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ABSTRACT

Pharmacokinetics is one of the main features to be assessed in the
development of effective and safe therapeutics and drug delivery systems.
Pharmacokinetics is especially important in the case of intravitreal drug
administration that is used in the drug treatment of retinal diseases. We
utilized non-invasive optical techniques to assess the vitreal
pharmacokinetics of labeled compounds and nanomaterials in preclinical
animal models. The kinetics of different labeled macromolecules and
nanoparticles were studied after intravitreal injection into the eyes of rats
and rabbits. In vivo luminescence imaging revealed the suitability of
phosphorescence dyes in monitoring the pharmacokinetics of labeled
liposomes in the eyes. Furthermore, new dyes can improve the signal-to-
noise ratio in autofluorescent tissues. /n vivo ocular fluorophotometry was
used to monitor the kinetics of intravitreally injected fluorescently labeled
dextran in rats and rabbits. Based on this comparison, the same drug
exposure is achieved at 2-5 times higher doses in rabbits than in the rats.
The intravitreal pharmacokinetics of fluorescently labeled peptide
conjugates in the rabbit eye were also studied using fluorophotometry.
These peptides bind to the components of the vitreous and this may lead to
nonlinear pharmacokinetics, in which the half-life of the peptide in the
vitreous is dependent on its concentration, being longer at low
concentrations. The intravitreal distribution and elimination of fluorescently



labeled nanomaterials, such as liposomes, polymeric micelles,
polymersomes and pullulan-dexamethasone conjugates, were explored
with ocular fluorophotometry, fundus photography and optical coherence
tomography. Pullulan-dexamethasone conjugates and small liposomes
(diameter of =50 nm) were mainly eliminated via the anterior route. The
results also revealed that the intravitreal retention was not simply
dependent on particle size. For example, polymeric micelles were eliminated
from the vitreous much slower than liposomes of similar particle sizes.
Simulations of drug concentrations after injection of intravitreal particles
with different release rates highlighted the importance of synchronizing the
particle retention and drug release rate to optimize retinal drug
bioavailability. In addition, we observed that material contamination with
endotoxin significantly accelerated elimination of nanomaterials from the
vitreous. The measurement of endotoxin levels in intravitreal nanomaterials
was a critical factor which has been almost completely disregarded in the
published studies. In conclusion, we provide kinetic insights into
intravitreally administered nanoparticles and macromolecules that can be
used in future in the development of novel retinal drug delivery applications.

Keywords: intravitreal injections, ocular fluorophotometry, intravitreal
pharmacokinetics, fundus imaging, optical coherence tomography,
nanoparticle, macromolecule.
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THVISTELMA

Farmakokinetiikka on yksi tarkeimmista asioista tehokkaiden ja
turvallisten laakkeiden ja laakkeiden saattomenetelmien kehittamisessa.
Nain on myods verkkokalvon laakkeiden tapauksessa. Nama laakkeet
annetaan intravitreaalisina injektioina. Kdytimme tassa tutkimuksessa ei-
invasiivisia optisia menetelmia leimattujen makromolekyylien ja
nanomateriaalien farmakokinetiikan arvioimiseksi prekliinisissa
eldinmalleissa.  Fluoresoivasti  leimattujen  makromolekyylien ja
nanopartikkelien kinetiikkaa silmassa tutkittiin lasiaisinjektioiden jalkeen
rotissa ja kaneissa. In vivo -luminesenssikuvaus paljasti fosforesenssivarien
kayttokelpoisuuden leimattujen liposomien farmakokinetiikan seurannassa.
Uudet merkkiaineet  voivat parantaa signaali-kohinasuhdetta
autofluoresoivissa kudoksissa. /In vivo silman fluorofotometriaa kaytettiin
fluoresoivasti leimatun dekstraanin kinetiikan seuraamiseen rotilla ja
kaniineilla intravitreaalisen injektion jalkeen. Taman vertailun perusteella
sama laakealtistus saavutetaan kaniineilla 2-5 kertaa suuremmilla annoksilla
kuin rotilla. Myos fluoresoivasti leimattujen peptidikonjugaattien
intravitreaalista farmakokinetiikkaa kanin silmassa tutkittiin
fluorofotometrialla. Nama peptidit sitoutuvat lasiaisen komponentteihin,
mika voi johtaa epdlineaariseen farmakokinetiikkaan, jossa peptidin
puoliintumisaika lasiaisessa riippuu sen pitoisuudesta ja on pidempi pienilla
pitoisuuksilla.  Fluoresoivasti  leimattujen nanomateriaalien, kuten



liposomien, polymeeristen misellien, polymersomien ja pullulaani-
deksametasonikonjugaattien intravitreaalista jakautumista ja eliminaatiota
tutkittiin -~ silman  fluorofotometrialla, funduskameralla ja optisella
koherenssitomografialla. Pullulaani-deksametasoni-konjugaatit ja pienet
liposomit (halkaisija =50 nm) eliminoituivat lasiaisesta paaasiassa silman
etuosan kautta. Tulokset osoittivat, etta lasiaisen sisainen retentio ei ole
rilppuvainen vain hiukkaskoosta. Esimerkiksi polymeeriset misellit
eliminoituivat lasiaisesta paljon hitaammin kuin liposomit, vaikka niilla on
samanlainen hiukkaskoko. Ladkeainepitoisuuksia simuloitiin
lasiaisensisaisten hiukkasten annon jalkeen. Simulaatiot osoittivat, etta
ladkeaineen  vapautumisnopeus  on  synkronoitava  hiukkasten
laiaisretention kanssa, jotta saavutetaan hyva ladkeaineen biologinen
hyotyosuus verkkokalvossa. Havaitsimme my0s, etta materiaalien
endotoksiinikontaminaatio nopeuttaa merkittavasti niiden eliminaatiota
lasiaisesta.  Intravitreaalisten  nanomateriaalien  endotoksiinitasojen
mittaaminen on kriittinen tekija, joka puuttuu ldhes kokonaan julkaistuista
tutkimuksista. Tama tutkimus antaa systemaattista tietoa silman
farmakokinetiikasta ja edesauttaa uusien silmalaakkeiden kehitystyota.

Avainsanat: lasiaisinjektiot, silman fluorofotometria, silmanpohjan

kuvantaminen, optinen koherenssitomografia, nanopartikkeli,
makromolekyyli
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1. INTRODUCTION

The development of ocular medications has a long history. One of the
oldest historical documents is a piece of papyrus that was discovered by the
Egyptologist Ebers from a common mummy. The document was written
around 1650 B.C. and it describes different diseases and Egyptian remedies
in 110 pages with eight pages describing ocular diseases and their
treatments (Wheeler, 1946). The diseases were defined as pain in the eye,
tera in the eye, pus in the eye, blood in eye, turning in the eye, and dimness
of sight. The medications included onion, leeks, beans, castor oil,
pomegranate, copper salt, oxymel of squill, hemlock and opium.

Thanks to the developments in the fields of ocular biology and
pharmacology, there are numerous diagnostic methods and effective
therapeutics that are available for today's ophthalmological patients.
Depending on the disease pathology, the target tissues are located in either
the anterior or posterior part of the eye. For the anterior targets, topical
administration is the preferred route of drug administration. Many ocular
drugs are administered as topical eye drops or ointments (Yellepeddi and
Palakurthi, 2016). The ocular bioavailability of topical drugs is low as less
than 5% of the instilled dose reaches the anterior chamber (Jarvinen,
Jarvinen and Urtti, 1995). Nonetheless, topical drug treatment is still effective
in the anterior segment of the eye but for posterior targets, the topical
ocular route is not efficient, because too low and thus ineffective drug
concentrations are reached in the posterior eye segment (Maurice, 2002).
Therefore, for posterior targets in the eye, intravitreal injection is the
preferred technique for drug administration (Peyman, Lad and Moshfeghi,
20009).

About 15 years ago, new therapeutics were launched for the treatment
of the neovascular form of age-related macular degeneration. These protein
drugs, for example, bevacizumab, ranibizumab, aflibercept, and
brolucizumab, act as inhibitors of vascular endothelial growth factor (VEGF).
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They need to be administered as intravitreal injections (Nicholson and
Schachat, 2010) at 1-2 month intervals. Typically, their intravitreal half-life of
elimination is a few days (Del Amo et al., 2015). The vitreal elimination half-
life of small molecules is much shorter, only a few hours. The number of
annual intravitreal anti-VEGF injections in the United States increased from
4 million in 2013 to 5.9 million per year in 2016 and this trend continues
upwards (East and Group, 2012; Grzybowski et al., 2018).

Although intravitreal injections are widely used, they are invasive and may
occasionally cause unwanted ocular effects, such as inflammation, cataract,
and pain; consequently reducing patient compliance (Jager et al., 2004,
Sampat and Garg, 2010; Fagan and Al-Qureshi, 2013). One approach to
improve patient compliance is to prolong the intervals between the
injections with intravitreal sustained release formulations; these include
implants (Lee et al., 2010), hydrogels (llochonwu et al., 2020), microparticles
and nanoparticles (Herrero-Vanrell, 2011; Kompella et al., 2013). Although
there are numerous publications and research projects examining these
formulations, the implants are the only drug delivery systems available on
the market. For example, an intravitreal dexamethasone implant (Ozurdex)
has been on the market for several years (Saincher and Gottlieb, 2020).

In order to design efficient vitreal drugs and delivery systems, we need
to study their pharmacokinetic behavior in vivo. Since many ocular
compartments are transparent, optical techniques could be applied to
measure a drug's pharmacokinetics in the eye. These techniques include
fluorescence based methods like fundus imaging (Yannuzzi et al., 2004),
fluorophotometry (Dickmann et al., 2015) and near infrared techniques like
optical coherence tomography (OCT) (Hee et al., 1995). These non-invasive
techniques make it possible to study a drug's kinetics in a lower number of
animals. In contrast, with traditional pharmacokinetic experiments with
invasive techniques, several animals must be euthanized at each time point.
Furthermore, these non-invasive techniques decrease data variability in the
experiments, because measurements at multiple time points can be
performed in the same animal. The main topic of this thesis was to examine
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how these non-invasive techniques could be best applied to assess the
intravitreal pharmacokinetics of macromolecules and nanoparticles in
preclinical animal models.
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2. REVIEW OF THE LITERATURE

2.1 Ocular anatomy and routes of drug administration

An overview of ocular anatomy is shown in Figure.1. The eye consists of
different anatomical compartments e.g. anterior chamber, lens and vitreous
which are protected by different barriers like cornea, blood-aqueous and
blood-retinal barriers that limit the efficacy of drug delivery after topical and
systemic administration (Urtti, 2006). The main ocular fluids are lacrimal
fluid, aqueous humor and vitreous humor. Tear film covers the surface of
the cornea and it consists of lipids, proteins and mucin (Yazdani et al., 2019).
Aqueous humor has a very low protein concentration and it fills the anterior
chamber of the eye (Figure 1). It is produced in the ciliary body and is
eliminated through the trabecular meshwork and inner wall of Schlemm'’s
canal or via the uveo-scleral route. Water is the main component of aqueous
humor, but the humor also contains organic and inorganic ions,
carbohydrates, glutathione, urea, amino acids, proteins, oxygen and carbon
dioxide (Goel et al., 2010).

The transparent vitreous humor is the largest compartment in the human
eye (Figure 1). The main component of the vitreous is water (98-99%). The
solid components are mainly collagen fibers and glycosaminoglycans, in
particular hyaluronic acid. The collagen fibrils form a network in the vitreous
(Le Goff and Bishop, 2008). A mesh size of 500 nm has been reported for
bovine vitreous (Xu et al., 2013). It is this mesh size that can potentially affect
the movements of nanoparticulate systems in the vitreous. It should be
noted that the vitreous in the aging human eye becomes more liquid-like
(Sebag, 1987) and presumably the mesh size becomes enlarged. The binding
of small molecule drugs to the vitreal components is modest and does not
correlate with plasma protein binding (Rimpela et al., 2018). The interaction
of most macromolecules with vitreous is weak and their diffusion
coefficients in vitreous are almost the same as in water (Missel, 2012).
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The anterior part of the eye is typically treated with topically applied eye
drops. However, this approach is limited to small drug molecules with
adequate corneal permeability (Maurice, 1987). The bioavailability of
topically applied drugs is limited by their permeability in the cornea, rapid
systemic absorption via conjunctiva as well as the fast drainage of instilled
eye drops from the ocular surface (Ramsay et al., 2018). Moreover, the
reflective lacrimation after administration of an eye drop can dilute the drug
solution immediately after its application (Mishima et al., 1966). Ocular
injections to the anterior chamber (intracameral) and subconjunctival space
are sometimes used in the case of drugs with inadequate corneal
permeabilities (Short, 2008).

In order to achieve efficient drug delivery to the posterior ocular tissues,
intraocular routes like intravitreal injections (injection to the vitreous) are in
use (Maurice, 2003; Lee and Robinson, 2004). The retina is the main target
tissue for most intravitreal drug administrations; it consists of several
distinct cellular layers (Figure 1). The retinal pigment epithelium forms the
main barrier for permeation of drugs from the systemic blood circulation.
The inner limiting membrane has been reported as a potential barrier
inhibiting the permeation of nanoparticles from the vitreal side to the retina
(Tavakoli, Peynshaert, et al., 2020).
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Figure 1. Anatomy of the eye. Choroidal blood, vitreous and aqueous
humor are the main ocular fluids which affect the intravitreal ocular
pharmacokinetics. Aqueous humor flows from the ciliary body to the
anterior chamber and is eliminated via the trabecular meshwork. The retinal
layers are inner limiting membrane (ILM), nerve fiber layer (NFL), ganglion
cell layers (GCL), inner plexiform layer (IPL), inner nuclear layer (INL), outer
plexiform layer (OPL), outer nuclear layer (ONL), photoreceptors layers (PRL)
and retinal pigment epithelium (RPE).
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2.1.1 Intravitreal pharmacokinetics

Because of the negligible retinal bioavailability of topically applied drugs,
the intravitreal route is extensively used for drug delivery to the posterior
part of the eye. Both small drugs and protein drugs are given intravitreally.
The application of intravitreal drugs started mostly with small molecule
drugs, such as penicillin or streptomycin in the treatment of intraocular
infections (LEOPOLD, 1945; SHOEMAKER, 1949). In the last decades, most
intravitreally administered drugs were antibiotics, antivirals and anti-
inflammatory compounds (Polansky and Weinreb, 1984; Ussery lll et al.,
1988; Snyder and Glasser, 1994) but about 15 years ago, protein drugs were
launched to treat retinal diseases. These therapeutics can be divided into
anti-VEGF antibodies, soluble receptors and aptamers and they are used to
treat the neovascular form of age-related macular degeneration. Examples
of intravitreal drugs and their elimination half-lives in humans and rabbits
are shown in Table.1.

