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A heparin-modified poly(N-isopropylacrylamide) (PIPAAm)-grafted surface bound with heparin-binding
epidermal growth factor-like growth factor (HB-EGF) was able to culture hepatocytes maintaining high
albumin secretion and high expression of hepatocyte-specific genes. However, the activity of HB-EGF
on the surface and its binding effects on hepatocytes remain unclear. In this study, we investigated the
temperature-dependent interactions of HB-EGF and EGF receptor (EGFR) with heparin-modified PIPAAmM
to evaluate the activity of HB-EGF on the surface. Quartz crystal microbalance (QCM) measurements
revealed that the amounts of adsorbed HB-EGF on either the heparin-modified PIPAAmM-grafted surface
(heparin-I1C1) or PIPAAm-grafted surfaces were almost the same regardless of swelling/deswelling of
grafted PIPAAmM chains. The heparin-IC1 surface bound to HB-EGF at 37 °C had the ability to bind to
hepatocytes through specific affinity interaction with EGFR, whose activation was confirmed by western
blotting. However, the physisorbed HB-EGF on the PIPAAm surface greatly diminished its activity. Taken
together, the introduction of heparin into grafted PIPAAmM chains on the surface plays a pivotal role in
holding HB-EGF while preserving its activity. Hydration and swelling of surface-grafted PIPAAmM chains at
20 °C greatly diminished the attachment of hepatocytes with HB-EGF bound to heparin-IC1, whereas
hepatocytes were able to bind to HB-EGF bound to heparin-IC1 at 37 °C. Thus, the equilibrated affinity
interaction between EGFRs and surface-bound HB-EGF was considered to be attenuated by steric
hindrance due to hydration and/or swelling of grafted PIPAAmM chains.

Introduction

Creation of hepatic tissues is an attractive approach for the
treatment of liver diseases, such as congenital enzyme defi-
ciencies™” and haemophilia,® and for in vitro models to inves-
tigate liver disease,*® drug metabolism,® drug screening,” and
drug toxicity.® Primary hepatocytes isolated from rodent liver
have often been used as a building block for these tissues
because of the well-known hepatic functions of terminally
differentiated mature hepatocytes. Typically, the isolated
hepatocytes were utilized for the formation of three-
dimensional tissues such as spheroids formed by self-
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aggregation,”? and scaffold-based tissue using biodegradable
polymer.*>*> In our laboratory, a unique method to create
scaffold-free and transplantable hepatic tissues was developed
using a temperature-responsive culture dish.** The
temperature-responsive poly(N-isopropylacrylamide) (PIPAAm)-
grafted surface exhibited hydrophilic/hydrophobic alterations
across the lower critical solution temperature (LCST) of 32 °C,
resulting in reversible cell attachment/detachment."®** Primary
hepatocytes adhered to and formed a monolayer on the
hydrophobized PIPAAm-grafted surface at 37 °C. Cultured
hepatocyte sheets were recovered from the hydrated surface as
a single layer when the temperature was decreased to 20 °C.
Transplantation of hepatocyte sheets was performed at a pre-
vascularized subcutaneous site, resulting in long-term secre-
tion of transplanted hepatocyte-specific enzymes.*

To create transplantable hepatocyte sheets while maintain-
ing their functions, a heparin-modified PIPAAm-grafted surface
was designed to stimulate the receptors of the hepatocytes and
recover non-enzymatically cultured cells.”>* In general, the
viability and phenotypic functions of hepatocytes are impaired
when isolated from the native in vivo microenvironment of the
liver.”” Immobilised heparin molecules on grafted PIPAAm
chains were able to capture heparin-binding epidermal growth
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factor (EGF)-like growth factor (HB-EGF). Hepatocytes cultured
on HB-EGF bound to the heparin-modified PIPAAm-grafted
surfaces exhibited higher albumin secretion, and higher
expression of hepatocyte-specific genes (albumin, hepatocyte
nuclear factor 4 alpha, coagulation factor VII, and coagulation
factor IX) compared with those on the PIPAAm surface with
soluble HB-EGF. EGF tethered through terminal amino groups
to a solid surface continuously stimulates cultured hepatocytes,
whereas physisorbed EGF on the solid surface exhibits no
activity.'® Additional enzymatic treatments, such as trypsin, are
required for the liberation of the cultured hepatocytes from the
substrate, resulting in the suspension of individual cells. In
contrast, the cultured hepatocytes on the HB-EGF bound with
the heparin-modified PIPAAm-grafted surfaces were detachable
as a single sheet by decreasing the temperature below LCST at
20 °C." Although cultured hepatocytes on the HB-EGF-bound
surface exhibited high albumin secretion and high expression
of hepatocyte-specific genes, the activity of HB-EGF on the
surface and their binding effects on hepatocytes remain
unclear.

