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Introduction

1. Introduction

The present thesis, entitled “Preparation and characterization of drug-loaded (meth)acrylic
intraocular lenses” deals with the preparation and characterization of drug-loaded intraocular
lenses (IOL). In this chapter, an introduction is given on various topics, related to this subject.
First, the anatomy and specific conditions of the eye are revealed. Next, cataract is described,
the main reason for the use of IOLs and a historical background of 10L development is
presented, followed by presenting characteristics of different ocular drug administration routes.
Finally, the state of the art for drug-loaded intraocular lenses is reviewed and the need for these

devices is explained.

1.1. The human eye

Our senses open our environment to us. Seeing, hearing, tasting, smelling, touching enable a
complex perception of the world. All the senses are important, but the most important sensory

organ fur humans is the eye (Figure 1).

Choroid Retina

Schlemm's canal

Posterior chamber

Anterior chamber

Cornea

Zomular fibers

Ciliary body

Vitreous

Figure 1: Schematic illustration of the human eye
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Humans are first and foremost visually oriented beings. This is also indicated by the fact that

70 percent of the total amount of our sensory cells are in the retina of the eye [1].

The eye can be divided into two main parts, the outer section and the inner section. The outer
part consists of the cornea, the pupil and the iris. The cornea is a thin transparent multi-layer
epithelia structure that is the frontal closure of the eyeball. By providing a refraction power of
+43 diopter, the cornea is the main part for image focusing. The cornea has no blood vessels
and is maintained from the surrounding tissues and aqueous humor [2], filling the posterior and
anterior chamber. The pupil is surrounded by the iris, which functions like a diaphragm and
regulates the incidence light quantity by adjusting the pupil width.

In the inner part of the eye, different structures are present but for vision, compounds such as
the lens and the retina are pivotal. The lens is connected all around by the zonular fibers to the
annular ciliary muscle. The contraction of this muscle relaxes the zonular fibers, which makes
the lens more curved due to its inherent elasticity. Thus near vision is focused. When the muscle
relaxes, the pull of the zonular fibers leads to a flattening of the lens and thus to the setting for
distance vision. The scattered light is projected on the retina, which contains many
photosensitive nerve cells (photoreceptors), the cones and rods [1,3,4]. While the rod cells are
responsible for seeing in the dark, the cones give rise to colors during the day and at dusk. The
choroid surrounds the retina and is responsible for the blood circulation of the eye and the

absorption of important nutrients.

To create an image in the mind, light has to pass the cornea, the anterior and posterior chamber,
the pupil, the lens and the corpus vitreum and hit the sensory cells of the retina. Formed electric
impulses are transmitted via the optic nerve to the brain where the stimuli are processed.
Therefore, optical structures within the eye have to be transparent and provide different light
refraction in order to focus [1]. If the light refraction is not adjusted perfectly, vision becomes

blurry and glasses might be needed to compensate these errors.

1.2. Cataract

The eye is the main sensory organ for humans and impaired vision decreases the life quality of
millions all over the world. Cataract affects more than 95 million people worldwide and is still
the leading reason for blindness in less developed countries [5,6]. The natural human lens is a
transparent biconvex structure within the eye which provides light refraction and is able to

accommodate by focusing light onto the retina. In the early pregnancy month, the ocular lens
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is formed in the embryo by fibers and is surrounded by the capsule. The lens epithelium
generates new fibers constantly, which immigrate towards the center, thus older fibers cumulate
in the core whereas newer fibers are located at the outer parts, named Cortex. Cataract usually
is developed in older people, also named age-related cataract. The lens becomes cloudy, caused
by protein aggregation and thereby the light transmittance is decreasing. In severe cases of
cataract, the lens appears turbid, even from outside. In ancient Greek, physicians assumed that
some liquid fell down and covered the pupil. Therefore, the word “cataract” can be derived

from the Greek word “vroyvoig” (katarakteés) which means, the “fall of water” [7].

Cataract is classified in three main types (Figure 2) [5]. The nuclear cataract is formed in the
nucleus (central zone) of the lens and is related to the age of the patient. In contrast, posterior
subcapsular cataract is associated with diabetes and high doses of steroid medications as well

as the cortical cataract [8]. Most cataracts are a combination of all three cataract types.

A Anterior capsule, Lens epithelium

Posterior subcapsular cataract

2
V.

-
LA

/.

Figure 2: Characteristics of lens structures and different types of cataracts
(adapted from “Cataract, The Lancet, 2017”)
A: Lens structure and different types of cataract
B: Nuclear cataract
C: Cortical cataract
D: Posterior subcapsular cataract
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In 2016, eye drops, containing lanosterol as API, were suggested as a remedy for cataract [9,10],
attributed to the capability of lanosterol to reduce protein aggregation in the lens. This effect of
lanosterol could be demonstrated in animal studies in case of age-related cataract. However,
until this product can be introduced to the market, many years will pass and clinical studies
have to be conducted.

However, so far there is no commercialized medical remedy for lenses, which suffer cataract.
To improve vision after developed cataract, the natural lens has to be removed and needs to be
replaced by an artificial intraocular lens (IOL). This medical procedure was developed in the
20" century and became the most often performed surgery worldwide nowadays [8].

1.3. History of cataract surgery

Cataract was already common in ancient times, thus it was already mentioned about 1525 B.C.
in the Ebers papyrus in Egypt [11] and in various other cultures throughout the ages like the
Greeks, the Latins and the Arabas [12]. A small stature, nowadays located in the Egyptian
museum in Cairo, Egypt, documents the oldest known case of cataract. This sculpture is from
the 51 dynasty (about 2457-2467 B.C.) and represents a priest, that suffered cataract in his right
eye. Ancient surgery instruments which were found reveal, that already in ancient Egypt, it was
tried to heal cataract and basic surgery technics were developed [12]. Surgical instruments and
wall paintings in the tomb of “Ipwy at Thebes” (about 1200 B.C.) revealed, that the operation
consisted in crashing the natural clouded lens and couching it into the vitreous cavity [7]. This
“couching” surgery (Figure 3) [13] was conducted by one sharp instrument that just pushes the
turbid natural lens to the bottom of the eye and is most probably one of the oldest developed

surgeries at all and was also performed in the first Babylonian dynasty [7]. However, by this

A Curarond Smfclic Ainfllifmedanfel. €3

B S Bl Tal /o be

M

Figure 3: German atlas for eye surgery, 16th century
Ancient technic of “couching”
A: Frontal view
B: Couching needles
(adopted from Apple et al. 2011)
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technic, the clouded lens is removed from the optical axis of the eye, but the visions for patients

was blurry afterward, due to insufficient refraction power of remaining tissues.

This “couching” method prevailed the ages and was common also in the Middle Ages and is
still used in some areas in Yemen and Africa [14] today.

Later, physicians started to extract the lens during the surgery but this was even more harmful.
The eye was opened with a large incision and a hollow needle was injected. The surgeon took
the other side of the needle in his mouth and aspirated the lens [15]. That way, he ensured that

the lens could not get into the field of vision, but the outcome was detrimental anyway.

The first successful lens extraction was performed in Europe by the French ophthalmologist
Jacques Daviel (1696 — 1762) on April 8, 1747 [15]. In this time, the German composer Johann
Sebastian Bach was treated by this technic as well (1750) but four months after the surgery he
died as a blind man [15]. However, John Taylor, the physician, who treated Johann Sebastian
Bach as well, started to break the lens into parts before he removed it.

First by Sir Nicholas Harold Ridley (1906 — 2001, Salisbury, United Kingdom) (Figure 4)
[16]:[13] the cataract surgery changed fundamentally [15]. He was an ophthalmologist at the
Moorfield Eye Hospital and St. Thomas hospital in London and was unsatisfied with the

outcome of cataract surgeries.

Figure 4: A: Harold Ridley, about 1950, at the time of the first intraocular lens implantation
B: Ridley’s original IOL (1949), made of rigid polymethyl methacrylate
(adopted from Apple et al. 1996 and Apple et al. 2011)

One day, an unknown medical assistant mentioned during a surgery, that it is a pity, that the
lens could not be replaced by a transparent lens. Ridley observed during the Second World War,
that scattered pieces of the canopy of aviators remained in the eye, without leading to

inflammation. These broken parts were made of polymethyl methacrylate (PMMA) and were

5
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considered as biocompatible and safe by Ridley [17]. In 1940, he introduced the idea of
implanting an artificial lens after lens removal and on November 29" 1949 he implemented the
first intraocular lens successfully into a woman’s eye in the St. Thomas Hospital, London. The
lens was made of PMMA and had a mass of 138 mg. In the beginning, other physicians were
not convinced by the idea of replacing natural material by artificial ones and Ridley’s technique
was less adopted by others until he published his paper “Intra-Ocular Acrylic Lenses” in 1951
[17]. In the year 1966, the first international symposium on IOLs was conducted and Ridley
became the first president of the “Intraocular Implant Club” (IIC). Ridley’s student Peter
Choyce investigated different lens models and in 1981, the first intraocular lens, named Choyce

Mark IX was approved by the US Food and Drug Administration [7].

Ridley had to overcome many obstacles and prejudices in his life but finally, he was awarded
by many different comities and societies and was knighted by HM Queen Elizabeth 1l at the
Buckingham Palace in February 2000 [18].

Charles D. Kelman introduced in 1967 the phacoemulsification technic [19], fascinated by his
dentist, who used an ultrasonic probe. He used this technic in order to emulsify the clouded lens
by ultrasonic waves to aspirate scattered pieces through a small hollow needle. Since that time,
just small incisions are needed and the surgery became less painful and the suture recovered
faster. Additionally, this smaller incision was less prone to complications and shorter

convalescent periods were required.

Nowadays, most intraocular lenses are flexible and are applied folded through very small
incisions, named “Manual Small Incision Cataract Surgery” (MSICS). In 2008, a clouded
natural lens was broken into pieces by a femtosecond laser the first time [19]. By this technic,
the sharply focused laser targeted specific areas within the lens and thereby the crystalline lens
was fragmented. This technic seems promising, but the classical phacoemulsification is still the

most prominent procedure.

By better medical possibilities and improved hygiene, cataract surgeries are considered as quite

safe, but complications occur nevertheless.
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1.4. History of intraocular lenses

Even when cataract surgeries were conducted already in ancient times, the story of intraocular
lenses just started in the middle of the 20" century with Sir Harold Ridley in 1949. Since that

time, many different lens formulations were investigated and the improvements are stunning.

Ridley had no knowledge about the light refraction of PMMA, the first lens material. Therefore,
he calculated the size of the first IOLs just by the dimensions of the natural lens. Thus, the first
lens measured 8.35 mm in diameter and 2.40 mm in thickness and had a mass of 138 mg [17,20].
The refraction of this lens was too pronounced, but the surgery went well and 17 months
afterward, he presented his results and accomplished new calculation procedures, to predict lens
dimensions in order to provide appropriate light refraction [21]. In the next years, Ridley
implemented more than 1000 PMMA lenses, which were located in the capsular back. That

time became known as the “first generation” of IOLs [22,23].

Regarding insufficient lens fixation, in the second generation (beginning of the 50s to the
beginning of the 60s) IOLs were placed in the anterior chamber and fastened in the iridocorneal
angle. The surgery became easier for these anterior chamber lenses than the posterior lens
injection that was introduced by Ridley. Many different lens shapes were developed but the
cornea clouded in some cases and inflammations occurred often, also attributed to inappropriate

materials that were used for IOLs [24].

The third generation of 10Ls was attached to the iris by specific haptics. An intraocular lens
consists out of the ocular lens and the haptic, which are small anchors that locate the lens within
the eye. In 1957, the first iris-clipped lens was prepared by Binkhost, which had 4 haptics, two
were placed in front and the other two haptics behind the iris. That was how the lens was
fastened. But in respect to eroding iris tissue, these lenses dislocated after a few years

frequently. However, these lenses remained prominent over 20 — 25 years.
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In the 1960s and 70s, the fourth generation of IOLs emerged. This time, previous anterior

chamber lenses were improved, regarding dimensions, designs and material. Attributed to

Development of Intraocular Lenses

Generation III Generation IV I Generation VI Generation VI

1949-54 1952-62 1953-73 1963-92 1977-92 1992-present

Ridley-IOL Early Iris ECCE
AC-IOLs supported 10ls PC-IOLs

N eV Y e e
ST

Generation 11

Modern
Capsular Surgery

AC-IOLs

Figure 5: Timeline presents the six major generations of 10OLs
(adopted from Apple et al. 2000)

applied 10Ls, that were not approved and had limitations in their quality such as insufficient
polishing, followed by not smooth surfaces, many lenses induced the UGH-syndrome (Uveitis-
Glaucoma-Hyphema) [25]. Regarding the different dimensions in human eyes, lenses with
flexible haptics emerged, that could adjust to the conditions within the eye. Various lenses were
investigated and 1987, many IOLs were refused of the marked again by the FDA [25]. At that
time, microscopes for the ophthalmic surgery appeared and phacoemulsification was improved.
Thus, the next generation (generation V) was mainly attributed to better surgery technics. The
ICCE (intra capsular cataract extraction) was replaced by the extra capsular cataract extraction
(ECCE), in which the capsular bag remains in the eye and could be used for lens location.
Furthermore, lenses with improved haptics were investigated and the first 1OLs coatings such
as heparin or polyfluorocarbonate coatings appeared at the market in order to avoid post-surgery
inflammation and less cell adhesion [26,27] (Figure 5) [12].

The first soft and foldable lenses were developed and applied in primates already in the 1950s.
In 1978, the first folded lens was injected into a human eye [28] and silicon lenses became

famous in the 80s by Mazzocco [29].
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Table 1: Development of intraocular lenses [12]

Generation Dates and Types of IOLs

I 1949 — 1954
Original Ridley posterior chamber, PMMA* 10L manufactured by Rayner

I 1952 — 1962
Early anterior chamber lens

11| 1953 - 1973
Iris-supported, including iridocapsular IOL implanted after ECCE

v 1963 — 1992
Transition towards modern anterior chamber 1OLs

\% 1977 — 1992
Transition to and maturation of posterior chamber lenses

Vi 1992 — present
Modern posterior chamber 10Ls

Nowadays, the sixth generation of intraocular lenses is present (Table 1) and it is not possible
to classify them as simple anymore, concerning innumerable different lenses, regarding, shape,
material, haptic, insertion technic and various other aspects [24]. Just between 1981 and 2011,
more than 19400 different IOLs were studied [13]. Today, most IOLs are foldable and are
injected into the capsular bag in the posterior chamber. The optical part if the IOL is polished
and transparent to improve vision, whereas the haptic is also flexible and locates the lens within
the center of the capsular bag (Figure 6). Today, hydrophobic acrylates are the most common

lens materials.

Optic zone .
Haptic

Figure 6: Intraocular lens
Model: NS-60YG
Product name: EyeCee® ONE
Intended placement: Posterior chamber
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The cataract surgery nowadays:

In a common uneventful cataract surgery, the cornea is opened by a very small incision (~ 2
mm) and the natural lens is broken into pieces by an ultrasonic probe (phacoemulsification) and
aspirated afterward. The capsular bag remains in the eye, is cleansed from remaining cells and
the intraocular lens is injected into it (Figure 7) [30].

PN /@< o

Figure 7: Cataract Surgery, using “Phacoemulsification”
A: Small incision is made in the cornea (1.8 — 2.2 mm) by a diamond knife
B: Ultrasonic emulsification and aspiration of the lens nucleus, by a phacoemulsification
needle

C: Implantation of an intraocular lens into the capsular bag
(adopted from Lam et al. 2015)

The whole procedure is conducted with local anesthesia and consumes less than 10 minutes. To
avoid postoperative complications, antibiotics are applied for one to two weeks to avoid
infections, whereas steroids are provided for approximately 1 month [31,32] to avoid
inflammation.

1.5. IOLs in these days

Intraocular lenses can be categorized by different aspects, such as material, shape and location

within the eye. Attributed to the countless IOLs nowadays, an overview is given (Table 2).
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Table 2: General classifications of intraocular lenses [33]

Characteristic

Modifications

Destination
Overall design
Overall length

Optic material

Refractive index
Optics shape

Optic diameter
Optics design

Optics color

Haptic properties
Type of implantation

Type of packaging

Capsular bag, ciliary sulcus, scleral fixation, iris fixation, angle supported
3 piece/1 piece

10-13 mm

Rigid (PMMA), flexible (silicone), foldable (hydrophobic acrylic,
hydrophilic acrylic), Collamer

142 -1.55

Biconvex, plano-convex, meniscus

5-7mm

Spherical, aspheric, toric multifocal, multifocal toric

Transparent, tinted

3 piece/1 piece (PMMA, PVDF, polyamide, 2, 3, 4, 6 haptics)
Injectable, not injectable

Pre-loaded, not pre-loaded

1.5.1. Lens types

In this thesis, lenses were divided into groups, accordingly to their hydrophilic-hydrophobic
balance. The three main used IOL materials are polymers of hydrophobic acrylates, hydrophilic
acrylates and silicones. The main monomers are methyl methacrylate (MMA) and

phenoxyethyl acrylate (POEA) as hydrophobic and 2-hydroxyethyl methacrylate (HEMA) as

hydrophilic compounds (Figure 8).

poly MMA

poly POEA poly HEMA

R~EC CHZ}R R{Hc CHz}R R%C CHz}R

/ \O
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|
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Figure 8: Polymers of the three main monomers that are used in IOLS production
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Hydrophobic Acrylates:
Polymethyl methacrylate:

In high-income countries, the non-foldable PMMA is almost obsolete and is just used for
children, due to its long-term stability, but in less developed countries, it is still common
regarding its low expense [34,35] and its good biocompability. PMMA with sharp optic edges
had low posterior capsule opacification (PCO) rates [36-39]. By this design, the capsular bag
and the artificial IOLs are connected perfectly and cell immigration between lenses and capsular
bag is avoided. PMMA has low water uptake (<1%) and a high refractive index (1.4900) [33].

Foldable hydrophobic acrylates:

Nowadays, flexible hydrophobic acrylates are the most common lens materials [40] due to its
high refractive index (1.4400 — 1.5500) and its elastic properties at room temperature [33]. This
material unfolds in a controlled manner so that adverse effects within the eye are rare.
Furthermore, these polymers have good shape memory, thus also the haptic can be prepared by
this material. So, one peace IOLs are reasonable with hydrophobic acrylates [33]. Additionally,
these lenses are more resistant to PCO and in case of developed PCO, they are quite
insusceptible to Neodymium:YAG (Nd:YAG) laser, the treatment to recover posterior capsule

opacification [41].

The two main drawbacks of these materials are glistening and dysphotopsias. Small liquid-
filled vacuoles (1-30 pm) within the lens polymer are named glistening [35,42-44]. It is
common in hydrophobic acrylates and does not decrease optical quality in all patients’ eyes,
but mostly, contrasts are less pronounced in lenses, that developed glistening. Dysphotopsias
describes halos or edge glares, but this phenomena could be reduced extremely by more

sophisticated lens shapes [45].

Attributed to their foldable properties, hydrophobic intraocular lenses are supplied in dry

conditions but they are sticky and might need a lubricant for ejection by the injector.

Foldable hydrophilic acrylates:

Hydrophilic intraocular lenses are made of hydrophilic acrylates and methacrylates. They are
lathed and polished in the dry state. Afterward, they are stored and supplied in an aqueous
solution to make them flexible, attributed to the plasticizing effect of water. In this media,

hydrophilic acrylates swell and have high water uptakes and form hydrogels. Hydrogels are

12
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extremely well tolerated by organic tissues, due to their similar nature and water content [33].
For hydrophilic lenses, the incidence of PCO was slightly higher but attributed to improved
lens shapes, this drawback was vanquished [46,47].

Credited to their high water content, the refractive index (~1.4300) is less than for hydrophobic
lenses. In some hydrophilic lenses, the optical quality decreased, caused by formed calcium

phosphate crystals on the lens surfaces, named calcification [48-51].

Silicones:

Silicones were the first foldable materials, that could be used for intraocular lenses, but in the
last years, the use of it declined constantly [45]. The PCO rate is low for silicones [52,53], but
injections appeared as difficult. Furthermore, the use of silicone oils for other ocular diseases
like retinal detachment is limited [54,55].

Regarding the small market share of silicone intraocular lenses, drug-loaded 10Ls made of

silicon were not considered as targeted IOLs.

1.5.2. Lens designs

In the last years, many different lens designs were investigated. Besides the biconvex structure
of the optical part that is common for most intraocular lenses, various modifications of the

haptic were prepared (Figure 9) [13].
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Figure 9: Classification of current I0Ls in four groups
A: J and C shaped haptics, named “J & C loop design”
B: Plate design
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C: Complex designs, consist mostly on different parts that are assembled later
D: Anterior Chamber lenses, are not injected into the capsular bag
(adopted from “Survey of Ophthalmology volume 56/Supplement 1/November-December 20117)

1.5.3. Manufacturing of 10Ls

Intraocular lenses are prepared by two different approaches [41,56-58] (Figure 10). Either the
mixture of monomers is cast into a mold and the lenses are already polymerized in the final
form, named molding method [59-61] or by the lathe - cut method [12,62—64]. During that
procedure, polymer rods are prepared and the 10Ls are lathed out.
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Figure 10: Lens production:
A: Molding; Mixture of monomer is cast in a mold and polymerization is performed
B: Lathening; Polymer rod is cut and lenses are drilled out

For flexible 10Ls, molding is the standard method. For brittle polymers, that can be drilled
easily, the lathering method is most prominent. Thus, non-soaked hydrophilic and PMMA
lenses are cut into small “blank buttons”, which are drilled to IOL shapes. All polymers are
purified normally with water or organic solvents, in order to remove remaining process
residuals such as monomers, cross-linkers and initiators [58], [65]. Final polishing is necessary
for both preparation methods. Flexible materials are cooled below the glass transition

temperature (Tg), to make them more resistant during polishing and smoothing.

In this thesis, lenses were prepared by the lathening method.

1.5.4. Challenges for 10Ls

Since 1950, intraocular lenses and surgery technics improved extremely and the cataract
surgery is considered as one of the safest operations with excellent outcomes. However, some

challenges are still present, that need to be overcome.

Posterior capsule opacification:

The main issue for IOLs is the possible development of posterior capsule opacification, also
named secondary cataract or after cataract [46,47,66]. Actually, it is not another cataract that is
formed, but the symptoms are similar. Lens epithelial cells (LEC) that remained in the capsular
bag during the cataract surgery immigrate to the posterior capsule, where they proliferate. Thus,
a layer of cells is formed at the center of the capsular bag, mostly between the IOLs and the
capsular bag, resulting in opacification. PCO is common and appears from a few months up to
a few years after the surgery in more than 50% of treated eyes [67]. However, various factors

such as lens material and shape have an impact on the incidence of PCO [47,67—69]. Thus, the
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sharp edge design had proven to be advantageous, because cell immigration between the
capsular bag and the lens is avoided (Figure 11), resulting in less PCO [37,38,70].
Unfortunately, sharp edges are associated with “edge glare” phenomena, because light
refraction is also provided at the peripheral side of the I0L [71,72]. By half rounded edge
designs, the posterior side is sharp, whereas the anterior profile is round, hence those limitations

and disturbing side effects were overcome [45].

B

e Lens epithelial cells

Figure 11: Preventing of LEC migration by sharp edges
A: Sharp optic edge
B: Round edge design
(adopted from Findl et al. 2009)

In case, PCO developed, it can be treated easily by Nd:YAG laser capsulotomy. Here, the
capsular bag is targeted by that laser and opened by it [41]. Thereby, the vision is improved,
but side effects might occur, such as lens damages. Furthermore, the laser might cause other
complications such as ocular inflammation, glaucoma, retinal detachment or cystoid macular
edema [45].

Therefore, different approaches were investigated to avoid PCO, such as more sophisticated
lens shapes or materials. Additionally, I0Ls were loaded by various drugs, in order to reduce

cell migration and proliferation.

Infection and inflammation:

Besides PCO, infections and inflammations might develop after the cataract surgery. That is
why eye-drops or ointments have to be applied for a specific time. Medication profiles vary
between different physicians, but generally, antibiotic eye-drops need to be applied every two

hours in the first 2 - 3 days and afterward, the dose gets reduced. Antibiotic medication is
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stopped after 7 — 10 days, when the suture recovered completely [73—76] and the chance to
develop endophthalmitis decreases. However, 0.1 — 0.3% of all treated eyes are affected by
endophthalmitis [77].  Additionally, steroids or non-steroidal anti-inflammatory drugs
(NSAID) such as dexamethasone and diclofenac are used for 4 weeks after the surgery, in order
to avoid inflammations [31,73,75,78]. Here the application is less frequent but lasts for a longer

time period.

In respect to geriatric patients, who normally undergo the cataract surgery, this frequent and
extended drug administration is inconvenient and compliance decreases rapidly. This also
might be a reason for increased incidences of postoperative complications throughout the last

years [77].

Therefore, drug-loaded intraocular lenses, which release antibiotics and steroids with different
release profiles simultaneously would be beneficial. First, it could decrease postoperative

complications and secondly, the frequent unpleasant drug applications could be avoided.

1.6. Ophthalmic drug administration
1.6.1. Overview

In the European pharmacopeia, “opthalmica” are preparations for the use at the eye. They might
be liquid, semi-solid or solid and have to be applied at ocular tissues. For ophthalmica,
remarkable high quality has to be guaranteed such as sterility, stability, tolerance and non-

irritating characteristics [77].

The most common ocular dosage form are eye-drops. They are applied as aqueous or oily
solution, emulsions or suspensions. In the case of aqueous formulations, osmolarity (225 — 430
mosmol/kg) and pH (5.5 and 10.5) has to be tuned [77]. Due to blinking, and a fast flush out
from the ocular tissues, gels and other semi-solid formulations are prepared to prolong the
residence time within the eye to improve bioavailability. Longer contact times are achieved by
inserts and suspensions as well. Inserts are solid devices that are placed in the eyelid and release
the drug over an extended time period. For suspensions, the liquid phase might be washed out

fast, but the solid phase can resist in the eye and provide prolonged drug delivery.

However, the eye is an organ that is difficult to treat by drugs, due to its various barriers.
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1.6.1.1.  Ocular barriers and drug distribution within the eye

The eye is most probably the least artificial cleansed part of our body surface. By different
mechanisms and barriers, the eye protects itself against environmental influences and remains
clean and ocular physical function is retained [79]. Drugs that are applied topically on the eye
have to overcome these barriers and challenges as well, resulting in low bioavailability (Figure
12) [80]. However, eye-drops are the most common ophthalmic dosage form, due to its simple

administration.

Cornea and barriers in the anterior segment:

The cornea is a thin (0.5 mm) transparent collagenous structure which is the first barrier for
topically applied drugs. The cornea consists of different layers of cells and is covered by a tear
film. This tear film is mainly aqueous and limits hydrophobic drug diffusion whereas the cornea
is a cellular structure and restricts diffusion of hydrophilic compounds. By that reverse two-
layer barrier, most APIs cannot even penetrate the cornea. Furthermore, the residence time on
the cornea is restricted due to solution drainage, blinking, tear turn over and induced lacrimation
[79], so that topically applied solutions are removed just 15 — 30 seconds after administration
[79,80]. Thus, the residence time is decreased extremely, followed by low bioavailability of <
5% for most drugs [80].
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Figure 12: Physical barriers in ocular drug delivery
(adapted from Huang et al. 2017)

Besides these barriers, the conjunctiva adsorbs drugs quite well and caused by the presence of
various blood capillaries and lymphatics in this tissue, the APIs are loose in the systemic

circulation, followed by lowering the drug concentration at the ocular tissues [80].

Additionally, the intraocular compartments in the anterior chamber are protected by the blood-
aqueous barrier (BAB). By this barrier, the transfer from the blood/plasma to the aqueous humor
is restricted. These tissues consist of discrete cellular layers with tight junctions that prevent

almost all hydrophilic compounds to pass.
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Moreover, the aqgueous humor is secreted into the posterior chamber by the ciliary body with a
rate of 2.0 to 3.0 ml/min [80,81]. From there, it flows constantly towards the anterior chamber,

where it is resorbed at the schlemm’s canal and by the trabecular meshwork. Thus, drug from

Figure 13: Aqueous humor outflow pathways
(adopted from Wallace et al. 2014)

the anterior chamber has to diffuse against the continuous drainage of the aqueous humor and
therefore it is mostly rinsed and adsorbed in the anterior chamber (Figure 13) [82]. Therefore,
topical instillations of drugs generally fail, when tissues in the posterior segment should be
targeted.

Blood - retinal barrier:

The blood — retinal barrier (BRB) shields the ocular tissues to the systemic blood circulation. It
can be divided into the inner and the outer BRB and it mainly hinders diffusion of bigger
molecules from the systemic circulation into the retina [83,84]. This is the main barrier that
limits systemic drug applications for ocular use because in sufficient concentrations the drugs
do not reach their ophthalmic target in most cases.

Thus, the eye is a well-protected area within the human body by various barriers and drug

targeting is difficult to achieve.

1.6.1.2.  Routs of administration
Due to limited drug absorption of topically applied drug formulations, various other routes of
administration were investigated to improve bioavailability (Figure 14) [85]. All of these

alternative routes have advantages but limitations as well (Table 3) [79].
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Figure 14: Scheme of various routs for ocular
drug applications
(adopted from Cima et al. 2014)

Table 3: Summary of some advantages and challenges of common routes for ocular drug delivery [79]

Route Advantage Challenge Diseases
Topical Compliance, high tear dilute and turnover rate,  Keratitis, uveitis,
non-invasive various barriers, conjunctivitis, scleritis,

self-administrable Bioavailability < 5% various others

BAB, BRB, systemic side effects,

Systemic/oral Compliance, inflammation of posterior

non-invasive

self-administrable

Bioavailability < 2%

parts

Intracameral high drug doses toxic anterior segment endophthalmitis,
less systemic side syndrome anesthesia
effects

Intravitreal direct release to retinal detachment, cataract, age-related macular

vitreous and retina,

circumvents BRB

hemorrhage, endophthalmitis,

incompliance

degeneration, various others

Subconjunctival

depot formulations

Conjunctival and choroidal

Glaucoma, uveitis, various

Release to anterior circulation others
and posterior
chamber
Retrobulbar low increase of Retrobulbar hemorrhage, globe Anesthesia

intraocular pressure perforation,

Systemic and topical applications persist as the most accepted dosage forms and experience
high patient’s acceptance, resulting in good compliance. In contrast, most of the other

approaches are not for self-application and therefore quite inconvenient. However, by
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intracameral or intravitreal drug administration, extended drug releases are possible which can

vary between a few days to more than a couple of months.

Regarding all these challenges and disadvantages in ocular drug delivery, it would be
adventurous, to have devices that deliver the drug directly at the targeted issue. Attributed to
the fast wash out of topical drug instillation and the unfavorable drug distribution, followed by
fast removal of active pharmaceutical compounds from the ocular tissues (Figure 15) [86],

vehicles are required, which are directly at the “side of action”.

This is why different drug delivery systems were developed and investigated in order to achieve

a more patient pleasant device that is able to avoid postoperative complications.
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Figure 15: Drug distribution and penetration in ocular tissues after topical, systemical and intravitreal drug
delivery; prominent elimination pathways are presented by bold arrows; barriers in ocular tissues
have grey background
BRB: blood-retinal barrier; BAB: blood aqueous barrier
(adopted from Hornof et al. 2005)

1.6.2. Extended drug delivery to ocular tissues

In order to treat the posterior segments of the eyeball, injections are still the gold standard,
however, this goes along with fast elimination, if just aqueous solutions are applied. Thus,
intravitreal injections of “anti-vascular endothelial growth factor” treatments for age-related

macular degeneration (AMG), have to be repeated every 4 — 6 weeks, resulting in an enormous
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burden in patient’s life [87]. Therefore, in previous decades, many companies tried to
investigate ocular DDS, that release drugs for an extended time period with no/less side effects
[87]. Here, the challenge is not to find new drugs, it is rather the goal to develop
carriers/vehicles, which enables drug delivery of FDA approved drugs within the eyeball [88].

Thus, different DDS (Figure 16) [88-91] were investigated and approved by the FDA in the

last years, whereas others are still in the clinical or even pre-clinical phase (Table 4) [92].

