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drainage device development
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Abstract
Aim—To examine in vitro whether phos-
phorylcholine coating of poly(methyl-
methacrylate) can reduce the adhesion of
fibrinogen, fibrin, human scleral fibro-
blast and macrophage compared with
current biomaterials used in the construc-
tion of glaucoma drainage devices.
Methods—Sample discs (n=6) of
poly(methylmethacrylate), silicone, poly-
propylene, PTFE, and phosphorylcholine
coated poly(methylmethacrylate) were
seeded with fibrinogen, fibrin, fibroblast,
and macrophages and incubated for vari-
able lengths of time. The quantification
was performed using radioactivity, spec-
trophotometry, ATP dependent lumino-
metry, and immunohistochemistry
respectively.
Results—Fibrinogen and fibrin adhesion
to phosphorylcholine coated poly(methyl-
methacrylate) were significantly lower
than PMMA (p=0.004). Phosphorylcho-
line coating of poly(methylmethacrylate)
also significantly reduced the adhesion of
human scleral fibroblast (p=0.002) and
macrophage (p=0.01) compared with
PMMA. All the other biomaterials showed
either similar or insignificantly diVerent
levels of adhesion to all the proteins and
cells tested compared with PMMA.
Conclusion—Phosphorylcholine coating
is a new material technology that oVers
considerable promise in the field of glau-
coma drainage device development.
(Br J Ophthalmol 1999;83:1168–1171)

Valve mechanisms in glaucoma drainage de-
vices (GDDs) have largely failed to provide
consistent flow control and protection from
hypotony. Limitations of currently marketed
valved devices have recently been exposed in
theoretical,1 experimental,2 3 and clinical
examinations.4

Flow control in non-valved devices is criti-
cally dependent on the internal dimensions of
the flow passage. For tube devices, resistance
varies with the fourth power of tube diameter
in accordance with Poiseuille’s law.5 Small
changes in diameter induced by protein or cel-
lular spoilation may lead to substantial changes
in flow performance. Resistance to surface
spoilation is therefore a key requirement for

materials used in GDDs which seek to control
flow using single or multiple small bore tubes
as flow resistors.

A new class of polymers synthesised from
monomers based on phosphorylcholine (PC)
oVers a promising approach to improving the
biocompatibility of medical devices. PC is the
hydrophilic head group of the predominant
phospholipids (lecithin and sphingomyelin) in
the outer envelope of mammalian cell
membranes.6–8 As coatings or bulk materials,
these “biomimetic” polymers are thought to
have enhanced resistance to non-specific pro-
tein adhesion. Early applications of this tech-
nology have included chest drains9 and contact
lenses.10 We are currently examining the possi-
ble role of this class of biomimetic polymers as
suitable candidate materials for GDD con-
struction.

Protein and cellular components, which are
likely to play an important part in tube surface
spoilation in the postoperative aqueous envi-
ronment, include fibrinogen, fibrin, and macro-
phages. Small bore filtration channels may also
be capped oV externally by scleral fibroblasts
growing into a fibrin scaVold.11 This study set
out to examine the adhesion of each of these
elements in vitro, comparing PC coated
poly(methylmethacrylate) (PMMA) and mate-
rials used in existing GDDs (Table 1).

Methods
MATERIALS PREPARATION

Sample discs (8 mm diameter) were punched
from 0.5 mm thick sheet PMMA cast from
polymer beads (ICI, London), polypropylene
(Goodfellow, Cambridge), PTFE (Goodfel-
low, Cambridge), and silicone (Goodfellow,
Cambridge). Additional PMMA discs were
coated with PC1008 (2:1 copolymer of lauryl
methacrylate and methacryloyl phosphoryl-
choline) (Biocompatibles, Farnham). Sample
discs were washed sequentially with a 7X-PF
detergent (ICN Pharmaceuticals, Hants) and
distilled water. The coated discs were then air
dried in sterile conditions for 10–15 minutes at
room temperature before experimentation. Six
discs of each material were used for each of the
adhesion assays.