The vitreal elimination half-lives of small drug molecules lie in a range
of a few to several hours (Eva et al., 2015). Injections of small molecule
solutions is not an attractive option in chronic treatment, because
maintenance of effective drug concentrations in the retina would require
frequent intravitreal injections, even every few days. In the case of
macromolecules, the elimination half-lives are in the order of several days
(Crowell et al., 2019; Garcia-Quintanilla et al., 2019) and therefore an interval
of 1-2 months is needed. The intravitreal injections are invasive and may
lead to ocular side effects, including inflammation, cataract, and pain which
consequently reduce patient compliance (Jager et al., 2004; Sampat and
Garg, 2010; Fagan and Al-Qureshi, 2013). This highlights the importance of
designing novel sustained release formulations for intravitreal drugs to
prolong the time between injections.

26



Table.1 Examples of intravitreal therapeutics and their elimination half-
lives in human and rabbit vitreous.

Human vitreal Rabbit vitreal half-life
Drug compound Class of drugs X
half-life (day) (day)
Dexamethasone Glucocorticoid 0.23 (Gan et al., 0.14 (Kwak and D’Amico,
phosphate 2005) 1992)
Ranibizumab Anti-VEGF antibody 7.19 (Krohne et al., | 2.88 (Bakri et al., 2007b)
2012)
Bevacizumab Anti-VEGF antibody 9.82 (Krohne et al., 4.88 (Bakri et al., 2007a)
2008)
Aflibercept Anti-VEGF antibody 11.00 (Do, Rhoades 3.92 (Park et al., 2016)
and Nguyen, 2020)
Pegaptanib Anti-VEGF aptamer Not reported 3.46 (Group, 2002)

Vitreal distribution studies started mainly to resolve physiological
questions in the late 1880's (Smith, 1889). In those studies, different
materials, like Indian ink or cinnabar, were injected to the vitreous of rabbits
and they were monitored qualitatively by ophthalmoscopy or microscopy.
Those historical reports revealed that there was a qualitative distribution of
some particles to the ocular tissues like the optic nerve.

Much later, in 1959, David Maurice (Maurice, 1959) published the first
quantitative vitreal kinetic study. He injected radioactive albumin into rabbit
vitreous and identified two potential routes of elimination of the compound
from the vitreous: transretinal and anterior routes. He concluded that
macromolecules, like albumin, would be mainly eliminated anteriorly. This
is due to the limited permeability of macromolecules through retina into the
systemic bloodstream. Likewise, the modern therapeutic antibodies are
mainly (even as much as 90%) eliminated via the anterior route (Gadkar et
al., 2015; Hutton-Smith et al., 2016, 2017; Schmitt, 2017; Rimpela et al., 2019).
For molecules that permeate across the blood retina barrier (composed of
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retinal capillary endothelium and RPE), there is a substantial contribution
made by the posterior route to their elimination (Maurice and Mishima,
1984; Durairaj, 2017; Schmitt, 2017). It has been estimated that in the case
of small drugs with good permeability through the blood retina barrier, up
to 75 percent of the drug may be eliminated transretinally (Rimpela; Cui and
Sauer, 2021).

2.1.2 Intravitreal interspecies scaling

The anatomical dimensions and physiological factors of the eye are different
in animals and humans (Table 2), and this affects also the ocular
pharmacokinetics. For example, the size of vitreous has a direct effect on the
vitreal elimination half-life of compounds. The diffusion time in the vitreous
is the main factor underlying the elimination rate of intravitreally injected
macromolecules (Hutton-Smith et al., 2016; Shatz et al., 2016; Crowell et al.,
2019). Therefore, it would be expected that the elimination half-life in the
vitreous is longer in the larger human eyes than in smaller animal eyes
(Hutton-Smith et al., 2016).
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Table 2. Physiological and anatomical parameters of rat, rabbit and human

eyes.
Parameter Rat Rabbit | Human References
Retinal surface area (Panda-Jonas et al., 1994; Reichenbach et al., 1994;
(mm?) 80 >20 1204 Mayhew and Astle, 1997)
Choroidal blood flow 39 62 43 (Sebag et al., 1994; Nilsson and Alm, 2012; Shih et
(ml/h) ’ al., 2013)
Ret'”a('r::fﬁ)d flow nr 066 | 026 (Nilsson and Alm, 2012; Shih et al., 2013)
Ciliary body blood | 491 | 534 (Alm and Bill, 1973; Nilsson and Alm, 2012)
flow (ml/h)
Iridial blood flow nr 3.72 1.022 (Alm and Bill, 1973; Nilsson and Alm, 2012)
Anterior chamber 18 300 250 (Conrad and Robinsonx, 1977, Mermoud et al.,
volume (pl) 1996; Civan, 1997)
Aqueous humor flow 21 180 165 (Brubaker, 1991; Mermoud et al., 1996; Missel,
rate (pl/h) Horner and Muralikrishnan, 2010)
Vitreous volume () 50 1500 4500 (Friedrich, Cheng and Saville, 1997; Sha and

Kwong, 2006; Krohne et al., 2008; Zhu et al., 2008).

a: Since the data was not available, the values of monkey were used. nr: not reported.

Both the flow rate and the volume of aqueous humor affect the

pharmacokinetics in the anterior segment of the eye (Table 2). For

intravitreal macromolecules that are eliminated via the anterior route, the

aqueous humor flow rate is the main mechanism of drug clearance in the

anterior chamber. Small lipophilic molecules may be eliminated from the
anterior chamber also by iridial blood flow (Fayyaz et al., 2019). Evidently,
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both species-related differences in aqueous humor dynamics and iris blood
flow may influence the rate of elimination (Table 2).

Rodents are widely used in preclinical ocular pharmacology and
toxicology (Chang et al., 2005; Krebs et al., 2017; Shah et al., 2019) e.g. there
are several established rodent models available for retinal
neovascularization and glaucoma (Morrison, Johnson and Cepurna, 2008;
Grossniklaus, Kang and Berglin, 2010). Despite the widespread exploitation
of rodents in ocular drug development, their ocular pharmacokinetics is
largely unknown. The small volume of ocular tissues in rats and mice make
tissue dissection challenging (Table 2). For example, the average volume of
vitreous in a rat is about 50 pl and ten time less in a mouse (5 pl) (Remtulla
and Hallett, 1985; Sha and Kwong, 2006). For this reason, most of the
published ocular pharmacokinetic studies have been carried out in rabbits
or monkeys. This highlights the benefits of adopting noninvasive
quantitation methods in monitoring the compounds in the ocular
compartments since with this approach euthanizing animals and tissue
dissections can be avoided.

In the design of pharmacological or toxicological studies, it is useful
to know the interspecies dose scaling factors, since these factors can be
applied to estimate the required doses when translating from rodents to
rabbits or humans (Nair and Jacob, 2016). In intravitreal pharmacokinetics,
the scaling factors for translation from mouse to human and rabbit to
human have been published (del Amo et al, 2015; Schmitt et al., 2019).
Intravitreal doses in humans should be about 40% higher than in the rabbits
to obtain the same drug exposure as the average clearance of hydrophilic
intravitreal drugs were 1.4 times faster in rabbits than in humans. The
intravitreal elimination of three radiolabeled compounds (molecular weights
0.51 - 66.5 kDa) were studied using non-invasive Single-photon Emission
Computed Tomography/Computed Tomography (SPECT/CT) imaging in
mice. In that study, the elimination rate in mice was much faster than in
rabbits or humans (Schmitt et al, 2019). Based on the derived
pharmacokinetic parameters, the intravitreal doses in rabbits and humans
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should be 27-90 and 38-126 times higher than in mice, respectively (Schmitt
et al., 2019).

In the case of rats, intravitreal pharmacokinetics has not been
studied. It has been reported that the collection of rat vitreous without
cross-contamination from adjacent tissues is very difficult (Kottegoda et al.,
2007). For this reason, many kinetic studies in rats use whole eye
homogenates, instead of individual tissues (Robinson et al., 2002; Fuchs and
Igney, 2017). Since rats are used as animal models for retinal diseases
(Montezuma, Vavwvas and Miller, 2009), it would be advantageous if the
vitreal kinetics could be assessed in these animals in order to estimate a
suitable dose when designing in vivo experiments.

2.2 Drug delivery system for intravitreal injections

The current retinal drug treatments are administered as repeated
intravitreal injections. The intravitreal injections are invasive and in some
cases, may lead to unwanted ocular effects, including inflammation,
cataract, and pain which tend to reduce patient compliance (Sampat and
Garg, 2010; Fagan and Al-Qureshi, 2013). Since the vitreal elimination half-
lives of small drug molecules are only hours and macromolecules, while
longer, are still measured in days (del Amo et al., 2017), one approach to
improve patient compliance would be to prolong the time intervals between
injections by administering sustained release formulations.

Different formulation approaches for intravitreal sustained drug
release have been investigated. Many formulations are still in the research
phase or in preclinical development (e.g. nanoparticles), although
intravitreal implants are in clinical use (Vieira, Sousa-Pinto and Figueira,
2020). The implant products are used to deliver small drug molecules, like
corticosteroids (dexamethasone, fluocinolone acetonide ) (Sanford, 2013;
Boyer et al., 2014). A biodegradable dexamethasone implant (Ozurdex,
based on polylactic-co-glycolic acid) has a duration of action of several
months, while non-degradable implants (e.g. lluvien) release fluocinolone
acetonide for even longer, 18 - 30 months. The administration of these
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implants requires surgery or the use of a large needle size (Christoforidis et
al., 2012).

Intravitreal nanomaterials can be used for two main purposes: 1)
sustained drug release in the vitreous or 2) targeted drug or gene delivery
to the retinal cells. Intravitreal liposomes were studied already in the 1980's
(Barzaetal., 1985; Tremblay et al., 1985). Later, polymeric nanoparticles were
tested as intravitreal delivery systems of drugs (Mezei and Meisner, 1993;
Zimmer et al., 1994; Blazaki et al., 2020; Delrish et al., 2021; Zhou et al., 2021)
and nucleic acid based therapeutics (siRNA, DNA) were examined in
experimental animals (Bochot and Fattal, 2012; del Pozo-Rodriguez et al.,
2013; Huang and Chau, 2019a). Preclinical success has been achieved i.e.
the prolongation of retention and activity of drugs either as small molecules
or macromolecules within liposomes (Bochot and Fattal, 2012) and
polymeric nanoparticles (Huang and Chau, 2019a), but many aspects of their
pharmacokinetics remain largely unknown. For example, some properties
which are related to in vivo behavior such as the intravitreal kinetics of
nanoparticles, drug release, stability and safety have not been studied in a
systematic manner.

2.3 Methods for non-invasive monitoring of ocular
pharmacokinetics

2.3.1 Optical coherence tomography

Optical Coherence Tomography (OCT) was introduced in biological imaging
in the early 1990s (Huang et al., 1991). Shortly after that, OCT was applied in
evaluation of the retinal layers and morphology in vivo (Fercher et al., 1993;
Puliafito et al., 1995). Application of OCT in clinical ophthalmology led to a
dramatic increase in the precision and quality of diagnoses (Gabriele et al.,
2011).

The main application of ocular OCT is monitoring of the dimensions
and morphology of tissues, for example retina and cornea. An OCT image of
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rat retina is shown in Figure 3. OCT contrast mechanisms are based on
absorption or back-scattering of near infra-red light (Schmitt, 1999).
Therefore, the presence of molecules that can absorb or emit near infra-red
light can improve contrast in OCT images. Melanin (Lee et al., 2003) is an
endogenous whereas indocyanine green (Ehlers et al., 2014) is an exogenous
example of these two kinds of contrast agents.

In some studies, the OCT technique has been used to estimate the
corneal permeability of compounds based on their optical clearing effect
(Larin et al, 2011). Thus the diffusion rates of metronidazole,
dexamethasone or glucose have been estimated indirectly by their effects
on different optical properties (like the refractive index) of cornea and sclera
(Ghosn, Tuchin and Larin, 2007; Ghosn et al., 2008). This method is semi-
quantitative, but the derived values were close to published ones obtained
using quantitative methods.

Since micro- or nanoparticles may scatter light, there are publications
describing the detection and imaging particulate systems. For example,
microspheres were detected in vivo in liver with OCT (Lee et al., 2003). Also
metal nanoparticles have been detected by OCT qualitatively based on back-
scattering of light (Xu et al., 2020; Keahey et al., 2021). The application of OCT
for nanomaterial imaging in the eye is a new application of this technique.
For example, OCT was used to detect gold nanoparticles (Song et al., 2017)
and cells with gold nanoparticles (Chemla et al., 2019) in the rat vitreous.
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Figure 3. Retinal OCT image of a pigmented rat. Retinal layers are shown in
the figure. GCL: ganglion cell layers, IPL: inner plexiform layers, INL: inner
nuclear layers, OPL: outer plexiform layer, ONL: outer nuclear layer, IS: inner
segment, OS: outer segment, RPE: retinal pigmented epithelium.

2.3.2 Fundus imaging

Fundus imaging is a non-invasive ocular imaging technique that allows
visualization of the retinal surface through cornea and lens (Yannuzzi et al.,
2004); usually the pupil must be dilated with mydriatic eye drops before
fundus imaging (Agarwal, 2008). With fundus imaging, it is possible to
visualize the retinal vessels and optic nerve (Figure 4A). Moreover,
fluorescence filters enable the application of fundus photography for retinal
angiography and autofluorescence imaging. For example, after systemic
injection of green (Ffytche et al., 1980), red (Hochheimer and D’Anna, 1978)
or near infrared (Hochheimer, 1971) fluorescent dyes, retinal angiography
can be performed with a fundus camera. The aim of retinal angiography is
to evaluate the morphology and permeability of retinal vessels which are
important features in the evaluation of retinal pathologies associated with
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uveitis and AMD (Olsen et al., 2004). Figure 4B shows a retinal fluorescein
angiogram of a pigmented rat.

Figure 4. A) Fundus color image and B) Retinal fluorescein angiogram of
a pigmented rat.

