulus by equation (3). 

AE
dH
dPS rβ

π
2

==   (3) 

Equation (3) was derived for a half-space (211).  In order to prevent substrate effects, the 

each indentation was conducted carefully to ensure that the depth was significantly lower 

than the overall thickness of the PEM (211, 212).  Reduced indentation depths prevented 

stress fields generated during indentation from reaching the underlying substrate (211-

213).  In our studies the indentation depth was maintained at approximately 10% of dry 

PEM thickness for crosslinked films and up to 20% for the unmodified samples.  Cohen 

et al. indented poly (allylamine hydrochloride)/poly(acrylic acid) PEMs of varying 

thicknesses, ranging from 80 nm to 6 microns (212). The reduced modulus exhibited 

negligible substrate effects at contact depths up to 40% of the overall film thickness 

(212). 

In equation (3), β was a prefactor assumed to be 1 (212).  Triboscan 8 software 

(Hysitron) was used to calculate S from the unloading segment of the P – h curves.  The 

area of contact was determined by calibration of the tip with a known fused quartz 

reference. To determine A, the contact depth, hc, was related to A by the tip calibration 

function in equation (4). 

ccc hChChCA 21
2

0 ++=   (4) 
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The values of C0, C1 and C2 were determined empirically using P – h curves generated by 

the nano-indentation of a fused quartz reference and hc is defined in equation (5). 

S
Phhc max

max ε−=    (5) 

ε  is the geometric constant for the indenter tip which was taken as 0.75 (210, 212). After 

substitution and rearrangement of equations 1-5, the Young’s modulus, E, of the sample 

was related to the Er by equation (6) where B1 and B2 are constants.  
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3.2.8 Cell Culture 

Cross-linked PEMs were rinsed for a total period of 48h to remove any residual 

glutaraldehyde. In the first 24h period, the PEMs were rinsed with 1X PBS and the 

solution was changed every 4h.  On the second day, the samples were rinsed in fibroblast 

culture medium and the solution was changed every 4h. Subsequent to rinsing they were 

sterilized under germicidal UV radiation for 1 hour, and maintained in fibroblast culture 

medium until used.  BALB/c 3T3 mouse embryo fibroblasts (American Type Cell 

Culture, Manassas VA) were maintained in DMEM supplemented with 10% v/v BCS and 

5% v/v Penn-Strep. Fibroblast cultures were maintained in T-75 flasks (BD Biosciences, 

San Jose CA) at 37°C in a humidified gas mixture of 95% air/ 5% CO2. 

 

3.2.9 Cell Viability 

Fibroblasts cultured on detachable PEMs were rinsed in warm 1X PBS and exposed to a 

mixture of calcein-AM and ethidium bromide (Live Dead Cytotoxicity kit, Invitrogen 

Life Technologies). The cells were imaged on a Nikon TE-2000 (Nikon, USA) inverted 

microscope equipped with 4x, 10x, 20x and 40x phase objectives and a motorized stage 

(Prior Scientific, USA). Phase-contrast and fluorescent images were collected using a 

Hamamatsu CCD camera (Hamamatsu City, Japan) and Nikon Elements© (Nikon, USA) 

software. Fibroblasts that fluoresced red (due to the incorporation of ethidium bromide) 
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were scored as dead and green fluorescent cells (due to the incorporation of calcein-AM) 

were scored as live. 

 

3.2.10 Cellular Proliferation Studies 

Fibroblasts were seeded on PEMs at an initial density of 200,000 cells per cm2. Cell 

proliferation was measured with a non-destructive imaging method. Phase-contrast 

microscopy was used at 10x magnification to capture images of the cells. For each 

sample, a minimum of fifteen random locations were imaged every 24 h up to six days, to 

analyze the degree of proliferation. 

 

3.2.11 Actin Cytoskeletal Imaging 

A 0.8% glutaraldehyde (v/v, Electron Microscopy Sciences, Hatfield PA) solution in PBS 

was used to fix fibroblasts cultured on PEM surfaces 24h after cell seeding.   Cells were 

exposed to this solution for approximately fifteen minutes.  A 0.1% Triton X-100 

(Sigma-Aldrich) solution was added for five minutes to permeabilize the cell membrane.  

Next, rhodamine phalloidin (Invitrogen Life Technologies) diluted in a 1% (w/v) bovine 

serum albumin solution in PBS was added and samples were incubated at 37oC for a 3h 

period.   

 

3.2.12 Statistical Analysis 

Statistical significance and p values for cell proliferation between sample groups were 

determined by t-test analysis with alpha set to 0.05.  All data are reported as mean ± 

standard deviation. n denotes sample size. 
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3.3 RESULTS 

 
HA (anionic) and chitosan (cationic), both weak PEs, were sequentially adsorbed on 

inert, hydrophobic PP substrates to assemble HA-chitosan PEMs that were detachable 

and free-standing. Negatively charged HA was initially adsorbed to the hydrophobic 

substrate through van der Waals interactions followed by the adsorption of cationic 

chitosan. The alternate and sequential deposition of HA and chitosan solutions resulted in 

the formation of highly interdigitated PE layers bound by electrostatic interactions 1 

(Figure 3.1 A). The weak nature of the forces between the initial HA layer and the 

hydrophobic PP substrate, enabled the detachment of the PEMs (202, 203).  The ease of 

detachment as well as the quality of HA-chitosan PEMs were investigated as a function 

of the number of bilayers and the deposition conditions.  The parameters that were 

investigated were the deposition time per PE as well the concentration of the PE solutions 

(Table 3.1).  At lower numbers of bilayers (ranging from 20-25), the PEMs were not 

detachable resulting in significantly ruptured films.  PEMs comprised of 30 bilayers or 

more, resulted in free-standing films.  However, at lower values of PE deposition time 

(10 minutes) these films were not free of defects or tears.  Free standing PEMs comprised 

of 30 or 50 bilayers were obtained only when the PE deposition time was maintained at 

20 minutes per PE layer and at 1mM PE solution concentration.  Under these conditions, 

the average thickness of air-dried films was found to be 1804 ± 199 nm (n = 13, 30 

bilayers) or 561 ± 272 nm (n = 15, 50 bilayers).  When the free-standing PEMs were 

assembled from 30 bilayers, they were not very robust and were difficult to handle in 

subsequent experimentation.  In contrast, detachable PEMs comprised of 50 bilayers 

were easy to handle and, therefore, used in further studies (Figure 3.1 B and C). 
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Figure 3.1 (A) Schematic for the fabrication of detachable, free-standing HA-chitosan 
PEMs. (B) Detachable 50BL chitosan-HA PEM. (C) Detachable 50BL chitosan-HA 

PEM. 
 

Table 3.1 Deposition conditions varied in the fabrication of detachable, free-standing 
HA-chitosan PEMs and the quality of the resultant PEMs. 

 
Number of Bilayers PE Deposition Time (min) [PE] mM Detachability 

20 20 1 No 

25 20 1 No 

30 20 1 Yes, Not Robust 

50 10 1 No 

50 10 2.5 Yes, Not Robust 

50 10 5 Yes, Not Robust 

50 15 1 Yes, Not Robust 

50 20 1 Yes, Robust 

 

 

neither robust nor detachable when unmodified exhibited
identical behavior upon cross-linking. When the cross-linked
PEMs were placed in PBS at 37 °C, the weight loss over a
seven-day period was observed to be less than 8% (Figure 2).
Specifically, the retention in weight was found to be 92.2 (
5.9% (n ) 3) and 96.0 ( 2.9% (n ) 3) for the 1 and 2 min
cross-linked PEMs, respectively. The thickness of the unmodi-

fied and cross-linked PEMs under dry and hydrated conditions
was measured using profilometry. Under hydrated conditions,
the film thickness was found to increase 2-fold (Table 2). Cross-
linking PEMs with glutaraldehyde resulted in no major changes
in the bulk composition of the PEM (Figure S1). An imine
vibration band near 1635 cm-1 indicated successful cross-linking
of amine groups within the PEM.55 XPS studies revealed no
significant changes in the surface composition between unmodi-
fied and cross-linked PEMs (Table S1).

An important property of the detachable HA-chitosan PEMs
for incorporating them as biomaterials and in tissue-engineered
constructs is their ability to transmit light. When PEMs are used
as substrates for cell culture, the transmission of light is critical
for imaging and fluorescence microscopy. The transmission of
visible light (400-900 nm) under dry and hydrated conditions
was measured for unmodified and cross-linked HA-chitosan
PEM films (Figure 3). In the dry state, for the unmodified PEMs,
the transmission was found to range between 47 to 58%. Due
to the rapid degradation of the unmodified films in the presence
of aqueous solutions, their optical properties under hydration
could not be measured. Similar values were obtained for the
dry cross-linked PEMs. In contrast, under hydrated conditions,
the detachable PEMs were virtually transparent. For example,
a PEM cross-linked for one minute exhibited 51-62% transmis-
sion in the dry state and 92-98% under hydrated conditions
(Figure 3A). Virtually identical trends were observed for PEMs
cross-linked for 2 min (Figure 3B). At lower wavelengths, the
small decrease in percent transmission was attributed to scat-
tering (Figure 3A,B).

Figure 1. (A) Schematic for the fabrication of detachable, free-standing HA-chitosan PEMs. (B) Detachable 50BL chitosan-HA PEM. (C) Detachable
50BL chitosan-HA PEM.

Table 1. Deposition Conditions Varied in the Fabrication of
Detachable, Free-Standing HA-Chitosan PEMs and the Quality of
the Resultant PEMs

number of
bilayers

PE deposition
time (min) [PE] mM detachability

20 20 1 no
25 20 1 no
30 20 1 yes, not robust
50 10 1 no
50 10 2.5 yes, not robust
50 10 5 yes, not robust
50 15 1 yes, not robust
50 20 1 yes, robust

Figure 2. Retention in weight for cross-linked PEMs maintained at
37 °C and in PBS over a seven-day period.

Table 2. Thickness of Dry and Hydrated HA-Chitosan PEMs

unmodified
PEM

cross-linked
PEM (1 min)

cross-linked
PEM (2 min)

dry 3561 ( 272 nm
(n ) 15)

3437 ( 272 nm
(n ) 15)

3542 ( 141 nm
(n ) 10)

hydrated N/A 8280 ( 307 nm
(n ) 7)

7947 ( 245 nm
(n ) 7)

Polyelectrolyte Multilayer Films Biomacromolecules, Vol. 11, No. 10, 2010 2791
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An important feature of the free-standing PEMs, which is essential for biological 

applications, is their stability when exposed to aqueous solutions.  When PEMs 

comprised of 50 bilayers were placed in PBS, they rapidly disintegrated and exhibited 

greater than 90% loss in weight within 5 minutes.  To improve their stability, the films 

were cross-linked with glutaraldehyde (GA).  This approach offered a simple route to 

covalently crosslink amine groups in the HA-chitosan PEMs (123, 124, 208).  The PEMs 

were crosslinked upon exposure to a GA solution (8% w/v) for 1 and 2 minute periods 

prior to detachment.  Cross-linking with GA did not affect detachability under any of the 

conditions listed in Table 3.1.  PEMs that were neither robust nor detachable when 

unmodified exhibited identical behavior upon cross-linking. When the cross-linked PEMs 

were placed in PBS at 37°C, the weight loss over a seven-day period was observed to be 

less than 8% (Figure 3.2).  Specifically, the retention in weight was found to be 92.2 ± 

5.9% (n = 3) and 96.0 ± 2.9% (n = 3) for the 1 and 2 minute cross-linked PEMs 

respectively. 

 
Figure 3.2 Retention in weight for cross-linked PEMs maintained at 37 °C and in PBS 

over a seven-day period. 
 

The thickness of the unmodified and cross-linked PEMs under dry and hydrated 

conditions was measured using profilometry.  Under hydrated conditions, the film 

thickness was found to increase 2-fold (Table 3.2).  Crosslinking PEMs with 

glutaraldehyde resulted in no major changes in the bulk composition of the PEM (Figure 

3.8).  An imine vibration band near 1635 cm-1 indicated successful cross-linking of amine 

groups within the PEM (214).  XPS studies revealed no significant changes in the surface 

composition between unmodified and cross-linked PEMs (Figure 3.9). 

neither robust nor detachable when unmodified exhibited
identical behavior upon cross-linking. When the cross-linked
PEMs were placed in PBS at 37 °C, the weight loss over a
seven-day period was observed to be less than 8% (Figure 2).
Specifically, the retention in weight was found to be 92.2 (
5.9% (n ) 3) and 96.0 ( 2.9% (n ) 3) for the 1 and 2 min
cross-linked PEMs, respectively. The thickness of the unmodi-

fied and cross-linked PEMs under dry and hydrated conditions
was measured using profilometry. Under hydrated conditions,
the film thickness was found to increase 2-fold (Table 2). Cross-
linking PEMs with glutaraldehyde resulted in no major changes
in the bulk composition of the PEM (Figure S1). An imine
vibration band near 1635 cm-1 indicated successful cross-linking
of amine groups within the PEM.55 XPS studies revealed no
significant changes in the surface composition between unmodi-
fied and cross-linked PEMs (Table S1).