ADSORPTION OF FIBRINOGEN

I125 labelled fibrinogen (ICN Pharmaceutical,
Hants) was diluted (ratio 1:9) with unlabelled
human fibrinogen (Sigma, Dorset) in 12.6 ml
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of phosphate buVered saline (PBS). A total of
25.2 ng of fibrinogen in 40 µl of solution was
pipetted onto each disc in a 24 well plate and
incubated at room temperature for 2 hours.
The quantity was chosen to enable mid-range
readings in the scintillation counter. The discs
were then washed (×3) in PBS, transferred to
scintillation vials and submerged in scintilla-
tion fluid. The scintillation count for each vial
was then measured over 1 minute in a liquid
scintillation counter (Model 1209 Rack Beta,
LKB Ltd, USA).

ADHESION OF FIBRIN

Fresh venous blood (20 ml) was obtained from
a healthy adult male volunteer in a citrated vial
to prevent clotting. The blood was centrifuged
for 10 minutes at 3000 rpm to obtain plasma.
Plasma 0.1 ml was diluted with 1 ml of normal
saline; 0.1 ml of 0.025M calcium chloride
solution was then added to this mixture to ini-
tiate clotting; 0.2 ml of this solution, which
covered the entire surface of the disc, was
immediately pipetted onto centre of each sam-
ple disc. These discs were incubated for 2
hours at room temperature to allow the forma-
tion and adherence of fibrin, before being
washed (×3) in PBS, and transferred to a ster-
ile 24 well plate. Fibrin deposits were dissolved
by adding 0.2 ml of 4M guanidine thiocyanate
into each well with constant agitation (30 rpm)
for 1 hour at room temperature. The tyrosine
residue in 0.1 ml of this solution was measured
as a quantification marker for dissolved fibrin
using a spectrophotofluorometer (Model
7687, American Instrument Company, MD,
USA) (excitation wavelength 275 nm; emission
wavelength 310 nm).

ADHESION OF SCLERAL FIBROBLASTS

Eye bank scleral rim tissue from adult donors
(Moorfields Eye Hospital Eye Bank) was
cultured to produce a strain of scleral fibro-
blasts in Eagle’s minimal essential medium
(MEM) (Gibco, Life Technology Ltd, Paisley)
supplemented with 10% fetal calf serum, 1%
penicillin, and 1% streptomycin. Cells were
serially passaged to 6–7 population doubling
by standard trypsin-EDTA dispersion. The
fibroblasts were then seeded in MEM at a den-
sity of 6000 cells/cm2 into wells containing the
sample discs, and incubated at 37°C under 5%
carbon dioxide to allow attachment for 48
hours. This cell density means that the total
number of cells delivered was higher than
required to cover the entire surface of the disc.
The discs were then washed (×3) in PBS and
transferred to a new 24 well plate. Intracellular
ATP was liberated by incubating each disc with
100 ml of sterile hypotonic lysis buVer (0.01M
TRIS-acetate pH 8, 2 mM EDTA). After 30

minutes the ATP solution was diluted 1:1 with
an additional buVer (0.2M TRIS-HCl, 0.2
mM EDTA, pH 7.3). ATP levels in this
buVered lysate were then measured as a quan-
tification marker for the adherent fibroblasts by
ATP dependent luminometry, using a com-
mercial luciferase test kit (BioOrbit-Wallac,
Turku, Finland) and a 96 well plate luminom-
eter (Amersham, Bucks).