The main application of fundus imaging is in the diagnosis of diseases
and retinal abnormalities. However, full color or fluorescence filter based
images could be used to follow the distribution of labeled macromolecules
and ocular drug delivery systems (Chang-Lin et al., 2011; Cheng et al., 2011;
Chemlaetal., 2019; Eblimit et al., 2021). Since this is a noninvasive technique,
it can follow one subject at multiple times. Therefore, it is possible to
monitor both the pharmacokinetics and safety of the injected materials at
the same time. For example, the fluorescence signal of sunitinib loaded
liposomes in the mice vitreous has been measured semi quantitatively via
fundus imaging (Tavakoli et al., 2022).

2.3.3 Ocular fluorophotometry

Ocular fluorophotometry is a noninvasive technique which can be used to
quantify the concentrations of fluorescent compounds in the transparent
ocular compartments, such as tear film, cornea, agueous humor, lens and
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vitreous. This technique was introduced in 1954 (Langham and Wybar, 1954)
and later it was improved and used by different groups in the field of ocular
physiology (Maurice, 1963; Waltman and Kaufman, 1970; Jones et al., 1979;
Munnerlyn, Gray and Hennings, 1985). The quantification of fluorescence
signals in the ocular compartments enables measurements of several
physiological factors, such as tear turnover, aqueous humor flow and
permeability of both blood-aqueous and blood-retinal barriers (Lund-
Andersen et al., 1985; Raines, 1988; Docchio, 1989; Maurice et al., 1990;
Zeimer, 1990). An example of a fluorophotometric scan is illustrated in
Figure 5.

Ocular fluorophotometry is an ideal technique for non-invasive
quantification of labeled compounds in the vitreous and aqueous humor. In
most intravitreal pharmacokinetic studies, large numbers of test animals,
usually rabbits, are needed to monitor drug concentrations at different time
points. This is expensive and ethically questionable. Moreover, this
approach does not provide information about the inter-subject variability
since only a single measurement is obtained from each animal.
Fluorophotometry detects fluorescent compounds, enabling ocular
pharmacokinetic studies with labeled macromolecules and drug delivery
systems, like nanoparticles. However, this technique is only suitable for
intrinsically fluorescent small molecules, because fluorescent labeling of
small molecules causes dramatic changes in the molecular features that will
result in misleading data.
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Figure 5. An example of fluorophotometric scan of a rabbit eye. This
technique measures the fluorescence signal in the axis of the eye from
retina to cornea. Autofluorescence is used to locate the different ocular
compartments. The observed axial distance is larger than the actual
anatomical values due to refractive index of the ocular medium.

Fluorophotometry facilitates the rational use of laboratory animals in
accordance with the 3R principles (replacement, reduction, refinement).
Fluorophotometry has been used in pharmacokinetic experiments with
fluorescently labeled macromolecules in rabbits (Johnson and Maurice,
1984; Araie and Maurice, 1991). Recently, Dickmann and colleagues
obtained similar pharmacokinetic results for intravitreally administered
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ranibizumab using fluorophotometry and a conventional invasive method
(Dickmann et al., 2015).

2.4 Autofluorescence of the eye and fluorescent dyes

Ocular tissues can absorb and emit light at different wavelengths
(Schmitz-Valckenberg et al., 2008). The fluorescence of the tissues in the
anterior part of the eye, like cornea and lens, are mostly in the ultraviolet
and green wavelength range due to the protein content in these tissues (Van
Best et al, 1985; Holz et al, 2007) (Table 3). The level of green
autofluorescence in these tissues tends to increase with aging and in some
pathological conditions like diabetes (Bleeker et al., 1986). The range of
fluorescence in the posterior tissues of the eye (e.g. retina) is mainly in the
wavelength range of red color (Eldred and Katz, 1988; Delori et al., 1995).
With aging and in some retinal diseases like AMD, the retinal
autofluorescence may increase due to the accumulation of lipofuscin
(Marmorstein et al, 2002). For example, an increase in the blue-green
autofluorescence of Bruch’s membrane relative to the yellow-orange
autofluorescence of RPE-associated lipofuscin was observed in AMD
patients.

Table.3. Ocular natural fluorophores and their excitation and emission
wavelengths (Rovati and Docchio, 2004; Spaide, 2007; Dysli et al., 2017) .

Tissues Excitation range (nm) Emission range (nm)
Crystalline lens 295-520 329-550
Retinal Lipofuscin 500-720 520-750

Broad in near

Melanin 300-800 .
infrared

Cornea 366-450 440-550
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Near infrared light has been used in the evaluation of retinal
autofluorescence (Skondra et al., 2012). For example, it is possible to image
the melanin distribution in the retina with near infrared imaging (excitation:
787 nm and emission: 800 nm). This may be useful in the diagnosis of age-
related retinal diseases (Keilhauer and Delori, 2006; Kellner, Kellner and
Weinitz, 2010).

Natural autofluorescence of ocular tissues is valuable in diagnosis. The
natural luminescence may affect the signals of exogenous probes that are
used for angiography and as labels in preclinical studies. The signals of red
dyes can interfere with retinal autofluorescence. In addition, green and near
infrared fluorescent dyes are widely used in ophthalmology; but for green
dyes, the overlap with autofluorescence is significant in anterior tissues,
whereas retinal melanin could cause a significant degree of
autofluorescence in near infrared imaging.

In order to avoid problems with autofluorescence (Table 3), new
luminescent dyes have been designed and synthesized (del Rosal and
Benayas, 2018; Jiang and Pu, 2021). For example, the luminescence
properties of phosphorescence dyes can be adjusted by chemical
modifications. Phosphorescence is another type of photoluminescence; it is
similar to fluorescence but with a much longer emission half-life. The
emission half-life can be used as a reporter of the chemical and thermal
environment of molecules (Chelushkin et al., 2022). This feature makes it
possible to utilize these molecules as biological sensors.

Fluorescent dyes display a high emission intensity and they are
commercially available. However, these dyes show small Stokes shifts, short
lifetimes and may suffer from photobleaching. These deficiencies may result
in lower image resolution in luminescent imaging and limit the use of
fluorophores in long-term experiments. On the contrary, phosphorescent
emitters, based on transition metal complexes, display large Stokes shifts,
possess long life-times and are subjected to insignificant photobleaching.
The Stokes shift is the difference between the emission and excitation
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wavelengths of the dye. A large Stokes shift is useful in avoiding the
overlapping of the excitation and emission signals, thus improving the
detection limit and image quality. Moreover, dyes with large Stokes shifts
should be capable of circumventing natural autofluorescence. Another
property, photostability, is important when following the distribution of
labeled materials for longer time periods.

Phosphorescence labels are an attractive alternative to be adopted when
imaging diagnostic and therapeutic nanocarriers. Moreover, it is possible to
use phosphorescence dyes which are sensitive to the chemical environment.
For example, the oxygen concentration in biological environments has been
quantified in a non-invasive manner (Papkovsky and Dmitriev, 2013), and
this has also been achieved in the rodent retina (Wilson et al., 2006; Shahidi
et al., 2010).
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3. AIMS OF THE STUDY

The main goal of this thesis was to study how non-invasive optical
techniques could be utilized to assess the vitreal kinetics of
macromolecules and nanomaterials in rat and rabbits.

The specific aims of this study are as follows:

1. Imaging of phosphorescence dyes in intravitreal liposomes to avoid
ocular autofluorescence problems.

2. Comparing the vitreal kinetics of macromolecules in rats and rabbits
by using in vivo fluorophotometry and deriving inter-species scaling
factors for intravitreal dosing.

3. Applying non-invasive optical techniques to assess both ocular
pharmacokinetics and the safety of labeled liposomes, polymeric
nanoparticles and peptide conjugates in rat and rabbits

4. Applying pharmacokinetic modelling for the prediction and
quantitative  understanding  of  ocular  pharmacokinetics
nanoparticles, peptide conjugates, and released drug after an
intravitreal administration.
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4. METHODS

Method Overview Publications
For intravitreal injections, inhalational and subcutaneous
injection-based anesthetics were used in rat and rabbits,

Anesthesia respectively. In vivo fluorophotometry and eye imaging | I, II, Ill, IV, V
was performed under inhalation anesthesia and a
subcutaneous sedative in rat and rabbits, respectively.

OCT was used to monitor the quality of injections and the

Optical coherence | safety of the materials in rats. The state of the retina was LILIL V.V

tomography visualized and qualitative imaging of nanomaterialsinthe | " " " '
vitreous was performed.

Fundus imaging was performed with and without a

Fundus Imaging fluorescent filter to follow the labeled materials in the rat LILIV,V
and rabbit eyes.

In vivo ocular | Concentrations of the fluorescently labeled compounds LIV V

fluorophotometry were determined in rat and rabbit eyes. Y

Lo Calculation of pharmacokinetic parameters from

Pharmacokinetic . ) . )

. experimental data was accomplished. Simulation models
calculations and . ; . - o I, 1, v, v
. were built for intravitreally injected materials in rat and

modeling )
rabbit eyes.

The lipids were dissolved in chloroform prior to the
liposome preparation. The liposomes were formed by a

Liposome preparations | thin film hydration method followed by extrusion Vv
through a polycarbonate membrane to produce different
particle sizes.

Poly(ethylene glycol)- (trimethylene carbonate-g-e-
caprolatcone) block copolymers were synthesized.

Polymeric micelles . ) . . v
Polymeric micelles were synthesized by hydration of
synthesized polymer in PBS.

Poly(ethylene glycol)-b-poly-(D,L-lactide) copolymer were
synthesized by dissolving the polymers in organic

Polymersome solvents and then dispersion by addition of water. After Vv
dialysis against hyperosmotic solutions, particles with
different morphologies were produced.

Pullulan -

dexamethasone Dispersion of synthesized polymer in PBS buffer. v

nanoparticles
The peptide-dexamethasone conjugates consist of a cell

Peptide conjugates penetrating peptide, ’?m engyme clea\(able linker and i
dexamethasone that is conjugated with a hydrazone
bond.

Particle size Differential Iight scattering was used for particle size and LIV, V
charge analysis

Endotoxin test The endotoxin level was evaluated by using the Limulus v,V

Amebocyte Lysate gel-clot endotoxin assessment kit.

Synthesis and
characterization of
iridium probes

Iridium (I1I) lipid-mimetic complexes were synthesized by
addition a Cye aliphatic chain. The synthesized probes
were characterized using nuclear magnetic resonance.
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Stability and biological
interaction of peptide
conjugate

The ex vivo stability of peptide conjugates in porcine
vitreous were determined by using ultra-performance
liquid chromatography tandem mass spectrometry. The
interaction of peptide conjugates with vitreous and
glucocorticoids was evaluated using Microscale
Thermophoresis.
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5. RESULTS

5.1 Retinal autofluorescence and luminescent bioimaging

The fluorescence properties of ocular tissues are different (Table 3). Eye
imaging using different excitation and emission wavelengths is useful in
observing the natural autofluorescence. For example, in Figure 6, the fundus
images of a rat at three different wavelengths are shown. Depending on the
wavelength, the background intensity is different. In Figure 6B, less
autofluorescence is visible than in 6C. Endogenous fluorescence is
important since it can affect the signal-to-noise ratio of labelled materials
after intravitreal injections.

Figure 6. Fundus images of a pigmented rat. A) Full color image, B) filter set
of emission (504.7-900 nm) and excitation (451.1- 486.5 nm), C) filter set of
emission (610.6-900 nm) and excitation (full color).

In order to design suitable dyes for ocular imaging, two phosphorescence
probes (Ir-1 and Ir-2) were synthesized. Because these probes are
hydrophobic and not water-soluble, they were formulated into liposomes to
allow measurements of the fluorescence spectra in aqueous medium and
this made it possible to perform in vivo experiments. The structure of the
dyes was modified by addition of an aliphatic chain with a length of 16
carbon (Figure 7) to facilitate liposomal incorporation. After this
modification, the probes were loaded into a liposomal formulation
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(DPPC/DSPE-PEG2000/Ir1 or Ir2) at molar ratios of (94/4.5/1) at a total
concentration of 3 umol/ml. The average sizes of the Ir1 and Ir2 labeled
liposomes were 118 + 24 nm and 106 + 23 nm, respectively. For these
probes, three excitation wavelengths of 290, 335 and 450 nm could be used
with the emission wavelength being in the red region (about 650 nm).

Figure.7. Chemical structure of A) Ir-1 and B) Ir-2 compounds.

To evaluate the applicability of phosphorescent liposomes in the in vivo
imaging, we performed OCT and full color fundoscopy in pigmented rats
after intravitreal injection of the labeled liposomes. Ir-1 and Ir-2 complexes
are clearly visible not only due to their luminescence in funduscopy, but they
also generate OCT contrast (a comparison of OCT images before and after
injection as shown in Figure 8). The luminescence and OCT signals are
overlapping thereby revealing the colocalization of the signals. In the fundus
images (excitation: 451.1-486.5 nm, emission 504.7-900 nm), we could
observe the labeled liposomes without any significant autofluorescence
background.
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Figure 8. Fundus and OCT images in rat eyes before and after intravitreal
injection of liposomes labeled with Ir-1 and Ir-2. Fundus image are full color
and with filter combination (excitation: Semrock FF01-469/35 and barrier:
Semrock BLP01-488R). The labeled liposomes are visible as red color. The
right column is the OCT images before and after intravitreal injections. The
liposomes are visible in the vitreous after the injection (yellow arrow).
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5.2 Rat-to-rabbit scaling of intravitreal pharmacokinetics

Intravitreal injections of FITC-dextrans and fluorescein into the rat and
rabbit eyes were used to compare the ocular pharmacokinetics in these two
species. Ocular fluorophotometry was used to determine the concentration
of compounds in the vitreous. The concentrations at different time points
were fitted into a one compartment model with a first order elimination rate
constant and kinetic parameters were obtained (Table 4). The elimination
half-life of a small molecule, fluorescein, is about three times shorter in rats
than in rabbits. In the case of FITC-dextrans, the elimination half-lives for
molecular weights of 10, 150 and 500 kDa were about 5-6 times longer in
rabbits than in rats. The apparent volume of distribution was in the range of
the anatomical volume of the vitreal cavity in both species. In both species,
the clearance of fluorescein was much faster than the clearance of FITC-
dextrans, demonstrating the importance of molecular size in the vitreal
clearance.
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Table 4. Kinetic parameters of intravitreally injected compounds in rats and
rabbits (average + SD).

