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Abstract

Polyelectrolyte multilayers (PEMs) of chitosan and heparin are useful for mimicking growth factor 

(GF) binding to extracellular matrix (ECM) as in vivo. Here, we developed a PEM platform for 

delivering bound/adsorbed GFs to monocultures of primary human hepatocytes (PHHs) and PHH/

non-parenchymal cell (NPC) co-cultures, which are useful for drug development and regenerative 

medicine. The effects of ECM protein coating (collagen I, fibronectin, and Matrigel®) and 

terminal PEM layer on PHH attachment/functions were determined. Then, heparin-terminated/

fibronectin-coated PEMs were used to deliver varying concentrations of an adsorbed model GF, 

transforming growth factor β (TGFβ), to PHH monocultures while using soluble TGFβ delivery 

via culture medium as the conventional control. Soluble TGFβ delivery caused a severe, 

monotonic, and sustained downregulation of all PHH functions measured (albumin and urea 

secretions, cytochrome-P450 2A6 and 3A4 enzyme activities), whereas adsorbed TGFβ delivery 

caused transient upregulation of 3 out of 4 functions. Finally, functionally stable co-cultures of 

PHHs and 3T3-J2 murine embryonic fibroblasts were created on the heparin-terminated/

fibronectin-coated PEMs modified with adsorbed TGFβ to elucidate similarities and differences in 

functional response relative to the monocultures. In conclusion, chitosan-heparin PEMs constitute 

a robust platform for investigating the effects of GF delivery modes on PHH monocultures and 

PHH/NPC co-cultures.
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INTRODUCTION

In vivo, many growth factors (GFs) are bound to the glycosaminoglycan (GAG) side chains 

on proteoglycans in the extracellular matrix (ECM) and such binding can be regulated in a 

spatiotemporal manner by cell-secreted enzymes towards modulating cell functions.1 In 

contrast, GFs are typically delivered to cells in soluble form via culture medium exchanges 

in vitro; however, such a protocol requires high concentrations of costly GFs to elicit a 

cellular response and frequent dosing due to the very short half-lives of GFs in an aqueous 

milieu. Furthermore, delivering GFs through culture medium may have non-physiologic 

effects on the cells as it does not mimic in vivo-like regulated presentation of bound GFs 

from the ECM.2,3 On the other hand, polyelectrolyte multilayers (PEMs) containing 

ionically crosslinked layers of chitosan and heparin can be used to mimic GF binding to 

heparin and thus provide cells with a more in vivo-like signaling microenvironment.4 Such 

chitosan-heparin PEMs have been successfully used to present heparin-bound fibroblast 

growth factor 2 (FGF-2) to bone marrow-derived ovine mesenchymal stem cells towards 

modulating their proliferation in vitro.5

Understanding how GFs affect isolated primary human hepatocytes (PHHs) in physiological 

and pathophysiological contexts is important for developing robust human liver platforms 

for applications such as drug toxicity screening, discovery of novel therapeutics, and 

regenerative medicine (i.e. cell-based therapies).6 PHHs are a particularly attractive cell 

source for the above-mentioned applications because they are closer to human liver 

physiology than abnormal cancerous cell lines and animal hepatocytes, and are relatively 

straight-forward to use in medium- to high-throughput culture formats.7 Compatibility of 

PEMs of various compositions with rat hepatocyte cultures has been shown, including 

poly(diallyldimethylammonium chloride)/sulfonated poly(styrene) (PDAC/SPS)8, 

poly(acrylic acid)/poly(allylamine hydrochloride)9, polyacrylic acid/polyethyleneimine10, 

and chitosan/DNA.11 However, these studies did not culture PHHs on PEMs nor did they 

determine the effects of bound and soluble GFs on liver functions. Therefore, in this study, 

we developed a platform using chitosan/heparin PEMs that can be used for investigating GF 

signaling in short-term and long-term PHH cultures in an in vivo-like bound/adsorbed 

context. Protocols were first developed to enable optimal adhesion and functionality of 

PHHs on PEMs modified with ECM proteins (collagen I, fibronectin, and Matrigel®). Then, 

heparin-terminated PEMs coated with ECM protein were used to deliver a model GF, 

transforming growth factor β (TGFβ), to PHH monocultures and the effects on diverse PHH 

functions were determined over several weeks relative to conventional delivery of soluble 

TGFβ via culture medium exchanges. Finally, functionally stable co-cultures of PHHs and 

3T3-J2 murine embryonic fibroblasts were created on the heparin-terminated PEMs coated 

with ECM protein and the effects of adsorbed TGFβ delivery were determined on the co-

culture phenotype and compared to results in monocultures.

MATERIALS AND METHODS

Preparation of polyelectrolyte multilayer (PEM) substrates

Chitosan was purchased from Novamatrix (Protasan UP B 90/20, 5% acetylated determined 

by 1H NMR, MW = 80 kDa; PDI = 1.52; Sandvika, Norway) and heparin sodium was 
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purchased from Celsus Laboratories (from porcine intestinal mucosa, 12.5% sulfur, MW = 

14.4 kDa; PDI = 1.14; Cincinnati, OH). Aqueous solutions were prepared at 0.01 M on a 

saccharide basis in acetate buffer (0.2 M, pH 5.0) and filtered through 0.22 μm 

polyvinylidene fluoride syringe filters (Thermo Fisher Scientific, Waltham, MA) as 

previously described.5,12 An acidified water rinse solution (acetic acid, pH 4.0) was also 

prepared and filtered. Layer-by-layer assembly of the polyelectrolyte solutions was 

employed by alternating 5-minute adsorption steps with 5-minute acidified water rinses in 

standard 24-well or 96-well tissue culture-treated polystyrene plates (TCPS, Corning Life 

Sciences, Tewksbury, MA). A 300-μL or 50-μL solution for 24-well and 96-well plates, 

respectively, was added to each well and adsorbed under gentle agitation. Due to TCPS 

being negatively charged, the first layer adsorbed to TCPS was always chitosan, which is 

positively charged. Heparin-terminated PEMs were constructed with six polyelectrolyte 

layers, whereas chitosan-terminated PEMs were constructed with seven layers for complete 

surface coverage. The PEMs-coated wells were washed three times with double-distilled 

water (ddH2O) prior to sterilization with 70% ethanol for 1 hour. The sterilized PEMs-

coated wells were then washed three times with ddH2O prior to TGFβ adsorption. 

