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bstract

A new method to increase the drug-capacity of the OphthaCoil, a flexible and tubular device for delivery of drugs to the tear film of the eye,
as explored. Poly(2-hydroxyethyl methacrylate)- and poly(2-hydroxyethyl methacrylate-co-1-vinyl-2-pyrrolidone)-microspheres were prepared
y suspension polymerization. The resultant particles were swollen in a highly concentrated solution of either the dye fluorescein sodium or
he antibiotic chloramphenicol. The loaded particles were placed in the central cavity of the ocular device. In vitro release profiles showed a
ix-fold increase of the capacity for the dye fluorescein sodium, but not for the antibiotic chloramphenicol. Flexibility measurements revealed
hat by introducing microspheres in the central cavity of the device, flexibility did not decrease. Finally, a preliminary in vivo evaluation of the

evice (n = 5) was done for a 2 h-period to assess the tolerance of the device in the human eye. Ophthalmologic examinations and photographs
f the eye indicated no signs of irritation. Volunteers reported that the presence of the device in the eye could be noticed, but no irritation was
eported.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Ocular drugs are normally administered via eye drops.
lthough this is common practice, there are several prob-

ems and drawbacks, such as: (i) limited bioavailability, (ii)
apid elimination, (iii) destabilization of the tear film, (iv) non-
ompliance by patients, and (v) allergic reactions (Winfield et al.,
990; van Ooteghem, 1993; Lang, 1995; Le Bourlais et al., 1998;
yster, 1999; Geroski and Edelhauser, 2000; Van Santvliet and
udwig, 2004; Baudouin, 2005; Gulsen and Chauhan, 2005;
osoya et al., 2005; Salyani and Birt, 2005; Barbu et al., 2006).
These practical issues have stimulated the search for alter-
ative methods for ocular drug delivery. Much of this work
as devoted to ocular inserts, which serve as a platform for the

elease of one or more active substances. It has become clear,
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owever, that the development of an ocular insert that reliably
ombines controlled release with absence of any irritation to
he patient, poses a formidable technical challenge (Ding, 1998;
errero-Vanrell and Refojo, 2001; Barbu et al., 2005).
Recently, we have proposed an ocular drug delivery device

ccording to a new concept (Pijls et al., 2004, 2005). The device,
alled “OphthaCoil” (Fig. 1), consists of a drug loaded adher-
nt hydrogel on a thin metallic wire, which is coiled. The
oiled structure accounts for the device’s flexibility and integrity.
he ends of the coil are sealed with caps using photo-curable
yanoacrylate glue and the device is gas-sterilized before use.
he device is placed in the conjunctival fornix. The hydrogel
oating starts to swell once the device contacts the tear fluid,
nd concomitant release of the drug into the tear film occurs.
reviously, we have reported that the OphthaCoil is well toler-
ted in animal models, notably in the eyes of Beagle dogs (Pijls

t al., 2005). Moreover, we have shown that it is possible to
elease antibiotics into the tear film, in such a way that the con-
entration remains above the minimal inhibitory concentration
MIC-value) for 16 h at least.

mailto:L.Koole@bioch.unimaas.nl
dx.doi.org/10.1016/j.ijpharm.2007.04.007
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Fig. 1. The ocular drug delivery device.

In this study, we describe further improvement of the Ophtha-
oil, especially in terms of drug capacity and patient comfort.
wo ideas were explored: (i), to use the interior of the coil as an
dditional drug reservoir; this implies that drug molecules must
e introduced into the coil’s cavity, and that these molecules
ust pass the windings of the coil in the release process; (ii)

o use polymeric microspheres as drug carriers. Microspheres
ere used since filling the interior with pure drug (as a powder)

s not practical; the use of a concentrated aqueous solution of
he drug to fill the lumen is impossible since this would lead to
remature swelling of the hydrogel coating; and the use of drug
oaded hydrogel coated filaments (as described in our previous
ork (Pijls et al., 2005)) would translate in an increased stiffness
f the device.

The hypothesis is that the use of drug loaded polymeric
icrospheres offers the possibility to load the interior cavity of

he coil, without compromising its flexibility. The microspheres
an move independently in the cavity when the coil is bent, and
hus maintain the flexibility of the device when compared to
hen wire filaments are used.
The agents used for loading of the microspheres are the dye

uorescein sodium and the antibiotic ciprofloxacin. The chem-
cal structures of both agents are given in Fig. 2. Ciprofloxacin

s a fluoroquinolone antibacterial agent, which is widely used
n human and veterinary medicine (Rosemary et al., 2003).
iprofloxacin is used to treat bacterial infections of the eye, such
s conjunctivitis or keratitis (Parks et al., 1993; Ciprofloxacin

ig. 2. The chemical structure of fluorescein sodium (A) and chloramphenicol
B).
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intment/Bacterial Keratitis Study Group, 1993; Ciprofloxacin
acterial Keratitis Study Group, 1996). It is also prescribed to

reat corneal ulcers, when the delicate layer covering the surface
f the eye is ulcerated (Health Information Patient UK, 2006).
luoroquinolones are bactericidal, exert their effect by DNA
yrase inhibition, and have a broad spectrum of activity against
oth Gram negative and Gram positive bacteria (Ke et al., 2001;
chaefer et al., 2001).