Drug-eluting contact lens Lornea i
Lens Intracameral implant
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Figure 16: Schematic illustration of an eye, including a selection of
various ocular drug delivery systems
(adopted from Rupenthal et al. 2017)

All implants that are placed in the posterior segment of the eyeball need to be applied by
professionals and in case of adverse effects, the removal is difficult and a second surgery is
needed, followed by the risk of complications. Unfortunately, most of these implants are not
biodegradable and therefore, a second surgery is needed anyway. Thus, Ozurdex® and other
biodegradable implants are superior in comparison to the not degradable DDS [93,94].
Ozurdex® comprises PLGA and dexamethasone (700 ug) and releases the API over a period of

6 months. Other biodegradable polymers like “poly (e-caprolactone)” are under investigation
but not approved by the FDA yet [91,95].
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Table 4: Ocular implantable drug delivery systems, approved by the FDA or in clinical/pre-clinical study [92]

Implant

Status Explanation

(Name)

Vitrasert FDA approved in 1996  Non-biodegradable polymer implant, containing ganciclovir for the treatment of cytomegalo
virus (CMV) retinitis. Releases drug for up to eight months

Retisert FDA approved in 2005  Non-biodegradable polymer implant containing fluocinolone acetonide for the treatment of
chronic non-infectious posterior uveitis. Releases fluocinolone for up to 2.5 years

Ozurdex FDA approved in 2009  First biodegradable polymer implant containing dexamethasone for the treatment of macular

(Posurdex®) edema. Placed into the vitreous via a 22-gauge needle to release drug for up to six months

lluven FDA approved in 2014  Non-biodegradable implant containing fluocinolone acetonide for the treatment of diabetic

(Medidur®)

macular edema. Inserted into the vitreous using a 25-gauge needle to release drug for up to

three years

Brimonidine

(intravitreal

Phase 2 clinical trials

Biodegradable implant releasing brimonidine for the treatment of dry AMD and retinitis

pigmentosa for up to six months

implant)

Verisome® Phase 2 clinical trials Biodegradable DDS injected into the vitreous to form a small spherule. Can be used to
deliver various types of drugs including proteins and releases drug for up to one year

Port delivery Phase 1 clinical trials Non-biodegradable port delivery system (PDS) releasing ranibizumab for extended periods

system of time for the treatment of choroidal neovascularization. Unique design allows the system
to be refilled and used again

Mini drug Pre-clinical phase Non-biodegradable system prepared from polydimethylsiloxane (PDMS) with a delivery

pump check valve for release of a variety of drugs via an actuator based mechanism

ODTx Pre-clinical phase Highly impermeable laser activated non-biodegradable implant, consisting of multiple drug
reservoirs, capable of delivering one or more drugs to the posterior segment of the eye to
treat various conditions

ENV705™ Pre-clinical phase Biodegradable implant containing bevacizumab/trehalose dispersed in a polymer matrix,

capable of releasing effective therapeutic drug concentrations for up to six months

Ozurdex® is the most common and only FDA approved intraocular biodegradable implant.

However, problems occurred such as wrong positioning of the implant and implant migration

into the posterior segment of the eye [96-98]. Nevertheless, it was tried to combine the cataract

surgery with an Ozurdex® injection in order to avoid postoperative inflammation, but it needed

an additional step in the surgery and problems like implant migration persisted [97,99]. To

overcome this issues, also topical inserts were investigated [94,100], but they still had

limitations regarding bioavailability and even more by patient compliance.

Thus, DDS, that are attached to the intraocular lens would be highly beneficial, in order to avoid

inappropriate location of implants and an additional injection step. Furthermore, the lens stays

in the eye for the remaining patient’s life. Therefore, a later removal is not necessary, even

when not biodegradable polymers are used.
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1.7. Lenses as drug delivery systems
1.7.1. Contact lenses

Contact lenses have a long history, dating back to Leonardo da Vinci in the year 1508 A.D.
More than 100 years later in 1636 A.D., René Descartes placed a liquid filled glass tube directly
in contact with the cornea to improve vision. The outcome was terrible, but the name “contact
lens” was born [101]. After more than 200 years, in 1887, Dr. Fick, a physician from Zurich
made the first contact lens, which enabled contact lens wearers to blink. Since that time, the
production technic, materials, shapes as well as the application improved a lot and contact

lenses are considered as simple devices nowadays.

In the last years, contact lenses were contemplated as an ideal drug delivery system [102—-105],
because they are located directly at the eye, they remain at this tissues for a prolonged time and
patients are used to the handling of this devices so that no additional training is required.
Regarding the provided refraction correction of contact lenses, patients use it, resulting in good

patients’ compliance.

Contact lenses and intraocular lenses are manufactured by similar materials and theoretically,
most drug loading technics for contact lenses could be applied for intraocular lenses as well.
Unfortunately, some major differences exist. The most important disparity appears in the time
of application. Whereas the intraocular lens is inserted once and stays in the eye for the
remaining patient’s life, mostly contact lenses are only used for 24 hours. Thus, release periods
of one day or less are sufficient for contact lenses, because they can be replaced easily and a
new drug-loaded lens could be administered [106-109]. Additionally, in case of negative side
effects, drug delivery could be stopped immediately, by contact lens rejection. For contact
lenses, it is also reasonable to use turbid lenses during the night to provide drug delivery and
during the day, the device is simply removed to retain clear vision [110]. Regrettably, within
the first weeks after a cataract surgery, contact lenses must not be applied on eyes. Therefore,
drug-eluting contact lenses are no appropriate drug delivery devices to avoid postoperative

complications, nevertheless, some approaches are adaptable to intraocular lenses.

1.7.2. Intraocular lenses

In the cataract surgery, the clouded natural lens is removed and replaced by an artificial
intraocular lens. Those devices would be the perfect drug carriers because it could deliver

directly at the tissues that are targeted. Since IOLs are not removed, they could be coupled with
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various drug delivery systems including non-biodegradable ones and a later removal is not
required. However, drug-loaded intraocular lenses are facing some specific challenges as well
(Table 5).

Table 5: Benefits and challenges of drug-loaded intraocular lenses

Benefits Challenges

- Patients compliance - Conviction of the doctors

- Less postoperative complications - Loading procedures

- Drug targeting - Drug attachment to/into the 10Ls

- Constant drug levels - Sufficient drug loadings

- Prolonged release - Prolonged release

- No systemic effects - Transmittance of drug-loaded 10Ls

- No additional surgery - No changes in optical quality, such as refractive

- No device removal index, glistening, calcification

- FDA approval as medical device is - Various different materials and shapes
reasonable - Stability of drug and 10Ls

1.7.2.1.  Approaches for producing drug-eluting IOLs

Different approaches were investigated to produce drug-loaded intraocular lenses (Figure 17)
[111], however, loading methods can be divided into two main groups. Either, the drugs are

loaded during the lens production or the API is incorporated or attached afterward.
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Figure 17: Loading approaches to prepare drug loaded 10L
(adopted from Gonzalez-Chomén et al. 2011)

26



Introduction

So far, there is no commercialized drug-eluting intraocular lens on the market but many
different formulations were already investigated in animal studies. For ophthalmica mostly,
rabbits are used although there are some serious differences to the human eye. First, the blinking
rate of rabbits is less, the total volume of the different compounds is different and therefore, the

drug distribution is not identical to the human eye [112-114].

However, the rabbit is the most common animal model for ocular devices and benefits of drug-

eluting intraocular lenses could be demonstrated (Table 6).
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Table 6: Drug-loaded IOLs in experimental rabbit studies [115]

Authors Drug and loading Results
approach
Chollet et al. Annexin V solution Less severe inflammation on the first postoperative
[116] coating for 1 h day, and the inflammation resolved more quickly
Eperon et al. Drug delivery systems On long-term observation (days 63 and 84), it
[95] loaded with triamcinolone  significantly reduced postoperative inflammation
acetonide were threaded
onto IOL haptic
Garty et al. Polymers made of the Sustained sufficient antibiotic concentrations for
[117] mixture of norfloxacinand  more than 4 weeks. The device was effective in
hydrogel were attached to treating induced intraocular infection
IOL haptics
Kleinmann et IOL presoaked in solutions ~ The antibiotic concentrations in presoaked 10Ls
al. [118] of gatifloxacin or group were statistically significantly higher than
moxifloxacin for 24 h those in topical eye drops group for both antibiotics
in all postoperative samples except moxifloxacin at
12h
Kleinmann et IOL presoaked in solutions  High concentrations of both antibiotics were found
al. [119] of gatifloxacin or in all the samples of the eyes implanted with the

Kugelberg et
al. [120]

Liu et al. [121]

moxifloxacin for 24 h

I0L was presoaked in
dexamethasone solution
for 40 min

PLGA containing
rapamycin was sprayed
onto the edge of IOL
optics

presoaked 10Ls

The PGE2 levels were significantly lower on day, 3
and 7 postoperatively, and the WBC count and
protein were significantly lower on days 1 and 3

The initial appearance of PCO was much later and
the wet weight of PCO was significantly lesser

Nishi et al. 0.1and 1.0% Aqueous flare intensity in eyes with 0.1%
[122] indomethacin coated I0Ls  indomethacin-coated IOLs and in eyes with 1.0%
indomethacin-coated 10Ls was significantly less at
day 2 and at day 2 and 3
Siqueira et al. I0OL containing a It effectively delivered therapeutic concentrations
[123] biodegradable of dexamethasone to the aqueous and vitreous,
dexamethasone drug without acute damage to the cornea and retina
delivery system
Tetz et al. I0L-bound sustained drug  Slow release of daunorubicin reduced PCO
[124] delivery system consisting ~ formation by approximately 50%. Some endothelial

Tsuchiya et al.
[124]

of the carrier substance
poly- DL -lactide and the
drug daunorubicin

IOL immersed in 0.3 or
0.5% gatifloxacin and 0.5
or 1.5% levoflaxin
solutions for 24 h

cell loss

The bacterial populations in eyes were significantly
smaller in the IOL group than in the control group
through 3 days postoperatively. Preventive effects
against endophthalmitis were similar between the
IOL and intracameral groups

Abbreviations:
IOL.: intraocular lens; PCO: posterior capsule opacification; PGE2: preostaglandin E2;
PLGA: poly( D, L -lactide-co-glycolide); WBC: white blood cell
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As presented in the animal studies, the drug might be attached or incorporated into the lens
materials by different methods and at different locations. Since, the drug could be coated on the
whole device surface, or incorporated into the lens material. Additionally, small DDS could be
attached to the IOLs which were prepared in a separate production step (Figure 18) [115], or in
case of three-piece 10Ls, the lens could be assembled by different parts, where some are drug-

loaded and others not.
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Figure 18: Possibilities for drug localization in intraocular lenses
A: unloaded (blank) intraocular lens
B: Surface coating of IOL
C: Drug is incorporated in the complete polymer matrix
D: Drug is attached at the haptic as separate DDS
(adopted from Eibl-Lindner et al. 2015)

1.7.2.2. Inserts

A simple method to load intraocular lenses with the drug is to attach separate drug delivery
systems to the haptic. Then, the optical area of the IOLs remains untouched and various

production technics are reasonable (Figure 19) [95].

\’\ .— Dbps
haptic /\/ haptic
Artificial IOL IOL combined with DDS

Figure 19: I0OL with attached inserts
A: Schematic illustration of an IOL, combined with separate DDS
B: Image of an IOL, with a combination of DDSs
(adopted from Eperon et al. 2008)
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By hot melt extrusion or other technics small carriers comprising a specific amount of API
could be prepared in “disc shape” with a central bore-hole to thread them on the haptic. Hence,
increased drug loadings are achievable by using multiple DDS and even multiple drug loadings

are reasonable, due to the combination of different API containing DDSs.

When these attachments are not biodegradable they remain in the eye and perfect bio-
compatibility has to be ensured [117] besides persistent device adhesion to the haptic in order

to sustain a clear vision.

For ocular devices, PLGA revealed as ideal polymer for implants/inserts, due to its good
biocompatibility and its decomposing properties. PLGA is an FDA approved polymer [125]

and is already used in various other ocular devices such as Ozurdex® [126,127].

PLGA is a polymer of lactic and glycolic acid and is manufactured by the polymerization of
the monomers or by ring opening polymerization of lactide and glycolide, the corresponding
cyclic dimers (Figure 20). In this reaction, no water is created and longer PLGA chains can be

obtained.
ﬁ 0 CHy O
O (0] CHs ‘/\O 0 0 R
ORISR T e T
HsC (0] §O X y
3 | HaC o} 0
O
lactide glycolide Poly g?_(:ide) Poly (ggé(;\lide)
PLGA

Figure 20: Synthesis of PLGA by ring opening copolymerization;
x and y represent the number of units of lactide and glycolide, respectively

PLGA (poly (D, L-lactide-co-glycolide) decomposes by hydrolysis of ester bonds, also in
absence of enzymes. The created lactic and glycolic acid are natural compounds and can be
further eliminated by the body to CO2 and H>0O by the cycle of Krebs [128]. The release period
of PLGA is easy to modify by the polymer, such as the ratio of lactide and glycolide, the chain
size or possible end-capping [129,130]. Also aspects like the API:polymer ratio, manufacturing

process and drug localization within the DDS have impact an on the drug release.

Besides PLGA, also other biodegradable polymers could be used, such as poly (orthoesters),
poly (anhydrides), poly (amides), poly (esteramides), poly (phosphoester), poly(caprolactone),
and chitosan [130-133]. Hyaluronic acid is present in the vitreous and could be used as the
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polymer in drug delivery systems as well, but due to its water solubility, the drug release would
be faster [134].

1.7.2.3.  Copolymerization

Another method to prepare drug-loaded lenses is the “copolymerization” method. Lenses are
prepared normally by bulk polymerization and the solidified polymers are processed to shape

out lenses.

Drugs and other additives could be added to the mixture of monomers prior to polymerization
and the drug is incorporated into the lens matrix by that process [105,110,135]. This is simple
but major challenges have to be overcome such as solubility of the drug in the monomers and
polymers to provide a homogeneous drug distribution within the finalized lenses as well as drug
stability during polymerization. Thus, the drug should not have “unprotected” double bonds to
avoid covalent bonding and also stability in increased temperatures during polymerization
needs to be guaranteed. Furthermore, it is imperative, that the API must not have adverse effects
on the final polymer matrix to retain perfect optical properties. Thus, the number of drugs,
approachable by this method, is limited. However, the biggest challenge is the purification of
the polymer from the remaining process residuals, without removing the active pharmaceutical
ingredient [136].

1.7.2.4.  Soaking

The most common method to prepare drug-loaded intraocular lenses is the soaking method
[118,137-140]. In this procedure, the lenses are placed in a drug solution with specific
conditions and the lens polymer function like a sponge [106,141]. During soaking, drugs might
diffuse into the lens material and after the lens injection into the capsular bag, the drugs are
release out of the polymer matrix again.

By this method, mostly water is used as soaking media in order to facilitate the drug loading
directly before the surgery takes place. Unfortunately, just water-soluble drugs and only
hydrophilic poly (meth-) acrylates are accessible by that method, caused by the low water
content of the other lens types. Only hydrophilic (meth-) acrylates form hydrogels and can
retain water in contents of 15 — 50%. Hydrogels are “three-dimensional“ networks, which
adsorb water in large amounts but do not dissolve because they are cross-linked [58,142,143].

Regarding the soft nature and the high water content, hydrogels resemble human living tissues
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better than other synthetic materials, followed by good biocompatibility [144]. Hydrogels can
be prepared by many different technics and with various characteristics, but due to the use as
an intraocular lens, possibilities for polymer modifications are limited [145-147]. The most
common used monomer for hydrogels is 2-hydroxyethyl methacrylate, which is also the main

compound for hydrophilic intraocular lenses [147].

The mechanism of drug release in the human body depends mainly on the hydrogel
characteristics and the API but in general, drug release from hydrogels can be divided into four
groups: diffusion controlled, swelling controlled, chemically controlled and environmentally
controlled. Since hydrophilic intraocular lenses are usually implanted as swollen hydrogels
without special functional groups, the release is usually purely diffusion-controlled. When the
drug diffuses to the surfaces and is released, also drug partition of the lens and the surrounding

tissues needs to be taken into account, but in most cases, that is not the time-limiting step.

To improve this method and to make it assessable also for hydrophobic drugs and more
hydrophobic lens materials, organic soaking media could be used [148-151] to increase the
amount of dissolved drug and to increase swelling of lens materials, followed by higher drug
loadings. Unfortunately, organic solvents have to be removed prior lens injection and additional
production steps need to be validated. Additionally, just soaked hydrogels are flexible, due to
the plasticizing effect of water. Therefore, before the lens can be injected in a folded way,
rehydration needs to be performed, which could go along with a premature drug release. In
order to avoid that, drug-loaded lenses were inserted in a dry condition so that lenses swelled
within the eye [152], but that led to increased incisions which were needed for the lens insertion.

To avoid organic solvents during soaking procedures, supercritical carbon dioxide was used, to
improve drug loading technics [153,154]. However, in most cases, the optical quality of

intraocular lenses decreased remarkably.

Therefore, soaking methods were mostly performed successfully with hydrophilic drugs and
hydrogels, due to improved drug diffusion within the lens matrix as well, attributed to the high
water contents. Unfortunately, the increased water uptake of hydrogels and the high water
solubility of these APIs also accelerated the drug diffusion after the lens injection, resulting in

very fast drug release periods of mostly just 1-2 days [118,137,138].
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1.7.2.5. Coating

Coating approaches are simple methods to modify the lens surfaces and to provide drug-eluting
intraocular lenses [34]. The first heparin coated lens was applied in 1979 and could reduce
inflammation because the lens surface was changed from hydrophobic to hydrophilic [155,156]
and therefore, less cell adhesion took place. Also, other coatings were investigated to change
surface modifications such as polyethylene glycol, phosphorylcholine and pyrrolidone coatings
[34]. Those very thin coatings also sustain foldability and have no adverse effects on optical
properties [157], whereas thicker coatings, containing also APIs, might decrease the
transparency of 10Ls extremely and restrict foldability.

Many different approaches were investigated to prepare drug-eluting 10Ls by coating technics
[121,122,158] and most of them either coated just the haptic or like recently, the coating was
applied at the complete lateral surface of the lenses [159]. The total mass of an IOL is
approximately 20 mg. Therefore, when just the haptic is coated, only a very small amount of
polymer and surface area is assessable for drug coatings, resulting in low drug loadings.
Nevertheless, APl was engaged to the haptic by API filled bore-holes, coatings or even
complete entrapped DDS within the polymerized polymers [160]. In case of drug coating at the
lateral surface, just commercialized hard lenses were used because coatings would prevent

foldability. Thus, both approaches are reasonable but have significant limitations.

Recently (2015), a specific drug eluting member was patented that could be engaged to parts of

the lens optic after lens preparation but foldability could not be retained anyway [161].
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1.8. Research Objective

The objective of this research was the development of drug-loaded intraocular lenses with

extended drug release.

Therefore, intraocular lens polymers needed to be prepared, which resemble commercialized
IOLs. Regarding the countless different formulations on the market, IOLs were divided in
hydrophilic, hydrophobic and amphiphilic (meth-) acrylic intraocular lenses and for all types,
loading approaches should be investigated. All loading methods needed to be improved in

respect to drug loading and release.

Attributed to the simultaneous instillation of antibiotics and steroids after a cataract surgery,
dual drug loading of 10Ls was desired, which would release both drugs with different release

profiles at the same time.

IOLs are optical devices and perfect optical properties had to be ensured all the time such as

transmittance and refractive index.
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2. Materials and methods

2.1. Materials

2.1.1. Monomers & excipients for polymerization

Methacrylate:

Butyl methacrylate (BMA) (Merck KGaA, Darmstadt, Germany)

Hydroxybutyl methacrylate (HBMA) (Sigma Aldrich, St Louis, Missouri, USA)

2- Hydroxyethyl methacrylate (HEMA) (Merck KGaA, Darmstadt, Germany)

Isobutyl methacrylate (IBMA) (Alfa Aesar, Haverhill, Massachusetts, USA)

[2-(Methacryloyloxy) ethyl] trimethyl-ammonium chloride (80% (w/w) in H20) (Sigma
Aldrich, St Louis, Missouri, USA)

Methyl methacrylate (MMA) (Merck KGaA, Darmstadt, Germany)

0 0 o
\[)ko/\/\ \H}\O/\/\/OH YLO/\/OH
BMA HBMA HEMA
0 \ i
})LO/\K ﬁ)LO/\C'-/”\/ \HLO/
IBMA [2-(Methacryloyloxy) ethyl] MMA

trimethyl-ammonium chloride

Figure 21: Methacrylates as monomers

Acrylate:

Ethyl acrylate (EA) (Merck KGaA, Darmstadt, Germany)

Ethylene glycol phenyl ether acrylate (Sigma Aldrich, St Louis, Missouri, USA)
Synonym: Phenoxy ethyl acrylate (POEA)

2-Hydroxyethyl acrylate (HEA) (Alfa Aesar, Haverhill, Massachusetts, USA)

= /\/O \)L OH
\).LO/\ © \© I o >~
EA POEA HEA

Figure 22: Acrylates as monomers
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Initiator & cross-linker:
Benzoyl peroxide (BP) (Merck KGaA, Darmstadt, Germany)
Ethylene glycol dimethacrylate (EDMA) (Merck KGaA, Darmstadt, Germany)

PB EDMA

Figure 23: Thermal initiator and cross-linker for polymerization

Water:
Ultrapurified water purified by a Milli-Q® - apparatus (Millipore GmbH, Darmstadt,

Germany)

Containers:

Crimp neck vials (Th Geyer GmbH & Co.KG, Renningen, Germany)

Flang caps with bore-hole (Carl Roth GmbH + Co KG, Karlsruhe, Germany)

Micro-centrifuge tubes with attached caps (0.65 ml) (VWR International GmbH, Dresden,
Germany)

Multi® —Safeseal® Tubes, natural (2.0ml) (Carl Roth GmbH + Co KG, Karlsruhe, Germany)

2.1.2. APIs

Dexamethasone (Fagron GmbH, Barsbuttel, Germany)
Diclofenac sodium (BASF, Ludwigshafen, Germany)

Diclofenac acid was prepared by precipitation of diclofenac
Minocycline (Zhejiang Hisun Pharmaceutical Co., Ltd., Taizhou, China)
Propranolol hydrochloride (K.-W. Pfannenschmidt GmbH, Hamburg, Germany)
Risperidone (Wuxi Jida Pharmaceutical Co. Ltd, Yunnan, China)

Sodium salicylate (Merck KGaA, Darmstadt, Germany)
Theophylline (BASF, Ludwigshafen, Germany)
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Figure 24: Chemical structures of APIs, used in this thesis

Dyes (used as model APIs)

Methylene blue (Merck KGaA, Darmstadt, Germany)
Phenol red (Merck KGaA, Darmstadt, Germany)
Quinoline yellow (Fagron GmbH, Barsbuttel, Germany)

2.1.3. Salts, to prepare artificial aqueous humor
Di-sodium hydrogen phosphate dodecahydrate (Merck KGaA, Darmstadt, Germany)
Potassium dihydrogen phosphate (Carl Roth GmbH + Co KG, Karlsruhe, Germany)
Sodium chloride (Carl Roth GmbH + Co KG, Karlsruhe, Germany)

2.1.4. Solvents
Acetone (VWR International GmbH, Dresden, Germany)
Chloroform (Carl Roth GmbH + Co KG, Karlsruhe, Germany)
Ethanol (Carl Roth GmbH + Co KG, Karlsruhe, Germany)
Ethyl acetate (Fisher Scientific GmbH, Schwerte, Germany)
Methanol (VWR International GmbH, Dresden, Germany)
n-Hexane (Merck KGaA, Darmstadt, Germany)
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2 — Propanol (VWR International GmbH, Dresden, Germany)
Hydrochloric acid 0.5 N (Carl Roth GmbH + Co KG, Karlsruhe, Germany)

2.1.5. Polymers
Ethyl cellulose (Ethocel standard 45 premium, Colorcon, Dartford, Great Britain)
Poloxamer 188 (Kolliphor® P 188, BASF, Ludwigshafen, Germany)
PLGA 5050 DLG 1A (Lakeshore, Birmingham, Alabama, USA)
PLGA 502 H (Resomer RG 502 H, Evonik Industries AG, Darmstadt, Germany)
PLGA 503 H (Resomer RG 503 H, Boehringer Ingelheim Pharma KG, Ingelheim, Germany)
PLGA 504 (Resomer RG 504, Evonik Industries AG, Darmstadt, Germany)

2.1.6. Instruments

ABBE refractometer (Carl Zeiss AG, Oberkochen, Deutschland)

Axioscope optical light microscope (Carl Zeiss Jena GmbH, Jena, Germany) with
image analysis software (EasyMeasure, Inteq Informationstechnik GmbH, Berlin,
Germany) coupled with a xiocam 105 color camera and ZEN software (Carl Zeiss
Microscopy GmbH, Jena, Germany)

Basic pH meter PB — 11 (Sartorius, Gottingen, Germany)

Balance Acculab Vic-303 (Sartorius Group, Goettingen, Germany)

Dnt DigiMicro Lab 5.0 Digital microscope (dnt Drahtlose Nachrichtentechnik, Dietzenbach,
Germany)

DSC 6000 (PerkinElmer, Inc. Waltham, MA, USA)

FEI Quanta 200 scanning electron microscope (FEI, Hillsboro, USA) at 15 kV

Inkubation shaker (refrigerated incubation shaker, New Brunswick scientific GmbH,
Nirnberg, Germany)

Magnetic stirrer (IKA®-Werke GmbH & Co KG, Staufen, Germany)

Mettler Toledo MX5 microbalance (Mettler Toledo, Greifensee, Switzerland)

Metrohm pH meter (Metrohm Ltd., Herisau, Switzerland)

Milli Q ® (Millipore Corporation, California, USA)

Oven (Heraeus T6030, Hanau, Germany)

Osmomat 3000 (Gonotec, Berlin, Germany)

Satorius Extended ED 124 S balance (Sartorius, Sartorius AG, Gottingen, Germany)

Steam-sterilizer S 2000 (Antonio Matachana SA, Barcelona, Spain)
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Thermohygrometer Testo 625 (Testo SE & Co. KGaA, Lenzkirch, Germany)

Texture Analyser (TA.XT plus, Stable Micron Systems, Winopal Forschungsbedarf GmbH,
Ahnsbeck, Germany)

UV-Vis spectrometry (Agilent HP 8453, Agilent Technologies Inc., Santa Clara, US).

Vacuum oven (Heraeus VT 5042 EKP, Hanau, Germany) coupled with a chemistry hybrid

a vacuum pump (Vacuubrand GmbH, Wertheim, Germany)

2.1.7. Others
Electronic digital Calliper (Owim GmbH & Co. KG, Neckarsulm, Deutschland)
Engraving pen PMGS 12 B2 (Parkside GmbH, Dallgow-Ddberitz, Germany)
Microscope slides (VWR International GmbH, Dresden, Germany)
Omnifix® Syringes (3ml) (B. Braun Melsungen AG, Melsungen, Germany) equipped with BD
Microlance 3 (BD, Heidelberg, Germany)
Screw caps (Carl Roth GmbH + Co KG, Karlsruhe, Germany)
Screw neck vials (20ml) (Carl Roth GmbH + Co KG, Karlsruhe, Germany)
Spray gun (Walther, Wuppertal, Germany)
Stirring bars (20mm x 6 mm) (VWR International GmbH, Dresden, Germany)
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2.2. Methods

2.2.1. Lens preparation
Intraocular lenses were prepared by bulk polymerization of various monomers in different
ratios. Therefore, the liquid compounds were mixed in order to get a homogeneous solution,
benzoyl peroxide was added, dissolved and afterward, the whole blend was degassed for 10
minutes by purging with N2 gas (Figure 25). In all formulations, ethylene glycol dimethacrylate

was used as cross-linker and benzoyl peroxide as a thermal initiator in contents of 0.5% (w/w).

. e Monomers, cross-linker
Blending the and initiator were mingled

monomers ¢ Degassing with N,
L BP Polymerization | e 46 -48°C for hydrophobic polymers
(72 h) « 50 - 52°C for hydrophilic formulations

¢ Cleansing with ethanol

+ Ethanol Purifying e Evaporation of org. solvent in
vacuum oven

Lathenin IOLs

Figure 25: Intraocular lens preparation

The prepared mixture of monomers was cast into glassy crimp neck vials in case of hydrophobic
compositions and micro-centrifuge tubes when the formulation was primarily hydrophilic. The
polymerization containers were sealed and placed for 72 hours in a pre-warmed oven at
approximately 47°C for hydrophobic and 51°C for hydrophilic polymers, respectively. These
temperatures were selected accordingly to the literature [162—-164]. To finish polymerization,
the oven was heated to 70°C for 1 hour. The solidified polymers were stored in ethanol for 24
hours to remove remaining process residues, such as monomers, unused cross-linker, and
initiator. Afterward, polymer rods were removed, remaining ethanol was dabbed off and
polymer bars were dried in a vacuum oven at room temperature. The polymers were weighted

regularly and taken out when no evaporation took place anymore. Hydrophobic and amphiphilic
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formulations were cut to shape out lenses directly after purifying step. Hydrophilic polymers
were kept immersed in purified water for 1 week, to make them soft and flexible. Then, the
polymer rods were sliced into small lenses and polished. Lenses had a diameter of 6 mm, a
height of approximately 0.7 mm and an average weight of 20 mg.

To produce hydrophilic lenses with an extended polymer meshwork, Milli Q® water was added
to the liquid compounds prior to polymerization. Apart from that, polymerization and purifying

were conducted as described above.

Table 7: Monomer compositions of lens formulations

Hydrophilic  Hydrophobic

Formulation
(% wiw) (% wiw)
1 HEMA (100)
2 HEMA (80) MMA (20)
BMA (10)
3 HBMA (20) IBM (10)
EA (60)
POEA (17)
4 HEMA (13) EA (70)
5 HEA o) DR
HBMA (20) EA (39)
6 MMA (20)
EA (80)
7 - MMA (100)
8 - POEA (100)

Lens formulations 1 — 2 were considered as hydrophilic, formulation 3 — 5 as amphiphilic and
the last three as hydrophobic polymers respectively (Table 7). Hydrophilic lenses were hard
and brittle in unhydrated condition in contrast to the amphiphilic lenses which had elastic
properties even in the dry state. Pure PMMA (Plexiglas) (formulation 7) is also inflexible
whereas formulation 6 and 8 were foldable. Formulation 1, 2, 4, 7 and 8 are common materials
in I0OLs production [45,162,165].
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2.2.2. Lens characterization

2.2.2.1.  Chemical/physical properties
2.2.2.1.1. Water uptake
Lenses were accurately weighed, placed in flasks containing 5 ml artificial aqueous humor
(phosphate buffer, pH 7.21, 13.485 g KH2PO4 and 85.414 g Na2HPO4 x 12 H20 in 5 | purified
water) which were stored in an incubation shaker (refrigerated incubation shaker, New
Brunswick scientific GmbH, Nirnberg, Germany) at 37°C and 80 rpm. At predetermined time
points, IOLs were removed, surfaces gently dried with absorbent tissue and re-weighed. The

water uptake was calculated as follows:

Wiee = Waey
Water uptake(%) = ————=x 100 Eq1l

dry

where Wwery 1S the mass of the soaked lens and Wry) the mass of the initial dry lens

respectively.

2.2.2.1.2. Wetting angle/ contact angle
To measure the wetting angle, lenses were located horizontally on a plane surface and one drop
(3 pl) purified water was placed in the middle of the lens. Pictures of the droplets were taken 5
seconds after administration with a macroscopic camera (Inteq Informationstechnik GmbH,
Berlin, Germany), equipped with an image analyses software (EasyMeasure, Inteq
Informationstechnik GmbH, Berlin, Germany). The contact angle was measured between the

lens and the droplet (Figure 26).

Measured
wetting angle

Platform \ / IOL

Figure 26: Contact angle measurement
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2.2.2.1.3. Foldability
Since foldability is important for the injection of IOLs through small incisions within the
cornea, foldability studies were performed by a texture analyzer (TA.XT, Stable Microsystems,
Germany). Hence, IOLs (n = 3) were placed horizontally in a texture. A cylindrical probe
(diameter 2 mm) touching the surface of the lens was moved downwards with a speed of 4
mm/min for a distance of 6.5 mm and the force (N) required to bend the lens was measured.

When the applied force exceeded 5 N, the measurement stopped automatically (Figure 27).

] 5Kg < Load cell
e T U E
Bended IOl —— H < 10L holder

Texture Analyzer

Figure 27: Schematic illustration of texture analyzer assembly to measure 10L foldability

2.2.2.1.4. Scanning electronic microscopy (SEM)
SEM pictures were recorded by FEI Quanta 200 scanning electron microscope (FEI, Hillsboro,
USA) at 15 kV. That fore, lenses were dried, placed on a holder and sputtered with gold prior
to recording the images. Pictures were recorded with a magnification of 1000 or 15000 times.

