Synthesis and characterisation of a mussel-inspired hydrogel film coating for biosensors
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Abstract

Mussel-inspired, catechol-containing monomers are being increasingly utilised to design versatile, adhesive, functional copolymers. This work
reports the synthesis and detailed characterisation of a novel terpolymer comprising dopamine methacrylamide (DMA), in order to produce
surface coatings capable of acting as biosensors for, e.g., toxins. DMA is copolymerised with 2-hydroxyethyl methacrylate (HEMA) and glycidyl
methacrylate (GMA) using free radical polymerisation. The copolymers are subsequently deposited as a thin film using spin-coating. It is
demonstrated that a terpolymer comprising HEMA, GMA and DMA can immobilise an IgG antibody on the film surface. The terpolymer
therefore has the potential to be used as a coating in biosensing devices. It is also demonstrated that the presence of DMA impacts the
copolymer properties. In-situ ellipsometry is used to confirm the important role of the catechol group on copolymer adhesion and significant

desorption was observed in the absence of DMA.
Introduction

Aflatoxins are hepatotoxic compounds produced by the fungus
Aspergillus. Aflatoxin M1 is an animal metabolite of aflatoxin B1
which can be excreted into milk and is extremely carcinogenic to
humans.[1] The presence of aflatoxin M1 in dairy products is of
concern to human health and a maximum permissible level of
50 ng L1 is mandated by the European Commission.[2] Existing
methods of detection for aflatoxins include the use of high
performance liquid chromatography, surface plasmon resonance or
mass spectrometry, however there is increasing need for low cost,
portable devices with sufficient sensitivity to detect aflatoxins.[1, 3-
5] A common method for diagnosis or detection of an analyte in
biomedical science is to use an array of antibodies, e.g. in an
enzyme-linked immunosorbent assay (ELISA), in which a surface-
bound antigen can be detected.[6] An alternative approach is to
immobilise antibodies on a surface and pass the analyte directly
over the array. Such a device would require facile and versatile
antibody immobilisation.

Biomolecule immobilisation can be facilitated using bio-inspired
surface coatings. A common example of such an approach is the use
of the catechol functional group (e.g. in dopamine), inspired by the
adhesion mechanism of mussels.[7] Polydopamine coatings, first
reported in 1997 by Messersmith et al.,[8] have been used to
adhere to virtually any surface, which allows functionalisation of
otherwise inert substrates, and for many other applications.[9]

Alternatively, chemical modification of dopamine provides a route
to a more controlled inclusion of the catechol moiety into a
material. Dopamine acrylamide (DA) or dopamine methacrylamide
(DMA) can be used as monomers in radical copolymerisations,
which introduce catechol functionalities into the polymer.[10, 11]
These monomers have been shown to enhance the adhesion of
polymers and materials with diverse functionalities have been
developed for a variety of applications including antifouling,
antibacterial and reversibly adhesive coatings.[10, 12, 13] In the
absence of oxygen, DA and DMA can be copolymerised with a
variety of vinyl comonomers with DA/DMA molar fractions of up to

50%. However, it has also been proposed that the catechol group
has an impact during the polymerisation (on e.g. molecular weight,
dispersity, crosslinking) and, in reactions comprising catechol-
containing monomer molar fractions greater than 50%, radical
scavenging prevents the synthesis of soluble polymers.[14, 15]

The current work presents the synthesis and characterisation of a
novel functional adhesive statistical terpolymer, comprising DMA,
hydroxyethyl methacrylate (HEMA), and glycidyl methacrylate
(GMA). The target material was designed to adhere strongly to
almost any device surface via the catechol functionality of the DMA,
providing a coating capable of immobilising antibodies intended to
detect aflatoxin M1 in a biomedical device. HEMA was selected to
make the terpolymer hydrophilic (yet not water soluble) to prevent
collapse of the terpolymer in aqueous (biological) environments.
HEMA is a versatile monomer yielding biocompatible polymers,
often copolymerised with cross-linkable monomers to form
hydrogels for biomedical applications. Poly(HEMA) is hydrophilic,
but considered insoluble in water due to the methacrylate
backbone.[16] Poly(HEMA) also has anti-fouling properties, often
utilised in biomedical applications, most notably in contact
lenses.[17, 18] GMA was included in this work to facilitate the
immobilisation of antibodies to the solution-coating interface and
to further support attachment of the copolymer films to surfaces
via the epoxide ring.[19, 20] Immobilisation of an antibody on the
terpolymer coating is subsequently demonstrated to confirm the
potential of the terpolymer coatings in biosensing applications.

Experimental
Materials

Dopamine hydrochloride (99%), sodium carbonate monohydrate
(99.5%), sodium tetraborate (99.5%, borax), anhydrous magnesium
sulfate (99.5%), and dimethyl sulfoxide-dg (99.9% D atom, DMSO-
d6) were supplied by Sigma-Aldrich, UK, and used as received.
Azobisisobutyronitrile (98%, AIBN) was supplied by Sigma-Aldrich,
UK, and recrystallised from methanol before use. Methacrylic
anhydride (94%), glycidyl methacrylate (97%, GMA) and



2-hydroxyethyl methacrylate (97%, HEMA) were supplied by Sigma-
Aldrich, UK, and passed through a column of activated alumina
before use to purify and to remove inhibitor. Hydrochloric acid
(36.5% w/v solution) and N,N-dimethylformamide (anhydrous,
99.8%, DMF) were supplied by Fisher Scientific, UK, and used as
received. Phosphate buffered saline (PBS) tablets, sodium
phosphate monobasic (99%) and sodium phosphate dibasic (99%)
were all obtained from Merck, Germany, and used as received.
Anti-aflatoxin M1 antibody A16A-1 was supplied by AntiProt,
Puchheim, Germany, stored at 4 °C and used within 4 weeks.

DMA synthesis

DMA was synthesised using the method of Messersmith and
coworkers.[21] Full experimental details can be found in the
supplementary information.