We hypothesised that bound HB-EGF on heparin-modified
PIPAAm-grafted surfaces was preserved compared to phys-
isorbed HB-EGF on PIPAAm-grafted surfaces. In previous
studies,*>'**® the activity of bound growth factors was judged by
indirect information such as cell growth, spreading, and func-
tions. In this study, we investigated direct and quantitative
evidences regarding the preservation of bound growth factor,
HB-EGF. Prior to investigating the activity, the amount of bound
HB-EGF on PIPAAm-grafted surfaces that were modified with
and without heparin was quantified using quartz crystal
microbalance (QCM) measurements. In addition, the dynamic
adsorption/desorption of HB-EGF during stepwise temperature
change on the surfaces was monitored. For elucidating the
binding of EGF receptor (EGFR) and surface-bound HB-EGF, the
attachment of hepatocytes on the surfaces was performed
during short-term incubation, 1.5 h. Temperature-dependent
attachment of hepatocytes to HB-EGF bound with heparin-
modified PIPAAm-grafted surface and their inhibition with
soluble EGF were investigated to confirm EGFR-mediated
attachment of hepatocytes, and stimulation of hepatocyte
EGFR with the bound HB-EGF was also investigated using
western blotting. Taken together, we verified that the intro-
duction of heparin into grafted PIPAAm chains on the surface
was significant for holding HB-EGF while preserving its activity.

Experimental
Materials

N-Isopropylacrylamide (IPAAm) was kindly gifted by KJ Chem-
icals (Tokyo, Japan) and purified by recrystallisation in n-
hexane. ~The compound 2-carboxyisopropylacrylamide
(CIPAAmM) was synthesised according to a method described by
a previous report.' In addition, 2-propanol, 1-ethyl-3-(3-
dimetylaminopropyl)-carbodiimide hydrochloride (EDC), N-
hydroxysuccinimide (NHS), high-glucose Dulbecco’s modified
Eagle medium (DMEM), Dulbecco's phosphate buffered saline
(PBS), and penicillin-streptomycin solution (100x) were
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obtained from Fujifilm Wako Pure Chemicals (Osaka, Japan),
and 2-morpholinoethanesulfonic acid monohydrate (MES) and
0,0'-bis(2-aminoethyl)ethyleneglycol-N,N,N',N'-tetraacetic acid
(EGTA) were purchased from Dojindo (Kumamoto, Japan).
Heparin sodium salt from porcine intestinal mucosa (grade I-A,
180 USP units per mg), bovine serum albumin (BSA), trypsin
inhibitor, Ca®*, Mg>*-free Hanks' balanced salt solution, Hanks'
balanced salt solution 10x, protease inhibitor cocktail, phos-
phatase inhibitor cocktail 2, and phosphatase inhibitor cocktail
3 were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Hanks' balanced salt solution (Nacalai Tesque, Kyoto, Japan),
recombinant human HB-EGF (R&D Systems, Minneapolis, MN,
USA), recombinant human EGF (PeproTech, Cranbury, NJ,
USA), 50% glucose, 7% NaHCOj3, 2% CaCl, (Otsuka Pharma-
ceutical, Tokyo, Japan), collagenase type IV (Worthington
Biochemical, Lakewood, NJ, USA), 4% paraformaldehyde fixa-
tive (Muto Pure Chemical, Tokyo, Japan), and Western Marker
Neo (high) (Beacle, Kyoto, Japan) were used as received.
Furthermore, 10x Tris-buffered saline, 10% Tween 20, and 7 X
8.4 cm nitrocellulose membrane with 0.2 um pores were ob-
tained from Bio-Rad Laboratories (Hercules, CA, USA), and 1 M
N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES),
Hoechst 33258, TCEP-HCl, NuPAGE LDS sample buffer, 4-12%
gradient NUPAGE™ gel, NuPAGE™ MOPS SDS running buffer
(20x), NuPAGE™ Transfer Buffer (20x), NuPAGE™ Antioxi-
dant, and Novex reversible membrane protein stain kit were
purchased from Thermo Fisher Scientific (Waltham, MA, USA).
Non-fat dry milk, anti-phospho-EGFR monoclonal rabbit anti-
body #3777, and anti-EGFR polyclonal rabbit antibody #2232
were obtained from Cell Signalling Technology (Danvers, MA,
USA). Percoll, horseradish peroxidase-conjugated donkey anti-
rabbit antibody (NA934VS), and ECL™ Prime Western Blot-
ting System were obtained from Cytiva (Marlborough, MA, USA).
A protein quantification assay kit was obtained from Macherey-
Nagel (Diiren, Germany).