MACROPHAGE ADHESION

Mononuclear cells were purified using com-
mercial gravity separation media as described
below. Fresh venous blood was obtained from a
healthy 32 year old male volunteer. The blood
was defibrinated by agitation in a vial contain-
ing sterile glass beads for 5 minutes. The blood
was then diluted 1:1 with macrophage serum
free medium (RPMI1640 medium, Gibco, Life
Technology Ltd, Paisley) and slowly pipetted
into a tube containing a purification medium
(LymphoSep, ICN-Pharmaceuticals, Hants).
The mixture was centrifuged at 400 g for 20
minutes to separate the cells. The central layer
containing the mononuclear cells was sampled.
The mononuclear cells were then pelleted by a
further centrifugation at 400 g for 10 minutes.
The mononuclear cells were resuspended in
RPMI1640 medium and counted using a
haemocytometer. Sample discs were placed in
a 24 well tissue culture plate and 2×105 cells in
0.5 ml of media are pipetted onto each disc in
sequence. The plates were incubated for 24
hours in a 37°C incubator under 5% carbon
dioxide. The discs were then washed (×3) with
PBS and fixed in 4% paraformaldehyde for 10
minutes at room temperature. The fixed cells
were then permeabilised by incubation with a
1% solution of Triton X100 (Sigma, Dorset)
for 2 minutes, and macrophages detected using
the protocol described below using an avidin-
biotin-peroxidase kit (RapidStain, Sigma,
Dorset).

Endogenous peroxidase activity in the cells
was quenched by 72 hours’ incubation in 9%
hydrogen peroxide and repeatedly washed in
PBS. Mouse anti-human macrophage (CD68)
monoclonal antibody (Dako Ltd, Bucks, di-
luted 1:100 in PBS + 1% fetal calf serum) was
added to each disc and allowed to incubate
overnight at 4°C in a humidified chamber. The
discs were then washed (×3) in PBS and mac-
rophages observed using a high aYnity biotin

Table 1 Materials used in contemporary glaucoma drainage devices (GDDs)4

GDDs Year of introduction Tube material Plate material

Molteno 1979 Silicone Polypropylene
Baerveldt 1990 Silicone Silicone
Krupin with disc 1990 Silicone Silicone
Ahmed 1993 Silicone Polypropylene with silicone valve
Optimed Model-1014 1995 Silicone Silicone with PMMA matrix
Helies 1997 N/A PTFE

Figure 1 Adsorption of iodine-125 labelled fibrinogen to
biomaterials after 2 hours’ incubation in PBS.
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conjugated anti-mouse antibody and an avidin-
peroxidase detection system using AEC as a
chromogen. The average number of macro-
phages (stained red) was determined in 50
randomly selected fields under light micros-
copy by a second “blind” observer.

DATA ANALYSIS

Results are presented graphically as box plots
showing the 10th, 25th, 50th, 75th, and 90th
centiles as vertical boxes with error bars.
Statistical analysis was performed using SPSS

for Windows software (SPSS Inc, Chicago, IL,
USA). The Mann–Whitney non-parametric
test was used to detect any statistically
significant diVerences between uncoated
PMMA and the other test materials.

Results
Fibrinogen adsorption is illustrated in Figure
1. Only PC coated PMMA discs reduced the
amount of fibrinogen adsorption significantly
(p=0.004), relative to PMMA. Figure 2 shows
fibrin adhesion on the test materials. Fibrin
adhesion to the PC coated PMMA discs was
minimal, and significantly lower than uncoated
PMMA (p=0.004), with other materials exhib-
iting similarly elevated fibrin adhesion levels.

PC coating of the PMMA discs also
modified the cellular adhesion profiles and
these results are shown in Figures 3 and 4. The
reduction in human scleral fibroblast adhesion
to PC coated PMMA was statistically signifi-
cant (p=0.002) compared with the uncoated
PMMA discs. The adhesion of human scleral
fibroblast to silicone, polypropylene, and
PTFE discs was not significantly reduced in
comparison with PMMA (Fig 3). The adhe-
sion of human macrophages was also signifi-

cantly reduced by PC coating of PMMA
(p=0.01) (Fig 4). Although both the PP and
PTFE discs have a higher mean number of
macrophages adherent per field in comparison
with uncoated PMMA discs, these diVerences
are not statistically significant (p=0.057).

Discussion
Implanted polymeric materials quickly adsorb
proteins from the surrounding fluid or tissue
environment. Adsorption occurs via a range of
bonding mechanisms, and results in a biologi-
cally conditioned surface with modified inter-
facial properties. Cells interact predominantly
with this modified surface rather than the
material surface itself.12 The biological adhe-
sion characteristics of a material are therefore
governed by its protein adsorption properties.