Polymer synthesis

Typical free radical copolymerisation of HEMA and DMA (HD-90/10)

The copolymerisation of HEMA (1.04 g, 8.00 mmol) and DMA
(0.20 g, 0.89 mmol) was initiated using AIBN (15 mg, 0.09 mmol) in
12 mL of DMF in a 50 mL two-necked round-bottomed flask, fitted
with a condenser and the other neck sealed with a rubber septum.
The solution was sparged with nitrogen for 60 minutes and
magnetically stirred. An initial sample was removed for analysis
with a syringe. The flask was then heated to 70 °C in an oil bath
under a nitrogen blanket. The reaction was allowed to proceed for
21 hours before a final sample was taken. The reaction solution was
poured into diethyl ether, causing precipitation of white solid which
was collected and dried overnight under vacuum. Yield =1.16 g,
94%. Mp=36200 g mol?, =3.17.1H NMR (DMSO-d6, 400 MHz)&
(ppm) = 8.70 (s, 2H, Ph-OH), 6.61 — 6.41 (m, 3H, Ph-H), 4.80 (s, 1H,
CH,-OH), 4.11 (s, 1H, NH-CH,), 3.88 (s, 2H, O-CH,-CH5), 3.55 (s, 2H,
0-CH,-CH3), 3.33 (s, 2H, NH-CH,), 3.15(s), 2.90 (s), 2.77 (s), 1.80 (m,
6H, C-CHs), 0.96, 0.77 (m, 3H, CH,-C-CH3,).

Free radical terpolymerisation of HEMA, GMA and DMA (HGD-
80/10/10)

The terpolymerisation of HEMA (1.04 g, 8.00 mmol), GMA (0.14 g,
1.00 mmol) and DMA (0.22 g, 1.00 mmol) was initiated using AIBN
(16 mg, 0.10 mmol) in 13 mL of DMF according to the procedure
described above except that the reaction was allowed to proceed
for 22.5 hours. A final sample was taken prior to precipitation of the
polymer in diethyl ether. Yield =0.97 g, 69%. M,=43400 g mol1,
D =3.23.1H NMR (DMSO-d6, 400 MHz)8 (ppm):*H NMR (DMSO-ds6,
400 MHz)6 (ppm) = 8.69 (2s, 2H, Ph-OH), 6.65 — 6.44 (m, 3H, Ph-H),
4.81 (s, 1H, CH,-OH), 4.62 (s, 1H, NH-CH,), 4.26 (s, 1H, O-CH,-CH
GMA), 3.89 (s, 2H, O-CH2-CH; HEMA), 3.73 (s, 1H, O-CH,-CH
GMA),3.59 (s, 2H, O-CH,-CH,HEMA), 3.34 (s, 2H, NH-CHy), 3.20, 2.90
(2s, 1H, O-CH-CH, GMA), 2.66 (s, 2H, CH,-Ph), 2.57 (s, 1H, O-CH-CH,
GMA), 2.12-1.75 (s, 2H, CH-C-CH3), 0.96, 0.76 (m, 3H, CH,-C-CH3).

Free radical copolymerisation of HEMA and GMA (HG-90/10)

The copolymerisation of HEMA (1.56 g, 12.0 mmol) and GMA
(0.19 g, 1.33 mmol) was initiated using AIBN (21 mg, 0.13 mmol) in
11 mL of DMF according to the procedure described above except

for the following modifications. The reaction was allowed to
proceed for 18.5 hours. A final sample was taken prior to
precipitation of the polymer in diethyl ether. Yield = 1.32 g, 75%.
Mn=133500 g mol?, b=4.26.1H NMR (DMSO-d6, 400 MHz)6
(ppm) = 4.83 (s, 1H, CH,-OH), 4.28 (s, 1H, O-CH,-CH GMA), 3.91 (s,
2H, O-CH,-CH,HEMA), 3.72 (s, 1H, O-CH,-CH GMA),3.61 (s, 2H, O-
CH,-CH,HEMA), 3.45 (s), 3.35 (s), 3.20, 2.87 (2s, 1H, O-CH-CH;
GMA), 2.73 — 1.80 (s, 2H, CH-C-CH3), 0.96, 0.76 (m, 3H, CH»-C-CH3).

Monomer / Polymer Characterisation

Molecular weights were obtained by size exclusion
chromatography (SEC) using a Viscotek TDA 302 with refractive
index, viscosity, and light scattering detectors. 2 x 300 mm PLgel
5 um mixed C-columns (Agilent, Stockport, UK, with a linear range
of molecular weight from 200 to 2,000,000 g mol-1) were used.
Dimethylformamide (DMF) with 0.1 wt.% of lithium bromide was
used as the eluent with a flow rate of 1.0 mL? at a temperature of
70 °C. Absolute molecular weights were obtained using data
obtained by triple detection SEC with light scattering, using a dn/dc

value of 0.076 mL g1 for HEMA in DMF.[22]

1H and 13C NMR spectra were recorded on a Bruker-400 MHz
spectrometer using DMSO-ds as a solvent. Spectra were referenced
to the trace proton peaks present in DMSO-dg (2.50 ppm). NMR
spectra were analysed using MestReNova (Mestrelab Research,
Spain). DMF was used as an internal standard to calculate monomer
conversion.

Substrate cleaning method

Silicon wafers were cleaned by immersion for 30 min in a flask
containing 250 mL dichloromethane, before immersion for 30
minutes in 250 mL piranha solution (1:3 mixture of hydrogen
peroxide and sulfuric acid), and then rinsed by immersion in 250 mL
milliQ water. The cleaned wafers were stored for up to 24 hours in
milliQ water before coating to prevent contamination, before being
dried in a stream of nitrogen.