Preparation of heparin-modified temperature-responsive
polymer-grafted surfaces

Poly(IPAAm-co-CIPAAm) (IC1) and heparin-modified IC1
surfaces (heparin-IC1) on QCM sensor chips coated with O,
plasma-treated polystyrene, commercially available tissue
culture polystyrene dishes were prepared according to previous
studies.”*® The amount of grafted temperature-responsive
polymers on TCPS was determined using an attenuated total
reflection Fourier transform infrared spectrometer according to
a previous report.”* The grafted amount of temperature-
responsive polymer on IC1 and PIPAAm surfaces on 35 mm
dishes was 1.64 + 0.11 and 1.98 + 0.37 ug cm™ > (mean + SD),
respectively. The difference between the means was not signif-
icant (P = 0.25).

QCM measurement for quantification of HB-EGF adsorption/
desorption

The mass of adsorbed HB-EGF on the PIPAAm and heparin-IC1
surfaces of the QCM sensor chips was determined using a QCM
system, according to a previous report.*® All of the solutions to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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be injected into the QCM sensor were kept at 40 °C to eliminate
the formation of bubbles within the tubing and the QCM
sensor. At a constant temperature of 20 or 37 °C, a solution of
440 ng mL~" HB-EGF in PBS, which corresponded to a surface
concentration of 100 ng cm™~> HB-EGF on the surface area of 8.8
cm? in 2 mL, was injected into the flow module at a flow rate of
50 pL min~* for 60 min. Next, the surface was washed with PBS
for 15 min. The adsorbed areal mass was calculated according
to the previous report.*

Hepatocyte isolation

Male inbred F344/Nslc rats from 8 to 12 weeks of age (Japan
SLC, Shizuoka, Japan) were used to prepare isolated primary
hepatocytes. The rats were housed under temperature-
controlled conditions with a 12 h light/dark cycle and had ad
libitum access to rat chow and water. The pre-perfusion solu-
tion was Ca®", Mg”>*-free Hanks' balanced salt solution con-
taining 0.5 mM EGTA, 10 mM HEPES, 0.8 g L™ " glucose, 100 U
mL " penicillin, and 100 pg mL ™" streptomycin. Collagenase
solution was Hanks' balanced salt solution containing 0.5 g
L™* collagenase type IV, 0.1 g L™" trypsin inhibitor, 0.4 g L™*
CaCl,, 1.75 g L' NaHCOj3;, 10 mM HEPES, 0.8 g L' glucose,
100 U mL ™" penicillin, and 100 ug mL™" streptomycin. The
washing solution was high-glucose DMEM containing 10%
FBS, 10 mM HEPES, 100 U mL™" penicillin, and 100 pg mL™"
streptomycin.

Isolation of hepatocytes from rat liver was carried out using
a modified two-step collagenase perfusion method, as previ-
ously described.”** After the rat was laparotomized under
anaesthesia using isoflurane inhalation, a cannula was inserted
through the portal vein using a 22G x 1” indwelling needle
(Terumo, Tokyo, Japan) and tied to the vein using a surgical
suture. Tubing from a peristaltic pump with the pre-perfusion
solution in a water bath at 39 °C was connected to the inser-
ted cannula at a flow rate of 10 mL min~"'. Immediately after the
inferior vena cava was cut, first-step perfusion was performed
for 5 min at a flow rate of 25 mL min ™. After switching to the
collagenase solution, the second-step perfusion was carried out
at a flow rate of 25 mL min~ " for 5-8 min. The digested liver was
liberated from the body and scratched with a scalpel in the
washing solution on ice. The suspension was filtered through
a stainless cell strainer with a 60 um mesh and stored on ice
until purification.

To recover the vial cells, purification was performed using
the Percoll centrifugation method.?® After centrifugation at 4 °C
and 50 x g for 3 min, the cells were resuspended in fresh
washing solution to obtain 25 mL of suspension. The suspen-
sion was mixed with Percoll solution containing 21.6 mL Percoll
and 2.4 mL Hanks' balanced salt solution 10x, followed by
centrifugation at 4 °C and 50 x g for 20 min. After the dead cells
and supernatant were removed, the cells were resuspended in
fresh washing solution and stored on ice until use.

