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Photo-reactive polymers are important for biomaterials, including devices with a 3D-structure. Here,
different types of photo-reactive polymers were prepared and utilised for immobilisation of growth
factors. They were synthesised by conjugation of gelatin with the azidophenyl group or by copoly-
merisation of the azidophenyl group-coupled methacrylate with poly(ethylene glycol) methacrylate. The
azidophenyl content and the zeta potential of the prepared polymers were measured. After spin coating
of polymers, the thickness and the water contact angle of coated layers were measured. The amount of
the immobilised epidermal growth factor (EGF) was determined using fluorescence labelling. Cell
adhesion responded to the nature of photo-reactive polymers but did not depend on the immobilised
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EGF. However, cell growth was dependent on the amount of immobilised EGF and was significantly
affected by the nature of photo-reactive polymers. The study shows that the properties of the photo-
immobilisation matrix significantly influence the biological activity.
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10th Anniversary Statement

I celebrate the 10th anniversary of the Journal of Materials Chemistry B and would like to contribute further to the advancement of the journal. When I started
my work in biomaterials about 40 years ago, the journals in this field were very few. Since then, the field has expanded with progress in biotechnology and
interdisciplinary research. In time, the Journal of Materials Chemistry B appeared and became one of the most important journals for researchers to publish in.
Timely themed collections and review articles have attracted scientists to learn the recent trends in the field. I would like to express appreciation for the suitable
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time to first decision and the smooth management by the efforts of the editors and managing staff. I'm honored to publish our research and to have joined the
Journal of Materials Chemistry B as a board member, and I hope for a continuous contribution from the journal to biological materials research.

Introduction

Photo-induced polymerisation or cross-linking has been gar-
nering increasing interest with the progress in 3D-photo-
printing technology."® Photochemical reactions have been
highlighted by other valuable but less traditional applications
in biomaterials,® photo-responsive materials, light-induced
living/controlled polymerisations, and spatially controlled
photo-polymerisations.”™*

“ Nano Medical Engineering Laboratory, RIKEN Cluster for Pioneering Research,
2-1 Hirosawa, Wako, Saitama 351-0198, Japan. E-mail: y-ito@riken.jp;
Fax: +81-48-467-9300; Tel: +81-48-467-5809
b Department of Chemical Science and Engineering, Tokyo Institute of Technology,
2-12-1 Ookayama, Meguro-ku, Tokyo 152-8550, Japan
¢ Emergent Bioengineering Materials Research Team, RIKEN Center for Emergent
Matter Science, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan
t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2tb02040h

5514 | J Mater. Chem. B, 2023, 11, 5514-5522

Growth factors (GFs), which are capable of stimulating cell
growth, differentiation, survival signalling, and modulating
various physiological functions as well as tissue homeostasis,
have been widely studied in tissue engineering. GFs stimulate
the corresponding physiological responses by triggering the
activation of cognate receptors. The concept of immobilisation
of GFs by chemical conjugation as ‘artificial juxtacrine stimula-
tion’ was first proposed for biomaterials in the 1990s,>™”
and corresponded to one of the non-diffusible signalling
mechanisms—juxtacrine signalling in the field of cell biology.'®
Immobilisation of GFs is believed to preserve the bioactivity of GFs
for a long time without their internalisation. Additionally, the
multi-valency of the immobilised GFs is expected to increase the
local concentration of ligands and activates cell response with
higher efficiency compared with that achieved with soluble GFs.
Therefore, immobilisation of GFs has been widely studied in
biomaterial surface or tissue engineering.'>>* Various types of
bioactive molecules have been immobilised to regulate physio-
logical functions of cells. Insulin, epidermal growth factor (EGF),
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vascular endothelial growth factor (VEGF), and hepatocyte growth
factor (HGF) were immobilised to increase the mitogenic
responses, and bone morphogenic protein (BMP) and insulin-
like growth factor-1 (IGF-1) were immobilised to induce cell
differentiation."®*™2® Immobilised GFs and bioactive mole-
cules have been extensively used for a variety of purposes; for
example, immobilised transforming growth factor-betal has
been used in collagen synthesis®>” and the immobilised leukae-
mia inhibitory factor has been used for maintaining the undif-
ferentiated state of stem cells.*®