Spin-coating experiments

Copolymers were spin-coated onto substrates using either a POLOS
200 spin-coater or a Laurell WS-650MZ-23NPP spin-coater.
Copolymers were dissolved in methanol at solution concentrations
from 0.5% to 2% (w/v) and then passed through a 0.45 pum syringe
filter. The cleaned silicon wafers were immobilised on the stage of
the spin-coater using a vacuum pump and sufficient copolymer
solution was applied to ensure the entire surface of the substrate
was wetted. Spin speeds were varied between 1000 and 4000 rpm
at acceleration rates of between 100 and 600 rpm st The
parameters used for individual experiments are specified below.
The spin duration was set to 75 s.

Atomic Force microscopy (AFM) experiments

AFM measurements were carried out in the peak force tapping
mode by a Dimension FASTSCAN (Bruker-Nano, USA) using silicon
nitride sensors FASTSCAN-C (Bruker, USA) with a nominal spring
constant of 0.7 N/m and tip radius of 5 nm. The setpoint was 0.08 V.



Contact angle measurements

Specially prepared silicon wafers, laser-cut 20 mm x 20 mm squares
with a 1 mm diameter central hole, were spin-coated as described
above to obtain film thicknesses of around 150 nm (1000 rpm,
400 rpm s, 2 wt% copolymer solution in methanol). The dynamic
contact angles were determined using the Axisymmetric Drop
Shape Analysis Profile (ADSA-P) captive bubble method with water
as the contact fluid.[23] Each copolymer-coated wafer was
immersed, face-down, in water and the copolymer coating was
allowed to equilibrate for at least 30 minutes. Air was injected
through the sample using a syringe pump connected to a needle,
producing an air bubble trapped under the water-swollen
copolymer film. The volume of the bubble was steadily increased
for 60 s (advancing bubble contact angle), then the process was
reversed (receding bubble contact angle). From the images of the
bubble, the bubble radius (r), bubble volume (V) and bubble contact
angle (Bpubble) Were calculated as function of time using drop
profiles based on the Laplace equation. The liquid contact angle is
then (180° - Bpubbie). Advancing and receding contact angles were
determined by averaging over time intervals with nearly constant
contact angles while the bubble volume was decreased or
increased, respectively.[24] For each polymer sample, three silicon
wafers were spin-coated, and the bubble expansion/retraction
cycle was repeated at least three times for each coated silicon
wafer on three positions of the sample. Representative
measurements are illustrated in Figure SI-1.

Streaming potential measurements

Streaming potential measurements were carried out to determine
the zeta potential of the polymers using a SurPASS 3 (Anton Paar
GmbH, Graz, Austria). For these measurements an adjustable gap
cell, equipped with Ag/AgCl electrodes, was used. A measuring
channel was built between two spin-coated silicon wafers, fixed
between two electrodes. The measuring fluid (0.001 mol/L KCl
solution) was streamed with varying pressure through this channel.
The pH-dependent measurements were started at least 30 min
after filling the cell at neutral pH; the pH value was altered stepwise
by adding HCl solution or KOH solution, respectively. From the slope
of streaming potential vs. pressure difference in the cell the zeta
potential was calculated for each pressure ramp according to the
Smoluchowski equation.[25, 26]

Ellipsometry measurements

Ellipsometry measurements were carried out using a Woollam
M2000-Ul spectroscopic ellipsometer (J.A. Woollam Co. Inc,,
Lincoln, USA). For in-air measurements, a wavelength range of 245-
1690 nm was used, and measurements were obtained using
incident angles of 60, 65, 70 and 75°. The data was processed using
completeEASE software (J.A. Woollam Co. Inc.), and a box model
with sharp interfaces for the polymer film on a native SiO/Si
substrate was applied. The optical dispersions for SiO, and Si were
taken from the database. The refractive index of the polymer film
was modelled by a Cauchy dispersion n(A)=A+B/A2. For polymer film
thickness values smaller than 10 nm, fixed values of A = 1.520 and
B = 0.006 were used for the refractive index (n) unless indicated.

PBS solution (pH 7.4, 0.01 mol dm-3) was obtained by dissolving one
PBS tablet in 200 mL deionised water. A 0.01 mol dm-3 solution of
PBS contains 0.01 mol dm-3 phosphate buffer, 0.0027 mol dm-3
potassium chloride and 0.137 mol dm-3 sodium chloride.

Sodium phosphate buffer (pH 7.4, 0.001 mol dm-3) was obtained by
dissolving 0.109 g of sodium phosphate dibasic and 0.031 g of
sodium phosphate monobasic in 1 L deionised water.

In-situ ellipsometry measurements were carried out at one angle of
incidence at 68° using a 3 mL volume glass cuvette (quartz glass,
fixed angle of cuvette sides at 68°, TSL Spectrosil, Hellma Analytics).
All measurements were taken at room temperature. Dry
measurements were taken with the coated wafer outside and
inside the cuvette to correct for window effects, and the wafer was
secured with a PTFE support. PBS buffer solution (pH 7.4,
0.01 moldm?3) was then added and the degree of swelling
measured at regular time intervals (~18 s). When the film thickness
value had become stable, at least 3 further measurements were
recorded at different points on the film, and an average degree of
swelling was modelled for a wavelength range of 370-900 nm.

Antibody adhesion measurements were carried out using a 1.3 mL
glass cuvette with walls at 70° angles (Hellma Analytics, Jena,
Germany). Dry measurements were taken with the coated wafer
outside and inside the cuvette to correct for window effects, and
the wafer was secured with a PTFE support. 1.3 mL sodium
phosphate buffer solution at (pH 7.4, 0.001 mol dm-3) was then
added and measurements were recorded every ~45 s. When the
thickness had become stable, 0.2 mL of buffer solution was
removed using a syringe. 100 pL of a solution of anti-aflatoxin
antibody (1 mg mL? in 0.001 mol dm-3 NaPB) was then introduced
and the cell refilled with buffer solution to give a total antibody
concentration of 0.08 mg mL. Measurements of film thickness
were recorded again, every ~45 s until the value became stable, and
a single further measurement was taken with a wavelength range
of 370-900 nm. 0.1 mL aliquots of antibody solution were then
removed and replaced with buffer solution until the antibody
concentration was reduced to 0.04 mg mL?! and measurements
were then recorded every 45 s until a stable value was reached. A
final measurement was taken with a wavelength range of 370-900
nm.