Fibrinogen adsorption may therefore be of
particularly importance. In addition to its role
as a fibrin precursor, fibrinogen appears to be
pivotal in establishing inflammatory responses
to implanted synthetic polymers.13 Histological
studies in complement or immunoglobulin
depleted mice have revealed inflammatory
responses similar to non-depleted controls.14 In
contrast, fibrinogen depleted mice did not
mount an inflammatory response unless the
test material was precoated with fibrinogen.13

Fibrinogen is also thought to promote cell
adhesion by integrin binding to an RGD motif
similar to fibronectin.15

In our study, fibrinogen adhesion on PC
coated PMMA was approximately half that
seen for the other test materials. An indication
of the possible importance of this reduction in
fibrinogen binding is given by the results of the
fibrin binding assay in which adhesion was vir-
tually eliminated by the PC coating. Fibrinous
occlusion is a common complication with all
forms of GDDs. In clinical series, 8–11% of
GDDs are occluded by fibrin in the early post-
operative period.4 Partial occlusion or signifi-
cant fibrinous surface spoilation may be
considerably more prevalent.

Partial occlusion is of particular relevance to
GDDs in which small bore filtration channels
are used as a resistance mechanism. From
Poiseuille’s formula, typical diameters required
to regulate flow eVectively at physiological
aqueous outflow rates lie in the range 20–60
µm for single tubes up to 6 mm in length.16 At
these diameters, small accretions of biological
debris could lead to relatively large percentage
changes in cross sectional area and therefore
flow performance.

Figure 2 Adhesion of fibrin to biomaterials from fresh
plasma after 2 hours’ incubation.
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Figure 3 In vitro adhesion of human scleral fibroblast to
biomaterials.
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Figure 4 In vitro adhesion of macrophage to biomaterials.
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In these studies, the PC coating also reduced
cellular adhesion for both macrophages and
scleral fibroblasts significantly. DiVerences
between PC coated PMMA and other test
materials were less dramatic than those ob-
served in the protein adhesion assays. This
relative reduction in eVect may again be attrib-
utable to protein conditioning. Precoating with
albumin makes material surfaces inert,17 reduc-
ing subsequent adhesion of other protein and
cellular elements. Albumin in the culture
media used may have caused the material to
become inert in our assays reducing cell
adsorption to the uncoated materials, and this
was demonstrated by the low level of macro-
phage adhesion to silicone discs. However, dif-
ferences between PC coated and other test
materials were significant none the less.

Beyond surface spoilation, macrophage ad-
hesion in particular is thought to be an impor-
tant initiator of chronic inflammatory re-
sponses to implanted foreign material.12 18

Progressive fibrous encapsulation driven by a
low grade foreign body inflammatory response
limits the functional lifespan of contemporary
GDDs.4 Reducing the adhesion of fibroblasts
and inflammatory cells may therefore signifi-
cantly lengthen the functional life of GDDs.

The precise mechanism by which PC
polymers resist non-specific protein adhesion
is not well understood. Phosphorylcholine is
zwitterionic, possessing both positive and
negative electrical charges in close proximity,
but is overall electrically neutral. The zwitteri-
onic nature of the PC head group has a large
hydration shell, and it is possible that this rela-
tively large and stable surrounding barrier of
water molecules mediates resistance to protein
adhesion.

Other surface modification technologies,
including heparin surface modification,19 may
also be eVective in reducing surface spoilation.
We restricted our comparison to materials used
in contemporary GDDs. These materials
(DMS, uncoated PMMA, PTFE, and PP)
were significantly outperformed by PC coated
PMMA in fibrinogen, fibrin, macrophage, and
scleral fibroblast adhesion assays. PC coating is
a new material technology that oVers consider-
able promise in the field of GDD development.

Presented in part at the annual meeting of the Association for
Research in Vision and Ophthalmology, May 1998, Fort
Lauderdale, FL, USA.

Supported by the Department of Trade and Industry/
Department of Health’s medical implant LINK programme
and MRC grant G9330070.

