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Abstract: Contact lenses suffer from two limitations: low oxygen permeability and
deposition of protein and lipids. In order to prevent bioadhesion, surface must be com-
pletely inert to all biological reactions. To achieve this, surface properties must be tailored.
Also, to improve comfort, surface must be highly wettable and lubricous. In this paper the
surface of silicone contact lenses was modified by plasma induced copolymerization of
acrylic acid. A wettable surface was generated and in addition carboxyl groups that were
created on the surface provided an ideal reactive platform for subsequent grafting of poly-
ethylene glycol. Each surface modification step was analysed by XPS and contact angle
measurements. Lysozyme adsorption on modified silicone contact lenses was analysed by
surface-MALDI-ToF-MS and XPS. After incubation with lysozyme, surface-MALDI-TOF-
MS and XPS analysis showed a reduction of adsorbed lysozyme on hydrogel modified con-
tact lenses. Surface modification of silicone with PEG is a method for reduction of protein

adsorption on contact lenses.
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1. INTRODUCTION

Formation of protein deposits on the lens from
the tear fluid is one of the problems encountered
with contact lens use. The deposit clouds the lens,
causes the wearer discomfort, reduces oxygen per-
meability and may cause inflammatory conditions.
The development of lens materials that exhibit
minimal protein adsorption is therefore desirable.
The rate and amount of adsorbed protein are de-
pendent on physical-chemical properties of the
polymeric surface such as wettability and surface
charge density. Therefore, surface modification pro-
cedures are developed to create ultrathin protein-
repellent nanostructured and biologically functional-
ized interfaces at the implant surfaces. Silicone is a
material that is widely used in many applications,
but as material for contact lenses it has limited ap-
plication. The reason is high hydrophobic nature of
silicone which leads to inadequate material proper-
ties and performance of contact lenses when in con-
tact with tear film. When in contact with biological
fluids, all hydrophobic surfaces tend to adsorb and
deposit lipids and proteins on the surface,
affecting biocompatibility of the whole material [1].
For contact lenses it means that the wearing comfort
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is affected, it can lead to dryness of natural lens and
reduce oxygen permeability. For optimization of
biocompatibility of silicone contact lenses, a specific
surface design is needed to prevent nonspecific pro-
tein adsorption and bacterial adhesion. The specific
surface modification of silicone however requires
the introduction of suitable functional groups. Sur-
face modification is achieved without influencing
bulk properties of the material.

Grafting of poly(ethylene glycol) (PEG) is a
common strategy for reducing the non-specific ad-
sorption of biomolecules on surfaces [2—3]. Several
theories — both qualitative and quantitative — have
been proposed to explain the effectiveness of PEG
as a component of protein-resistant surfaces [4]. An
essential finding of these theories is that the PEG
layer might provide an interfacial barrier to prevent
the protein from interacting with the underlying sub-
strate. The protein rejecting capability of PEG coat-
ings is expected to depend on a range of parameters,
including PEG molecular weight, interfacial PEG
chain density, polymer chain architecture, etc., the
interfacial graft density proving to be the most cru-
cial property of a PEG layer for minimizing protein
adsorption [5—6].
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In this paper the functionalization of the sili-
cone surface is achieved by plasma-induced graft-
co-polymerisation of acrylic acid (AAc). Plasma-
induced grafting of hydrogels like polyacrylic acid
offers a possibility of providing permanent minimi-
zation of the surface energy of hydrophobic polymer
surfaces [7]. Acrylic acid was chosen as hydrogel
building monomer to generate a stable, hydrophilic
surface with an additional possibility to use the car-
boxylic groups for further modifications. In this pa-
per a hydrogel layer of polyethylenimine (PEI) is
attached to the PAAc modified silicone surface. Ad-
ditionally, methoxy-aldehyde polyethylene glycol
(M-PEG-ald) is grafted on the surface to prevent
nonspecific adsorption of proteins.

All modification steps were verified by means
of X-ray photoelectron spectroscopy (XPS) and con-
tact angle measurements. Protein adsorption studies
were carried out by means of surface MALDI-ToF-
MS. Modified PEG graft-modified silicone surface
can be used as a material with a nonfouling surface
while still keeping the excellent bulk properties of
silicone.

2. MATERIALS AND METHODS

2.1. Materials

Referent material was Sylgard® 184, a two
component silicone elastomeric kit obtained from
Dow Corning. Acrylic acid was obtained from Fluka
(Germany) and distilled before use. Methoxy-
terminated formyl-PEG (M-PEG, molecular weight
5000) was bought from Shearwater Polymers. Ly-
sozyme and tear artificial fluid was purchased from
Sigma.