2.2.2.15. Differential scanning calorimetry (DSC)
Thermograms of lenses were recorded using a differential scanning calorimetry (DSC 6000,
PerkinElmer Inc., Waltham, MA, USA). Accurately weight lenses were placed in 50 pL
aluminum pans with pierced lids. The heating rate was 10°C/min and DSC scans were recorded
from 25°C to 290°C due to degrading polymer at higher temperatures. Each sample ran two

cycles.

2.2.2.1.6. FT-IR
Fourier transform infrared spectra were generated with an Excalibur 3100 FTIR
spectrophotometer (Varian Inc., Palo Alto, USA). Lenses, API, and recipients were placed on
a horizontal ATR accessory containing a single reflection diamond crystal (Pike Miracle, Pike
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Technologies, Madison, USA). 32 scans with a resolution of 4 cm-1 were averaged by the
supplied Varian software (Resolution Pro 4.0). A 13- point smoothing function was applied for

all spectra.

2.2.2.1.7. Het-Cam test (hens egg test-chorio-allantoic membrane)
Fertilized eggs of Gallus gallus domesticus, cultivated variety “New Hampshire”, were
incubated for 10 days in an incubation shaker (refrigerated incubation shaker, New Brunswick
scientific GmbH, Nurnberg, Germany) at 37°C and approximately 62% relative humidity
[166][136]. The temperature and humidity were checked externally by a thermohygrometer
(Testo 625, Testo SE & Co. KGaA, Lenzkirch, Germany) and eggs were turned twice a day. At
the 10" day, the eggs-shell was pared of gently by an engraving pen (PMGS 12 B2, Parkside
GmbH, Dallgow-Ddberitz, Germany) equipped with a circular saw and some forceps to reveal
the highly vascularised chorioallantoic membrane. Lenses were placed directly on the
membrane and the time of occurring hemorrhage, lysis and coagulation within 5 minutes were

recorded.

2.2.2.2.  Optical properties
2.2.2.2.1. Refractive index

Refractive index was analyzed by placing the lenses in a temperature controlled (37°C) ABBE
refractometer (Carl Zeiss AG, Oberkochen, Deutschland). Surfaces were wetted by one drop of

artificial aqueous humor and measurements were conducted.

2.2.2.2.2. Transmittance
Transmittances of lenses were investigated with a UV-Vis spectrometer (Agilent HP 8453,
Agilent Technologies Inc., Santa Clara, US). The lenses were placed in a water-filled
temperature controlled cuvettes, lenses were targeted by the light beam and spectra were
recorded from 200 nm — 900 nm (Figure 28).

The background was recorded by the same setup, except in absence of the IOLs.
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Figure 28: Lens placement in transmittance measurement

2.2.2.2.3. Glistening

Glistening is the formation of small liquid (water) filled bubbles within the lens material.
Vacuoles are in the range of 1-30 um normally [42—-44,167-170]. To investigate IOLs regarding
glistening, lenses were observed under a microscope (Axioscope optical light microscope,
Carl Zeiss Jena GmbH, Jena, Germany) with image analysis software (EasyMeasure, Inteq
Informationstechnik GmbH, Berlin, Germany) and also coupled with an xiocam 105 color
camera and ZEN software (Carl Zeiss Microscopy GmbH, Jena, Germany) in normal settings
as well as against dark field. Glistening could be observed at light scattering surfaces within the
IOLs.

2.2.2.2.4. Morphology / Macroscopic pictures
Intraocular lenses were observed using a macroscope (Inteq Informationstechnik GmbH,
Berlin, Germany). The magnification was adjusted to obtain a clear observation. The images
were recorded by image analysis software (EasyMeasure, Inteq Informationstechnik GmbH,

Berlin, Germany).

2.2.3. Drug loading

Different approaches are possible, to produce drug-loaded intraocular lenses [111]. All methods
can be divided into two sections. At first, lenses can be loaded during production, secondly, the

API is loaded into or on the lens matrix or haptic afterward.
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2.2.3.1.  Soaking

The soaking method is the simplest procedure to gain drug-eluting intraocular lenses. Therefore,
innocent lenses are placed in a specific amount of drug solutions with define concentration and
are kept immersed for a specific time. If not mentioned differently, the soaking time was set 24
hours at 37°C. When the soaking solution is water, lenses might be applied immediately after
this loading procedure. If organic liquids as soaking solutions were used, a purification step had
to be applied. In this case, the IOLs were removed from the soaking solvent, remaining media
was dabbed off with a soft adsorbed tissue and lenses were dried in a vacuum oven (Heraeus
VT 5042 EKP, Hanau, Germany) coupled with a chemistry hybrid vacuum pump (Vacuubrand
GmbH, Wertheim, Germany) at room temperature. Lenses were removed, when no evaporation
took place anymore. Therefore, lenses were weighted regularly and stored in a vacuum oven as
long as a decrease in weight was detectable. After 144 hours the lenses were considered as dry.
By this loading procedure, the lenses were cleansed from remaining monomers, initiators and
unused cross-linker simultaneously.

When water was used as soaking media, also freeze drying (Alfa® 2—4 LD Plus freeze-dryer,
Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany) could be
conducted. Lenses were frozen at -80°C and the lyophilization was performed at -30°C and
0.18 mbar for 72 hours.

2.2.3.2.  Copolymerization
Prior polymerization, the API was added and dissolved within the blend of monomers, cross-
linker, and thermal initiator. Polymerization was carried out for the whole mixture as described
in2.1.1.

2.2.3.3. Coating
Coatings were applied in solutions or suspensions on the whole lens, the haptic or just the lateral
surface of the IOLs. Coating media comprised the liquid phase, a polymer and in the majority

of cases a drug.
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2.2.3.3.1. IOL coating
Spray coating process for PMMA and hydrophilic lenses was conducted in a self-build rotor
mini coater (Figure 29). Ethyl cellulose (6% (w/w)) and propranolol hydrochloride (3% (w/w))
were dissolved in the coating solution, comprising isopropanol (88%) and water (12). The
coating solution was sprayed into a chamber, containing the lenses, with a rotating pan at the

ground.
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Figure 29: Self-made pan coating device

The process was performed with a batch size of 15 g, a nozzle of 1 mm, atomizing air pressure
of 1.5 bar and a spray rate of 0.5 g/min. Warm air (55°C) was provided through a small slit

around the twisting pan. The gained weight was calculated by the following equation.

Weight of coated IOLs—Weight of uncoated IOLs Eq. 2
Weight of uncoated IOLs

Weight gain (%) =

2.2.3.3.2. Haptic coating
To resemble common haptic materials, PMMA fibers with a diameter of 0.5 mm and
fluorocarbon fibers of 0.25 mm in diameter were coated by the same coating solution as
described in 2.2.3.3.1. The coating was applied by dipping the fibers into the coating solution

shortly. Prior to the next coating, drying was ensured. This procedure was performed 20 times.
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2.2.3.3.3. Lateral surface coating
To avoid coating in the optical area of the lens, drug coating solutions/suspensions were applied
just at the lateral surface of the lenses (Figure 30) Coating suspensions/solutions were prepared
with batch sizes of 1 ml. APl and PLGA were weight precisely in small vials and
dispersed/dissolved in ethyl acetate. The containers were sealed with flanged caps with a

borehole and a septum of rubber/ TEF.
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Figure 30: Schematic illustration of drop coating process

Lenses were fixed on a holder and coatings were applied drop by drop on the lateral surface of
the lenses with a syringe (Omnifix® Syringes (3ml), B. Braun Melsungen AG, Melsungen,
Germany) equipped with a BD Microlance 3 (BD, Heidelberg, Germany). Between dropping,
drying was ensured. This procedure was executed until the desired coating level was achieved.
Lenses were placed under the hood for 24 hours and afterward in the vacuum oven at room

temperature to evaporate the remaining solvent.

2.2.4. Drug release

2.2.4.1.  Artificial aqueous humor
To mimic the environment within the human eye for drug release, an artificial aqueous humor
(pH 7.21) was prepared by using 13.485 g of potassium dihydrogen phosphate (KH2PO.) and
85.414 g di-sodium hydrogen phosphate dodecahydrate (Na,HPO4 x 12 H20). These salts were

dissolved in a 5-liter volume flask with purified water.
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2.2.4.2.  Sampling
In vitro drug release experiments (n = 3) were conducted in vials, containing 8 ml artificial
aqueous media (pH 7.21), placed in a horizontal shaker at 37°C, 80 rpm. At predetermined time
points, the whole media was exchanged samples withdrawn, and analyzed by UV spectrometry

at the absorption maxima of the drugs (Table 8).

Table 8: Absorption maxima in UV-Vis light for drugs,
used in this study

API wavelengths [nm]
Dexamethasone 242; 266
Diclofenac sodium 276; 305
Minocycline 246; 280; 347

Propranolol hydrochloride 212; 289; 319

Risperidone 236; 266
Sodium salicylate 296; 305
Theophylline 271

When intraocular lenses were coated with PLGA, isotonic sodium chloride solution (0.9%) was
used as release media [127,171-173].

2.2.4.3. Calculation of drug release
When the 10Ls was just loaded by one drug (single loaded lenses), the recorded absorption
from release media was converted to the amount of released drug and results were cumulated.

For each drug, a calibration curve was produced and linearity was proven in the targeted range.

2.2.4.3.1. Dual wavelength method
The dual wavelength method was applied for dual loaded lenses [174]. Dexamethasone does
not show any adsorption at 305 nm so that additional calibration curves for the second loaded
APIs were established for this wavelength. Due to the correlation in adsorption between two
wavelengths, a specific ratio was calculated for the second dugs between the adsorptions at 305
nm and 242 nm. By this method, the theoretically calculated absorption of the second chemical
entity at 242 nm was subtracted from the measured adsorption at 242 nm (Figure 31). This

calculated absorption was considered as absorption related to the concentration of
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dexamethasone. Plotted point in release curves are either measured directly or calculated by

this method.
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Figure 31: Dual wavelength method
(Example: Release from dexamethasone, diclofenac and dual loaded 10Ls)

2.24.4. PH-measurement
To check pH in prepared buffers and during release, a calibrated conductometer (Basic meter
PB — 11, Sartorius, Gottingen, Germany) was used. Release media was replaced every 24 hours,

samples withdrawn and the pH was measured.

2.2.5. Statistical calculations

2.25.1. F2factor
The differences between release profiles of different formulations were compared by using the

similarity factor “f>” [175,176], as suggested by the FDA.

n -5
1
f, = E'Dlug{ 1 +Hz WL(R, = Tt}zl IGDI Eq. 3
t=1

Rtand T are the percentage drug dissolved at the time point t from the test formulation and the

reference profile respectively; n is the complete number of sample points and w is donated to
the pre-specific weights, set to 1 in this study. A f» value of 100 represents identical release
profiles, whereby f, values above 50 are considered as similar (< 10% difference). Values

smaller than 50 indicate differences in test and reference profiles.
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2.2.5.2.  Apparent diffusion coefficient

To calculate the diffusion coefficient, the following formula was used [177]:

Mt (2P+1

ME =2y oo rexp (= ok Dyt ¥ N g ——s* exp( — ZEE Tkt
[y gz am=1% 7z €XP\ 7 35 * Vapp P=0gpr1)2 P o2 app

Eq. 4

where Mt is the mass of API released at time t and Moo is the mass of API released when time
approaches infinity, R and H represent the radius and the high of the 1OL respectively, n and p
are real numbers and pn represents the roots of the Bessel function of the first kind of zero order
(Jo(@n)=0)
Requirements to apply this equation are:

e DDS shows constant dimensions regarding the shape

e API has to be dispersed within the matrix homogeneously

e APl release is controlled by diffusion

e Diffusion is constant in all directions (axial and radial)

e Sink conditions are maintained during the entire release period

In this equation, all parameters (tortuosity, drug loading, solubility), except for the intraocular
lens dimensions are combined in the apparent diffusion coefficient (Dapp). Now, when the IOL

dimensions are known, a fitting for the Dapp could be performed.
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3. Results and discussion

3.1. Introduction

Intraocular lenses are the only functioning remedy for cataract nowadays. Since, Sir. Harold
Ridley introduced them in 1950, they became famous and improved the life quality of millions
all over the world. Regarding the variety in people, many different lens formulations and shapes
were introduced and these process will continue in future, in respect to preferences of
physicians (manageability) as well as to the different patients need and also due to scientific
improvements in optical, quality and safety aspects.

In general, lenses can be classified by different characteristics. In this thesis, lenses were
gathered in groups with respect to their hydrophilic-hydrophobic balance, the most common

way to categorize them [33,45].

3.1.1. Polymerization

Intraocular lenses are usually prepared by bulk polymerization, in order to prepare polymers
with excellent optical properties in absence of solvents or other process excipients. However,
this process is time-consuming, due to the limited temperature range that is appropriate for this
radical polymerization. In respect to the increasing viscosity of the composition by time, the
heat transfer is hampered, leading to auto-acceleration of the exothermic reaction, known as
“Trommsdorf effect” [178-181]. Thus, the chosen process temperature has to provide enough
energy to maintain the reaction but has to be low enough to prevent rapid polymerization, which
would decrease the optical quality of IOLs.

Polymers were prepared by two different approaches, either, the mixture of monomers is cast
in a mold (cast molding) and the lens dummies are polymerized already in the final shape [182]
or the polymerization is performed in order to get polymer rods (lathe cutting), that are drilled
to blank coins, later lathed to 10Ls [58]. Indifferent which approach is used, lenses have to be
polished and examined before delivery.

For this study, the lathe cutting method was used mainly and lenses were lathed out from
polymer rods. Therefore, the polymerization of monomer blends was carried out in sealed vials,
having a diameter of 6 or 8 mm respectively. During polymerization, no decrease in container-
mass was detectable, implying, that monomers did not evaporate and polymerization was
conducted properly. This applied for hydrophilic compositions, polymerized in Eppendorf

centrifuge tubes as well as for hydrophobic polymers, prepared in glass vials. This selection
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was made in order to facilitate the removal from the containers. Hydrophilic polymers were
sticky to glass whereas hydrophobic compositions could not be removed from plastic containers
without rupturing the solidified composition, attributed to the same hydrophilic-hydrophobic
character of the polymer and the vessel. The intermediate amphiphilic polymers were prepared
in glass vials in respect to the possibility to smash the glass in small pieces which could be
peeled. Hydrophilic lenses were cut after polymer rods soaked water in order to have sufficient
flexibility to cut them with a sharp blade, whereas flexible hydrophobic polymers were cooled
down in a freezer to make them more robust, to slice them properly. Lenses were lathed in order
to prepare lenses presenting an average weight of 20 mg and a diameter of 6 mm [33,183].

3.1.2. Physical characterization of intraocular lens formulations

Different basic polymer formulations (Table 9) were prepared in order to resemble the different
intraocular lenses that are commercially on the market. Formulation 1 and 2 represent
hydrophilic 10Ls and were manufactured from the same monomers like common IOLs that are
available nowadays for the insertion into the ocular bag [152,182,184]. In contrast, formulation
3 to 5 are used as amphiphilic polymers, made of blends of hydrophilic and hydrophobic
monomers. This is a common procedure to achieve flexible IOLs, having high refractive
indexes and are less prone to glistening [185-187] than purely hydrophobic IOLs. Formulation
4 was suggested specifically in the literature [188], whereby the other two formulations were
composed out of common monomers in ophthalmology but in ratios, that are not reported so
far. Formulation 6 — 8 represent the variety of lenses, just prepared by hydrophobic monomers
[45,61,64,187,189-191]. Lenses, made of pure methyl methacrylate are brittle [192], whereas
formulations 6 and 8 are foldable, due to the lower Tg.
As presented (Table 9) by increasing the amount of hydrophilic monomers, the water content
of soaked lenses is enhanced. Therefore, the refractive index decreased due to the less dense
polymer. Furthermore, the wetting angle for dry hydrophilic lenses is smaller than for more
hydrophobic 10Ls, caused by the presence of hydroxyl groups in the lens surface. Water
droplets that were applied on soaked lenses of formulation 1 and 2 spread immediately and no
droplet was formed, attributed to the high water content in lens polymers, resulting in high
hydrophilicity. Hydrophilic lenses, made of methacrylate had high glass transition temperatures
(Tg) in unsoaked conditions and thereby were not foldable, due to the entanglement of polymer
chains, induced by the additional methyl group in the backbone of the polymer [193].
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Table 9: Physical characteristics of intraocular lens formulations,
(mean value + SD; Monomer concentrations (% (w/w)))

) Refractive index ) .
Formulation Monomers Wetting angle Water uptake [%0] Tg [°C] Foldability
(soaked 10L)

just in soaked
Formulation 1 HEMA (100) 1.4200 20° 54.67 £1.42 98.99

conditions
) HEMA (100) just in soaked
Formulation 2 1.4500 25° 28.91 +0.63 106.22 o
MMA (20) conditions
HBMA (20)
Formulation 3 1.4750 80° 2.03+0.34 7.63 Yes
BMA (10); IBMA (10); EA (60)
. HEMA (13)
Formulation 4 1.4850 84 ° 1.61 £0.63 0.33 Yes

POEA (17); EA (70)

HEA (20); HBMA (20)
Formulation 5 1.4780 87 ° 4.57 +0.36 10.09 Yes
BMA (19); POEA (2); EA (39)

Formulation 6 MMA (20); EA (80) 1.4700 45° 0.86 +0.32 -3.29 Yes
Formulation 7 MMA (100) 1.4900 70° 0.55 +0.27 109.59 No
Formulation 8 POEA (100) 1.5550 90 ° 0.52 +0.36 6.18 Yes

Explanation of abbreviations for monomers:
Hydrophilic monomers: HEMA: Hydroxyethyl methacrylate; HBMA: Hydroxybuthyl methacrylate; HEA: Hydroxy ethylacrylate
Hydrophobic monomers: MMA: Methyl methacrylate; BMA: Buthyl methacrylate; IBM: Iso-buthyl methacrylate; EA: Ethyl acrylate; POEA: Phenoxy ethylacrylate
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In contrast, hydrophilic lenses, that soaked water and formed hydrogels thereby were foldable
and could be applied folded into the eye, attributed to the plasticizing effect of water [194].
Amphiphilic intraocular lenses showed higher refractive indexes and the monomer selection
was made in order to prepare polymers with glass transition temperatures below room
temperature, to provide foldability. However, due to the higher refractive index, these lenses
are subjected to glistening [35,42-44,168] in some cases, caused by the difference propagation
of light in water-filled vacuoles within the polymer matrix and the polymer as itself. This
became more pronounced when the difference in refractive index was increasing. These
intermediate polymers were prepared in order to combine the advantages of hydrophilic and
hydrophobic intraocular lenses and to eliminate the limitations of them.

Formulation 6 — 8 had the smallest water uptake, attributed to the absence of hydrophilic groups
within the polymer structure. In formulation 6, methyl methacrylate was used to enhance the
refractive index whereas ethyl acrylate provided flexibility to the formulation. Unfoldable
methyl methacrylate (PMMA) lenses are still common in developing countries and for children,
caused by financial reasons and its good long-term stability [34]. Resulting in the very small
water content of pure pPOEA lenses, the refractive index is high even if no methacrylate is used
for this formulation, since, foldability could be guaranteed for this composition. The measured
glass transition temperatures [195] as well as refractive indexes [196] are similar to reported

values and prove the suitability of the applied methods and the prepared polymers.

3.1.3. Optical properties of intraocular lenses

All polymers showed transmittances of 100% in the range of 450 nm to 800 nm, when no drug
was incorporated into the lens matrix. In the range of UV light, polymers adsorbed light
partially and UV blocker could be added to intensify this effect [197] concerning harmful
energetic blue light that may have a devastating impact on the rods and cones, the sensory cells
of the retina.

Besides this, some amphiphilic and hydrophobic materials were temperature-sensitive
polymers, leading to a decrease in transmittance, when lenses were measured at temperatures
lower than body temperature (37°C) (Figure 32 A). These polymers demonstrated upper critical
solution temperatures (UCSTSs), resulting in a reversible higher swelling at high temperatures
and lower swelling at low temperatures. Specifically, above its UCSTSs, polymers are more
soluble and below its UCSTSs, precipitation takes place [198,199] (Figure 32 B). So named
“intelligent polymers” like temperature, pH and ionization sensitive polymers, are used in DDS
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as vehicles to archive drug targeting, because they can be loaded in specific conditions and start

to release the loaded drug when trigger conditions are present in the environment [200-202].
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Figure 32: Some intraocular lenses are made of thermos sensitive polymers
A: Decrease in temperature leads to a clouded 10Ls
(Transmittance values were measured at 600 nm)
B: Images of pPOEA lens (formulation 8) at 37°C and 22°C

22°C

This also applies to hydrogels [203], but eventually, this approach did not work for IOLs. An
induced temperature change is reported as the main reason for glistening [35,43], followed by
a potential decrease in optical quality of the intraocular lens [42,44]. However, lenses that are
injected into the eye are not exposed to temperature changes and the decrease of transmittance
in lower temperatures is not critical.

3.1.4. Purification

After polymerization, the polymer still contained residuals such as monomers, unused cross-
linker and initiator. Prior purification, polymers were lathed to shape out lenses in order to
diminish the distance from the core to the surface. Hydrophilic 10OLs were boiled in water for 1
hour to remove the water-soluble compounds whereas hydrophobic and amphiphilic polymers,
were placed in organic solvents. Acetone had good cleansing capability but led to extreme
swelling (400%), followed by imperfections in the polymer structure. In methanol, lenses had
a mass uptake of 100% and could be purified, but methanol was rejected, due to toxicity reasons
of residual methanol after evaporation. Ethanol, a less harmful [204,205] compound was used,

also with respect to the general acceptance of ethanol in the preparation of drug-loaded IOLs
[151].
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3.1.5. Sterilization

In industry, lenses are sterilized normally by ethylenoxid [206]. To prove a simpler method,
lenses of all polymers were placed in sealed vials, containing physiological saline solution and
steam sterilization was conducted (15 minutes; 121 °C; 2 bar) [207]. Afterward, lenses were
placed on agar plates and incubation took place for 2 weeks. For all sterilized lenses, sterility
was proven whereas bacterial growth was reported for lenses that did not undergo sterilization
process.

However, lenses made of pMMA changed their visual appearance and became cloudy because
lenses passed the Tg during sterilization and changes in the polymer structure took place [208].
In contrast, hydrophilic lenses could be steam sterilized [209], anyhow this process is
challenging for drug-loaded lenses, in respect to drug decomposition and drug release, which
might take place during steam sterilization. Amphiphilic lenses showed 100% after sterilization,

but due to evoked glistening, gas sterilization was superior in comparison to steam sterilization.

3.1.6. HET-CAM test

In order to check the potential risk of prepared intraocular lens formulations on the human eye,

the “hen's egg test chorio allantoic membrane” [166,210] test was performed.

Figure 33: Vascular response in HET-CAM test
A: No/less irritation;
B: Lysis of blood vessels in not purified lens
C: Hemorrhage and clotting/coagulation in not purified lens
D: Denaturation, lens that had remaining organic solvent from cleansing step

Cleansed 10Ls have no irritancy to the chorio allantoic membrane (Figure 33) and are tolerated
well in contrast to IOLs that were not purified. Lenses, containing remaining process residuals
were associated with lysis of blood vessels and also to hemorrhage and clotting/coagulation.
Denaturation in HET-CAM test could be reported, when the organic solvent was not evaporated
after cleansing, suggesting, that purification step is crucial to prepare biocompatible, not

irritation 10Ls. However, polymers that were treated properly could be considered as safe.
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3.2. Hydrophilic lenses
3.2.1. Background

Hydrophilic intraocular lenses are made of polymerized hydrophilic monomers. Mainly, 2-
hydroxyethyl methacrylate (HEMA) is used [211]. To modify the polymer properties, other
monomers can be added such as methyl methacrylate in order to improve the refractive index
as well as foldability properties of the lenses. This cross-linked hydrophilic polymers form
hydrogels, which are three-dimensional polymer networks that swell in water until an
equilibrium degree in water content is reached [65,142]. Most hydrogels are very well tolerated
by the ophthalmic tissues, such as retina, choroid or corneal endothelium [115]. This
biocompatibility is provided by the high percentage of water which is similar to body tissues
[212,213].

In this part, different hydrogels were prepared and loaded by various methods and drugs.
Formulations were modified in order to obtain the desired performance such as optical

properties, foldability, drug loadings and release patterns.

3.2.2. Lens formulations

The selection of suitable compositions is crucial for the performance of drug-loaded IOLs. In
general, lenses  are prepared by  bulk  polymerization of  various
(meth-) acrylates in different ratios. Mixtures of 2-hydroxyethyl methacrylate (HEMA,
hydrophilic) and methyl methacrylate (MMA, hydrophobic) monomers were prepared in
different ratios and polymerized. These monomers are commonly used in IOL production.
Therefore, biocompatibility, as well as safety, could be guaranteed by long and intensive
experience through the years [45] [33].

Increasing amounts of HEMA led to more hydrophilic IOLs (Table 10) with a higher water
uptake and better foldability (flexibility) which was attributed to the plasticizing effect of water.

Since IOLs should be inserted into the eye in a folded manner, flexibility is important [214].
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Table 10: Lens formulations and its characterization regarding refractive index, water uptake (mean + SD) drug
loading and foldability

Formulation MMA / HEMA Water uptake Foldability Refractive Drug
[9%6] [%6] index loading [%0]
A 0/100 54.67 + 1.42 Yes 1.4230 1.20
B (2) 20/80 28.91 £ 0.63 Yes 1.4535 1.04
C 40/ 60 18.01 £0.71 No 1.4580 1.06
D 60/ 40 10.56 £ 0.41 No 1.4670 0.84
E 80/20 5.27£0.10 No 1.4790 0.55
F () 100/0 2.07 £0.27 No 1.4900 0.15

Formulations were ranked in respect to the hydrophilicity and were named according to the alphabet. Numbers in
brackets indicate the general labeling in this thesis, regarding materials and methods (3.2.)

The flexibility was further analysed by a texture analyser with force (N) — distance (mm) curves
(Figure 34). Formulation A (1) and B (2) were flexible, whereas the formulation C, containing
40% methyl methacrylate was already too hard to be foldable. The other formulations were
brittle and not flexible at all. At the beginning of 10Ls, polymethyl methacrylate (formulation
A (7)) was a common lens material but seldom used nowadays because it is brittle [215]. Mostly
it is still used in developing countries and for children since polymethyl methacrylate can
remain in the eye for long time periods, due to good long-term stability and its low cost as well
[34].
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Figure 34: Foldability test of lenses, comprising MMA and HEMA in different ratios

As a consequence of the higher water uptake, the refractive index decreased at higher HEMA
contents. IOLs with lower refractive index have to be made thicker to provide the appropriate
diffraction within the eye. In contrast, higher HEMA contents led to increased drug loadings.

This could be explained by the higher swelling in the soaking solution. Therefore, drug
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diffusion within the 10Ls was improved. Furthermore, the hydrophilic diclofenac had a higher
tendency to diffuse into the hydrophilic polymers.

In drug release study, diclofenac from drug-loaded IOLs was released fast from pure
polyhydroxyethyl methacrylate, attributed to the high water uptake and consequently the less
hindered diffusion within the lenses (Figure 35). By increasing amounts of methyl methacrylate,
the lenses became more hydrophobic and the APl was released slower. Besides the water
uptake, APl — polymer interactions [216,217] that are more pronounced to hydrophobic groups
became more prominent and extended the release. When the methyl methacrylate concentration
in the polymer was higher than 60%, the lenses did not release the drug in a sufficient way, to
be detected by UV-Vis with the necessary precision. Just in the first samples, a distinct amount
of API could be detected. When the loading solvent was evaporated, it diffused to the lens

surfaces and dragged drug with it. Thus, a higher drug concentration was observed on the lens
surfaces.
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Figure 35: Diclofenac - Na release of polymers, prepared with different ratios of MMA and HEMA

Regarding foldability, drug loading and drug release patterns, formulations 1 and 2 were
selected for further studies.

3.2.2.1.  Polymer volume fraction
In non-porous swollen hydrogels, the mobility of compounds is determined mostly by the
amount of liquid, which is present in the polymer. Flexibility, the distance between the polymer
chains and interactions of compound and polymer [218] also have an impact, but less
pronounced.
In hydrogels, the thermodynamic status of water is not uniform. One part of the water is strongly

bound to the polymer, whereas another fraction is just weekly bound. The third part is not bound
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at all, also named free or bulk water [219,220]. This free water is the guiding fraction for drug

diffusion.

However, the polymer volume does not increase in the same extent as the water uptake, because
water is absorbed and diffused also in small pores/holes within the hydrogel matrix without
increasing polymer dimensions. The polymer volume fraction describes the amount of fluid,
that can be absorbed and retained in the polymer structure [218] in total and does not distinguish
the three water fractions of hydrogels. Nevertheless, it indicates how much water is present in
the hydrogel and might be assessable for diffusion.

For pure polyhydroxyethyl methacrylate lenses, the polymer volume fraction was 0.65 + 0.02
whereas, in lenses containing 20% methyl methacrylate, the polymer volume fraction was 0.76
+ 0.01 respectively. This proved, that there is more water and less polymer in hydrogels from
pure pHEMA lenses in comparison to lenses, prepared with 20% methyl methacrylate as

additive.

3.2.2.2.  Addition of water to expand the polymer structure

To further improve the drug loading capacity of the hydrophilic polymers, water (Milli Q®-
water) was added to the blend of monomers prior to polymerization to expand the cross-linked
polymer structure [221]. By this approach, the water was mingled with the hydrophilic
monomer solution and “copolymerized” within the mixture. Since water cannot be bound
during the radical polymerization, it led to the formation of a wider meshwork within the
finalized polymer without creating pronounced pores. This was possible because the monomers,
as well as the final polymer, had high affinity to water and no separation took place during the
bulk polymerization. Furthermore, bigger pores must be avoided due to the tendency of ocular
epithelial cells to adsorb onto 10Ls and to migrate into pores and between the interface of the
IOL and the capsular bag [222] leading to posterior capsule opacification (PCO) also called
“secondary cataract”. Therefore, more than 20% of water could not be added. With higher water
content, pores would be created.

To assure the vacancy of pores within the lens materials, SEM analysis was carried out and
images were recorded (Figure 36). The presence of pores could be excluded. Scratches on lens
surfaces were due to lens cutting procedure and could be eliminated by smooth polishing of

lens material.
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Figure 36: SEM of hydrophilic IOLs (Magnification 15000x)
A: HEMA (80) / MMA (20) with water during polymerization
B: HEMA (80) / MMA (20) without water during polymerization
C: HEMA (100) with water during polymerization
D: HEMA (100) without water during polymerization

By adding water to the blend of monomers before the polymerization took place, the total water
content of the soaked polymers increased from 54.67 + 1.42% to 65.67 + 1.42% for pure
polyHEMA formulations and from 28.91 + 0.63% to 40.81 £ 0.76% for the formulation 2,
containing 20% methyl methacrylate (Table 11). The refractive index of lenses, prepared with

water in polymerization step was slightly smaller, due to a less dense polymer.
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Table 11: Water uptake and refractive index of hydrophilic lenses, polymerized with water in order to expand
the polymer structure (mean values £ SD [%])

without water with water
water uptake [%] ref index water uptake [%] ref index
HEMA (100) / MMA (0) 54,67 +1.42 1.4230 65.67 £ 1,42 1,4195
HEMA (80) / MMA (20) 28.91 £ 0,63 1,4535 40.81 +0.76 1,4500

3.2.3. Loading approaches
There are many different approaches to produce drug-loaded intraocular lenses [111] (Figure
37). However, all methods can be divided into two sections. First, lenses can be loaded during

production, secondly, the API is loaded into or onto the lens matrix or haptic afterward.
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Figure 37: Approaches for producing drug loaded 10Ls

3.2.3.1.  Drug loading by copolymerization
Lenses that were loaded by adding drugs to the mixture of monomers prior to heating and were
copolymerized had to have specific properties to be suitable for this approach. For instance,
diclofenac, that was added prior polymerization prevented radical polymerization and
solidification of the monomers, due to the capability of diclofenac to act as a

free radical scavenger [223]. Other drugs like minocycline were not soluble within the
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monomers and stability issues during polymerization occurred, resulting in discolored
polymers. Hence, drugs had to be inert and stable during polymerization in order to retain the
function of the API. Additionally, drugs, containing unprotected double bounds are no
approachable because they would be bound covalently. In contrast, APIs that could be linked
to the polymeric meshwork by ester bonds could have extended release, caused by the slow
degradation of the ester [104].

Dexamethasone that was added to the blended monomers and suffered polymerization was
dispersed homogeneously within the final polymer. Drug release studies were conducted with
different parts of the finalized polymer and drug loading/release was similar in all samples.