An important property of the detachable HA-chitosan PEMs
for incorporating them as biomaterials and in tissue-engineered
constructs is their ability to transmit light. When PEMs are used
as substrates for cell culture, the transmission of light is critical
for imaging and fluorescence microscopy. The transmission of
visible light (400-900 nm) under dry and hydrated conditions
was measured for unmodified and cross-linked HA-chitosan
PEM films (Figure 3). In the dry state, for the unmodified PEMs,
the transmission was found to range between 47 to 58%. Due
to the rapid degradation of the unmodified films in the presence
of aqueous solutions, their optical properties under hydration
could not be measured. Similar values were obtained for the
dry cross-linked PEMs. In contrast, under hydrated conditions,
the detachable PEMs were virtually transparent. For example,
a PEM cross-linked for one minute exhibited 51-62% transmis-
sion in the dry state and 92-98% under hydrated conditions
(Figure 3A). Virtually identical trends were observed for PEMs
cross-linked for 2 min (Figure 3B). At lower wavelengths, the
small decrease in percent transmission was attributed to scat-
tering (Figure 3A,B).

Figure 1. (A) Schematic for the fabrication of detachable, free-standing HA-chitosan PEMs. (B) Detachable 50BL chitosan-HA PEM. (C) Detachable
50BL chitosan-HA PEM.

Table 1. Deposition Conditions Varied in the Fabrication of
Detachable, Free-Standing HA-Chitosan PEMs and the Quality of
the Resultant PEMs

number of
bilayers

PE deposition
time (min) [PE] mM detachability

20 20 1 no
25 20 1 no
30 20 1 yes, not robust
50 10 1 no
50 10 2.5 yes, not robust
50 10 5 yes, not robust
50 15 1 yes, not robust
50 20 1 yes, robust

Figure 2. Retention in weight for cross-linked PEMs maintained at
37 °C and in PBS over a seven-day period.

Table 2. Thickness of Dry and Hydrated HA-Chitosan PEMs

unmodified
PEM

cross-linked
PEM (1 min)

cross-linked
PEM (2 min)

dry 3561 ( 272 nm
(n ) 15)

3437 ( 272 nm
(n ) 15)

3542 ( 141 nm
(n ) 10)

hydrated N/A 8280 ( 307 nm
(n ) 7)

7947 ( 245 nm
(n ) 7)
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Table 3.2 Thickness of dry and hydrated HA-chitosan PEMs. 

 Unmodified PEM Cross-linked PEM 

(1 minute) 

Cross-linked PEM 

(2 minutes) 

Dry 3561 ± 272 nm (n = 

15) 

3437 ± 272 nm 

(n = 15) 

3542 ± 141 nm 

(n = 10) 

Hydrated 

N/A 

8280 ± 307 nm 

(n = 7) 

7947 ± 245 nm 

(n = 7) 

 

 
An important property of the detachable HA-chitosan PEMs for incorporating them as 

biomaterials and in tissue-engineered constructs is their ability to transmit light.  When 

PEMs are used as substrates for cell culture, the transmission of light is critical for 

imaging and fluorescence microscopy. The transmission of visible light (400 to 900 nm) 

under dry and hydrated conditions was measured for unmodified, and cross-linked HA-

chitosan PEM films (Figure 3.3).  In the dry state, for the unmodified PEMs, the 

transmission was found to range between 47 to 58%. Due to the rapid degradation of the 

unmodified films in the presence of aqueous solutions, their optical properties under 

hydration could not be measured.  Similar values were obtained for the dry cross-linked 

PEMs.  In contrast, under hydrated conditions, the detachable PEMs were virtually 

transparent. For example, a PEM cross-linked for one minute exhibited 51-62% 

transmission in the dry state and 92-98% under hydrated conditions (Figure 3.3A). 

Virtually identical trends were observed for PEMs cross-linked for 2 minutes (Figure 
3.3B).  At lower wavelengths, the small decrease in percent transmission was attributed 

to scattering (Figure 3.3A and B). 
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Figure 3.3 Optical transmission in the 400 – 900 nm range for dry 50BL HA-chitosan 
and hydrated 50BL HA-chitosan PEMs: (A) cross-linked for 1 min; (B) cross-linked 

for 2 min. 
 

The surface topography of unmodified and cross-linked PEMs was measured since cross-

linking can potentially impart roughness to a PEM surface (82, 215, 216).  It is well 

known that surface roughness can play a role in modulating cellular response (137, 217, 

218).  The surface topography of the unmodified, and cross-linked free-standing PEMs 

was investigated using AFM in contact mode. The unmodified PEM surface was smooth 

with nanoscale surface features that exhibited an average peak to valley height of 5.55 ± 

1.02 nm (Figure 3.4A).  The peak to valley height or the average surface roughness 

increased to 6.17 ± 1.01 nm for a PEM cross-linked for 1 minute (Figure 3.4B) and to 

7.84 ± 1.36 nm for a PEM cross-linked for 2 minutes (Figure 3.4C). 

The surface topography of unmodified and cross-linked PEMs
was measured because cross-linking can potentially impart
roughness to a PEM surface.56–58 It is well-known that surface
roughness can play a role in modulating cellular response.10,59,60

The surface topography of the unmodified, and cross-linked free-
standing PEMs was investigated using AFM in contact mode.
The unmodified PEM surface was smooth with nanoscale
surface features that exhibited an average peak to valley height
of 5.55 ( 1.02 nm (Figure 4A). The peak to valley height or
the average surface roughness increased to 6.17 ( 1.01 nm for
a PEM cross-linked for 1 min (Figure 4B) and to 7.84 ( 1.36
nm for a PEM cross-linked for 2 min (Figure 4C).

Nanoindentation was used to study the mechanical properties,
specifically, the Young’s modulus, of the unmodified and cross-
linked PEMs. Each sample was probed at nine different locations
and the average modulus was calculated. A set of representative
force-displacement curves for unmodified, 1 and 2 min cross-
linked PEMs are shown in Figure 5. These trends demonstrate
the changes in modulus upon cross-linking. Unmodified PEMs
exhibited an average Young’s modulus value of 90.9 ( 38.3
MPa (Table 3). The Young’s modulus values increased to
309.7 ( 42.6 and 477.7 ( 33.3 MPa for 1 and 2 min cross-
linked PEMs, respectively. These trends and values were similar
to prior studies conducted on PEMs comprised of poly(acrylic
acid) and poly(allylamine hydrochloride).52

When BALB/c 3T3 fibroblasts were cultured on the detach-
able PEMs, cell viability remained unaffected. Cells cultured
on 1 and 2 min cross-linked PEMs for a period of 24 h exhibited

greater than 96% viability, demonstrating that the free-standing
PEMs were biocompatible and could be incorporated into cell
culture applications. Cellular proliferation studies were con-
ducted over a six day period. The cell density on the 1 and 2
min cross-linked PEMs measured 24 h postseeding, was found
to be statistically insignificant (p > 0.05). Fibroblasts proliferated
on both substrates and their density increased 1.5-1.7-fold over
a three day period (Figures 6). The differences between the
values for cell density measured three days postseeding and
those obtained after 24 h were found to be statistically
significant. The p-values for day three in comparison to day
one in culture were calculated to be 2.3 ! 10-6, and 4.4 !
10-6 for the 1 and 2 min PEMs, respectively. By the fifth day
in culture, the cell density increased approximately 4-fold. The
p-values for cell density on day five in comparison to day one
in culture were calculated to be 1.9 ! 10-35 and 1.03 ! 10-37

for the 1 and 2 min PEMs, respectively. Comparisons on cell
density between the 1 and 2 min PEMs did not reveal significant
differences during early time points. The cell density up to the
fourth day in culture on the 1 and 2 min cross-linked PEMs
was found to be statistically insignificant (p > 0.05). However,
on day five, the cell density on the 1 min cross-linked PEM
was found to be statistically higher than the 2 min cross-linked
substrate (p ) 0.004). By day six in culture, due to extensive
cellular proliferation, the entire surface area was covered. The
actin cytoskeletal organization was found to be similar for cells
cultured on the PEM substrates (Figure 7). Fibroblasts adherent
on 1 and 2 min cross-linked PEM exhibited well-defined actin
stress fibers in the peripheral as well as the interior regions of
the cell. These results suggest that the cells are well adhered
on the underlying cross-linked PEM.

Discussion

Detachable and free-standing chitosan-HA PEMs were fab-
ricated by depositing the multilayers on an inert hydrophobic
poly(propylene) surface. This fabrication methodology is simple,
versatile, and does not require any postassembly processing,
such as, the dissolution of a sacrificial layer to obtain detachable
and free-standing films.25–33 This approach enables the construc-
tion of detachable PEMs that can incorporate reaction chem-
istries incompatible with live cells. In the future, such chemical
flexibility will make it possible to build into the films several
unique features, such as, the ability to finely tune both the
chemical and mechanical properties. An additional advantage
of these PEMs is that they can be chemically modified to
incorporate cell-specific functional groups that offer enormous
potential in tailoring them for specific cell types.

Free-standing, cross-linked PEMs comprised of 50 bilayers
exhibited virtually no degradation when maintained at 37 °C in
PBS over a seven day period. These results clearly demonstrate
that these PEMs can be used in biological applications that
require long-term exposure to aqueous solutions. Furthermore,
cross-linking with glutaraldehyde did not result in significant
changes in either the bulk or the surface chemistry of the PEMs.
A unique feature of the free-standing PEMs is their virtual
transparency in the 400-900 nm range under hydrated condi-
tions. Because these free-standing PEMs were designed for
applications as biomaterials, optical transparency is a highly
desirable property. In the future, this unique property will
promote the use of hydrated HA-chitosan PEMs as biomaterial
scaffolds.

Unmodified and cross-linked PEMs exhibited smooth sur-
faces, with peak to valley heights less than 10 nm. The values

Figure 3. Optical transmission in the 400-900 nm range for dry 50BL
HA-chitosan and hydrated 50BL HA-chitosan PEMs: (A) cross-linked
for 1 min; (B) cross-linked for 2 min.
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The surface topography of unmodified and cross-linked PEMs
was measured because cross-linking can potentially impart
roughness to a PEM surface.56–58 It is well-known that surface
roughness can play a role in modulating cellular response.10,59,60

The surface topography of the unmodified, and cross-linked free-
standing PEMs was investigated using AFM in contact mode.
The unmodified PEM surface was smooth with nanoscale
surface features that exhibited an average peak to valley height
of 5.55 ( 1.02 nm (Figure 4A). The peak to valley height or
the average surface roughness increased to 6.17 ( 1.01 nm for
a PEM cross-linked for 1 min (Figure 4B) and to 7.84 ( 1.36
nm for a PEM cross-linked for 2 min (Figure 4C).

Nanoindentation was used to study the mechanical properties,
specifically, the Young’s modulus, of the unmodified and cross-
linked PEMs. Each sample was probed at nine different locations
and the average modulus was calculated. A set of representative
force-displacement curves for unmodified, 1 and 2 min cross-
linked PEMs are shown in Figure 5. These trends demonstrate
the changes in modulus upon cross-linking. Unmodified PEMs
exhibited an average Young’s modulus value of 90.9 ( 38.3
MPa (Table 3). The Young’s modulus values increased to
309.7 ( 42.6 and 477.7 ( 33.3 MPa for 1 and 2 min cross-
linked PEMs, respectively. These trends and values were similar
to prior studies conducted on PEMs comprised of poly(acrylic
acid) and poly(allylamine hydrochloride).52

When BALB/c 3T3 fibroblasts were cultured on the detach-
able PEMs, cell viability remained unaffected. Cells cultured
on 1 and 2 min cross-linked PEMs for a period of 24 h exhibited

greater than 96% viability, demonstrating that the free-standing
PEMs were biocompatible and could be incorporated into cell
culture applications. Cellular proliferation studies were con-
ducted over a six day period. The cell density on the 1 and 2
min cross-linked PEMs measured 24 h postseeding, was found
to be statistically insignificant (p > 0.05). Fibroblasts proliferated
on both substrates and their density increased 1.5-1.7-fold over
a three day period (Figures 6). The differences between the
values for cell density measured three days postseeding and
those obtained after 24 h were found to be statistically
significant. The p-values for day three in comparison to day
one in culture were calculated to be 2.3 ! 10-6, and 4.4 !
10-6 for the 1 and 2 min PEMs, respectively. By the fifth day
in culture, the cell density increased approximately 4-fold. The
p-values for cell density on day five in comparison to day one
in culture were calculated to be 1.9 ! 10-35 and 1.03 ! 10-37

for the 1 and 2 min PEMs, respectively. Comparisons on cell
density between the 1 and 2 min PEMs did not reveal significant
differences during early time points. The cell density up to the
fourth day in culture on the 1 and 2 min cross-linked PEMs
was found to be statistically insignificant (p > 0.05). However,
on day five, the cell density on the 1 min cross-linked PEM
was found to be statistically higher than the 2 min cross-linked
substrate (p ) 0.004). By day six in culture, due to extensive
cellular proliferation, the entire surface area was covered. The
actin cytoskeletal organization was found to be similar for cells
cultured on the PEM substrates (Figure 7). Fibroblasts adherent
on 1 and 2 min cross-linked PEM exhibited well-defined actin
stress fibers in the peripheral as well as the interior regions of
the cell. These results suggest that the cells are well adhered
on the underlying cross-linked PEM.