2.2. Chemical functionalization

Graftcopolymerization: Plasma treatment was
carried out with a microwave plasma unit of Eltron
(Germany). PVDF films were argon plasma treated
at a plasma power of 900 W for 30 s. Subsequently,
the air-exposed PVDF-films were immersed in an
aqueous solution containing 20% (v/v) of AAc
monomer and heated at 90 °C to initiate graft po-
lymerisation. The PAAc-grafted films were rinsed
with distilled water for 24 h to remove nongrafted
monomers and PAAc-homopolymers and stored in
distilled water until use.

The carboxyl end groups of the grafted sili-
cone were activated with 0.1 M EDC in sodium
phosphate buffer with pH of 4.8 for 20 min at room
temperature. Afterwards coupling of polyethylen-

imine was carried out in carbonate buffer pH 9.4 for
2 h at room temperature.

M-PEG was grafted onto aminated surface by
reductive amination, using NaCNBHj; as the reduc-
ing agent for the intermediate Schiff’s base. Grafting
was performed under marginal solvation conditions
(‘cloud point’). 1 mg/ml M-PEG was dissolved in
0.1 M sodium phosphate buffer at pH 6.3 containing
11% (w/v) K;SO,4. The reaction was carried out at
60 °C [8].

All surfaces were incubated in 1 mg/ml ly-
sozyme in PBS for 1 hour at 37°C. The samples
were rinsed 3x with water and analysed immediately
with MALDI-ToF-MS.

2.3. Physical and chemical surface characteri-
zation

All X-ray photoelectron spectra (XPS) were
recorded on an X-Probe™ 206 spectrometer (Sur-
face Science Instruments, Mountain View, CA). X-
ray source is an aluminium anode which produces
AIK, X-rays at 1486.6 ¢V. The binding energies are
referenced to hydrocarbon at 285.0 eV. The emis-
sion angle of electrons was set at 55° with respect to
the sample normal, which results in an information
depth of about 6 nm.

Contact angles were measured using the cap-
tive bubble method with pure water at room tem-
perature on a G40 system (Kriiss, Hamburg, Ger-
many).

Surface-MALDI-ToF-mass spectra were ob-
tained using a BRUKER BIFLEX™ III MALDI
time-of-flight mass spectrometer (Bruker-Franzen
Analytik GmbH, Bremen, Germany) equipped with
a nitrogen laser. In this experiment a small sample
piece cut from silicone and modified silicone were
placed onto the stainless steel MALDI sample
holder. Sinapinic acid in a 0.1% solution of
trifluoroacetic acid in acetonitrile/water was applied
onto the sample surface and the solvent was left to
evaporate before the sample holder was inserted into
the spectrometer.

3. RESULTS AND DISCUSSION

Plasma technology is applied for activation
and functionalization of silicone surface. Figure 1
shows a schematic diagram of the silicone surface
modifications by graft-co-polymerisation of AAc.
Upon argon plasma treatment radicals are formed on
the polymer surface, which react with oxygen in
contact with air and form hydroperoxides. The sub-
sequent thermal decomposition of hydroperoxides
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produces secondary radicals that are able to initiate
graft-co-polymerisation of acrylic acid (AAc) to
produce carboxylic groups on the silicone surface
(silicone-PAAc). In the next step polyethyleneimine
(PEI) was grafted on the carboxyl groups on the sili-
cone surface to create amino-groups (silicone-NH).
Subsequently, M-PEG-ald was grafted onto the ami-
nated surface. The graft density and length of PEG

chains are essential for protein repellent properties.
The high density of PEG chains is achieved by reac-
tion of methoxy-polyethylenglykol-aldehyde (mPEG-
ald) with amino groups of PEI layer at ‘cloud point’
reaction conditions (60 °C, 11% K,SO,). The result-
ing surface (silicone-PEG) has protein repellent prop-
erties.

oOoH radical
polymerisation
‘l.-_wnm ooH A
2. aN sNposwe —_—
O0OH o
oon L
silicone Silicone with generated Al
hydroperoxide groups
s & &
Q o < NH, NH, NH, @~ —~|g—_]O-
© 9 9 NH2-PEINH: "
mPEG-ald o & < &
e e A s

EDC/NHS

Silicone-PAAC Silicone-NH,

Silicone-PEG

Figure 1: Activation and functionalisation of silicone surface

Hydrophilicity of the surfaces, reflected by
the contact angle is expected to be significantly re-
duced for the modified surfaces. The results of the
contact angle measurements by the captive bubble
method confirmed these expectations. Unmodified
silicone has a contact angle of 83+£5°, which indi-
cates a high hydrophobe surface. After graft-co-
polymerisation of acrylic acid, an increase in wet-
tability with water is achieved, contact angle was
considerably reduced to 29+2°. Highly hydrophilic
surface is produced due to the carboxylic groups.
After grafting of PEG chains, the contact angle is
further reduced to 19+4°.