In order to investigate the impact of cross-linker and added water, lenses were prepared with
the double amount of cross-linker and with water (20%) in order to expand the inner structure

of the polymer (Figure 38).
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Figure 38: Dexamethasone, copolymerized with lens formulation 2, containing HEMA (80) / MMA (20)
A: Impact of the cross-linker
B: Impact of water as a polymer expanding excipient

Lenses containing 0.5% or 1.0% of cross-linker had similar release patterns (similarity factor
(f2) of 77.04) and were considered as same. In contrast, drug release from lenses prepared
without and with water as expanding excipient had different release curves, indicated by an f>
value of 44.73.

The similarities in drug release of lenses prepared with different amounts of cross-linker were
due to the similar water content within the polymer. Water is the guiding factor for diffusion
and in this range, the impact of the higher cross-linker amount was negligible. However, a very
slightly slower release was detectable, caused by a slightly lower swelling and a marginally

higher obstruction for diffusing compounds, attributed to the more cross-linked polymer. This
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impact would increase when the amount of cross-linker would be raised but this would impair
the foldability of lenses because the lenses would become harder or even brittle.

Water, that expanded the polymer meshwork during polymerization, increased the water
content of the finalized polymer. That is the reason for the faster dexamethasone release in these

lenses in comparison to IOLs, polymerized without water.

Drug concentration:

To modify the drug loading, the added API concentration prior to polymerization might be
changed. Thus, a blend of monomers, containing cross-linker, initiator and 80% of
hydroxyethyl methacrylate and 20% of methyl methacrylate was prepared and divided into
different batches. Dexamethasone was dissolved in these batches in various concentrations and
polymerization was carried out. Dexamethasone could be dissolved in this formulation up to a
concentration of 2.0%. All prepared polymers were transparent and had refractive indexes in
the range of 1.4510 — 1.4520.
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Figure 39: Formulation 2 (HEMA (80%) / MMA (20%))
copolymerized with dexamethasone in different
concentrations

Polymers did not shrink or expand during polymerization. So, the drug loading of solidified dry
polymers was almost the same as in the liquid blend of monomers, also suggesting that no
degradation of dexamethasone took place during polymerization. This was remarkable, due to
the just poorly protected double bounds of dexamethasone. However, this was confirmed by
other scientists as well, who also conducted copolymerization with dexamethasone and
methacrylate forming hydrogels [224,225].

Hydrogels are known to have first order release kinetics, due to the mainly diffusion driven
release [177,218]. Just initially, they have a burst release, caused by drug that is located on the

surfaces. Afterward, diffusion is the guiding principle and therefore independent of the drug
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loading. Thus, the drug release was independent of the drug loading and could be described by
Fick’s second law of diffusion [218,226,227].

3.2.3.1.1. Nanoparticles

Recently, nanoparticles gained interest in all pharmaceutical areas and in ophthalmology [228]
as well. Particles that are smaller than the wavelength of the visible light might appear as
transparent in solutions/suspensions [229]. Thus, dexamethasone was milled in monomer
solutions by glass beads (0.2 mm) for 2 hours. The solution was filtrated afterward to exclude
particles bigger than 400 nm and the polymerization was carried out.

In respect to the high surface area and consequently the fast dissolving rate, release curves were
similar to lenses that were loaded just by dissolved drug. The drug loading increased but lens

polymers developed imperfections during polymerization (Figure 40).
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Figure 40: Microscopic images of 10Ls, polymerized with dexamethasone nanoparticles after 92 h
in release media
A: Unloaded lens
B: Lens copolymerized with dexamethasone nanoparticles

It was assumed, that dexamethasone had higher solubility in the liquid monomers than in the
solidified polymer. Therefore, dexamethasone dissolved in heated monomers in the beginning
and reprecipitated during polymerization. Remained nanoparticles functioned as seed crystals
and bigger particles were developed. These particles caused small imperfections in polymers
and therefore glistening was formed. This failures in the lens polymer structure were bigger
than initial nanoparticles and decreased the optical quality of IOLs enormously.

By using appropriate surfactants, it might be possible that the nanosuspensions could be
stabilised but for I0Ls, the trend is to use fewer ingredients as possible. Especially for

hydrophobic but also for hydrophilic lenses, the aim is to prepare polymers as pure as possible
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in order to avoid light scattering in general. By using nanoparticles, this whole approach is
infringed.

However, loading prior polymerization has a tremendous disadvantage. Normally, lenses are
purified after polymerization in order to remove unused monomers, cross-linker and initiator.
Even when polymerization was finalized with higher temperatures, small amounts of residuals
were still present and might have adverse effects on delicate ophthalmic tissues. Thus, after
polymerization, polymers were cleansed with organic solvents so that redundant compounds
were removed [58]. By this procedure, drugs that were just physically “dissolved” within the
polymer would be removed as well.

Furthermore, hydrogels are inserted in soaked conditions and therefore, they are supplied in
aqueous solutions. In case of drug-loaded intraocular lenses, this could result in less stable
products and in leaching API during delivery as well. This could be avoided by using saturated
drug solutions, but stability would still need to be considered.

3.2.3.2.  Soaking

By the soaking method, hydrophilic lenses are placed normally in agueous drug solution for a
specific time and the drug is absorbed into the lens by diffusion. For most prepared drug-loaded
intraocular lenses in the literature, it is the method of choice [137-139,230] because it is simple
to conduct and no modifications in the lens materials are needed. So, lenses might be placed in
commercialized eye-drop solutions as soaking media, directly before the surgery takes place
and no further improvements are required [118].

However, poorly water-soluble APIs cannot be loaded by this approach, due to insufficient drug
concentration in the soaking solvent. Furthermore, this procedure is just accessible for
hydrophilic lenses (hydrogels), which have a high amount of water in the polymer matrix that
allows fast and sufficient drug diffusion. Despite, this fast diffusion also occurs in drug release
studies, resulting in short releasing times. This is one of the main challenges for intraocular
lenses in comparison to contact lenses. Contact lenses can be replaced frequently and drug
release of 24 hours is sufficient whereas intraocular lenses are inserted once and have to elute
the API for approximately a few days to one month. Thus, approved loading procedures for
contact lenses cannot be transferred to intraocular lenses easily [102-105,231].

In order to improve drug loading and release of IOLs, different parameters have to be
considered. This includes e.g. soaking time, drug concentration in soaking media, soaking
temperature, pH during soaking, soaking solvents, the drug as itself and the lens formulation,

including the amount of cross-linker, initiator and the composition of monomers in general.
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3.2.3.2.1. Time
To approach the time factor, hydrophilic lenses, containing 2-hydroxyethyl methacrylate (80%)
and methyl methacrylate (20%) were soaked in aqueous diclofenac — sodium (0.5%) solution
for various times. The pH was set to 7.2 to mimic a potential lens insertion after soaking and to
avoid crystal growth of diclofenac. Diclofenac is a non-steroidal-anti-inflammatory drug
(NSAID) that is used regularly after cataract surgeries [232] in order to avoid pain,

inflammations and also for induced mydriasis.

Table 12: Drug loading of IOLs; loaded with

different soaking times 100 1
(mean values + SD [%]) 5
Soaking time  Drug loading g 27
[min] [%] § 60 1 —— 15 minutes
0 0.00 + 0.00 2 40 + —e—30 m?nutes
® 20 4 —&— 60 minutes
15 0.10£0.01 § —6— 120 minutes
O 0 " " " " " . : }
30 0.23+0.03 0 § ;
60 0.29 £ 0.04 Time [hours]
120 0.34 £0.02 Figure 41: Drug release of 10Ls; loaded with different

soaking times

The drug loading could be increased by longer soaking times (Table 12) because diclofenac had
more time to penetrate into the hydrogel. In the beginning, the loading is faster, due to the higher
concentration gradient of lens and soaking solution. Getting closer to the equilibrium of the
drug partition coefficient of lens and soaking media, loading got slower.

The release patterns were similar for all soaking times (Figure 41), due to the diffusion driven
release that is concentration independent. However, a burst release, typical for hydrogels
[65,218,233], took place for all lenses. The shape of intraocular lenses can be described by flat
biconvex lenses, close to a thin cylinder, resulting in a very high surface area, related to the

whole polymer. Thus, the pronounced initial burst release could be explained by drug, located
near to the surface.
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3.2.3.2.2. Concentration
When lenses were loaded in soaking media, the drugs were distributed in the lens polymer
(formulation 2) and the soaking solution in respect to the partition coefficient. Thus, by
increasing the drug concentration in solution, the drug loading raised in IOLs as well. In order
to simulate the 10Ls delivery in a drug solution, lenses were stored for 3 months in an
incubation shaker at 22°C to mimic average room temperature. Various drug concentrations
were chosen for diclofenac — sodium and theophylline as model APIs. The highest

concentration represented a saturated solution.

Table 13: Drug loadings of I0Ls; loaded for 3 months in aqueous drug solutions at 22°C with
various concentrations of diclofenac sodium and theophylline
Concentration: concentration in the soaking solution
Drug loading: mean value + SD

Diclofenac sodium Theophylline

Concentration  Drug loading Concentration Drug loading

[%] [%] [%] [%]

0.0 0.00 + 0.00 0.0 0.00 + 0.00
0.03 0.05+0.01 0.09 0.29 +0.02
0.06 0.10 +0.01 0.18 0.47 +0.01
0.12 0.24 £0.01 0.368 1.12+0.01
0.15 0.31+0.12 0.736 1.15+0.03

The drug loading increased by using higher concentrated soaking solutions as expected (Table
13). For diclofenac, the drug loading is linear correlating to the concentration in soaking
solution, so a double concentration in soaking media increased the drug loading two times.
Additionally, theophylline seemed to have a higher partition coefficient, regarding the higher
drug loading in similar concentrated soaking solutions of diclofenac - Na and theophylline.
Lenses, loaded with theophylline did not have higher drug loadings when the drug concentration
in soaking solution was close to solubility. Just in less concentrated solutions, the drug loading
was correlated to the concentration in soaking media.

In literature, it is assumed, that the hydroxyl groups of the polymers are exposed to the media
and trigger nucleation of calcium and phosphate within the eye [49]. This phenome was
investigated recently because calcium phosphate tends to precipitate at hydrophilic lenses

within the eye, named calcification [48,50,51], even when the aqueous humor is not saturated
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by this salt completely. The same process could be observed in lenses that soaked in drug
solutions, close to total solubility (Figure 42).

& A

Theophylline 0.736% Diclofenac — Na 0.15%

Figure 42: Chrystal formation on lens surfaces, soaked in drug solution for 3 month
Macroscopic pictures and microscopic images, using polarized light

Whereas theophylline formed a few big needle formed crystals, diclofenac precipitated in many
small crystals. For lenses, loaded with higher concentrated diclofenac, crystal growth was so
pronounced, that lenses became turbid and transmittance decreased remarkably. However,
crystals were created just at the lens surfaces and could be removed by rinsing the IOLs with
purified water. Nevertheless, precipitated drug was not dissolved anymore and thus, drug
loading was not increased, owing to less concentrated soaking media.

For release study (Figure 43), all lenses were washed shortly in order to remove crystals.

A B
<1007 — 100 1
% 80 + % 80 4+
2 3
S 60 - —8—0.06% 2 60 ——0.09%
-g ——0.09% = ——0.18%
40 40
2 —.—0.12% 2 —=—0.36%
= g
= 20 ——0.15% E 20 ——0.74%
>S5
© o : : : : : 3 0 —
0 2 4 6 8 10 0 1 2
Time [days] Time [days]

Figure 43: Drug release of IOLs, soaked for three months in aqueous drug solution with various concentrations
(Values in legend represent the drug concentration in soaking solution)
A: Diclofenac sodium
B: Theophylline
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This is necessary, with respect to possible micro injuries at ophthalmic tissues, caused by sharp
drug particles. All formulations had an initial burst release and were transparent after drug
crystals dissolved completely. The initial refractive index of diclofenac loaded lenses was
1.4600 and for theophylline loaded lenses 1.4570, respectively. In all IOLs, the refractive index
decreased to 1.4505 within the first 48 hours. This change in refractive index is due to dissolved
drug in the aqueous phase within the hydrogel. Thus, the refractive index of this fraction within
the polymer is increased by the dissolved compounds and the total refractive index is increased
aswell. By time, the drug is released and the refractive index of just swollen polymers is leveled
again and stable afterward. After the surgery, patients normally require glasses for reading. In
respect to the time, the ocular tissues need to recover completely, googles are prescribed
approximately one month after the surgery. Additionally, the first day after surgery, the eye is
wrapped and so, changed refractive index within the first hours after the surgery is not critical.
In general, lenses could be supplied in aqueous drug solutions to produce API eluting I0Ls, but
stability issues, as well as crystal growth, has to be considered as crucial parameters. Additional,

an initial burst release will take place.

3.23.2.3. Temperature
In case, drug loading should be performed immediately before the surgery takes place, soaking
might be accomplished at higher temperatures to improve diffusion. Therefore, lenses
(formulation 2) were stored in an aqueous 0.5% diclofenac solution for 10 hours at room
temperature (23°C), body temperature (37°C) and 50°C.

Table 14: Drug loading of IOLs; loaded in aqueous drug
solutions, containing 0.5% diclofenac — Na,
at different temperatures
(mean values + SD [%])

Soaking temperature  Drug loading [%]

23°C 0.28£0.01
37°C 0.38 £0.03
50°C 0.48 £ 0.06

Greater drug loadings were achieved at higher temperatures (Table 14) because diffusion is
improved and properly also the partition coefficient so that more drug got into the hydrogel.
Nevertheless, higher temperatures than body temperature should be avoided because

temperature fluctuations induce glistening [35].
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3.2.3.2.4. Solvents

The drug loading by soaking depends strongly on the swelling of the polymer. If more solvent
is uptaken by the polymer, also more drug might be dragged into the hydrogel matrix. Therefore
different solvents were used in order to improve the drug loading. In acetone, lenses had a mass
uptake of 400% and high drug loadings could be achieved. However, lenses were damaged
during swelling and became less robust in the swollen state. Moreover, acetone was difficult to
evaporate completely so that this solvent was rejected.

In spite of good swelling behavior with methanol (mass uptake of 100%) and robust polymers
even in soaked conditions, methanol was excluded in respect to toxicological reasons [234,235].
Therefore, ethanol was used for further studies as organic solvent in respect to its general
acceptance in ocular devices and its less devastating effect on the eye [204,205,236].
Furthermore, there are a few articles, intraocular lenses were soaked in ethanol [151].

Lenses (formulation 2) were kept immersed (24 hours) in blends of water and ethanol,

comprising 0.5% theophylline each (Table 15).

Table 15: Swelling and drug loading of IOLs, when loading was
performed with ethanol/water mixtures
(drug loading: mean values + SD)

Ratlo [%] Swelling [%] Drug loading [%]
Water / Ethanol
100/0 30.62 0.92 +0.02
80/20 49.81 0.85+0.01
60 /40 124.07 1.01+0.01
40/60 205.13 1.27 £ 0.02
20/80 199.07 1.24 £0.02
0/100 98.07 1.14+£0.01

Soaking solutions, comprising ethanol up to 60% increased the swelling of IOLs and drug
loadings as well. By the higher solvent uptake, diffusion is less hampered by the cross-linked
polymer and more drug could penetrate into the lens matrix. When the amount of ethanol got
beyond 60% the drug loading of IOLs decreased again. This could be explained by the different
solubility of theophylline in water (5.96 + 0.19 mg/ml) and ethanol (2.55 = 0.09 mg/ml). In

water, and all blends that contained water, the whole drug was dissolved whereas in pure
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ethanol, the drug did not dissolve completely. Thus, during soaking, partition took place,
ethanol diffused into the lenses, but theophylline remained partially in the water that soaked
less pronounced into the polymer matrix. In absence of water, the lens swelling decreased,
because the hydrophilic formulation could not be hydrated.

All lenses had similar release profiles and remained transparent, except lenses, soaked in pure
ethanol (Figure 44).
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Figure 44: Transmittance of theophylline loaded 10Ls; loaded with
water/ethanol (legend) mixtures
In this soaking solution, crystals settled on lenses, due to the low solubility of theophylline in
ethanol. During, release, crystals dissolved and IOLs became transparent again.
However, it indicates, that the right composition of soaking solvent is a crucial parameter in
order to achieve the desired performance of 10Ls such as swelling behavior, drug loading and

transmittance.

3.2.3.2.4.1. Solvent evaporation

Organic solvents, that were used during drug loading and diffused into the polymer matrix,
needed to be removed. Evaporation was performed in a vacuum oven at room temperature to
avoid temperature fluctuation. Increased temperatures would accelerate evaporation but also
stimulate degradation of drugs and glistening could be induced. Hydrophilic lenses, that were
stored in a vacuum oven for 96 hours had weight constancy and were considered as dry.

IOLs loaded in aqueous soaking solutions could be applied immediately after this procedure
but when drug loading should be prepared in advance, drying would be important in respect to
stability reasons. Therefore, different drying procedures were investigated.
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The purpose is to load 10Ls in advance and to deliver them in dry condition so that the surgeon
just needs to conduct rehydration and time-consuming drug loading procedures are not needed

anymore.

3.2.3.24.2. Drying procedures

Freeze drying is a sophisticated drying process and is used for thermal sensitive formulations
mostly. Furthermore, porous products are prepared and rehydration is fast.
Thus, it was expected, that it might accelerate rehydration of lenses as well and that it is superior
to vacuum drying. For all lenses, a small amount of residual water (2-5%) was desired in order
to improve rehydration.

Dry lenses were not foldable and brittle [237], whereas lenses which soaked in aqueous solution
were flexible, due to the plasticizing effect of water. Rehydration needed 30 minutes for freeze-
dried and vacuum dried lenses as well and no advantages for freeze-dried lenses regarding
rehydration time was observed. This could be explained by the not porous polymer matrix in
soaked and dry conditions so that even in freeze-dried 10Ls, water had to diffuse slowly into
the matrix from the surfaces and could not rehydrate inner parts immediately. Freeze-drying of
hydrogels is very time-consuming because the water is adsorbed more pronounced to hydrogels
than in simple solutions [238-240]. Additional, lyophilisation is a drying technic, in which the
sublimation starts at the surfaces and water from the inner parts have to diffuse through the
already dried product, later in the process. Thus, water needs to diffuse through the un-porous
dried polymer matrix and adsorbs and desorbs constantly at the hydroxyl groups of the polymer,
resulting in time-consuming processes.

Furthermore, ethanol is difficult to freeze dry in respect to its low melting point (-114 °C) and
consequently low vapor pressures at this temperature. Therefore lyophilisation would be

assessable just for I0Ls, loaded with pure aqueous drug solutions.
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Figure 45: Drug release of dried 10Ls
I0Ls were loaded with diclofenac sodium in
aqueous drug solutions
extended polymer meshwork (epm)

In drug release study of dried 10Ls (Figure 45), a pronounced lag phase was observed in the
beginning and lasted for approximately 30 minutes. In this time frame, water soaked into the
lens material and the flux of water was directed inwardly. As long as the water diffusion into
the lens polymer was faster than the outwards directed drug diffusion, less drug release took
place. After complete rehydration, the water flow nullified and the diclofenac diffusion was the
main driving force for drug release. No difference between freeze-dried and vacuum dried IOLs
was observed in drug release.

The only critical difference in drying process was the occurring crystal formation on 10Ls
which were loaded by water-soluble drugs. Whereas freeze-dried lenses had no crystals on the

lens surface, on vacuum dried IOLs, crystal formation was observed.

100 pm

110 min

Figure 46: Crystal formation on vacuum dried lenses
10Ls were loaded in saturated aqueous diclofenac solution
In release study, crystals dissolved within 110 minutes completely
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During soaking, hydroxyl groups of the polymers induced nucleation of the drug (seed crystals)
[49] and in vacuum drying the diffusing liquid water dragged drug along that cumulated at the
surface and crystals growth took place. These crystals dissolved in artificial aqueous humor
within two hours completely (Figure 46) and transmittance of IOLs could be guaranteed. In
freeze dried lenses, water was removed by sublimation from the frozen lenses and thereby, drug
was not “moved” by the water. Incorporated hydrophobic drugs did not show this behaviour,
because the drug was more strongly adsorbed to the polymer and the diffusing water did not
perform this distinct drug transport.

For the performance of the 10Ls after rehydration and in drug release study, the drying process
had no influence. Therefore, vacuum drying was chosen as drying technic for all lenses, also

with respect to ethanol that could be evaporated by this approach, too.

3.2.3.2.5. API

As presented in 3.2.3.2.2, for controlling the drug release, besides the polymer composition,
also the API has a tremendous effect on the release. This includes solubility, size of the drug
and APl — polymer interactions. To investigate mainly the solubility effect, diclofenac was
loaded as acid (Cs 2.37 mg/L [241]) and base (diclofenac sodium) (Cs 1.5 g/L [242]) into lenses,
made of HEMA (80%) / MMA (20%) without and with water as “expanding” excipient.

Due to the different solubility, the release (Figure 47) of the salt was initially two times faster
than the uncharged diclofenac. This could be explained by improved diffusion and less API-
polymer interaction of the salt. Furthermore, there was just a limited amount of water available

in the polymer so that just a specific amount of API was “dissolved” within the aqueous phase
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Figure 47: Lenses loaded with diclofenac (acid and salt) in 10ls containing HEMA 80 % and MMA 20 %
Polymerized without and with water to obtain an extended polymer meshwork (epm)

A: Drug release;
B: Transmittance of lenses (2 weeks after commencing release study)
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of the polymer. The other part of the drug is adsorbed onto the polymer and is not accessible
for diffusion. The guiding release mechanism in hydrogels is diffusion [144,243,244] and
therefore, the API has to be dissolved in the liquid phase. Furthermore, there are different types
of water within the swollen hydrogels like bounded and free water [245], whereby the released
API had to be dissolved within the free water, also named bulk water. The drug release of lenses,
made with water in order to expand the polymer structure was just slightly faster but could be
considered as similar (Figure 47 A). Besides that, hydrogels are known for first order release
kinetics, due to the only diffusion guided release, as well as a burst release, in the beginning
[246]. Hence, the release curves did not change by increasing or decreasing the drug loading.
Adding water prior to polymerization led to a higher drug loading, due to the expanded
meshwork (Table 16). Thus, in the loading step, the drugs diffused better into the lens polymer.
Furthermore, the more hydrophilic salt had higher drug loadings because the polymer is also
mainly hydrophilic.

Table 16: Drug loading of 10Ls, loaded with diclofenac as salt and base
Lens polymer: formulation 2: HEMA (80) / MMA (20)
extended polymer meshwork (epm)

Formulation 2 Drug |0ading
API (HEMA 80%/ Refractive index
0,
MMA 20%) ug/IOLs % (wW/w)
1.4531 285.57 +12.42 1.42 +0.06
Diclofenac

(epm) 1.4537 324.51 + 14.01 1.62 £ 0.02

1.4527 342.74 £ 3.95 1.71 £ 0.07

Diclofenac sodium

(epm) 1.4535 380.89 +17.80 1.88 £ 0.09

Lenses were transparent (Figure 47 B) all the time and the refractive index was stable after one
week. The decrease in transmittance (300 — 400 nm) in lenses, loaded with diclofenac (acid) is
due to remaining drug within the lens matrix. Hence, the base was released completely whereas
the acid was still present after 14 days and presented light absorption at this range of

wavelengths. However, in the visual light (400 — 800 nm), lenses were transparent.

3.2.3.2.6. pH
Hydrogels behave differently with respect to their environment. So, factors such as pH,
temperature and osmolarity play a major role in hydrogel swelling [247-249]. Besides that, also

the solubility of the API might be pH dependent, which affects the loading/release.
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It was tried to load diclofenac sodium in a basic solution to provide higher drug concentrations
and to precipitate the drug within the lens in order to achieve a more extended release. This was
performed by placing the loaded lenses in saturated acidic drug solution to form the
corresponding acid within the lenses and to avoid drug leaching. Afterward, I0Ls needed to be
stored in a phosphate buffer (pH 7.2) to enable lens insertion.

In acid, lenses became turbid and crystals precipitated on the lens surfaces within the first few
seconds. To precipitate the drug also within the lens matrix, soaking in acid needed to be
prolonged for more than 30 minutes. During this time, the whole lens surfaces became covered
by crystal. Drug release was slightly extended in comparison to lenses just loaded in basic drug
solution but the performance was not improved strongly. It was also assumed, that formed
crystals within the hydrogel might affect the polymer structure permanently which could lead
to glistening. Also in respect to the different soaking media that were needed, this approach was
depicted as too complex to be performed in the doctor’s office directly before the surgery takes
place. Nevertheless, organic solvents could be avoided and increased drug loadings with

slightly extended drug release patterns were obtained.

3.2.3.2.7. Cross-linker
In polymers, the water uptake is determined by different factors, such as monomers, cross-
linker and the physical/chemical environment. In more cross-linked polymers, the polymeric
chains are linked more strongly and water uptake decreases (Table 17). Thus, lenses
(formulation 1) which were stored in an aqueous 0.5% propranolol hydrochloride solution for
6 days (37°C) had less drug uptake when the polymers contained a higher degree of cross-
linker. This long soaking time was used to ensure that drug distribution of lens polymer and
soaking solution reached equilibrium. This could be proven by constant drug concentrations in

soaking media.

Table 17: Drug loading and water uptake of 10Ls polymerized with various
amounts of cross-linker; % (w/w); mean values + SD

Cross-linker [%] Drug loading [%0] Water uptake [%]

0.01% 6.12 + 0.02 56.67 £1.32
1.00% 5.93 £ 0.46 53.68 = 0.07
1.50% 5.37 +0.04 52.82£0.18
5.00% 5.03+0.35 41.35+0.12
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Additionally, lenses with more ethylene glycol dimethyl acrylate became more robust and a
higher force was needed to fold them (Figure 48 B). Lenses, containing 5% cross-linker were
difficult to bend and small cracks occurred, when IOLs were folded. While the drug loading
was decreased in more cross-linked formulations, the drug release curves were similar (Figure
48 A). If more cross-linker would be added, the release would be more extended but foldability
would not be provided anymore. Thus, providing a more extended release by using more cross-
linker is not feasible. For marketed 10Ls, a cross-linker amount of 0.1 — 5.0% is suggested,

depending on the monomers and their physical/chemical properties [187,189].
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Figure 48: Lenses prepared with different amounts of cross-linker
A: Drug release of IOLS, soaked for 6 days in 0.5% propranolol-HCI solution
B: Force/path diagram of IOLs

3.2.3.28. Dyes
To prove drug distribution within the lenses, dyes (methylene blue, quinoline yellow and phenol
red) were loaded as model drugs and release studies were conducted. By this approach, dye-

delivery could be analyzed in the release media but by lens transmittance as well (Figure 49).
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Figure 49: Transmittance of quinoline yellow loaded lens
during release
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Consequently, lenses were placed in the light beam of an UV-VIS spectrometer and
transmittance of IOLs was recorded.

Loaded lenses were toned homogeneously in case of all dyes, suggesting that drugs are
dispersed homogeneously within the lens matrix as well. During the release, lenses eluted the
dyes uniformly and became clear and transparent again (Figure 50). At the end, lenses had
optical characteristics as lenses that were not loaded, indicating, that the polymer matrix did not

change during loading procedures and that 100% drug release could be ensured.

A

Figure 50: Lens loaded with quinoline yellow
A: Directly after loading, before release study
B: After 24 hours
C: After 528 hours

3.2.4.3.  Functionalized monomers

Besides the hydrophilic — hydrophobic character of monomers, drug release also could be
modified by using functionalized monomers like [2-(Methacryloyloxy) ethyl] trimethyl-
ammonium chloride, a permanently charged monomer, due to the quaternary ammonium group.
Thus, 10Ls containing charged monomers have similarities with ion exchange resins, common
excipients for prolonged drug release [203,250,251]. Charged drugs, functioning as counter
ions for the functionalized monomers, were loaded into the polymer. Within the eye, ions from
the agueous humor can replace drug molecules and an extended drug release takes place.

The charged monomer was supplied with some quantities of water (20%) as an inhibitor to
avoid premature polymerization. To keep the amount of water in polymerization equal, for
formulations containing less [2-(Methacryloyloxy) ethyl] trimethyl-ammonium chloride,
corresponding amounts of water were added. As further compounds, cross-linker (0.5%),
initiator (0.5%) and 2-hydroxyethyl methacrylate as monomer were used.

Lens formulations contained 0%, 2.5%, 5.0%, 7.5% and 10.0% charged monomers and were
loaded by keeping them immersed in aqueous diclofenac sodium solution (0.1%) for 5 days

(pH 7.2) in order to saturate the ion exchange resin. It was expected, that the negatively charged
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diclofenac (deprotonated carboxyl group) would become the counter ion of the positively
charged quaternary ammonium group.

Dry lenses were brittle, whereas hydrated lenses were flexible and transparent. To analysed
hardness of soaked I0OLs, polymers were fixed in a texture analyser and the force [N], needed
to fold the lenses, was recorded. Lenses, prepared just by 2-hydroxyethyl methacrylate were
foldable and had expected elastic properties. By increasing the amount of [2-(methacryloyloxy)
ethyl] trimethyl-ammonium chloride to 2.5%, the polymer became more robust (Figure 51 B),
because the charged functional groups repelled each other. This mechanism is similar to gels,
prepared with polyacrylic acid [252,253]. With higher amounts of functionalized monomers,
the polymers became more flexible again so that the formulation, containing 10% [2-
(Methacryloyloxy) ethyl] trimethyl-ammonium chloride had same elastic properties than

lenses, prepared just by 2-hydroxyethyl methacrylate.
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Figure 51: 10Ls containing functionalized monomers
A: Drug release
B: Force/path diagram of polymers

The decrease in hardness in contrast to higher amounts of charged monomers is due to the
increased water uptake (Table 18). Water functioned as a plasticizer and furthermore, by more
water within the structure, the distance between the monomers was increased, followed by less
strong repulsion. Resulting in the higher water uptake, the refractive index decreased as well.
Homopolymers of [2-(Methacryloyloxy) ethyl] trimethyl-ammonium chloride had a water
uptake of 2000% and were not robust at all. Although cross-linker was used, the formulation

collapsed when touched.
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Table 18: Characterization of IOLs, containing [2-(Methacryloyloxy) ethyl] trimethyl-ammonium chloride
(mean values + SD)

Amount of charged Drug loading o
Water uptake Refractive index
monomer [%6] [%6]
0.0 56.95 + 0.60 0.15+0.00 1.4340
2.5 59.28 +0.19 0.83+0.02 1.4320
5.0 73.03+0.43 1.16 £ 0.05 1.4230
7.5 100.11+1.31  1.16 £0.06 1.4125
10.0 132.45+0.99  1.06 +0.01 1.4029

The release could be extended (Figure 51) when charged monomers were copolymerized within
the formulation as drug loading increased as well. But on the other hand, the water uptake also
increased so that the prolonging released and increased drug loading remained constant in
polymers, containing more than 5% of [2-(Methacryloyloxy) ethyl] trimethyl-ammonium

chloride.

3.2.4.4.  Osmolarity

Recently, “intelligent polymers” (or smart polymers) gained attention in pharmaceutical
technology. By this name, hydrogels are described, that adapt their behavior to various physical
or chemical triggers [254-256]. Thus, scientists had created different DDS, that response to
biological factors and performed advanced drug targeting [257] and used this technic for ocular
devices [254] as well.

The prepared hydrogel (formulation 2), containing 2-hydroxyethyl methacrylate (80%) and
methyl methacrylate (20%) had this behavior as well. The swelling was less dependent on
temperature and pH, but the osmolarity changed it remarkably. Sodium salicylate is very
soluble (> 1000g/L) [258] and was dissolved in concentrations up to 30% in water. Higher
concentrated soaking solutions were not used in respect to increased viscosity.
Thus, lenses were loaded in aqueous soaking solutions for 5 days, containing 0%, 5%, 10%,
20% and 30% sodium salicylate respectively. During loading, lenses swelled and the lens

diameter increased (Figure 52).
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0% 5% 10% 20% 30%
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0.00 + 0.00% 3.38 + 0.42% 9.05 + 2.70% 25.26 + 0.65% 42.38 £ 1.04%
A B C D E

Figure 52: Lenses soaked in different concentrated aqueous sodium salicylate solutions
Above images: sodium salicylate concentration in soaking media
Below images: Diameter of swollen lenses and the drug loading

The loading was completed after 1 day, due to the high water content within the lens and the
small drug molecule, resulting in fast diffusion. From each batch, three lenses were dried and
release study was conducted with dried and undried lenses respectively (Figure 53 A). During

drying, lenses decreased in size, but initial dimensions were not restored.
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Figure 53: Osmolarity effects on drug release and 10L swelling
Legend: [%] describe the drug concentration in soaking solution
A: Drug release of dried and undried 10Ls, loaded with sodium salicylate in various concentration
B: Mass uptake / loss of 10Ls in the first hours of drug release

As expected, dried lenses released the API slower because the water needed to diffuse in the
lens matrix initially, whereas undried lenses were hydrated already. The fastest release was

observed with lenses, soaked in 30% sodium salicylate. Caused by the high drug concentration
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and consequently higher osmotic pressure, more water soaked into the lens and diffusion was
improved. Furthermore, the concentration gradient towards the release media was increased in
lenses, presenting higher drug loadings.