Among the various promising methods for GF immobilisation
and photo-immobilisation, a technique using polymers contain-
ing photo-reactive groups, is advantageous in immobilising bio-
molecules using simple photochemistry and visualisation of GF
stimulation through micro-patterning by lithography. The azido-
phenyl group was incorporated into natural or synthetic polymers
as a photo-reactive group to immobilise biomolecules.">?° The
cross-linking of azidophenyl-incorporated polymers can be acti-
vated by UV light to form covalent bonds with organic materials
for fabricating bioactive or bioinert surfaces. Although the
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usefulness of photo-immobilisation methods is known, the effect
of immobilising polymers on the activity of immobilised bio-
signalling macromolecules has not been investigated.

The photo-immobilisation of EGF has also been reporte
However, the dependence on photo-immobilising matrices

4,301

has not been reported. Recently, the effect of matrices on
immobilised signal proteins has been the focus of several
researchers.”>?” Therefore, in this study, we investigated the
effect of EGF matrices on the adhesion and growth of cells
using different photoreactive polymers, including natural and
synthetic polymers.

Materials and methods

Synthesis of photo-reactive polymers

Three types of photo-reactive gelatins (A-, B-, and AB-gelatins)
and Az-PEG were synthesised as illustrated in the synthetic
scheme (Fig. 1(a)-(d)).>*>° The synthetic protocol was as
follows:
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Fig. 1 Synthetic scheme and chemical structures of photo-reactive polymers: (a) A-, (b) B-, and (c) AB-gelatin and (d) Az-PEG.
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Synthesis of A-gelatin

Porcine gelatin (200 mg) (G1890; Sigma-Aldrich, St. Louis, MO,
USA) was completely dissolved in distilled water at 37 °C.
To this gelatin solution, 2-(N-morpholino) ethanesulphonic
acid (MES) solution (pH 4.5, 100 mL) was added to a final
concentration of 50 mM. 4-Azidoaniline hydrochloride (40 mg),
1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride
(EDC) (40 mg), and N-hydroxysuccinimide (NHS) (12 mg) were
added to the MES-buffered gelatin solution, and the mixture
was incubated at 30 °C for 4 h. The product was dialysed
against distilled water and lyophilised.

Synthesis of B-gelatin

The porcine gelatin (100 mg) dissolved in distilled water (100 mL)
was added dropwise to an N-4-azido-benzoyloxysuccinimide (ABS)
solution (100 mg, 0.380 mmol) in dimethylformamide (DMF)
(100 mL). The solution was continuously stirred in an ice bath.
After reaction at 4 °C for 24 h, the product was dialysed against
distilled water and lyophilised.

Synthesis of AB-gelatin

B-gelatin (50 mg) was dissolved in 50 mM MES buffer (pH 4.5,
100 mL), and subsequently 4-azidoaniline hydrochloride
(10 mg), EDC (10 mg), and NHS (3 mg) were added to it. The
mixture was incubated at 30 °C for 4 h and the product was
dialysed against distilled water and lyophilised.

Synthesis of Az-PEG

4-Azidophenylmethacrylamide was synthesized as previously
reported®**® and was co-polymerised with poly(ethylene glycol)
methacrylate (PEG-MA) (680 mg) (#409537; Sigma-Aldrich, St
Louis, MO, USA). It was mixed with N-(4-azidophenyl)-meth-
acrylamide (33.2 mg) and azobisisobutyronitrile (5.6 mg) in
10 mL ethanol and polymerised for 18 h at 60 °C. The product,
thus obtained, was evaporated to remove ethanol and purified
by precipitation with ether. The product was characterised
using gel permeation chromatography. The copolymer was
dissolved in a mixture (1:1) of ethanol and distilled water.