Discussion

Detachable and free-standing chitosan-HA PEMs were fab-
ricated by depositing the multilayers on an inert hydrophobic
poly(propylene) surface. This fabrication methodology is simple,
versatile, and does not require any postassembly processing,
such as, the dissolution of a sacrificial layer to obtain detachable
and free-standing films.25–33 This approach enables the construc-
tion of detachable PEMs that can incorporate reaction chem-
istries incompatible with live cells. In the future, such chemical
flexibility will make it possible to build into the films several
unique features, such as, the ability to finely tune both the
chemical and mechanical properties. An additional advantage
of these PEMs is that they can be chemically modified to
incorporate cell-specific functional groups that offer enormous
potential in tailoring them for specific cell types.

Free-standing, cross-linked PEMs comprised of 50 bilayers
exhibited virtually no degradation when maintained at 37 °C in
PBS over a seven day period. These results clearly demonstrate
that these PEMs can be used in biological applications that
require long-term exposure to aqueous solutions. Furthermore,
cross-linking with glutaraldehyde did not result in significant
changes in either the bulk or the surface chemistry of the PEMs.
A unique feature of the free-standing PEMs is their virtual
transparency in the 400-900 nm range under hydrated condi-
tions. Because these free-standing PEMs were designed for
applications as biomaterials, optical transparency is a highly
desirable property. In the future, this unique property will
promote the use of hydrated HA-chitosan PEMs as biomaterial
scaffolds.

Unmodified and cross-linked PEMs exhibited smooth sur-
faces, with peak to valley heights less than 10 nm. The values

Figure 3. Optical transmission in the 400-900 nm range for dry 50BL
HA-chitosan and hydrated 50BL HA-chitosan PEMs: (A) cross-linked
for 1 min; (B) cross-linked for 2 min.
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Figure 3.4 AFM Images (1 x 1 μm) of a 50BL HA-chitosan PEM: (A) unmodified, (B) 

cross-linked for 1 min, and (C) cross-linked for 2 min. 
 

Nano-indentation was used to study the mechanical properties, specifically, the Young’s 

modulus, of the unmodified and cross-linked PEMs.  Each sample was probed at nine 

different locations and the average modulus was calculated.  A set of representative 

force-displacement curves for unmodified, 1 minute and 2 minute cross-linked PEMs are 

shown in Figure 3.5.  These trends demonstrate the changes in modulus upon cross-

linking.  Unmodified PEMs exhibited an average Young’s modulus value of 90.9 ± 38.3 

MPa (Table 3.3).  The Young’s modulus values increased to 309.7 ± 42.6 MPa and 477.7 

± 33.3 MPa for 1 and 2 minute cross-linked PEMs respectively.  These trends and values 

of Young’s modulus ranged from 300-400 MPa, rendering
these PEMs ideal for culturing different cell types. Furthermore,
the mechanical properties can be easily modulated by simply
changing the cross-linking conditions or by changing the number

of bilayers. For example, if lower values of Young’s modulus
are desirable, then a reduction in the number of bilayers and
cross-linking times can be explored. PEMs cross-linked with
glutaraldehyde exhibited excellent compatibility with BALB/c

Figure 4. AFM images (1 ! 1 µm) of a 50BL HA-chitosan PEM: (A) unmodified, (B) cross-linked for 1 min, and (C) cross-linked for 2 min.
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were similar to prior studies conducted on PEMs comprised of poly (acrylic acid) and 

poly(allylamine hydrochloride) (212). 

 
Figure 3.5 Representative P-h curves for a 50BL HA-chitosan PEM: (A) unmodified, 
(B) cross-linked for 1 min, and (C) cross-linked for 2 min. 

 
Table 3.3 Peak load and Young’s modulus values for unmodified and cross-linked HA-
chitosan PEMs, n = 9. 

 

Unmodified 

PEM 

Cross-linked PEM 

(1 minute) 

Cross-linked PEM 

(2 minutes) 

Peak Load (µN) 300 300 300 

Young's Modulus (MPa) 90.9 ± 38.3 309.7 ± 42.6 477.7 ± 33.3 

 
When BALB/c 3T3 fibroblasts were cultured on the detachable PEMs, cell viability 

remained unaffected.  Cells cultured on 1 minute and 2 minute cross-linked PEMs for a 

period of 24h exhibited greater than 96% viability demonstrating that the free-standing 

PEMs were biocompatible and could be incorporated into cell culture applications. 

 

Cellular proliferation studies were conducted over a six day period. The cell density on 

the 1 and 2 minute cross-linked PEMs measured 24h post-seeding, was found to be 

statistically insignificant (p> 0.05).  Fibroblasts proliferated on both substrates and their 

density increased 1.5 -1.7 fold over a three day period (Figure 3.6).   The differences 

between the values for cell density measured three days post-seeding and those obtained 

after 24h were found to be statistically significant.  The p-values for day three in 

comparison to day one in culture were calculated to be 2.3 x 10-6, and 4.4 x 10-6 for the 1 

3T3 fibroblasts and the surfaces were colonized within six days.
These results clearly indicate the tremendous potential that
detachable chitosan-HA PEMs exhibit for future applications
in tissue engineering and biomaterials.

In vivo, several tissues and organs exhibit a lattice-like,
stratified architecture. However, mimicking such structures in
vitro is nontrivial. A major focus in the field of tissue
engineering is the use of tissue-like, three-dimensional cellular
structures.61–65 However, the assembly of such tissue mimics
necessitates the design of biomimetic basement membranes to
support each cell layer.10,66 Furthermore, such membranes would
have to closely match the physical and chemical environment

within a specific tissue. For example, in previous reports,
charged PEs such as chitosan, HA, or DNA were deposited
above a layer of live hepatocytes (the primary cell-type found
in the liver).12,42 Once the PEM was deposited above live cells,
a second layer of endothelial cells was deposited in an effort to
design liver tissue mimics. However, the presence of live cells
during the deposition limited the ability to modulate the chemical
and mechanical properties of the resulting PEM. In contrast,
detachable, free-standing, and biocompatible PEMs offer a new

Figure 5. Representative P-h curves for a 50BL HA-chitosan PEM: (A) unmodified, (B) cross-linked for 1 min, and (C) cross-linked for 2 min.

Table 3. Peak Load and Young’s Modulus Values for Unmodified
and Cross-Linked HA-Chitosan PEMs; n ) 9

unmodified
PEM

ross-linked
PEM (1 min)

cross-linked
PEM (2 min)

peak load (µN) 300 300 300
Young’s modulus

(MPa)
90.9 ( 38.3 309.7 ( 42.6 477.7 ( 33.3

Figure 6. Cellular proliferation measured over a five day period for 1
and 2 min cross-linked PEMs; n ) 3.

Figure 7. Actin cytoskeletal organization imaged 1 day after cell-
seeding on (A) 1 min and (B) 2 min cross-linked PEM. Scale bar )
50 µm.
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and 2 minute PEMs respectively.  By the fifth day in culture, the cell density increased 

approximately four-fold.   The p-values for cell density on day five in comparison to day 

one in culture were calculated to be 1.9 x10-35, and 1.03 x 10-37 for the 1 and 2 minute 

PEMs respectively. Comparisons on cell density between the 1 and 2 minute PEMs did 

not reveal significant differences during early time points. The cell density up to the 

fourth day in culture on the 1 and 2 minute cross-linked PEMs was found to be 

statistically insignificant (p> 0.05). However, on day five, the cell density on the 1 minute 

cross-linked PEM was found to be statistically higher than the 2 minute cross-linked 

substrate (p= 0.004).  By day six in culture, due to extensive cellular proliferation, the 

entire surface area was covered. 

 

 
Figure 3.6 Cellular proliferation measured over a five day period for 1 and 2 min 

cross-linked PEMs; n = 3. 
 

The actin cytoskeletal organization was found to be similar for cells cultured on the PEM 

substrates  (Figure 3.7).  Fibroblasts adherent on 1 and 2 minute cross-linked PEM, 

exhibited well-defined actin stress fibers, in the peripheral as well as the interior regions 

of the cell.  These results suggest that the cells are well adhered on the underlying cross-

linked PEM. 

3T3 fibroblasts and the surfaces were colonized within six days.
These results clearly indicate the tremendous potential that
detachable chitosan-HA PEMs exhibit for future applications
in tissue engineering and biomaterials.

In vivo, several tissues and organs exhibit a lattice-like,
stratified architecture. However, mimicking such structures in
vitro is nontrivial. A major focus in the field of tissue
engineering is the use of tissue-like, three-dimensional cellular
structures.61–65 However, the assembly of such tissue mimics
necessitates the design of biomimetic basement membranes to
support each cell layer.10,66 Furthermore, such membranes would
have to closely match the physical and chemical environment

within a specific tissue. For example, in previous reports,
charged PEs such as chitosan, HA, or DNA were deposited
above a layer of live hepatocytes (the primary cell-type found
in the liver).12,42 Once the PEM was deposited above live cells,
a second layer of endothelial cells was deposited in an effort to
design liver tissue mimics. However, the presence of live cells
during the deposition limited the ability to modulate the chemical
and mechanical properties of the resulting PEM. In contrast,
detachable, free-standing, and biocompatible PEMs offer a new

Figure 5. Representative P-h curves for a 50BL HA-chitosan PEM: (A) unmodified, (B) cross-linked for 1 min, and (C) cross-linked for 2 min.

Table 3. Peak Load and Young’s Modulus Values for Unmodified
and Cross-Linked HA-Chitosan PEMs; n ) 9

unmodified
PEM

ross-linked
PEM (1 min)

cross-linked
PEM (2 min)

peak load (µN) 300 300 300
Young’s modulus
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90.9 ( 38.3 309.7 ( 42.6 477.7 ( 33.3

Figure 6. Cellular proliferation measured over a five day period for 1
and 2 min cross-linked PEMs; n ) 3.

Figure 7. Actin cytoskeletal organization imaged 1 day after cell-
seeding on (A) 1 min and (B) 2 min cross-linked PEM. Scale bar )
50 µm.

2794 Biomacromolecules, Vol. 11, No. 10, 2010 Larkin et al.



	  

	   69 

 
Figure 3.7 Actin cytoskeletal organization imaged 1 day after cell-seeding on (A) 1 min 

and (B) 2 min cross-linked PEM. Scale bar = 50 μm. 
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in tissue engineering and biomaterials.
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design liver tissue mimics. However, the presence of live cells
during the deposition limited the ability to modulate the chemical
and mechanical properties of the resulting PEM. In contrast,
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3T3 fibroblasts and the surfaces were colonized within six days.
These results clearly indicate the tremendous potential that
detachable chitosan-HA PEMs exhibit for future applications
in tissue engineering and biomaterials.

In vivo, several tissues and organs exhibit a lattice-like,
stratified architecture. However, mimicking such structures in
vitro is nontrivial. A major focus in the field of tissue
engineering is the use of tissue-like, three-dimensional cellular
structures.61–65 However, the assembly of such tissue mimics
necessitates the design of biomimetic basement membranes to
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within a specific tissue. For example, in previous reports,
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above a layer of live hepatocytes (the primary cell-type found
in the liver).12,42 Once the PEM was deposited above live cells,
a second layer of endothelial cells was deposited in an effort to
design liver tissue mimics. However, the presence of live cells
during the deposition limited the ability to modulate the chemical
and mechanical properties of the resulting PEM. In contrast,
detachable, free-standing, and biocompatible PEMs offer a new
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3.4 DISCUSSION 

Detachable and free-standing chitosan-HA PEMs were fabricated by depositing the 

multilayers on an inert hydrophobic poly (propylene) surface.  This fabrication 

methodology is simple, versatile and does not require any post-assembly processing, such 

as, the dissolution of a sacrificial layer to obtain detachable and free-standing films (95, 

116, 133, 195-201).    This approach enables the construction of detachable PEMs that 

can incorporate reaction chemistries incompatible with live cells. In the future, such 

chemical flexibility will make it possible to build into the films several unique features, 

such as, the ability to finely tune both the chemical and mechanical properties.   An 

additional advantage of these PEMs is that they can be chemically modified to 

incorporate cell-specific functional groups, which offer enormous potential in tailoring 

them for specific cell-types. 