Undried lenses loosed weight during release study. By released API, also less water was present
and consequently, the mass decreased as well as the diameter of the 10Ls. Dried 10Ls which
soaked in 30% sodium salicylate solution, showed initial weight gain in release study with later
mass decrease below the weigh prior release. In the beginning, by the high drug loading,
followed by an increased osmotic pressure within the lens, water soaked in. By time, drug was
released and the osmotic pressure in the lenses decreased, resulting in less water in the hydrogel.
All loaded lenses had this initial mass increase but just for the highest loading, the water uptake
could not compensate the mass decrease, resulted by released drug. Initial IOL size, shape and
mass was restored, after complete drug release.

Normally, purely diffusion controlled drug delivery systems release drugs in first-order
kinetics, which is independent of the drug loading. However, hydrogels that swell depending
on the osmolarity of the environment have release kinetics that might change in respect to the
drug loading even when they are known for just diffusion controlled release.

To investigate the status of API in intraocular lenses, DSC was conducted and no melting peaks
for sodium salicylate were detected, proving that the drug was dispersed monomolecularly in
the 10Ls, also named monolithic solution [177,259].

3.2.4.5. Loading at the lateral surface
3.245.1. Loading for polymer rods

Lenses are prepared either by polymerization in the final shape (molding) or by the conventional
lathe cut technology [260]. When the drug loading is performed by the soaking of intraocular
lenses, the API is distributed within the whole soaked lens matrix, but it might be reasonable,
to load the API just in specific areas of the lens. This would apply for APIs that affect the optical
characteristics of the IOLs such as precipitating or colored drugs.

Thus, polymer rods were immersed in ethanolic sodium salicylate solution for 24 hours.
Afterward, polymer rods were dried and lenses were lathed out (Figure 54 A). At the end of the

loading, the core in the inner part of the rod was not swollen and still brittle.
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When lenses were loaded by soaking methods, the solvent diffused from the surfaces into the
polymer and the drug incorporation was performed in the same sequence. When soaking was
limited in time and inner parts of the matrix remained unsoaked, the drug loading for lenses that
were shaped out from the inner part of the polymer rod had less drug loading.

Therefore, it was assumed, that these lenses had no drug in the centre and the optical part of
IOLs would not be affected by drugs. This would provide the possibility to load various drugs,
also these ones that would have devastating effects on the optical quality. The diameter of the
optical part of intraocular lenses has 5-7 mm [33], however, the outer rim is not needed for
vision. This part is required to attach the haptic, provide stability and to avoid spherical

aberrations, but it would not affect optical performance if it is not transparent.

3.245.2. Homopolymer
To achieve lateral drug loading, polymer rods were kept immersed in quinoline yellow and
methylene blue solutions for 2 hours and were dried afterward. Lenses were drilled out and

evaluated.

Polymer rods were completely covered by the dye, but transparency in the core was retained
(Figure 55). Methylene blue was selected as a strong dye [261] and could be detected visually

even in small amounts.
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A B C

Figure 55: Lens loaded in the lateral area with methylene blue
A: Loaded polymer rod
B: Drilled intraocular lens
C: IOL in release study

Lenses were placed in vials, containing 8 ml artificial aqueous humor and release study was
conducted accordingly to the general protocol. However, lenses that were transparent in the
beginning became blue by time and methylene blue discolored the center of I0Ls. In contrast,
quinoline yellow loaded lenses remained transparent in the central part and by time, also the
rim became transparent again, due to released model drug.

In order to understand the mechanism in discoloration of methylene blue loaded lenses, release
study was repeated in bigger volume (60 liter) (n=1) to dilute the release media. Additionally,
another batch was released in vials, containing 1 liter release media (h=3) and one unloaded
IOLs was added into each vial as well. Complete media exchange was performed for both trials
every 24 hours.

The lens that was released in the 60 liter container became transparent after one month and the
core discolored just slightly. In comparison, the methylene blue loaded lenses that were placed
in 1 liter vials became blue in the core and the unloaded lens as well. The core of both 10Ls
had the same color intensity. This indicated that the dye was released from the intraocular lens
but diffused into the polymers again and that the discoloration of IOLs could not be attributed
to methylene blue diffusion within the polymer matrix. So, partition took place twice, first,
methylene blue was released from the high concentrated lateral area of the intraocular lens into
the buffer and secondly from the buffer into the polymer matrix again. This happened, without
a pronounced visual discoloration of the released media, suggesting, that the partition
coefficient of methylene blue between lens polymer and aqueous release media is high.
Therefore, the partition coefficient for the hydrophilic IOL formulation was determined for

methylene blue and drugs, used in this study (Table 19).
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Table 19: Partition factor of different drugs in IOLs and artificial aqueous humor
Lens formulation: 2-Hydroxyethyl methacrylate (80%) / Methyl methacrylate (20%)
with and without water as expanding excipient (epm)

Model drug without water with water
(epm)
Diclofenac sodium 13,67 18,00
Dexamethasone 17.51 13.48
Sodium salicylate 17.52 13.38
Propranolol hydrochloride 110.78 102.27
Methylene blue 625.55 532.32

The ciliary epithelium produces approximately 2.0 pl/min (~2.9 ml/day) aqueous humor
[262,263]. Therefore, the whole aqueous humor (0.2 — 0.4 ml/eye) is replaced within a few
hours, however, a drug that has a strong tendency to diffuse into the lens polymer and has low
permeability could cumulate in the eye and diffuse into the lens polymer again.

For all APIs (Table 19), optical properties in the inner part of laterally loaded lenses were not
affected during release study and release patterns were similar to lenses in which the drug was
incorporated within the whole polymer matrix. Since less polymer is assessable in lateral loaded

IOLs, the drug loading decreased in comparison to lenses that were loaded completely.

3.24.5.3. Lateral - polymer - coating
Since drug loadings at the lateral surface avoid optical adverse effects of incorporated drugs,
the drug loading capacity should be increased in order to improve this approach. Therefore, lens
formulation 2, containing 2-hydroxyethyl methacrylate (80%) and methyl methacrylate (20%)
was coated by formulation 1, just comprising 2-hydroxyethyl methacrylate as monomer.
Therefore, prepared polymer rods (formulation 2) with a diameter of 6 mm were placed in the
middle of vials (diameter of 8 mm), which were filled with the un-polymerized formulation 1.
Then, polymerization, purifying and lathing process was conducted as normal. So, lens polymer
1 was polymerized as coating onto lens formulation 2. By FT-IR, it was proven, that the two
different polymers were not mingled. For comparison, lenses for both formulations were also

prepared separately.
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For lens formulation 2, higher forces were needed to fold the lenses (Figure 56) than for
polymers, just prepared by HEMA. The force that had to be applied to fold the coated lenses
was between those of formulation 1 and 2 because it was a combination of them.
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Formulation 2 C: Formulation 2 in the core, coated with formulation 1

--------- Formulation 2 coated with formulation 1

Force/path diagram of IOLs;
including coated IOLs

Figure 56: Hydrophilic IOLs
Formulation 1: HEMA (80%) /MMA (20%)
Formulation 2: HEMA (100%)

All lenses were transparent and had good optical properties (Figure 56). Attributed to the core,
composed of HEMA and MMA, the refractive index of 1.4470 could be retained also for coated
lenses (Figure 57 B). The drug loading for coated hydrophilic lenses in comparison to lenses
from formulation 2 could be increased, due to the higher loading capacity of lens formulation
1. In release study, the formulation that just contained HEMA released the drug fast, due to the
higher water content of this purely hydrophilic composition. In contrast, formulation 2 had less
drug loading, but the release was more extended (Figure 57 A). In the coated formulation, these
properties were combined so that advantages of formulation 2 (higher refractive index,
extended release) could be combined with the advantage of formulation 1 (higher drug loading).

Therefore, the coated formulation was superior to lenses, just prepared by one polymer.
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Figure 57: Hydrophilic lenses (formulation 2, coated with hydrophilic polymer (formulation 1)
A: Drug release of IOLs; Hydrophilic polymer coating polymerized on IOLs

B: Drug loading and refractive index

To investigate the release kinetic from IOLs, release data was plotted in a “Higuchi plot” and

as drug content within the lens against the time in a semi-logarithmic diagram (Figure 58).
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Figure 58: Evaluation of drug release kinetics
A: Higuchi plot to prove a diffusion controlled release;

B: Semi-logarithmic diagram of drug content in IOLs against the time
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Both procedures showed almost linear curves for the drug release up to 80% for lenses, just

containing one polymer formulation. The R2 values of the regression curves were close to 1,
indicating, that the fitting is very well (Table 20). Therefore, by this empiric investigation, it
could not be distinguished between first-order kinetics and square root of time kinetic. The drug
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release became slightly slower when more than 80% of APl was eluted, due to less drug within
the lenses. Therefore percentage-wise, more drug was adsorbed to the polymer [217,218] and

partition of free and adsorbed drug gained importance.

Table 20: R2 Values of linear regressions for Higuchi plot and semi-logarithmic release plot

Higuchi plot Semi-logarithmic plot
Formulation 1 0.9976 0.9966
Formulation 2 0.9969 0.9923
Formulation 2 coated 0.9592 0.9703

with formulation 1

The fitting of regressions curves was worse for lenses that were coated, suggesting, that drug
release was not uniform. It could be explained by the simultaneous drug release from different
formulations and therefore, overlaying release patterns.

However, with this approach, the drug loading could be increased by the outer coating and the
extended release could be retained by the core as well. Besides the soaking time, drug
concentration and various other factors, the drug loading could be tuned by the coating level,
so that more / less coating would be assessable for drug loading. Due to the inner part, the higher
refractive index was retained and no spherical aberrations took place when the threshold
between core and coating was not in the optical area of the lenses. Additionally, 100%
transmittance was guaranteed. Attributed to the hydrophilic character of both formulations, the
coating adhesion was good and no coating detachment was observed. Furthermore, soaking
could be performed in aqueous drug solution and organic solvents were avoided in order to

facilitate a drug loading directly prior to the surgery.

3.24.6. Coating
Hydrophilic lenses are simple to load by soaking methods but have fast drug release,
accompanied by an initial burst release. To avoid this limitation, drug-loaded hydrophilic
lenses, made of polyHEMA (drug loading: 2.03 + 0.24%) were coated with ethyl cellulose,
functioning as a diffusion barrier to prolong the drug release and to minimize burst release.
Lenses were coated in a pan coater system by 0.4 mg or 0.8 mg ethyl cellulose per IOLs and

drug release study was conducted (Figure 59).

90



Results and discussion

—&— uncoated
——0.4 mg/IOL
—e— 0.8 mg/IOL

60 T

Cumulative drug release [%]

0'1:0'2:0'3:0'4:0'5:0
Time [hours]
Figure 59: Drug loaded hydrophilic lenses coated with

ethyl cellulose as diffusion barrier
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The coating was so thin, that the refractive index was not changed and light transmittance was
still 100%, due to a complete transparent coating. But foldability of lenses could not be
preserved because the brittle ethyl cellulose coating detached during bending.
Ethyl cellulose was capable to prolong the release with small coating levels, but when coating
level was increased, the drug release was similar to uncoated IOLs attributed to detached
coatings. This defects in adhesion were observed, even during the coating process. Swollen
lenses which were coated decreased the volume attributed to evaporating water from the
hydrogel resulting in changed lens size. When dry 10Ls were coated, the coating stuck to the
lenses, but when lenses were immersed in water, lenses swelled and the ethyl cellulose
detached. So, IOLs had to be coated in swollen state very gentile at temperatures below 45°C
to avoid immense water evaporation from the hydrogels.
However, when coatings level was too high, ethyl cellulose detached and did not function as
diffusion barrier anymore. This could be attributed also to the different hydrophilic —

hydrophobic nature of the hydrogel and ethyl cellulose.

3.2.4.7.  Dual drug loading

3.2.4.7.1. Dual drug loading by rehydration
To prepare drug-eluting intraocular lenses, nowadays, hydrophilic 10Ls are loaded directly
before the application takes place by soaking in aqueous drug solution [65,115,137]. This
method is just approachable for hydrophilic drugs that can be dissolved in high amounts in
water and have the tendency to diffuse into the hydrophilic lens material. To combine the
previous results with this approach, lenses were loaded with dexamethasone in ethanolic drug

solution and were dried afterward. Rehydration was carried out with an aqueous sodium
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salicylate solution (1% (w/w)). During the rehydration, the dexamethasone loaded lenses were
additionally loaded by the sodium salicylate (Cs: > 1000 g/L) [258]. Due to the low solubility
of dexamethasone (Cs: 89 mg/L) [264], it was expected that just a small amount of
dexamethasone would be released into the soaking/rehydration media. Lenses were kept
immersed for 1 hour, 3 hours and 5 hours at 25°C in rehydration and loading media respectively.
In release study, the sodium salicylate was released fast, so that more than 90% of the API was
eluted already within the first 24 hours (Figure 60) for pure pHEMA lenses (formulation 1).
For lens polymers, containing 20% methyl methacrylate (formulation 2), the release was
slightly slower, however, 80% was released in the same time period. With longer soaking time,
the drug loading could be increased (Table 21), but the release pattern remained similar. This
burst release could be explained by the small molecule size and the high water solubility of the
API. In contrast, by prolonging the rehydration time within the soaking media, dexamethasone
started to diffuse out and typical burst release for hydrogels took place partially already in this
loading step. By this procedure, less dexamethasone would get into the eye and the initial high
API concentrations within the eye would be avoided slightly. The gradually reduced release of
dexamethasone at the end is desired because the dosage of steroids is tapered off to avoid side
effects after the administration of steroids in general [265,266]. I0Ls polymerized with water
presented higher drug loadings in general but also slightly faster releases, due to the internal

expanded structure of the polymer (Figure 60).
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Figure 60: Drug release of dual loaded lenses, Dexamethasone was pre-loaded and sodium salicylate was
loaded in rehydration step
A: 1 hour rehydration
B: 3 hours rehydration
C: 5 hours rehydration

Furthermore, soaking times of more than 5 hours where not reasonable since the loading
equilibrium for pure HEMA formulations was already achieved and dexamethasone
release/leaching would be more distinct.

For rehydration of the lenses, 30 minutes were needed to make the lenses flexible and foldable

again. Consequently, shorter loading/rehydration times for the hydrophilic API were not
rational.
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Table 21: Drug loading for dual loaded lenses
(mean values £ SD [%]); Polymerized without and with water to obtain an extended polymer
meshwork (epm)

API: Sodium salicylate API: Dexamethasone
Rehydration/soaking Rehydration/soaking
1h 3h 5h 1h 3h 5h
HEMA (100) 055+0.05 0.61+0.02 0.62+001 057+005 048=+0.01 047+0.01
HEMA (100) (epm) 055+0.03 068+0.02 0.67+0.05 0.71+0.04 066+004 0560.05
HEMA (80)/MMA (20) 024+£0.01 032+001 040+£0.01 0.88+x0.01 0.85+0.03 0.87x0.01

HEMA (80)/MMA (20) (epm) 0.31+£0.02 0.39+0.01 0.47+0.05 1.39+008 1.20+0.04 1.17+0.02

The refractive index of all lenses was stable after 24 hours and remained constant over 6 months
(Table 22) of the testing period. Additionally, 100% light transmittance was ensured for all

lenses.

Table 22: Refractive index of dual loaded lenses
(mean values + SD)
expanded polymer meshwork (epm)

Formulation Refractive index

HEMA (100) 1.4245 + 0.0020

HEMA (100) (epm) 1.4250 + 0.0001
HEMA (80)/MMA (20) 1.4517 + 0.0002
HEMA (80)/MMA (20) (epm) 1.4533 + 0.0012

This approach is promising, especially, if one drug is very hydrophilic and could be loaded by
soaking in aqueous media directly before the surgery takes place. In contrast, the other drug
must have an extended release to avoid a prominent drug release in rehydration/loading media.
Furthermore, if interactions of both drugs could not be precluded, this might be a promising
method in order to load two APIs and to achieve simultaneous release, considering that both
drugs are present within the lens only for a short time.

In general, if a fast release is required, a pure hydrophilic lens formulation should be selected,

for a more extended release, the formulation with 20% methyl methacrylate is superior.
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3.24.7.2. Dual drug loading in advance

In case, interactions of the APIs are not critical, it is also possible to load both drugs into the
lens prior the lenses are delivered to the surgeon. By this approach, lenses are delivered in dry
conditions and can be rehydrated immediately before the surgery. This leads to a more stable
product due to the wvacancy of water and stability issues in solutions.
As relevant ophthalmic drugs, diclofenac sodium and dexamethasone were selected and loaded
into lenses, made of hydroxyethyl methacrylate (80%) and methyl methacrylate (20%) in order
to have an extended release. Diclofenac also might be contemplated as a model drug for an
antibiotic API.

3.2.4.7.3. Rehydration procedures
Lenses were rehydrated for 30 minutes at room temperature using two different media: A) 1 ml
saturated API solutions or B) 0.1 ml isotonic NaCl solution (0.9%). Isotonic saline solution is
common for I0Ls and the saturated drug solution was selected in order to avoid API leaching
during rehydration. A reference batch C) was not rehydrated. All lenses that suffered
rehydration were flexible and foldable after this treatment. Furthermore, the original shape of
lenses was restored. Lenses loaded with diclofenac had the highest mass uptake (Table 23).
Loaded diclofenac exerted an osmotic pressure, thereby drawing more water into the lens
matrix, hence, the weight gain. Dexamethasone loadings had less impact on the osmotic
pressure due to its low solubility. Thus, less water diffused into the lenses. In dual loaded lenses,
the increased mass was similar to the diclofenac loaded lenses. However, in lenses soaked in
0.9% sodium chloride solution, the mass uptake was less. This could be explained by the small
volume of rehydration media and the released API from the 10Ls into the rehydration media.

So, the osmotic pressure increased in rehydration media and less water soaked into the lenses.

Table 23: Mass uptake (mean value = SD (% (w/w)) during rehydration
Rehydration in:
A: 1 ml saturated API solution
B: 0.1 ml 0.9% sodium chloride solution
C: No rehydration

A B C
Dexamethasone loaded 15.14 £1.76 13.14 £0.22 -
Diclofenac — Na loaded 49.27 £ 3.59 23.47 +1.88 -
Dual loaded 49.08 +1.37 21.88 +1.80 -

95



Results and discussion

3.2.4.7.4. Drug loading and release study
Drug loadings of about 2% with respect to the lens mass were achieved for dexamethasone and
diclofenac (Table 24). In dual loaded lenses, the complete drug loading was close to 4% (2%
dexamethasone and 2% diclofenac). In lenses, rehydrated in saturated API solution, a slightly
higher drug loading could be observed, because, in rehydration step, additional APl was
uptaken by the lenses. During rehydration step, water diffused into the lens polymer and
dragged drug along with it. Because diffusion of water with dissolved API was faster than the
outwards directed diffusion of the API, the amount of drug within the lens increased.
The decrease in drug loading of dexamethasone in loaded lenses could be explained by the
removal of dexamethasone from the surface of the lenses. Due to the limited solubility of
dexamethasone in the rehydration media, there was almost no drug, which was able to be

dragged into the lens.

Table 24: Drug loading in single and dual pre-loaded IOLs (mean value + SD % (w/w))
A: Rehydration in saturated drug solution
B: Rehydration in 0.1 ml 0.9% NaCl solution
C: No rehydration

A B C

Single loaded : Diclofenac sodium 2.40+0.05 2.03+0.04 2.11+0.12
Dual loaded : Diclofenac sodium 251 £0.02 2.12+0.05 2.28+0.02
Single loaded : Dexamethasone 2.08+0.03 2.05+0.04 2.18+0.02
Dual loaded : Dexamethasone 192 £0.02 1.96+0.01 2.01+0.01

Release curves were similar for all rehydration procedures (Figure 61).
Diclofenac was released mostly in the first 3 days (tsow: 72 hours) in single and dual loaded
lenses. This is the target time for the release of a bactericide antibiotic drug. Due to the slower
diffusion and the more hydrophobic character of dexamethasone, it was released slower and
ended approximately after one month (tso%: 16 days) in just dexamethasone loaded lenses.

In dual loaded lenses, the release pattern of diclofenac did not change, whereas, dexamethasone
was released faster. This accelerated release is attributed to more osmotic active compounds
within the lens which led to a higher water uptake. This enhanced the amount of dissolved
dexamethasone in the lens and accelerated the diffusion of dexamethasone (tsoo: 9 days). This
is the most critical time for post-operative inflammations. A more extended release is not

required, due to the potential risk of dexamethasone to increase the intraocular pressure [267].
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Therefore a more extended release is not desirable. Rehydration procedure had no influence on

the transmittance and final refractive index which was stable after 5 days.
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Figure 61: Drug release of single and dual pre-loaded intraocular lenses
A: Rehydration in saturated drug solution
B: Rehydration in 0.1 ml 0.9 % NaCl solution
C: No rehydration

To evaluate the diffusion, the apparent diffusion coefficient (Dapp) was calculated and
compared for the different formulations (Table 25). Whereas the apparent diffusion was similar
for diclofenac sodium in all formulations, dexamethasone had distinct differences. In dual

loaded lenses, the Dapp values for dexamethasone were two-fold as high as the diffusion

coefficient for single loaded lenses.

Table 25: Dapp [cm?/s] in single and dual loaded intraocular lenses

A: Rehydration in saturated drug solution
B: Rehydration in 0.1 ml 0.9% NaCl solution
C: No rehydration

A B C
Single loaded : Diclofenac sodium 1,23 x10° 8,50 x 10 8,01 x 1010
Dual loaded : Diclofenac sodium  1,23x10° 8,20x 107 8,02 x 10%°
Single loaded : Dexamethasone 2,30x101° 2,10x10%° 3,14 x107°
Dual loaded : Dexamethasone 4,00 x 101°  4,00x 1010 4,51 x 1020
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3.24.74.1. DSC - API within the lens
In DSC, the glass transitions temperatures (Tg) of lenses was detected and analysed. Besides
the Tg, no other mentionable effects took place before 290°C (Figure 62), at this temperature,
the polymer started to degrade. Melting peaks of dexamethasone (264°C) [264] and diclofenac
(283 - 285°C) [242] were not visible, suggesting, that the API was distributed monomolecularly
within the polymer. This finding is supported also by decreasing Tgs in drug-loaded lenses

(Table 26). Thus, APIs had a plasticizing impact on polymers.
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Figure 62: DSC of single and dual loaded lenses

Table 26: Tg of pre-loaded lenses

IOLs Tg [°C]
Blank 111.99
Dexamethasone loaded 104.10
Diclofenac loaded 98.46
Dual loaded 96.00
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3.24.74.2. Transmittance
All lenses presented 100% transmittance in the range of 400 nm — 800 nm upon rehydration
(Figure 63), due to the absence of crystals and the formation of the monolithic solution.
Transmittance was monitored at specific time points and could be guaranteed during and also
post-release period, thus, indicating the absence of optical adverse effects. If required, a blue
light absorbing agent could be added, to prevent the eye from high energetic light [12] as it is

usually carried out for commercialized lenses. Anyway, light with wavelengths shorter than
300 nm was absorbed by the lens polymer by itself.
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Figure 63: Transmittance of pre-loaded 10Ls
A: Rehydration in 1 ml saturated drug solution;
B: Rehydration in 0.1 ml 0.9 % NaCl solution;
C: No rehydration
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3.2.5. Suggested dosage form

The main challenge for drug-loaded hydrophilic intraocular lenses is the delivery in hydrated
condition. This may lead to unstable formulations and the release could already start within the
aqueous storage solution. Placing the hydrophilic IOLs in saturated drug solutions may prevent
from leaching API but does not overcome the stability issues and the lack for hydrophobic
drugs.

Therefore, it is suggested to deliver pre-loaded 10OLs within a two-chamber system (Figure 64)
which are separated by a delicate membrane. In the first chamber, the single, dual or multiple
loaded lens is placed and kept in dry conditions.

Punch

IOL —

} Chamber |
Delicate __gf -~~~
membrane - H

Rehydration
media — 2| Chamber II @

Figure 64: Sug_gested dosage form to supply the IOL in dry condition and to perform rehydration within one
evice

Shortly (30 minutes) before the surgery takes place, a punch is pressed down to crush the
membrane, and the lens is delivered into the second chamber in which the rehydration media is
stored. This might be a 0.9% sodium chloride solution, a drug solution or any other buffer, that
is suitable for rehydrating the lens and provide the required conditions.

By this device, triggering the rehydration is fast and requires no specific qualification.
Furthermore, the whole suggested device could be steam sterilized and during rehydration,
unlike conventional methods, any contamination can be avoided. Additionally, this apparatus
could be coupled with the injector to facilitate insertion, to decrease the chance of

contamination and to sustain a sterile IOL.
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3.2.6. Conclusions

Hydrophilic lenses are made of hydrogels, therefore they have high amounts of incorporated
water and could be loaded by soaking methods in aqueous drug solution. Nowadays,
hydrophilic lenses are mostly loaded directly before the surgery takes place but this limits the
use of hydrophobic drugs.

By using organic solvents, combined with a drying step, lenses could be loaded with poorly
soluble drugs as well and extended releases were possible. Also, dual drug-loaded lenses were
prepared and simultaneous drug release was observed. Attributed to the need of soaked lenses
to provide foldability, a specific two chamber system was suggested. By this device, the drug-
loaded lens is stored in dry conditions to improve stability and rehydration is simple to perform
and contaminations could be avoided. Therefore, hydrophilic lenses revealed as capable drug

delivery systems to avoid postoperative complications.
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3.3. Hydrophobic lenses
3.3.1. Background

Hydrophobic intraocular lenses are the most common lenses nowadays [268]. Silicones were
used as hydrophobic materials in the beginning, but silicones were replaced mainly by
hydrophobic acrylates and methacrylates which have the biggest market share today.
Silicones have a high water contact angle (over 100°) [269] but thick optics, resulting in bigger
incisions that are needed for lens injection. Additionally, silicon is difficult to handle, prone to
glistening and the use of silicone oils for other ocular treatments like retinal detachment [54,55]
is limited. In respect to their low market share, silicones were not examined in this thesis.

In contrast, hydrophobic acrylates have a high refractive index, are easy to handle and present
the lowest posterior capsule opacification (PCO) incidence of all available lens formulations
[33,45,270]. Furthermore, in case of occurring PCO, hydrophobic 10Ls have better resistance
during Nd:YAG laser capsulotomy [41], the medical treatment to improve vision after
developed PCO.

At the beginning of IOLs, polymethyl methacrylate was a common lens material but it is seldom
used nowadays because it is brittle [215]. Mostly it is still used in developing countries
attributed to its low cost and for children since polymethyl methacrylate can remain in the eye
for long time periods, due to good long-term stability [34].

Therefore, as hydrophobic lenses, polymethyl methacrylate as a rigid material and
polyphenoxyethyl acrylate as a flexible lens polymer were prepared.

3.3.2. Lens characterization

3.3.2.1.  Lensformulation and characterization
In this section, formulation 7, containing methyl methacrylate and formulation 8, consisting of
phenoxyethyl acrylate (Table 27) were prepared as hydrophobic lens polymers. Both lens

materials are common as intraocular lens formulations [33,165].

Table 27: Hydrophobic lens formulations, used in this section

Formulation Hydrophilic Hydrophobic

(%, wiw) (%, wiw)

7 - MMA (100)
8 - POEA (100)
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Homopolymers of polymethyl methacrylate (PMMA) and polyphenoxy ethylacrylate (pPOEA)
were solidified during polymerization and revealed suitable properties for the use as 10Ls.
PMMA is a brittle material [35,193,215], due to the Tg of 109.59°C whereas pPOEA is flexible
[195] and had a glass transition temperature of 6.18°C. So, PMMA was used as hydrophobic
unfoldable 10Ls and pPOEA represented the flexible hydrophobic lens materials. Hence,
polishing of PMMA is easier, because surfaces can be smoothed easily at room temperature
whereas pPOEA needed to be cooled during polishing.

Both polymers presented good optical properties. Transmittances of 100% were recorded in the
center of 10Ls from 400 nm to 800 nm and the refractive index was 1.4900 for PMMA and
1.5560 for pPOEA respectively, as reported in the literature [196,271]. Due to the very high
refractive index of pPOEA, I0Ls could be shaped quite thin while providing sufficient light
refraction.

In respect to the absence of any hydrophilic groups, the hydrophobic 10Ls had water uptakes

of less than 1% for both formulations.

3.3.3. Drug loading by copolymerization

Dexamethasone, which was added prior to polymerization and was dissolved within the
monomers, did not show sufficient release, but 100% light transmittance and a refractive index
of 1.5560 could be preserved for drug loadings below 0.5%. Higher drug loadings led to turbid
IOLs, caused by the low drug solubility within the polymer. By increasing the drug loading, the
transmittance decreased to less than 50%. In contrast, diclofenac which was added prior
polymerization prevented radical polymerization and solidification of the monomers, due to the
capability of diclofenac to act as a free radical scavenger [223]. Other drugs like minocycline
did not dissolve in the monomers and stability issues during polymerization occurred, resulting

in discolored polymers.

Furthermore, in order to purify the lenses after polymerization from remaining monomers,
cross-linker and initiator, organic solvents are used to wash out this compounds. When drugs
are loaded during polymerization, this cleansing step also would remove the APIs. Therefore,
this method is just applicable, when the polymerization conditions ensure very low residual

concentrations that are below the acceptable threshold values.
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3.3.4. Drug loading by soaking
3.34.1. Soaking

Contrary to copolymerization drug-loading, the soaking method separates lens preparation from
drug-loading. Therefore, purification of IOLs could be conducted without the risk of removing
the API from the lens matrix. Thus, purification of the IOLs was performed by immersion in
organic drug solution. [36]. Hereby, residuals are washed out and the lenses are cleansed.
Afterward, the organic solvent is evaporated and lenses are ready to use. During this cleansing
procedure, APIs could be loaded into the polymer matrix simultaneously by using organic drug
solutions as purifying agent without changing the general preparation of IOLs. In the

evaporation step, the organic solvent was removed but the drug remained in the lenses.

Therefore, organic solvents were used, that led to swelling of the 10Ls so that the drugs could
diffuse into the lens polymer matrix. pPOEA 10Ls presented higher swelling in ethyl acetate
(111%) than ethanol (2%), resulting in increased drug loadings (Table 28). The drug
concentration of the model drugs (propranolol hydrochloride, dexamethasone, and diclofenac
sodium) in soaking media was 0.5% (m/v).

Table 28: Drug release of soaked intraocular lenses (pPOEA)
(n=3; mean value + SD) and total drug loading

Soaking solvent : API (0.5%) Drug loading
[ng/10L]
Ethanol : propranolol — HCI 1.93+0.82
Ethyl acetate : propranolol — HCI 9.9+2.99
Ethanol : diclofenac — Na 2.77 £0.05
Ethyl acetate : diclofenac — Na 27.87 £0.33
Ethanol : dexamethasone 1.14 £ 0.17
Ethyl acetate : dexamethasone 47.30 £6.22

IOLs which were loaded in organic (ethyl acetate) drug solutions and were dried afterward had
a burst release, attributed to drug that was located directly on the lens surface. The hydrophilic
propranolol hydrochloride was repelled by the polymer so that the drug was not incorporated
into the IOL matrix. The very slow drug release of hydrophobic IOLs was due to the small
water content and hydrophobic drug-polymer interactions, resulting in poor drug diffusion
within the polymer matrix (Figure 65). [183,272]. Lenses loaded with ethyl acetate incorporated
increased drug amounts, attributed to higher swelling. However, diffusion from the inner parts

of the lens matrix to the surface was very low, resulting in an incomplete drug release.
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Figure 65: Drug release of pPOEA IOLs
I0Ls sokaed in ethyl acetate drug (0.5% (m/v)) solution for 24 h

Loaded and unloaded I0Ls showed the same refraction index and 100% transmittance was
ensured at this low drug-loadings. Higher concentrated soaking solutions or longer soaking
times in order to increase the drug-loading led to clouded IOLs, due to drug precipitation within

the 10Ls. This could be explained by the low drug solubility within the lens polymers.