UV spectroscopy and measurement of the zeta potential

UV spectroscopy was performed for each photo-reactive polymer
using an ultraviolet-visible (UV-Vis) spectrophotometer (V-550,
JASCO Corporation, Tokyo, Japan). The zeta potential was mea-
sured using an ELSZ-2PL zeta potential and particle size analyser
(Otsuka Electronics, Osaka, Japan). Two methods were applied to
measure the zeta potential of the soluble polymers and the
fabricated surface. The measurement of soluble polymers is based
on the principle of electrophoretic mobility in an electric field.
The samples were dissolved in double-distilled water with 5 mM
NaCl and equilibrated at 37 °C. The measurement of the surface
zeta potential is based on flow potential technology which has
been widely applied to planar surfaces.’”*® Plate samples were set
up in the flow cell, and the flow of dispersed particles (standard
monitor particles: polystyrene latex coated with hydroxypropyl
cellulose (~500 nm Dia.)) was monitored in a 10 mM NaCl
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solution at pH 7. The Smoluchowski approximation was applied
to both conversion equations for calculating the zeta potential.

Florescence labelling of EGF

Human recombinant EGF (#236-EG; R&D Systems, Inc.,
Minneapolis, MN, USA) was conjugated with fluorescein iso-
thiocyanate (FITC) (#F7250; Sigma-Aldrich, St Louis, MO, USA)
for the evaluation of the immobilised protein. For FITC con-
jugation, 0.3 mg of EGF was dissolved in 100 pL of 0.1 M
carbonate-bicarbonate buffer and was mixed with FITC
(1.9 mg) in 30 pL of dimethylsulphoxide. The mixture was kept
for 4 h in a dark place at 25 °C. The unreacted dye and buffer
salts were removed using desalting columns (PD Spintrap™
G-251128-9180-04; GE Healthcare, Buckinghamshire, UK). The
fluorescein/protein molar ratio of FITC-EGF was evaluated to be
4.5 based on their absorbance at 280 and 495 nm. The protein
concentration was determined using the equation described in
the product information for FITC on the official website
of SIGMA.

Spin coating and immobilisation

The photo-reactive polymers, with or without EGF, were spin-
coated on circular plastic plates (15 mm diameter Thermanox™
Coverslips, ThermoFisher Scientific, Cleveland, OH, USA).
The plates were treated with plasma for 90 s and different
concentrations of EGF with 0.1 wt% photo-reactive polymers
were applied to the plasma-treated plates. The spin coating
was performed as follows (Fig. S2, ESIt): (i) disperse stage:
1000 rpm, 5 s, (ii) substrate acceleration stage: 6 s, (iii) stable
fluid outflow: 2000 rpm, 8 s, (iv) additional spinning: 5000 rpm,
3s. After drying, the plates were UV irradiated using an L5662
UV spotlight source (Hamamatsu photonics, Hamamatsu,
Japan) with 10 mW c¢m™> for 20 s to cross-link the photo-
reactive polymers. The immobilised EGF-FITC was measured
after removal of unbound EGF-FITC (Fig. S3, ESIf), and the
calibration between fluorescence intensity and EGF-FITC
amount was constructed using the standard curve (Fig. S4,
ESIt). The removal of non-immobilised EGF was confirmed
after ensuring that FITC-EGF was not detected in the washing
solutions. The fluorescence was measured using an EnSpire™
Multimode Plate Reader (PerkinElmer, Waltham, MA, USA).
The amount of immobilised EGF was estimated by calibrating
known amounts of FITC-EGF immobilised on the surface. For
FITC fluorescence, the excitation wavelength was 495 nm and
the emission wavelength was 518 nm.

Measurement of the thickness of polymers

The thickness of the polymers was measured using a spectro-
scopic ellipsometer (M-2000UI, J. A. Woollam, Co., NE, USA).
First, the thickness and refractive index of relatively thick
(>50 nm) samples were measured and thereafter the obtained
refractive index was used in the analysis of thinner samples.

Measurement of the contact angle

The water contact angles of plates were measured by dropping
2 pL of double distilled water on several spots at room

This journal is © The Royal Society of Chemistry 2023
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temperature in air using a DropMaster contact angle meter
(Kyowa Interface Science, Saitama, Japan).