Compound | Species Apparent volume of Elimination half-life (h) Clearance [Number of
distribution (pl) (pl /h) eyes
Fluorescein? Rat 50 1.05 £ 0.07 33+£22 20
FTCdextran | 88+22 13516 45108 6
+ + D UL
10 kDa at * 2Ed
FITC-dextran
150 kDa Rat 186+ 57 34114 38412 6
FITC-dextran
500 kDa Rat 73£17 266+5.4 21+0.9 6
Fluorescein Rabbit 1200 £ 970 3.0+£2.2 273 £ 69 3
FITC-dextran
Rabbit 2600 + 350 83+3 21.6+2.4 4
10 kDa
FITC-dextran | bbi 1700 166.3+ 16.8 71407 14
157 kpab | "2PPI 2R SET
FITC-dextran 1300 + 180 152 +£13 59+0.7
Rabbit 6
500 kDa

@ The values are from the literature (Krupin et al., 1982) which they reported the vitreal elimination

half-life of fluorescein in pigmented rats after intravitreal injection. The clearance was calculated by using
the average of the anatomical volume of vitreous (50 pl) (Sha and Kwong, 2006). ® The values are from
the literature (Johnson and Maurice, 1984), which they reported the vitreal elimination half-life of FITC-
dextran of 157 kDa in pigmented rabbits after intravitreal injection. The anatomical volume of rabbit
vitreous (1700 pl) (Missel, Horner and Muralikrishnan, 2010) was used to estimate the clearance (i.e.

clearance = vitreous volume x elimination rate constant).
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The kinetic parameters of rats and rabbits are compared in Table 5. If we
aim at an equal area under the curve (AUC) in rats and rabbits, the ratios of
clearance values could be used to estimate the scaling factors for dosing
(AUC= Dose/CL). For fluorescein, the scaling factor between rats and rabbits
is about 8; for macromolecules, it is in a range 2-5. Thus, similar vitreal drug
exposure (AUC) in rabbits is reached at 2-5 time higher doses than in rats

Table 5. Relative differences (rabbit/rat values) for intravitreal volume of
distribution, clearance and half-life. Dose scaling factor was calculated as
CLrabbit/C Lrat-

Compound Apparent volume Clearance | Elimination Dose scaling
of distribution half-life factor for equal
IAUC
Fluorescein 24 83 2.9 8.3
FITC-dextran 29 4.8 6.1 4.8
10 kDa
FITC-dextran 9.1 1.9 4.9 1.9
150 kDa
FITC-dextran 18 2.8 5.7 2.8
500 kDa

5.3 Pharmacokinetics of intravitreal peptide conjugates

The intravitreal pharmacokinetics of two peptide conjugates (Dex-1 and
Dex-2) were evaluated (Figure 9). The peptide conjugates consist of three
components: 1) a cell penetrating sequence for intracellular entry, 2) an
enzyme cleavable peptide-based linker and 3) dexamethasone attached to
¢ terminal of peptide-based linker via a hydrazone linkage. The peptides
sequences were stable in the isolated vitreous for 6 weeks, whereas they
were taken up and cleaved in the RPE cells efficiently (Bhattacharya et al.
2017). The peptide conjugates released dexamethasone with the Arg
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residue, and this molecule was able to bind well to the human glucocorticoid
receptor as shown in microscale thermophoresis (MST) experiments.
Binding of Alexa Fluor 488 labeled peptides to the vitreous was measured
using MST. One of the peptides (Dex-2) had high affinity for binding to the
porcine vitreous (K¢ =13.5 nM) and the maximum binding capacity was
reached at 100 nM. It was not possible to measure the affinity of Dex-1
peptide because of its adherence to the capillary walls of the device.

Dex-1 NH,-GRKKRRQRRPPQ C(Alexa 488)KGKPILFFRLKr-NH-N=Dex

Dex-2 NH,-FNLPLPSRPLLR C(Alexa 488)KGKPILFFRLKr-NH-N=Dex

Figure 9. Sequence and structure of dexamethasone conjugate peptides
(Dex-1 and Dex-2). CPP stands for cell penetrating peptide and DEX for
dexamethasone.

The peptides were injected in the rabbit vitreous and the fluorescence
signals were measured at different time points using ocular
fluorophotometry (Figure 10). The elimination half-lives of the peptides in
the rabbit vitreous were about one day (Table 6). Concentration ratios of
the peptides between aqueous humor and vitreous were about 0.3 (Figure
10, Table 6).
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Figure 10. The fluorescence signal in the rabbit vitreous (black colour)
and aqueous humour (red colour) after intravitreal injection of peptides into
the rabbit eye. A) Dex1 and B) Dex2.

Table 6. The pharmacokinetics parameters of intravitreal Dex-1 and Dex-2 in rabbit

eyes.
Compound Number |Volume of distribution (ul)| Clearance (ul/h) |Elimination|C./C, ratio®
of eyes half-life (h)
Dex-1 3 1700 ® 419+17.0 29.9+10.0|0.31 £0.14
Dex-2 4 1700 ® 49.3 +10.1 24.3+5.7 [0.23+0.04
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a Anatomical volume were assumed as vitreal volume of distribution (Missel, 2012). ® the
ratio of signals in aqueous humour (Ca) and vitreous (Cv).

5.3 Pharmacokinetics of intravitreal nanomaterials

Different nanomaterials were used to study their intravitreal kinetics and
distribution (Table 7). These formulations included liposomes, polymeric
micelles, polymersomes and polymeric conjugates with particle sizes
ranging from = 50 nm to > 1000 nm. Polymeric micelles and polymersomes
were made both as spherical and longitudinal particles (Table 7). Even
though pullulan conjugates are single polymeric chains, they can self-
assemble and form nanoparticles (about 200 nm in diameter). The
endotoxin tests of the formulation revealed that two of the materials had
endotoxin contamination (vesicle =300 nm; tube =180 nm).

Table 7. Nanomaterial properties.

Formulation Hydrodynamic Polydispersity Shape Endotoxin
diameter (nm) index

Liposome =50 nm 48.6+3.9 0.148 Spherical -
Liposome = 100 nm 94.6+5.7 0.054 Spherical -
Liposome =250 nm 231.7+44.8 0.029 Spherical -
Liposome > 1000 nm 1160.9 + 234.1 0.494 Spherical -
Micelle= 40 nm 37.5+0.3 0.061 Spherical -
Worm =90 nm ® 91.8+1.2 0.294 Worm shape -
Vesicle =300 nm 303.0 £ 23.0 0.101 Spherical +
Tube =180 nm ® 183.5+ 4.1 0.055 Tubular +
BDP-pullulan-DEX 219+15 0.25 Spherical -

The lowest dilution of the injected solution (1 to 64 times dilution) which contained more than 0.03 EU/ml
of endotoxin was indicated as positive. ® The reported sizes are based on the DLS method. The shape of
the particles was not considered in this size measurement. The width and length of the particles (tubes
and worms) based on cryo-TEM are more than 1 pm and the width is about 100 to 50 nm (Ridolfo et al.,
2020).
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Vitreal distribution of nanomaterials by using fundus imaging.

The vitreal distribution of nanomaterials was studied in rats after
intravitreal injection by means of fundus imaging and OCT. Fluorescently
labelled materials were used for fundus imaging. In fundus images, the
fluorescence signal was detectable up to 20 days after the intravitreal
injection of large liposomes (> 1000 nm in diameter). The signal for =50 nm
liposomes was detectable still at 10 days, but not after injection of =100 nm
and =250 nm liposomes (Figure 11).

The vitreal distribution of polymeric micelles (micelles =40 nm and worms
=90 nm) revealed the retention in the vitreous for at least 65 days, mostly
close to site of injection (Figure 12). Polymersomes (vesicles =300 nm, tubes
=180 nm) were eliminated from the vitreous in about 8 days (Figure 13). The
polymersomes contained endotoxin which may lead to faster elimination
(Table 7).
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Before Injection After Injection

Liposome =50 nm

Liposome =100 nm

Liposome =1000 nm  Liposome =250 nm

Figure 11 Fundus images showing the distribution of labeled liposomes with
average size of =50 nm, =100 nm, =250 nm and =1000 nm in the rat vitreous
after intravitreal injection. Two eyes were injected and both eyes showed
similar distribution patterns. The imaged time points are immediately after
injection and then 4 days, 10 days and 20 days post-injection.
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Before Injection After Injection 17 Days 65 Days

Figure 12 Fundus images showing the distribution of intravitreally
injected polymeric micelles with spherical (micelles =40 nm) and worm
shapes (worm =90 nm) in the rat vitreous. The time points for imaging are

Micelle= 40 nm

Worm =90 nm

shown above the images.

Before Injection After Injection 2 Days 5 Days 8 Days

Figure 13. Fundus images showing the distribution of intravitreally

vesicles =300 nm

tube =180 nm

injected polymersomes with spherical (vesicle =300 nm) and tubular (tube
=180 nm) shape. The time points for imaging are shown in the columns.

Pharmacokinetics of intravitreal nanoparticles with fluorophotometry:

The vitreal kinetics of fluorescently labeled liposomes and pullulan
conjugates were assessed with in vivo fluorophotometry. One compartment
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model with a first order elimination rate constant was applicable in all cases.
The apparent volumes of distribution of all formulations were close to the
anatomical volume of the vitreous in rats and rabbits (Table 8).

Intravitreal half-life of BDP-pullulan in rats was about 17 hours (Table 8)
and conjugation of dexamethasone to BDP-pullulan did not change the half-
life. The elimination half-life of BDP-pullulan-DEX in rabbits was about 60
hours.

Pharmacokinetics of labeled liposomes (=50 nm in diameter) was
evaluated in rabbits with fluorophotometry. The retention time of the
liposomes was much longer than the retention of pullulan derivatives (half-
life about 200 hours) (Table 8).

Table.8. Kinetic parameters of nanomaterial after intravitreal injections to rat and
rabbit eyes.

Compound Species | Apparent volume of | Elimination half- | Clearance |Number of
distribution (pl) life (h) (pl 7h) eyes
BDP-pullulan rat 42+12 17.4+3.9 1.8+0.7 6
BDP-pullulan-DEX rat 84+ 30 16.7+0.8 35%1.2 5
BDP-pullulan-DEX | rabbit 932+72 60.3+4.9 11+£04 6
liposome=50 nm | rabbit 954 + 478 202.1+£91.2 34+14 6

We performed kinetic simulations in order to estimate the elimination
routes of BDP-pullulan-DEX and liposomes (=50 nm) in rabbit eyes. In these
simulations, the concentration of compounds was simulated in vitreous and
aqueous humor by assuming the anterior route as the only elimination
pathway. The clearance from aqueous humor was assumed to be equal with
the aqueous humor flow rate. The simulated concentrations matched with
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the experimental values from vitreous and aqueous humor (Figure 14),
suggesting that these nanomaterials are eliminated via the anterior route.
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Figure 14. Experimental and simulated concentrations of A) BDP-pullulan-
DEX conjugates (vitreal elimination half-life of about 60 h) and B) liposomes
(= 50 nm in diameter; vitreal elimination half-life of about 200 h) in the
vitreous and aqueous humor of rabbits after intravitreal injections.

The kinetics of the peptide conjugates, liposomes and BDP-pullulan-DEX
were compared with anteriorly eliminating sucrose and FITC-dextrans in
Maurice plot (Figure 15). The Maurice equation (Eq.1) (Maurice and Mishima,
1984) assumes that vitreal elimination takes place only via anterior route:
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in which C; and C, are compound concentrations in aqueous humor and
vitreous, respectively. Ky, Vy and f are the vitreal elimination rate constant,
and the volumes of vitreous and aqueous humor flow rates in rabbits,
respectively. In Figure 15, both the anatomical and the average of intravitreal
volume of distribution were used (red and green line) (Missel, 2012; Del Amo
et al., 2015) The values of liposomes and BDP-pullulan-DEX are close to the
Maurice line and in agreement with sucrose and FITC-dextran data,
indicating that the anterior route is the main elimination route for these
materials.

< Vv=1150 pl
— Vv =1700 pl
Sucrose
FD-10.5kDa
FD-67 kDa
FD-157 kDa

>

CalCv Ratio

Liposome = 50 nm
Pullulan-DEX NP

Dex-1 peptide conjugate

O < * @ KO

Dex-2 peptide conjugate

0-01. T T T T T rrnf T l‘.l.llllll

10 100 1000
Vitreal Elimination Half-Life (h)

Figure 15. Maurice plot of intravitreally administered compounds in the
eyes of rabbits. The plot shows anteriorly eliminating compounds based on
literature data: sucrose (0.342 kDa ) (Bito and Salvador, 1972), FITC-dextran
(FD-10.5, FD-67, FD-157 kDa) (Johnson and Maurice, 1984; Missel, 2012). The
green and red (dotted) lines are derived from the Maurice equation by
assuming 1150 and 1700 pul as the vitreal volume of distribution (Missel,
2012; Del Amo et al., 2015). Positions of BDP-pullulan-DEX (~75 kDa),
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liposome and peptide conjugate (Dex-1, Dex-2) data close to the straight
lines indicate the anterior route of elimination in the rabbit eyes.

In compartmental kinetics and simulations, a homogenous distribution of
nanoparticles in the vitreous was assumed. However, the results of
fluorophotometry and fundus imaging show an intravitreal concentration
gradient and liposome accumulation near to the optic nerve head (Figure
16). No such gradient was observed for BDP-pullulan-DEX.

A B

400 Vitreous

300

200 Retina

Anterior Chamber
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Fluorescence signal
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Figure 16. A) Fluorophotometric scan of a rabbit eye one month after
intravitreal liposome (= 50 nm size) injection. B) Fundus images of the same
eye with full color (left) and green filter (right) settings. The yellow circle
shows the accumulation of liposomes in the optic nerve head.

Importance of synchronizing drug release and nanoparticle elimination

We showed that vitreal kinetics of nanomaterials can be well described
with a one compartment model and first-order elimination. The elimination
of the particles and drug release affect the drug response after intravitreal
injection, but their inter-relationship has not been explored. In order to
investigate this phenomenon, we simulated pharmacokinetics of intravitreal
liposomes by using experimental rate constants of liposomes (=50 nm) from
rabbit eyes and assumed different first-order drug release rates. With
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respect to the released drug, we wused kinetic parameters of
dexamethasone.