Recombinant human TGFβ1 (R&D Systems, Minneapolis, MN) was diluted to 100, 1000, 

and 10000 pg/mL, and allowed to adsorb in the PEM-coated wells for 2 hours under gentle 

agitation, followed by two ddH2O rinses. ECM proteins including rat tail collagen I, 

fibronectin, or Matrigel (Corning Life Sciences) were adsorbed at concentrations ranging 

from 10–100 μg/mL by exposing the wells to the protein solutions for 2 hours at 37°C, 

followed by two ddH2O rinses. The plates were then stored at 4°C prior to cell seeding.

Atomic force microscopy (AFM) and X-ray photoelectron spectroscopy (XPS) substrate 
surface characterization

AFM was used to image the surface topographies of TCPS, heparin-terminated PEM-coated 

TCPS as well as PEMs-coated TCPS with TGFβ (300 pg/ml) only, fibronectin (100 μg/ml) 

only, or both TGFβ and fibronectin. TCPS and coated TCPS samples were cut out and 

adhered onto 50 mm glass-bottomed petri dishes for imaging. A Bruker BioScope Resolve 

BioAFM (Bruker AFM, Santa Barbara, CA) was used to obtain images. The microscope was 

located on a vibration isolation table (Technical Manufacturing Corporation, Peabody, MA) 

and housed within an acoustic enclosure (Herzan LLC, Laguna Hills, CA). All images were 

acquired using Bruker’s Nanoscope software version 9.3 (Bruker AFM, Santa Barbara, CA) 

in the ScanAsyst® mode in air and at room temperature. A Bruker silicon nitride SNL probe 

was used and the cantilever used had a nominal spring constant of 0.35 N/m, resonance 

frequency of 65 kHz, and tip radius of 2 nm. An automated thermal tune was performed 

before each imaging session. The Peakforce setpoint, amplitude, and frequency were 

manually adjusted to obtain stable imaging conditions and to minimize noise. The typical 

line scan rate was 1–1.5 Hz. Square images (4 μm × 4 μm and 800 nm × 800 nm) were 

acquired at a resolution of 256 × 256 pixels. To obtain representative images, 2 samples of 

each treatment group were imaged with different areas imaged on each sample. Nanoscope 

Analysis version 1.8 (Bruker AFM, Santa Barbara, CA) was used for image analysis. AFM 

images were corrected with a plane fit before 3D images were made.
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All sample surfaces were analyzed by XPS using a Physical Electronics 5800 spectrometer 

(Chanhassen, MN). Spectra were obtained using a monochromatic Al Kα X-ray source (hν 
= 1486.6 eV), a hemispherical analyzer, and multichannel detector. High-resolution spectra 

of O1s, N1s, C1s, and S2p envelopes were acquired at a pass energy of 23.5 eV, with 0.1 eV 

steps, a spot size of 800 μm, and a takeoff angle of 45°. A low-energy electron gun was used 

for charge neutralization. Aliphatic carbon at 284.8 eV in the C1s envelope was used to align 

spectra. High-resolution spectra curve fits were performed using Phi Electronics Multipak 

version 9.3.0.3 (Chanhassen, MN).

Assessment of TGFβ adsorption and release on heparin-terminated PEMs via ELISA

Triplicate wells of a 96-well TCPS plate were prepared with heparin-terminated PEMs, 

TGFβ, and fibronectin as mentioned previously. 100 μg/ml of fibronectin and various 

concentrations of TGFβ (100, 1000, and 10000 pg/ml) were used. The TCPS microtiter 

plate was stored at 37°C during the experiment. TGF-β1 Duoset ELISA (R&D Systems, 

Minneapolis, MN) was used to determine TGFβ adsorption to the PEMs following the 

manufacturer’s instructions. Triplicate whole sample supernatants were immediately assayed 

and replenished with fresh PBS at D0 (0 hours), D0 (2 hours), D1, and D3. The amount of 

TGFβ adsorbed to samples was calculated via the difference between the adsorbed values 

and the observed ELISA values, and cumulative mass of TGFβ retained at each timepoint 

was calculated.

Cell culture

Cryopreserved PHH vials (BioreclamationIVT, Baltimore, MD; Triangle Research 

Laboratories, Research Triangle Park, NC) were processed as previously described.13 Cell 

viability was assessed using trypan blue exclusion and was found to be >80%. Liver-derived 

non-parenchymal cells were found to be < 1% of all the cells. Cells were resuspended in 

serum-free hepatocyte maintenance medium and seeded at 33,000 cells per well in a 96-well 

plate format or 200,000 cells per well in a 24-well plate format and left overnight for 

attachment. The culture supernatant was collected and replaced with fresh medium every 

other day for assessment of cell functionality (50 μL/well for 96-well format and 300 μL/

well for 24-well format). For co-cultures, 3T3-J2 murine embryonic fibroblasts were 

resuspended in serum-containing hepatocyte maintenance medium and seeded ~24 hours 

post hepatocyte seeding (1 fibroblast:1 hepatocyte).

Quantification of hepatocyte adhesion and functionality

Cell adhesion was assessed via double-stranded DNA (dsDNA) content in adherent cells. 

DNA concentration was measured using an AccuBlue dsDNA quantitation kit (Biotium, 

Hayward, CA) or a Quant-iT PicoGreen dsDNA assay kit (Molecular Probes, Eugene, OR). 