Immuno-staining

Immobilised EGF was stained as follows: 0.5 mg mL ™" of EGF
was coated with 0.1 wt% photo-reactive polymer on the plate
and immobilised through a photomask. The plate was incu-
bated with a blocking solution (Block Ace; AbD Serotec, Oxford,
UK) in Tris-buffered saline (Takara Bio USA Inc., Mountain
View, CA, USA) containing 0.1% Tween-20 (TBS-T, Promega,
Madison, WI, USA) for 4 h and was incubated overnight with
10 pg mL~" anti-hEGF monoclonal antibody (#MAB236; clone
10825, R&D Systems, Minneapolis, MN, USA). Unbound anti-
body was removed by washing with TBS-T three times for 5 min
each time. The treated plate was then incubated with the
Alexa Fluor 488-conjugated goat anti-mouse antibody for 1 h
at room temperature. After washing again with TBS-T three
times, the stained surfaces were observed using a fluorescence
microscope.

Cell culture

A fibroblastic clone, derived from a normal rat kidney (NRK-
49F), was procured from the Japanese Collection of Research
Bioresources Cell Bank. The cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; FUJIFILM Wako Pure
Chemical Industries, Ltd, Osaka, Japan), supplemented with
10% foetal bovine serum (FBS, Chile Origin, USDA approved;
FB-1365/500, Biosera, Nuaille, France), and 1% penicillin-
streptomycin (Nacalai Tesque, Inc., Kyoto, Japan) at 37 °C with
5% CO,. The cells were harvested after treating with 0.25%
trypsin, containing 1 mM ethylenediaminetetraacetic acid
(Gibco, Thermo Fisher Scientific, Rockford, IL, USA), for
3 min at 37 °C and suspended in culture medium or low serum
containing DMEM with 0.5% FBS for in vitro examination.

Evaluation of attachment and growth of cells

Cell attachment was evaluated by staining F-actin as previously
reported.>*™*" A suspension of cells in 500 uL. DMEM, supple-
mented with 10% FBS, was added to the wells of each 24-well
plate at a density 5 x 10% well ', The plate was centrifuged at
1000 rpm for 3 min to initiate cell adhesion and then incubated
at 37 °C for 1 h. After the incubation, the medium was gently
pipetted to re-suspend the unattached cells and the medium
was replaced with fresh PBS. PBS was then replaced with 4%
paraformaldehyde and the plates were incubated for 15 min at
room temperature to allow the fixing of cells. The fixative was
aspirated and the samples were washed three times with PBS
for 5 min each time. PBS was replaced with 0.1% Triton X-100
in PBS and the plates were incubated for 15 min at room
temperature. After washing with PBS, the samples were stained
with phalloidin 568 for 60 min and with Hoechst33342
(1:5000) for 30 min. The plates were again washed with PBS,
and the cells were observed using a fluorescence microscope.
The area showing cell attachment was analysed using the
Image] and Prism software.

This journal is © The Royal Society of Chemistry 2023
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The cell growth was estimated from the cell number using a
Cell Counting Kit-8 (CCK-8; Dojindo, Kumamoto, Japan). CCK-8
solution was added to the cell culture medium at a ratio of 1: 10
and incubated at 37 °C for 1 h under a humidified atmosphere
containing 5% CO,. The reactants were transferred to a 96-well
plate and the absorbance was measured at 450 nm using an
EnSpire™ Multimode Plate Reader.

