
Iranian Polymer Journal / volume 6 Number 2 (1997)

	

10261265197

Protein Interaction with Novel Hydrogel Biomaterials

Reyhaneh Sariri
Chemistry Department, Gilan University, Rasht, I.R.Iran

Received: 18 February 1997; accepted 25 May 1997

ABSTRACT

To develop a biomaterlal with high blocompatibility, one must take into
consideration both bulk and surface properties of the material which is to be
synthesized . In an attempt to produce a deposit resistant material, a group
of copolymeric hydrogels, especially those of interest in contact lens
Industry, are synthesized and their resistance to protein spoliation is measur-
ed . Poly(2-hydroxyethylmethacrylate) known as poly(HEMA) has a number
of limitations as a biomaterial, which is illustrated in its use as soft contact
lenses where, even though it is found to be mechanically adequate, ocular
incompatibility Is observed leading ultimately to the formation of "white spot
deposits' on the lens surface. Hydrogels synthesized during this study are
polyethylene oxide modified poly(HEMA) based gels . The amount of protein
adsorbed on these hydrogels is calculated by measuring the UV absorb-
ance against a blank of the same hydrogel. The cell culture studies are also
examined by other members In the group and the amount of protein
absorbed on each hydrogel is calculated.
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INTRODUCTION

A biomaterial is a material designed to fulfil a pur-
pose and to exist at a physiological interface with-
out being rejected.

A large number of biomaterials have been
developed for the progressive use as biomedical
devices, especially in recent years [It

One of the major growth areas in biomaterial
research is the design and development of poly-
mers to fulfil the growing number of biomedical
requirements.

The most important problem, when in the
use of biomaterials is their biocompatibility.

Table 1 shows some common biomaterials
and problems related to their use [1].

It is essential for an implanted device to be
able to avoid physiological rejection at the biolo-
gical interface to which it is applied.

Rejection can be mainfested in many ways
depending on the biological environment of the
implanted material. For example, a material reject-
ed at a blood interface may cause thrombosis in a
patient, whilst an inadequate contact lens material
may prompt tear protein and lipid deposition that
will impair the quality of the lens and also give
discomfort to the wearer.

The term "spoliation" used in biomaterial
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Table 1 . Problems associated with some known biomedical polymers [1].

Synthetic polymer Application Problem

Hydrogels

Poy(a-esters)
Poy(gycollc acid)
Poy(lactic acid)

Poy(a-esters)

High density polyethylene

Silicon rubber

Polytetrafluoroethylene
Polyethylene terephthalate

Nylon cord

Contact lenses

Surgical sutures.

Drug delivery

Hip and knee joint

Breast prosthesis

Urethral prosthesis

Tendon prosthesis

Biocompatibility
Permeability
Mechanical properties

Bivcompatibllity
Biodurabiliy
Mechanical properties

Biocompatibility
Biodegradability
Bloerodibility

Biocompatibility
Wear
Fatigue

Tissue compatibility
Mechanical properties

Biocompatibility
Attachment
Mechanical properties

Blocompatibllity
Stress/strain behaviour

studies refer to interaction which leads to deposi-
tion of the interacting material.

A number of polymers are known and used
as biomaterials which have a wide range of proper-
ties from hard and glassy plastics, through hydro-
phobic rubbery materials, to soft water containing
hydrogels.

Hydrogels
Hydrogels have been used in many fields due to
their ease of preparation, their capacity of absorb-
ing and releasing water, and the excellent oxygen
permeability.

Hydrogels are hydrophilic polymer molecules
which are cross-linked by water . They do not dis-
solve, but swell in water. The capacity of hydrogels

to absorb water is enormous and can be as much as
1000 times the weight of the polymer . The amount
of water adsorbed by a hydrogel is expressed as the
equilibrium water content (EWC) and is defined
as:

EWC = Weight of water in the gel x 100%
Weight of the hydrated gel

Hydrogels have been widely used in the
manufacture of soft contact lenses. Many commer-
cial soft contact lenses are based on poly(2-hydro-
xyethylmethacrylate) (PHEMA) more commonly
referred to as poly(HEMA), which has an EWC of
40%. Figure 1 shows a range of some monomers
used in hydrogel synthesis.