AGFID team members
KS Lim,1 2 R G Faragher,2 S Reed,2 L Wong,2 C J OlliV,2 G W
Hanlon,2 P Gard,2 S Willis,4 S P Denyer,2 A Muir,4 A W Lloyd,2

P T Khaw,1 3 and B D S Allan.3

AYliations
1 Institute of Ophthalmology, London;
2 University of Brighton, Brighton;
3 Moorfields Eye Hospital, London;
4 Biocompatibles Ltd, Farnham.

1 Lee VW. Glaucoma “valves”—truth versus myth. Ophthal-
mology 1998;105:567–8.

2 Prata JA, Mermoud A, LaBree L, et al. In vitro and in vivo
flow characteristics of glaucoma drainage implants. Oph-
thalmology 1995;102:894–904.

3 Porter JM, Krawczyk CH, Carey RF. In vitro flow testing of
glaucoma drainage devices. Ophthalmology 1997;104:1701–
7.

4 Lim KS, Allan B, Muir A, et al. Glaucoma drainage
devices—past, present and future. Br J Ophthalmol
1998;82:1083–9.

5 McEwen WK. Application of Poiseuille’s law to aqueous
outflow. Arch Ophthalmol 1958;60:290–4.

6 Hayward JA, Chapman D. Biomembrane surfaces as models
for polymer design: the potential for haemocompatibility.
Biomaterials1984;4:135–42.

7 Durrani AA, Hayward JA, Chapman D. Biomembranes as
models for polymer surfaces. Biomaterials 1986;7:121–5.

8 Kojima M, Ishihara K, Watanabe A, et al. Interaction
between phospholipids and biocompatible polymers con-
taining a phosphorylcholine moiety. Biomaterials 1991;12:
121–4.

9 Hunter S, Angelini GD. Phosphatidylcholine-coated chest
tubes improve drainage after open heart operation. Soc
Thoracic Surg 1993;1329–42.

10 Knzler JF, McGee JA. Contact lens materials. In: Juniper R,
Reid P, eds. Chemistry and industry biomedical materials.
London: Elsevier, 1994;16:651–5.

11 Shahinian L, Egbert PR, Williams AS. Histological study of
healing after ab interno laser sclerotomy. Am J Ophthalmol
1992;114:216–19.

12 Tang L, Eaton JW. Inflammatory responses to biomaterials.
Am J Clin Pathol 1995;466–71.

13 Tang L, Eaton JW. Fibrin(ogen) mediates acute inflamma-
tory responses to biomaterials. J Exp Med 1993;178:2147–
56.

14 Tang L, Lucas AH, Eaton JW. Inflammatory responses to
implanted polymeric biomaterials: role of surface adsorbed
IgG. J Lab Clin Med 1993;122:292.

15 Collins WE, Mosher DF, Tomasini BR, et al. A preliminary
comparison of thrombogenic activity of vitronectin and
other RGD-containing proteins when bound to surfaces.
In: Leonard EF, Turitto VT, Vroman L, eds. Blood in
contact with natural and artificial surfaces. Ann NK Acad Sci
1987;516:291–9.

16 Lim KS, Allan B, Muir A, et al. Consistent flow control in a
new glaucoma filtration implant. Invest Ophthalmol Vis Sci
1998;39:S176–475 (abstract).

17 Kottke-Marchant K, Anderson JM, Umemura Y, et al.
EVect of albumin coating on the in vitro blood compatibil-
ity of Dacron arterial prosteses. Biomaterials 1989;10:147–
50.

18 Smetana K, Lukas J, Paleckova V, et al. EVect of structure of
hydrogels on the adhesion and phenotypic characteristics
of human monocytes. Biomaterials 1997;18:1009–14.

19 Larsson R, Selen G, Bjorklund H, et al. Intraocular PMMA
lences modified with surface-immobilized heparin: evalua-
tion of biocompatibility in vitro and in vivo. Biomaterials
1989;10:511–16.

Cell and protein adhesion studies in glaucoma drainage device development 1171

http://bjo.bmj.com