Results and discussion
Characterisation of photo-reactive polymers

The presence of conjugated azidophenyl groups in the prepared
polymers was confirmed using UV absorbance spectra (Fig. S1,
ESIt). The quantification of azidophenyl groups in each poly-
mer was performed by measuring the absorbance at 265 nm
applying the Beer-Lambert law and using a molecular coeffi-
cient of 18000 M~ ' ecm ™', reported previously."> The same
coefficient constant was assumed for determining the content
of the azidophenyl group (Table 1). Type A gelatin has 86
cationic amino acids, including lysine, hyroxylysine, histidine,
and arginine, and 118 anionic amino acids, such as glutamic
acid and aspartic acid, per 1000 amino acids.**** In A-gelatin,
3.9 carboxyl groups are reduced by coupling with the azido-
phenyl group. In B-gelatin, 2.7 amino groups are reduced by
coupling with the azidophenyl group. Both carboxyl and amino
groups are sequentially reduced in AB-gelatin and result in 5.7
azidophenyl groups in each gelatin polymer. Az-PEG is formed
by copolymerisation of the two types of monomer, and the
content of the azidophenyl group in this polymer is higher than
in photo-reactive gelatins synthesised in the present study. The
azidophenyl content of Az-PEG was estimated to be 8.6 with
feeding in the copolymer of N-(4-azidophenyl)-methacrylamide
and (poly(ethylene glycol)) methacrylate.

The zeta potential is shown in Table 1. The zeta potential of
unmodified type A gelatin was measured at pH 7, which was
below the isoelectronic point of unmodified type A porcine
gelatin (pH 9) and, therefore, had a positive zeta potential
value, close to 0.*> The zeta potentials of other gelatins synthe-
sised in the present study were also measured at pH 7. A-gelatin
had a higher zeta potential of 10.4 £ 0.7 mV, which corre-
sponded with the reduced carboxyl groups. B-gelatin had a
lower zeta potential of 1.8 £ 0.2 mV because none of the
carboxyl groups were reduced. AB-gelatin had a zeta potential
of 4.3 + 0.2 mV, which is intermediate between those of A- and
B-gelatin, and close to that of original porcine gelatin before
chemical modification. Because Az-PEG is non-ionic, its zeta

Table 1 Content of the azidophenyl group and zeta-potential

Sample Azidophenyl group/polymer Zeta-potential (mV)
Gelatin 0 3.8+ 0.6
A-gelatin 3.9 104 + 0.7
B-gelatin 2.7 1.8 £0.2
AB-gelatin 5.7 4.3 +£0.2
Az-PEG 8.6 1.6 £ 1.6
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potential was 1.6 £ 1.6 mV, which was close to that of the non-
electrical state.

Surface treatment by photo-reactive polymers

The plasma treatment was performed to prepare a hydrophilic
surface before spin coating as the hydrophobic surface of
Thermanox™ Coverslip was not suitable for spreading of the
aqueous solution of polymers. All polymer-coated surfaces had
a similar contact angle, indicating the same level of hydrophi-
licity (Fig. 2).

The thickness of the coated polymers was measured using
ellipsometry after applying different concentrations of polymers
(Table 2). The reduction in the polymer concentration led to a
decrease in thickness. The relationship between the feed content
and thickness was almost the same as that of the polymers used
in this study. These results demonstrate that the physico-chemical
properties of the prepared polymers were not different.

Considering the relationship between the feed and coated
amount of polymers calculated from the thickness, 12-15% of
the feeding polymers were on the plate. Under a typical spin
coating process (5000 rpm), 2-5% of the material was reported
to be dispensed on the substrate.*> We believe that under the

Plasma-treated

Thermanox™ Thermanox™
Coverslip Coverslip A-gelatin
’ = i ’ :
B-gelatin AB-gelatin Az-PEG

()

-3
°

EE Thermanox™ Coverslip

=)
-3

Plasma-treated Thermanox™ Coverslip
I A-gelatin

[ B-gelatin

Hl AB-gelatin

[ Az-PEG

Water contact angle (°)
N B
o o

Fig. 2 Water contact angles of treated Thermanox'™ Coverslips. For
coating, 0.1 wt% polymers were used. The measurement of contact angles
applying different treatments and coatings are shown as Fig. 2(a)—-(f) and
the statistical analysis is shown in Fig. 2(g). The values shown are mean +

Table 2 Feed concentration and thickness

Thickness (nm)

Feed conc.

(Wt%) A-gelatin B-gelatin AB-gelatin Az-PEG
1 50 65 52 68

0.1 5.3 6.5 5.8 6.4
0.01 0.43 0.51 0.54 1.2

SD (n = 5, **** p < 0.0001, analysed using the t-test).
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conditions employed by us for spin coating, less time may have
caused the high amount of coated material.