Adsorption measurements using a quartz-crystal-
microbalance (QCM-D)

Antibody adsorption measurements were carried out using a Q-
Sense E4 flow quartz-crystal-microbalance with dissipation monitor
(QCM-D , Biolin Scientific, Gothenburg, Sweden). Three SiO,-
coated, gold-plated quartz crystal electrodes were spin-coated with
the copolymer followed by vacuum drying. Afterwards, the
polymer-coated electrodes were mounted in the flow cell, and
buffer solution (0.001 mol dm-3 sodium phosphate buffer, pH = 7.4)
was passed through the cells at a flow rate of 0.1 mL/min until a
stable baseline (frequency) was observed. The solution was then
switched to a 0.025 mol dm-3solution of an anti-aflatoxin antibody
in the previously used buffer solution and passed through the cells
until a plateau of the frequency was obtained. The solution was
then switched back to buffer solution (to check for possible



Table 1. Polymerisation conditions and results for statistical copolymers prepared by free radical polymerisation in DMF at 70 °C
with AIBN as initiator. The monomers HEMA (H), GMA (G), DMA (D) and initial monomer composition are indicated in the name
of the polymer.

Polymer t/h Copolymer RM? Monomer My / g mol? b
Composition Composition conversion / %

D-100 21 - - <10 - -
H-100 21 - - 94 17250 2.7
HD-90/10 21 92/8 45/55 95 13650 3.2
HD-80/20 21 84/16 24/76 93 10000 4.4
HD-70/30 21 75/25 34/66 84 3050 14.3
HD-61/39 21 71/29 16/84 81 3500 11.8
HD-50/50 21 59/41 5/95 83 17750 3.3
HG-89/11 18.5 78/22 89/11 83 133500 4.3
HGD-80/10/10 15 83/12/6 71/7/22 75 43400 3.2

a) Residual monomer composition.

desorption under this rinsing condition) and the whole process was
repeated several times. After each measurement, the cell was
washed with 0.1 mol dm=3 HCl and Millipore water before air was
pumped into the system. Data was processed using the QSense
Dfind software (Biolin Scientific, Sweden) using the Sauerbrey
model.[27]

Results and Discussion

Polymer synthesis

A series of homo- and copolymers have been synthesised using free
radical polymerisation with a view to investigate and establish the
role that each monomer plays in the desired functional terpolymer
(Scheme 1), particularly the effect of the catechol group in DMA (D).
HEMA (H) was included to enhance hydrophilicity and
biocompatibility, and GMA (G) to provide reactive sites for antibody
immobilisation.

o

Y ey

0 0 0
o
o} HN o
LY
OH
HO OH

GMA %/W
Scheme 1. Molecular structure of DMA/GMA/HEMA monomers
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Effect of DMA on properties of HEMA/DMA copolymers

Homopolymerisation of DMA resulted in a polymer obtained in low
yield, which quickly turned brown and became insoluble in the
presence of oxygen (D-100, Table 1). FR homopolymerisation of
DMA has been reported by a limited number of other groups but
has been generally overlooked due to potential for crosslinking,
which may occur via coupling reactions between catechol-
functionalised side chains by oxidation to the highly reactive
quinone form.[28-30] It has been well-established in the literature
that the catechol functional group is able to scavenge radicals via
its quinone form by the donation of a hydrogen atom to a free

radical.[31] Our result strongly supported the suggestion that
crosslinking of poly(DMA) during FR polymerisation occurs readily.

The effect of DMA on copolymerisation with HEMA was explored
by the synthesis of a series of copolymers using DMA molar
fractions from 10 mol% to 50 mol% (see Table 1). In contrast to
DMA homopolymerisation, high yields were obtained from
copolymerisation with HEMA. The number-averaged molecular
weight M, for the HEMA/DMA copolymers ranged from 3050 —
17750 g mol1. AHEMA homopolymer (H-100) was synthesised as a
control, yielding a higher M, than the majority of HEMA/DMA
copolymers (M, = 17250 g molt and D = 2.67). For the HEMA/DMA
copolymers with DMA molar fractions <40%, M, generally
decreased, and dispersity D increased with increasing DMA molar
fraction, whilst the weight-averaged molecular weight My,
remained relatively constant between 40000 and 44000 g mol™.
We suggest the dispersity trend is due to chain transfer to the
catechol monomer, leading to the formation of short-chain species.
This is similar to the observation of Kamperman et al., who
attributed reduced M, with increasing DMA content to chain
termination from radical scavenging.[30] A high chain-transfer
constant for catechol-containing monomers has been previously
predicted,[32] and chain-transfer leading to reduced molecular
weights has been observed during the polymerisation of monomers
with a mercaptan-functionalised side chain.[33] In our case, when
the molar fraction of DMA was increased to >40%, M, and My
increased dramatically, suggesting catechol coupling (crosslinking)
became dominant over chain transfer.

The molecular weight and dispersity trends here are in general
agreement with two previously reported poly(HEMA-co-DMA)
syntheses in which the effect of the catechol group was not
discussed.[34, 35] The data obtained in the current study indicates
that the effect of the catechol functional group on the molecular
weight becomes greater as the molar fraction of DMA was
increased. It is clear that compositional drift occurs, as each
copolymer contained a smaller molar fraction of DMA than the
initial monomer feed (Table 1). Furthermore, the residual
(unreacted) monomer detected in the final sample of each reaction
contained a greater proportion of DMA than the feed — strongly
indicating the preferential incorporation of HEMA. The molar ratio
of DMA in the initial monomer feed to the molar DMA ratio in



copolymer was 0.75 — 0.81, indicating a similar degree of
compositional drift in each case and suggesting the compositional
drift is not primarily due to radical scavenging. This finding can be
rationalised by considering the recently reported reactivity ratios
for a similar system in which acetonide-protected DMA (ADMA) was
copolymerised with methyl methacrylate (MMA) (ruma= 2.21,
raoma= 0.17).[36] The strong preferential incorporation of the
methyl methacrylate monomer over the methacrylamide was
largely attributed to the relative reactivity of the polymerisable
groups, which would also apply to the current work.