Quantitative information about the chemical
composition of the outermost (10 nm) surface layer
of the unmodified and modified silicone surfaces has
been obtained by means of XPS. All modifications
steps were reflected in clear alterations of the sur-
face element composition. XPS data showing the
elemental composition as well as the different car-
bon species are listed in Table 1.

High resolved Cls-spectra from surfaces
showed three different carbon species originating
from aliphatic, ether and carboxyl carbon. The re-
sults showed successful grafting of acrylic acid on
the plasma activated silicone surface. After graft
copolymerisation of PAAc, newly formed O-C=0
groups are detected at 289.1 eV, whereas silicium
content decreased from 27.5 to 21.6 atom-%. Cova-

lent grafting of a PEI layer results in an introduction
of amino groups on the silicone-PAAc surface. As
shown in Table 1, surface nitrogen content of 2.3
atom-% was registered and is an indicator of PEI
presence on the surface. Also, the carbon position at
286.5 eV is attributed to C-N carbon of amino
groups, overlaps with C-O signals and increased
from 2.0 to 3.5 atom-%.

The efficiency of grafting M-PEG chains onto
the silicone-PEI surface was derived from the ratio
of the XPS intensities of ether carbon atom (origi-
nating from PEG) and alkyl carbon atom (originat-
ing from silicone-PEI). Deconvolution of the Cls-
XPS of the silicone-PEG surface (Table 1) shows
two dominant contributions with respective binding
energies of 285.0 eV and 286.5 eV. The strong 286.5
eV contribution from the ether carbon atom of M-
PEG-ald indicates a successful binding reaction be-
tween M-PEG-ald and the PEI coated surface. Pure
PEG samples exhibit a single Cls peak centred at
286.5 eV.

The XPS data of Table 1 also show that M-
PEG-ald coatings is invariably thinner than the in-
formation depth of the XPS measurements as the
analysis does not match the theoretical composition
of pure PEG (a single C-O peak and no N from un-
derlying amine PEI layer). Thus, XPS represent su-
perpositions from the M-PEG-ald coatings and the
underlying layers.
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Table 1. Untreated and modified silicone surfaces characterized by means of XPS for elemental composition

and binding energy
Surface Si Carbon (Cls) @) N
atom-% atom-% atom-% atom-%
285.0eV 286.5eV 289.1 eV
C-C C-O0 0-C=0
C-H, C-Si1 C-N N-C=0
Silicone 27.5 45.5 1.9 25.2
Silicone-PAAc 21.6 41.3 2.0 5.4 28.9
Silicone-PEI 18.4 51.5 35 1.1 239 2.3
Silicone-PEG 13.6 29.8 27.9 1.2 27.1 0.4

After all modification steps a relatively high
content of silicium is still registered. Reasons for
detected silicium are reorganization effects on the
surface. In order to minimize free surface energy,
the hydrophobic methyl groups settle outwards, as
the XPS spectra are measured from dried samples in
high vacuum.

The ability of M-PEG layer to repel in vitro
lysozyme adsorption was assessed by surface-
MALDI-ToF mass spectrometry. Surface-MALDI-
ToF-MS detects small amounts of adsorbed material
[9] but is difficult to quantify. Lysozyme is a rela-
tively small protein with isoelectric point at 11.35
and with a net positive charge at pH 7.4 (physiologi-
cal condition). It is one of mayor proteins in human
tear fluids. Thus, its adsorption on a hydrogel mate-
rial should be promoted as the density of negatively
charged groups increases. On the other hand, ly-
sozyme uptake into positively charged hydrogel ma-
trices should be reduced due to charge repulsion ef-
fects.

Due to the high hydrophilic nature of silicone,
unmodified silicone surface strongly adsorbs ly-

sozyme (Figure 2). The peaks observed at m/z val-
ues of 14229 and 7072 are assigned to the proto-
nated molecular ion (M+H)" and the doubly charged
molecular ion (M+2H)*" of lysozyme. Carboxylic
groups from silicone-PAAc surface are negatively
charged at pH 7.4. Electrostatic attraction between
the negatively charged carboxyl groups of ionised
polyacrylic acid and the overall positive charge of
lysozyme is the cause of lysozyme uptake by such a
hydrogel [10]. Figure 2 shows that PAAc layer on a
silicone film enhanced the adsorption of lysozyme
whereas grafting of the cationic PEI yields a surface
that strongly rejects lysozyme.

Surface-MALDI-ToF mass spectrum meas-
ured on the silicone-PEG coating after lysozyme
adsorption shows no peaks of adsorbed lysozyme. It
indicates that grafting density of the PEG chains is
sufficient to prevent lysozyme adsorption.