The surface zeta potentials are shown in Fig. 4, which were
measured as —47.2 + 1.2mV for the non-immobilised plate.
The immobilisation of photo-reactive polymers reduced the
negative value of the surface. This reduction depended on the
nature of the polymer.

The Thermanox plate surface had a negative zeta potential,
which was similar to those of conventional polymers such as
polystyrene, polypropylene, polyethylene, or polyamide, having
a range from -25 mV to -75mV at pH 7.®*® The immobilised
photo-reactive gelatins reduced the negative value of zeta
potential because these polymers had positive zeta potentials,
as shown in Table 1. The effects depend on the nature of the
photoreactive polymers. A-gelatin reduced the negative value
more than B-gelatin or AB-gelatin did. Az-PEG showed a lower
effect on zeta potentials than the photo-reactive gelatins.

Immobilisation of EGF

To verify the immobilisation of EGF by each polymer, photo-
masking (Fig. 3(a)) was employed, and the pattern was con-
firmed using immuno-staining with the anti-hEGF antibody
(Fig. 3(b)—(e)). The mechanism underlying the immobilisation
of protein using the azidophenyl group is illustrated in
Fig. S5(a) (ESIf)."®*® The UV irradiation triggered photo-
activation to produce singlet nitrene or cause ring expansion
of the azidophenyl group into dehydroazepine, which initiated
covalent bond formation to cross-link with proteins, substrate,
and other polymers, as shown in Fig. S5(b) (ESIt).

Table 3 shows the relationship between the amount of
immobilised EGF and photo-reactive polymer matrices calcu-
lated based on the thickness. The amount of immobilised EGF
increased with the increase in the amount of EGF feed. Because
the content of azidophenyl groups in AB-gelatin is more than in
A- and B-gelatins, it provided a higher amount of immobilised
EGF on the surface.

Among the four photo-reactive polymers, Az-PEG had
8.6 azidophenyl groups per polymer molecule (Table 1) and
had the highest immobilised amount of EGF among the four
polymers. Therefore, Az-PEG showed the highest amount of

(b)
A-gelatin - EGF
(a)

B-gelatin - EGF

(
(d) (

e)
Az-PEG - EGF

AB-gelatin - EGF

Fig. 3 Micropatterning using a photomask. (a) A photomask composed
of transparent (100 um) and dark (200 pm) stripes. The fluorescence of
EGF immobilised using (b) A-gelatin, (c) B-gelatin, (d) AB-gelatin, and
(e) Az-PEG. Scale bar, 200 pm.
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Table 3 Feeding polymers and EGF and efficiency of EGF immobilisation
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Feeding polymer Feeding EGF EGF on substrate

Immobilisation Feed azidophenyl Immobilised azidophenyl

(ng pL™h (ng uL™") (ng cm™?) efficiency (%) group per EGF group per EGF
A-gelatin 1 6.25 39+04 11.0 £ 1.2 374.4 414.5
1 25 5.5+ 0.5 3.9+0.3 93.6 297.9
1 100 10.6 + 1.0 1.9 £ 0.2 23.4 152.9
1 62.5 3.0£0.5 8.4 +1.5 259.2 462.1
B-gelatin 1 25 6.3 £ 1.2 4.4+ 0.8 64.8 216.5
1 100 13.1 £ 1.5 2.3£0.3 16.2 104.0
1 6.25 3.4 £0.6 9.7 £ 1.8 547.2 742.8
AB-gelatin 1 25 7.5+ 1.9 53 +1.3 136.8 343.3
1 100 16.5 + 0.9 2.9 £0.2 34.2 155.2
1 6.25 3.6 +£4.0 10.3 £ 11.4 461.0 563.0
Az-PEG 1 25 139+ 7.9 9.8 £ 5.6 115.2 147.1
1 100 45.6 £ 6.1 8.1+1.1 28.8 44.7

immobilised EGF on the substrate compared with the other
photo-reactive gelatins.