All animal experiments were approved by the Animal Care
and Use Committee of Tokyo Women's Medical University and
performed in accordance with the institutional guidelines of the
Tokyo Women's Medical University on Animal Use.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Initial attachment to HB-EGF-bound temperature-responsive
surfaces

Isolated hepatocytes, as described in the previous section, were
used to investigate attachment to the surfaces. Heparin-IC1 and
PIPAAm surfaces bound to HB-EGF were prepared by incu-
bating 2 mL of 440 ng mL™~ ' HB-EGF solution in PBS, which
corresponded to 100 ng cm™~> on a surface area of 8.8 cm?, at
37 °C for 24 h. The surfaces were washed three times with 2 mL
of PBS at 37 °C. The suspension of hepatocytes from the
previous section was centrifuged at 4 °C at 50 x g for 3 min and
resuspended in high-glucose DMEM containing 2 mg mL™"
BSA, 100 U mL ™" penicillin, and 100 ug mL ™" streptomycin. The
hepatocytes were seeded at a density of 5 x 10 cells per cm” on
heparin-IC and PIPAAm surfaces bound with HB-EGF or
PIPAAm as a control and incubated in a 5% CO, incubator at
37 °C for 1.5 h. The incubated hepatocytes were gently rinsed
with PBS, fixed with 4% paraformaldehyde fixative for 15 min,
and washed twice with PBS. Fluorescent images of the fixed
hepatocytes, where the nuclei were stained with 2 pg mL ™"
Hoechst 33258 in PBS for 15 min, were obtained using an Axi-
oCam HRc colour CCD (Carl Zeiss, Jena, Germany) controlled
with AxioVision 4.8.2.0 software (Carl Zeiss) under a fluores-
cence microscope (Eclipse TE2000-U; Nikon, Tokyo, Japan) with
a 10x objective lens. The number of attached hepatocytes (cells
per cm?) was determined by counting the stained nuclei in five
images on each surface in triplicate using the analyse particle
command of Image] software (Bethesda, Maryland, USA).>*

Inhibitory attachment to HB-EGF-bound temperature-
responsive surfaces

Inhibition of the attachment of hepatocytes with soluble EGF
was examined on HB-EGF-bound surfaces. Preparation of
heparin-IC1 and PIPAAm surfaces bound with HB-EGF was the
same as described in the previous section. The suspension of
hepatocytes in high-glucose DMEM containing 2 mg mL ™" BSA,
1-10 000 ng mL ™" EGF, 100 U mL ™" penicillin, and 100 pg mL™"
streptomycin was seeded at a density of 5 x 10* cells per cm” on
the surfaces, which were incubated in a 5% CO, incubator at
20 °C or 37 °C for 1.5 h. Determination of the number of
attached hepatocytes (cells per cm?®) was the same as that
described in the previous section.

Western blotting

Phosphorylated EGFR stimulated with HB-EGF-bound heparin-
IC1 surfaces was analysed using western blotting. Hepatocytes
suspended in high-glucose DMEM containing 2 mg mL ™" BSA,
100 U mL ™" penicillin, and 100 pg mL™" streptomycin were
incubated in a 5% CO, incubator at 37 °C with a seeding density
of 1 x 10> cells per cm”® on the heparin-IC1 surfaces that were
bound with 100 ng cm™ > HB-EGF on a 60 mm dish. The grafted
amount of temperature-responsive polymer on heparin-IC1
surfaces on 60 mm dishes was 1.77 + 0.01 ug cm > (mean =+
SD). After incubation for 1.5 h, the surfaces were gently washed
with warmed PBS twice on a thermostat plate at 38 °C. Imme-
diately, the attached hepatocytes were lysed on ice with 200 pL
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NuPAGE™ LDS sample buffer containing 50 mM TCEP,
protease inhibitor cocktail, and phosphatase inhibitor cocktails
2 and 3. Hepatocytes (1 x 10° cells), which were centrifuged at
4 °C at 50 x g for 3 min and washed twice with 1 mL PBS, were
lysed with 100 uL of NuPAGE™ LDS sample buffer and used as
a negative control. Lysis of hepatocytes (1 x 10° cells) incubated
with 1 pg HB-EGF in 1 mL medium at 37 °C for 15 min was used
as a positive control. The lysates were passed through a syringe
with a 26G needle (Terumo) to cut genomic DNA, centrifuged at
4°Cat 13 000 rpm for 10 min, and the supernatants were stored
at —80 °C.