As a further drawback of this method, glistening was induced in lenses that soaked in ethyl
acetate (Figure 66) as a result of the high degree of swelling. Glistening describes the formation
of small liquid-filled vacuoles within the polymers [35], caused by imperfections in the polymer
structure. During swelling and de-swelling the chain formation changed and small vacuoles
were created and glistening appeared within the first three months during release study [35].
Glistening formation occurred also in IOLs which soaked in ethyl acetate without any API,
therefore this effect did not depend on the drug.

100 um

Figure 66: Glistening in pPOEA lens, after soaking in ethyl acetate

105



Results and discussion

3.3.4.2.  Additives to lens polymers in order to improve diffusion

Hydrophilic additives:

To improve drug release from pPOEA lenses, 20% of hydrophilic compounds like 2-
hydroxyethyl acrylate (HEA) and 2-hydroxyethyl methacrylate (HEMA) were added to the
monomer mixture to increase the water uptake of lenses (Table 29) and therefore to improve
diffusion out of the lens matrix. For comparison reasons, one batch with 20% methyl

methacrylate (MMA) as a hydrophobic additive was prepared.

Table 29: Lens formulations with hydrophilic (HEA and HEMA) and hydrophobic (MMA) additives
(n=3; mean value + SD)

Lens formulation Water content [%] Refractive index Foldability
POEA 100% 0.69 +0.03 1.5550 Yes
POEA 80% + HEA 20% 254 +£0.18 1.5370 Yes
POEA 80% + HEMA 20% 2.53£0.06 1.5410 Just when hydrated
POEA 80% + MMA 20% 0.75+0.03 1.5430 No

POEA: Phenoxyethyl acrylate

HEA: Hydroxyl ethyl acrylate

HEMA: Hydroxyethyl methacrylate

MMA: Methyl methacrylate
An increase in the hydrophilic character of polymers determines higher water uptake into the
lens matrix, causing a reduction in refractive index, due to the less compact polymer. In general,
methacrylates improve stability, whereas acrylates sustain flexibility [273], due to a missing
methyl group and less tangling of polymer chains. Therefore, the addition of methyl
methacrylate reduced lens flexibility. Lenses containing 20% of HEMA remained flexible in
hydrated status but were not foldable in dry conditions, due to the plasticizing effect of water.
The advantage, that hydrophobic IOLs can be supplied in dry state was neglected when HEMA

was added.

Lenses prepared with 80% of POEA and 20% of HEA were flexible in dry and soaked
conditions and increased water uptake (2.54 + 0.18%) could be demonstrated, 100%

transmittance was ensured and glistening was less pronounced.

To prove drug incorporation and drug release, diclofenac was loaded into these lenses by

soaking in acetone, ethanol or water with a diclofenac concentration of 0.1%. Diclofenac was
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chosen, due to its low tendency to diffuse into the hydrophobic polymer in order to prove that

20% hydroxyethyl acrylate as additive in polymers present modified material characteristics.
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Figure 67: Drug release of pPOEA lenses, polymerized
with 20% of HEA,
Ethanol and acetone were used as soaking
media, comprising 0.1% diclofenac sodium each.

Copolymers, containing 80% phenoxyethyl acrylate and 20% hydroxyethyl acrylate presented
extended drug release from 10Ls (Figure 67), but still in an insufficient manner, regarding the
low drug loadings (Table 30). When water was used as soaking media, drug uptake was low
and could not be detected with sufficient precision.

Table 30: Drug loading of 10Ls, containing POEA (80%) and HEA (20%),
soaked in organic diclofenac sodium solution (0.1%)
(n=3; mean value £ SD)

) Drug loading
Soaking solvent
[ng/10L]
Ethanol 22.51+ 15.10
Acetone 170.17 £ 17.08

Water -

Inert additives:

With respect to insufficient improvements by incorporating hydrophilic compounds in the
hydrophobic polymers, pore formers were investigated. Therefore, inert molecules were added
prior to polymerization that were entrapped within the polymer. During purifying, these
compounds should be removed and the space that was consumed by these additives remained
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as pores within the final polymers. As pore former, ethyl cellulose and n-hexane in different
amounts were added and polymerization was carried out. Hydrophilic compounds could not be

used, because they were not soluble within the liquid phenoxyethyl acrylate.

Finalized polymers could be loaded in slightly higher quantities but the optical quality of IOLs
was devastated (Figure 68). Ethyl cellulose could not be removed with organic solvents due to
the big molecule and hampered diffusion and remained entrapped. Therefore, ethyl cellulose

made lenses opaque and light transmittance decreased extremely.

Figure 68: Lenses, prepared with pore-former in order to improve diffusion within hydrophobic IOLs
A+B: 2.5% n-hexane as additive
C+D: 2.5% Ethyl cellulose

For lenses, polymerized with n-hexane, the created hollow space led to severe glistening and
optical quality decreased as well. By adding pore formers, polymer imperfections were more
pronounced and glistening was provoked extremely. So, pore formers for hydrophobic 10OLs

were refused.

3.3.5. Drug loading by coating
3.3.5.1.  Haptic coating

IOLs consist of the optical lens and the haptic. Haptics are like anchors that locate the lens
within the eye and maintain right positioning. Thus, haptics were considered as vehicles for
drug loadings, because they are not needed for vision and modifications at this part are not
critical [95,117,274]. Haptics could be used as carriers and separated DDS were just attached,
holes were drilled into the haptic and drug/polymer compositions were placed in these caves or

the haptics were just coated [270].
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In order to prove that approach, haptics were prepared, consisting of polymethyl methacrylate
and fluorochinolone, typical materials for haptics [214]. These haptics were dipped in coating
solution, containing water (12%) and 2-propanol (88%) as solvent and ethyl cellulose (6%) as
polymer and propranolol hydrochloride (3%). Haptics were immersed for 20 times in this
coating solution and drying was ensured between dip-coating steps.

Figure 69: Coated haptics;
A: Coated PMMA haptic
B: Coated fluorochinolon haptic

From coated haptics (Figure 69), the drug release was independent of the haptic formulation,
due to the haptic formulation independent drug delivery system (Figure 70). The drug loading

could be easily adjusted by changing the coating level and further modifications for this
approach are simple.
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Figure 70: Drug release from coated haptics

The coating adhesion was good for polymethyl methacrylate and fluorochinolon haptics. IOLs
are divided into single peace and three peace lenses [275,276]. In single peace 10Ls, the lens is
produced in one manufacturing step and the whole device consists of one part. In contrast,

lenses and haptics are prepared in different manufacturing steps and are assembled together
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afterward for three peace 10Ls. Haptic-coating of 10Ls is reasonable especially for these three
peace lenses because the coating could be performed separately and the coated haptics are just

assembled afterward.

3.3.5.2.  Lenscoating

Lenses which were coated with drug/polymer mixtures at the whole surface turned turbid and
transmittance was ruined. Transparency was retained for pure ethyl cellulose coatings, but when

drugs were incorporated, transmittance decreased (Figure 71).

i
: I I
Figure 71: Coated PMMA lenses
Right lens: Uncoated lens for comparison

19

Therefore, it was concluded, that coatings at the lateral surface are superior in contrast to
coatings that are applied on the whole lens.

3.3.5.3.  Coating at the lateral area of the lens

3.3.5.3.1. Coating by polymerization

In respect to the small water content within the polymer matrix of hydrophobic polymers, these
IOLs are not approachable for drug loadings by soaking methods. To overcome this issue,
hydrophobic polymers were coated by a hydrophilic polymer, containing hydroxyethyl
methacrylate, cross-linker and initiator (formulation 1). Therefore, hydrophobic polymer rods
were prepared and then placed in bigger vials, containing the monomers for the coating.
Polymerization was conducted again and a polymer rod was contained, having an inner polymer
shaft of pure hydrophobic material (Figure 72) and a shell of hydrophilic compounds. Then the

lenses were lathed and polished.
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polymer rod P combine e
within a polymer rod hydrophilic
hydrophilic polymer
polymer shell/
coating

Figure 72: Coating process: Hydrophobic polymer rod was placed in hydrophilic monomers and polymerized
in order to prepare hydrophobic 10Ls, coated with a hydrophilic polymer shell

Attributed to the purely hydrophobic character of the inner core and the hydrophilic nature of
the shell, the coating adhesion was poor and detachments occurred frequently. Furthermore, the

Figure 73: pPOEA lens, coated with hydrophilic polymer
A: Clouding of coated I0OL;
B: Detachment of hydrophilic coating from the hydrophobic pPOEA IOL

hydrophilic polymer is brittle in dry conditions and needed to be hydrated to maintain
foldability. While hydrating, the coating could be loaded, also by aqueous drug solutions but
the advantage of applying dry IOLs was neglected.

Unfortunately, the hydrophilic coatings detached during soaking in aqueous humor, due to
unequal swelling of the hydrophobic and the hydrophilic part. The hydrophobic part did not
change dimensions, whereas the hydrophilic shell soaked high quantities of water and suffered

size incensement, resulting in peeled coatings (Figure 73).
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To improve coating adhesion, hydrophobic polymer rods were removed from their
polymerization vessel before the chemical reaction finished. Thus, the material was sticky and
“semi-solid” and unreacted double bonds were still present. These unfinished polymers were
placed in other vials, containing hydrophilic monomers and polymerization was finished within

the second vessels.

Thus, the two polymers were connected by covalent bonds and therefore, coating detachment
did not occur. However, in the beginning of the second polymerization, hydrophilic monomers
diffused into the “semi-Solid” hydrophobic polymer partially and the interface between the two
compositions became turbid. To minimize this effect, the second polymerization was performed
at increased temperatures so that less time was available for diffusion, due to faster
solidification, but this lead to less perfect polymers in general. Additionally, this also

accelerated diffusion.

To avoid diffusion of hydrophilic monomers into the hydrophobic “semi-solid” polymer rod,
the hydrophilic composition was pre-heated to trigger the polymerization. Thus, the
polymerization already started and bigger molecule chains were created. The unfinished
hydrophobic polymer was placed in the unfinished still liquid hydrophilic polymer and
polymerization was finished. Obtained polymer rods had good optical properties. The formed
bigger hydrophilic molecules could not diffuse into the “semi-solid” hydrophobic polymer rod,
but regarding the incomplete polymerization in both compositions, some covalent bonds were

formed, leading to appropriate coating adhesion.

Lenses were loaded in aqueous drug (sodium salicylate) solution (1%) and release study was
conducted. The drug loading was 1.21 + 0.17%, related to the hydrophilic coating. In uncoated
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Figure 74: Drug release of coated and uncoated IOLs;
HEMA: 10Ls made of pure coating material;
Coating level in mm;
pPOEA: 10Ls without coating
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hydrophobic lenses, no drug was incorporated into the lens polymer and drug loading was less
than 0.001%.

Drug release patterns were independent of coating level (Figure 74) and the amount of loaded
drug could be adjusted by coating thickness. Uncoated lenses had no extended release because
no drug was incorporated into the polymer matrix and the drug was “released” just from the

IOL surface.

Lenses remained transparent and the high refractive index was retained in the core of the 1OLs.
However, with respect to the small amount of coating (app. 2-3 mg/IOL) the total drug loading
is very small (app. 30 pug/IOL). Therefore, coatings with higher drug loading capacity should

be prepared, regarding perfectly retained optical properties of lateral coated 10Ls.

3.3.5.3.2. Coating solvents

PLGA is an FDA approved biodegradable polymer for implants and common in ophthalmic
devices so that safety for this excipient could be implied [125]. PLGA decomposes in agqueous
media but is not soluble within it, therefore, organic solvents were needed to apply PLGA

coatings on the lateral surfaces of IOLs.

Trichloromethane is able to dissolves PLGA in large amounts, but it corroded polymethyl
methacrylate since it also dissolved PMMA [277]. Thus, the polished surfaces became dull.
The lateral surface is not needed for vision and therefore, this corroding effect was not critical.
Also, other workgroups worked with chloroform [121]. However, ethyl acetate also dissolved
PLGA, is less toxic, more friendly to the environment and did not make the 10Ls dull.

Therefore, ethyl acetate was used as a solvent for coating solutions/suspensions.

3.3.5.4.  Coating near/at the lateral surface

3.3.54.1. Coating patterns

In order to maintain optical properties, IOLs were coated just on the lateral surface or on the
lens, next to the lateral surface of the lenses. The coatings were either distributed over the whole

laterals surface, applied punctually onto the lateral surface or at two areas.

Thicker coatings which were applied on the whole rim detached in some cases (Figure 75 A).

In contrast, other coating patterns presented no dissociation from lenses (Figure 75 B and C).
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A B C

Figure 75: Lenses coated at the lateral surface;
A: Coating detachment of lenses, received complete lateral surface
B: Spot coating
C: Coating at two areas at the lateral surface

Coating adhesion was good for PMMA and pPOEA lenses. The optical characteristics remained
the same and refractive index, transmittance and water uptake of lenses was not affected by this
coating procedure. Furthermore, foldability of pPOEA lenses was retained, when the coating
was applied just at two areas at the lateral surface since the coating was not affected by lens
folding. In contrast, lenses coated at the whole outer rim were not foldable [159]. Considering
practicability and time expenses for the punctual coating on the whole outer rim of the lens
(Figure 75 B), the coating pattern of two areas at the lateral surface (Figure 75 C) was selected
and used for further studies. To maintain a smooth interface between lens and capsular bag,

coatings could be applied just at the upper part of the lateral outer rim.

3.3.5.4.2. Coating layers

Further coating modifications could be performed by different coating layers (Figure 76 A).
The sub coating could be conducted by a highly concentrated drug solution/suspension
including a small amount of PLGA, functioning as a glue to improve adhesion of the API to the
lens. The top coating just comprised PLGA and ethyl acetate to provide a reservoir system with
target release properties. Also with this approach, foldability was still possible with flexible
lenses (Figure 76 B).
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Pure PLGA coating
(top coating)

API / PLGA coating
(sub coatina)

Haptic

Lens

Figure 76: Coating for 10L;
A: Schematic illustration of sub- and top coating
B: Coated IOL that is folded

The frequent decrease in compliance occurs a few days after the surgery normally. Therefore,
the drug release should be extended to approximately one month [126]. As mentioned, zero-
order release kinetics for dexamethasone is desirable with a tapering off at the end of release
[265]. A more extended release would not be requested, due to the potential increase in

intraocular pressure, a known side effect of steroids [267].

For the sub coating dexamethasone, a hydrophobic drug with a solubility in ethyl acetate of
2.825 + 0.015 mg/ml, was dispersed in a concentration of 50 mg/ml in a 5 mg/ml PLGA 502 H
ethyl acetate solution. Due to the small particle size of dexamethasone (SMD: 1.10 pm; VMD:
1.97 pum), sedimentation was slow. The sub coating was applied to achieve a drug loading of
500 pg at each coating site. The top coating of 5% PLGA 502 H in ethyl acetate was applied in
order to extend the drug release. This concentration was chosen with regard to practical aspects
of viscosity and spreading of the coating solution. The top coating was applied in different

amounts to investigate the impact of coating level on release extension (Figure 77 A).
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Figure 77: Effect of pure PLGA top-coating on dexamethasone release,
IOL were coated with dexamethasone containing sub-coating in order to obtain
a drug loading of 1 mg.
A: Drug release
B: pH in release media

Often, PLGA formulations present a three phasic release, owing to dissolving drug from the
surface in the first phase, followed by a lag phase, attributed to PLGA swelling where also pore
closures take place that is continued by the third phase, in which polymer erosion and drug

diffusion take place simultaneously. This last phase is known to have zero order kinetics [44].

If no top coating was applied on the sub coating, the release was mainly driven by the
dissolution of dexamethasone, caused by the very small amount of PLGA. Lenses that received
a distinct amount of top coating presented a two phasic release. The missing first phase of the
typical three phasic release profile of PLGA formulations was attributed to the pure PLGA top
coating. In this coating layer, no/less drug was present and could not dissolve in the beginning.
Thus, an initial lag time was observed and the release increased when pores were formed in the
PLGA coating and drug could diffuse out. The small release in the first 5 days in the
formulations with top coating was attributed to dexamethasone that dissolved in ethyl acetate

during the coating process and diffused into the top coating and its surface.
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A decrease in pH could be observed in the release media (Figure 77 B), caused by the hydrolytic
decomposing of PLGA. The decrease in pH is naturally more pronounced in formulations,
comprising higher polymer amounts, which produce higher concentrations of lactic- and

glycolic acid during the degradation.

This drug loading approach has the additional advantage that lower or higher drug loadings
could be achieved without modifications to the coating procedure, just by applying less or more
sub coating. In release studies (Figure 78), this changed the release pattern slightly but could
be adjusted easily by decreasing/increasing the top coating. Nevertheless, coatings comprising
more PLGA in the API/polymer ratio presented a tri-phasic release, whereas the less drug-
loaded 10Ls had a faster release in the beginning. Therefore, when the ratio of ingredients was

set appropriately, the release profiles could be adjusted to almost to zero-order Kkinetics.
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Figure 78: Effect of different drug loadings on dexamethasone release.
Drug loading was tuned by different sub-coating levels.
Lenses were additionally coated with 0.50 mg PLGA top-
coating

3.354.2.1. Influence of release media

3.3.5.4.2.1.1. Coating layers

When drug release was conducted in artificial aqueous humor (phosphate buffer; 0.07 mol/L)
instead of isotonic sodium chloride (0.9%) solution, the release of dexamethasone was extended
enormously, however, 100% drug release was achieved. Besides this prolongation of drug
release, also the release patterns change. Thus all coated lenses, independent of top coating
level, presented a tri-phasic release profile (Figure 79 A). Lenses, with varying amounts of sub-

coating, had almost identical release curves and could be considered as same (Figure 79 B).
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Figure 79: Dexamethasone release of drug containing sub-coating and PLGA top-
coating in phosphate buffer (pH 7.21)
A: Drug loading was 1 mg and top coating amount was varied
B: Dexamethasone loading was varied and top coating was set 0.50 mg
PLGA

It was assumed that dexamethasone phosphate and more consequently, also the dexamethasone
21-phosphate dimer was formed in buffers, comprising phosphate ions. This resulted in changed
release profiles. Within the PLGA coatings, diffusion is hammered and just a small amount of
water is available. The decomposing of PLGA consumes water and therefore, reactions that
would create water are promoted, accordingly to the “principle of Le Chatelier” (principle of
least compulsion). Additionally, by decomposing PLGA and created lactic and glycolic acid,
an acidic microclimate is formed, that also would facilitate esterification. The generated
dexamethasone phosphate is charged, due to the small pka value of phosphate and therefore
more hydrophilic. This results in the higher initial burst release. By time, the charged
dexamethasone phosphate dimer is formed but attributed to the increased molecule volume,

diffusion is limited and drug release is slower.
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Ozurdex®, a commercialized ocular implant, containing 700 pg dexamethasone in a PLGA
matrix was released in isotonic saline solution [171,173,278] for FDA approved released studies
and also other PLGA compositions are released in this media [127,160]. Therefore, to avoid
undesirable chemical reactions that have an impact on release profiles, isotonic sodium chloride

solution was used as release media.

3.3.5.4.2.1.2. Pore former

In order to prove the release mechanisms, coatings with pore formers were prepared. Therefore,
coatings, comprising dexamethasone (5%), PLGA 5050 DLG 1A (2.5%) and Poloxamer 188
(Kolliphor P 188®) in concentrations of 0%, 10% and 30% were dispersed/dissolved in ethyl
acetate and applied on the lateral surfaces of IOLs. (Reason for choosing this API/PLGA ratio

is presented in next section). Poloxamer 188 was selected in respect to its water solubility and
its possible parenteral application [279].

Drug release was conducted in artificial aqueous humor (phosphate buffer: 0.07 mol/L) and in
isotonic sodium chloride (0.9%) solution respectively. The initial pH in release media was
similar, but in NaCl media, the pH decreased, due to no buffer capacity.
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Figure 80: Drug release of IOLs, coated with dexamethasone, PLGA and Poloxamer 188. Poloxamer 188 was
added as pore-former in different concentrations (% is related to the amount of PLGA)
A: 0.9% NacCl as release media
B: Phosphate buffer as release media
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For drug release, it was assumed, that Poloxamer 188 is incorporated in the PLGA matrix and
would dissolve and diffuse out fast in release media, resulting in pores formation. This should

lead to a faster drug release [280].

In isotonic sodium chloride solution, dexamethasone release (Figure 80 A) was independent on
created pores, indicating that diffusion is not the guiding release mechanism, whereas, in
phosphate buffer, the initial drug release was increased remarkably for coatings, comprising

poloxamer 188 (Figure 80 B).

This proved, that the release mechanism in different release media changed. Coated IOLs,
which were stored in phosphate buffer had initial burst release and increasing amounts of pore
formers raised this initial drug delivery, due to created hallow space within the polymer matrix.
However, after approximately 10 days, pore closure took place by swollen PLGA and a lag
phase with almost no drug release was observed. Complete drug release was achieved after 110
days, similar to IOLs, that were coated by sub-and top coating and were released in phosphate
buffer as well. This could be explained by the restricted diffusion of created dexamethasone
phosphate dimer esters. The initial phase in drug release was similar in both release media,

caused by the time that was needed for esterification.

In contrast, drug release of coated lenses in sodium chloride solution was independent of created
pores, suggesting, that diffusion is not the main release mechanism. The small increased release
for 10Ls, containing poloxamer 188 was attributed to better water diffusion within the polymer

and therefore slightly faster polymer degradation.
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3.3.5.4.3. Drug - polymer concentration (Drug loading)

By coating with sub-and top coating, release patterns are adjustable and modifications in the
drug loading are simple. Nevertheless, for industrial scale, a simpler approach would be
beneficial and a coating procedure with a single coating solution/suspensions is preferable.
Thus, different API-PLGA ratios were examined (Figure 81) and desired coating patterns were

achieved by using 5.0% dexamethasone and 2.5% PLGA 502 H dispersed or dissolved in ethyl
acetate respectively.
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—@— Dexa 5.0% + PLGA 2.5%
—>—Dexa 1.0%

Cumulative drug release [%]
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Figure 81: Drug release of IOLs, coated by different
dexamethasone/PLGA ratios

Lenses, just coated with dexamethasone had a fast release in the beginning and 85% of drug
recovery was achieved after 48 hours. That this release was not faster could be explained by the
slow solution rate of dexamethasone. In PLGA coatings, the polymer concentration was set to
2.5%, related to the ethyl acetate and drug concentrations were modified. Dexamethasone has
a solubility of 2.825 + 0.015 mg/ml in ethyl acetate. Therefore, solid drug particles were present
in coatings, containing more than 0.3% dexamethasone. Thus, the release of the coating,
containing 0.1% dexamethasone was slower than coatings, comprising 10 fold more API. The
undissolved dexamethasone dissolved and formed pores, which accelerated drug diffusion and
therefore also release.

The coating with the highest drug loading had the most extended release, in contrast to
expectations. This could be explained by the size of the coating. Whereas coatings with less
drug loading spread on the lateral surface, this highly concentrated coating suspension did not
spread well, followed by a proportionally small surface area, due to the higher amount of solid
particles. Whereas the tri-phasic release was recognizable in the other coatings patterns, the

release curve of the highest drug concentrated coating was almost linear.
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In respect to manual coating, the drug loadings (Table 31) were not homogeneous, but the trend

was recognizable. The total drug loading was correlating the drug concentration in the coating
solution.

Table 31: Drug loading of IOLs, coated by different
dexamethasone/PLGA ratios

) ) _ Drug loading
Coating solution/suspension
[Hg/IOL]
Dexa 0.1% + PLGA 2.5% 14.74 £ 0.95
Dexa 1.0% + PLGA 2.5% 105.80 + 16.97
Dexa 5.0% + PLGA 2.5% 570.93 + 68.33
Dexa 1.0% 90.99 £ 11.77

3.3.5.4.4. PLGA types

To prove, that the drug release was also controlled by the PLGA and did not depend only on
the dissolution rate, coatings with different PLGAs were prepared. All coating suspensions
contained 2.5% PLGA and 5% dexamethasone.
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Figure 82: Drug release of coatings, containing different PLGA types

Drug release from dexamethasone coatings, prepared by various PLGAs had different release
profiles, indicating that the release is also guided by the decomposition of PLGA. Whereas
shorter polymer chains led to faster drug release, attributed to faster degradation, PLGA 504
with end-capped groups presented strongly extended release.
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The drug loading was similar for all lenses (Table 32) and therefore, it was concluded, that the

PLGA functioned as a glue but as an excipient that prolonged the release as well.

Table 32: Drug loading of I0OLs, coated with different types of PLGA

Drug loading
PLGA
[mg/IOL]
PLGA 5050 DLG 1A 2.23+0.23
PLGA 502 H 2.03+£0.18
PLGA 503 H 1.83+£0.16
PLGA 504 2.23+£0.45

3.3.5.45. Coating level
Lenses were loaded by coating suspension, comprising 5% dexamethasone and 2.5% PLGA
502 H with different coating levels and drug release was evaluated (Figure 83). Modification

of the coating level was done by changing the number of applied droplets on the lateral surfaces.
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Figure 83: Intraocular lenses, coated by coating suspension containing 5% dexamethasone and
2.5% PLGA 502 H in ethyl acetate. Coating level was modified to achief desired drug loadings
A: Release pattern
B: pH in release media during release

The drug release profiles of the coated 10Ls presented a zero order kinetic. Linear regressions
were performed for these formulations in the range of the third day until a drug release of 90%

(Figure 83 A) and the coefficient of determination (R?) was calculated to check the fitting of
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measured data-points and linear regression (Table 33). R2 values close to 1 indicate a release

profile, similar to zero-order Kinetic.

Table 33: Drug loading and R? values of single layer coated 10Ls

Drug loading

[ug/1OL] R
1.0 mg 0.9952
1.5mg 0.9979
2.0 mg 0.9932
3.0 mg 0.9980
4.0 mg 0.9986

Thicker coatings presented a slightly more extended release than lenses with lower coating
levels. However, the coating level increase was not proportional to release prolongation. This
IS in respect to the autocatalytic effect of PLGA decomposition. That effect is especially
pronounced in large PLGA particles because acids cannot diffuse out easily and glycolic and
lactic acids cumulate and accelerate the polymer degradation [45]. Thus, the degradation time
changed just slightly by the coating amount and the coating level could be selected mostly by
the targeted drug loading.

In respect to this decomposing mechanism, degradation of PLGA is promoted in the core of the
coating matrix. So, coating content plays a major role in PLGA adhesion during the release.
While coatings up to 2 mg of dexamethasone were safe and did not detach from the lenses

(Figure 84 A-C), coatings with higher coating amounts detached in some cases (Figure 84 D).

-

2h 240 h 696 h detached coating
A B C D

Figure 84: Images of coatings during release study;
A-C: Coating decomposition during release study (drug loading: 2 mg)
D: Coatings, with high coating level detached from lenses during release study
(drug loading: 4 mg)
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3.3.5.4.6. Morphology of dexamethasone/PLGA coatings

To get a better understanding of coating morphology, SEM pictures of dexamethasone, PLGA,
and dexamethasone + PLGA coatings on the lens surface were recorded. Additionally, images
were taken by a light microscope with polarized light. Pictures present either (Figure 85 A, B,
C) the boundary of coating and blank lens surface or (Figure 85 D) a top-view on
dexamethasone/PLGA coating.

Figure 85: SEM images of coated IOLs
A: dexamethasone
B: PLGA 502 H
C: dexamethasone + PLGA coating;
D: dexamethasone + PLGA coating (top view on coating)
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Dexamethasone that was coated on the lenses kept his crystalline structure in the coating
dispersion (Figure 85 A) and the crystal size remained. Pure dexamethasone coatings detached
fast from the lens in release studies, due to the absence of a binding compound. In contrast, pure
PLGA coatings formed a smooth coating without any crystalline structures (Figure 85 B).
PLGA showed good solubility in ethyl acetate and formed homogeneous closed surfaces
without the need to be cured or tempered above Tg or the minimum film forming temperature
(MFT) respectively as a non-porous product was achieved by slow evaporation within the
preparation process. In respect to the need of a slow evaporation of ethyl acetate to get a non-
porous product, drying was conducted at room temperature for 24 hours. Afterward, coated
lenses were placed in a vacuum oven for another 24 hours at room temperature, to ensure
complete drying. By SEM, the vacancy of pores could be proven. Coatings, containing 5%
dexamethasone and 2.5% PLGA 502 H combined this features. The crystalline dexamethasone
scaffold is soaked by the polymer and the matrix became robust by this (Figure 85 C and D).

Regarding this drug-polymer matrix, it could be explained, why the typical three phasic release
for PLGA formulations was not observed for the 10ls, which were coated by this suspension.
The second step in release mechanism is characterized normally by swelling of PLGA and
consequently pore closure [44]. The diffusion is hindered and almost no drug release takes place
in this phase. Specifically, this did not happen in the investigated coating matrix, due to the
high drug loading and therefore the permanently new formed pores by dissolving
dexamethasone and less PLGA to close all these created pores. Besides the low solubility of
dexamethasone, that prolonged the release, the extended release is also accounted to the slow
solution rate of the API.

The crystalline structure was also confirmed by microscopic pictures while using polarized
light. The dexamethasone crystals were clearly visible as
well as the PLGA formed layer (Figure 86). Scratches
on the lens surface in the right corner are due to the
cutting of lenses and insufficient polishing.

For film formation, plasticizing agents are not needed

but might be beneficial to improve flexibility and to

sustain the coating during lens folding.

Figure 86: Microscopic image of coating,
containing dexamethasone +
PLGA (magnification 20x)
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3.3.5.5.

Dual drug loading by coating

By lateral surface coatings, optical properties such as high refractive index, 100% light

transmittance and foldability for polyphenoxyethyl acrylate lenses was retained. The coating

adhesion was good and release patterns could be modified to the patients need as drug loadings

as well.

Hydrophilic / charged APIs:

Area 1

©.

Figure 87:

I0Ls with two different

coating areas

Area 2

In order to prepare lenses, that demonstrate simultaneous drug release
of two different APIs, the two coating areas could be treated
separately (Figure 87). Therefore, at one coating area, the developed
dexamethasone/PLGA coating was applied and at the other location,
diclofenac sodium and propranolol hydrochloride (model drugs for
antibiotics) coatings were administered in same API/PLGA ratio like
the dexamethasone coating (5% API / 2.5% PLGA 502 H).

Diclofenac and propranolol coatings were applied on lenses with and without dexamethasone

coating at the second area to investigate possible interactions of different coatings. All coatings

were prepared with drug loadings of 1mg/IOLs.

All coating had good adhesion and no detachments were observed. Dexamethasone release

(Figure 88) was like expected for single and dual loaded 10Ls, indicating, that coatings did not

interfere.
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Figure 88: Drug release of single and dual coated I0Ls, coated with dexamethasone, diclofenac
sodium and propranolol-HCI
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Diclofenac sodium (Cs 1.5 g/L) and propranolol hydrochloride (Cs 50g/L) were released within
the first 24 hours, due to their higher water solubility. Both APIs were charged and therefore,
diffusion into the aqueous media was fast, also attributed to the relatively small molecules
[129]. After 24 hours, the diclofenac sodium and propranolol hydrochloride coatings were still
present and did not detach during continued release study, but no further drug release was

detectable. Nevertheless, coatings degraded by time and adverse effects were not observed.

However, for a bacterized antibiotic, short residual times are acceptable but the release should

not fall below three days to ensure sufficient effect duration.

Hydrophobic API:

To improve the drug release of the fast releasing coating area, different approaches are
reasonable such as, changing the API/polymer ratio, using PLGAs with modified degradation
times or to use a less water-soluble drug. Thereby less dissolved drug will be within the PLGA
matrix and less diffusion takes place as well. To prove this, risperidone (0.33 mg/ml) was used
as a model drug for a less water-soluble antibiotic and was coated in the same API/PLGA ratio
like dexamethasone at the other coating area with 1 mg drug loading each. Lenses were either
coated by both coatings at the same time (dual) or just with one API (single). PLGA 5050 DLG

1A was used and shorter degradation times were expected in general.
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Figure 89: Drug release of IOLs, coated with risperidone
and dexamethasone simultaneously and
separately

For dexamethasone, drug release was slightly faster than in formulations where PLGA 502 H

was used (Figure 89). However, single and dual loaded lenses had similar release profiles for
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dexamethasone (similarity factor (f2): 62.74) and for risperidone as well, so that interactions of
coatings could be excluded. The slightly faster release for dual loaded lenses was explained by
the more pronounced decrease of pH in release media, due to more PLGA, resulting in more

created lactic and glycolic acid. However, this small change was not pivotal.