 

Free-standing, cross-linked PEMs comprised of 50 bilayers exhibited virtually no 

degradation when maintained at 37°C in 1X PBS over a seven day period.  These results 

clearly demonstrate that these PEMs can be used in biological applications that require 

long-term exposure to aqueous solutions. Furthermore, cross-linking with glutaraldehyde 

did not result in significant changes in either the bulk or the surface chemistry of the 

PEMs.   A unique feature of the free-standing PEMs is their virtual transparency in the 

400 - 900 nm range under hydrated conditions.  Since these free-standing PEMs were 

designed for applications as biomaterials, optical transparency is a highly desirable 

property.  In the future, this unique property will promote the use of hydrated HA-

chitosan PEMs as biomaterial scaffolds.    

 

Unmodified and cross-linked PEMs exhibited smooth surfaces, with peak to valley 

heights less than 10 nm.  The values of Young’s modulus ranged from 300-400 MPa, 

rendering these PEMs ideal for culturing different cell types.  Furthermore, the 

mechanical properties can be easily modulated by simply changing the cross-linking 

conditions or by changing the number of bilayers.  For example, if lower values of 

Young’s modulus are desirable, then a reduction in the number of bilayers and cross-

linking times can be explored.  PEMs cross-linked with glutaraldehyde exhibited 
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excellent compatibility with BALB/c 3T3 fibroblasts and the surfaces were colonized 

within six days.  These results clearly indicate the tremendous potential that detachable 

chitosan-HA PEMs exhibit for future applications in tissue engineering and biomaterials.   

In vivo, several tissues and organs exhibit a lattice-like, stratified architecture. However, 

mimicking such structures in vitro is non-trivial.  A major focus in the field of tissue 

engineering is the use of tissue-like, three dimensional cellular structures (57, 163, 181, 

219, 220).  However, the assembly of such tissue mimics necessitates the design of 

biomimetic basement membranes to support each cell layer (132, 137).   Furthermore, 

such membranes would have to closely match the physical and chemical environment 

within a specific tissue. For example, in previous reports, charged PEs such as chitosan, 

HA, or DNA were deposited above a layer of live hepatocytes (the primary cell-type 

found in the liver) (70, 72).  Once the PEM was deposited above live cells, a second layer 

of endothelial cells was deposited in an effort to design liver tissue mimics. However, the 

presence of live cells during the deposition limited the ability to modulate the chemical 

and mechanical properties of the resulting PEM.  In contrast, detachable, free-standing 

and biocompatible PEMs offer a new route in the design of such tissue-specific 

membranes for the assembly of layered tissue-like structures.  Since all the modifications 

can be performed prior to cellular exposure, the use of harsh, non-physiological 

fabrication and reaction conditions as well as toxic solvents is feasible. 

 
In the future, the introduction of porosity into the PEMs would further advance the role of 

free-standing PEMs in tissue engineering applications (137).  Porosity plays a significant 

role in controlling the diffusion of gases and nutrients to cells. Basal membranes exhibit 

porosity form the micro- to the nano-scale (132).  In a recent report, it was observed that 

human corneal epithelial cells exhibited an optimal response only when cultured on 

porous, supported PEMs with pore diameters measuring approximately 100 nm, similar 

to the porosity found in vivo (137).  A potential route to introduce and control the size of 

pores would be to use a spin-coating approach (194, 204).  Future investigations will 

focus upon tuning the chemistry of the PEMs, the introduction of specific cell-adhesive 

ligands, varying the mechanical properties, and studying the cellular response when the 

PEMs are incorporated into layered tissue mimics. 
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3.5 CONCLUSIONS 

We have reported the fabrication of detachable, free-standing and biocompatible PEMs 

comprised of chitosan and hyaluronic acid.  In this study, the PEMs were assembled on a 

flat, inert and hydrophobic substrate.  However, PEMs can be assembled on hydrophobic 

substrates that exhibit a range of geometries and topographies, and this procedure, can be 

extended to design detachable films with varying shapes and structures.  The assembly of 

detachable, biocompatible PEMs offers unprecedented control over film architecture, 

chemistry and mechanical properties.  A long-term objective of our research is the 

incorporation of the free standing PEMs into three-dimensional layered, functional tissue 

mimics (70, 72). In the future, the inherent versatility and simplicity of fabricating free-

standing, detachable PEMs with tunable chemical and mechanical properties will be 

extremely beneficial in the rational design of biomaterials and scaffolds. 
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3.6 PUBLISHED SUPPORTING INFORMATION 

 
3.6.1 Fourier Transform Infrared Spectroscopy (FTIR) 
 
FTIR spectra were obtained to determine the chemical composition of the unmodified 

and crosslinked films.  Spectra were obtained on a Varian spectrometer (Palo Alto, CA).  

FT-IR spectra were obtained at wavelengths ranging from 700 cm-1 to 4000 cm-1.  Spectra 

were obtained for unmodified and crosslinked PEMs in transmission mode and averaged 

over a hundred scans.  PEMs were mounted in between two clean CaF2 windows.  The 

CaF2 windows were cleaned using ethanol, rinsed with HydroPure water and dried under 

a stream of nitrogen gas.  The CaF2-PEM samples were placed in the IR beam path and 

the sample chamber was purged using nitrogen gas until the presence of CO2 was not 

observed. 

 

FT-IR spectra of unmodified and crosslinked HA-chistoan films were similar in the 700-

4000 cm-1 range.  In addition, several vibration modes that appear in either pure chitosan 

or HA were observed in the detachable PEMs (221) (Figure 3.8).  The C-O stretching 

mode appeared at 1052 cm-1, the band at 1554 cm-1 is assigned to the amide II vibrational 

mode, the CH3 symmetric stretching mode at 2931 cm-1, and the broad band centered at 

approximately 3200 cm-1 is assigned to NH2 vibrations.  An imine vibration mode was 

present in the crosslinked HA-chitsoan film at 1655 cm-1 which was not present in the 

unmodified film (214).  These spectra indicate that crosslinking with glutaraldehyde led 

to the creation of imine bonds in the crosslinked HA-chitosan films.  Comparison of 

unmodified and crosslinked HA-chitosan film spectra indicated only slight changes in 

bulk chemistry due to glutaraldehyde crosslinking. 
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Figure 3.8. FT-IR spectra in the 700-4000 cm-1 range for (A) unmodified and (B) 

Crosslinked HA-chitosan PEM (50 bilayers). 
 
3.6.2 X-ray Photoelectron Spectroscopy (XPS) 
 
XPS studies were performed to determine the surface composition of unmodified and 

crosslinked detachable PEMs.  A Quantera SXM (Physical Electronics, Chanhassen MN) 

was used with a monochromatic highly focused (<9 μm) Al Κα x-ray beam.  

Measurements were performed at 45° take-off angle.  Survey scans were measured from 

0 to 1100 eV followed by high resolution scans in the C1s, N1s, and O1s regions.  Residual 

charging was corrected by referencing the C1s peak to 285.0 eV.  Casa XPSTM software 

with a Voigt approximation was used to analyze the peak positions and areas.  The 

atomic compositions of C1s, N1s, and O1s were calculated using sensitivity factors 

provided by the manufacturer. 

 

XPS studies were performed to measure elemental composition of the unmodified and 

crosslinked PEMs at the surface and to determine if crosslinking with glutaraldehyde 

resulted in a change in surface chemistry.  The surface of the PEM adherent on the PP 

substrate prior to detachment was analyzed.  This surface was chosen since cells were 

cultured on this side of the PEM in subsequent experiments.  The C1s peaks were 

observed at 285 eV (-C-C-, -C-H), and 286 eV (-C-N) (84, 222), the O1s was observed at 

 2 

assigned to NH2 vibrations.  An imine vibration mode was present in the cross-linked HA-

chitosan film at 1655 cm-1 which was not present in the unmodified film 3. These spectra indicate 

that cross-linking with glutaraldehyde led to the creation of imine bonds in the crosslinked HA-

chitosan films. Comparison of unmodified and crosslinked HA-chitosan film spectra indicated 

only slight changes in bulk chemistry due to glutaraldehyde crosslinking. 

 

Figure S1.  FT-IR spectra in the 700-4000 cm-1 range for A. Unmodified and B. Cross-

linked HA-chitosan PEM (50 bilayers). 

X-ray photoelectron spectroscopy (XPS) 

XPS studies were performed to determine the surface composition of unmodified and cross-

linked detachable PEMs. A Quantera SXM (Physical Electronics, Chanhassen MN) was used 

with a monochromatic highly focused (<9 µm) Al Κα x-ray beam. Measurements were 

performed at a 45° take-off angle. Survey scans were measured from 0 to 1100 eV followed by 

high resolution scans in the C1s, N1s and O1s regions.  Residual charging was corrected by 
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532 eV and the N1s peak was observed as a single band at 400 eV (Figure 3.9).  

Elemental compositions were measured at a 45° take-off angle and the depth probed 

under this condition was approximately 30Å (223).  These measurements provided 

information on carbon/nitrogen (C/N), carbon/oxygen (C/O), and nitrogen/oxygen (N/O) 

atomic ratios at the surface (Table 3.4).  The C/N ratio was chosen as a marker to 

monitor changes in the surface composition since the presence of adventitious oxygen 

could contribute to the observed changes in the C/O and N/O ratios.  The experimental 

C/O atomic ratios  for the unmodified and crosslinked PEMs were found to be 0.8 and 1.2 

respectively.  The experimental C/N ratios for the unmodified and crosslinked PEMs 

were 6.99 and 7.3 respectively and the values for N/O were similar as well.  Since the 

difference in the C/N ratio for the unmodified and crosslinked PEMs was less than 5%, 

these data suggest that the elemental composition at the surface did not change 

significantly upon crosslinking.  The C/N ratio closely matched the theoretical values 

calculated for chitosan, suggesting that the surface is enriched with this PE.  Slight 

differences in C/N and C/O ratios between unmodified and crosslinked HA-chitosan 

PEM were observed due to the incorporation of GA.  Since GA contains C atoms, 

covalent crosslinking increased the C/O and C/N ratios.  Since HA was the first PE to be 

deposited on the PP substrate, this indicated that significant mixing of the two PEs 

occurred during the early stages of deposition, a phenomenon that has been widely 

observed and reported (64). 

 

Table 3.4. The surface elemental composition of unmodified and crosslinked HA-
chitosan PEMs. 

 C/N C/O N/O 
Chitosan 

(theoretical values) 
6.3 1.98 0.31 

HA 
(theoretical values) 

14 1.24 0.09 

Unmodified PEM 6.9 0.8 0.11 
Crosslinked PEM 

(1 min) 
7.3 1.25 0.17 
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Figure 3.9. Representative high-resolution XPS scans for a crosslinked 50BL HA-
chitosan PEM, (A) C1s, (B) N1s, and (C) O1s. 

 

 

 

 

 

 5 

 

Figure S2. Representative high-resolution XPS scans for a cross-linked 50BL HA-chitosan 

PEM,  A. C1s, B. N1s and C. O1s. 
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Chapter 4. Mimicking the Multi-cellular Hepatic Microenvironment with 
Detachable, Nanoscale Self Assembled Multilayers 
 
4.1 INTRODUCTION 
 
It has been well established over the past several decades that eliciting and maintaining 

the function and phenotype of hepatic cells in cultures is a very difficult problem (2).  

Hepatocytes (parenchymal cells) cultured in monolayers (HMs) lose their phenotypic 

functions and suffer from mRNA degradation within 24hrs of their removal from the 

liver (16, 17, 151).   Monolayers of liver sinusoidal endothelial cells (LSECs) (224) and 

Kupffer cells (KCs) (41, 42) also rapidly dedifferentiate within a few days in vitro.  

Collagen sandwich (CS) and 2D co-cultures are widely used to maintain the function of 

hepatocytes.  Although hepatocytes cultured in a CS or in 2D co-cultures have been 

shown to exhibit stable expression of hepatic markers up to six weeks (15-17, 37, 45, 47, 

156), these cultures do not emulate hepatic architecture in vivo.   CS cultures do not 

incorporate hepatic non-parenchymal cells, which are critical in maintaining liver 

homeostasis (2), while 2D co-cultures fail to capture the stratified cellular arrangement  

found in the liver (2).   

Hepatocytes, LSECs, and KCs carry out several important and complementary functions 

in the liver including metabolic and detoxification functions (hepatocytes) (2), clearance 

of toxins and waste from the blood stream (LSECs) (10, 225, 226), and production of 

cytokines and phagocytosis (KCs) (2, 34).  Together, these three cells constitute 

approximately 85% of the liver by volume. These facts underscore the need to design 

new in vitro hepatic microenvironments that can simultaneously maintain the phenotype 

of all hepatic cells.  

 

There is a growing recognition that such hepatic microenvironments should mimic the in 

vivo structure of the liver (28, 71).  In vivo, hepatic parenchymal cells are separated from 

non-parenchymal cells by an interfacial region known as the Space of Disse (2, 225).  