In contrast, the immobilisation efficiency decreased with the
increase in the feeding ratio of EGF. Although the amount of
azidophenyl groups was in excess of the amount of EGF, the
ratio decreased from 414.5-742.8 to 44.7-155.2. In the feed, the
ratio decreased from 259.2-547.2 to 16.2-34.2 (Table 3).
Besides, azidophenyl groups were not only consumed in the
immobilisation of EGF, but some were consumed in the
formation of covalent bonds with the substrate and cross-
linked polymers as well (Fig. S5(b), ESIt).

The calculated density of the immobilised EGF ranged from
3.10 x 10° to 4.77 x 10* molecules um™? (Table 3). In contrast,
assuming the effective radius of EGF molecules to be 0.8 nm
(as given on https://3vee.molmovdb.org/) and that they were
arranged in a hexagonal close-packed manner, the full coverage
of EGF on a slide with 15 mm diameter being estimated to be
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Fig. 4 The surface charges of immobilised EGF with different photo-
reactive polymers. The surface zeta potential of EGF immobilised using (a)
A-gelatin, (b) B-gelatin, (c) AB-gelatin, and (d) Az-PEG.
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4.1 x 10° molecules pm 2. These calculations suggest that EGF
occupied 0.7-12% of the fully occupied monolayer on the
surface. The thickness of the immobilised surface ranged from
5.3 to 6.5 nm (Table 2) and based on the effective radius of EGF,
the limited and effective exposure of EGF was inferred.

The density of the EGF receptor (EGFR) on the cell surface
has been estimated by some researchers. Zhang et al. analysed
the density on of A431, HeLa, and A549 cell lines using surface
plasma resonance imaging and showed it to range from 142 to
636 molecules pm~>.>° Harms et al. investigated the expression
of EGFR in U87MG, H1975, and A431 cell lines, and found the
EGFR densities to be 5.8 x 10% 3.6 x 10° and 2.0 x
10° receptors per cell, respectively, using quantitative flow
cytometry.>® Zheng et al. reported EGFR densities to range
from 6.32 x 10 to 8.23 x 10’ receptors/cell by analysing eight
cell lines.>® Assuming the cell surface area to be 1.26 x 10° um?
(diameter: 20 um), the EGFR density is estimated to range from
50 to 1600 molecules um 2. Although photo-immobilisation
cannot regulate the orientation of EGF, the density of surface
immobilised EGF in the present study was considered to exceed
the range of EGF receptor density on cells during interaction of
the cell and the EGF immobilised surface.

Immobilisation with EGF did not significantly affect the zeta
potential in the case of photo-reactive gelatins (Fig. 4(a)-(c)),
although recombinant human EGF has a negative zeta
potential in the range of —7 to —30 mV according to the nature
of the buffer.*” This was due to the low EGF content in the
immobilised layers (5.7-9.3%). However, because the highest
content of EGF in Az-PEG was 31.4%, EGF had different effects
on the surface zeta potential.

Cell attachment

The stained cell images for the cell attachment evaluation are
demonstrated in Fig. S6 (ESIT) and the attachment of cells to
different photo-reactive polymers is summarized in Fig. 5.
A-gelatin promoted the attachment of cells, whereas B-gelatin
did not. Considering the known fact that cationic surfaces,
such as that of amino groups, promote cell adhesion,> the
same effect was observed in the present study. The much higher
cell spreading effect observed in AB-gelatin was assumed to
be due to stronger cross-linking by higher azidophenyl group in
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out EGF. The values shown are mean + SEM.

AB-gelatin. Higher degree of cross-linking is considered to be
associated with a higher stiffness, which determines the cellular
morphology and facilitates cell spreading.*’ In contrast, PEG
reduces protein adsorption®® and was reported to control cell
shape and projected areas®® and surface immobilisation with
Az-PEG showed reduced adhesion of cells,”® which is employed
in the design of materials and was used in the present study.

Although the properties of matrix polymers affected the
attachment of cells, the increment in the amount of immobi-
lised EGF did not significantly influence the attachment of cells
(Fig. 5). Immobilised EGF was not considered to directly induce
the reconstruction of the cytoskeleton.