Culture supernatants were assayed for albumin levels using a competitive enzyme-linked 

immunosorbent assay (ELISA, MP Biomedicals, Santa Ana, CA) with horseradish 

peroxidase detection and 3,3′,5,5′-tetramethylbenzidine (TMB, Rockland 

Immunochemicals, Boyertown, PA) as the substrate, as previously described.13 Urea 

concentration in culture supernatants was assessed using a colorimetric endpoint assay 

utilizing diacetyl monoxime with acid and heat (Stanbio Labs, Boerne, TX).13 CYP3A4 

enzyme activity was measured by first incubating the cultures with substrate (luciferin-IPA 
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from Promega Life Sciences, Madison, WI) for 1 hour at 37°C and then detecting the 

luminescence of the produced metabolite (luciferin) according to the manufacturer’s 

protocols. CYP2A6 enzyme activity was measured by incubating the cultures with coumarin 

for 1 hour at 37°C and measuring the fluorescent metabolite, 7-hydroxy-coumarin (Sigma-

Aldrich, St. Louis, MO). Absorbance and luminescence for the aforementioned assays were 

measured using a BioTek (Winooski, VT) Synergy H1 multi-mode plate reader.

Data analysis

Experiments were repeated 2+ times with 3+ wells per condition. Data from representative 

experiments are presented. Error bars on graphs represent standard deviations. Microsoft 

Excel and GraphPad Prism 7.0 (La Jolla, CA) were used for data analysis and graphing. 

Statistical significance was determined using the two-tailed Student’s t-test assuming 

unequal variances or one-way ANOVA with post-hoc test (Tukey or Dunnett).

RESULTS

Effects of PEM terminal layer and ECM protein type on PHH attachment and functions

Chitosan and heparin PEMs were constructed on industry-standard TCPS plates. Figure 1A 

shows the chemical structures for both polyelectrolytes and Figure 1B depicts the process of 

preparing heparin-terminated PEMs modified with ECM protein and GF for cell culture. To 

create chitosan-terminated PEMs, 7 layers of polyelectrolytes were deposited instead of 6. 

Surface characterization demonstrated that our PEM construction process resulted in PEMs 

on the nanometer scale (Supplemental Figure 1). For nanometer-scale PEMs, biological 

responses have been shown to depend on the terminal layer.14 Therefore, we sought to assess 

the effects of either a chitosan or heparin terminal layer on PHH attachment and functions 

on adsorbed ECM proteins (100 μg/mL in solution). The ECM proteins selected were rat tail 

collagen type I, human fibronectin, and Matrigel, which have been previously used for 

hepatocyte culture.7,13 PHHs were cultured on these surfaces for up to 9 days and culture 

medium was collected every 2 days for quantification of liver functions that included 

albumin secretion (a surrogate for protein synthesis) and urea synthesis (a marker of 

nitrogen metabolism). Finally, at the end of the culture period (day 9), cells were lysed for 

dsDNA quantification as a measure of the differences in retention of adherent PHHs on the 

various surfaces. Since hepatocytes do not proliferate in vitro in the absence of GFs such as 

hepatocyte growth factor and epidermal growth factor15, dsDNA can serve as a measure of 

differences in the number of adherent cells.

We observed via phase contrast imaging that more PHHs attached to heparin-terminated 

PEMs coated with collagen (rat tail type I) as compared to chitosan-terminated PEMs 

(Figure 2A). The images also revealed that more cells attached to PEMs coated with 

fibronectin or Matrigel as compared to collagen. Quantification of dsDNA confirmed the 

phase contrast observations in that ~3.6-fold more dsDNA was measured on heparin-

terminated PEMs versus chitosan-terminated PEMs coated with collagen (Figure 2B left). In 

contrast to collagen, the terminal layer did not significantly affect PHH retention when either 

fibronectin or Matrigel was used as the ECM coating. Across the various ECM coatings, 

chitosan-terminated PEMs modified with collagen had ~21% and ~22% of the dsDNA on 
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chitosan-terminated PEMs modified with fibronectin or Matrigel, respectively. Heparin-

terminated PEMs modified with collagen had ~64% and ~72% of the dsDNA on heparin-

terminated PEMs modified with fibronectin or Matrigel, respectively. Most of the 

aforementioned dsDNA trends were also observed with PHH albumin secretion (Figure 2B 

middle) and urea synthesis (Figure 2B right), except heparin-terminated PEMs coated with 

fibronectin led to ~ 2.2-fold higher albumin secretion from PHHs relative to the secretion 

from chitosan-terminated PEMs coated with fibronectin.

For all subsequent studies described below, we selected heparin-terminated PEMs coated 

with fibronectin since such a configuration a) allows for high levels of PHH attachment/

retention and functions as compared to collagen, b) can be used to present heparin-bound 

GFs to the cells, and c) is not confounded by the many components present in a complex 

ECM like Matrigel that may interact differentially and in an unknown way with GFs with 

each lot/batch. The fibronectin concentration to coat heparin-terminated PEMs for all 

subsequent studies was chosen to be 100 μg/mL since it led to highest hepatocyte attachment 

and functions as compared to lower fibronectin concentrations (Supplemental Figure 2).

Surface characterization of substrates via AFM and XPS

Surface morphology characterization of heparin-terminated PEMs coated with fibronectin 

was performed with AFM. Representative AFM images and average root mean square 

roughness (Rq) values are shown in Figure 3 with scan sizes of 4 μm × 4 μm (top row) and 

800 nm × 800 nm (bottom row). Neat TCPS images are seen in Figures 3A and 3F. 

Subsequent surface modification with heparin-terminated PEMs are in Figures 3B and 3G. 

Proteins, TGFβ and fibronectin, adsorbed separately or combined, are seen in Figures 3C–

3E and 3H–3J. Generally, surfaces coated with either TGFβ or fibronectin separately or 

combined showed increased roughness and surface features compared to heparin-terminated 

PEM surfaces and neat TCPS, as also confirmed via increased average Rq values of 

modified TCPS.

XPS was used to characterize surface chemistry. Since XPS is a surface sensitive technique, 

it is capable of discerning differences in surface chemistry due to protein adsorption. The 

atomic percent compositions of the TCPS, chitosan-heparin PEMs, TGFβ-modified PEMs, 

fibronectin-modified PEMs, and fibronectin- and TGFβ-modified PEMs are shown in Table 

1. As expected, TCPS only has detectable carbon and oxygen. Upon PEM addition, the 

carbon-to-oxygen ratio is reduced, and the nitrogen and sulfur content both increase, in line 

with the chemical structures of chitosan and heparin. Subsequent addition of TGFβ and 

fibronectin resulted in the reduction of detectable sulfur compared to PEM-modified TCPS. 