This protein-enriched interface exhibits a thickness in the 0.5–1 µm range and plays a 

critical role in the transfer of signaling molecules and nutrients between parenchymal and 

non-parenchymal hepatic cells (2, 225).  Efforts to recapitulate this three-dimensional 
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(3D) structure include the use of reconfigurable cell culture substrates (28), multi-

compartmental co-cultures (61), the use of magnetic beads (60), and thermally responsive 

polymers (57).  Through the use of micromechanical substrates, March et al. 

demonstrated that LSEC phenotype was maintained only when the parenchymal and non-

parenchymal cells were separated by a distance of 80 µm.   

 

To mimic the in vivo spatial structure between hepatic cells, we have demonstrated that 

polyelectrolyte multilayers (PEMs) can serve as a substitute for the Space of Disse (70-

72).  PEMs were self-assembled above a confluent layer of primary hepatocytes 

providing an adhesive substrate for an additional layer of cells.  Using this approach, we 

have assembled layered hepatic cellular structures comprised of primary hepatocytes and 

LSECS that exhibited significantly enhanced protein secretion, detoxification and bile 

acid homeostasis (70-72, 227).  Although this approach was a significant improvement 

over 2D cultures, the deposition of a PEM on hepatocytes constrained the ability to tune 

the properties to the Space of Disse. 

 

We report the design of a novel 3D hepatic microenvironment assembled with three 

different hepatic cell types (hepatocytes, LSECs and KCs) and a detachable PEM that 

mimics the Space of Disse. The 400–600 nm detachable and transparent PEMs were 

obtained by deposition on a hydrophobic substrate.  The thickness and mechanical 

properties were optimized to values reported in vivo. This liver model maintained the 

phenotype of all three cell types over a 12 day period.  The unique hepatic 

microenvironment promoted the proliferation of every cell type in such a manner that 

they maintained in vivo parenchymal to non-parenchymal cell ratios.  This significant and 

novel finding demonstrates the ability of the tri-cellular model to provide a hepatic 

microenvironment that elicits cell proliferation and maintenance of in vivo-like cellular 

ratios.  Furthermore, a hepatic model that exhibits in vivo like cellular ratios can be used 

to systematically study liver functions.  Notably, we did not observe these trends in 2D 

co-cultures of any combination of the three cell types. Analysis of genome-wide gene 

expression data taken from hepatocytes suggested that multi-cellular 3D models 
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communicated with each other, resulting in cellular proliferation and phenotypic 

functions.   
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4.2 MATERIALS AND METHODS 

 
4.2.1 Materials 

Dulbecco’s modified Eagle’s medium (DMEM) with glucose, phosphate-buffered saline 

(PBS), Hank’s buffered salt solution, Earle’s Balanced Salt Solution, penicillin, 

streptomycin, human plasma fibronectin, and trypsin-ethylenediaminetetraacetic acid 

were obtained from Invitrogen Life Technologies (Carlsbad, CA).  Type IV collagenase, 

HEPES (4-[2-hydroxyethyl] piperazine-1-ethanesulfonic acid), glucagon, calcium 

chloride, hydrocortisone, sodium dodecyl sulfate (SDS), hydrogen peroxide, 

glutaraldehyde, dicumarol, 3-methylcholanthrene, Percoll, calf thymus DNA, chitosan, 

and hyaluronic acid (HA) were purchased from Sigma-Aldrich (St. Louis, MO).  All 

other chemicals, unless otherwise noted, were used as received from Fisher Scientific 

(Pittsburgh, PA). 

 

4.2.2 Assembly of Detachable PEMs 
Chitosan (cationic PE) and HA (anionic PE) were used to assemble detachable PEMs.  

Chitosan solution was prepared by dissolving the PE in 1% v/v acetic acid. HA solution 

was prepared by dissolving the PE in 18 MΩ cm water (Hydro, Raleigh, NC).  PE 

solution concentrations ranged from 1 to 5 mM based on repeat unit molecular weight 

(340.3 g/mol and 874.7 g/mol for chitosan and HA, respectively).  The pH of the PE 

solutions was maintained at 4.0 and 5.0 for chitosan and HA, respectively.  HA and 

chitosan PEMs were assembled on inert, hydrophobic polytetrafluoroethylene (PTFE, 

McMaster-Carr, Atlanta, GA) substrates using a robotic deposition system (NanoStrata, 

Tallahassee, FL).  Prior to assembly, PTFE substrates were cleaned by sonication in 

toluene for 1 h.  Water contact angle values (KSV Instruments, Helsinki, Finland) on 

clean PTFE substrates ranged from 111.9 ± 4.2 (n = 15).   The assembly conditions of 

PEMs such as the number of bilayers (BLs, 7.5 – 20) and the deposition time (20 to 40 

minutes) were varied to optimize detachability. Between the deposition of each PE layer, 

the PEMs were rinsed in 18 MΩ cm water maintained at a pH of 4.5 for 4 minutes.  The 

PEMs were crosslinked with glutaraldehyde (8% w/v), air-dried and subsequently tested 

for detachability.  Prior to cell-culture, the PEMs were sterilized under a germicidal UV 
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source up to 1h. The stability of PEMs in aqueous solutions was determined by placing 

PEMs in 1X PBS and monitoring the change in mass over a ten day period. 

 

4.2.3 Profilometry and Optical Properties 
A Veeco Dektak 150 (Bruker AXS, Tucson, AZ) profiler was used to determine the dry 

and hydrated thickness of free-standing PEMs.  The scan length was maintained at 1000 

μm.  Thickness values reported were measured at three different locations per sample 

over three different samples.  The transmission of light in the 400 to 900 nm range was 

measured using a UV/vis spectrophotometer (Perkin-Elmer Lambda 25, Downers Grove, 

IL) for dry and hydrated PEMs.    Hydrated measurements were performed on PEMs 

maintained in PBS for 24 h prior to the measurement, excess water wicked away and 

measurements performed within 5 min to prevent dehydration. 

 

4.2.4 AFM Measurements on Surface Topography and Young’s Modulus 

The surface topography of detachable HA/chitosan PEMs was measured through atomic 

force microscopy (AFM; Bruker ACS, Santa Barbara, CA).  The measurements were 

conducted using a conical silicon nitride DNP tip with a spring constant of 0.06 N/m 

(Veeco, Santa Barbara, CA) in contact mode at a scanning rate of 1 Hz and the surface 

roughness was analyzed using NanoscopeTM software (Bruker AXS). 

 

The Young’s modulus of dried PEMs was obtained in contact mode using a pyramidal-

tipped silicon nitride cantilever blunted with a half open angle of 36° with a spring 

constant of 0.24 N/m (Bruker AXS). Force curves were obtained at a scan rate of 2 Hz.  

A Hertz cone model was used to calculate the elastic modulus for indentations up to 5% 

of the overall PEM thickness.  The force applied, F, during indentation was calculated 

using Hooke’s Law (eq. 1). 

𝐹 = 𝑘(𝑑 − 𝑑!) (eq. 1) 

where k is the spring constant of the cantilever, d is the deflection of the cantilever, and d0 

is the deflection point during contact.  The force applied can be related to the Young’s 

modulus of the indented material through the Hertz model (eq. 2). 

𝐹 =    ! !"#!
!

!
!!!!

𝛿! (eq. 2) 
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The force was correlated to the Young’s modulus using the Hertz model (eq 2), where α 

is the half open angle of the tip = 36°, E is the Young’s modulus of the material, ν is the 

Poisson’s ratio (maintained at 0.35) (210), and δ is the indentation. PEMs were dried up 

to 48h at 50oC and rehydrated with PBS to obtain measurements under dry and hydrated 

conditions respectively.  

 

4.2.5 Isolation and Culture of Heps and LSECs and KCs 
Primary hepatocytes were isolated from female Lewis rats (Harlan, Dublin, VA, 

weighing 175-199g) utilizing a two-step in situ collagenase perfusion method (16, 17, 70-

72, 147).  Animal care and surgical procedures were conducted in accordance with 

Virginia Tech’s Institutional Animal Care and Use Committee.  Liver perfusion and 

surgical excision were conducted as per previously reported methods (70-72, 147).    

Hepatocytes were separated from other hepatic cell types using a Percoll density 

centrifugation technique and their viability was determined using trypan blue exclusion 

(typical viability 90-95%, yield 150-200 x 106 cells).   

 

LSECs were separated from other non-parenchymal hepatic cells using differential 

adhesion and were subsequently cultured on human plasma fibronectin coated flasks (71). 

Cryopreserved primary rat KCs (Invitrogen Life Technologies) were maintained in 

DMEM supplemented with 10% (v/v) heat-inactivated fetal bovine serum, 100 U/mL 

penicillin, 100 μg/mL streptomycin, 10 μg/mL insulin, and 100 μM β-mercaptoethanol. 

 

4.2.6 Assembly of Multi-cellular Hepatic Cultures 

Hepatocytes were initially cultured as monolayers up to 72 h (70, 71).  For 2D multi-

cellular cultures, LSECs, KCs or both were seeded thereafter. For the 3D liver models, 

UV-sterilized detachable PEMs (12.5 or 15 BL) were placed above the layer of 

hepatocytes.  The PEMs were hydrated in the presence of hepatocyte culture medium for 

1h. Thereafter, either 12,500 (denoted as 12.5K) or 25, 000 (denoted as 25K) LSECs 

were seeded on the PEM.  In cultures containing KCs, initially 50,000 cells were seeded 

on the PEM or to the 2D culture to obtain an initial ratio of 10:1 hepatocytes:KCs to 

emulate healthy livers (34).  All multi-cellular cultures (2D and 3D) were subsequently 
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maintained in hepatocyte culture medium.  Hepatocyte cultures containing more than one 

cell type are noted as H/XBL/Y/Z where H denotes hepatocytes, X denotes the number 

of bilayers in the PEM (12.5 or 15 BL), Y is the number of LSECs, and Z is the number 

of KCs.  For example a 2D co-culture of hepatocytes and LSECs is denoted by 

H/0BL/25K/0K. A 3D culture containing only hepatocytes and LSECs is denoted as 

H/12.5BL/25K/0K and H/12.5BL/25K/50K upon the addition of KCs. 

 

4.2.7 Urea Production and Albumin Secretion 

Urea concentration was measured by a colorimetric reaction with diacetyl monoxime 

using a commercially available BUN assay kit (Stanbio Laboratory, Boerne, TX)(70-72).  

Albumin concentration was measured using an enzyme-linked immunosorbent assay 

(ELISA), utilizing a polyclonal antibody to rat albumin (Cappel Laboratories, Aurora, 

OH).  The sample absorbance was measured on a SpectraMax M2 plate reader 

(Molecular Devices, Sunnyvale, CA).  The data were normalized to the DNA content of 

hepatocytes. 

 

4.2.8 Measurement of DNA Content 

Hepatocytes were lysed in a 0.1% SDS solution and the lysates were treated with a 

fluorescent DNA-binding dye (Hoechst 33258, pentahydrate-bis-benzimide, Sigma 

Aldrich).  Fluorescence intensity was measured using a SpectraMax M2 plate reader 

(excitation and emission wavelengths were set to 355 nm and 460 nm, respectively).  

Absorbance was converted to DNA concentration by comparison to a standard curve for 

calf thymus DNA. 

 

4.2.9 CYP1A1 Enzyme Activity 

CYP 1A1/2 dependent exthoxyresorufin o-dealkylase (EROD) activity was induced by 

the addition of 3-methylcholanthrene (3-MC, 2μM) to cultures 48h before taking 

measurements.  Cultures were incubated with a mixture of ethoxyresorufin (5μM) and 

dicumarol (80μM) diluted in Earle’s Balanced Salt Solution (EBSS)(70-72).  Aliquots 

were transferred at 5, 15, 25, and 35 minutes to a 96-well plate and fluorescence intensity 

was measured using a SpectraMax M2 plate reader (excitation and emission wavelengths 
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were set to 530 nm and 580 nm, respectively).  Fluorescence intensity was converted to 

resorufin concentration using a standard curve.  The rate of resorufin formation in 

nM/min was calculated from the early linear increase in the fluorescence intensity, 

normalized to hepatocyte DNA, and taken as the CYP1A1 enzyme activity. The day 12 

enzyme activity values were divided by the day 4 activity values to obtain values of fold 

change. 

 

4.2.10 Imaging LSECs, KCs and Hepatic Stellate Cells 

Hepatic cultures containing LSECs and KCs were fixed in glutaraldehyde/PBS (2% (v/v) 

for 30 min at room temperature, exposed to 0.1% Triton X-100, and placed in a 1% (w/v) 

BSA/PBS blocking solution overnight at 4°C.  First, the cultures were exposed to the 

mouse anti-rat primary SE-1 antibody (ImmunoBiological Laboratories, Minneapolis, 

MN) and the incubated with a TRITC-conjugated secondary rabbit anti-mouse IgG 

antibody (Sigma-Aldrich).  Thereafter, the cultures were incubated with a mouse anti-rat 

ED-2 FITC-conjugated antibody to identify KCs.  The presence of hepatic stellate cells 

was verified by the incorporation of Oil Red O (0.2%, Sigma-Aldrich).  Imaging was 

conducted on a Zeiss LSM confocal microscope. 