Cell growth

The cell growth in the presence of soluble EGF was compared
(Fig. 6). On surfaces fabricated with different polymers,
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immobilised EGF generally enhanced the cell growth more
than that observed for soluble EGF. Compared with soluble
EGF, immobilised EGF enhanced the cell growth through
multivalent stimulation, high local concentrations in the area
of interaction between cell and substrate, and by inhibiting the

15,2631 The matrix

down-regulation of EGF receptors in cells.
polymers significantly affected the growth enhancement. In the
presence of soluble EGF, AB-gelatin was the most effective,
followed by B-gelatin. A-gelatin was not as effective for the
growth of cells as was soluble EGF. EGF immobilised using
Az-PEG significantly reduced the cell growth. Az-PEG reduced
not only cell attachment but also interaction between immobi-
lised EGF and EGFR on cells, and therefore, no cell growth
enhancement was observed. Additionally, loss of cell attach-
ment is considered to cause programmed cell death, which
counteracts enhancement in the cell growth by EGF.%"¢?

The characteristics of the immobilising matrix affected the
cell growth with the immobilised EGF more significantly.
Higher promotion of cell growth rate by EGF was observed
on the A-gelatin surface. The enhancement in cell growth of
B- and AB-gelatin was significantly less than that of A-gelatin.
We believe that the cationic surface of A-gelatin promotes the
interaction of immobilised EGF and EGFR. A-gelatin was
designed to expose more amino groups, because of which better
cell attachment and cell growth were observed. B-gelatin exposes
more carboxyl groups, because of which lower cell attachment
and cell growth were observed. Cell culture on a surface with
amino groups was reported to exhibit higher cell growth and
adhesion than that on a surface with carboxyl groups.®®

The relationship between the growth and attachment of
cells on the immobilised and soluble EGF with different
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Fig. 6 Cell growth on the surface with EGF immobilised using different polymers and on soluble EGF on the corresponding polymer-immobilised
surface. EGF-A-gelatin (a), EGF-B-gelatin (b), EGF-AB-gelatin (c), and EGF-Az-PEG (d) in the medium with different concentrations of soluble EGF. The

values shown are mean + SD.
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Fig. 7 Integration of cell growth rate (%) and cell attached area (um?) on

different photo-reactive gelatins and Az-PEG using the data presented in
Fig. 5 and 6.

photo-reactive polymers is summarized in Fig. 7. It is seen that
the matrix polymers significantly affected the cell behaviour
with immobilised EGF more than with soluble EGF. Tang
et al®” reported that the stiffness of an artificial matrix for
immobilisation of transforming growth factor-beta 1 affected
the signalling with coupling of mechano-transduction. The
present study also demonstrates the importance of matrices
for immobilizing growth factors. Higher cell attachment
ensures cell survival in the early stages of cell seeding by
avoiding anoikis.** Lower cell attachment did not enhance
the cell growth under any condition. However, the highest cell
attachment was observed on the AB-gelatin immobilised sur-
face, but the cell growth rate did not increase with the cell
attachment. Cell morphology changes during cell cycle and the
coordination of actin, integrin, and focal adhesion ensures
proper mitosis.®*®” During cytokinesis, both proper adhesion
and contractility are required to complete cell division. Polar
traction forces coordinate with the cell rounding process due
to lower focal adhesion and high cortical tension.®® Therefore,
a material designed for maximizing cell attachment does not
ensure the highest cell growth rate; rather, moderate cell
attachment is preferable for cell growth.

Conclusions

EGF was photo-immobilised with photo-reactive gelatins and
polyethylene oxide. The physico-chemical properties such as
contact angle, zeta-potential, and thickness were investigated
and the amount of immobilised EGF was quantitatively deter-
mined by fluorescent labelling. Not only the immobilsed EGF,
but also the immobilised polymers significantly affected the
cell attachment and growth. The results of this study show that
the matrix properties must be taken into consideration in the
immobilisation of GFs, although the immobilisation enhances
the effects of GFs.
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