An increased nitrogen to sulfur ratio was observed in all protein-coated surfaces compared 

to protein-free surfaces, which further supports TGFβ and fibronectin adsorption on heparin-

terminated PEMs. High resolution XPS spectra of the O1s, N1s, C1s, and S2p envelopes are 

shown in Figure 4.

TGFβ retention on heparin-terminated PEMs with and without fibronectin

TGFβ adsorbed onto heparin-terminated PEMs with and without fibronectin was assessed 

using ELISA. Amounts of TGFβ adsorbed on samples as well as TGFβ cumulative retention 
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over 3 days are seen in Table 2. During sample preparation, TGFβ was always adsorbed 

before fibronectin, which resulted in samples with and without fibronectin adsorbing similar 

amounts of TGFβ for all TGFβ concentrations tested. Increased TGFβ solution 

concentrations resulted in increased amounts of TGFβ adsorption. Overall, we found that 

>70+% of the TGFβ was adsorbed and subsequently retained over several days on the 

heparin-terminated PEMs, although fibronectin-coated samples retained less TGFβ 
compared to fibronectin-free samples.

Modulation of PHH functions by TGFβ adsorbed to heparin-terminated PEMs

PHHs were seeded onto heparin-terminated PEMs with or without fibronectin coating, while 

PEMs-free TCPS coated with fibronectin served as the control substrate. A fibronectin 

coating on PEMs led to significantly higher PHH attachment relative to fibronectin-free 

PEMs as assessed by dsDNA levels of adherent cells 1 day after seeding (~4 fold more 

dsDNA). Furthermore, there were no significant differences in PHH attachment, 

morphology, albumin secretion, or urea synthesis on PEMs and TCPS coated with 

fibronectin (Figures 5A–D). Some minor differences were observed in CYP3A4 and 

CYP2A6 enzyme activities of PHHs across the two substrates (Figures 5E–F). Nonetheless, 

both PEMs and TCPS coated with fibronectin supported PHH functions for 3+ weeks, albeit 

functions were declining after ~1 week as expected from previous literature on PHH 

monocultures.13

On heparin-terminated PEM substrates coated with both TGFβ and fibronectin (no further 

TGFβ was added to the culture medium after the initial adsorption to PEMs), PHH albumin 

secretion over 21 days was similar at 100 pg/mL TGFβ to secretion from cultures on TGFβ-

free PEMs (Figure 6A left). In contrast, 1000 and 10000 pg/mL of adsorbed TGFβ caused a 

downregulation of albumin secretion to ~51–66% of secretion from cultures on TGFβ-free 

PEMs after 7 days; however, such drastic effects were not observed after 15 and 21 days of 

culture. Urea synthesis from PHH cultures treated with 100 pg/mL and 1000 pg/mL TGFβ 
was transiently increased in a dose-dependent manner relative to TGFβ-free PEMs (i.e. 1.1 

fold and 1.3 fold with 100 pg/mL and 1000 pg/mL TGFβ, respectively, after 15 days in 

culture) (Figure 6B left).

CYP3A4 activity in PHH cultures increased transiently ~1.4-fold after 7 days on 100 and 

1000 pg/mL of adsorbed TGFβ relative to TGFβ-free PEMs, but showed some decrease 

(~21–34%) after 13 and 21 days in culture at the same TGFβ doses (Figure 6C left). Finally, 

CYP2A6 activity in PHH cultures increased transiently ~1.5–1.6-fold after 7 days on 100 

pg/mL and 1000 pg/mL of adsorbed TGFβ, while after 21 days, cultures on 1000 pg/mL and 

10000 pg/mL of adsorbed TGFβ had higher CYP2A6 activity than activity in cultures on 

TGFβ-free PEMs (Figure 6D left).

Modulation of PHH functions by soluble TGFβ in culture medium

For comparison with PHH functions on TGFβ-modified PEMs, we also created PHH 

cultures on fibronectin-coated TCPS and dosed cultures with soluble TGFβ in culture 

medium (conventional methodology). One set of such cultures was treated with TGFβ once 

over 2 days (1 soluble TGFβ), while another set of cultures was treated repeatedly with fresh 
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TGFβ every 2 days over several weeks (continuous). Both the single treatment (Figure 6A 

middle) and continuous treatment (Figure 6A right) with soluble TGFβ led to 

downregulation of albumin secretion from cultures across all timepoints and all TGFβ 
concentrations, albeit quantitative differences were observed across the two soluble delivery 

profiles after 15 and 21 days in culture. Specifically, after 15 days, continuous treatment 

with soluble TGFβ at 100 pg/mL, 1000 pg/mL, and 10000 pg/mL downregulated albumin 

secretion from cultures to ~23%, ~1%, and ~4% of secretion from cultures on the TGFβ-free 

TCPS, respectively; in contrast, a single treatment with soluble TGFβ at 100 pg/mL, 1000 

pg/mL, and 10000 pg/mL downregulated albumin secretion to ~56%, 37%, and ~2%, 

respectively. After 21 days, continuous treatment with soluble TGFβ at 100 pg/mL, 1000 

pg/mL, and 10000 pg/mL downregulated albumin secretion to ~24%, ~5%, and ~15% of 

secretion from cultures on the TGFβ-free TCPS, respectively, whereas a single treatment 

with soluble TGFβ at 100 pg/mL, 1000 pg/mL, and 10000 pg/mL downregulated albumin 

secretion from cultures to ~56%, ~45%, and ~55%, respectively.