Polyacrylamide gel electrophoresis of the lysates was per-
formed using a Novex™ NuPAGE™ SDS-PAGE Gel system
(Thermo Fisher Scientific). The concentration of proteins in the
lysates was determined using a protein quantification assay
(Macherey-Nagel) after denaturation at 70 °C for 10 min. As
a standard, Western Marker Neo (high), which is a mixture of
blue-stained proteins and proteins with IgG binding sites, was
used for both visual confirmation after blotting and chem-
iluminescence detection. Lysates (20 pg) in triplicate and
a standard (2 pL) were separated on a 4-12% gradient
NuPAGE™ gel in NuPAGE™ MOPS SDS running buffer at
a constant voltage of 200 V for 50 min on ice. Blotting using the
XCell II™ Blot Module was carried out in NuPAGE™ Transfer
Buffer with NuPAGE™ Antioxidant onto a nitrocellulose
membrane at a constant voltage of 30 V for 1 h. Blotted proteins
on the membranes were reversibly stained with Novex reversible
membrane protein stain kit. Images of stained total proteins on
the membrane were captured using the ChemiDoc Touch
Imaging System (Bio-Rad Laboratories).

After destaining, the membrane was blocked with 5% non-
fat dry milk in Tris-buffered saline (pH 7.4) composed of
20 mM Tris, 500 mM NaCl, 1% casein, and 0.1% Tween 20
(TBST) at room temperature for 1 h, followed by incubation with
anti-phospho-EGFR monoclonal rabbit antibody or anti-EGFR
polyclonal rabbit antibody (1 : 1000 diluted in TBST contain-
ing 5% BSA) at 4 °C overnight. The membrane was further
incubated with horseradish peroxidase-conjugated donkey anti-
rabbit antibody (1 : 1000 diluted in TBST containing 5% BSA) at
room temperature for 1 h and treated with the ECL™ Prime
Western Blotting System for 5 min. Chemiluminescence from
the membranes was immediately captured using a ChemiDoc
Touch Imaging System (Bio-Rad Laboratories).

Densitometry of western blots

Densitometry of western blots was performed for comparative
analysis of the amounts of phosphorylated EGFR and total EGFR.
The signal intensity of the target protein for each sample was
determined by using the “lane and bands” command of Image
Lab™ software ver. 6.0.1 (Bio-Rad Laboratories). The signal
intensity of total proteins on each sample lane was determined by
using the “volume tools” command of Image Lab™ software.
Signal intensities were normalised by dividing the signal inten-
sity of the target protein by the signal intensity of the total
protein. To compare relative protein levels across the samples,
the fold change was calculated using the following equation:*
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normalized signal

target protein (1)

F 1 h. =
old change mean normalized signal

control

Statistical analyses

All statistical analyses were conducted using RStudio software
ver. 1.2.1335 (RStudio Inc., Boston, MA, USA). Comparisons
between two groups were carried out using Welch's ¢ test. One-
way analysis of variance (ANOVA) was used to compare more
than two groups. If the results of one-way ANOVA were signifi-
cant, multiple comparisons between groups were made using
the Tukey honest significant difference (HSD) test. Statistical
significance was set at P < 0.05.

Results and discussion
Adsorption of HB-EGF on heparin-IC1 and PIPAAm surfaces

The adsorption of HB-EGF on PIPAAm and heparin-IC1 surfaces
was quantified using QCM measurements (Fig. 1). To examine
the effects of the state of grafted PIPAAm chains, the
measurements were conducted with flowing HB-EGF solution at
20 °C in a hydrated state below the LCST and at 37 °C in
a dehydrated state above the LCST. Estimated amounts (mean +
SD) of HB-EGF bound on heparin-IC1 surfaces at 20 °C and
37 °C were 177.7 & 34.6 and 183.0 & 27.6 ng cm ™, respectively.
The amounts on PIPAAm surfaces were estimated to be 161.3 +
53.7 ngcm > at 20 °C and 170.0 & 56.6 ng cm ™ > at 37 °C. ANOVA
revealed that the amount of adsorbed HB-EGF was not signifi-
cantly different between the groups with different surfaces and
temperatures. This indicated that the state of the grafted
PIPAAm chains and the presence of immobilised heparin on the
surface did not affect the adsorption of HB-EGF.