Effect of GMA on terpolymers

A terpolymer was also synthesised comprising DMA and HEMA with
GMA, to introduce reactive side-chains into the polymer. The final
composition of HGD-80/10/10 again indicated the preferential
incorporation of methacrylate monomers, with final DMA content
of 6%. A control polymer without DMA, HG-89/11, was also
synthesised. The final composition of HG-89/11 was 78/22,
indicating GMA was preferentially incorporated into the copolymer.
The slight preference towards GMA incorporation is supported by a
previous report, which indicated the reactivity ratios of HEMA and
GMA at 60 °C in DMF were ryema=0.74, rema = 1.00.[37]

Spin Coating of HEMA-containing copolymers

A series of copolymers, all containing molar fractions of at least
78 mol% HEMA, and ~20 mol% comonomer were spin-coated onto
silicon wafer with the aim of obtaining uniform thin films. AFM was
used to assess the nanometre-scale topography (roughness) of the
films, whilst film thickness was measured by ellipsometry. All of the
copolymersincluded in the study were soluble in methanol up to at
least 2.0 wt.-% (w/v) concentration. HGD-80/10/10, HD-90/10 and
HG-89/11 were spin-coated onto silicon wafer substrates using
copolymer solution concentrations of between 0.5 wt.-% and 2.0
wt.-% (w/v), obtaining films between 26 and 165 nm thick. In some
cases, it was observed that films contained defects — striations or
porous structures. This was attributed to the highly volatile solvent
and potentially premature precipitation of the copolymers from
methanol. A full list of the samples coated from methanol can be
found in Tables SI1 — SI3 in the supplementary information.
Roughness values (Ra) of 0.3 nm (for HD-90/10 and HG-89/11), and
2 nmup to 25 nm (for HGD HGD-80/10/10) were measured by AFM,
allowing the conclusion that most of the films were sufficiently
smooth for further analysis.

Analysis of spin-coated polymer films

The spin-coated films of HGD-80/10/10, HD-90/10 and HG-89/11
were investigated by several techniques to determine their
suitability for use in biosensing applications and to determine the
relationship  between surface properties and structure
(composition and molar mass) of each copolymer, particularly the
content of catechol and epoxide functional groups.

ADSA-P captive bubble contact angle

Contact angle measurements of selected copolymer films were
used to study the wettability of the copolymer layers by water. For
biosensing applications, the polymer films should be hydrophilic to

enable interaction with analytes dissolved in aqueous solvent. Since
ellipsometry revealed significant swelling of the polymers, as shown
later in the discussion, contact angles of the water-swollen polymer
layers were studied in water by an inverse technique, the ADSA-P
captive bubble method.[23] In contrast to the sessile drop
technique, it determines advancing (6,) and receding (6;) angles of
the liquid surrounding an air bubble positioned under the swollen
polymer layer, while the bubble volume is increased and decreased,
respectively. To ensure full swelling, each film was immersed in the
water for at least 30 minutes. Table 2 summarizes the advancing
and receding contact angles of the water-swollen copolymer films
HGD-80/10/10, HD-90/10 and HG-89/11, spin-coated on silicon
wafer (1000 rpm, 400 rpm s, 2% (w/v) solution in methanol).

Table 2. Water-contact angles of copolymer films obtained by
ADSA-P captive bubble measurements.

Polymer 0./° 0./° 0.-6,/°
HGD-80/10/10 65 21 44
HD-90/10 65 18 47
HG-89/11 76 13 63

The films showed no sign of delamination during the testing,
indicating they were adhered well to the surface of the substrate.
The time-dependent measurement of contact angle, bubble radius
and bubble volume revealed smooth bubble expansion on the
swollen polymer surfaces (see Figure SI-1 in the supporting
information).

HGD-80/10/10 and HD-90/10 exhibited an advancing contact angle
of 65° suggesting they are moderately hydrophilic. The receding
contact angle of both films was, however, significantly smaller, in
the order of about 20°. Thus, the contact angle hysteresis, i.e. the
difference between advancing and receding contact angle, was
relatively high. HG-89/11 showed a slightly higher advancing
contact angle than the other copolymer films but can still be
regarded slightly hydrophilic. The contact angle hysteresis was even
more pronounced. In the literature, different explanations are
discussed for the occurrence of contact angle hysteresis including
roughness, chemical inhomogeneity of the film, or reorientation of
(co)polymer molecules in the swollen layer near the three-phase
contact line. In the case of the polymers studied, the maximum
roughness R, measured by AFM on some of the samples
(Ra< 25 nm, see Table SI-4) for each of the relevant copolymers was
much lower than the threshold value for feature depth to affect
hysteresis, thought to be at around 100 nm.[38] In the swollen
state, the roughness is assumed to be reduced further, even in the
case of the porous films of HGD-80/10/10. In the swollen copolymer
state, chain mobility is increased, and consequently surface pore
size may be reduced or the pores may disappear entirely.[39]
Therefore, the contact angle hysteresis is attributed to a change in
the polymer conformation near the three-phase contact line,
preventing any motion of the contact line while the polymer
equilibrates to its lowest energy conformation in the new
medium.[40]

The water contact angles of the three copolymers did not differ
significantly. GMA is a monomer without polar groups resulting in
rather hydrophobic films, while HEMA and DMA contain polar



hydroxyl groups. Therefore, the slightly higher advancing contact
angle of HG-89/11 might result from its GMA content. The contact
angle of HGD-80/10/10 seems unaffected by the GMA moieties.