Urea synthesis showed similar trends as albumin for PHH cultures treated a single time 

(Figure 6B middle) or continuously (Figure 6B right) with soluble TGFβ. After 15 days, 

continuous treatment with soluble TGFβ at 100 pg/mL, 1000 pg/mL, and 10000 pg/mL 

downregulated urea synthesis in cultures to ~42%, ~14%, and ~18% of the synthesis in 

cultures on TGFβ-free TCPS, respectively; in contrast, a single treatment with soluble TGFβ 
at 100 pg/mL, 1000 pg/mL, and 10000 pg/mL downregulated urea synthesis in cultures to 

~72%, 63%, and ~15%, respectively. After 21 days, continuous treatment with soluble 

TGFβ at 100 pg/mL, 1000 pg/mL, and 10000 pg/mL downregulated urea synthesis in 

cultures to ~26%, ~8%, and ~11% of synthesis in cultures on TGFβ-free TCPS, respectively, 

whereas a single treatment with soluble TGFβ at 100 pg/mL, 1000 pg/mL, and 10000 pg/mL 

downregulated urea synthesis in cultures to ~60%, ~36%, and ~13%, respectively.

As with albumin and urea secretions, CYP450 enzyme activities displayed a more severe 

downregulation in cultures treated continuously with soluble TGFβ as compared to cultures 

treated a single time with soluble TGFβ. After 13 days, continuous treatment with soluble 

TGFβ (Figure 6C right) at 100 pg/mL, 1000 pg/mL, and 10000 pg/mL downregulated 

CYP3A4 activity in cultures to ~28%, <1%, and <1% of the activity in cultures on TGFβ-

free TCPS, respectively; in contrast, a single treatment with soluble TGFβ (Figure 6C 

middle) at 100 pg/mL, 1000 pg/mL, and 10000 pg/mL downregulated CYP3A4 activity in 

cultures to ~67%, 51%, and <1%, respectively. After 21 days, continuous treatment with 

soluble TGFβ at 100 pg/mL, 1000 pg/mL, and 10000 pg/mL downregulated CYP3A4 

activity in cultures to ~5%, ~1%, and ~2% of activity in cultures on TGFβ-free TCPS, 

respectively, whereas a single treatment with soluble TGFβ at 100 pg/mL and 1000 pg/mL 

upregulated activity in cultures to ~1.3 fold and ~1.7 fold, respectively. At 10000 pg/mL of 

soluble TGFβ under a single treatment, CYP3A4 activity in cultures displayed a 

downregulation to ~16% of activity in cultures on TGFβ-free TCPS. For CYP2A6, after 13 

days, continuous treatment with soluble TGFβ (Figure 6D right) at 100 pg/mL, 1000 pg/mL, 

and 10000 pg/mL downregulated activity in cultures to ~41%, ~34%, and ~41% of the 

activity in cultures on TGFβ-free TCPS, respectively; in contrast, a single treatment with 

soluble TGFβ (Figure 6D middle) at 100 pg/mL, 1000 pg/mL, and 10000 pg/mL 
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downregulated CYP2A6 activity in cultures to ~84%, ~57%, and ~57%, respectively. After 

21 days, CYP2A6 activity in all cultures was very low or undetectable.

Differences between modulation of PHH functions by adsorbed or soluble TGFβ

As discussed above, functions in PHH monocultures displayed significant differences across 

adsorbed or soluble delivery modes for TGFβ. Specifically, conventional delivery of soluble 

TGFβ via culture medium exchanges was more detrimental to diverse PHH functions 

(albumin, urea, CYP3A4/2A6 activities) over the course of 3 weeks than TGFβ adsorbed to 

heparin-coated PEMs, which instead caused transient upregulation of some functions (i.e. 

urea, CYP3A4, and CYP2A6) over the first week of culture relative to TGFβ-free control 

cultures. Such differences in PHH functions across the TGFβ presentation modes could be 

due to differential PHH death; however, phase contrast micrographs displayed similar 

adherent PHH density across conditions over time (Supplemental Figure 3), which suggests 

downregulation of PHH functions. Lastly, downregulation of PHH functions with soluble 

TGFβ treatment as compared to adsorbed TGFβ was also confirmed using a coating of 100 

μg/mL Matrigel (data not shown), which suggests that the results are not dependent on the 

ECM protein coating.

Creation of PHH-fibroblast co-cultures on heparin-terminated PEMs

PHH monocultures discussed above, irrespective of substrate type or TGFβ delivery mode, 

displayed downregulation of all functions over 3 weeks, which is consistent with previous 

literature showing that neither ECM proteins nor specific soluble factors can fully stabilize 

the PHH phenotype.6 In contrast, co-cultures of PHHs and 3T3-J2 murine embryonic 

fibroblasts on ECM protein-coated TCPS are known to display high levels of functions over 

several weeks as compared to pure PHH monocultures.13 Therefore, here we first sought to 

determine the compatibility of heparin-terminated and fibronectin-coated PEMs for PHH-

fibroblast co-cultures (1 PHH:1 fibroblast). We observed that both cell types were able to 

attach to and spread on heparin-terminated PEMs coated with 100 μg/mL fibronectin (Figure 

7A). However, in contrast to PHH monocultures, we found that supplementation of the 

culture medium with 10% bovine serum was required to maintain the co-cultures, likely due 

to the dependency of fibroblast spreading/growth on serum proteins. In serum-supplemented 

culture medium, PHHs in co-cultures maintained prototypical morphology (i.e. polygonal 

shape, distinct nuclei/nucleoli, and visible bile canaliculi) on fibronectin-coated PEMs and 

TCPS control surfaces for 3+ weeks.

Consistent with morphology, PHHs in co-cultures on fibronectin-coated PEMs and TCPS 

control surfaces displayed relatively stable functions for 3+ weeks, and such functions were 

significantly higher than those measured in PHH monocultures. Albumin secretion (Figure 

7B) and urea synthesis (Figure 7C) from co-cultures on PEMs were similar to functions in 

co-cultures on TCPS; CYP3A4 activity (Figure 7D) in co-cultures on TCPS was higher than 

activity in co-cultures on PEMs across all timepoints (~1.4 fold on day 9 and 1.04 fold on 

days 16 and 23); and, CYP2A6 activity (Figure 7E) in co-cultures on TCPS was transiently 

higher (~1.3 fold on day 9) than activity in co-cultures on PEMs.