Hydrogel lenses are generally composed of
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Figure 1 . Structures of some monomers used in hydrogel synthesis [2].
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four basic hydrophilic monomers : HEMA, glycerol
methacrylate, vinyl pyrrolidone and methacrylic
acid . In addition, cross-linking agents are typically
added to produce mechanical strength and thermal
stability. All of these hydrophilic monomers, with
the exception of methacrylic acid, yield non-ionic
polymers that interact with the polar molecules of
water without generating a formal electrostatic
change on the molecule. Low water content lenses
of this type usually have water contents of 38-
45%. High water content lenses, that are mostly
vinyl pyrrolidone-based polymers, have water
contents of 70-80%. These lens materials const-
itute the low and high water content non-ionic lens
groups . On the other hand, ionic lens materials
with low or high water contents are made using
methacrylic acid, a formally charged, ionic
monomer.

The ionic lens materials have been shown to
be more reactive with tear components and lens
care products than non-ionic materials . Therefore,
one of the major problems with hydrophilic contact
lenses is their spoilage from tear film. The spoilage
of contact lenses is due to different factors such as
calcium films, organic plaques and protein films.
The most important of these surface coatings
appear to consist of proteins.

Poly(HEMA) has a number of limitations
when used as a biomaterial . Even a highly cross-
linked poly(HEMA) matrix has relatively poor
mechanical properties. Its uses are further rest-
ricted by its limited biocompatibility . This is illust-
rated in its use as soft contact lenses where, even
though it is found to be mechanically adequate,
ocular incompatibility is observed leading ultimate-
ly to the formation of 'white spot deposits" on the
lens surface.

Despite some disadvantages of hydrogel lens
materials, poly(HEMA) is still the most commonly
used material for medical applications such as con-
tact lenses. It has the advantage of high oxygen
premeability together with flexibility which is relat-
ed to its adequate water content . Care must be
taken when polymerizing 2-hydroxyethyl methacryl-
ate as residual methacrylic acid (MAA) produced
during the polymerization which may remain in the

polymer. Excess MAA in the polymer causes some
negative charge on the surface of the material,
making it susceptible to spoliation especially with
positively charged proteins . However, the incorpor-
ation of some comonomers which can resist protein
adsorption, may lead to a polymer with higher
resistance to protein spoliation while maintaining
the advantages of HEMA.

EXPERIMENTAL

Materials
All the monomers, initiators and proteins were of
reagent grade and used as purchased without any
further purification.

Benzoyl peroxide (British Drug House,
BDH, 10832) ; 2-hydroxyethyl methacrylate (Sigma,
H-3031) ; methacrylic acid (Sigma, M-5640); ethyl-
ene glycol (Sigma S-0305); methoxy ethylene glycol
(Sigma, M-6027) ; chicken egg lysozyme (Sigma,
L-6876) ; lactoferrin from bovine colostrum (Sigma,
L-4765).

Methods
In this work, a group of novel hydrogels were syn-
thesized to resist physiological spoliation and the
resulting copolymers were tested for this behaviour
using cell culture and in-vitro protein spoliation.
These were new polyether-based vinylic monomers
which were incorporated into poly(HEMA) based
hydrogels, which are of interest to the contact lens
industry.

It was shown that polyethylene oxide plays a
significant role in reducing the absorption of biolo-
gical species to substrates [3] . Hydrogels examined
during this study included polyethylene oxide
(PEO) modified poly(HEMA) based gels.

The structures of HEMA and a PEO meth-
acrylate (PEGMA) are compared in Figure 2 . The
HEMA pendant group is OCH2CH 2OH while, it is
a multiple (OCH 2CH2) ether linked structure that
terminates in either OH or OCH 3 (hydroxy or
methoxy terminated) on a polyethylene glycol
methacrylate (PEGMA).

As the effect of polyethers in reducing the
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protein absorption onto hydrogels is known, the
following experimental studies were carried'out.
- Synthesis of various molecular weight hydroxy-
polyethylene glycols (PEGOHs).
- Synthesis of methoxy polyethylene glycols
(MPEGs) of various molecular weights.
- Incorporation of the various adducts into poly-
(HEMA) based hydrogels.
- Study of some bulk and surface properties of
hydrogels produced, these included a series of cell
culture and in-vitro protein spoliation.

Polymerization Processes
Various molecular weight polyethylene glycols
(PEGs) and MPEGs were synthesized by a modifi-
cation of the method described by Smith [1].