In a previous study, QCM measurements revealed that the
adsorption of BSA and fibronectin (molecular weight: 66 300
and 440 000 g mol~*, respectively) on PIPAAm and heparin-IC1
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Fig. 1 The amounts of HB-EGF adsorbed onto PIPAAm and heparin-
IC1 surfaces at 20 and 37 °C. The amounts were calculated from QCM
measurements using the Sauerbrey equation under flowing 440 ng
mL~! HB-EGF in PBS for 1 h. The bars represent the mean of triplicate
experiments. N.S., not statistically significant as determined by one-
way ANOVA.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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surfaces was temperature dependent and reduced at tempera-
tures below the LCST. This reduction in protein adsorption was
considered to be because of hydration and steric hindrance of
the swollen grafted PIPAAm chains.? In contrast, the amounts
of adsorbed HB-EGF were almost the same regardless of the
presence of immobilised heparin and the state of grafted
PIPAAm chains (Fig. 1), indicating that steric hindrance of the
swollen/shrunken PIPAAm chains had little effect on HB-EGF
adsorption. Similarly, other groups reported the effects of the
size of proteins on the adhesiveness to PIPAAm brush
surfaces.”*?® Yu et al. reported that smaller protein lysozyme
(14.7 kDa) exhibited adhesion on PIPAAm brushes at 23 °C,
whereas the larger proteins, human serum albumin (66.5 kDa)
and fibrinogen (341 kDa) weakly adhered to the PIPAAmM
brushes at the same temperature. When the temperature was
increased from 23 °C to 37 °C, the increased rate in the amount
of adsorbed protein was decreased as the molecular weight was
decreased.*® To explain the effects of the protein size theoreti-
cally, three models of protein adsorption behavior on PIPAAm
brush surfaces was assumed as follows:***° adsorption close to
the basal substrate between the collapsed brushes (primary
adsorption), adsorption on the outermost layer of the brushes
(secondary adsorption), and penetration within the brushes
(ternary adsorption). Based on these models, small HB-EGF
molecules (predicted molecular weight 9.7 kDa according to
the manufacturer's instructions) were presumed to exhibit
primary and/or ternary adsorption through diffusing inside the
grafted PIPAAm chains, regardless of the presence of swollen/
shrunken PIPAAm chains.

Dynamic adsorption/desorption of HB-EGF on heparin-IC1
and PIPAAm surfaces

Fig. 2 shows the monitoring of dynamic changes in Af during
the adsorption of HB-EGF at 37 °C and desorption with a step-
wise decrease in the temperature to 20 °C on the heparin-IC1
and PIPAAm surfaces according to the previous report.*® A
steep increase in Af was observed on both surfaces when the
temperature was increased from 20 °C to 37 °C. This increase
was mainly due to the reduction of viscosity and volumetric
mass density of water,*** and the release of bound water
through dehydration of the grafted PIPAAm chains.”*** The
gentle slope of Af after the injection of HB-EGF at 40 min was
attributed to HB-EGF adsorption on both surfaces.

AR5 (Hz)

80 100 120 140
Time (min)

Fig. 2 Temperature-dependent Af for the fifth overtone in PBS to
analyse the dynamic process of HB-EGF adsorption on PIPAAM (red)
and heparin-IC1 surfaces (blue) during a stepwise temperature change
from 20 to 37 °C. Flow rate, 50 uL min~%.

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

During the temperature change from 37 °C to 20 °C, HB-EGF
adsorbed at 37 °C remained on both surfaces. The amount of
residual HB-EGF was estimated from Af between the baselines
at 20 °C and the plateau after changing the temperature to
20 °C. The residual HB-EGF on the heparin-IC1 and PIPAAm
surfaces was estimated to be 151.0 & 103.8 and 133.0 & 28.0 ng
em ? (mean + SD) respectively. The difference between the
means was not significant (P = 0.80). Therefore, the adsorbed
HB-EGF at 37 °C was unable to desorb from both the heparin-
IC1 and PIPAAm surfaces even with the swelling of PIPAAm
chains with decreasing temperature to 20 °C.