Lin et al. Page 9

J Biomed Mater Res A. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Modulation of co-culture functions by TGFβ adsorbed to heparin-terminated PEMs

Next, we determined the effects of TGFβ adsorbed to heparin-terminated and fibronectin-

coated PEMs on PHH functions in stable co-cultures using the same TGFβ concentrations as 

those used for PHH monocultures. Albumin secretion (Figure 8A) from co-cultures on 

PEMs was downregulated by adsorbed TGFβ at 100 pg/mL and 1000 pg/mL (but not at 

10000 pg/mL) to ~84–98% of secretion from co-cultures on TGFβ-free PEMs. Similar to 

albumin secretion, adsorbed TGFβ caused downregulation of urea synthesis (Figure 8B) 

from co-cultures on PEMs as compared to co-cultures on TGFβ-free PEMs. After 15 days, 

adsorbed TGFβ at 100 pg/mL, 1000 pg/mL, and 10000 pg/mL all downregulated urea 

synthesis in co-cultures to ~82%, ~63%, and ~72%, of the synthesis in cultures on TGFβ-

free PEMs, respectively, and such downregulation was similar at 21 days.

CYP3A4 activity (Figure 8C) in co-cultures on TGFβ-modified PEMs was downregulated to 

~65–69% and ~88–90% by 7 and 13 days, respectively, at TGFβ concentrations up to 1000 

pg/mL relative to activity in co-cultures on TGFβ-free PEMs. However, at 10000 pg/mL 

TGFβ, CYP3A4 activity was similar to activity in co-cultures on TGFβ-free PEMs after 7 

and 13 days, and upregulated ~1.3 fold after 21 days. On the other hand, CYP2A6 activity 

(Figure 8D) in co-cultures was enhanced by adsorbed TGFβ over 3 weeks. For instance, 

after 21 days, CYP2A6 activity in co-cultures on PEMs was upregulated ~1.2–1.3 fold by 

adsorbed TGFβ at 1000 pg/mL and 10000 pg/mL.

DISCUSSION

We developed a platform containing chitosan/heparin PEMs to investigate the long-term 

effects of heparin-bound GFs on PHH functions in monocultures and co-cultures with NPCs. 

The type of ECM protein coating and the terminal layer for the PEMs (chitosan vs. heparin) 

were shown to significantly affect PHH attachment and functions. Furthermore, PHH 

functions were found to be differentially sensitive to the mode of GF (TGFβ used as a 

model) delivery, either adsorbed to heparin-terminated PEMs or solubilized in culture 

medium for single or continuous treatment (conventional methodology). Finally, similarities 

and differences were observed in the functional response of co-cultures to adsorbed TGFβ 
delivery relative to the monocultures.

Fibronectin and Matrigel facilitated PHH attachment/functions on both chitosan- and 

heparin-terminated PEMs. Fibronectin is negatively-charged at physiological pH (isoelectric 

point of 5.2), which may facilitate binding to positively-charged chitosan via electrostatic 

interactions.16 Additionally, heparin contains binding sites for fibronectin.17 In contrast to 

purified fibronectin, Matrigel is an ECM mixture extracted from a mouse sarcoma 

containing laminin, entactin, collagen, and heparan sulfate proteoglycans.18 Thus, PEMs can 

be modified with either purified ECM proteins or complex mixtures to enable cell 

attachment.

In contrast to fibronectin and Matrigel, rat tail type I collagen, which is widely used for 

hepatocyte culture6, facilitated better PHH attachment/functions on heparin-terminated 

PEMs than on chitosan-terminated PEMs. Heparin can bind to type I collagen independent 

of collagen’s aggregation state19, and such binding occurs on the N-terminal basic triple 
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helical domain that is represented once within each collagen monomer and at multiple sites 

within collagen fibrils.20 Lack of cell retention on chitosan-terminated PEMs coated with 

collagen suggests that collagen either did not properly adsorb to the chitosan layer and/or 

formed a non-uniform coating. Chitosan is a weak polycation with pendant amine groups 

that have pKa ≈ 6.4. At the neutral pH used for the protein adsorption, the free amine groups 

(not electrostatically bound to heparin in the PEM) are mostly deprotonated, making the 

surface considerably more hydrophobic, and possibly leading to non-uniform collagen 

adsorption. However, further molecular-scale studies would be required to determine the 

deposition and conformation of collagen on chitosan-terminated PEMs. Others have shown 

that covalently cross-linking collagen to chitosan layers can aid in cell attachment.21 We did 

not execute such a strategy in this study since the effects of the crosslinker on PHH 

adhesion/functionality would first need to be characterized prior to incorporation into a PEM 

layer. Furthermore, since both fibronectin and Matrigel promoted sufficient PHH 

attachment/functions on heparin-terminated PEMs, which are suited for GF delivery, we 

proceeded with testing GF delivery to PHH cultures/co-cultures using fibronectin as the 

ECM protein of choice given the batch-to-batch variability inherent in a complex ECM 

mixture like Matrigel.

Heparin-terminated and fibronectin-coated PEMs adequately supported the attachment and 

functions of PHH monocultures as compared to the fibronectin-coated TCPS control used by 

others in the field. Some differences in CYP450 activities were observed over time across 

the substrate types; however, these differences were minor (<1.4 fold) and the cultures 

displayed similar kinetics of functions on both substrates. These results show that 

modification of TCPS with PEMs does not significantly affect PHH ability to attach and 

function for several weeks.

To demonstrate GF delivery from heparin-terminated PEMs to PHH cultures, we chose 

TGFβ since it plays a critical role in liver physiology/pathophysiology and has been shown 

to modulate hepatocyte functions in vitro.22 In vivo, TGFβ binds to GAGs such as heparin 

and heparan sulfate for localized activity and prevention of degradation by enzymes.23 In 
vitro studies have shown that when TGFβ is bound to heparin, its half-life is tripled, the 

amount of cell-associated TGFβ is doubled, and TGFβ activity is increased.24,25 Chitosan is 

similar to other GAGs and can form ionic complexes with heparin.26 We confirmed TGFβ 
adsorption to heparin-terminated PEMs via AFM and XPS. Additionally, the amounts of 

adsorbed (>70%) and released TGFβ over several days were assessed using ELISA on 

supernatants. In previous studies, we have shown FGF-2 delivery from chitosan/heparin 

PEMs5 and thus, we anticipate that our platform can be used to deliver different GFs and 

mixtures to human liver cultures.