Streaming potential measurements

Streaming potential measurements were used to determine the
zeta potential (¢) of the polymer films in 1 mmol L1 KCl solution, as
a function of the pH value. The zeta potential is a measure of the
surface charge of a solid surface in contact with an aqueous
solution. It may influence the interaction between the polymer film
and biomolecules which usually also carry charged sites.[41] On the
other hand, the behaviour of the zeta potential as function of the
pH value gives valuable information on dissociable groups at solid
surfaces.[25, 26]

Figure 1 presents the zeta potential curves of two copolymers, HD-
90/10 and HGD-80/10/10, in comparison with the homopolymers
poly(HEMA), poly(DMA) and poly(GMA), and a blank silicon wafer.
Reliable results could not be obtained for HG-89/11, suggesting the
film was unstable under the measurement conditions. All polymers
exhibited a transition from positive to negative zeta potential in the
acidic pH range. The zero crossing of the zeta potential, the
isoelectric point (IEP), is an important parameter for the
interpretation of zeta potential curves. An IEP at pH 2.5-3, as shown
by all polymers except poly(GMA), indicates the presence of
dissociable acidic groups. This can be explained by the hydroxyl
groups in HEMA and DMA units which dissociate to form anions. On
the contrary, poly(GMA) had the IEP near pH 4, a feature typical for
uncharged polymers. At pH values above the IEP, negative { values
were obtained, caused by the preferable adsorption of anions (OH")
from the solution, a commonly observed phenomenon, even in
non-ionic polymers such as poly(MMA).[42] The zeta potential
curves of HGD-80/10/10 and HD-90/10 are very close to those of
poly(HEMA) and poly(DMA). This suggests that the GMA in HGD-
80/10/10 had no significant effect on . In hydrogels with functional
groups that dissociate to form anions (e.g. carboxylic acid or
hydroxyl groups), the zeta potential can become less negative due
to pH-influenced swelling.[43] The weak differences of the plateau
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Figure 1. Zeta potential of the spin-coated films of HGD-
80/10/10 and HD-90/10 compared to the homopolymers
and a blank silicon wafer.

values of the zeta potential in the alkaline range may be caused by
a slightly different water-uptake of the copolymer layers.

In-situ ellipsometry

To further investigate the degree of swelling of the copolymer films,
in-situ ellipsometry was used to monitor swelling of spin-coated
polymer films in an aqueous buffer solution at pH 7.4. Hydrogel
swelling has been associated with increased protein adsorption to
the polymer layer.[44] The film structure and resistance of the
copolymer film to dissolution (due to surface adhesion of the
copolymer and intermolecular interactions) can be also inferred
from the in-situ measurements and are critical for the intended
application. The swelling of glassy polymers generally can be
described by either Fickian (diffusion-limited) dynamics or Case Il
(non-diffusion limited) dynamics.[45] This can be determined using
in-situ ellipsometry by monitoring the change in film thickness, h,
and refractive index, n, over time.

The swelling dynamics of several HEMA-containing homo- and
copolymers have been reported.[19, 46] Cross-linked poly(HEMA)
hydrogels undergo swelling in water with film thickness increases
of up to 55%. An increase in cross-link density results in a decrease
in swelling. However, it was reported that in poly(HEMA) films
deposited by chemical vapour deposition of distilled monomer, the
homopolymer fully desorbed in water after 15 minutes.[40] In the
work described here, the copolymer films studied using contact
angle and ellipsometry measurements did not noticeably dissolve
or delaminate.

Figure 2 shows the in-situ ellipsometry measurements of the
copolymers. Film thickness and normalised refractive index (nnorm)
are plotted against the time t. nsorm was calculated using Equation
1:

Nswollen — nbuffer 1

Nyorm
Ngry — Npuffer

where Nswolien, Ndry, Nbuffer are the refractive indices for the swollen
copolymer, the dry copolymer and the buffer solution respectively
(at A = 633 nm).[45] Nporm is used as a comparative measure of the
optical properties of the copolymer film. A value of 1 would indicate
the refractive index of the film was unchanged upon immersion in
solvent (i.e. no swelling or dissolution), while a nyorm approaching 0
would indicate the refractive index of the immersed film became
identical to that of the solvent. A value greater than 1 may occur if
the dry copolymer film contains a significant volume of air voids,
which are filled with solvent in the swollen film.

Film thicknesses obtained from the dry film (h4r) are shown by a
blue dashed line in Figure 2. A swelling factor (SF) was also
calculated using Equation 2 to compare the relative increase in the
film thickness. SF values are shown in Table 3. Full data can be found
in Table SI-5. It should be noted that over extended time periods
(days/weeks), the copolymers may continue to slowly relax or
diffuse to a final equilibrium film structure,[45] although such
timescales were not considered relevant to the current application.
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Figure 2. Film thickness (h, black) and normalised refractive index (nnorm, blue) vs time for in-situ ellipsometry measurements of
A) HGD-80/10/10, B) HD-90/10 and C) HG-89/11 . Black dashed line indicated dry film thickness.

Initial swelling of HGD-80/10/10 (Figure 2A) took place rapidly
(before the first in-situ measurement). In this time the copolymer
film had swollen from an initial dry thickness of 60 nm to 79 nm.
Rapid swelling, often followed by a slower change in film thickness
due to chain relaxation, is commonly observed and is characteristic
of the solvent filling free-volume in an amorphous copolymer (i.e.
rapid entry of solvent into regions not occupied by the copolymer
matrix).[44, 45, 47]

Table 3. Properties of in-situ polymer swelling measurements.