Here, new data on the release of the dye and the antibiotic
rom three different OphthaCoil prototypes will be reported. The
rst series has the dye/drug exclusively in the hydrogel coating
f the coil; the second series has the dye/drug exclusively in
he interior (that is within the hydrogel microspheres); and the
hird has the dye/drug both in the hydrogel coating and in the
nterior of the coil. Furthermore, the structural stiffness of proto-
ypes filled on three different ways are measured (a coil with an
mpty interior, a coil with three hydrogel coated filaments and a
oil with the hydrogel microspheres in the interior), and initial
valuations of the OphthaCoil in the human eye were performed.

. Materials and methods

.1. Preparation of the ocular device

All chemicals were purchased from Acros Organics (Geel,
elgium), unless stated otherwise. The hydrogel coating
lipskin® was prepared from 1-vinyl-2-pyrrolidone (NVP,
ldrich, Steinheim, Germany) and butyl methacrylate (BMA) as
escribed earlier (Aldenhoff et al., 2004). A NVP:BMA molar
atio of 70:30 was used. The co-polymer was dissolved in 1-
ethyl-2-pyrrolidinone (NMP) at 10%, w/w under continuous
echanical stirring for 24 h. The procedure to apply the co-

olymer onto a thin metallic wire was described earlier (Hanssen
t al., 1999; Peerlings et al., 2002; Knetsch et al., 2004). Briefly,
stainless steel wire (thickness of 76 �m) was pulled through

he co-polymer solution and guided through a cylindrical oven
maximal temperature 300 ◦C, height approximately 6 m). This
esulted in the evaporation of the solvent NMP and residual-free
onomers. In our case, first a 1 �m layer of poly-ethersulfone

PES) metal primer coating was applied followed by a 4–5 �m
ayer of the co-polymer. This process leads to a dual coating
n the metal wire with uniform thickness. In order to coil the
ire, a steel core mandrel with a diameter of 432 �m was con-
ected to a speed-controllable electromotor, and the coated wires
ere wound around the mandrel. Coils of approximately 50 cm

ength were obtained. Then, the core wire was removed and
he coil was cut into pieces of 15 mm in length. The ends of
ach coil were sealed with a small cap consisting of UV-cured
oly(cyanoacrylate), which is a suitable sealing and bonding
gent (Ressemann et al., 1996; Kim and Gupta, 2003). These
aps serve two purposes: (i) they prevent that any sharp edges
due to cutting of the wire) could damage or irritate the cornea of
issues inside the fornix, and (ii) they close the space inside the

oil, i.e. transport of drug from the lumen of the coil to the tear
uid is limited to diffusion along a pathway in between adjacent
indings of the coil. Note that the placement of the caps was
one stepwise: after placement of the first cap, we first filled the
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poly(HEMA)-spheres was placed in a test sieve (diameter of
25 mm, pore size 100 �m), after which the sieve was placed
in the fluorescein-solution. After 8 h, the sieve was removed
from the solution and the microspheres were lyophilized. Then,

Table 1
The microspheres used for the in vitro release experiments

Microsphere Material Drug
54 R.T. Pijls et al. / International Journ

umen with (drug loaded) microspheres. Then, the second cap
as placed.
To create a drug delivery device, the hydrogel coating of the

ire could be incorporated with a drug. The drug was dissolved
n the NMP, together with the 70 mol%/30 mol% NVP/BMA
o-polymer. Then, the coating procedure was performed as
escribed above to apply the drug loaded coating composition
nto the wire.

.2. Preparation of the microspheres

The monomers 2-hydroxyethyl methacrylate (HEMA) and
VP were used as the principal building blocks for the micro-

pheres. Poly(HEMA) is a well-known material in biomedical
pplications, because of its non-toxicity, non-irritability and
iocompatibility. Examples of its applications are soft contact
enses (Karlgard et al., 2003; Gulsen and Chauhan, 2004; Sato
t al., 2005), blood-contacting materials and artificial emboli
n endovascular embolization (Jayakrishnan and Thanoo, 1990;
ayakrishnan et al., 1990). Poly(NVP) is used because of its
ydrophilicity and swelling properties. It is present in many eye
rop formulations (Gobbels and Spitznas, 1992), and is also
nown to have excellent biocompatibility when implanted in
he vitreous body or used as a vitreous substitute (Bruining et
l., 1999).