Delivery of soluble TGFβ to PHH monocultures on fibronectin-coated TCPS via culture 

medium exchanges (conventional methodology) caused a monotonic decline in diverse liver 

functions as a function of time and GF concentration. Surprisingly, even a single treatment 

with TGFβ over a 2-day medium exchange was generally detrimental to the cultures even 

after several weeks; continuous treatment with TGFβ with every medium exchange further 

accelerated the functional decline of the monocultures. On the other hand, adsorbed TGFβ 
did not lead to sustained downregulation of liver functions in PHH monocultures, and even 

Lin et al. Page 11

J Biomed Mater Res A. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



caused transient upregulation of 3 out of 4 functions over time. The differences in PHH 

functions due to TGFβ delivery modes are likely not due to differences in exposure of PHHs 

to varying amounts of TGFβ since we found that more than 70% of the TGFβ adsorbed to 

the heparin-terminated and fibronectin-coated PEMs and was retained over several days of 

measurement. Instead, we anticipate that as in vivo, PHHs respond differentially to adsorbed 

TGFβ as opposed to the solubilized form. Indeed, others have also demonstrated that the 

mode of GF presentation to cells can make a difference in terms of cell aggregation, 

spreading, and function.2,3 Our platform now provides the avenue to study physiologically 

relevant PHH-GF interactions, while using significantly lower amounts of costly GFs than 

required for soluble delivery.

As expected from the previous studies6,13, ECM protein and GF alone were not sufficient to 

stabilize PHH phenotype in monocultures. In contrast, co-culture with both liver- and non-

liver-derived NPC types has been long known to induce functions in primary hepatocytes 

from multiple species, including humans, which suggests that the molecular mediators 

underlying the ‘co-culture effect’ are relatively well-conserved across species.27,28 Khetani 

and Bhatia have demonstrated that 3T3-J2 fibroblasts induce high levels of functions in 

PHHs13, which is likely due to the ability of the 3T3-J2 fibroblasts to express diverse 

hepatocyte-supportive molecules present in the liver, such as decorin29 and T-cadherin.30 

Furthermore, the use of 3T3-J2 fibroblasts in co-culture with PHHs does not prevent the 

effective use of the stabilized PHHs for many applications in drug development (i.e. drug 

toxicity assessment, and hepatitis B/C viral infections).31–39 Therefore, here we created co-

cultures of PHHs and 3T3-J2 fibroblasts on heparin-terminated and fibronectin-coated PEMs 

and compared the long-term morphology and functions to those obtained on fibronectin-

coated TCPS (conventional methodology). Overall, PEMs supported a stable PHH 

morphology and diverse functions for 3+ weeks at comparable levels as those observed in 

TCPS controls.

Delivering TGFβ to co-cultures at the same concentrations as those used for PHH 

monocultures revealed some key differences in functional responses between the two culture 

models. Specifically, adsorbed TGFβ at the higher doses, 1000 and 10000 pg/mL, 

downregulated albumin secretion in PHH monocultures after 7 days whereas no such 

downregulation was observed in co-cultures. Furthermore, while urea synthesis and 

CYP3A4 activity were transiently upregulated in PHH monocultures over 7 days due to 

1000 pg/mL of adsorbed TGFβ, these functions in co-cultures were downregulated at the 

same timepoint; however, by 21 days, 10000 pg/mL of adsorbed TGFβ caused upregulation 

of CYP3A4 activity in both PHH monocultures and co-cultures. CYP2A6 activity was 

upregulated in both PHH monocultures and co-cultures over 3 weeks, albeit at different fold 

changes. The above-mentioned similarities and differences in functional responses of PHH 

monocultures and co-cultures to the same concentrations of adsorbed TGFβ on the same 

substrate could be due to several reasons. First, serum in the culture medium was required 

for obtaining high functions in co-cultures (due to optimal fibroblast growth and spreading), 

whereas PHH monocultures do not need serum to survive and serum can be detrimental to 

monocultures as shown previously.40 It may be that serum proteins bind TGFβ and modulate 

its effects on PHHs in co-cultures relative to monocultures. Second, functionally stable 

PHHs in co-cultures may have a differential sensitivity to TGFβ than functionally declining 
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PHHs in monocultures. Finally, 3T3-J2s have been shown to express decorin29, a small 

leucine-rich proteoglycan that is known to bind to TGFβ and modulate its activity.41 We 

plan to investigate these potential differences in TGFβ signaling across monocultures and 

co-cultures in future detailed studies.

In conclusion, PHH monocultures and PHH-fibroblast co-cultures were successfully 

established on chitosan-heparin PEMs coated with ECM proteins. Delivering the model GF, 

TGFβ, to the monocultures in adsorbed form via heparin-terminated PEMs yielded more 

complex concentration and time effects on PHH functions as compared to a monotonic and 

severe functional decline with soluble TGFβ delivery. Finally, functional response of co-

cultures to adsorbed TGFβ showed similarities and differences across different liver 

functions to the response of monocultures. In the future, our platform can be extended to 

investigating the roles of diverse ECM proteins and GFs on human liver models of varying 

cellular compositions.
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Figure 1. Fabrication of polyelectrolyte multilayers (PEMs) containing layers of chitosan and 
heparin on tissue culture polystyrene (TCPS) for cell attachment and growth factor delivery
(A) Chemical structures of the chitosan (left) and heparin (right) used to assemble PEMs. 

(B) Process steps for first fabricating PEMs on TCPS (top row). The PEM-adsorbed TCPS 

plates are then sterilized using 70% vol/vol ethanol (EtOH) prior to modifying the PEMs 

with a growth factor such as transforming growth factor beta (TGFβ) and extracellular 

matrix (ECM) proteins such as collagen, fibronectin, or Matrigel (bottom row).
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Figure 2. Effects of polyelectrolyte terminal layer and extracellular matrix (ECM) protein on 
adhesion and functions of primary human hepatocytes (PHHs)
(A) Phase contrast images (1 day after cell seeding) of PHHs adhered to polyelectrolyte 

multilayers (PEMs) of the indicated terminal layer (chitosan or heparin) and adsorbed ECM 

protein (rat tail type I collagen, fibronectin, and Matrigel at 100 μg/mL density in solution). 