Previous work revealed that cultured hepatocyte sheets on
heparin-IC1 surface bound with HB-EGF were detached
together with ECMs (e.g., fibronectin) and HB-EGF when the
culture temperature was reduced from 37 °C to 20 °C.** In Fig. 2,
however, HB-EGF was found as a residue on the heparin-IC1
surface during dynamic changes in temperature from 37 °C to
20 °C. These results suggest that the release of HB-EGF from the
heparin-IC1 surface was accompanied by a low-temperature-
induced detachment of hepatocytes. When hepatocytes were
incubated on heparin-IC1 surface bound with HB-EGF at 37 °C,
EGFRs were accessible on the HB-EGF, which was associated
with tethered heparin and compacted PIPAAm chains, resulting
in the formation of a complex with EGFR/HB-EGF/heparin.*
Upon lowering the temperature to 20 °C, the complex was
considered to be deformed due to the steric hindrance of the
swollen grafted PIPAAm chains. In addition, hydration of the
PIPAAm chains initiated the detachment of cell sheets, followed
by generation of the pulling force through dynamic cytoskeletal
contractions within the sheets.**** Eventually, HB-EGF was
released from the surface, presumably due to its association
with EGFR and/or ECMs beneath the cell sheets.

Temperature-dependent attachment of hepatocytes to HB-
EGF-bound surfaces

To assess the activity of bound HB-EGF, the attachment of
hepatocytes was investigated during short-term incubation.
Heparin-IC1 and PIPAAm surfaces bound with HB-EGF were
denoted as “HB-EGF/heparin-IC1” and “HB-EGF/PIPAAm,”
respectively. Two milligrams per millilitre of BSA in serum-free
suspension of hepatocytes was added to quantify the binding
between bound HB-EGF and EGFR of hepatocytes under mini-
mising nonspecific binding conditions.*® Fig. 3 shows the
percentage of attached hepatocytes after 1.5 h incubation.
Microscopic images revealed that the morphology of hepato-
cytes on HB-EGF/heparin-IC1 and collagen I-coated dish was
round-shaped, and actin fibres did not well organised (Fig. S17).
HB-EGF/heparin-IC1 at 37 °C exhibited the highest adhesive-
ness (6.3 £ 2.9%), which was not significantly different from
that in serum-contained DMEM, 8.0%.'® The other surfaces
exhibited low adhesiveness (<1%). Almost none of the hepato-
cytes were attached to HB-EGF/PIPAAm at 37 °C despite the
same amount of adsorbed HB-EGF on PIPAAm and heparin-IC1
surfaces, as shown in Fig. 1. This implied that the activity of HB-
EGF on heparin-IC1 was preserved due to specific binding
between heparin and the heparin-binding domain, leading to
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Fig. 3 Initial attachment of rat hepatocytes to PIPAAm and heparin-
IC1 surfaces after 1.5 h incubation in serum-free DMEM containing
2 mg mL™! BSA. Seeding density, 5 x 10% cells per cm?. The bars
represent the mean of triplicate experiments. P values were deter-
mined by one-way ANOVA with Tukey HSD tests.

activation® and outward orientation of the EGF-like domain. In
contrast, the activity of physisorbed HB-EGF on the surface of
PIPAAm was greatly reduced through non-specific adsorption,
which resulted in the random orientation of the EGF-like
domain and/or denaturation on hydrophobic polystyrene.

In addition, hepatocyte attachment was greatly diminished
on HB-EGF/heparin-IC1 at 20 °C. It is believed that heparin-
modified PIPAAm chains at 20 °C were hydrated and swollen.
Thus, it was considered that the attachment of hepatocytes to
HB-EGF/heparin-IC1 was attenuated by steric hindrance due to
hydration and/or swelling of the grafted PIPAAm chains.

The inhibitory attachment of hepatocytes with soluble EGF
was conducted on HB-EGF-immobilized surfaces at 20 °C and
37 °C, as shown in Fig. 4. Almost none of the attached hepa-
tocytes were observed on HB-EGF/PIPAAm, regardless of soluble

7.5
@® HB-EGF/Heparin-IC1, 20 °C
® HB-EGF/Heparin-IC1, 37 °C
< HB-EGF/PIPAAm, 20 °C
50 < HB-EGF/PIPAAm, 37 °C