 

4.2.11 Separation of Hepatic Cells in 2D and 3D Cultures 

Multi-cellular hepatic cultures (2D and 3D) were exposed to SE-1 and ED-2 antibody 

conjugated Dynabeads® (CELLectionTM Pan Mouse IgG Kit; Invitrogen Life 

Technologies).  Briefly, cell suspensions were incubated with SE-1 and/or ED-2 

conjugated Dynabeads® for 20 min at 4°C (228). LSECs and KCs were collected using a 

magnet (DynaMagTM; Invitrogen Life Technologies) and the supernatant contained the 

hepatocyte-enriched fraction. 

 

4.2.12 Western Immunoblotting of T-cadherin (Cdh13) 

The hepatocyte fraction from the HM, CS, H/12.5BL/25K/0K and H/12.5BL/25K/50K 

cultures were lysed in a buffer solution that contained the following: 0.1% Triton-X 100, 

0.01% SDS, 0.02% sodium vanadate (Sigma), and 0.02% sodium azide (Sigma) along 

with the a protease inhibitor cocktail (Sigma) containing the following: aprotinin (40 
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nM), bestatin (2 μM), E-64 (0.7 μM), leupeptin (1 μM), pepstatin A (0.75 μM), and 4-(2-

aminoethyl) benzenesulfonyl fluoride hydrochloride (52 μM).  Total protein in each 

sample was measured using a BCA protein assay (Thermo Scientific).  The volume of 

each sample was normalized to contain 10 μg of protein total across all samples.  Proteins 

were separated using a 10% Tris-glycine gel (Invitrogen) and then transferred to a 

polyvinylidene difluoride (PVDF) membrane (Invitrogen) at 100 mA.  After transfer, the 

membranes were blocked in a solution containing 0.05% Triton X-100, 0.02% SDS, and 

2% bovine serum albumin (BSA) in Tris-buffered saline (TBS) for 24 h.  Cdh13 was 

detected by exposing the membrane to the primary antibody for Cdh13 (rabbit polyclonal 

anti-T-cadherin; Santa Cruz Biotechnology, Santa Cruz, CA) and subsequent exposure to 

a secondary horseradish peroxidase (HRP)-conjugated antibody (anti-rabbit IgG; Bio-

Rad, Hercules, CA).  The Cdh13 protein was detected by developing the membrane using 

a chemiluminscent HRP substrate (Immun-StarTM WesternCTM, Bio-Rad). The membrane 

was scanned using the ChemidocTM XRS+ system (Bio-Rad and analyzed using Image 

LabTM software (Bio-Rad). 

 

4.2.13 Statistical Analysis 

The urea and albumin assays are non-destructive. Therefore, measurements could be 

taken from the same sample on day 4 and on day 12, enabling the computation of the fold 

change for each sample. Since assays were done in triplicate, three fold change values 

were available for both the urea and albumin assays, allowing the use of the t-test to 

compare any pair of culture conditions. Since the CYP1A1 assay is destructive, 

measurements were taken from different samples on day 4 and on day 12.  For each 

culture system, the average of the three measurements on day 12 were compared to those 

obtained on day 4 to compute the fold change, with the t-test used to compute the 

significance of the fold change. Different culture conditions were contrasted by 

qualitative comparison of the resulting p-values. Bonferroni’s correction was applied to 

adjust for multiple hypotheses testing. 
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4.2.14 Total RNA Extraction  

Total RNA was extracted from hepatocytes using an RNeasy mini kit (QIAGEN, 

Valencia, CA).  Samples in triplicate were labeled according to the Affymetrix Standard 

Target labeling process, hybridized to the GeneChip Rat Genome 230 2.0 (Affymetrix, 

Santa Clara, CA), and scanned as recommended by the manufacturer.  Complementary 

RNA (cRNA) synthesis, hybridization, and GeneChip scanning were performed at the 

Virginia Bioinformatics Institute Core Laboratory facility (147). 

 

4.2.15 Gene Expression Analysis 

Gene expression data were obtained and analyzed for HM, CS, H/0BL/25K/0K,  

H/0BL/25K/50K, H/12.5BL/25K/0K,  and H/12.5BL/25K/50K on day 12.  For each 

sample, three replicates were analyzed.  All samples passed the quality controls imposed 

by the Simpleaffy package (229). The samples were normalized using the GeneChip 

RMA (GCRMA) method (230).  

 

4.2.16 Computing Enriched Functions 

For each of the contrasts functional enrichment was performed on the normalized data 

using the Gene Set Enrichment Analysis (GSEA) package (231, 232). GSEA computed 

the differential expression of each gene in each contrast using the signal-to-noise ratio. 

GSEA uses the gene sets from the Molecular Signature Database (MSigDB) v 3.0. 

MSigDB gene sets are divided into different categories. To enable the detection of 

perturbed biological processes and pathways, C2:CP and C5 gene sets were included in 

the analysis. The C2:CP collection contained pathways taken from databases such as 

Biocarta, KEGG, and Reactome, publications in PubMed, and knowledge of experts from 

the domain. C5 gene sets corresponded to annotations to Gene Ontology (GO) terms 

(233). Gene sets from NetPath (234), a curated resource for signal transduction pathways 

were also included. For each pathway, NetPath provides three gene sets: (i) the genes in 

the pathway, (ii) the genes transcriptionally up-regulated by the pathway, and (iii) the 

gene transcriptionally down-regulated by the pathway. Taken together, 75 gene sets were 

used.   To obtain the null distribution of p-values, GSEA permuted gene sets 5000 times. 

GSEA estimated the false discovery rate (q-value) using the method of Benjamin and 
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Hochberg (235). Gene sets with FDR q-value < 0.05 were considered to be significant. 

For each enriched gene set, GSEA also listed the leading edge, which was the subset of 

the genes in that set that contributed to the enrichment of the gene set.  The most highly 

up-regulated or the most highly down-regulated genes in the set comprise the leading 

edge. Genes participating in leading edges and their relevance to hepatocytes and the 

liver, as evidenced by the literature, have been discussed in the results. 

 

Some of the enriched gene sets identified by GSEA were themselves very broad, e.g., 

they contained genes from numerous processes or pathways. The leading edges of such 

gene sets were further analyzed using FuncAssociate (236), a functional enrichment tool, 

that given a set of genes, uses the Fisher’s Exact Test to identify GO terms that are 

enriched among these genes. FuncAssociate uses empirical resampling to correct for 

multiple hypotheses testing. 

 

Since multiple sources of gene sets were included in the analysis and due to the 

hierarchical structure of GO, some of the gene sets reported by GSEA and FuncAssociate 

as being enriched were very similar in terms of their gene content. Enriched gene sets 

were selected for further evaluation and discussion after manual examination.  
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4.3 RESULTS 

 

4.3.1 Assembly of Detachable, Nanoscale PEMs 

PEMs comprised of HA and chitosan were assembled on chemically inert, hydrophobic 

PTFE substrates.  Anionic HA was initially deposited on PTFE followed by chitosan.  

The successful detachment of the PEM was facilitated by the weak interactions between 

the initial PE layers and the underlying hydrophobic substrate (83, 202).  The 

detachability and the robustness of the final PEMs were tested as a function of the 

number of BLs, PE concentration, and adsorption time.  The assembly of detachable HA-

chitosan PEMs whose thickness ranged between 3.5 to 8 μm has been previously 

reported(83).  However, the use of thick PEMS would prevent emulating in vivo hepatic 

structure.  Therefore, in order to obtain PEMs whose thickness would mimic that of the 

Space of Disse (0.5-1 µm) the number of BLs was decreased while increasing the 

solution concentration and deposition times (Table 4.1).  Using this approach, 400-600 

nm thick PEMs were obtained.  The thinnest robust, free-standing PEMs were obtained at 

12.5 and 15 bilayers with 40 min PE deposition times and 5 mM PE concentrations.  The 

corresponding thickness for dry 12.5 and 15 BL PEMs was 400 ± 29.7 nm (n = 6) and 

654 ± 17.5 nm (n = 6), respectively (Table 4.2).  Both 12.5 and 15 BL detachable, free-

standing HA/chitosan PEMs were robust, and could be manipulated for further 

experimentation (Figure 4.1A). 

 

Table 4.1. Deposition conditions to assemble detachable HA/chitosan PEMs 

Number of 
BLs Deposition Time (min) [PE] (mM) Detachability 

10 20 1 Not detachable 
10 40 1 Not detachable 
10 60 1 Not detachable 
10 80 1 Not detachable 
10 40 5 Detachable, fragile 

12.5 40 5 Detachable,  
15 40 1 Not detachable 
15 40 5 Detachable 
20 40 5 Detachable 
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Table 4.2. Thickness and Young’s modulus values measured for dry and hydrated free-
standing HA/chitosan PEMs. 

 
 12.5 BL PEM 15 BL PEM 

Thickness (n = 6)   
Dry 400 ± 30 nm 751 ± 29 nm 

Hydrated 654 ± 18 nm 1023 ± 46 nm 
Young’s Modulus (n = 3)   

Dry - Unmodified 52.16 ± 14.31 MPa 49.01 ± 16.67 MPa 
Dry - Crosslinked 98.79 ± 19.35 MPa 93.02 ± 17.65 MPa 

Hydrated - Unmodified - - 
Hydrated - Crosslinked 41.79 ± 3.65 kPa 38.15 ± 2.62 kPa 

 

	  
	  

Figure 4.1. (A) Detachable 12.5 BL HA/chitosan PEM, (B) representative AFM 
micrograph of a crosslinked 12.5 BL HA/chitosan PEM, and (C) transmission of 

visible light through dry 12.5 (red) and 15 bilayer PEMs (green) and hydrated 12.5 
(orange) and 15 bilayer PEMs (blue). Scale bar = 0.5 μm. Z axis scale bar = 30 nm. 

 

Due to the ionic nature of PEMs, they dissolved within 5 min when exposed to aqueous 

solutions.  To increase their stability in aqueous solutions and to make them compatible 

with cell-culture, the PEMs were briefly cross-linked with 8% w/v GA (124, 208).  The 

PEMs were washed repeatedly and no cytotoxicity (83) nor changes in hepatic function 
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were observed as a result of this cross-linking chemistry.  Upon cross-linking the 

retention in mass was greater than 85%.  In the present study the surface roughness did 

not vary significantly.  The surfaces were found to be essentially smooth for both 

unmodified and crosslinked 12.5 and 15 BL PEMs. The average surface roughness for 

unmodified and cross-linked 12.5BL PEMs ranged from 7.9 ± 1.2 nm (n = 3), to 9.2 ± 1.4 

nm (n = 3), and 7.2 ± 0.9 and 8.8 ±1.5 nm (n = 3), for 15BL PEMs (Figure 4.1B).  Under 

hydrated conditions, cross-linked 12.5 and 15 BL PEMs exhibited thicknesses of 751 ± 

29 nm (n = 6) and 1023 ± 46 nm (n= 6), respectively.  The thickness of the PEMs 

increased approximately two-fold under hydration (83) resulting in a polymeric interface 

whose height was virtually identical  to that of the Space of Disse (2, 9, 225).   

 

An important design criterion was to ensure the transparency of the polymeric Space of 

Disse.  This was critical in order to visually inspect and image layers of hepatic cells 

above and below the PEM.  The transmission of visible light was approximately 85% for 

dried PEMs but under hydrated conditions, the PEMs were virtually transparent with 

transmission values greater than 99% (Figure 1C).  Another critical parameter was 

tuning the mechanical properties of the PEM to match those reported for bulk liver (152, 

153).  The modulus of bulk liver has been shown to lie in the 40 to 200 kPa range (152, 

153).  The Young’s modulus of dry and hydrated PEMs was measured using an AFM in 

force-distance mode (Table 4.2).  For unmodified dry 12.5 and 15 BL PEMs, the 

Young’s modulus ranged between 52.16 ± 14.31 to 49.01 ± 16.67 MPa respectively.  

Upon crosslinking, the Young’s modulus of dry PEMs increased approximately 2-fold to 

98.79 ± 19.35 MPa and 93.02 ± 17.65 MPa for 12.5 and 15 bilayer HA/chitosan PEMs, 

respectively.  Upon hydration the modulus decreased to 41.79 ± 3.65 kPa (12.5 BL) and 

38.15 ± 2.62 kPa (15 BL), resulting in PEMs whose mechanical properties matched those 

of liver tissue.  The Young’s modulus of a hydrated collagen gel was also measured (as a 

comparison between liver models and CS cultures) and was found to be 94.42 ± 1.54 kPa. 