Poly(HEMA) based hydrogels were synthesi-
zed by free radical polymerization of a commercial
grade of 2-hydroxyethyl methacrylate in the pre-
sence of bezoyl peroxide as an initiator . A casting
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Figure 2 . The chemical structures of PEG and MPEG .

mould was constructed by clamping a length of
polyethylene tubing between three sides of two
sheets of carefully cleaned plate glass with spring
paper clips of suitable size . A solution of 2-hydro-
xyethyl methacrylate and methacrylic acid (50% of
each monomer) containing 0.5% of bezoyl peroxi-
de was carefully poured into the mould to fill
approximately two-third of the available space . The
mould was then supported in an upright position
and the top of the mould was closed by forcing a
length of tubing along the open edge . The
assembly was then placed in an explosion-proof,
high velocity air oven and heated at 70 °C for 72 h.
After the polymerization was completed, various
proportions of PEGS and MPEGs were added to
the hot mixture and it was shaken for 2 h for
complete mixing . The casting was then cooled
gradually and the sheet was removed by separation
of the glass plates . The sheet was cut into disks of
sizes similar to those of contact lenses (about 1 cm 2
in diameter).

Measurement of Protein Spoliation by UV
The poly(HEMA) based hydrogels (50% HEMA+
50% . MMA) with different concentrations of
MPEGs and PEGOHs which were synthesized and
cut into disks of 1 cm2 were tested for their resist-
ance to protein absorption . Their absorption by
ultraviolet (UV) absorption spectroscopy between
200 and 400 nm were measured using a Hitachi-
2000 UV spectrophotometer and the readings at
280 nm were recorded as blanks . Each sample was
placed right in the bottom of a 1cm cuvette to
ensure that the measurements were consistent.

The disks were spoiled in lysozyme and
lactofferin solutions (these are the two positively
charged proteins which exist in tears) for 72 h.
They were removed from the protein solutions and
rinsed once with distilled water to remove any
loose surface protein. The UV absorbances at 280
nm were then measured by placing the disks into
the UV cuvette containing distilled water . The
amount of protein adsorbed on each disk was
calculated by the use of a standard line obtained
for a series of appropriate protein solutions taking
into account the values for each blank.
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Figure 3 . The adsorption of proteins to MPEG (low
molecular weight) modified HEMA/MMA copolymers.

Cell Adhesion Studies
These studies were based on the fact that when the
hydrogels interact with a biological interface for a
period of time, the gels will interact with the pro-
teins in that medium either reversibly or irrevers-
ibly (deposition). The washing of the hydrogel is
only able to remove the loosely bound proteins
leaving the permanently deposited proteins. Speci-
fic cells can recognize the special sites on the
deposited protein, in cultures, under controlled
conditions and adhere to them . The adhered cells
can then be stained and counted under a micros-
cope. The amount of protein adsorbed on each
disk was calculated by the use of a standard line
obtained for a series of appropriate protein solu-
tions taking into account the values for each blank.
This part of work was performed by other mem-
bers within the group using a method similar to the
Fitton 's [41 and the results will be published later.

RESULTS AND DISCUSSION

The results of protein absorption are presented
graphically in Figures 3—6. The 0% refers to the
pure HEMA :MMA copolymers (50 :50) . The
MPEG is the methoxy terminated whilst the
PEGOH is hydroxy terminated. The values of
5—20% refer to the percentage by weights of the

polyether used in the composition, and the
numbers 400, 550, 1000 and 2000 are the molecular
weights rather than the number of PEG
monomers.

Figures 3—6 show that the addition of both
MPEGs and PEGOHs have some effects on the
protein absorption by hydrogels relative to a pure
poly(HEMA:MMA) . These observations suggest
that the incorporation of methoxy terminated
polyethylene glycols (MPEGs) into poly(HEMA:
MMA) based hydrogels cause a significant decrea-
se in the deposition of both lysozyme and lacto-
ferrin at the hydrogel surface (Figures 3 and 4) . On
the other hand, the incorporation of hydroxy
terminated PEGS (PEGOHs) has a rather different
effect, and both proteins used for these in-vitro
studies are deposited to a greater extent on these
hydrogels (Figures 5 and 6).

The inclusion of long PEO chains in a
HEMA based copolymer has two effects . It incr-
eases the water content of a copolymer, and also
offers an unsuitable surface for cell adhesion . One
reason for the decreased cell and protein adsorp-
tion is that the long chains act as a carpet of
molecular cilia preventing the adsorption of adhe-
sion proteins. Adhesion proteins adsorb irreversibly
to the surface of hydrogels . They have binding
regions for other molecules, and even adsorption
of a tiny amount of adhesion proteins, may form
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Figure 4 . The adsorption of lysozyme and lactoferrin to
MPEG (high molecular weight) modified HEMA/MMA
copolymers.
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Figure 5 . The adsorption of lysozyme and lactoferrin to
PEGOH (low molecular weight) modified HEMA/MMA

copolymers.

the base for further deposition of other serum or
tear constituents . A similar theory to explain the
prevention of thrombogenic reactions, is that the
poly(ethylene glycol) chains provide an excluded
volume which prevents protein absorption at the
polymer surface.