The microspheres were prepared by suspension polymer-
zation of the appropriate monomer in a non-solvent using
uitable stabilizing agents to prevent the agglomeration of the
onomer droplets during polymerization (Jayakrishnan and
hanoo, 1990; Jayakrishnan et al., 1990). In the case of highly
ater-soluble monomers like HEMA, the dispersion of the
onomer into droplets has to be carried out in concentrated

alt solutions in which the solubility of the monomer is very low
Jayakrishnan et al., 1989). One type of microspheres consisted
f the monomer HEMA solely, named poly(HEMA)-spheres
nd the other type consisted of both the monomers HEMA and
VP in a 70/30-weight ratio, named poly(HEMA-co-NVP)-

pheres.
In the preparation of the poly(HEMA)-spheres, the polymer-

zation of the monomer HEMA was done in an aqueous medium
ontaining 17 wt% sodium chloride and 0.672 wt% magnesium
ydroxide as described by Jayakrishnan and Thanoo (1990)
nd Jayakrishnan et al. (1990). A 250 mL three-neck round-
ottomed flask, fitted with a half-moon stirrer was charged
ith a solution containing 14.45 g sodium chloride and 1.97 g
agnesium chloride hexahydrate in 70 mL water. The flask
as heated to 70 ◦C in a thermostatic oil bath and 0.783 g

odium hydroxide was added in 15 mL water with continu-
us stirring to precipitate the suspension stabilizer magnesium
ydroxide. The temperature was raised to 80 ◦C and the dis-
ersed phase (total weight of 36 g) was introduced drop wise into
he flask. The dispersed phase contained the monomer HEMA
96.8 wt%), the cross-linker tetra-ethyleneglycol dimethacrylate

tetra-EGDMA) (3.0 wt%, Fluka Chemie, Steinheim, Germany)
nd the initiator 2,2′-azobis(2-methylpropionitrile) (AIBN)
0.2 wt%). The suspension was stirred at 150 rpm for 4 h. After
ooling down the suspension, the stabilizer magnesium hydrox-

I
I
I
I

harmaceutics 341 (2007) 152–161

de was dissolved by adding dilute hydrochloric acid (Merck,
ermany). The beads were washed several times with distilled
ater and dried under reduced pressure at 35 ◦C.
The preparation of the poly(HEMA-co-NVP)-spheres

70 wt%/30 wt%) was similar to the preparation of poly
HEMA)-spheres mentioned above. The only difference was that
he dispersed phase contained the monomers HEMA (67.8 wt%)
nd NVP (29.0 wt%), the cross-linker tetra-EGDMA (3.0 wt%)
nd the initiator AIBN (0.2 wt%). Also this batch was dried
nder reduced pressure at 35 ◦C.

.3. Characterization and drug loading of the microspheres

The prepared poly(HEMA)- and poly(HEMA-co-NVP)-
pheres were characterized by size, shape and swelling. The size
istribution was measured using standard test sieves (Retsch,
ermany). The beads were sieved into different size-fractions
sing standard test sieves of 200, 300, and 425 �m. The shape
nd surface of the microspheres were investigated with scanning
lectron microscopy. The average size (n ≥ 200) and swelling
n ≥ 30) of the microspheres was determined with photographs
aken with an optical microscope (Nikon Eclipse 800). The pho-
ographs were characterized with the program ImageJ (version
.32j).

To measure the swelling of both types of microspheres, a dry
icrosphere (size range 200–300 �m) was put under the light
icroscope and a picture was taken. Then, the microspheres
ere swollen in an excess of water for 24 h at room tempera-

ure. The equilibrium swelling ratio (Qv) was calculated by the
ormula:

v = D

D0
(1)

ith D and D0 the swollen and initial (dry) diameters of the
icrospheres, respectively (Horák et al., 1997; Oral and Peppas,

006). To investigate whether the swelling medium will influ-
nce the equilibrium swelling ratio Qv, the microspheres were
lso measured in simulated lacrimal fluid (SLF) and ethanol.