 

4.3.2 Assembly of 2D and 3D Multicellular Cultures 

Urea production and albumin secretion were measured over a 12-day culture period to 

determine the optimal cell numbers (2D and 3D cultures) as well as the number of BLs 
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(3D cultures). Initial results indicated that 12.5 BL PEMs performed better than 15 

bilayer PEMs with respect to urea production and albumin secretion (Figure 4.2A and 
B).  Additionally, H/12.5BL/25K/0K performed better than H/12.5BL/12.5K/0K and 

H/12.5BL/50K/0K (Figure 4.2A and B).  Therefore, subsequent investigations were 

focused upon cultures that contained 500,000 hepatocytes, 25K LSECs, 50K KCs and 

12.5 BL HA/chitosan PEMs.   
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(A) 

 
(B) 

 
Figure 4.2. Fold change in urea production (A) and albumin secretion (B) between 

days 4 and 12 for cultures HM, CS, H/12.5BL/0K/0K, H/12.5BL/12.5K/0K, 
H/12.5BL/25K/0K, H/15BL/0K/0K, H/15BL/12.5K/0K, and H/12.5BL/25K/0K. 

 

4.3.3 Assessing the Phenotype of Hepatic Cells 

Immunostaining was used to monitor the maintenance of phenotype for LSECs and KCs 

on days 4 and 12 in all cultures. The phenotype of LSECs was validated through the 
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binding of SE-1 antibody to the cell surface marker CD32b (28, 29).  For KCs, the ED-2 

antibody that binds to the cell surface marker CD163 was used as a marker (237, 238).   

HM and CS cultures did not exhibit fluorescence indicating the absence of LSECs and 

KCs on days 4 and 12 (Figure 4.3).  Monolayers of LSECs exhibited weak fluorescence 

only on day 4 and none on day 12 (Figure 4.4A and B) matching previous reports (71, 

174).  A similar trend was observed in 2D co-cultures of hepatocytes with LSECs 

(H/0BL/25K/0K) (Figure 4.4E and F).  In contrast, LSECs in the 3D cultures 

(H/12.5BL/25K/0K and H/12.5BL/25K/50K), not only maintained SE-1 expression over 

the 12 day culture period but also exhibited significant proliferation (Figure 4.4I and J, 
Figure 4.4K and L).  KCs exhibited CD163 cell surface markers in 2D (Figure 4.4G 

and H) and 3D (Figure 4.4K and L) multi-cellular cultures over the 12 day period, 

although, their rates of proliferation varied significantly.  

 

	  
	  

Figure 4.3. Immunofluorescence to assess the phenotype of LSECs (red) and KCs 
(green).  Merged fluorescence images obtained on day 4 in cultures (A) HM, (C) CS, 
(E) H/0BL/0K/50K, (G) H/12.5BL/0K/50K.  Merged fluorescence images obtained on 
day 12 in cultures (B) HM, (D) CS, (F) H/0BL/0K/50K, (H) and H/12.5BL/0K/50K.  

Scale bar =50 µm. 
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Figure 4.4.  Immunofluorescence to assess the phenotype of LSECs (red) and KCs 
(green).  Merged fluorescence images obtained on day 4 in cultures (2A) LSEC 

monolayer, (2C) KC monolayer, (2E) H/0BL/25K/0K, (2G) H/0BL/25K/50K, (2I) 
H/12.5BL/25K/0K, (2K) and H/12.5BL/25K/50K. Merged fluorescence images obtained 
on day 12 in cultures (2B) LSEC monolayer, (2D) KC monolayer, (2F) H/0BL/25K/0K, 
(2H) H/0BL/25K/50K, (2J) H/12.5BL/25K/0K, (2L) and H/12.5BL/25K/50K. Scale bar 

= 50 µm. 
 

4.3.4 Investigating the Mode of Inter-cellular Signaling 

The potential migration of LSECs and KCs through the PEM into the hepatocyte layer 

was measured to determine if hepatic cells were communicating via direct contact or 

through soluble signals.  On day 12, the PEM was removed and the number of LSECs 

and KCs were counted by immunofluorescence imaging of Cd32b (LSECs) and ED-1 

(KCs).  Fluorescent imaging revealed <1% of LSECs or KCs in the layer of hepatocytes 

(Table 4.3). These data demonstrate that the PEM serves as a barrier and signaling 

through soluble molecules is dominant in this model.  Although hepatic stellate cells were 

not included in this model, their number in the hepatocyte layer was counted since they 

could be present in small numbers in the non-parenchymal fraction.  Based upon Oil Red 
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O staining, stellate cells accounted for 0.59 – 0.64% in H/12.5BL/25K/0K and 

H/12.5BL/25K/50K cultures.   

 

Table 4.3. Percent of contaminating LSECs, KCs, and HSCs in the hepatocyte layer of 
the three-dimensional multicellular cultures (n > 14 images per culture). 

 

 
LSEC KC HSC 

H/12.5BL/25K/0K 0.62% - 0.59% 
H/12.5BL/25K/50K 0.67% 0.56% 0.64% 

 

4.3.5 Measuring Hepatic Functions 

Urea production, albumin secretion and CYP1A1 activity were investigated to determine 

changes in hepatic function between 2D and 3D cultures. Overall, urea production 

remained stable in all cultures over the culture period (Figure 4.5 A).  Albumin secretion 

remained stable in HMs and increased approximately two-fold in CS cultures (Figure 4.5 

B).  All three 3D liver models exhibited higher albumin secretion in comparison to 2D 

cultures.  Albumin secretion increased 3.1 and 3.5-fold in H/12.BL/25K/0K and 

H/12.5BL/25K/50K, cultures respectively. 
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(A) 

 
(B) 
 

	  
Figure 4.5. Fold change in urea production (A) and albumin secretion (B) between 

days 4 and 12 of culture for HM, CS, H/0BL/25K/0K, H/0BL/25K/50K, 
H/12.5BL/25K/0K, and H/12.5BL/25K/50K (n = 3). 

 

The detoxification capability, such as the metabolism of toxins, is an important hepatic 

function (171, 177, 239).  Cytochrome P450 1A1 is a hepatic enzyme responsible for the 

metabolism of several common toxicants (177).  For HM and CS cultures, CYP1A1 

isoenzyme activity increased 1.9 and 3.2 fold respectively from day 4 to day 12 (Figure 
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4.6).   In the 3D cultures, CYP1A1 isoenzyme activity was similar to trends reported in 

vivo.  For example, when in 3D cultures of hepatocytes and LSECs (H/12.5BL/25K/0K) 

the isoenzyme activity increased approximately 15.4-fold.  However, when both LSECs 

and KCs (H/12.5BL/25K/50K) were present, the activity decreased to approximately 

6.5-fold.   This decrease was attributed to the secretion of the cytokine IL-6 by KCs since 

this cytokine has been shown to down regulate CYP function (34, 240). 

	  
	  

Figure 4.6. Fold change in CYP1A1 isoenzyme activity between days 4 and 12 of 
culture for HM, CS, H/0BL/25K/0K, H/0BL/25K/50K, H/12.5BL/25K/0K, and 

H/12.5BL/25K/50K (n = 3). 
 

The increase in CYP1A1 activity from day 4 to 12 was significant in the 

H/12.5BL/25K/0K and H/12.5BL/25K/50K cultures with p-values of 0.02 and 0.001, 

respectively. 

 

4.3.6 Proliferation of Hepatic Cells and Maintenance of In Vivo Cellular Ratios 

Significant differences were observed between 2D and 3D systems when the numbers of 

each hepatic cell type were counted over a period of 16 days.  2D co-cultures 

(H/0BL/25K/0K and H/0BL/25K/50K) exhibited hepatocyte death, in contrast, the 3D 
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hepatocytes.  By day 12 in the 2D co-cultures, the hepatocytes decreased by 14-16% and 

cells continued to die up to day 16 (Table 4.4A).   A decrease in the number of 

hepatocytes was also observed in HM (~27%) and CS (~5%) cultures.    

H/12.5BL/25K/0K and H/12.5BL/25K/50K cultures exhibited up to a 60% increase by 

day 16.  These trends suggest that intercellular signaling mediated by soluble factors in 

the 3D models rather than direct cell-cell contact (2D co-cultures) was critical in inducing 

hepatocyte proliferation.  Another interesting trend was that proliferation of all three cell 

types while maintaining phenotype was only observed in the 3D liver models (Table 

4.4B).  In H/12.5BL/25K/0K and H/12.5BL/25K/50K cultures, the ratio of 

hepatocytes/LSECs was 6.6 and 6.7 on day 16, the in vivo ratio is estimated to be 6:1 

(241).  In the 2D models, this ratio ranged between 4.3 and 5.1. Although, this indicates 

that endothelial cells are proliferating in the 2D models, by day 12, these cells no longer 

exhibited CD32b, suggesting that their phenotype is altered.  The in vivo ratio of 

hepatocytes:KCs is estimated to be 11:1 for a healthy liver (241).  In H/0BL/25K/50K 

and H/12.5BL/25K/50K cellular models, this ratio was found to be 12.8 and 11.1 

respectively.  However, by day 16, the number of KCs in the H/0BL/25K/50K had 

increased relative to hepatocytes (7.9:1) suggesting that the culture was progressing 

towards inflammation.  The ratio of hepatocytes:KCs in an inflamed liver is reported to 

be 4: 1 (34).  In contrast, this ratio was 12.4 in H/12.5BL/25K/50K cultures indicative of 

a healthy hepatic cellular composition. 
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Table 4.4. Percent change in (A) hepatocytes present in the cultures between days 4 
and 12 and days 4 and 16. (B) Ratio of hepatocytes to non-parenchymal cells on days 4 

and 16. 
(A) 

Culture % Change, Day 4 to 12 % Change, Day 4 to 16 
HM - -29.7 
CS - -4.6 

H/0BL/25K/0K -9.5 -21.0 
H/0BL/0K/50K - -20.0 
H/0BL/25K/50K -16.7 -23.6 

H/12.5BL/25K/0K 29.7 20.1 
H/12.5BL/0K/50K - 34.8 
H/12.5BL/25K/50K 49.4 60.6 

 
(B) 

Culture Hepatocytes:LSECs 

Day 4 

Hepatocytes:LSECs 

Day 16 

H/0BL/25K/0K 33.4 5.1 
H/0BL/25K/50K 36.5 4.3 

H/12.5BL/25K/0K 28 6.6 
H/12.5BL/25K/50K 25 6.7 

 

Hepatocytes:KCs 
Day 4 

Hepatocytes:KCs 
Day 16 

H/0BL/25K/50K 12.8 7.9 
H/12.5BL/25K/50K 11.1 12.4 

  
4.3.7 Transcriptional Signatures Corresponding to Hepatocyte Proliferation and 

Phenotype in H/12.5BL/25K/50K Liver Mimics 

Enhanced hepatocyte proliferation in H/12.BL/25K/0K and H/12.5BL/25K/50K may 

result from the response of hepatocytes to exocrine signals secreted by the other cell 

types. To improve our understanding of these phenomena, genome-wide gene expression 

data were collected in hepatocytes using DNA microarrays on day 12 in each of culture 

systems. The discussion below focuses on the comparison of H/12.5BL/25K/50K to 

H/12.5BL/25K/0K using GSEA (232) to detect biological pathways, physiological 

processes, and Gene Ontology (GO) terms that were enriched at the 0.05 significance 

level in the list of genes differentially expressed in this contrast (Figure 4.7).  
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Figure 4.7. The top table depicts the color legend for up-regulated and down-regulated 

gene sets and their respective q-value. The bottom table shows the top 30 significant 
gene sets in H/12.5BL/25K/0K to H/12.5BL/25K/0K contrast on day 12. 

 

4.3.8 Hepatocytes Express Extracellular Matrix Genes 

The gene set “Proteinaceous extracellular matrix” (GO:0005578) was highly up-regulated 

(p-value 0, rank 1). This matrix is a layer composed primarily of proteins such as 

collagen and proteoglycans that forms a sheet covering cells. The proteins in the matrix 

are themselves secreted by nearby cells. Hepatocytes are known to synthesize many 

extracellular matrix (ECM) proteins (242). Leading edge genes annotated to this GO term 

“proteinaceous extracellular matrix” include over seven types of collagen, nidogen 2 
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(NID2), laminins, lumican (LUM), transforming growth factor beta 1 (TGF-β1), and 

members of the fibulin family including Fibulins 2 and 5. Nid2 is a member of the 

nidogen family of proteins; it binds collagens I and IV and laminin and may be involved 

in maintaining the structure of the basement membrane.  

 

The Reactome pathway “NCAM1 interactions” (p-value 1.7 x 10-3, rank 27) was also up-

regulated. The neural cell adhesion molecule, NCAM1 is a surface glycoprotein 

belonging to the immunoglobulin super family (243). It performs various functions, 

including mediating cell adhesion and signal transduction (244). CD56, an isoform of 

NCAM, stains bile ducts in regeneration (245) and in liver development (246, 247). It has 

been suggested that CD56 might have a function in the normal development of 

intrahepatic bile ducts, probably by regulating cell–cell and cell–matrix interactions. 