B
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o 4 4 i
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Attached hepatocytes (%)
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Fig. 4 Inhibitory attachment of rat hepatocytes to HB-EGF/heparin-
IC1 and HB-EGF/PIPAAm surfaces after 1.5 h incubation with soluble
EGF in serum-free DMEM containing 2 mg mL~! BSA. Seeding density,
5 x 10 cells per cm?. The plots and error bars represent the mean and
SD of triplicate experiments.
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EGF and/or temperature (percentage of adhered <1%). This
indicated that physisorbed HB-EGF on PIPAAm surfaces had no
activity toward EGFRs. In contrast, the attachment of hepato-
cytes to HB-EGF/heparin-IC1 at 37 °C was gradually inhibited by
increasing soluble EGF. These data suggested that HB-EGF
bound to immobilised heparin held hepatocytes through
specific affinity interactions with EGFR. In contrast, at 20 °C,
hepatocytes hardly attached to HB-EGF/heparin-IC1 regardless
of soluble EGF, indicating that there was no specific affinity
between immobilised HB-EGF and EGFR. In the static state, the
equilibrated affinity interaction between EGFRs and surface-
bound HB-EGF was considered to be attenuated by steric
hindrance due to hydration and/or swelling of the grafted
PIPAAm chains. This was presumably due to the difficulty of
EGFR access due to steric hindrance of the cellular membrane.

EGFR stimulation on HB-EGF bound surfaces

The activity of HB-EGF/heparin-IC1 was also investigated by
quantifying the stimulation of the EGFRs of hepatocytes.
Western blotting for phosphorylated EGFR (pEGFR) and total
EGFR was carried out after the cultivation of hepatocytes in
serum-free medium on HB-EGF/heparin-IC1 surfaces. Fig. 5
shows western blots for hepatocyte lysates in triplicate with (a)
anti-pEGFR and (b) anti-EGFR antibodies. Phosphorylation of
EGFR for immobilised HB-EGF on heparin-IC1 surfaces was
clearly observed, while that for the negative control was not
detected (Fig. 5a). In contrast, residual EGFR on HB-EGF/
heparin-IC1 was decreased compared to that of the negative
control (Fig. 5b).

Fig. 6 shows the results of densitometric analyses of the
western blot membranes in Fig. 5. The values of the fold change
in phosphorylated EGFR stimulated with soluble HB-EGF
(Fig. 6a) and total EGFR without stimulation (Fig. 6b) were set
to 1. The mean fold change in pEGFR on HB-EGF/heparin-IC1
was larger (0.30 £+ 0.10) than that of the negative control (0.09

a Positive Negative HB-EGF/Heparin-IC1
7 8 9
ﬁ“ll!"*"‘
o ur.m
Soluble HB-EGF + -
Bound HB-EGF - - - - - - + + +

b Negative HB-EGF/Heparin-IC1

1 2 3 4 5 6

EGFR W W ww « = wan
Soluble HB-EGF -7 A-i - - - -
Bound HB-EGF - - - + + +

Fig. 5 Phosphorylated EGFR of rat hepatocytes cultured on HB-EGF/
heparin-IC1 surfaces after 1.5 h incubation in serum-free DMEM
containing 2 mg mL™! BSA. Hepatocyte lysates were analysed in
triplicate by western blotting with (a) anti-phospho EGFR and (b) anti-
EGFR antibodies. Negative and positive represented the suspension of
hepatocytes stimulated without or with 1 pg mL~* soluble HB-EGF for
15 min at 37 °C, respectively.
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Fig. 6 Fold change in phosphorylated EGFR (a) and total EGFR (b). The
fold change was calculated from normalized signals by total protein on
blotted membranes in Fig. 5. The bars represent the mean of triplicate
experiments. P values were determined by one-way ANOVA with
Tukey HSD test (a) and Welch's t test (b).

=+ 0.01), while the difference between the two means was not
significant (P = 0.36). However, the fold change in total EGFR
binding with HB-EGF/heparin-IC1 was 0.37 £ 0.06, which was
smaller than that of the negative control. This was presumably
due to partial internalisation of EGFR through stimulation by
HB-EGF/heparin-IC1. Taken together, the activity of immobi-
lised HB-EGF on heparin-IC1 surfaces was preserved.

Conclusions

In this study, the temperature-dependent affinity binding of
EGFR in hepatocytes with immobilised HB-EGF on heparin-
modified, PIPAAm-grafted surfaces was investigated. Hydra-
tion and swelling of surface-grafted PIPAAm chains at 20 °C
greatly diminished the interaction of EGFR in hepatocytes with
HB-EGF/heparin-IC1, while EGFR on hepatocytes was able to
bind to HB-EGF/heparin-IC1 with compacted PIPAAm chains at
37 °C. HB-EGF on a heparin-immobilized PIPAAm-grafted
surface at 37 °C had the activity to specifically bind to and
stimulate EGFR, whereas the physisorbed HB-EGF on the
PIPAAm surface greatly diminished their activity. Therefore, the
introduction of heparin into grafted PIPAAm chains on the
surface plays a pivotal role in preserving the activity of HB-EGF.
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