Attributed to the hydrophobic character of risperidone (Cs: 0.33 mg/ml (pH 7.4/37°C)) the
release period was in the desired range and targeted drug delivery profiles were achieved.
Therefore, hydrophobic antibiotics could be loaded easily onto the IOLs by separating the two
coating areas and treat them differently. So, the use of different PLGAS might be reasonable
and dexamethasone (glucocorticoid) could be applied with PLGA 502 H whereas the faster
releasing antibiotic model drug (risperidone) could be administered with PLGA 5050 DLG 1A.

When PLGA systems contain two drugs in one matrix simultaneously, interactions might occur
and release patterns of both drugs could be changed. Due to the completely different coatings,
attached to one 10Ls, DDS with two APIs in one polymer matrix could be avoided.
Furthermore, modifications would be simple to conduct and the other APl would not be
affected.

Hydrophilic APIs with extended drug release:

However, most antibiotic APIs are soluble (supplied as salts) in water and thereby it is more
challenging to gain extended drug release for this APIs. For bactericidal antibiotics, a drug
release of a few days is sufficient in case the drug concentration could be maintained above the
minimum bactericidal concentration (MBC) for this time.

Minocycline as an injectable antibiotic drug that is also used in ocular devices [281] was
selected, and an extended drug delivery was desired. Minocycline has four different pka values
[282] and is charged permanently at different locations of the molecule at each pH value.

Therefore, an extended drug release is challenging for this drug.

To prepare dual loaded lenses, IOLs were coated with minocycline, the antibiotic drug at one
coating area and dexamethasone at the other side of the IOLs (Table 34). Coatings of 1000
Mo/10Ls for dexamethasone and 500 pg/IOL for minocycline per IOLs were applied. Due to
the fact, that minocycline is a permanently charged drug in aqueous solution, batch 111 received

a pure PLGA top coating for minocycline to extend drug release (Figure 90).
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Table 34: Coating pattern for dual loaded/coated IOLs

Area 1

Formulation Coating area 1 Coating area 2
Batch | Minocycline (0.5%) + Dexamethasone (5%) +
PLGA 5050 DLG 1A (2.5%) PLGA 5050 DLG 1A (2.5%) \
Batch I Minocycline (0.5%) + Dexamethasone (5%) + Area 2
PLGA 502 H (2.5%) PLGA 502 H (2.5%)

Figure 90: Dual loaded IOLs
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Figure 91: Release of dual loaded IOLs
One coating are was loaded by minocycline and the other one by dexamethasone

Lenses coated differently at both coating areas had a simultaneous release and the release was
independent of another (Figure 91). Minocycline, a hydrophilic antibiotic had an immediate
released over a few days. The PLGA matrix remained intact at the lens and did not detach after
drug release but coating decomposed by time. The two different used PLGA types had different
release patterns with minocycline as well as with dexamethasone, due to chain size and different
degradation times. Regarding the hydrophilic nature of minocycline, the PLGA ratio was
increased to prolong the release. By using PLGA 502 H in the given ratio, the desired release

pattern was achieved.

Minocycline coatings that received a top coating of pure PLGA presented a prominent lag phase
where no release took place. Minocycline is poorly soluble in ethyl acetate (0.263 + 0.019
mg/ml) and did not diffuse to the upper coating layer during the coating procedure. As soon as
pores were created, minocycline presented a burst release. All the required optical properties of
IOLs were be retained and lenses could be considered as safe.
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3.3.5.5.1. Suggestion for industrial scale

In the past, I0Ls were coated by different approaches [61,121,159,283,284] but none of these
technics prevailed and became successful so far. Lens coatings on the lateral surface had
advantages regarding optical properties and practicability issues. Furthermore, this lenses could
be prepared on demand for the patients need with desired drug loadings and release profiles in
aseptic conditions with very precise automatic pipets [282]. Lenses could be clamped by suction
cups without damaging the lenses and the location of drug administration on the lens could be
conducted very accurately, also on the top of the lens, next to the lateral surface. Additionally,
sterilization could be ensured by using gamma irradiation sterilization methods [285]. Further,
in vivo studies are needed to bring this method to the market, but this approach was considered
as promising for the further, especially in account to the numerous drug loading approaches for
hydrophilic I0Ls and the lack for hydrophobic ones, which have the biggest market share
nowadays worldwide [45,286].

In respect to the approval of these lenses, a permission as a medical device is reasonable and

big money intensive clinical studies could be circumvented.

3.3.6. Conclusions

Hydrophobic intraocular lenses have advantages regarding optical properties and are associated
with less posterior capsule opacification. Hydrophobic acrylates soak just small amounts of
water, resulting in poor drug diffusion within the polymer matrix, followed by insufficient drug
release when the drug is incorporated within the polymer structure. That these lenses can be
folded in dry condition facilitates the storage in absence of water, followed by better stability
for attached drug delivery systems.

Coated intraocular lenses are easy to insert because the DDS is linked to the IOLs well and
detachment did not occur. By coating just two small areas at the lateral surface of the intraocular
lenses, foldability could be retained and advantages of hydrophobic acrylates were preserved.
By choosing appropriate drug/polymer ratios, sustained drug release with zero order kinetic for
dexamethasone was ensured and could be modified with respect to drug loading and drug

release.

Applied coatings could be treated differently so that simultaneous drug release of
glucocorticoids and antibiotics were possible and drug release/loading could be adjusted
independently.
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3.4. Amphiphilic lenses
3.4.1. Background

Hydrophilic and hydrophobic intraocular lenses have advantages regarding optical properties
and drug loading. For instance, hydrophilic lenses show resistance to glistening, can be loaded
by soaking but present fast release, whereas hydrophobic lenses provide high refractive index

and prolonged release but tend to become turbid, when drugs are incorporated into the matrix.

Therefore, by using amphiphilic lenses, containing both, hydrophilic and hydrophobic

monomers, advantages should be combined and disadvantages overcome.

3.4.2. Lens characterization

3.4.21. Lens formulations

In this part, three different lens polymers were investigated mainly (Table 35). Formulation 3
(HBMA:BMA:IBMA:EA - 20:10:10:60, w/w) was used as a formulation, in which
disadvantages of hydrophilic and hydrophobic polymers were combined, whereas formulation
4 (HEMA:POEA:EA —13:17:70, w/w) is a commercialized amphiphilic lens polymer, that was
suggested in a patent [186]. Polymer 5 (HEA:HBMA:BMA:POEA:EA — 20:20:19:2:39, w/w)
represents an improved amphiphilic formulation, that combined advantages and was considered

as good.

Table 35: Lens polymers, used in this section,
Formulation 3 - 5 were considered as amphiphilic
IOL - polymers

Hydrophilic Hydrophobic
Formulation monomers monomers
[%0 (wiw)] [%0 (wiw)]

2 HEMA (80)  MMA (20)

BMA (10)

3 HBMA (20)  IBMA (10)
EA (60)

4 HEMA (13) PEiAU%)?)

BMA (19)

5 HEA (20) POEA (2)
HBMA (20) EA (39)

6 MMA (20)
EA (80)

The formulation numbering refers to the general
numbering in this thesis (Materials and method 2.2.1)
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3.4.3. Loading approaches
3.4.3.1. Coating

In order to archive a lateral drug depot to retain a transparent, unloaded lens core, polymer rods
were coated by a drug solution (isopropanol (88%) and water (12%)), containing propranolol
hydrochloride (3%) and ethyl cellulose (6%). Polymer rods were dipped in the coating solution,
dried, then sliced and lenses were drilled out. Thus, prepared lenses were coated just at the outer

lateral surface and lens cores remained unloaded.

In release study, lenses remained transparent and drug release was independent of the polymer
types (Figure 92), including hydrophilic (formulation 2) and hydrophobic (formulation 6) lens
formulations. Inner parts of the lenses were punched out and did not have any drug

loading/release, proving that during coating procedure, propranolol hydrochloride did not
diffuse into lens material.
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Figure 92: Drug release of lenses, coated at the lateral
surface with propranolol — HCI and ethyl
cellulose

In some cases, the coating detached during lens preparation and folding of flexible lenses due
to low coating adhesion. This is because, ethyl cellulose is a brittle polymer [287], resulting in
restricted foldability of coated lenses. Furthermore, due to the lens shape, the coating amount
was low and drug loadings, higher than 100 pg/IOLs could not be achieved.

However, lenses remained transparent, extended drug delivery was obtained and further
modifications would be simple, owing to the lens polymer independent DDS. But this approach

revealed as just reasonable for non-foldable IOLs.
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3.4.3.2.  Soaking

3.4.3.2.1. Lens formulation

With respect to the low water content within the lens matrix (formulation 3: 2.03 £ 0.34%,
formulation 4: 1.61 + 0.63% and formulation 5: 4.57 + 0.36%), polymers could not be loaded
in aqueous soaking solutions, therefore, organic solvents were required. Thus, lenses soaked in
ethanolic 1% dexamethasone solution for 24 hours and were dried afterward in a vacuum oven
for 144 hours. Foldability could be retained for dry lenses and lenses did not need rehydration
prior injection. This is caused by the low glass transition temperatures (Tg) of these polymers
(formulation 3: 7.63°C; formulation 4: 0.33°C; formulation 5: 10.09°C).

In drug release (Figure 93 A), lenses eluted dexamethasone slow and a strongly extended-
release was observed.
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Figure 93: Amphiphilic intraocular lenses
A: Drug release study of dexamethasone loaded 10Ls
B: Transmittance of dexamethasone loaded I0Ls, 36 days after commencing drug release study

In amphiphilic lenses, the available water for drug diffusion is limited and therefore, leading to
more extended drug release. Additionally, drug-polymer interactions got into account for drug
release as well. Thus, formulation 3, having 2.03 + 0.34% water in the lens matrix had a slower
release than formulation 4, containing 1.61 + 0.63% water.

Lenses from formulation 3 and 4 became clouded during release (Figure 93 B), due to the
precipitated drug within the lens matrix. But transmittance was restored by time again, as the
loaded drug was released out. Therefore, IOLs having higher initial drug loadings had less light

transmittance in the beginning. In contrast, formulation 5 remained transparent and good optical
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properties could be guaranteed during the whole investigation time, which is caused by higher

dexamethasone solubility within the polymer matrix.

Polymers, prepared with different amounts of cross-linker had similar release profiles (Figure
94), but the drug loadings decreased in more cross-linked polymers. During soaking, the more
cross-linked polymers obstructed swelling and drug diffusion and therefore, less drug was
incorporated into the lens matrix (Table 36). In drug release, the main guiding characteristics
are water content and drug-polymer interactions [216,217] and the amount of cross-linker had

a minor impact, similar to hydrophilic 10Ls.
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Figure 94: Effect of cross-linker
Drug release study of dexamethasone loaded 10Ls;
IOLs (Formulation 3) were prepared with different
amounts of cross-linker

Incorporated water decreased the refractive index because the matrix became less dense in
comparison to dry 10Ls. Differences in quantities of cross-linker also changed the amount of
water, that was soaked into the lens polymer, but these modifications were too small to be
detected by the ABBE refractometer. In general, the refractive index is tuned by incorporated

water and the selection of appropriate monomers [182].
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Table 36: Drug loading and refractive index of intraocular lenses, soaked in 1% ethanolic
dexamethasone solution

Formulation Cross-linker [%]  Drug loading [%6] Refractive index
0.24 3.87+0.20 1.1771
Formulation 3 0.45 3.52 +0.14 1.4768
0.78 3.03+0.06 1.4769
0.21 2.61+0.02 1.4886
Formulation 4 0.45 2.56 % 0.10 1.4886
0.51 2.36 £ 0.05 1.4886
0.21 4.44 +0.04 1.4852
Formulation 5 0.45 4.03 +0.10 1.4852
0.60 3.71+0.05 1.4840
3.4.3.2.2. Concentration of the soaking solution

To investigate the influence of drug loading, lenses were loaded with dexamethasone in
different concentrated soaking solutions (0.25% - 2.0%) for 24 hours. For comparison reasons
hydrophilic (formulation 2 (HEMA 80% and MMA 20%) and amphiphilic lenses (formulation
5) were selected to perform release studies (Figure 95).
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Figure 95: Drug release of lenses soaked in different concentrated ethanolic dexamethasone solutions
A: Hydrophilic formulation (Formulation 2)
B: Amphiphilic formulation (Formulation 5)
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For amphiphilic IOLs, the drug release patterns were strongly extended in comparison to the
hydrophilic polymer. 80% of drug release was achieved for hydrophilic lenses after
approximately two weeks and for the amphiphilic formulation after three-four months,
respectively. This could be explained by the higher water content (28.91 + 0.63%) within the
hydrogel (hydrophilic formulation) and the more pronounced hydrophobic interactions between
the drug and the polymer in the amphiphilic formulation. The more prominent API-polymer
interactions and the more hydrophobic character of the amphiphilic polymer increased the drug

loading as well so that more drug was incorporated in that lens material (Table 37).

In hydrophilic lenses, the release was independent of the drug loading and followed first order
kinetic whereas, in amphiphilic lenses, the release was more extended in 10Ls which soaked in

soaking solutions that had concentrations higher than 1.25%.

Table 37: Drug loading of hydrophilic (formulation 2) and amphiphilic (formulation 5) 10Ls
(mean values + SD [%])

Soaking solution Hydrophilic IOLs Amphiphilic IOLs

(%] [%] (%]
0.00% 0.00 £ 0.00 0.00 £ 0.00
0.25% 0.14+0.01 1.25+0.04
0.50% 0.79+0.03 2.57 £0.05
0.75% 1.82 +£0.07 3.97+0.16
1.00% 2.53+0.01 4.71 +£0.06
1.25% 3.52+0.51 5.73+0.57
1.50% 3.65+0.08 6.71 +0.26
1.75% 4,17 +0.04 7.16+0.21
2.00% 4.88 +0.08 8.35+0.41

This contrasts with findings for hydrophilic lenses, were higher drug loadings of hydrophilic
drugs accelerated the release. This was explained by more dissolved drug within the polymer
matrix that increased osmotic pressure, followed by higher water uptake into the polymer matrix
and therefore faster release. However, in this case, dexamethasone is poorly soluble and
adsorbed to the polymer meshwork and therefore had not remarkably increased osmolarity in
the bulk water of the hydrogel (hydrophilic lenses). Hence, release patterns were similar for all

hydrophilic lenses.
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A B C

Figure 96: Macroscopic images of dexamethasone loaded amphiphilic IOLs, 140 days after commencing
the release study; loaded in ...
A: Soaking solvent: 0.75%
B: Soaking solvent: 1.25%
A: Soaking solvent: 2.00%

For amphiphilic lenses, the initial release was independent of drug concentration, but the release
became slower when the drug loading exceeded 5%. This is attributed to crystal formation in
lenses, providing high drug loadings (Figure 96). In lenses with drug loading less than 5%, the
dexamethasone was dispersed homogeneously within the polymer matrix and no crystals were
observed, whereas, in higher concentrated IOLs, drug started to precipitate out and crystallized.
When the drug was released from less concentrated 10Ls, the drug concentration decreased,
resulting in first order kinetics. In higher concentrated lenses, crystals functioned as a reservoir,
so that released API was compensated by dissolved API. This could lead to a more extended
release, but with respect to ocular devices, crystal formation generally should be avoided due

to its side impact on vision.

The precipitated drug had adverse effects on lens transmittance so that lenses with crystal
formation had decreased light transmittance (Figure 97).
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Figure 97: Transmittance of amphiphilic (formulation 5)
dexamethasone loaded 10OLs
(140 days after release study started)

Lenses that soaked in 1.25% ethanolic dexamethasone solution had crystal formation and
therefore prolonged drug release, meanwhile, almost 100% light transmittance was recorded.
Dexamethasone precipitated in I0Ls initially at the outer rim and crystal growth was directed
towards the core. So, the core that was measured for transmittance remained transparent

whereas the outer part was clouded (Figure 96 B).

To further investigate this behavior, amphiphilic lenses were loaded with ethanolic 1.00%
dexamethasone solution in order to prepare transparent IOLs. The core (& 4 mm) was punched

out from dried intraocular lenses and release study was conducted for the core and the lateral
part separately (Figure 98).
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Figure 98: Drug release of dexamethasone loaded 10Ls prepared of
formulation 5;

The inner part of lenses was punched out and release study
of the core and the outer rim was conducted separately

The core and the lateral part released dexamethasone similar (Similarity factor: (f2): 57.24) but
not exactly in the same manner. The outer rim eluted the drug slightly faster, due to the
increased surface area in comparison to the core. Additionally, the drug loading was higher in
the lateral part (Table 38).

Table 38: Drug loading of amphiphilic lenses
(formulation 5), soaked in ethanolic dexamethasone
(1.00%) solution for 24 hours
(mean values + SD [%])

Lens area Drug loading [%6]
Lateral part 4.62 +0.22
Core 3.72+0.18

The increased drug loading in the lateral polymer was caused during evaporating ethanol in the
vacuum oven. The swollen lenses were placed in the vacuum oven and ethanol evaporated at
the surface of the polymer. Thus, the organic solvent diffused within the lens matrix towards
the surfaces and dragged API along. When the ethanol evaporated, the drug remained at the
lateral part of the lens and cumulated by time.

So, a higher drug loading was achieved at the outer rim and the core of the IOLs, the most
critical optical part was less loaded and therefore transparent. By this, drug precipitation in the

center of the lenses could be avoided and a drug reservoir was formed at the lateral polymer.
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3.4.3.23. API

Most factors that have an impact on drug loading for hydrophilic lenses also influence
amphiphilic lenses such as soaking time, drug concentration in soaking solvent and soaking
temperature. In addition, drug-polymer interactions might be more pronounced in amphiphilic
polymers, due to limited water content. Thus, in hydrophilic lenses, most APIs could be
incorporated without affecting transmittance, either in the bulk water of the hydrogel or
adsorbed to the polymer. In contrast, amphiphilic lenses showed less capability to remain

transparent, therefore, drug solubility within the polymer matrix is critical.

Therefore, lenses were loaded (soaking in ethanolic drug solution for 24 hours at 37°C) with
diclofenac (acid) and diclofenac sodium (salt) respectively and drug release was investigated
(Figure 99).
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Figure 99: Drug release from amphiphilic 10Ls, loaded by
diclofenac (acid) and diclofenac sodium (salt)

In all formulations, the release was faster for the acid than for the deprotonated salt (Figure 99).
This is in contrast to hydrophilic lenses, where the more hydrophilic diclofenac sodium was
released faster. Additionally, for hydrophilic lenses, the drug loading of acid and salt was almost
similar, whereas, for amphiphilic lenses, drug loadings for the more hydrophilic diclofenac

sodium were lower (Table 39).

In amphiphilic polymers, the hydrophobic acid diffused better into the lens matrix and could be
incorporated more easily. During soaking, partition took place. While ethanol diffused into the
polymer, hydrophilic diclofenac sodium did not diffuse into the lens polymer in the same ratio.
Thus, the hydrophilic APl was expelled by the polymer and the drug concentration in soaking

media increased slightly because ethanol was removed by soaking into the polymer. The more
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hydrophobic acid diffused into the lens matrix in the same ratio with ethanol and drug
concentration in soaking solution did not change during soaking. As a result, different drug
loadings were achieved for corresponding acid and base. Just in formulation 5, almost the same
drug loadings were obtained, suggesting, that both drugs had similar tendency to diffuse into
the polymer.

Table 39: Drug loading of amphiphilic lenses, loaded with diclofenac (acid)
and diclofenac sodium (salt); (mean values + SD [%])

Formulation Area of IOLs API Drug loading [%]
core acid 3.31+0.12
rim acid 3.53+0.02

Formulation 3
core salt 1.53+0.20
rim salt 1.49 £0.07
core acid 2.42 +0.04
rim acid 2.47 £0.23

Formulation 4
core salt 1.65 +0.04
rim salt 1.80 +0.19
core acid 3.73+0.07
rim acid 3.77+0.14

Formulation 5
core salt 3.46 +0.17
rim salt 3.77+0.14

When 10Ls were hydrated, water soaked into the polymers and the drugs started to precipitate
within the lenses. A decrease in light transmittance was observed for the acid and the salt as
well, but more pronounced for the hydrophilic salt, suggesting, that the hydrophobic acid is
more soluble within the polymer. However, within the first 2 weeks, the transmittance for I0OLs

loaded with the acid decreased as well.

Initially, different pH values were present within the IOLs, attributed to the different drugs. But
this differences in pH were balanced fast, due to switching hydrogen bonds, named “Grotthuss
mechanism” [288]. The Grotthuss mechanism explains, why protons have an extremely high
diffusion rate. While other small ions have to diffuse by random thermal motion such as

“Brownian motion”, protons do not need to diffuse as particles. The proton transfer is performed
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just by switching hydrogen bonds (Figure 100). So, no particle transport is needed and
differences in pH are nullified fast. By this mechanism, the initial different compounds within
the 10OLs became identical, and more specifically deprotonated diclofenac was formed in lenses,
that were loaded with the acid form. Thus, the formed less soluble base decreased the
transmittance even more pronounced than for lenses, loaded by the base initially, due to the

higher drug loading.
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Figure 100: Grotthuss mechanism (Proton hopping)

This higher drug loading also led to the faster release of lenses loaded by acid. After two weeks
solubility differences were nullified because all lenses were loaded with the water-soluble base
of diclofenac. The higher drug loading in lenses, loaded by the acid initially, created a higher

osmotic pressure, resulting in increased water uptake and faster release.

The drug loading in the core and the outer rim was almost identical, suggesting, that diffusing
ethanol dragged just little amount of diclofenac to the surface when ethanol was evaporated.
Therefore, the drug release was similar from the core and the outer part (Figure 101). This also
indicated, that polymers were homogeneous and that by bulk polymerization, the polymer
matrix became equal in all parts of the lenses.
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Figure 101: Drug release of the core and the lateral part of IOLs
(formulation 4), loaded with diclofenac (acid) and
diclofenac sodium (base)

3.4.3.2.4. Glistening

Glistening is the formation of small liquid-filled vacuoles within the lens and appears normally
in hydrophobic IOLs but also may occur in other materials such as amphiphilic IOLs
[42,289,290]. Glistening is associated with small imperfections in the polymer matrix that lead
to bubbles in which water accumulates. Caused by the comparatively large difference in
refraction of water (1.33) and the polymer, these bubbles might scatter the light and impair the
optical quality of IOLs.

Amphiphilic lenses were immersed in acetone, ethanol, isopropanol, methanol, Milli Q water
and aqueous 0.9% sodium chloride solution. Afterward, lenses that soaked in organic solvents
were dried either in a vacuum oven at room temperature or in an oven heated to 100°C with
ambient pressure. These dried lenses, along with that immersed in aqueous media were placed
in artificial agueous humor at 37°C and were observed regarding glistening formation for one
year.

It turned out that glistening formation was independent of drying technic. Glistening was
observed in all amphiphilic lens formulations when soaked in acetone, due to extreme swelling

(~ 400%) or when organic solvents were not removed completely.

Lenses that were dried completely did not develop glistening and optical quality could be
ensured. In general, glistening developed when lenses suffered temperature fluctuation,
independent of soaking solvent, except acetone. This is in accordance with the literature
[35,43,44,168]. Polymer swelling is temperature dependent and by swelling and de-swelling at
different temperatures, polymer chains arrange differently, followed by glistening formation.

However, by repeated cooling and heating, glistening was induced and formulation 3 showed
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severe glistening, whereas formulation 4 developed less glistening. Formulation 5 formed just

a few vacuoles within the lens matrix and was almost resistant to glistening.

Drug loadings had no impact on glistening formation.

34.3.24.1. Lens polymers optimization

Lens formulation 5 (HEA:HBMA:BMA:POEA:EA - 20:20:19:2:39, w/w) was superior to
other lens formulations, regarding drug loading/release and transmittance. Therefore, it was
selected for further investigations. Ethyl acrylate was considered as filler. For the other
ingredients, each amount was varied to zero or doubled to investigate its impact on the final
formulation (Table 40). Increased or decreased monomer amounts were compensated by ethyl
acrylate. Modified lenses were loaded by soaking in ethanolic dexamethasone (1.0%) solution

and drug release studies were conducted.

Table 40: Modifications of lens formulation 5 and its characteristics; (mean values + SD [%])
Ingredients were either:
- replaced by ethyl acetate (No), or
- the double amount of this ingredient was used (2 X)

] Time for
Polymer Water uptake Drug loading o ) ]
o Refractive index  unfolding  Clouding
modification [%6] [%%6]
[s]

Formulation 5 4.57+0.36 4.75+0.09 1.4760 11 No

No HEA 1.99 + 0.64 3.52+0.18 1.4770 7 No

2 x HEA 12.76 + 0.57 4.73+0.06 1.4730 15 No

No HBMA 4.07 £ 0.60 4.34+0.12 1.4745 8 No

2 X HBMA 7.92+0.75 414 +0.34 1.4820 45 Yes

No BMA 499 +1.65 5.09+0.14 1.4740 6 Yes

2 x BMA 4.67+0.28 3.17+0.35 1.4800 25 Yes

No POEA 4.31+0.40 456 +0.19 1.4770 2 Yes

2 X POEA 5.36 + 0.64 4.46 +0.12 1.4815 20 No

Formulation 5: HEA:HBMA:BMA:POEA:EA — 20:20:19:2:39, w/w
BMA: Butyl methacrylate

HEA: Hydroxyethyl acrylate

HBMA Hydroxybutyl methacrylate

POEA: Phenoxyethyl acrylate
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Monomers with hydroxyl groups have a more hydrophilic nature, leading to more water uptake
in lenses, containing more hydroxyethyl acrylate or hydroxybutyl methacrylate. In contrast,
lenses comprising less hydrophilic monomers had less incorporated water in the polymer
matrix. Lenses containing more/less butyl methacrylate or phenoxy ethyl acrylate had similar
water uptakes as the basic formulation, attributed to the unchanged ratio of hydrophilic-

hydrophobic monomers.

Lenses having more hydroxyethyl acrylate had decreased refractive index, due to the higher
water content, whereas polymers with double amount of hydroxybutyl methacrylate had
increased refractive index, although the water uptake was higher. This is attributed to the higher
content of methacrylate which provided a higher refractive index [182]. So the decreasing effect
of the incorporated water was overcompensated by the higher content of methacrylate. This
effect of methacrylate on light refraction was also recorded by the increased refractive index

for lenses, containing more butyl methacrylate.
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Figure 102: Drug release of dexamethasone loaded 10Ls
Modifications of formulation 5
Functional monomers were either replaced by ethyl acrylate or added in double amount
A: Impact of hydroxyethyl acrylate on dexamethasone release
B: Impact of hydroxybutyl methacrylate on dexamethasone release
C: Impact of buthyl acrylate on dexamethasone release
D: Impact of phenoxyethyl acrylate on dexamethasone release

Additionally, methacrylate provides robustness to polymers attributed to the additional methyl
group, resulting in more entanglement of polymer chains [182,193]. Since polymer chains slide
worse to another in entangled polymers, unfolding was more time-consuming in lenses
containing more monomers with steric hindrance due to longer side chains. The use of
phenoxyethyl acrylate was tended to modify the unfolding. By using 2% of this monomer, the
unfolding could be adjusted to approximately 10 seconds, as desired. It is fast enough regarding

practicability and not too fast to have negative effects on ocular tissues [53,291,292].

In drug release study (Figure 102), 10Ls containing more hydroxyethyl acrylate showed faster

drug release, due to the increased water uptake, followed by improved diffusion of
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dexamethasone. Additionally, the drug loading could be improved by using this monomer. This

also applied for the hydrophilic hydroxybutyl methacrylate.

Butyl methacrylate prolonged the release, because of the purely hydrophobic character and the
additional more expressed side chains. Phenoxyethyl acrylate did not change release patterns,
also due to the small quantities.

Since ethyl acrylate was used as a filler, butyl methacrylate was needed to provide a high
refractive index as hydroxybutyl methacrylate as well, caused by the refraction increasing
properties of methacrylate in general. Hydroxyethyl acrylate was added to adjust water content
and flexibility and phenoxyethyl acrylate to retain good unfolding properties. Therefore, all

ingredients were needed in order to prepare a superior lens polymer.

3.4.3.3. Copolymerization

Lens formulation 5 was also copolymerized with dexamethasone in order to gain drug-loaded
intraocular lenses. Therefore, dexamethasone was dissolved in the monomers in quantities of
0.34% and 0.66%. Higher drug loadings were not possible, because dexamethasone could not
be dissolved in higher amounts. Polymers were prepared in vials, with a diameter of 10 mm.
Polymer slides were punched out and drug release was performed for the outer part and the core
separately. Additionally, 10Ls were lathed from different parts of the prepared polymer to
check drug distribution and differences in the polymer. All lenses remained transparent and

refractive index was retained.

In drug release, dexamethasone was eluted in similar release patterns from lenses (similarity
factor (f2): 78.01) of different drug loadings (Figure 103), attributed to purely diffusion
controlled drug release that is independent of drug loading. Drug loading and release were equal
for 10Ls, lathed from different areas of the polymer, proving that drug was distributed
homogeneously and that polymer matrix was consistent as well. Additionally, release pattern

were similar to 10Ls loaded by the soaking method.
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Figure 103: Drug release of dexamethasone loaded 10Ls,
Dexamethasone was loaded by copolymerization
(formulation 5)

Drug recovery was close to 100% after one year, indicating that dexamethasone is stable during
polymerization. In contrast, theophylline was recovered just to 76%, due to its degradation

during radical polymerization even though monomers solidified and transparent polymers were
obtained.

Nevertheless, this approach was not successfully, due to remaining monomers within the
formulation. With respect to the incorporated drug, no purification was performed and

remaining monomers would have negative effects on ocular tissues.

3.4.3.4. Loading at the lateral surface
3.4.34.1. Polymers with low drug solubility

Amphiphilic 10Ls have been proven to be good devices for ocular drug delivery owing to
possible high drug loading and extended drug release. In addition, optical properties such as
refractive index and perfect transmittance could be guaranteed for unloaded lenses. However,
most amphiphilic lenses tend to become cloudy when drugs were incorporated into the lens
matrix. Therefore, a lateral drug loading of IOLs would be desirable. This could provide the

desired release patterns and the central part of IOLs would remain transparent.

Therefore, polymer rods soaked in ethanolic methylene blue (0.005%) solution at 37°C. Thus,
the swelling front was clearly visible and could be observed easily. Lens formulation 3, 4 and
6 as a hydrophobic polymer were selected in order to investigate lateral drug loadings. It was
assumed that drug loadings would tarnish the polymers, especially when hydrophilic drugs were

used.
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For all polymers, ethanol soaked into the polymer rods for 1 mm within two hours. This was
considered as an appropriate loading area, with respect to the still existing un-soaked core that

should remain unloaded.

Polymer rods of all three formulations soaked in ethanolic propranolol hydrochloride (5.0%)
solution for two hours at 37°C. Then, polymer rods were gently dapped with some absorbent
tissue and were stored in a vacuum oven to evaporate organic solvent for 144 hours. Next,

lenses were drilled out and polished.

For all lens formulations, the total drug loading was low (Table 41), attributed to the small
amount of polymer that was accessible for drug loading. This could be improved by longer
soaking times, but this leads to drug diffusion to central parts as well. Additionally, drug
concentration in soaking media could be increased. In amphiphilic polymers, the amount of
loaded drug was equal, whereas less was loaded in the hydrophobic formulation (formulation
6). During soaking, the hydrophilic API tend to remain in the ethanol and less API diffused into
the hydrophobic polymer matrix.

Table 41: Drug loading of IOLs, loaded at the
lateral polymer area;
(mean values £ SD [%])

) Drug loading
Formulation
[Hg/10L]
Formulation 3 90.38 £7.32
Formulation 4 90.02 £5.35
Formulation 6 44.33 £ 2.08

During drug release study, lenses that were just loaded at the outer rim of IOLs remained
transparent in the center part and 100% of light transmittance could be guaranteed in the first
month (Figure 104). The lateral part of the IOLs became turbid and light transmittance
decreased to zero%. In the core, the refractive index was stable and glistening was not formed.
Thus, all critical optical characteristics could be retained by this approach. By time, lenses of
formulation 3 and 6 became slightly turbid in the core and transmittance decreased as well. This
effect was very small in the center but more pronounced in the initial unloaded polymer next to
the drug-loaded part. Delayed clouding of unloaded parts was attributed to drug diffusion within
the lens. So, undirected diffusion delivered drug to the artificial aqueous humor, but also into
unloaded parts of the 10Ls. Therefore, the clouding decreased by increasing distance to the

loaded polymer.
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- 1 month 1 month

9 months 9 months 9 months
A B C

Figure 104: 10Ls, loaded at the lateral area with propranolol hydrochloride, one and nine months after
commencing release study
A: Formulation 3 (HBMA:BMA:IBMA:EA —20:10:10:60, w/w)
B: Formulation 4 (HEMA:POEA:EA — 13:17:70, w/w)
C: Formulation 6 (MMA:EA — 20:80, w/w)

Formulation 4 remained completely transparent in the core, due to a higher drug solubility
within the polymer matrix. This indicated that a certain drug solubility within the polymer is

necessary to avoid delayed clouding.