NCAM1 is itself not highly up-regulated in the comparison between H/12.5BL/25K/50K 

and H/12.5BL/25K/0K. However, the leading edge of the “NCAM1 interactions” 

pathway is made up of several types of collagens, several of which are also members of 

the leading edge of “Proteinaceous extracellular matrix” gene set. 

 

4.3.9 Hepatocytes Express Genes Involved in Cell Migration 

The gene set corresponding to the GO term “Cell migration” (GO:0016477, p-value 6.8 x 

10-4, rank 22) is highly up-regulated in hepatocytes in H/12.5BL/25K/50K. Of particular 

interest in this leading edge is the gene cadherin 13 (Cdh13, also known as T-cadherin). 

The cadherin family comprises a large number of cell adhesion molecules. It is known 

that co-cultivation of primary rat hepatocytes with Chinese hamster ovary cells 

engineered to express Cdh13 induced hepatocellular function (248). Our results suggest 

that hepatocytes in H/12.5BL/25K/50K themselves express Cdh13, thereby promoting 

hepatic phenotype in a paracrine manner. However, Cdh13 is not known to be expressed 

in normal liver simples (249) or in freshly isolated hepatocytes (248), although it is 

expressed in vivo in hepatocellular carcinomas (249) and in vitro after stimulation with 

soluble factors such as FGF-2 (248). It is possible that unknown factors induce the 

expression of Cdh13 in hepatocytes in H/12.5BL/25K/50K over the culture period. In 

fact, the mechanisms underlying transcriptional control of Cdh13 are poorly understood 
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(250).  Western immunoblotting using Cdh13 antibody verified the presence of the pre-

protein with a corresponding molecular weight of 130 kDa in the H/12.5BL/25K/50K on 

day 12 (Figure 4.8). 

 
Figure 4.8. Western immunoblot of Cdh13. Lane 1: molecular weight marker with 

range 250 to 25 kDa, Lane 2: HM, Lane 3: CS, Lane 4: H/12.5BL/25K/0K, and Lane 
5: H/12.5BL/25K/50K. 

 

4.3.10 Hepatocytes Express Several Genes in the Cytochrome P450 Family 

The Reactome pathway for Phase 1 functionalization of compounds is enriched with p-

value 2.7 x 10-4 and rank 15. Functionalization, the first phase of metabolism, introduces 

or exposes functional groups on a toxin, which subsequently react with phase 2 species to 

complete the metabolic process. The leading edge of this gene set contains several 

members of the cytochrome P450 family including CYP1A2, CYP1B1, CYP2E1, 

CYP8B1, and CYP26B1.  The leading edge also includes the genes flavin containing 

monooxygenase 2 (FMO2), alcohol dehydrogenase 7 (ADH7), monoamine oxidase A 

(MAOA), and synthases of prostaglandin-endoperoxide (PTGS1) and I2 (PTGIS).  
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4.4 DISCUSSION AND CONCLUSIONS 

 

The hepatic microenvironment is a complex structure comprised of multiple cell types 

and well-defined cellular ratios.  Although some liver functions can be elicited by CS and 

co-cultures, these systems either lack non-parenchymal cells or do not maintain 

physiological cellular ratios.  To the best of our knowledge, we are not aware of any liver 

model that mimics the Space of Disse, incorporates more than two hepatic cell types, and 

simultaneously maintains their phenotypes and cellular ratios.   In this study, detachable 

PEMs whose properties were tuned to those of the Space of Disse played an important 

role in maintaining a physical barrier between hepatic parenchymal and non-parenchymal 

cells while promoting cellular interactions via soluble molecules. In addition to 

maintaining cellular function, proliferation of hepatocytes while maintaining cell ratios 

found in vivo was observed only in 3D cultures containing hepatocytes, LSECs and KCs. 

 

The intricate patterns of inter-cellular signaling in the liver arising due to the spatial 

arrangement of hepatic cells cannot be recapitulated by monolayers or co-cultures.  The 

analysis of DNA microarray data suggested that inter-cellular signaling was responsible 

for several key observations in the present study.  For example, the Netpath gene set was 

notable: “Netpath IL4 up” (rank 12, p-value 2×10-4). The genes in “Netpath IL4 up” are 

transcriptionally up-regulated when the IL4 pathway is stimulated. The up-regulation of 

this gene set indirectly suggests that the IL4 pathway is active in hepatocytes in 

H/12.5BL/25K/50K but not in H/12.5BL/25K/0K cultures. Note that the “Netpath IL4” 

gene set itself is not considered to be enriched by GSEA (p-value 1), perhaps because 

proteins in the IL4 pathway may not be differentially expressed when the IL4 pathway is 

stimulated.  Analysis using FuncAssociate revealed that the genes in the leading edge of 

“Netpath IL4 up” were themselves enriched in the closely related GO terms “positive 

regulation of endothelial cell proliferation” (BMP2, BMP4, CCL2, F3, WNT5A) and 

“positive regulation of cell proliferation” (BMP2, BMP4, CCL2, F3, ID3, LIFR, RIPK2, 

TLR4, WNT5A). Hepatocytes have shown to express wingless-type MMTV integration 

site family, member 5A (WNT5A) in mice (251), and Bone morphogenetic proteins 2 

and 4 (BMP2 and BMP4) in human liver and hepatoma-derived Hep3B cells (252). 
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Although no previous studies implicate these proteins in the proliferation of LSECs, each 

of these proteins is known to promote the proliferation of other endothelial cell types 

(253), (254), (255). These data suggest that an intricate signaling pathway involving all 

three cell types may be activated in H/12.5BL/25K/50K cultures. KCs may also initiate 

this pathway by secreting IL4, causing the activation of the IL4 pathway in hepatocytes, 

up-regulating the expression of numerous genes, including those whose protein products 

may cause the proliferation of LSECs. Although LSECs proliferate in all cultures, only 

the transcriptional data in H/12.5BL/25K/50K cultures indicate that other hepatic cell 

types may play a role.  These pathways merit further investigation and will be the focus 

of future studies. 
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Chapter 5. CONCLUSIONS AND FUTURE WORK 

 
5.1 CONCLUSIONS 

The research presented primarily focused on the following: (1) assembling detachable 

polyelectrolyte multilayers (PEMs), (2) optimizing assembly conditions to obtain PEMs 

to mimic the Space of Disse, and (3) incorporating the PEMs into the 3D liver mimic 

with hepatocytes, liver sinusoidal endothelial cells (LSECs), and Kupffer cells.  In 

addition to the primary research objectives, the properties of PEMs assembled directly on 

hepatocytes (Chapter 2) were measured using a QCM-D. 

 

In Chapter 2, the design and assembly of 3D liver mimics was discussed.  The 3D liver 

mimics were assembled with hepatocytes, human LSECs, and a nano-scale hyaluronic 

acid and chitosan PEM.  The specific contribution to this project was determining the 

mechanical properties of the 5 and 15 layer PEs using a QCM-D.  The height of the 

PEMs ranged from 30 to 55 nm and exhibited a shear modulus of approximately 100 kPa.  

Additionally, the shear viscosity of the PEMs was approximately two times that of water, 

indicating that the PEMs were highly hydrated. 

 

In Chapter 3, the design of detachable chitosan and HA PEMs was discussed. PEMs 

comprised of 50 bilayers, assembled with 1 mM PE concentrations and 20 min exposure 

were detachable and robust.  The detachable PEMs were essentially transparent under 

hydrated conditions and had a smooth surface with a peak to valley height of less than 10 

nm.  The thickness of the 50 bilayer PEM was approximately 3.5 μm under dry 

conditions and increased 2-fold under hydration.  The PEMs were stable in aqueous 

media for at least 7 days with greater than 95% retention of weight.  The mechanical 

properties were measured using a nanoindenter and found to range from 90 MPa to 480 

MPa for unmodified and crosslinked PEMs, respectively.  NIH 3T3 BALB/c fibroblasts 

proliferated 5-fold over a 5-day culture period to confluence and exhibited a well-defined 

actin cytoskeleton organization.  These results demonstrated the ability to assemble 

detachable PEMs that are biocompatible. 
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In Chapter 4, the design of 3D liver mimics with detachable PEMs was discussed.  

Before assembling the 3D liver mimics, the PEM assembly properties were modified to 

make detachable PEMs at lower bilayer numbers than in Chapter 3. PEMs assembled at 

40 min PE deposition and 5 mM PE concentration were robust and detachable at 12.5 

bilayers.  The thickness of the 12.5 bilayer PEMs was approximately 700 nm under 

hydrated conditions, well within the range for mimicking the Space of Disse. The PEMs 

were stable in aqueous medium for up to 10 days (greater than 85% retention of weight) 

and had a hydrated Young’s modulus of approximately 40 kPa (within the range of 

moduli for the bulk liver, 40 to 200 kPa).  PEMs were incorporated into the 3D liver 

mimic along with primary rat hepatocytes, primary rat LSECs, and primary rat Kupffer 

cells.  The multicellular 3D liver mimics including hepatocytes, LSECs, and Kupffer 

cells exhibited superior urea production and albumin secretion over a 12 day culture 

period compared to HM and CS. Both LSECs and Kupffer cells retained phenotype as 

exhibited by SE-1 and ED-2 expression over 12 days, respectively.  Gene expression 

analysis revealed upregulated gene sets relating to cellular proliferation and extracellular 

matrix in the hepatocyte fractions of the 3D liver mimics.   
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5.2 FUTURE WORK 

We have designed functional 3D liver mimics using detachable HA and chitosan PEMs, 

hepatocytes, LSECs, and Kupffer cells.  While the detachable PEM mimicked the Space 

of Disse in several aspects, there are still some features that need to be incorporated.  

Although, the three most abundant cells of the liver were incorporated, the inclusion of 

hepatic stellate cells would result in a liver model that completely mimicked the cellular 

composition in vivo.  The future areas of this work focus on: 1) More closely mimicking 

the Space of Disse in vitro by modulating the properties of the PEM, 2) introducing more 

cell types to the 3D liver mimic, and 3) completing gene expression profiling on non-

parenchymal cells. 

 

5.2.1 Introducing Porosity into HA and Chitosan PEMs 

LSECs lining the hepatic sinusoids have fenestrae that create a porous structure on top of 

the Space of Disse.  The fenestrae act as a molecular sieve that permits diffusion of small 

molecules and nutrients from the blood to the parenchymal cells.  The pore sizes can 

range from 100 to 200 nm and changes in response to incoming pathogens, making the 

porosity dynamic.  The properties of the PEM mimicking the Space of Disse, specifically 

the porosity, can be modified to more closely mimic the LSEC fenestrae.  Previously, we 

used acidic solutions to create pores on the PEM surface that resulted in diameters 

ranging from 200 to 400 nm (Figure 5.1).  The process resulted in non-uniform pore 

distribution around the surface and wide range of pore diameters.  Future studies will 

focus on a wide range of strategies to introduce porosity into PEMs. 

 
Figure 5.1 AFM micrograph of chitosan/HA PEMs exposed to pH 3.0 acidic solutions. 
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5.2.2 Introducing Hepatic Stellate Cells into the 3D Liver Mimic 

In Chapter 4, Kupffer cells were introduced into the 3D liver mimic in addition to 

hepatocytes and LSECs.  Introduction of Kupffer cells lead to increased hepatic functions 

such as urea production, albumin secretion, and CYP1A1 enzyme activity.  Additionally, 

gene expression profiling revealed the up-regulation of proliferative proteins in the 

hepatocytes cultured in a 3D liver mimic with LSECs and Kupffer cells.  These results 

suggest that the addition of other cell types to the mimic resulted in a more robust model 

for the hepatic microenvironment.  However, the model lacks another key cell type found 

in the liver, hepatic stellate cells (HSCs).  HSCs are the fat-storing cells of the liver and 

are found in either quiescent or activated states as described in Chapter 1.  HSCs are the 

fourth most abundant native liver cell type and are crucial in maintaining liver 

homeostasis.  To more completely mimic the hepatic microenvironment, HSCs will be 

incorporated into the 3D liver mimic as the fourth cell type.  The addition of HSCs will 

create a more comprehensive model capturing all the possible cell types found in the 

liver.  Hepatocytes, HSCs, LSECs, and Kupffer cells will be incorporated in a layered 

architecture similar to that found in vivo. 

 

5.2.3 Gene Expression Profiling on Non-Parenchymal Cells in the 3D Liver Mimic 

In Chapter 4, gene expression profiling was conducted only on hepatocyte fractions 

isolated from the 3D liver mimics.  The gene expression profiles revealed many 

interesting gene sets that were upregulated in the H/12.5BL/25K/50K liver mimics 

compared to H/12.5BL/25K/0K, HM and CS cultures.  These trends clearly suggest that 

the non-parenchymal cells play a role in mediating heterotypic cell-cell interactions.  

Gene expression analysis on LSECs and KCs would provide information to till the gaps 

in our current knowledge.  Specifically, such studies can shed light on information on 

exocrine signals that are received and sent between cells and the subsequent pathways 

they activate. 
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