The simulations demonstrate the importance of synchronizing ocular
retention and drug release from nanoparticles. Figure 17 shows the
dependence of ocular bioavailability (ocular exposure to released drug) on
the release half-life. Increasing the release half-life prolongs the expected
duration of action (exposure period), but it plateaus after = 15 days. On the
other hand, bioavailability will decrease with a slower drug release rate,
since more drug will be eliminated from the eye in a liposome encapsulated
form. Thus, the design of efficient long-acting nanoparticles must involve
both a prolongation of particle elimination and controlled drug release.
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Figure.17. Relationship between ocular drug bioavailability (percentage
of dexamethasone release in the vitreous and aqueous humor) and drug
release rate (half-life of release) from intravitreally injected liposomes. The
simulation was performed using liposomal kinetic parameters from Table 8.
The effective exposure period of free dexamethasone in the vitreous is
shown as a function of the drug release rate. The exposure period is defined
as the time period for dexamethasone concentrations staying above 1 nM
in the vitreous.
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6. DISCUSSION

6.1 Ocular autofluorescence and eye imaging

Ocular tissues show emission wavelengths when subjected to excitation
beams leading to different background signals in ocular tissues. In this
study, we imaged the retina and vitreous of pigmented rats after intravitreal
injections.  Autofluorescence may affect the quality of imaging when
investigating labeled molecules or particles. For example, Marmorstein et al.
(Marmorstein et al, 2002) elucidated the spectral profile of natural
autofluorescence in the human retina. They studied the retinas of healthy
and diseased AMD human subjects using different excitation and emission
wavelengths. When excitation was performed at 488 nm, the emitted signal
at 655 nm wavelength was minimal.

In our study, two phosphorescence probes (Ir-1 and Ir-2) were
synthesized and formulated into liposomes that were injected intravitreally
into the rat eye. These two dyes are iridium complexes with excitation
wavelengths in ultraviolet (290 to 330 nm) or blue light (430 to 470 nm) and
emission wavelengths range from the red to the near infrared range (650-
800 nm). For in vivo imaging, we used excitation wavelength 488 nm and
monitored the IR-1 and IR-2 dyes in a range of 500 to 700 nm. The maximum
emission of these dyes in aqueous media is reached at about 650 nm.
Therefore, the background noise from the retinal autofluorescence should
be minimal for these dyes. As we have shown with the fluorescent fundus
imaging of IR-1 and IR-2 labeled liposomes, these dyes improve both the
quality and sensitivity of the imaging procedure.

Another potential application of these dyes could be their simultaneous
detection with green dyes, like fluorescein, in a single image. This is feasible
because by using filter sets in fluorescein angiography, the retinal vessels
are visible in green color and the IR-1 and IR-2 are in red color. For example,
when we injected intravitreally compounds or formulations with IR-1 or IR-2
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labels, and perform fluorescein based retinal angiography, we could detect
the intravitreally injected materials with the same set of filters in a single
image. Retinal angiography is a valuable tool in the evaluation of retinal
vessels, an important part in preclinical safety and drug efficacy studies
(Littlewood et al., 2019). These labels potentially broaden the information
which can be gained in such investigations. Compared to fluorescent labels,
the phosphorescent labels are expected to display an improved signal-to-
noise ratio due to the large Stokes shift and negligible quenching in long-
term experiments with ocular drug delivery systems capable of prolonged
action.

In this study, we observed the injected liposomes in the vitreous by OCT.
To the best of our knowledge, this is the first report on the applicability of
phosphorescent dyes for simultaneous use with in vivo funduscopy and OCT.
The wavelength in ocular OCT imaging was in the near infra-red region. Thus,
the molecules that are capable of absorbing or emitting light at a range of
around 800 nm or higher can generate a contrast in the OCT images.
Previously, OCT-based detection of unlabeled microspheres in vivo in liver
was demonstrated (Lee et al., 2003). The contrast mechanisms of OCT are
based on the absorption or back-scattering of light. Endogenous melanin
(Lee et al., 2003) and exogenous indocyanine green (Ehlers et al., 2014) are
examples of contrast agents which can be detected by OCT. Since the
detected wavelength in OCT is in the near infrared region, and IR-1 and IR-2
do not have strong emission in this range, it is likely that the OCT signals of
the Ir-labeled liposomes originate mostly from physical light scattering.
Interestingly, the signals of fluorescence fundus images and OCT overlap.
This shows that the liposomes are detectable by both OCT and fluorescence
imaging. Colocalization of the signals also indicates that the labels are stably
embedded in the liposomes after intravitreal injections.

The combination of OCT and fluorescence imaging simultaneously may
provide a means to monitor simultaneously tissue microstructures (OCT)
and molecular processes (fluorescence signals) (Yuan et al., 2009). Such an
approach may be interesting in the experiments of ocular drug safety and
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pharmacodynamics in vivo. Fluorescence signals may demonstrate the
distribution of compound or drug delivery system, while OCT could reveal
the distribution of materials and ocular microstructures, such as retinal
layers (Yang, 2005).

The ocular safety of Ir-complexes is still unknown. We encountered
occasional toxic responses, and thus the overall the safety status of these
materials is unclear.

6.2 Dose scaling for intravitreal drug delivery

Rats are widely used in efficacy and safety studies of intravitreally injected
compounds (Grossniklaus, Kang and Berglin, 2010), but data on intravitreal
pharmacokinetics in rats have not been available. Non-invasive
fluorophotometry was used to evaluate the effect of molecular weight on
vitreal pharmacokinetics in rats and rabbits. Although vitreal
pharmacokinetics in rabbits has been investigated in many studies (del Amo
et al., 2015) ), drug concentrations have not been monitored in the rat eyes
after intravitreal injections. In conventional pharmacokinetic studies, the
vitreous is isolated from the eyes of sacrificed rabbits and drug
concentrations are analyzed with LC/MS, radiochemical or ELISA methods
(Laurent and Fraser, 1983; Kwak and D’Amico, 1992; Sinapis et al., 2011). In
such studies, intravitreal clearance for molecular weights of 7-149 kDa were
in the range of 11-71 pl/h (del Amo et al., 2015). In our study, similar values
have been obtained (5.9-21.6 pl/h) at mean molecular weights of 10-500
kDa. This is in line with a previous study (Dickmann et al., 2015) that utilized
non-invasive fluorophotometry to examine the vitreal pharmacokinetics of
ranibizumab. Fluorescent labeling changes the properties of small
molecules dramatically and for this reason this technique can be applied
only for macromolecules, nanoparticles or small molecules with intrinsic
fluorescence (e.g. fluorescein sodium).
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To the best of our knowledge, this is the first quantitative study on vitreal
pharmacokinetics in rats. Our main findings are as follows: 1) the intravitreal
elimination of macromolecules is faster in rats than in rabbits; vitreal half-
lives in the rabbits are 5-6 times longer than in the rats. 2) Intravitreal
clearance values of macromolecules in the rabbits are 2-5 times higher than
in rats, suggesting that the average intravitreal daily doses should be 2-5
times higher in rabbits than in rats. 3) Increasing the molecular weight
decreased the rate of vitreal elimination in both species, presumably due to
the slower diffusion in the vitreous and different retinal permeability.

Like in rabbits (Rimpeld et al, 2018), the intravitreal clearance of
macromolecules in the rats (= 2-5 pl/h) is slower than the rate of aqueous
humor outflow (18 pl/h) (Mermoud et al., 1996; Toris, 2008). This suggests
that these compounds are mainly eliminated via the anterior route, but
access of the compounds to the aqueous humor is limited by the vitreous,
iris-ciliary body and lens. Small molecules, capable of permeating through
the blood retina barrier, are eliminated posteriorly (Hosoya et al., 2010). For
example, the clearance of fluorescein was faster than the aqueous humor
outflow in rats (CL=33 pl/h; outflow 18 pl/h) and rabbits (CL=273 pl/h;
outflow 180 pl/h) indicating significant transretinal clearance.

Based on our results, the apparent volume of distribution was in the
range of anatomical values in both rats and rabbits. The shorter vitreal
residence time in the rats, as compared to the rabbits, could be explained
based on a smaller vitreal volume in rats (= 0.05 ml) than in rabbits (= 1.7
ml). A larger apparent volume of distribution prolongs the half-life of
elimination (t12=1n 2 x V/CL). On the other hand, vitreal clearance of rabbits
is higher than in rats, because rabbits have a larger surface area of blood-
ocular barriers, higher diffusional area in the vitreous and faster aqueous
humor outflow than the corresponding value in rats. Similar trends were
seen in a SPECT/CT imaging study investigating intravitreal elimination in
mice; these animals had shorter half-lives and smaller clearance values than
rabbits (del Amo et al., 2015; Schmitt et al., 2019).
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We report here the first scaling factors for rat-to-rabbit translation. The
dose-scaling factors indicate that 2-5 times higher doses of macromolecules
(mw. = 10 to 1000 kDa) should be used in rabbits to achieve similar vitreal
drug exposure (AUC). For small drug-like molecules, the scaling factor is
about 8. A scaling factor of 1.4 has been reported for rabbit-to-man
translation (del Amo et al., 2015). Thus, we estimate that the scaling factor of
dose for rat-to-man translation is in a range of 3-7. Due to the size difference
between the eyes, the scaling factors for rat-to-rabbit translation are smaller
than those for the following translations mouse-to-rabbit (= 84) and mouse-
to-man (= 118) (Schmitt et al., 2019).

6.3 Drug-peptide conjugates and nonlinear Vvitreal
pharmacokinetics

Intravitreal kinetics of two fluorescently labeled peptides were evaluated
by means of fluorophotometry. These two peptides were conjugated to
dexamethasone via an acid-sensitive hydrazone bond that is expected to
release dexamethasone in the intracellular space. The peptides contained
cell penetrating sequences which increase their permeability to the retinal
cells. Previously, it was shown that these peptides can release drug cargo in
the RPE cells (Bhattacharya et al., 2017). The peptides have cationic residues
in their sequence to increase binding to hyaluronic acid, which is an anionic
polymer and the main component in the vitreous (Kleinberg et al., 2011).
Both peptides with molecular weights of around 4 kDa had almost similar
elimination half-lives which is around one day. If we compare the kinetics of
these two peptides conjugates in the Maurice graph (Figure 15), we can see
that both of the peptides had values close to the line which supports the
anterior elimination route from the rabbit eyes. Moreover, it seems that the
vitreal elimination of Dex-1 and Dex-2 was similar to that of macromolecules
like dextran, which has almost the same diffusion constant in water and
vitreous (Missel, Horner and Muralikrishnan, 2010). This will raise one
question i.e. Dex-2 shows high affinity for binding to vitreous, but the in vivo
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kinetics by using in vivo fluorophotometry reveals that there is a lack of
effective vitreal affinity.

Based on in vitro binding to porcine vitreous with MST, it is possible to
estimate peptide pharmacokinetics for bound and free peptide fractions.
The free fraction can be estimated with the following equation (Talevi and

Quiroga, 2018):
Bmxcfree

Eq.2 Ctor = Cfree + Ka+Cree

In the equation, Ci: and Crree are total and free peptide concentrations,
respectively. Bm is the maximum capacity of the tissue for peptide binding
and Kg is equilibrium dissociation constant. Based on the MST results, B, of
porcine vitreous for Dex-2 peptide is 100 nM and Kqis 13.5 nM.

When the drug concentration is much higher than the maximum binding
capacity of the tissue, most of the binding sites are saturated and nonlinear
pharmacokinetics will become possible. In this case, the elimination rate
constant and half-life will be concentration dependent. Coffey et al. (Coffey,
Bullock and Schoenemann, 1971; Coffey, 1972) introduced an apparent
elimination constant for such a case (Eq.3).

_ Ky Crree
Eq.3 Kapp = ?

They assumed that the elimination process operated only on the free
fraction of drug. In equation 3, Kspp is the apparent elimination constant. K
is the elimination rate constant for free drug fraction, whereas Ciot and Cree
are the bound and free concentrations of the drug, respectively. This
equation reveals that the elimination rate constant and elimination half-life
for a compound with significant binding affinity will become dose
dependent.

Since the amount of peptide was not enough to perform a concentration-
signal calibration, we had to estimate the concentrations of Dex2 peptide in

68



the vitreous based on some assumptions. If we consider the average
anatomical volume of rabbit vitreous (1700 pul (Missel, 2012) ), after
intravitreal injection of 40 pl of peptide solution, about a 42.5 times dilution
would take place in the vitreous. Considering the concentration of injected
Dex-2 solution (0.125 mM), we then estimated the initial concentration of
peptide (Co) as 3000 nM. During the follow-up time of 3 days post-injection,
the range of peptide concentration in the vitreous should be 700-3000 nM,
when its half-life of elimination is about one day. Thus, these levels are much
higher than the maximum binding capacity of porcine vitreous (100 nM).
Moreover, as the elimination of Dex-2 from rabbit vitreous displays a
dependency on molecular size (Maurice plot, Figure 15), the elimination
seems to be governed by the unbound peptide fraction.

At lower concentrations, the fraction of bound peptide will increase
substantially (Figure 18A). For example, at a total peptide concentration of
100 nM in the vitreous, about 62 % of the drug would be in the bound form,
leading to an elimination half-life of =60 hours (Figure 18C). When the total
concentration is much higher than the saturation concentration (100 nM),
the half-life of elimination will be =24 hours; this matches the experimental
value invivo. Thus, we conclude that the observed elimination half-life in the
rabbit vitreous originate mostly from unbound Dex-2 peptide. In principle,
the elimination half-life of the bound fraction could be longer and non-linear
kinetics would be detected at low concentrations.
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Figure 18. A) Bound and free fraction of peptides Dex-2 to hyaluronic
acid versus different concentration. B) Free, bound and total concentration
of peptides vs total peptide concentration. C) Theoretical vitreal elimination
half-life of Dex-2 considering the vitreal affinity and apparent elimination
rate constant.
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6.4 Intravitreal kinetics of nanomaterials

Factors affecting vitreal kinetics of nanomaterials

In this study, we evaluated intravitreal kinetics of nanomaterials. We
demonstrated long intravitreal retention of >10 days and 65 days for small
liposomes (= 50 nm) and polymeric micelles (spherical = 40 nm; longitudinal
= 90 nm), respectively, in the rat eyes. Unexpectedly, larger liposomes (= 100
and 250 nm) and polymersomes (spherical 300 nm; tubular 180 nm) had
shorter retention times in the rats’ eyes (< 10 days), even though another
polymersome formulation had a half-life of = 30 days in rabbits’ eyes
(unnuthula et al., 2021). Since large liposomes (> 1 ym) remained for >20
days in the rats’ eyes, we conclude that small nanoparticles (< 100 nm) and
large ones (> 1 pm) are preferred for prolonged vitreal retention. However,
the relationship between particle size and vitreal retention is complicated
due to confounding variables, such as charge interactions, particle
disintegration and aggregation (Pitkanen et al, 2003; Bochot and Fattal,
2012; Huang and Chau, 2019a). In previous reports, similar (Sakurai et al.,
2001) and opposite (Kim et al., 2020) trends have been presented for the
relationship between particle size and vitreal retention.