Polymer hary / Nm Ndry SF Q

HGD-80/10/10 61 1.42 1.28 0.2
HD-90/10 36 151 2.19 5.6
HG-89/11 44 1.50 1.34 19.7

For HGD-80/10/10, after the initial rapid swelling, film thickness
decreased very slightly (-0.7 nm) over the 40 min measurement
period, and npom increased concomitantly, with a final swelling
factor of 1.28 (Figure 2A). The very small reduction in film thickness
suggested slight relaxation of the copolymer chains to the
equilibrium conformation following the rapid swelling.[48] This
behaviour is characteristic of Case Il swelling with limited overshoot
dynamics.[45] The high equilibrium value of npom indicated the
presence of a significant volume of air in the dry copolymer film
(Nnorm = 1.27, note the different scale for n,ormand t in comparison
with Figures 2B and C). It can therefore be implied that porous films
were produced when HGD-80/10/10 were spin-coated from
methanol and the film thickness increase was reduced by polymer
swelling into pores. The porosity of the film would also enable the
solvent to rapidly pass through the entire film via the air voids.

In the case of HD-90/10, after the initial fast swelling from 36 to
60 nm, the copolymer film continued to swell, with a synchronous
decrease in nporm suggesting Fickian (diffusion-controlled) swelling
dynamics (Figure 2B). The diffusion-controlled swelling dynamics,
low value of npom (0.40) and swelling factor of 2.19 indicate that
significant swelling of the film arises from solvent diffusion in the
absence of air voids. The increase in film thickness when plotted
against t%5 does not yield a perfectly linear curve, indicating
simultaneous solvent diffusion and relaxation processes were
occurring.[48]

For HG-89/11, a similar initial rapid increase in film thickness was
observed (from 44 nm to 59 nm, Figure 2C). The swelling factor was

1.34, which was similar to HGD-80/10/10, suggesting significant
desorption of the polymer in the absence of DMA. The in-situ
ellipsometry profile of HG-89/11 was dramatically different from
the previously described copolymers. Both film thickness and
refractive index decreased with time. This trend strongly suggested
copolymer dissolution/desorption.[45] It is therefore proposed that
the absence of DMA reduced the surface adhesion and
intermolecular cohesion in the polymer. This finding is consistent
with the contact angle analysis, in which HG-89/11 has the largest
hysteresis, assigned to increased surface mobility of the copolymer
chains due to the absence of DMA.

Polymer dissolution or desorption would indicate undesirably poor
film stability; however, which cannot be confirmed by film thickness
alone, as both swelling and dissolution can influence the film
thickness. A dissolution factor, Q (see 3), was therefore calculated
using the de Feijter equation to decouple the two effects by
calculating the surface mass density of the deposited film i.e. the
amount of material in a film per surface area (see Supporting
Information).[49] Q measures the percentage of copolymer lost via
dissolution between the initial and final measurements e.g. a Q of
5% indicates that in the period from the first measurement after
buffer was added, 5% of the mass was lost to dissolution. Due to
the change of ambient environment (change from air to buffer
solution), this calculation was not applied to the dry film, so the
period between adding the buffer and the first ellipsometry
measurement is not considered. Significant swelling occurred in this
period, so the full extent of dissolution may not be reflected. The
average time between filling the cell with buffer and beginning in-
situ measurements was around 1 minute. A value of ngmp = 1.3329
was used for the buffer solution (0.01 moldm™® PBS buffer,
measured using a refractometer).

For HGD-80/10/10, Q was 0.2%, indicating virtually no copolymer
dissolved after the initial swelling period. The limited dissolution
over a period of 40 minutes suggests the remaining copolymer film
was strongly adsorbed and stable. Similarly, for HD-90/10 the value
for Q was 5.4% indicating limited dissolution after the initial
swelling. This result suggested the DMA in HD-90/10 was providing
strong adhesion to the surface of the substrate and cohesive
interactions with other polymers, as also indicated by the contact
angle measurements. However, adhesion was slightly poorer than
for HGD-80/10/10. This could be due to the relatively low molecular



weight, which may allow poorly bound chains to dissolve more
rapidly. In contrast, the indicated significant dissolution of HG-
89/11 was confirmed by a large Q of 19.7%. This was attributed to
a lack of DMA-induced adhesive and cohesive interactions. This
result highlights the crucial role of DMA in providing adhesion to
the substrate and cohesion in the copolymer film. Overall, the
ellipsometry results demonstrated the significant influence of the
DMA on the polymer film behaviour.

Coating of antibodies on a film of HGD-80/10/10

The copolymers in this study were designed and synthesised with a
view to immobilisation of an antibody onto a copolymer film for use
in biosensing devices. To explore this possibility, an attempt was
made to immobilise anti-aflatoxin M1 antibody from an aqueous
buffer solution onto a film of HGD-80/10/10, via chemical reaction
between the epoxide groups of GMA and primary amine or thiol-
protein residues. The success of antibody immobilisation was
monitored using two complementary methods: in-situ ellipsometry
and QCM-D. HGD-80/10/10 comprised GMA for covalent
immobilisation of biomolecules,[50] and DMA for adhesion to
various substrates, as indicated by the very limited dissolution of
HGD-80/10/10 and HD-90/10 in buffer solution.

Anti-aflatoxin M1, used in this study, is an IgG type antibody. 1gG
antibodies are Y-shaped proteins with dimensions of around 14.5 x
8.5 x 4 nm,[51] and molecular weight in the region of 150000 —
160000 g moll[52] The surface mass density of a layer of
immobilised antibody, I, can be calculated using the film thickness
and refractive index values obtained from ellipsometry
measurements.[49]

Characterisation
ellipsometry

of antibody immobilisation using in-situ

In-situ ellipsometry was used to monitor the immobilisation of anti-
aflatoxin M1 antibody to the surface of a silicon wafer, spin-coated
with HGD-80/10/10 (0.75% (w/v) from methanol, 4000 rpm, 600
rpm s1). Sodium phosphate buffer (NaPB, 0.001 mol dm-3) was used
for the measurements. A 0.08 mg mL?! antibody solution
concentration was used for the immobilisation experiments. The
refractive index of the NaPB was accurately determined using a
refractometer (n(633 nm) = 1.3315).