The drug release was strongly extended (Figure 105), caused by low water content within the
polymers and the amphiphilic/hydrophobic nature of these polymers. In accordance with the
release of dexamethasone, formulation 4 delivered drug faster than formulation 3. The purely
hydrophobic polymer (formulation 6) released propranolol hydrochloride the slowest but just
slightly slower than formulation 3. Regarding the low drug loading, just lateral drug loadings

for these polymer formulations were considered as insufficient.

151



Results and discussion

Despite the extremely prolonged released, lenses remained turbid at the lateral surface for over

1 year. Theoretically, this is not an issue, but it was considered as a cosmetic problem.
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Figure 105: Drug release of I0Ls, loaded with propranolol
hydrochloride at the lateral area

3.4.3.4.2. Polymer with improved drug solubility

To retain 100% light transmittance of lens cores from IOLs in which drug is loaded in the lateral
polymer, the drug solubility within the polymer should be high enough to prevent tarnishing of
the polymer by a drug that emigrates from the loaded lateral area towards the core of the IOL.
Therefore, formulation 5 was loaded laterally with ethanolic propranolol hydrochloride solution
in various concentrations and with dexamethasone solution (1.25%) as well. Propranolol

hydrochloride was used as a hydrophilic drug and dexamethasone as a hydrophobic drug
respectively.

Drug release followed first-order kinetic for propranolol and dexamethasone as well, indicating
that it is a diffusion controlled DDS (Figure 106). Caused by the higher water uptake of the
polymer, drug release was faster than in other amphiphilic formulations. The hydrophobic
dexamethasone was released slower in contrast to propranolol hydrochloride, due to the lower

water solubility of the API and increased drug-polymer interactions [217,218].
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Figure 106: Drug release of lenses (formulation 5),
loaded at the lateral area

The more pronounced interaction between polymer and dexamethasone also led to higher drug
loadings (Table 42). In other words, similar drug loadings of propranolol hydrochloride and
dexamethasone were achieved when the concentration of the hydrophilic compound was

twofold higher than the dexamethasone concentration in soaking solution.

Table 42: Drug loading of IOLs, loaded at the lateral polymer
(mean values + SD)

Soaking solution Drug loading [pug/1OL]
1.00% propranolol - HCI 121.60 £ 15.24
2.50% propranolol - HCI 282.15 + 14.92
5.00% propranolol - HCI 609.87 £ 59.24

1.25% dexamethasone 275.03 + 3.61

The transmittance of 10Ls was retained for all lenses in the core and the lateral part as well.
Only in lenses that were loaded with the highest propranolol concentration, the outer rim tuned

clouded within the first days but became transparent again by time (Figure 107).
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B

Figure 107: Images during drug release study of laterally loaded lenses;
I0OLs (formulation 5) were loaded by
ethanolic 5% propranolol — HCL solution
A: 0 h; B: 9 days; D: 160 days

By this approach, optical properties of the inner core could be retained and drug loading did not
affect the optical performance of IOLs. The incorporated drug is not located in the optical area
so that even high drug loadings are reasonable, because drug precipitation within the outer lens
polymer is not critical. However, a specific amount of drug should be soluble within the lens
formulation to guarantee 100% light transmittance during drug release, regarding drug diffusion

within the polymer matrix.

With respect to the limited amount of polymer that is available for drug loadings, potent APIs

should be used to promote the desired effect.

3.4.4. Conclusions

Amphiphilic intraocular lenses presented capability to provide extended drug release with
different APIs and release patterns could be adjusted by appropriate composition of polymers.
Thus, amphiphilic lenses combined the advantages of hydrophilic polymers such as resistance
to glistening and transparent 10Ls and advantages of hydrophobic IOLs such as prolonged
release, high refractive index, and foldability in dry conditions. Consequently, amphiphilic
IOLs were superior to both, purely hydrophilic and purely hydrophilic IOLs regarding drug

loadings.

Drug loadings just in the outer rim of IOLs sustained the optical quality of polymers in the core
and drug release in desired performances was achieved. Therefore, amphiphilic lenses, that are
not used so frequent nowadays could gain interest again and could be used as DDS that is close

to the tissues which should be provided by drugs.
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4. Summary/Zusammenfassung
4.2. English

Nowadays, the cataract surgery is the most often performed surgery worldwide and considering
the demographic changes, the incidence of age-related cataract is expected to increase further.
In the developing countries, cataract is still the main cause for blindness but as the health system
improves, the number of cataract surgeries is steadily increasing. During the surgery, the
clouded natural lens is removed and replaced by an artificial intraocular lens (IOL), which
consists out of the optical part and small anchors that localize the lens within the eye, named
haptic. Although postoperative complications are rare, patients have to apply eye-drops or
ointments frequently (every 2 - 4 hours in the first week) due to the very poor bioavailability of
topical ophthalmica. This results in low patient compliance, especially among elderly people.
Different drug delivery systems (DDS) for the posterior eyeball have been investigated recently,
however, none of these DDS reduced the need for additional topical drug instillations.
Therefore, a better medical treatment is highly desired for patients, who have undergone a
cataract operation. It has been suggested, that the inserted intraocular lenses could be used as a
potential vehicle for drug delivery and would release the API directly to the targeted tissues.
Furthermore, drug-eluting lenses could maintain sustained drug release. The cataract surgery
and intraocular lenses have been steadily improved for almost 70 years and the development of

the drug-eluting lenses is the next step in this ongoing evolution.

This research project focused on the development of drug-loaded intraocular lenses in order to
avoid frequent drug administrations after cataract surgeries and to reduce postoperative
complications, such as infections and inflammations. Therefore, extended drug release of
antibiotics and steroids was targeted, while it was essential to preserve perfect optical properties
of the 10Ls. Besides the 100% light transmittance, high refractive indexes were desired as well
as the flexibility of 10Ls needed to be preserved in order to facilitate lens insertion in a folded

manner.

In order to resemble common commercialized 10Ls, various formulations of hydrophilic,
hydrophobic and amphiphilic IOLs were prepared by polymerization of various acrylates and
methacrylates. All prepared lenses were characterized and had comparable physical and

chemical properties to the marketed IOLs.
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Hydrophilic lenses were either prepared by bulk-polymerization of solely 2-hydroxyethyl
methacrylate (HEMA) or in a mixture with the hydrophobic methyl methacrylate (MMA) (20%,
w/w). Hydrophilic IOLs swelled in water and formed hydrogels. Thus, the refractive index of
pure poly-HEMA lenses, 1.4200, was improved to 1.4500 with increasing amount of MMA in
the composition due to the reduced water uptake (50% - 30%). The drug loading for hydrophilic
lenses was achieved by soaking in aqueous drugs solutions and was affected by various factors
such as the API solubility, the drug concentration in the soaking media, the soaking time and
the lens polymer composition. To increase soaking efficiency, the soaking media was replaced
by ethanol, as a low toxic organic solvent. By using ethanol as soaking solvent, increased drug
loadings, also for less water-soluble drugs, were achieved. After soaking, ethanol was removed
by drying in a vacuum oven, and optical properties of the drug-loaded lenses were preserved
perfectly. In a dry state hydrophilic methacrylates were brittle, however, initial lens shape and
flexibility were restored and ensured after lens rehydration, due to the plasticizing effect of
incorporated water. Therefore, lens rehydration in biocompatible medium should be performed

prior to its surgical insertion to the patient.

To prepare hydrophilic lenses, loaded with two drugs simultaneously, IOLs were soaked in
ethanolic dexamethasone solution followed by drying. Further, the rehydration was performed
in aqueous drug (sodium salicylate) solution and thereby, the second drug was loaded. By
prolonging the rehydration from 1 hour to 5 hours, the sodium salicylate loading was increased
slightly from 0.55 + 0.05% to 0.62 + 0.01% for pure HEMA lenses and was almost doubled
from 0.24 = 0.01% to 0.40 £ 0.01% for polymers, containing 20% MMA. However, longer
soaking/rehydration times decreased the dexamethasone loading from 0.57 + 0.05% to 0.47 £
0.01% and from 0.88 + 0.01% to 0.87 + 0.01% for both formulations, due to dexamethasone
release into the rehydration media. In comparison to 10Ls, prepared solely by HEMA, 10Ls,
containing 20% of the hydrophobic methyl methacrylate, had a slower drug uptake and
consequently slower release, caused by a slower drug diffusion, attributed to the lower water
content. Furthermore, simultaneous drug release was observed from IOLs; the diffusion driven
release of dexamethasone was strongly extended (tsos: 14 days) due to its low water solubility

compared to the better soluble sodium salicylate (tso%: 1 day).

To avoid the premature drug release during rehydration, lenses were loaded in ethanolic drug
solutions, containing diclofenac sodium, dexamethasone or both APIs simultaneously. Drug
loadings were close to 2% for both APIs in single- and in dual-loaded lenses. After the ethanol

removal, the rehydration was performed within 30 minutes in saturated aqueous drug solutions
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to avoid drug release, while restoring the flexibility of the lenses. In single-loaded intraocular
lenses, diclofenac sodium was released faster (tso%: 72 hours) than dexamethasone (tsos: 16
days), attributed to its higher water solubility. In dual-loaded lenses, diclofenac release rate was
comparable to the single-loaded formulation, while dexamethasone release was accelerated.
The additional loaded hydrophilic drug increased the osmotic pressure within the lens, causing
a higher water uptake, which resulted in more dissolved dexamethasone within the water phase
of the hydrogel and thereby a faster drug release. In DSC, there were no melting peaks observed
in the dried drug-loaded IOLs, whereas the Tg was decreased, suggesting that drugs were
monomolecularly dispersed and had plasticizing properties. Transparency of all lenses was

confirmed during and after the drug release.

A specific two chamber device was suggested, in order to supply drug-loaded intraocular lenses
in a dry state for improved product stability. The dried lens was stored in the first chamber,
whereas the second chamber contained the rehydration/loading media. By releasing the IOL
into the second chamber, the rehydration was accomplished in the same device and thus, the
risk of contaminations was reduced. Therefore, hydrophilic lenses already loaded with poorly
soluble drugs could be delivered to the physicians in the dry state, requiring just a short
rehydration, accomplished by the same packaging device 30 minutes before the surgery.

Nowadays, hydrophobic acrylates are the most common IOL materials due to their high
refractive index (1.4900 - 1.5500) and less frequent postoperative complications.
Homopolymers of polymethyl methacrylate (PMMA) and polyphenoxyethyl acrylate (pPOEA)
were prepared and characterized as an example of commercially available hydrophobic lenses.
In contrast to hydrophilic lenses, sufficient drug loadings for hydrophobic IOLs could not be
achieved by soaking in aqueous drug solutions, due to the insufficient water penetration into
the lens matrix (< 0.5%). Although, higher drug loadings were achieved with organic solvents,
drug release in agueous medium was very low, due to the low drug diffusion within the lens
polymers. When the polymer compositions were modified to improve the drug diffusion, the

optical quality of lenses decreased extremely.

Therefore, external drug delivery systems were investigated and lenses were either coated at
the lateral surface of the optical part or at the haptic. Different coating patterns were examined.
When the coating was applied on the lateral surface of the 10Ls, the required foldability of
IOLs could be preserved and the optical parts in the center of the intraocular lenses remained

untreated. Therefore, 100% light transmittance was ensured. The PLGA was used as a
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biodegradable polymer for dexamethasone coatings and zero-order release kinetics for various
drug loadings were successfully achieved. Furthermore, the two coating areas were divided and
could be tuned for different drugs completely independently. Therefore, applied coatings were
adjusted with respect to the drug solubility, the drug loading, the PLGA and the coating level
in order to obtain release patterns with the desired performances. Hence, minocycline, as a
model antibiotic drug was released within one week and dexamethasone as a glucocorticoid
was eluted within one month, from a single IOL formulation. The coating adhesion on the
hydrophobic intraocular lenses was good and after the completed PLGA degradation, these
lenses had identical properties as the non-coated lenses.

Amphiphilic lenses combined the advantages of hydrophilic and hydrophobic lenses. While
hydrophilic lenses could be loaded by soaking methods, hydrophobic lenses presented a higher
refractive index, the drug release was more extended and foldability was provided, also in the
dry state. Therefore, three different lens polymers were prepared, containing hydrophilic
(hydroxyethyl methacrylate, hydroxybutyl methacrylate, and hydroxyethyl acrylate) and
hydrophobic (butyl methacrylate, ethyl acrylate, isobutyl methacrylate and phenoxyethyl
acrylate) monomers in different ratios. The drug loading by soaking in ethanolic dexamethasone
solution was evaluated and the drug release was strongly extended (tso%: 190 — 240 days), due
to limited water content within the polymer matrix (2.03 + 0.34% - 4.57 + 0.36%) and drug-
polymer interactions. Dexamethasone precipitated within some lens polymers leading to
decreased light transmittance. Therefore, a lens polymer composition was optimized and the
ratio of monomers was tuned in order to improve the drug loadings, release patterns, the

refractive index and the flexibility of intraocular lenses.

In order to ensure 100% light transmittance for IOLs which became turbid when drugs were
incorporated into the polymer matrix, lenses were only loaded within the lateral rim, therefore
the core of the IOL remained unloaded, and thus clear. Polymer rods were soaked for limited
time periods, hence soaking media could only diffuse into the outer rim. After the solvent
evaporation, the polymer rods were sliced and 10Ls were drilled out. During the release study,
perfect optical properties were guaranteed in the center of the IOLs, whereas the outer rim of
the 10Ls became turbid, attributed to the drug precipitation. Although due to the smaller amount
of polymer which was drug-loaded, the total loading decreased, the extended drug release was
demonstrated. For potent drugs (e.g. dexamethasone) these lateral drug loadings were sufficient

to achieve therapeutic effects.
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In conclusion, intraocular lenses were loaded with drugs and extended release patterns were
achieved. For the different polymer compositions of intraocular lenses, diverse loading
approaches were required. Hydrophilic and amphiphilic polymers could be successfully loaded
by soaking, while hydrophobic acrylates required drug coatings on the lens surfaces, due to the
low water content, followed by insufficient drug diffusion within the lenses. Furthermore, a
specific two chamber device was suggested, to improve lens long-term stability and to avoid a
premature drug release. Since drug-loaded lenses should be supplied in dry conditions to
improve stability and to avoid a premature drug release, a specific two chamber device was
suggested. The drug-loaded hydrophilic 10Ls were stored in dry state and rehydration in a
sterile environment was possible within 30 minutes. Foldability of amphiphilic and
hydrophobic lenses was ensured also for unhydrated lenses. Dual loaded IOLs, presented the
desired release patterns for both drugs simultaneously, thus the frequent drug administration

after cataract could be avoided.

Therefore, drug-eluting intraocular lenses are very promising devices for ocular drug delivery!
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4.3. Deutsch

In der heutigen Zeit ist die Kataraktoperation die am haufigsten durchgefiihrte Operation
weltweit und angesichts des demographischen Wandels wird die Zahl der an altersbedingten
Katarakt (Grauer Star) leidenden Menschen in Zukunft weiter zunehmen. In
Entwicklungslandern ist Katarakt immer noch der h&ufigste Erblindungsgrund. Da sich das
Gesundheitssystem aber auch in diesen Regionen der Welt verbessert, wird die Anzahl der
Kataraktoperationen in den néchsten Jahren noch zusatzlich ansteigen. Wahrend dieser
Operation wird die getribte, natlrliche Linse entfernt und durch eine kinstliche
Intraokularlinse (IOL) ersetzt. Diese besteht aus dem optischen Teil und kleinen Ankern,
welche die Linse im inneren des Auges fixieren und Haptik genannt werden. Obwohl
postoperative Komplikationen selten sind, missen Patienten Augentropfen oder Augensalben
anwenden. Wegen der sehr schlechten Bioverfugbarkeit von topisch angewendeten
Arzneimitteln am Auge, muss die Wirkstoffapplikation in den ersten Tagen sehr hdufig (alle 2
bis 4 Stunden in der ersten Woche) erfolgen. Dies fuhrt, insbesondere bei &lteren Menschen, zu
einer geringen Compliance. Es wurden unterschiedliche Wirkstoff-Freisetzungs-Systeme fr
den hinteren Teil des Auges entwickelt, aber keine dieser Arzneiformen reduzierte die
Notwendigkeit einer zusétzlich okularen, topischen Arzneiform. Daher ist eine bessere
medizinische Versorgung fur Patienten, die sich einer Kataraktoperation unterziehen, sehr
erwunscht. Seit einigen Jahren wird die implantierte Intraokularlinse als potentieller Trager flr
Arzneimittel gesehen, mit der die Wirkstoffe direkt am Zielgewebe freigesetzt werden kénnten.
Dariiber hinaus besteht bei wirkstoffabgebenden Intraokularlinsen die Mdglichkeit eine
kontinuierliche Arzneimittelfreisetzung zu gewéhrleisten. Die Kataraktchirurgie und die
Intraokularlinsen wurden seit fast 70 Jahren kontinuierlich verbessert. In diesem fortlaufendem

Prozess ist die Entwicklung von wirkstofffreisetzenden Linsen nun einer der néchsten Schritte.

Dieses Forschungsprojekt fokussierte sich auf die Entwicklung von wirkstoffbeladenen
Intraokularlinsen, welche die haufigen Medikationen nach Kataraktoperationen vermeiden und
postoperative Komplikationen, wie Infektionen und Entziindungen reduzieren sollten.
Voraussetzungen dafiir waren eine verlangerte Wirkstofffreisetzung von Antibiotika und
Steroiden sowie die Erhaltung perfekter optischer Eigenschaften der intraokularen Linsen.
Neben einer Lichtdurchldssigkeit von 100% war ein hoher Brechungsindex erwinscht.
AuBerdem musste die Flexibilitat der I0Ls erhalten bleiben, um die Implantierung der Linsen

im gefalteten Zustand zu ermdglichen.
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Um handelstibliche I0Ls herzustellen, wurden verschiedene Formulierungen von hydrophilen,
hydrophoben und amphiphilen Materialien durch Polymerisation von verschiedenen Acrylaten
und Methacrylaten hergestellt. Alle hergestellten Linsen wurden charakterisiert und hatten

ahnliche physikalische und chemische Eigenschaften wie die vermarkteten IOLs.

Die hydrophilen Linsen wurden entweder durch Polymerisation wvon reinem 2-
Hydroxyethylmethacrylat (HEMA) oder in einer Mischung mit dem hydrophoben
Methylmethacrylat (MMA) (20%, w/w) hergestellt. Die hydrophilen IOLs quollen in Wasser
und bildeten Hydrogele. Durch Zugabe von Methylmethacrylate war die Quellung der Linsen
geringer (30% anstatt 50%) und der Brechungsindex konnte im Vergleich zu reinen
PolyHEMA-Linsen von 1.4200 auf 1.4500 verbessert werden. Hydrophile Linsen wurden in
wassrigen  Wirkstofflosungen gelagert und dadurch mit Wirkstoffen beladen. Die
Arzneimittelbeladungen wurden durch verschiedene Faktoren, wie die L0slichkeit des
Wirkstoffes, die Arzneistoffkonzentration im Beladungsmedium, die Einweichzeit und die
Polymerzusammensetzung der Linsen modifiziert. Um die Effizienz der Beladung zu erhéhen,
wurde das Einweichmedium durch Ethanol als ein organisches Losungsmittel ersetzt. Durch
die Verwendung des Ethanols als Trankldsung wurden erhdhte Wirkstoffbeladungen, auch fir
weniger wasserldsliche Wirkstoffe, erzielt. Das Ethanol wurde nach der Beladung in einen
Vakuumofen entfernt, wahrend die optischen Eigenschaften der wirkstoffbeladenen Linsen
erhalten werden konnten. Hydrophile Methacrylate waren sprode, wurden aber im gequollenen
Zustand aufgrund der weichmachenden Wirkung des eingesaugten Wassers faltbar. Daher
wurde bei trockenen Linsen eine Rehydratisierung durchgefuhrt, um die Flexibilitdt und die

ursprungliche Linsenform wiederherzustellen.

Um hydrophile Linsen herzustellen, die gleichzeitig mit zwei Wirkstoffen beladen waren,
wurden die IOLs in ethanolischer Dexamethasonldsung getrankt und anschlieRend getrocknet.
Die Rehydratation wurde in wassriger Wirkstoff (Natriumsalicylat)-Losung durchgefuhrt und
der zweite Wirkstoff diffundierte wéhren diesem Prozess in die Linsen. Durch die Verldngerung
der Rehydratation von einer auf funf Stunden wurde die Natriumsalicylatbeladung fur reine
HEMA-Linsen von 0,55 + 0,05% auf 0,62 + 0,01% leicht erhdht und bei Linsen, die 20%
Methylacrylate enthielten, von 0,24 + 0,01% auf 0,40 + 0,01% fast verdoppelt. Die langeren
Einweich-/Rehydratisierungszeiten verringerten jedoch die Dexamethasonbeladung von 0,57 +
0,05% auf 0,47 = 0,01% und von 0,88 £ 0,01% auf 0,87 £ 0,01% fur beide Formulierungen, da
Dexamethason bereits in dem Rehydratationsmedien freigesetzt wurde. Linsen, die 20% des

hydrophoben Methylmethacrylats enthielten, hatten eine langsamere Arzneimittelaufnahme
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und eine langsamere Freisetzung, bedingt durch eine langsamere Wirkstoffdiffusion, die auf
den niedrigeren Wassergehalt zurlickzufuhren war. Die 10Ls gaben gleichzeitig
Natriumsalicylat und Dexamethason ab und aufgrund der geringen Loslichkeit des
Dexamethasons war die diffusionsgetriebene Freisetzung im Vergleich zum sehr 16slichen
Natriumsalicylat (tsoo: 1 Tag) stark verlangert (tsos: 14 Tage).

Um eine vorzeitige Wirkstofffreisetzung wéhrend der Rehydratisierung zu vermeiden, wurden
die Linsen in ethanolische Arzneistofflosungen beladen, die Diclofenac-Natrium,
Dexamethason oder beide Wirkstoffe gleichzeitig enthielten. Die Wirkstoffbeladungen
betrugen sowohl in einfach beladenen Linsen, als auch in den Linsen, die mit beiden
Wirkstoffen beladen waren, jeweils ca. 2%. Nach der Entfernung des Ethanols wurde die
Rehydratisierung in gesattigten Wirkstofflosungen durchgefuhrt, um eine vorzeitige
Wirkstofffreisetzung zu vermeiden. Innerhalb von 30 Minuten wurde die Flexibilitat der Linsen
wiederhergestellt. In einfach beladenen Intraokularlinsen wurde Diclofenac-Natrium schneller
freigesetzt (tso%: 72 Stunden) als Dexamethason (tsos: 16 Tage), was auf die hdhere Loslichkeit
zuriickzufuhren war. In Linsen, die mit beiden Wirkstoffen beladen wurden, war die
Freisetzung des Diclofenacs &hnlich, aber die Dexamethasonfreisetzung war schneller, bedingt
durch das Diclofenac. Der zusétzlich eingelagerte hydrophile Wirkstoff erhohte den
osmotischen Druck innerhalb der Linse. Das hatte zur Folge, dass mehr Wasser in die Linse
diffundierte und gleichzeitig mehr Dexamethason in der Wasserphase des Hydrogels geldst
vorlag. Dies flhrte zu einer schnelleren Freisetzung. In den getrockneten arzneistoffbeladenen
IOLs wurden in der DSC keine Schmelzpeaks beobachtet. Die Glastibergangstemperatur war
jedoch geringer, womit bewiesen werden konnte, dass die Wirkstoffe monomolekular dispers
verteilt vorlagen und Eigenschaften eines Weichmachers hatten. Alle Linsen waren wahrend

und nach der Arzneimittelfreisetzung transparent.

Eine spezielle Zweikammervorrichtung wurde vorgestellt, um arzneimittelbeladene
Intraokularlinsen im trockenen Zustand ausliefern zu kdnnen. Die Stabilitat der Linsen sollte
dadurch verbessert werden. Die getrocknete Linse wurde in der ersten Kammer aufbewahrt,
wahrend in der zweiten Kammer das Rehydratisierungs-/Beladungsmedium vorzufinden war.
In dem die I0Ls von der ersten in die zweite Kammer gegeben wurde, konnte die
Rehydratisierung in der gleichen Vorrichtung durchgefiihrt und Kontaminationen somit
effektiv vermieden werden. So konnten hydrophile Linsen im Voraus durch organische
Losungsmittel mit schlecht wasserloslichen Wirkstoffen beladen werden und Arzte miissten die

Rehydratisierung nur 30 Minuten vor der Operation starten.
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Heutzutage sind hydrophobe Acrylate aufgrund ihres hohen Brechungsindexes (1.4900 -
1.5500) und der weniger héaufigen postoperativen Komplikationen die am haufigsten
verwendeten 10L-Materialien. Als hydrophobe Linsen wurden Polymere aus reinem
Polymethylmethacrylat (PMMA) und Polyphenoxyethyl acrylat (pPOEA) hergestellt und
charakterisiert. Im Gegensatz zu hydrophilen Linsen konnten diese Linsen nicht durch
Lagerung in wassrigen Wirkstofflosungen beladen werden, da sie nur einen sehr geringen
Wassergehalt in der Linsenmatrix (< 0,5%) aufwiesen. Hohere Wirkstoffbeladungen wurden
mit organischen Losungsmitteln erreicht. Die Wirkstoffe wurden aber nicht zufriedenstellend
freigesetzt, was auf die geringe Wirkstoffdiffusion in den Linsenpolymeren zurtickzufuhren
war. Wenn die Polymerzusammensetzungen modifiziert wurden, um die Wirkstoffdiffusion zu

verbessern, nahm die optische Qualitat der Linsen extrem ab.

Aus diesem Grund wurden externe Systeme untersucht und die Linsen entweder an der
seitlichen Oberflache des optischen Teils oder an der Haptik beschichtet. Es wurden drei
unterschiedliche Beschichtungsmuster untersucht. Durch die Beschichtung von nur zwei
Bereichen an der lateralen Oberflache der I0OLs konnte die Faltbarkeit von den flexiblen IOLs
erhalten werden. Da nur die &uReren Bereiche der Linsen beschichtet wurden, blieben die
optischen Teile in der Mitte der Intraokularlinsen unbehandelt und eine 100%-ige
Lichtdurchl&ssigkeit wurde sichergestellt. PLGA als ein biologisch abbaubares Polymer wurde
fiir die Dexamethasonbeschichtungen verwendet und eine Freisetzungskinetik nullter Ordnung
fiir die verschiedenen Wirkstoffbeladungen erfolgreich gewéhrleistet. AuBerdem konnten die
beiden Beschichtungsbereiche unterteilt und vollig unabhéangig voneinander auf verschiedene
Wirkstoffe abgestimmt werden. Daher wurden aufgetragene Beschichtungen in Bezug auf den
Wirkstoff, das PLGA, die Arzneimittelbeladung und die Menge der Beschichtung eingestellt,
um Freisetzungsprofile mit den gewiinschten Charakteristika zu erhalten. Die Freisetzung von
Minocyclin als Antibiotikum wurde auf circa eine Woche eingestellt, wéhrend Dexamethason
als  Glucocorticoid Uber einen Monat gleichmaRig abgegeben wurde. Die
Beschichtungsadhésion an hydrophoben Linsen war gut und nach dem PLGA-Abbau hatten

diese Linsen identische Eigenschaften wie die Linsen, die nicht beschichtet waren.

Amphiphile Linsen kombinierten die Vorteile von hydrophilen und hydrophoben Linsen.
Waéhrend hydrophile Linsen durch Lagerung in Wirkstofflésungen beladen werden konnten,
wiesen hydrophobe Linsen einen héheren Brechungsindex auf, die Arzneimittelfreisetzung war
verlangert und die Faltbarkeit war auch im trockenen Zustand gegeben. Daher wurden drei

verschiedene Linsenpolymere hergestellt, die hydrophile (Hydroxyethyl methacrylat,
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Hydroxybutyl methacrylat und Hydroxyethyl acrylat) und hydrophobe (Butyl methacrylat,
Ethyl acrylat, Isobutyl methacrylat und Phenoxyethyl acrylat) Monomere in verschiedenen
Verhaltnissen enthielten. Die Wirkstoffbeladung wurde durch das Einweichen in ethanolischer
Dexamethasonldsung durchgefiihrt und die dadurch erhaltenen Linsen wurden untersucht. Die
Freisetzung (tso%: 190 - 240 Tage) war aufgrund des begrenzten Wassergehalts innerhalb der
Polymermatrix (2,03 + 0,34% - 4,57 £ 0,36%) und der Wechselwirkungen zwischen Wirkstoff
und Polymer stark verlangert. Dexamethason fiel innerhalb einiger Linsenpolymere aus und die
Licht-Durchléssigkeit ~ nahm  ab. Daher  wurde  eine Optimierung der
Linsenpolymerzusammensetzung durchgefiihrt und das Verhaltnis der Monomere wurde so
eingestellt, dass die Arzneimittelbeladung, die Freisetzungsprofile, der Brechungsindex und die

Flexibilitat der Intraokularlinsen verbessert wurden.

Um eine 100%-ige Lichtdurchlassigkeit fur Linsen sicherzustellen, die tribe wurden, wenn
Wirkstoffe in die Polymermatrix eingearbeitet waren, wurden die Linsen nur an den Seiten
beladen, sodass der Kern der IOL ungeladen blieb. Dafiir wurden Polymerstébe fiir begrenzte
Zeitrdume getrankt, sodass das Trankmedium nur in den &ufleren Rand diffundierte. Nach der
Verdampfung des Losemittels wurden die Polymerstédbe geschnitten und die 10Ls ausgefrast.
Aus diesem Grund konnten in den Freisetzungsstudien perfekte optische Eigenschaften in der
Mitte der IOLs garantiert werden, wéhrend der &uRere Rand der IOLs trib wurde. Dies war
durch den Arzneistoff bedingt, welcher dort innerhalb der Linsen ausfiel. Aufgrund der
geringeren Menge an Polymer, die mit Arzneimittel beladen war, nahm die Gesamtbeladung
ab. Es wurde jedoch eine verlangerte Arzneimittelfreisetzung gewéhrleistet. Flr potente
Arzneimittel (z. B. Dexamethason) sind diese lateralen Wirkstoffbeladungen vielversprechend.
Fur Linsen, die ihre optischen Eigenschaften unter arzneimittelbeladenen Bedingungen
anderten, wurden eine ausreichende Arzneimittelbeladung erzielt und eine 100%-ige

Lichtdurchl&ssigkeit sichergestellt.

Zusammenfassend kann gesagt werden, dass die Intraokularlinsen mit Wirkstoffen beladen und
eine verlangerte Wirkstofffreisetzung erreicht werden konnte. Fur die verschiedenen Polymere,
die flir Intraokularlinsen genutzt werden, mussten verschiedene Beladungsmethoden
angewendet werden. Wahrend die Wirkstoffe in die Linsenmatrix von hydrophilen und
amphiphilen Linsen direkt eingearbeitet werden konnten, mussten hydrophobe Acrylate
aufgrund des geringen Wassergehalts externe Freisetzungs-Systeme erhalten. Grund dafur ist,
dass die Wirkstoffe wegen des geringen Wassergehaltes nur unzureichende aus den Polymeren

heraus diffundierten. Da wirkstoffbeladene Linsen unter trockenen Bedingungen abgegeben
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werden sollten, um die Stabilitdt zu verbessern und um eine vorzeitige Freisetzung zu
vermeiden, wurde eine spezielle Zweikammervorrichtung entwickelt. In diesem Gefal3 konnten
getrocknete hydrophile 10Ls gelagert werden. Die Rehydratisierung war innerhalb von 30
Minuten in einer sterilen Umgebung moglich. Die Faltbarkeit der amphiphilen und
hydrophoben Linsen wurde auch fir die trockenen Linsen gewahrleistet. Die IOLs, die mit zwei
Wirkstoffen beladen waren, zeigten die gewinschten simultanen Freisetzungsprofile fiir beide
Arzneistoffe. Damit konnte die haufige Arzneimittelverabreichung nach den

Kataraktoperationen vermieden werden.

Daher sind Wirkstofffreisetzende Intraokularlinsen vielversprechende Systeme fur die
Anwendung am Auge.
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