The agents used for loading of the microspheres are the dye
uorescein sodium and the antibiotic ciprofloxacin. Four differ-
nt microspheres according to Table 1 were used for the in vitro
elease experiments. In order to load the microspheres with flu-
rescein sodium, a concentrated solution of fluorescein sodium
f 75 mM was prepared in demineralized water. One gram of
Poly(HEMA) Fluorescein sodium
I Poly(HEMA-co-NVP) Fluorescein sodium
II Poly(HEMA) Ciprofloxacin
V Poly(HEMA-co-NVP) Ciprofloxacin
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of the displacement was measured at the centre of the coil. All
coils were measured in the dry and wet state (both n = 4), to
investigate whether wetting of the coils influences the bending
forces.
R.T. Pijls et al. / International Journ

dispersion of 12 mM ciprofloxacin (Fluka Chemie, Stein-
eim, Germany) in ethanol was made. This dispersion was less
oncentrated than the fluorescein sodium solution because of
olubility limits of ciprofloxacin in water and ethanol. One gram
f poly(HEMA)-spheres was placed in a test sieve, which was
ubsequently placed in the dispersion for 8 h. The drug loaded
icrospheres were then lyophilized.
The same procedure was followed to load the poly(HEMA-

o-NVP)-spheres with fluorescein sodium and ciprofloxacin,
espectively.

.4. Drug release

The drug loaded microspheres were introduced into the
umen of the coil with a miniature funnel. The ends were sealed
ith the photo-curable cyanoacrylate cap and drug release was
easured at room temperature in the following set-up. SLF was

erfused through a silicon tube (inner diameter of 1 mm) at a
ate of 100 �L/min. A coil was placed at the end of the silicone
ube and fractions of approximately 150 �L were collected.

Several microsphere loaded coils were measured to investi-
ate the contribution of the microspheres to the capacity and
he release time of the device. Table 2 shows the coils used for
he release experiments. First the contribution of drug loaded
icrospheres in the central cavity of the coil was investigated

y comparing six types of coils:

a coil with a fluorescein sodium loaded coating and an empty
cavity (coil A); the hydrogel coating of the fluorescein sodium
loaded coils contained 9 wt% of the dye (i.e. 43 �g per coil);
a blank coil (with no active ingredient in the hydrogel coat-
ing) with fluorescein sodium loaded poly(HEMA)-spheres in
the inner cavity (coil B); the microspheres released 33 �g
fluorescein sodium (vide infra);
the combination: fluorescein sodium loaded hydrogel coating
on the coil and fluorescein sodium loaded poly(HEMA)-
spheres in the inner cavity of the coil (coil C); the coils
contained 43 + 33 = 76 �g fluorescein sodium;
a blank coil with fluorescein sodium loaded poly(HEMA-
co-NVP)-spheres in the cavity (coil D); the microspheres
released 70 �g fluorescein sodium (vide infra);
a blank coil with ciprofloxacin loaded poly(HEMA)-spheres
in the inner cavity (coil E); coil E released 1 �g of

ciprofloxacin (vide infra);
a blank coil with ciprofloxacin loaded poly(HEMA-co-NVP)-
spheres in the inner cavity (coil F); coil F released 6 �g (vide
infra).

able 2
he microsphere loaded coils used for the in vitro release experiments

oil Coating coil Microspheres

Fluorescein sodium None
None I
Fluorescein sodium I
None II
None III
None IV

F

harmaceutics 341 (2007) 152–161 155

The constant flow through the tube of 100 �L/min, allows
he amount of drug released to be calculated by the determi-
ation of the area under the curve (AUC) of the release curve
concentration plotted against time). The concentrations of fluo-
escein sodium in the fractions collected were measured directly
fter sampling with a spectrofluorometer (SpectraMax Gemini,
ontaining the SoftMax Pro software) with the absorption and
mission wavelengths λabs = 490 nm and λem = 514 nm, respec-
ively (Mota et al., 1991).

The concentrations of ciprofloxacin in the collected frac-
ions were evaluated using a zone of inhibition assay within a

onth after the release measurement. The samples were stored at
18 ◦C until the bio-assay. Plastic petridishes (d = 14 cm) were
lled level with 60 mL Iso-sensitestTM medium. After coagula-

ion and drying, the indicator bacterium E. coli ATCC 25922 was
rought onto the plates. Seven holes (r = 4 mm) were punched at
qual distance in the agar of every petridish. Finally, these holes
ere filled with 100 �L of the collected fractions or the dilution

eries. After 24 h of incubation at 37 ◦C under atmospheric con-
itions, semi-confluent growth appeared on the total agar surface
nd the diameters of the inhibition zones were measured. The
oncentrations of ciprofloxacin in the collected fractions could
e inferred from a dilution series (concentrations in the range of
.02–8.0 �g/mL).