The spin-coated silicon wafer sample (dry film thickness 34 nm) was
immobilised in a trapezoidal cuvette and allowed to swell in NaPB
(0.001 mol dm3). The film was judged to have reached an
equilibrium state when the values for film thickness and n(633 nm)
showed minimal further change at 46 nm and 1.48 respectively
(SF=1.35). The pure buffer solution was then replaced with a
solution of antibody (final concentration 0.08 mg mL?) in NaPB
(0.001 mol dm3). The polymer film thickness increased by 7 nm
compared to the pre-swollen film to 52.9 + 0.1 nm (average for
measurements after 35 min) (Error! Reference source not
found.3A). Several previous reports suggest that the thickness of an
IgG antibody monolayer is in the region of 4 — 8 nm.[51, 53, 54]
Therefore, The observed thickness increase is consistent with a
monolayer antibody coating, but note that the measurement
cannot resolve the depth distribution of antibodies on or within the
film. Very limited antibody desorption was observed when the
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Figure 3. In-situ ellipsometry measurements of HGD-80/10/10
for immobilisation of antibody in 0.001 mol dm=3 phosphate
buffer solution. A) Adsorption from 0.08 mg mL! antibody. B)
Antibody concentration reduced to 0.04 mg mL.

concentration of the antibody solution was reduced to 0.04 mg mL!
(final thickness 52.1 + 0.1 nm, Error! Reference source not
found.3B), indicating permanent antibody immobilisation in the
buffer solution used. The mass of coated antibody can be calculated
using a modified form of the De Feijter equation (see Equation 3) to
build a two-layer model of the deposition as outlined by Bittrich et
al.[55]:

Ngp — Ngwell
swell- (dn/dc)ab

Ngp — Ngmp 3

T dadd (g e oy

Fgp=d

where [, is the absorbed amount of the immobilised layer of
antibody, in mg m=2, dg,;; and dggqq refer to the thickness of the
swollen copolymer and the additional layer, n,p , Ngwenr and Ngmp
are the refractive indices of the film after antibody adhesion, the
swollen copolymer and the ambient solution respectively. A dn/dc
of 0.188 was used for the antibody.[52] Using film thickness and
n(633 nm) values collected after the antibody concentration had
been reduced (52 nm and 1.469 respectively), a [, value of
3.5 mg m?2 was calculated. The Ty, value was similar to literature
values (4 — 4.6 mg m=2) for monolayers of anti-aflatoxin M1 antibody
on a colloidal latex particle,[56] supporting the claim of successful
immobilisation of an amount equivalent to an antibody monolayer.

Characterisation of antibody binding using QCM-D

The deposition of anti-aflatoxin antibody on a film of HGD-80/10/10
was also investigated using QCM-D with the intention to covalently
bind the antibodies to the film via the epoxide side chains.
Frequency shift (4f) and dissipation shift (AD) data were obtained
and the multiple harmonic overtone frequencies contributed to the
modelling of the data. Frequency shifts of -40 to -60 Hz and
dissipation shifts of 2 x 10-6 to 9 x 106 were obtained. The antibody
film thickness was calculated using the Sauerbrey equation, with an
estimated psvalue of 1 g cm3 (Figure 4).[27, 57] The criterion for
film rigidity (AD,/(Afn/n) << 0.4 x 106 Hz'!) was met by overtones 3
- 7, justifying the use of the Sauerbrey equation for these films.[58]

Passage of anti-aflatoxin antibody (0.025 mg mL) in NaPB (0.001
mol dm-3) was accompanied by a sharp increase in the calculated
film thickness (“Ab(1)” and “Ab(2)” on Figure 4). This strongly
indicated an increase of mass on the electrode, suggesting
immobilisation of the antibody on the electrode surface.[59]

Flushing with buffer solution (Buffer(1) and Buffer (2)), resulted in
only a small reduction in film thickness (~-0.5 nm). The overall film
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thickness increase of 8 nm (Figure 4) correlated well with the results

Figure 4. QCM data for immobilisation of 0.025 mg mL!
antibody for aflatoxin M1 to a film of HGD-80/10/10. Film
thickness vs time, two immersion/rinse cycles.

of the in-situ ellipsometry, where a thickness increase of 7 nm was
detected. This may be a monolayer coating, although the film
thickness could also be affected by antibody penetration into the
swollen film.

The combined data from QCM and ellipsometry therefore appeared
to provide consistent evidence that a layer of anti-aflatoxin
antibody was immobilised on the film of HGD-80/10/10. HGD-
80/10/10 may therefore be an appropriate candidate for use in
biosensing applications. Further research is required to extend this
preliminary study to investigate the binding mechanism of the
antibody to the film and determine the activity and sensitivity of
the antibodies towards aflatoxin.

Conclusions

A novel terpolymer comprising HEMA, GMA and DMA was
synthesised, characterised and demonstrated to be suitable for
immobilising antibodies on a surface for biosensing applications. It
was demonstrated that the catechol functional group has a direct
effect on the dispersity and molecular weight of the copolymer,
attributed to chain transfer to monomer, which increases as the
proportion of catechol containing monomers in the feed is
increased. We show that the inclusion of three key moieties that
enable tuneable hydrophilicity, antibody binding and substrate
binding are flexibly incorporated into a single polymer.

Streaming potential and contact angle measurements
demonstrated the films containing DMA were hydrophilic and
relatively stable. The significant contact angle hysteresis suggested
chain mobility around the three-phase contact line. Clear hydrogel
swelling was measured by in-situ ellipsometry. The significant
polymer desorption observed in the absence of DMA highlighted
the crucial role played by the catechol group in providing surface
adhesion and cohesion to the polymer. An IgG antibody could be
immobilised on the surface of a film of the terpolymer HGD-
80/10/10. This was demonstrated by an increase of film thickness
measured by both ellipsometry and QCM. The results consistently
showed that the antibody binding corresponded closely to a surface
monolayer, which would be an ideal configuration for sensor
applications.
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