(B) Left: Quantification of double-stranded DNA (dsDNA) from adherent PHHs (9 days 

after cell seeding) on either chitosan- or heparin-terminated PEMs modified with different 

ECM proteins. Middle: Cultures as in those created for dsDNA quantification except 

albumin secretion after 4 days is shown. Right: Same cultures as those used for albumin 

secretion analysis except urea levels were quantified from the same cell culture supernatants. 

*P<0.05 (one-way ANOVA and Tukey’s post-hoc test).
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Figure 3. Atomic force microscopy (AFM) micrographs of tissue culture polystyrene (TCPS) 
modified with heparin-terminated polyelectrolyte multilayers (PEMs), transforming growth 
factor beta (TGFβ), and fibronectin (FN)
(A–E, top row) 4 μm × 4 μm and (F-J, bottom row) 800 nm × 800 nm scan size 

micrographs with subsequent TCPS modification steps. Subsequent surface modifications 

show increased surface features and increased average root mean square roughness (Rq). 

Average Rq and standard deviation are shown.
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Figure 4. X-ray photoelectron spectroscopy (XPS) high resolution spectra of O1s, N1s, C1s, and 
S2p envelopes of tissue culture polystyrene (TCPS) modified with heparin-terminated 
polyelectrolyte multilayers (PEMs), transforming growth factor beta (TGFβ), and fibronectin 
(FN)
Attenuation of the sulfate peak (169.0 eV) and changes in the N1s envelope in protein-

coated PEMs compared to protein-free PEMs supports protein adsorption onto heparin-

terminated PEMs on TCPS.
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Figure 5. Comparison of primary human hepatocyte (PHH) functions on polyelectrolyte 
multilayers (PEMs) and tissue culture polystyrene (TCPS) substrates
(A) Quantification of double-stranded DNA (dsDNA) from adherent PHHs (1 day after cell 

seeding) on heparin-terminated PEMs without fibronectin (-Fn), heparin-terminated PEMs 

modified with 100 μg/mL of fibronectin (+Fn) or TCPS with 100 μg/mL of fibronectin. (B) 
Phase contrast images (from day 5 of culture) of PHHs adhered to heparin-terminated PEMs 

or TCPS modified with 100 μg/mL of fibronectin. (C) Albumin secretion over 3 weeks on 

heparin-terminated PEMs or TCPS, both modified with 100 μg/mL of fibronectin. (D) Urea 

secretion over time from the same cultures as those used in panel C. (E) Cytochrome P450 

3A4 (CYP3A4) enzyme activity in the same cultures as those used in panel C. (F) CYP2A6 

enzyme activity in the same cultures as those used in panel C. *P<0.05 (one-way ANOVA 

and Tukey’s post-hoc test for panel A and Student’s two-tailed t-test for panels E and F).
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Figure 6. Modulation of primary human hepatocyte (PHH) functions by the presentation of 
transforming growth factor beta (TGFβ) either adsorbed to heparin-terminated polyelectrolyte 
multilayers (PEMs) or in solution once (1 soluble) or continuously with culture medium changes
For the adsorbed TGFβ conditions, PEMs were created as shown in figure 1B using 100 

μg/mL of fibronectin for cell attachment and varying concentrations of TGFβ. For the 

soluble TGFβ conditions, PHH cultures were established on standard tissue culture 

polystyrene (TCPS) plates modified with 100 μg/mL of fibronectin. (A) Albumin secretion 

over 3 weeks from PHH cultures at the indicated concentrations of either adsorbed TGFβ 
(left), soluble TGFβ delivered once over a 2-day media exchange (middle), or soluble TGFβ 
delivered with every 2-day medium exchanges (right). (B) Urea secretion from the same 

cultures as those used for panel A. (C) Cytochrome P450 3A4 (CYP3A4) enzyme activity in 

the same cultures as those used for panel A. (D) CYP2A6 enzyme activity in the same 

cultures as those used for panel A. Asterisks indicate statistically significant differences 

between the condition and the TGFβ-free control for that specific timepoint with P<0.05 

(one-way ANOVA and Dunnett’s post-hoc test).
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Figure 7. Creation of co-cultures of primary human hepatocytes (PHHs) and 3T3-J2 murine 
embryonic fibroblasts on polyelectrolyte multilayers (PEMs) and assessment of long-term 
morphology and liver functions
(A) Phase contrast images of co-cultures on heparin-terminated PEMs or TCPS modified 

with fibronectin for cell attachment. White arrowheads indicate PHHs. (B) Albumin 

secretion from co-cultures created as in panel A. (C) Urea secretion over time in the same 

cultures as those used for panel A. (D) Cytochrome P450 3A4 (CYP3A4) enzyme activity in 

the same cultures as those used for panel A. (E) CYP2A6 enzyme activity in the same 

cultures as those used for panel A. *P<0.05 (Student’s two-tailed t-test).
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Figure 8. Modulation of functions in co-cultures of primary human hepatocytes (PHHs) and 
3T3-J2 murine embryonic fibroblasts by the presentation of transforming growth factor beta 
(TGFβ) adsorbed to heparin-terminated polyelectrolyte multilayers (PEMs)
PEMs were created as shown in figure 1B using of 100 μg/mL fibronectin for cell 

attachment and varying concentrations of adsorbed TGFβ. (A) Albumin secretion from co-

cultures on PEMs modified with fibronectin and the indicated concentrations of adsorbed 

TGFβ. (B) Urea secretion from the same cultures as those used for panel A. (C) Cytochrome 

P450 3A4 (CYP3A4) enzyme activity in the same cultures as those used for panel A. (D) 
CYP2A6 enzyme activity in the same cultures as those used for panel A. Asterisks indicate 

statistically significant differences between the condition and the TGFβ-free control for that 

specific timepoint with P<0.05 (one-way ANOVA and Dunnett’s post-hoc test).
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