.5. Flexibility tests

Flexibility tests were done with different coils to determine
hether filling the central cavity with microspheres compro-
ises the flexibility of the coils. A three-point bending test
as performed on: (i) a coil with an empty cavity, (ii) a coil
ith three hydrogel coated filaments inside and (iii) a coil with
icrospheres in the inner cavity.
The flexibility of the coils was measured with a rheometric

olids analyser (RSA3), equipped with RSI-Orchestrator V6.5
oftware. The ends of each coil were placed onto two solid points
nd a force was applied to the centre of the coil as shown in Fig. 3.
he displacement was set at 2.5 mm and the force as a function
ig. 3. Schematic set up three-point bending test for the coil (flexibility test).
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Table 3
Size distribution of the microsphere batches

Size (�m) Poly(HEMA) batch Poly(HEMA-co-NVP) batch

<200 19.6 wt% 5.3 wt%
200–300 17.8 wt% 22.4 wt%
300–425 28.4 wt% 25.2 wt%

>425 36.4 wt% 47.1 wt%
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3.3. Drug release

Fig. 5 displays the release profiles measured for the coils
A–C, which were loaded with fluorescein sodium, either exclu-

Table 4
Equilibrium swelling ratio (Qv) of the microspheres in the swelling media
(n ≥ 30)
56 R.T. Pijls et al. / International Journ

.6. Evaluation patient comfort

A preliminary patient comfort study was performed to inves-
igate the insertion and removal procedure of the coil, as well
s the tolerance of the coil in the human conjunctival fornix for
h. After approval of the Ethical Committee of the Academic
ospital Maastricht, five healthy volunteers (age: 24–57 years)
ave informed consent prior to the start of the study. The com-
liance of the coil was assessed in three ways: (i), qualitative
ssessment of irritation by an ophthalmologist; (ii), compari-
on of the diameters of the capillary veins on photographs taken
efore installation, and after removal of the device; possible irri-
ation would lead to dilatation of the veins and (iii) answers to
uestionnaires, filled out by the volunteers (subjects).

As a control, the ophthalmologist examined each subject to
xclude any eye disease or infection. This qualitative assessment
onsisted of: best corrected visual acuity, a slit-lamp investiga-
ion to exclude any pre-existent anterior surface disease, grading
f conjunctival redness (I = no redness, V = extensive redness),
ear break-up time, Schirmer tear test, fluorescein pattern of the
ear film, corneal punctate staining (diffuse, linear, or none),
ppearance of the anterior chamber, and photography of the
cular surface. All photographs were taken with the same mag-
ification.

After the control examination, a drug-free coil with hydrogel
oated filaments in the coil’s interior was inserted in the con-
unctival fornix of the right eye, using forceps. The appearance
f the eye, the ease of application, and the duration of the inser-
ion procedure were observed. Two hours after installation, a
ubsequent examination was done. The coil was removed and
hotographs of the eye were taken.

Finally, 4 h after the removal of the device, each subject had
he last examination, including photographs of the eye. The sub-
ects filled out a questionnaire at every time point, answering the
uestions according to a grading system with numbers scaling
rom 1 to 5 (1 = not at all, 3 = neutral, 5 = yes, absolutely).

. Results and discussion

.1. Preparation of the coils

Preparation of all coils was successful. Coils with the
lipskin® coating were prepared, as well as coils with 9 wt%
f fluorescein sodium and 91 wt% Slipskin® in the coating.
nspection of the outer surface of the coated wires and coils (by
ptical microscopy and scanning electron microscopy) showed
erfectly smooth surfaces. Coiling of the coated wires did not
ead to any damage of the coating (i.e. there were no visible
racks). Earlier tests showed that the coating of the coil has
o residual solvents or monomers after the coating procedure
Hanssen et al., 1999).

.2. Preparation and characterization of the microspheres
Two different series of microspheres were prepared success-
ully: cross-linked poly(HEMA)- and cross-linked poly(HEMA-
o-NVP)-spheres, in which the mass ratio HEMA/NVP was

W
S
E

ig. 4. SEM-photographs of the different microspheres: (A) poly(HEMA) and
B) poly(HEMA-co-NVP)).

0/30. The cross-linker was tetra-EGDMA (3% by mass) in
ll cases. The yields of the poly(HEMA) microspheres was
7.2 g (75%; theoretically expected 36.0 g), and the yield of
he poly(HEMA-co-NVP) microspheres was 20.0 g (95%; the-
retically expected 21.2 g). All microspheres were thoroughly
ashed with demineralised water, to remove possible leachable

ubstances (oligomers and unreacted monomers).
The average size diameters of the poly(HEMA)- and

oly(HEMA-co-NVP)-spheres (both n ≥ 200) were 195 and
00 �m, respectively. Further data on the size distribution are
iven in Table 3. The desired fraction, diameters between 200
nd 300 �m, was selected through sieving. Microspheres in this
ize range can easily be inserted in the interior of the coil, and
here remains sufficient space to allow them to swell. Fig. 4
hows scanning electron microscopy (SEM) photographs of the
ieved microspheres, and reveals that both types of microspheres
ere spherical and had a smooth surface.
Table 4 compiles the data on equilibrium swelling of the