Vitreal retention of 50 nm liposomes was longer in rabbits (> 30 days)
than in rats (> 10 days), which is in line with studies with intravitreal soluble
molecules in mice (Schmitt et al., 2019) and rats (chapter 5.2). The literature
on vitreal retention of intravitreally injected nanoparticle embedded drugs
shows a wide range of values in the rat and rabbit eyes as the half-lives range
from 0.25 to 78 days (Peyman et al., 1987; Alghadyan et al., 1988; Mezei and
Meisner, 1993; Zeng et al., 1993; Sakurai et al., 2001; Claro et al., 2009; Kim et
al., 2020). This reflects differences in the size, charge, drug release as well as
other possible factors. We detected the presence of the particles, not the
drug that may have been released before the particles were eliminated from
the vitreous. In addition, the use of covalently bound fluorescent labels in
the polymeric nanoparticles and fluorescent lipids in the liposomes
minimized the risk of non-covalent release of the labels.
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The shape of fluorophotometric scans showed a gradient of
concentrations with higher values close to retina. This may be due to
anterior elimination of liposomes and convective flow (Araie and Maurice,
1991; Smith, Lee and Gardiner, 2020). The anterior route of elimination can
lead to the kinds of concentration gradients in the vitreous demonstrated
by Araie et al. (Araie and Maurice, 1991), who showed that there were vitreal
gradients for eliminating dextrans through the anterior pathway.

Retinal permeability of nanomaterials

Small particles (= 50 nm) may permeate to the retina across the inner
limiting membrane (ILM), whereas particles of 100 nm and larger diameters
do not permeate to the retina in bovine eyes with proper ILM barrier
(Tavakoli, Peynshaert, et al., 2020). Potentially misleading and easier retinal
permeation of particles has been seen in the rodent eyes with thinner and
leaky ILM (Lee et al., 2017). A prolonged vitreal retention of small liposomes
and polymeric micelles will improve the chances of retinal permeation as
they are capable of diffusing both in the vitreous and ILM (Lee et al., 2017;
Tavakoli, Kari, et al., 2020; Tavakoli, Peynshaert, et al., 2020). Such
formulations may be optimized for retinal drug targeting. On the other
hand, very large liposomes are larger than the mesh size of the vitreous (=
550 nm) (Peeters et al., 2005; Xu et al., 2013). These kinds of particles are
retained for a long time at the injection site and could be suitable for the
controlled release of the drugs to the vitreous, but not for particle mediated
delivery into the retina.

Pullulan-dexamethasone nanoparticles (mean diameter 219 nm) showed
an accumulation on the surface of ILM. The size distribution is also an
important factor, since in the case of average particle size with a large
polydispersity, the fraction of smaller particles could permeate into the
retina. Interestingly, some of the pullulan conjugate seemed to be taken up
into the Muller cells in the retinal explant cultures and transported within
these cells deeper into the retina. However, it is still unclear if the particles
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can escape from the cells into other parts of the retina. This phenomenon
was not seen in the isolated bovine retinas, where pullulan conjugates
localized to the ILM and some ganglion cells. It may be possible to target
some nanomaterials to certain retinal cell types, but this aspect needs
further investigation.

Accumulation of particles in optics nerve head

Based on the fundus images, we observed an accumulation of 50 nm
liposomes in the optic nerve head region of the rabbits’ eyes. Smith et al
(Smith, Lee and Gardiner, 2020) recently published a review article on the
possible fluid flow from the anterior chamber to the posterior part of the
eye. They estimated that a considerable fraction of the aqueous humor may
flow to the vitreous and subsequently being eliminated via the transretinal
route. This flow may contribute to the higher levels of liposomes in the
posterior vitreous and at the optic nerve head in the rabbit eyes.
Accumulation in the optic nerve head is in line with our previous report
(unnuthula et al., 2021). Interestingly, this kind of accumulation was not
seen in healthy rat eyes, but some optic nerve accumulation was detected
in the case of the polymersomes containing endotoxin. In the case of
pullulan-Dex particles, we did not observe a gradient of concentration in the
vitreous or accumulation in the optic nerve of rats or rabbits. The data
suggests that optic nerve accumulation depends on the type of
nanomaterial administered.

Optic nerve accumulation may be useful for therapeutic targeting to the
optic nerve (e.g. in glaucoma) (Lavik, Kuehn and Kwon, 2011; DeBusk and
Moster, 2018), but it may potentially lead also to unwanted effects or toxicity.
It has been claimed that optic nerve accumulation is less significant in
monkeys and humans than in rabbits (Hayreh, 1965), but this hypothesis has
not been proven in humans.
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Elimination route of intravitreal nanomaterials

It has been proposed that there is anterior elimination of intravitreally
injected materials (via aqueous humor outflow to the Schlemm'’s canal), and
elimination to the conjunctival lymphatics as well as posterior elimination
across the blood retina barrier (Camelo et al., 2007; del Amo et al., 2017). The
anterior route is considered to be more likely than the posterior route,
because the posterior pathway is quantitatively significant only in the
elimination of small soluble molecules, capable of permeating across the
retinal pigment epithelium and the endothelial of the retinal capillaries (Del
Amo et al., 2015). The diffusion in the vitreous has been established as the
critical factor in the anterior elimination of intravitreal biologicals (Hutton-
Smith et al, 2016) and simulations based on this assumption predict
perfectly their vitreal and aqueous humor concentration profiles (Rimpela et
al., 2018). Hutton-Smith et al. (Hutton-Smith et al., 2016) used the same
principles and stated that the vitreal elimination of large protein molecules
depended on anatomical factors and the diffusion coefficient of drug in the
vitreous.

Although the anterior elimination of intravitreal liposomes has been
suggested previously (Barza et al., 1987), we quantitatively prove here for the
first time that intravitreal liposomes are removed mainly (or only) via the
anterior route in rabbits. This conclusion was reached by using a
combination of in vivo experiments and kinetic simulations. We determined
vitreal clearance of liposomes and then assumed that the entire clearance
would represent anterior elimination, and furthermore that liposomes were
eliminated from anterior chamber solely at a known rate of aqueous humor
outflow. The simulated liposome concentrations in the aqueous humor
matched the experimental values demonstrating anterior elimination of
intravitreal liposomes. This result does not provide any support for the
proposal that either posterior or conjunctival elimination routes would be
important. Moreover, a comparison of the kinetic parameters of liposomes
with dextran in the Maurice plot provides support for the predominant role
of the anterior elimination route. We performed similar simulations and

74



comparisons for pullulan-Dex nanoparticles. Again, it does seem that most
of the elimination took place anteriorly.

Pharmacokinetic considerations for designing intravitreal drug
designing nanomaterials

Unfortunately, there are no published studies investigating the free drug
concentrations in the vitreous after intravitreal delivery of particulate drug
delivery systems. Furthermore, no publications have reported the
simultaneous residence of both particle material and drug in the vitreous.
Most publications show levels of total drug in the vitreous (Alghadyan et al.,
1988; Assil et al., 1991; Bourlaist et al., 1996; Gupta et al., 2000), even though
only released drug is active pharmacologically. In order to estimate the
interplay of the drug release rate and ocular residence of nanoparticles, we
performed simulations at three hypothetical rates of dexamethasone
release and one drug loading level in liposomes. We demonstrated that the
ideal drug delivery requires the synchronization of drug release and vitreal
retention of the nanoparticles. Too slow drug release may lead to the ocular
elimination of a major part of the drug dose in an encapsulated form,
resulting in sub-optimal ocular bioavailability of free drug, whereas too fast
release may lead to premature drug release, short action and the non-
productive residence of empty nanoparticles in the eye. Our simulation
models provide tools for drug development, since in vitro drug release rates,
pharmacokinetics of free drug and retention of the particles can be
incorporated into the model as parameters.

A similar simulation for pullulan nanoparticles was performed using the
in vitro drug release rate and in vivo kinetics of labeled particles. In the
simulations, in vivo dexamethasone release was assumed to be similar as in
the experimentally determined in vitro release. Of course, in vitro/in vivo
correlations are not simple and in many cases there are biological factors
that might affect drug release in vivo. In the case of pullulan-Dex, the
elimination rate of particles from vitreous (half-life = 60 h) was much faster
than the drug release rate (half-life = 500 h). In this case, most of
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dexamethasone dose would be eliminated from the eye before being
released from the particles. This formulation is a good example which shows
the importance of synchronizing the drug release and particle elimination in
order to have efficient and prolonged drug retinal drug delivery. Basically,
vitreal retention of pullulan-Dex formulation should be clearly longer to
match its slow drug release kinetics otherwise, the full benefit from the
injected drug dose would not be achieved.

Role of endotoxin

Unlike liposomes and polymeric micelles, the polymersome (spherical
and tubular) samples contained endotoxin levels that were above the limits
set by FDA for intraocular formulations (U.S. Food and Drug Administration,
2015). Intravitreal endotoxins may cause inflammation in the eye (Bantseev
et al., 2018). Despite the importance of endotoxins, most of the published
literature on intravitreal nanomaterials have not described the performance
of any endotoxin tests (Fishman, Peyman and Lesar, 1986; Peyman et al.,
1987, 1988; Zeng et al., 1993; Gupta et al., 2000; Bochot et al., 2002; Merodio
et al., 2002; Kawakami et al., 2004; Xu et al., 2007; Zhang et al., 2009; Honda
etal., 2011; Koo et al., 2012; Lu et al., 2014; Huang and Chau, 2019b; Delrish
etal.,, 2021). Therefore, the validity of those studies could be questioned. Our
results indicate that endotoxin contamination may accelerate the removal
of polymersomes from the rat vitreous: retention of polymersomes in this
study was = 8 days in rat vitreous, whereas another polymersome
formulation with a similar particle size was retained in rabbit vitreous for as
long as 4 months (Junnuthula et al., 2021). Apparently, the increased rate of
nanoparticle elimination may be due to the infiltration of phagocytic cells.
For example, McGahan et.al (McGahan and Fleisher, 1992) detected a high
level of vitreal neutrophilic activity 24 hours after intravitreal injection of
endotoxin in the eyes of rabbits. Furthermore, the elimination of endotoxin
contaminated nanoparticles might be increased due to the induced
inflammation as shown previously (Barza et al., 1987). Our data addresses
the importance of including endotoxin controls in the preclinical
pharmacokinetic studies of intravitreal drug formulations. Thus, testing for
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the presence of endotoxin in the trial formulations is essential to guarantee
the reliability of the results.
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7. CONCLUSIONS

Non-invasive techniques were useful in preclinical intravitreal
pharmacokinetic studies. They made it possible for the following
conclusions to be drawn:

1. Phosphorescence dyes with a minimal overlap with the natural ocular
autofluorescence and large Stoke shift improve the quality of the in vivo
luminescent imaging of labelled compounds.

2. Intravitreal retention of macromolecules is shorter in rats than in rabbits.
In order to achieve a similar drug exposure, 2-5 times higher intravitreal
doses are needed in rabbits than in rats.

3. Vitreous binding of compounds may lead to non-linear intravitreal
pharmacokinetics. Thus, the elimination rate constant in the vitreous may
be affected by the number of binding sites, affinity for binding to vitreal
components and the concentration of the test compound.

4. Increasing particle size does not always prolong the retention of
nanomaterials in the vitreous.

5. In rabbits, intravitreally injected dexamethasone pullulan conjugates and
liposomes are mainly eliminated through the anterior chamber.

6. Endotoxin contamination significantly accelerates vitreal elimination of
nanomaterials. Most of the publications regarding intravitreal
nanoformulations lack the endotoxin assessments prior to in vivo
experiments.

7. Intravitreal nanoparticles show uneven distribution patterns, with higher
values occurring posteriorly near the retina.

79



8. Intravitreally injected nanomaterials accumulate at detectable levels in
the region of the optic nerve head in rabbit eyes.

9. In order to achieve effective drug delivery and good bioavailability in the
retina, drug release and particle elimination should be synchronized.
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8. FUTURE PERSPECTIVES

In this study, we showed potential applicability of phosphorescence dyes
in following and monitoring vitreal distribution and retention of liposomes.
Duration of this study was short, just demonstrating the concept. In the
future, it would be useful to follow pharmacokinetics of the labelled
liposomes and morphology of retina for longer times to better understand
usefulness of phosphorescence labels as reporters of vitreal
pharmacokinetics. Also, it is important to study the safety aspects of these
labels in longer experiments. Moreover, by using suitable instrument and
phosphorescent lifetime measurements it should be possible to quantify
additional in vivo parameters, such as vitreal oxygen levels and pH, with
phosphorescence probes. Thus, these dyes might be useful compounds for
non-invasive monitoring of ocular physiology and pathology.

In the current study on intravitreal pharmacokinetics, we investigated
dose scaling between rats and rabbits by using FITC-dextran and fluorescein
as model substances for small and large molecules. Although the molecular
size is a main factor that determines the vitreal elimination half-life of
macromolecules, labelled antibodies (e.g bevacizumab), Fab-fragments (e.g.
ranibizumab) or soluble receptors (e.g., aflibercept) could also be
investigated with this approach in rats and rabbits. For the measurements,
the protein drugs should be labelled with a fluorescent probe at suitable
levels that will provide adequate signals for in vivo fluorophotometry, but
not changing significantly the physico-chemical properties of the
compounds. Such studies would be an interesting part in building
understanding between pharmacokinetics and pharmacodynamics of anti-
VEGF biologicals.

In order to understand the observed in vivo retention time of the studied
peptide in the rabbit vitreous, we introduced a kinetic model for non-linear
vitreal pharmacokinetics. Vitreal binding affinity was a key factor in the
model. In vitro binding studies were done with porcine vitreous that differs
from rabbit vitreous in terms of hyaluronic acid content. Determination of
binding affinity to rabbit vitreous would provide valuable data for in vitro to
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in vivo translation. Moreover, it will be interesting to study compounds with
different vitreal binding affinities to validate the model. Binding studies and
modelling may be useful tools in the development of molecular conjugates
with controlled vitreal retention.

During our projects, we have occasionally obtained nanomaterials with
endotoxin trace contamination. Such contamination may originate from the
starting materials or from the manufacturing processes (incl. production,
purification). Published literature on intravitreal drug administration either
lacks endotoxin tests or they are not mentioned in the reports. However,
this is an important issue, because endotoxin traces may induct
inflammation and alter pharmacokinetics of injected materials. Improved
understanding on the biological mechanisms of pharmacokinetic alteration
is needed. Also, this aspect should be strongly presented in the scientific
literature so that endotoxins would be monitored properly in the
investigations.