Protein adsorption is the overall result of
various types of interactions between the different
components present in the system, i .e. the sorbent
surface, the protein molecules, the solvent (water)
and any other solutes such as low-molecular mass
ions.
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Figure 6 . The adsorption of lysozyme and lactoferrin to
PEGOH (high molecular weight) modified HEMAIMMA
copolymers.

Figure 7. A schematic view of a protein interacting with a
polymer surface . The protein has a number of surface
domains with hydrophobic, charged, and polar character.
The polymer surface has a similar domain-like character.

The surface of a protein is often complex in
nature, with different characteristics such as hydro-
philicity and charge [5].

In general, the treatment and understanding
of protein adsorption requires a knowledge of
protein structure and the solid surface. Figure 7 is
schematic and idealized view of a single protein
interacting with a single well-characterized solid
surface [5] . It is clear from this figure that the
protein can interact with the solid surface in a
variety of different ways, depending on the parti-
cular orientation by which it approaches and the
overall binding energetics.

Biocompatibility or biotolerance cannot be
predicted by any exact design of a material,

Figure 8. Surface factor affecting biocompatibility.
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however, it can be suggested that the surface
energy of the biomaterial is an important factor to
be considered . Baler et al. [6] produced materials
with high blood biocompatibility and comparatively
low surface tensions . Andrade [7] claimed that an
optimum balance between polar and non-polar
sites on the biomaterial is important for its bio-
compatibility.

In 1972, Baier defined three factors which
are important in biomedical problems and which
measure the biocompatibility of a material, he call-
ed these as magic numbers and Figure 8 illustrates
an overview of three of these confining factors.

The surface quantities of biomaterials are
not only factors requiring consideration when des-
igning the biomaterial, other factors such as the
conditions of biological environment in which the
material is being used, e.g. volume, flow rate,
biochemical composition and pH of the media are
important . The in-vivo spoliation of the polymers
produced are also studied in a paralleled work [8]
in which the effect of such factors are all been
shown.

CONCLUSION

From the results obtained by protein deposition
and cell adhesion the following conclusions can be
made:
- The inclusion of MPEGs increases the resistance
of hydrogels to protein absorption.
- Increasing the concentration of a particular
MPEG in the terpolymer causes a decrease in the
protein absorption.
- The higher the molecular weight of the methoxy
polyether derivative, the greater the decrease in
the protein absorption, i.e. MPEG-2000 is more
effective than MPEG-550 in reducing the protein
deposition by the hydrogel.
- In the case of hydroxy terminated polyether
derivatives protein absorption increases with the
incorporation of higher concentrations with similar
molecular weights.
- The longer the hydroxy terminated PEG used in
terpolymer synthesis, the higher is the protein

absorbed into it at a similar concentration.
- The effect of the polyether derivatives is, how-
ever, more pronounced in the case of methoxy
terminated PEGs.
- The cell adhesion studies also confirm these
results, but in the case of PEGOHs the protein

. deposition does not follow a pattern . However, in
the case of PEGOH-1000 the protein absorption is
greater or similar to the obtained for a pure poly-
(HEMA:MMA).

It can generally be concluded that the
protein spoliation of hydrogel biomaterials can be
reduced by the incorporation of positively charged
comonomers in the biomaterial's structure . The
nature of the positively charged comonomer has a
significant effect, the higher the intensity of the
positive charge the more resistant would he the
hydrogel to spoliation by proteins, especially by
those with high isoelectric points, i .e . higher
positively charged . There are some other factors
affecting the protein deposition onto hydrogels
among which the equilibrium water content of the
copolymers and the spoliation conditions in terms
of pH and temperature are the most significant
ones.

Analysis of protein adsorption onto polymer
surface is important in biotechnological and bio-
medical fields . The eye is a unique body site for the
study of protein interactions with biomaterials
because of its ease of access and deceptive comp-
lexity of the tears. It is, for example, easy to
introduce a contact lens into the tear and take it
out in a few minutes without surgery and causing
any trauma to the patient.
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