icrospheres in water, SLF, and ethanol. There was no signifi-
ant difference in swelling of the poly(HEMA)-spheres and the
oly(HEMA-co-NVP)-spheres in both water and SLF. However,
welling of both types of microspheres in ethanol resulted in sig-
ificantly different swelling ratios compared to their swelling in
ater or SLF (p < 0.05).
Qv(polyHEMA) (S.D.) Qv(poly(HEMA-co-NVP)) (S.D.)

ater 1.166 (0.031) 1.234 (0.015)
LF 1.176 (0.019) 1.256 (0.033)
thanol 1.492 (0.054) 1.409 (0.037)
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Flexibility of the coil is an important factor that can affect
the comfort of this ocular device and acknowledging that the
conjunctival space of the eye has a curvature. The flexibility
of several coils was determined with three-point bending tests.
ig. 5. Contribution of the microspheres in the central cavity of the coil to the
elease profile.

ively in the hydrogel coating of the coil (coil A), or exclusively
n the coil’s lumen (coil B), or both in the hydrogel coating and
he interior (coil C). Note that the release curves were measured
n four-fold. In line with previous observations, coil A releases

ost of the dye in the first hour; measured concentrations in
he effluent SLF drop from 7.4 �g/mL to approx 0.05 �g/mL at
= 60 min. Coil B shows virtually no initial release; a maximum
oncentration of approx. 2.2 �g/mL is reached after 80 min.
uring the next 4 h, the concentration gradually drops to approx-

mately 0.3 �g/mL. The release curve measured for coil C
ombines the features of coils A and B: fluorescein release
rom coil C declines from approx. 7.2 �g/mL initially, to approx.
.3 �g/mL after 5 h.

From integration of the release curves A and B, it can be
alculated that approximately 19 �g of fluorescein sodium was
eleased from coil A and 33 �g from coil B. Integration of
he release curve C leads to a total release of approximately
23 �g. Hence, it can be concluded that the device’s capacity has
ncreased by approx. 500% by using dye loaded microspheres
ompared to a coil with an empty interior.

Fig. 6 shows a comparison of the performance of
he poly(HEMA)-spheres versus the poly(HEMA-co-NVP)-
pheres (n = 4). The release curves of fluorescein sodium in
ig. 6A show that poly(HEMA-co-NVP)-spheres are a much
ore effective carrier than the poly(HEMA)-spheres. Integra-

ion of the curves led to 33 �g of fluorescein sodium released
or coil B (poly(HEMA)-spheres) versus 70 �g of fluorescein
odium released for coil D (poly(HEMA-co-NVP)-spheres).
his difference can be explained, at least in part, by the

act that poly(HEMA) swells much less than poly(HEMA-
o-NVP) under our experimental conditions. The data reveal
hat the loading percentages are 2.4% (S.D. 0.41) for the
oly(HEMA)-spheres and 5.4% (S.D. 0.65) for the poly(HEMA-
o-NVP)-spheres. Note that we cannot determine the entrapment
fficiency, since the maximum capacity of each of the materials
or fluorescein sodium is not known.

The curves in Fig. 6B show the data measured for release
f ciprofloxacin under the same conditions. Two conclusions

an be drawn directly: (i) much less ciprofloxacin, as compared
o fluorescein sodium, is absorbed in both cases (i.e. 1.0 and
.0 �g for poly(HEMA)- and poly(HEMA-co-NVP)-spheres,
espectively). The loading percentages are 0.084% (S.D. 0.027)

F
(
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or ciprofloxacin in poly(HEMA)-spheres and 0.367% (S.D.
.087) for ciprofloxacin in poly(HEMA-co-NVP)-spheres; (ii)
oly(HEMA-co-NVP) is an efficient absorber of ciprofloxacin
compared to poly(HEMA)). The latter observation may be
xplained by a favourable matrix-host interaction, probably
ydrogen bonding between the C O groups of the NVP-links
n the co-polymer, and a proton-donating site of ciprofloxacin.

Closer inspection of the release curves in Fig. 6A and B
eveals another difference: release of fluorescein sodium is neg-
igible during the first 20 min. Then, the concentration of the
ye rises, passes a maximum and decreases again. This pattern
mplies that diffusion of the drug across the device’s wall is the
ate-determining step in the release mechanism. On the other
and, the release curves for ciprofloxacin show an initial max-
mum and continuous decrease afterwards. This suggests that,
or ciprofloxacin, the release from the microspheres is the rate-
etermining step; the drug easily passes through the windings
f the coil.