Our pharmacokinetic modelling of free drug concentrations in the eye
was based on the rates of in vitro drug release. Assumption of identical drug
release rates in vitro and in vivo may not be valid. Different in vitro and in vivo
release rates have been observed in some unpublished experiments of our
laboratory. Differences between in vitro and in vivo release rates may be due
to different interactions of nanomaterials with in vivo vitreous and in vitro
release medium. Differences in mixing conditions and clearance of released
drug may also cause deviations in drug release. Thus, improved in vitro
release methods and in vivo data on drug release are needed.
Determination of in vivo release rate of drug from intravitreal nanomaterials
is challenging. Released drug should be analysed separately from the drug
that is still incorporated to the nanomaterial. /n vivo intravitreal microdialysis
may be applicable technique that would allow estimation of the free drug
concentration in the vitreous. Thereafter, assuming that clearance of free
drug from vitreous has been determined, modelling would allow
determination of in vivo release rate from the nanomaterials. More invasive
approach of obtain vitreous at different times post-injection, separate the
fractions of free and encapsulated drug, and determine drug contents in
these fractions. Currently, there are hardly any published experimental data
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on intravitreal drug release in vivo. Although such experiments can be
technically challenging, the obtained data would be beneficial for scientific
understanding and ocular drug development.
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Design and synthesis of lipid-mimetic cationic
iridium complexes and their liposomal formulation
for in vitro and in vivo application in luminescent
bioimagingf
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Two iridium [Ir(NAC),(NAN)I* complexes with the diimine NAN ligand containing a long polymethylene
hydrophobic chain were synthesized and characterized by using NMR and ESI mass-spectrometry: NAN
— 2-(1-hexadecyl-1H-imidazol-2-yl)pyridine, NAC — methyl-2-phenylquinoline-4-carboxylate (Irl) and
2-phenylquinoline-4-carboxylic acid (Ir2). These complexes were used to prepare the luminescent
PEGylated DPPC liposomes (DPPC/DSPE-PEG2000/Ir-complex = 95/4.5/1 mol%) using a thin film
hydration method. The narrowly dispersed liposomes had diameters of about 110 nm. The photophysics
of the complexes and labeled liposomes were carefully studied. Irl and Ir2 give red emission (lem = 667
and 605 nm) with a lifetime in the microsecond domain and quantum yields of 4.8% and 10.0% in
degassed solution. Incorporation of the complexes into the liposome lipid bilayer results in shielding of
the emitters from interaction with molecular oxygen and partial suppression of excited state nonradiative
relaxation due to the effect of the relatively rigid bilayer matrix. Delivery of labeled liposomes to the
cultured ARPE-19 cells demonstrated the usefulness of Irl and Ir2 in cellular imaging. Labeled liposomes
were then injected intravitreally into rat eyes and imaged successfully with optical coherence
tomography and funduscopy. In conclusion, iridium complexes enabled the successful labeling and
imaging of liposomes in cells and animals.
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in physiological media, possibilities for controlled and induced
drug release, and relatively easy surface vectorization for tar-

Introduction

During the last decades liposomes have been actively studied as
basic models of lipid bilayers and as carrier structures in
diagnostics and drug delivery.* Liposomes are versatile nano-
structures that can be prepared with different sizes (from 40 nm
to micrometer scale), lipid wall properties (rigid or fluid state)
and surface functionalities (e.gz PEGylation for prolonged
circulation times, antibodies for targeting).>® Liposomal
delivery of small molecule and biomacromolecule drugs has
been widely studied for many medical applications. The
advantages of liposomes include their safety profile, solubility
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geted delivery of encapsulated drug molecules.®*

Targeting of drug carrier into the target cells and tissues can
be visualized non-invasively with luminescent labels and
radioactive probes. In most imaging experiments, the lipo-
somes were labelled with fluorescent dyes.'**® The fluorescent
markers display high emission intensity and they are
commercially available, but these emitters show small Stokes
shifts, short lifetimes and often suffer of photobleaching. These
deficiencies may result in lower image resolution in lumines-
cent microscopy and also limit the use of fluorophores in long-
term experiments. On the contrary, phosphorescent emitters
based on transition metal complexes display large Stokes shifts,
long life-times and negligible photobleaching. Thus, phospho-
rescence labels are an attractive, but not widely studied, alter-
native to imaging of diagnostic and therapeutic nanocarriers.

Previously, phosphorescent polypyridyl ruthenium'-** and
orthometalated iridium'”*'** complexes have been used for
labeling of liposomes. Incorporation of the phosphorescent
labels into liposomes can be carried out using intrinsic hydro-
phobicity of the ligand,”~*>*"**? thereby targeting the label into
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inner lipid layer of the liposome membrane. Alternatively, the
ligand can be designed as amphiphilic moiety resembling the
components of the target membrane.'”'**** The first approach
is based on the affinity of the labels to hydrophobic tails of the
phospholipids, whereas the latter approach mimics the struc-
tural patterns of phospholipids allowing predictable localiza-
tion to the liposomal membrane.

Two recent publications®*** introduce liposome based drug
delivery systems with loaded iridium complexes. These lipo-
some formulations included iridium compounds as active
components for cancer therapy and PEGylated long circulating
liposomes were used for iridium complex delivery.”*° In addi-
tion, the luminescent iridium complexes enabled visualization
of the liposome localization in vitro in the cells. The results
prompted us to investigate similar systems for potential appli-
cability in ophthalmology as there is a need for long acting and
targeted delivery of drugs for retinal treatment.****

In the present communication we describe synthesis of
amphiphilic luminescent iridium complexes, which contain
hydrophobic aliphatic tails and relatively hydrophilic (polar and
charged) metal containing head group. These compounds were
incorporated into PEGylated liposomes and the formulations
were tested in in vitro and in vivo. We demonstrate the useful-
ness of these phosphorescent labels in imaging of liposomes in
the cells and in the eye in vivo. The structure and photophysical
properties of the complexes and labeled liposomes are pre-
sented and discussed.

Experimental

General comments

Solvents were used as received. Solution *H, 'H-"H COSY, NOESY
NMR spectra were recorded using a Bruker Avance 400 and AMX-
400 spectrometers. Mass spectra were measured on a Bruker
maXis II ESI-QTOF instrument in the ESI" mode. Microanalyses
were carried out in the analytical laboratory of the University of
Eastern Finland. The bis(p-chlorido) bridged dimeric precursor
{(N*C-COOMe),IrCl},  (N*C-COOMe =  methyl 2-
phenylquinoline-4-carboxylate) were synthesized according to
published procedures.** Methyl 2-phenylquinoline-4-carboxylate,
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-dis-
tearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(poly-
ethylene glycol)-2000] (DSPE-PEG2000) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). HEPES buffer solution con-
tained 20 mM HEPES and 140 mM NacCl in MilliQ purified water
and the pH was adjusted to 7.4 with NaOH. Calcein solution had
60 mM of calcein and 29 mM of NaCl in MilliQ purified water and
the pH was set to 7.4 with NaOH.

Synthesis of the diimine N*N ligand

Diimine ligand was synthesized with a slightly modified litera-
ture procedure.*® KO'Bu (0.57 g, 5.12 mmol) was added to
a solution of 2-(pyridin-2-yl)-1H-benzo[d]imidazole (1 g, 5.12
mmol) in 12 mL of DMF. The resulting mixture was stirred at
room temperature for 30 min, and then 1-bromohexadecane
(6.14 mmol) was added with constant stirring for 12 h. The
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reaction mixture was subsequently extracted with water and
ether to remove DMF and excess KO'Bu. The organic layer was
isolated, dried over anhydrous Na,SO,, and filtered. The solvent
was then removed under reduced pressure. The purification of
the crude product was carried out by column chromatography
on silica gel with hexane/DCM (9 : 1) as the eluent to yield light-
yellow oil that crystallized into a light-yellow solid after a week
of standing into the fridge, 75%. 'H NMR (400 MHz, acetone-dg,
298 K) d 8.75 (ddd, J = 4.8, 1.7, 0.9 Hz, 1H), 8.45 (ddd, 1H), 8.00
(dd, J = 7.8, 1.7 Hz, 1H), 7.74 (d, J = 7.7 Hz, 1H), 7.63 (d, J =
7.7 Hz, 1H), 7.49 (ddd, J = 7.7, 4.8, 1.1 Hz, 1H), 7.37-7.31 (m,
1H), 7.30-7.25 (m, 1H), 4.98-4.85 (m, 2H), 1.49-1.22 (m, 31H).
HR ESI™-MS: found 420.3376 [M + H']; caled. 420.3374.

Synthesis of iridium complexes

The synthesis of heteroleptic biscyclometallated Ir(im)
complexes containing diimine ligands was slightly modified
compared to the standard procedure.**

(N~C-COOMe),Ir(N~N)]PF, Ir1. A solution of N*N ligand (0.2
mmol) in dichloromethane (DCM) (10 mL) was added to the
corresponding bis(u-chlorido) bridged dimeric precursor (0.1
mmol) suspended in DCM/MeOH 1:1 mixture (20 mL). The
reaction mixture was refluxed for 3 h. The resulting clear red
solution was cooled down to room temperature, followed by the
addition of excess of KPFg and the mixture was stirred for addi-
tional 30 minutes. The reaction mixture was evaporated to
dryness, dissolved in DCM, filtered and evaporated once more.
The obtained crude product was purified by flash column chro-
matography on silica with DCM as eluent. The pure compound
was obtained as red solid (85%).

"H NMR (400 MHz, acetone-ds, 298 K) d 8.91 (s, 1H), 8.60 (s,
1H), 8.55 (d, J = 8.5 Hz, 1H), 8.50 (d, J = 8.6 Hz, 1H), 8.47-8.42
(m, 2H), 8.35 (d, J = 8.0 Hz, 1H), 8.30-8.18 (m, 3H), 7.80 (d, ] =
8.4 Hz, 1H), 7.78-7.71 (m, 1H), 7.55 (d, J = 8.0 Hz, 1H), 7.53-7.45
(m, 3H), 7.33-7.27 (m, 1H), 7.27-7.24 (m, 1H), 7.24-7.19 (m,
1H), 7.19-7.12 (m, 1H), 6.99-6.86 (m, 3H), 6.72 (d, J = 4.3 Hz,
1H), 6.70 (d,J = 4.4 Hz, 1H), 6.58 (d, J = 8.3 Hz, 1H), 4.88-4.75
(m, 1H), 4.75-4.60 (m, 1H), 4.15 (s, 3H), 4.06 (s, 3H), 1.49-1.36
(m, 2H), 1.31 (br. s, 29H). Anal. calculated for C¢,Hg5F¢IrN5O,P:
C, 58.11; H, 5.11; N, 5.47; found: C, 58.06; H, 5.26; N, 5.36 HR
ESI"-MS: found 1136.4758 [M']; calcd. 1136.4666.

[(N~*C-COOH),Ir(N~N)]Cl, Ir2. The complex Ir2 was obtained
by hydrolysis of Ir1 according to the following procedure: 60 mg
(0.049 mmol) of Irl was suspended in 20 mL of MeOH and
excess of KOH (0.07 mmol) was added. The resulting mixture
was refluxed overnight, evaporated to dryness and redissolved
in water. A clear orange solution was acidified by diluted
hydrochloric acid until pH 6, to give resulting complex as an
orange solid, which was separated by centrifugation, washed
with water a few times and dried in air (yield 78%).

“H NMR (400 MHz, DMSO-de, 298 K) 6 8.50 (s, 1H), 8.48-8.34
(m, 3H), 8.26 (s, 1H), 8.26-8.21 (m, 2H), 8.21-8.09 (m, 2H), 7.94
(d,J = 9.0 Hz, 1H), 7.81 (d, J = 8.5 Hz, 1H), 7.77-7.69 (m, 1H),
7.43 (t,] = 7.5 Hz, 1H), 7.35 (t,J = 7.6 Hz, 1H), 7.30 (t,/ = 7.6 Hz,
1H), 7.24 (d, J = 8.8 Hz, 1H), 7.21-7.09 (m, 3H), 6.99 (t, ] =
7.7 Hz, 1H), 6.87 (t, ] = 7.7 Hz, 1H), 6.82 (t, ] = 7.8 Hz, 1H), 6.72
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(t,J = 7.8 Hz, 1H), 6.55 (d, ] = 7.8 Hz, 1H), 6.48 (d, ] = 7.8 Hz,
1H), 6.45 (d, J = 8.3 Hz, 1H), 4.85-4.69 (m, 1H), 4.67-4.53 (m,
1H), 1.24 (s, 31H). Anal. calculated for C4,Hg; ClIrN;0,: C, 63.00;
H, 5.38; N, 6.12; found: C, 62.89; H, 5.62; N, 6.05. HR ESI'-MS:
found 1108.4347 [M']; calcd 1108.4369.

Liposome preparation

Liposomes were prepared by thin film hydration method fol-
lowed by an extrusion and purification.* Briefly, the phospho-
lipids in choloroform and the synthesized phosphorescent
complexes (Ir1, Ir2) in MeOH were mixed together (DPPC/DSPE-
PEG2000/Ir#) with molar ratios of 95/4.5/1, respectively. The
organic solvent was evaporated in a rotary evaporator forming
a thin film at the bottom of a glass test tube. The lipids were
hydrated with 500 uL of HEPES buffer solution (+60 °C) and
extruded 11 times at +60 °C through a polycarbonate membrane
(100 nm pore size) with a syringe-type extrusion device (Avanti
Polar Lipids). Thereafter, the liposomes were quickly cooled and
stored in a refrigerator for the further use. The liposomes were
purified by gel filtration through a Sephadex G-50 (Sigma-
Aldrich) column with HEPES buffer elution. The final total
lipid concentration of the samples was 3 pmol mL ",

Size and -potential measurements

The size and {-potential of the liposomes were analyzed with
a Zetasizer APS dynamic light scattering automated plate
sampler (Malvern Instruments, Malvern, United Kingdom) and
reported as hydrodynamic diameters (Dy,) and polydispersity
index (PDI). Dy,, PDI and {-potentials were averaged and corre-
sponding standard deviations (SD) were calculated based on
data obtained from at least three independent liposomal
formulations.