XPS results of adsorption of 1 mg/ml ly-
sozyme (PBS-buffer pH 7.4 for 1 hours at 37 °C) on
the nonmodified and modified silicone surfaces are
shown at Figure 3.
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Figure 2. Surface-MALDI-TOF-MS spectra of lysozyme adsorbed on the silicone (1), silicone-PAAc
(2) and silicone-PEI (3) surfaces (left) and on the silicone-PEG surface (vight)
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Figure 3. XPS results of 1 mg/ml lysozyme adsorption on silicone and silicone-PEG surfaces

Nitrogen content of 2,1 atom-% after adsorp-
tion of lysozyme is measured on nonmodified sili-
cone surface. As silicone does not contain nitrogen,
this can originate only from protein lysozyme, which
indicated a strong adsorption of lysozyme onto sili-
cone due to hydrophobic nature of the surface

After incubation of silicone-PEG surface with
lysozyme, there is no increase of nitrogen content
detected. PEG modified silicone surfaces inhibited
protein adsorption onto surface.

4. CONCLUSIONS

In the present study plasma graft-co-
polymerisation was used to produce hydrogel coat-
ings on the silicone contact lenses that can minimise
protein adsorption. In the first step carboxylic groups
were introduced to a silicone substrate by graft-co-
polymerisation of AAc. After attachment of PEI to
the carboxylic groups, linear M-PEG chains were
grafted on the surface. Maximal grafting density of
M-PEG chains onto surface was achieved by grafting
at the lower critical solution temperature of PEG. All
surfaces modification steps were analyzed using con-
tact angle measurements, and XPS. Protein adsorption
measurements were performed with lysozyme using
surface MALDI-TOF MS and XPS. Results showed
that the high density of PEG chains on the silicone
contact lenses surfaces can be produced thus inhibit-
ing protein adsorption.
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FOR

XUAPOT'EJIOBU HA BA3U ITOJIMAKPUJIHE KUCEJIMHE V CBPXY CMAIEBA
BUOAACOPIIIIUIE HA CUJIMKOHCKHNM KOHTAKTHHUM JIERAMA

Caxerak: KoHTakTHe siehe nMmajy Ba orpaHHuera: HUCKA NPOIYCHOCT KHCHKA U
TaloXeme TpoTenHa u aunuaa. Kako 0m ce cupujednina agxe3uja OMONOIIKHX MOJEKYyIa
Ha TOBPIIMHY MaTepHjaia, MaTeprjajl Mopa jaa Oyze MOTIYHO MHEPTAaH Ha CBE OMOJIOIIKE
peaxmmje. OBo je moryhe moctuhn MomuduKoBameM MOBpIIKMHE Matepujana. Kako 6m ce
nmoOoJplmana ymoOHOCT HOIIEHka KOHTAKTHHMX Jjeha, moBpmmHa Mopa na Oyae BpIio
xuapoduiiHa ¥ JayOprocHa. Y OBOM pajly MOBPIIMHA CHJIMKOHCKHX KOHTakTHHMX Jieha
Moau(dUKOBaHa je TyTeM IIla3Ma MHYKOBaHEe KOIOJIMMEpH3alje akpuiHe kucenune. Ha
Taj HAYUH CTBOPCHA je BeoMa XUAPO(HIHA MOBPIINHA, & TIOPE]] TOra KapOOKCHIIHE CKYIIHHE
KOje Cy CTBOpPEHE Ha NOBPLUIMHH NPEACTaB/bajy HICaIHy IUIarGopMy 3a HAKHAIHO
MoM(UKOBamke ca MOJMEeTWICHIIIMKoI0oM. CBaky Kopak MoauduKanuje aHaIu3HpaH je
nyteM XPS 1 Mjepema KOHTaKTHOZ yIiia. AJICOpIILMja NPOTeHHa JIUCO3UMa Ha TOBPLIMHY
cwmkoHcknx Jieha aHammsmpana je ca surface-MALDI-TOF-MS u XPS. Hakon
WHKyOaImje ca JICO3MMOM, aHaM3a je MOKa3ajia CMamkemhe afIcopOMpaHOr JHCO3uMa Ha
xuaporen  MoaupuKoBaHMM — KOHTakTHHM Jsehama. [loBpmmmHCcka — Momudukamnmja
CIIINKOHCKHMX KOHTAaKTHHX Jieha ca PEG je mpuxBaTjpiBa METO/A 32 CMAmEH-E aJCOPIILH]jE
MpoTerHa Ha KOHTaKTHe jehe.

Kibyune pujeun: xunporesnosu, PEG, agcopnuuja nporenna, KOHTakTHe Jiehe.
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