Obviously, the amount of ciprofloxacin on the microspheres
s only marginal. Apparently, the drug loading of microspheres
s very dependent on the solubility of the drug and the swelling

edium.

.4. Flexibility test
ig. 6. Release curves of a blank coil filled with all four types of microspheres:
A) fluorescein sodium and (B) ciprofloxacin.
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Fig. 7. The flexibility experiment with three different coils.

he coils used had an empty central cavity, hydrogel coated
laments in the inner cavity or microspheres in the lumen. In
ig. 7, the forces are plotted against the displacement of the
oil. It can be seen that the coils with an empty cavity and with
icrospheres in the cavity are more flexible, i.e. less force is

ecessary for the displacement, than the coils with the hydrogel
oated filaments in the inner cavity. The coils with microspheres
n the central cavity had a stiffness approximately two times
igher than the empty coils (this measured with the displacement
et at 2.5 mm out of a length of 10 mm). The coils with the three
oated filaments in the central cavity had much higher values for
he force/displacement than both other types of coils. Wetting the
oils did not have a statistically significant effect on the stiffness.

.5. Evaluation patient comfort

.5.1. Ophthalmologic investigations
Slit-lamp examinations showed a normal appearance of the

cular surface in all volunteers after the coils were removed. It
as noted that subject #1 had a rather narrow fornix, due to an

riental lid crease. Prior to the experiment, redness was grade
I for subjects #1 and #4, and grade I (no redness) for the rest.
o changes in redness were observed throughout and after the

xperiment. All subjects had normal fluorescein patterns of the

s
p
a
f

able 5
esults of the questionnaires filled in by the five subjects. The answers were scored b

uestion Subject#

1 2

uring wear of the insert
as the insertion unpleasant? 4 2
o you feel the insert? 4 2
o you have a tendency to rub your eye? 1 1

fter removal of the insert
Was the removal procedure unpleasant? 3 1
Did you feel the insert in the eye? 4 2
Was it unpleasant to wear the insert? 4 1
Did you have a tendency to rub your eye? 1 1
Did your eye produce more tears? 1 1
Did your eye itch? 1 1
Did your eye have a burned feeling? 1 1
Did your eye turn red? 1 1
ig. 8. Photograph of the capillary veins of a volunteer prior to (A) and after
B) the insertion of the coil.

ear film, as well as a normal appearance of the anterior chamber
efore installation of the device and after removal. None of the
ubjects showed corneal punctuate staining before installation
f the device, or afterwards.

.5.2. Photographic evaluation
Fig. 8 shows typical photographs that were taken during this
tudy. Fig. 8A shows a photograph of the right eye of subject #5
rior to the experiment; Fig. 8B shows the same eye, immedi-
tely after removal of the device that had been in the conjunctival
ornix for 2 h. The photographic images of all subjects were

y a grading system (1 = not at all, 5 = yes, absolutely)

Average

3 4 5

1 1 1 1.8
5 4 1 3.2
1 3 4 2.0

1 1 1 1.4
1 4 4 3.0
1 2 3 2.2
1 2 4 1.8
1 1 1 1.0
1 1 1 1.0
1 1 1 1.0
1 1 1 1.0
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hown to be superimposable. Magnifications of the images were
erformed to determine whether subtle variations in capillary
iameter occurred. In all cases, there was no detectable change of
he capillary diameter, which suggests that the eyes were not irri-
ated by the device. The results of the photographic evaluations
ere consistent for all subjects throughout the experiment.

.5.3. Questionnaires
Table 5 lists the questions that were asked to the subjects, as

ell as their answers. The question “Do you feel the insert in the
ye?” had the highest score, i.e. 3.2 during wear and 3.0 after
emoval of the device. This reveals that most of the subjects do
otice the presence of the device in the fornix. In most cases,
he feeling is characterised as “a little”. Subject #5 experienced
hat he had a slight tendency to rub his right eye during wear
f the device. Subject #1 experienced the installation as “a little
npleasant.” This can be attributed to the fact that his fornix was
elatively narrow due to an oriental lid crease.

To summarize the responses to installation, 2 h-wear and
emoval of the insert are reminiscent of responses that are seen
outinely with new wearers of contact lenses (particularly hard
ontact lenses) (Morgan et al., 2003).

. Concluding remarks

The idea to use drug loaded polymeric microspheres to
ncrease the capacity of the OphthaCoil, without affecting the
exibility of the coiled structure, appears to be technical fea-
ible. Using fluorescein sodium as a drug-mimic, it was found
hat a 500% increase of the released compound could be realized.
y introducing dye or drug loaded microspheres in the lumen
f the coil not only the capacity can be increased, but also the
ime window of the dye released can be increased from 1 h to
ver 5 h. Note that the drug release in vitro is probably faster
han in vivo, due to a difference in the flow; i.e. in the in vitro
et up the flow was set at 100 �L/min, whereas in vivo the tear
urnover rate is only 0.5–2.2 �L/min (Schoenwald, 1997; Ghate
nd Edelhauser, 2006).

Yet, the total amount of fluorescein sodium released from
he OphthaCoil remains low. For example, the total release of
uorescein sodium from coil C (that contained the dye in both the
urface coating and in the lumen) was 123 �g. For comparison:
0.5% eye drop with a volume of 20–30 �L contains 100–50 �g
f drug. As mentioned earlier, the bioavailability of an eye drop
s less than 5%. This means that only 5–7.5 �g of an eye drop
ill reach the intraocular tissues. Evidently, the crucial point is

he bioavailability of drugs released from the OphthaCoil. Our
revious work indicated this to be significantly larger than in the
ase of eye drops. If the bioavailability of drugs from our insert
ould be 10%, than the charge of coil C corresponds to two eye
rops. However, with increasing bioavailability, the amount of
rug absorbed is also increased. For example, a coil with a drug
ioavailability of 50% can be compared to 8–12 eye drops. It

an be concluded that it is essential to achieve maximum drug
oading of the microspheres.

The way of loading the microspheres with a drug by soak-
ng them into a concentrated solution is especially useful for

i
a
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ydrophilic drugs. The uptake of drugs from a concentrated
olution is suitable for relatively rapid release. However, also
ydrophobic drugs can be incorporated into the microspheres
y the synthesis of the microspheres in the presence of the
ydrophobic drug, rather than charging them afterwards through
welling. This will result in relatively slower release. This was
ot done here, because we focus on relatively rapid release
1–12 h).

In our opinion, the results of the preliminary patient study
re encouraging, especially with respect to potential short-term
pplications (i.e. drug delivery to the eye over several hours).
urrently, we foresee two such applications:

(i) Treatment of aggressive corneal infections (i.e. corneal
ulcers) and severe bacterial conjunctivitis and fungal ker-
atitis. The incidence of these infections is increasing, partly
due to (soft) contact lens wear. There is evidence, that con-
tact lens use has surpassed trauma as the most common risk
factor for fungal keratitis. The percentage of fungal ulcers
caused by non-therapeutic contact lenses doubled from 25%
between 1999 and 2001, to approximately 45% in 2005 and
2006 (Iyer et al., 2006). Fusarium and candida are common
causes of fungal keratitis. According to Iyer, most patients
can be treated successfully with dual antifungal therapy:
natamycin (5%) and amphotericin B (0.15%) are the most
commonly used drugs. In some cases, the infection has to be
treated by frequent installation of eye drops that contain an
antibiotic. To treat corneal ulcers, patients have to apply, day
and night, ciprofloxacin eye drops every 15 min for the first
6 h, every 30 min for the next 18 h. On day 2, patients have
to administer the drops every 2 h and for the next 3–14 days,
every 4 h (Health Information Patient UK, 2006).Evidently
this treatment puts a heavy burden on patients and health
care workers, as the patients will be hospitalized during
the first days and this ultimately has impact on health care
cost. We expect that delivery of antibiotics from our device
can alleviate this burden. Depending on the potency of the
antibiotic agent, we calculated that sustained delivery over
a minimum of 5 h could be realized. This implies that the
2-day therapy can be realized with a maximum of 10 device
exchanges for the first 48 h of treatment, which compares
favorably with >70 drop-installations.

ii) Controlled delivery of drugs to the eye, prior to cataract
surgery. Before cataract operations, it is mandatory that sev-
eral drugs are administered to the eye. These include an
anaesthetic, antibiotic and several mydriatic agents. Nor-
mally these agents are administered sequentially through
eye drops. A device could be used to deliver multiple drugs
either sequentially or simultaneously. The time scale of
release required is of the same order of the coil release
characteristics, since the health care workers administer
antibiotics and mydriatica to patients approximately 2 h
prior to surgery.
A clinical pilot study into the second application is currently
n preparation. Moreover, further work will concentrate on char-
cterization and optimization of long-term compliance of our
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oil. If sustained release over longer periods (e.g., several days
r 1 week) can be realized, then the coil may ultimately prove
seful in treatment of uveı̈tis or glaucoma. It might provide a bet-
er basis to administer ocular drugs to patients who are allergic
o the preservative agents that are normally present in eye-drop
olutions as well as providing a treatment that demands less time
f health care workers.
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