Photophysical experiments

All photophysical measurements in solution were carried out in
freshly distilled solvents; when appropriate the solutions were
degassed by freeze-pump-thaw cycles. UV/Vis spectra were
recorded using a Shimadzu UV-1800 spectrophotometer. The
emission and excitation spectra in solution were measured with
a Fluorolog-3 (JY Horiba Inc.) spectrofluorometer. The emission
quantum yields in solution were determined by a comparative
method using LED 365 nm pumping and Ru(bipy);Cl, in
aerated water (@, = 0.04) as the reference with the refraction
coefficients of methanol and water equal to 1.331 and 1.333,
respectively.*® The following equation:

0 Al

o, = @,
P24

was used to calculate the quantum yield, where & is the
quantum yield of the sample, @, is the quantum yield of the
reference, 7 is the refractive index of the solvent, A; and A, are
the absorbance of the sample and the reference at the wave-
length of excitation, respectively, I; and I, are the integrated
areas of emission bands. Pulse laser TECH-263 Basic (263 nm),
a Tektronix (DPO2012B, band width 100 MHz) oscilloscope,
Ocean Optics (Monoscan-2000, interval of wavelengths 1 nm)
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scanning monochromator, FASTComTec (MCS6A1T4) multiple-
event time digitizer and Hamamatsu (H10682-01) Photon
counting head were used for lifetime measurements.

Cell uptake studies

The cell uptake to retinal pigment epithelium cell line (ARPE-
19) was imaged with Cytation 5 cell imaging multi-mode
reader (BioTek Instruments, Inc., Winooski, VT, USA). The
ARPE-19 cells (CRL-2302, American Type Culture Collection,
ATCC, Manassas, VA, USA) were cultured in DMEM:F12
medium (Gibco 31330-038) supplemented with 10% fetal
bovine serum, 2 mM r-glutamine, 100 U mL ' penicillin and
100 pg mL ™" streptomycin at +37 °C, 5% CO,. 50 000 cells per
well were seeded on a 24-well thin glass bottom Sensoplate
(Greiner Bio-One GmbH, Kremsmiinster, Austria) one day
before exposing them to the liposomes. The cells were incu-
bated for 3 h with liposomes at lipid concentrations of 1.5 umol
mL~" (high concentration) or 0.3 pmol mL™" (low concentra-
tion) in serum-free medium. After the incubation, the cells were
washed with phosphate buffered saline (PBS) and incubated
10 min at 37 °C in 5 pg mL™" of Hoechst 33342 label (Thermo
Fisher Scientific) for cell nuclei. The cells were washed with PBS
and imaged using Cytation 5 with ex/em 445 nm/685 nm for the
phosphorescent liposomes and with ex/em 377 nm/447 nm for
the nuclear stain.

Imaging experiments in vivo

Pigmented rats (HsdOla:LH; age 4 months; weight ~450 g) were
anesthetized with medetomidine (0.4 mg kg '):ketamine
(60 mg kg™ ') mixture. The pupils were dilated with tropicamide
(Oftan Tropicamid 5 mg mL ', Santen, Finland) and the eyes
were locally anaesthetized with oxybuprocaine hydrochloride
(Oftan Obucain 4 mg mL ', Santen, Finland). The intravitreal
injections were performed into both eyes of the animals under
direct ophthalmoscopic control through an operating micro-
scope. The needle (34 G) was inserted, about 1 mm from the
limbus, through the sclera into the vitreous, and 3 pl of the
solution was injected per eye. Four eyes were used for each
formulation. A topical carbomer hydrogel (Viscotears) was
applied to prevent dryness of the cornea. Prior and 30 min after
the intravitreal injection, imaging of each eye was performed
using optical coherence tomography (OCT), and full color fun-
duscopy (Phoenix MICRON™ MICRON IV/OCT, CA, USA)
without and with the filter combination of excitation: Semrock
FF01-469/35 and barrier: Semrock BLP01-488R. The trans-
mission bands for the filters were as follows: (i) Semrock FF01-
469/35: 451.5 nm to 486.5 nm; (ii) Semrock BLP01-488R:
504.7 nm to 900 nm. Due to the sensitivity limitations of the
camera at near infrared region, we the maximal wavelength of
detection was about 700 nm for fundus imaging.

Results and discussion
Design and characterization of Ir(m) lipid-mimetic complexes

Pyridine-benzimidazole with inserted C,¢ aliphatic chain was
chosen as diimine ligand (N*N) in the synthesis of iridium

RSC Adv,, 2020, 10, 14431-14440 | 14433
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Scheme 1 Synthesis of iridium complexes.

complexes to increase affinity of resulting compounds to
phospholipid membrane. The NN ligand has been synthesized
according to Scheme S1 (see ESIf). The heteroleptic cationic
iridium complexes of the [(N*C),Ir(N*N)|PF, type were synthe-
sized according to the reaction sequence shown below in high
yields (Scheme 1). The aromatic system of the N~C ligand has
been modified by insertion of the ester function, which was
carefully hydrolyzed at the last stage of the synthesis to increase
hydrophilicity of the “head” in this amphiphilic molecule.
Moreover, the presence of the electron withdrawing groups
(C(O)OMe in Ir1 and C(O)OH in Ir2) gives red shift of excitation
and emission bands that is useful for in vivo visualization
experiments. At the last stage the ester groups of the metalating
ligands in Irl were hydrolyzed to increase hydrophilicity of the
“head” in this amphiphilic molecule.

The complexes obtained were carefully characterized using
appropriate spectroscopic techniques. The HR-ESI" mass
spectra (Fig. S1 and S2t) demonstrate the dominant signals of
singly charged molecular cations with m/z values equal to
1136.4758 (Ir1) and 1108.4347 (Ir2), the isotopic patterns of the
corresponding signals match well the calculated ones. The 'H
NMR spectra of all the complexes display three sets of signals
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corresponding to the N*N-ligand protons and the protons of
inequivalent N~C ligands (Fig. 1 and S47). Assignment of the
signals observed in the '"H NMR spectra was done using the
"H-"H COSY, NOESY spectra (Fig. S3 and $51). Relative intensity
and multiplicity of the signals in the proton spectra fit well the
suggested structures (Scheme 1).

Normalized electronic absorption spectra of the both
complexes in methanol at 298 K are shown in Fig. S6.1 Similar
to the interpretation given in earlier publications®****”~*? for this
type of iridium complexes the intense absorption bands in the
250-320 nm range could be assigned to spin allowed 'm-7*
ligand centered (LC) transitions located at the cyclometalated
and diimine ligands. The longer wavelength absorption bands
and shoulders with lower extinction coefficients evidently
originate from the mixture of metal-to-ligand (*"MLCT) and
ligand-to-ligand (*LLCT) charge transfer.*>** The absorption
spectra of Ir1 and Ir2 have similar features except the blue shift
of the low energy absorption ("MLCT + 'LLCT transitions) in the
latter complex for ca. 30 nm, which can be assigned to stronger
electron withdrawing effect of carboxylic group in the metal-
ating ligands.
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Fig. 1 H NMR spectrum of Irl, acetone-ds, 298 K.
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Fig. 2 Excitation (dotted lines) and emission (solid lines) spectra of Irl,

Both complexes display broad and featureless emission
bands (Fig. 2, Table 1), which resemble the luminescence
profiles of the previously reported complexes** with the similar
cyclometalating ligand. The lifetimes in microsecond domain
and a considerable quenching of emission in aerated solution
clearly indicate the triplet origin of the emission observed, i.e.
phosphorescence. According to the results of theoretical anal-
ysis made for the closely related heteroleptic [(N*C),Ir(N*N)]'
complexes,*” the observed emission bands can be tentatively
assigned to the mixture of MLCT and *LLCT transitions with
dominating contribution of the N~C ligand orbitals into the
triplet excited state. The Ir2 complex containing carboxylic
group in the N~C ligand displays a considerable blue shift of
emission band compared to Irl with non-hydrolyzed ester
function. This trend is essentially similar to the behavior of
analogous pair of iridium complexes upon hydrolysis of ester
group in the pyridyl-benzimidazole metalating ligands.*®

Preparation and photophysical characterization of liposomes
labelled with Ir(m) complexes

Both Ir(m) complexes were then embedded into lipid bilayers of
the PEGylated DPPC liposomes (DPPC/DSPE-PEG2000/Ir#t = 95/
4.5/1 mol%) by thin film hydration method. The formed lipo-
somes were of ca. 110 nm in diameter and narrowly dispersed
(Table 2). They also had slightly negative {-potential (Table 2)
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because of 4.5 mol% of anionic DSPE-PEG2000 added to steri-
cally protect the liposomes by the PEG outer shell.
Photophysical investigation of the liposomes bearing the
iridium complexes (L-Irl and L-Ir2) revealed that they display
luminescence with very similar band profiles (Fig. 2, Table 1). As
compared to the starting complex L-Ir1 demonstrates slight (ca.
10 nm) hypsochromic shift, evidently due to variations in
polarity of the liposomal microenvironment compared to
methanol; on the contrary, L-Ir2 emission band displays
pronounced (ca. 32 nm) bathochromic shift, most probably due
to (at least, partial) charging of carboxyl groups of the N~C
ligand at pH 7.4. The lifetime values of iridium chromophores
are more characteristic with respect to microenvironment and
may be considered as indirect indications of emitters' location
in lipid bilayers of the liposomes. In aerated aqueous solution
both L-Ir1 and L-Ir2 show longer lifetime compared to the free
complexes in methanol that point to isolation of the chromo-
phores from oxygen quenching. However, L-Ir1 displays much
stronger increase in lifetime, which may be considered as
deeper immersion of the complex into the liposome bilayer
compared to the L-Ir2 counterpart. However, substantial
increase in lifetime (L-Irl ¢f. Irl) in degassed solution also
indicates considerable effect of the matrix rigidity (suppression
of nonradiative vibrational relaxation), which also plays
important role in the observed lifetime variations. Nearly equal
lifetime values for L-Ir2 and Ir2 in degassed solutions point to
the absence of “rigidity effect”, whereas relatively small lifetime

Table 1 Photophysical properties of Irl and Ir2 in methanol and labelled liposomes L-Irl, L-1r2 in aqueous solution, Aexc = 365 nm, 298 K

Sample  Absorbance, Amax, NM (¢ X 10 %, M ' cm )

Excitation, Amayx, NM

Emission, Apa,, nm 1, us (deg/aer) QY, % deg/aer

Methanol solution
Ir1 267(59), 293(55), 342(49), 367sh(34), 468(6)
Ir2 267(57), 285(55), 335(47), 435(6)

Aqueous solution
L-Ir1 332, 437
L-Ir2 “

293, 334, 476
289, 337, 437

“ These are unavailable due to strong scattering of solutions.

This journal is © The Royal Society of Chemistry 2020

250-288, 344,
250-288, 338,

366, 468 667 0.19/0.12 4.8/2.3
435 605 0.42/0.26 10.0/5.3
657 0.50/0.46 “
647 0.41/0.38 “
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Table 2 Characterization of PEGylated DPPC liposomes labelled with
Ir(n) complexes, in agueous solution

Sample Dy, + SD, nm PDI

Neat liposomes 94 + 25 0.050
L-Irl 118 + 24 0.075
L-Ir2 106 + 23 0.153

growth (L-Ir2 vs. Ir2) in aerated solutions indicate ineffective
shielding of the chromophore from interaction with molecular
oxygen. The both observations are very probably indicative of
the iridium emitter location in the “near-surface” area of the
liposome that is a natural consequence of hydrophilic character
of the carboxylic groups at the N~C ligands.

Both types of phosphorescent liposomes were then evaluated
for their application potential in both in vitro and in vivo imaging.

Evaluation of phosphorescent liposomes in bioimaging

Uptake of the liposomes by ARPE-19 cells. Retinal pigment
epithelium cell line (ARPE-19) was chosen for the uptake studies
since this line is one of the most appropriate in vitro models of
retinal pigment epithelium.* Incubation of ARPE-19 cells with
phosphorescent liposomes resulted in an effective uptake visu-
alized by the appearance of red luminescence in cytoplasm
(Fig. 3A and B) compared to control (Fig. 3C). Fig. 3A and B clearly
show that though both complexes are reliably visualized to lipid
concentrations as low as 0.3 pmol mL ™, the L-Ir2 species provide
stronger luminescence signal and better contrast compared to
the background (Fig. S71). Overall, the presented in vitro studies
clearly show that PEGylated liposomes containing Ir(m) lipid-
mimetic complexes readily internalize into cells and provide
reliable signal in microscopic experiments.

Ocular imaging in vivo. To evaluate the applicability of
phosphorescent liposomes in in vivo imaging, we performed
OCT and full color funduscopy on pigmented rats. The labeled
liposomes were administered as intravitreal injections. Fig. 4
and 5 show that both Ir(m) complexes are clearly visible not only
because of their luminescence in funduscopy, but they also
generate OCT contrast (compare OCT images in Fig. 4 and 5
before and after injection). The luminescence and OCT signals
are overlapping thereby revealing the colocalization of both
signals. Both formulations were detectable in the vitreous for 48
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hours post-injection with both fluorescence and OCT imaging.
The images show typical localized distribution of intravitreally
injected liposomes that were then subject to diffusion and
dislocation from the site of injection at different times after
injection (Fig. 4 and 5).

Wavelength of the light in ocular OCT imaging is in the near
infra-red region. Therefore, the molecules that can absorb or
emit light could cause contrast in the OCT images. Previous
study has demonstrated OCT-based detection of microspheres
in vivo in liver tissue.** The contrast mechanisms of OCT are
based on the absorption or back scattering of light. Endogenous
melanin* and exogenous indocyanine green* are examples of
contrast agents in OCT. Since the wavelength of light in OCT is
in the near infrared region, and IR-1 and IR-2 do not have strong
emission in this range, it is expected that the OCT signals of the
labeled liposomes stem from physical light scattering. Inter-
estingly, the signals of fluorescence fundus images and OCT
overlap. This shows that the liposomes are detectable by both
OCT and fluorescence imaging. Colocalization of the signals
also indicates that the labels are stably embedded in the lipo-
somes after intravitreal injections.

Combination of OCT and fluorescence imaging simulta-
neously may provide means to monitor simultaneously tissue
microstructures (OCT) and molecular processes (fluorescence
signals). Such approach may be interesting in the experiments
of ocular drug safety and pharmacodynamics in vivo. Fluores-
cence signals may demonstrate the distribution of compound
or drug delivery system, while OCT could reveal the distribution
of materials and ocular microstructures, such as retinal layers.*”

Fig. 6 shows the fundus images of the eyes of a rat at the age
of more than one year. The images were captured by BLP01-
488R and FF01-469/35 set of filters. Green autofluorescence,
mostly originating from anterior ocular tissues (e.g. lens), is
seen in this old rat. It is known that ocular green auto-
fluorescence increases with aging.*® The rats in our liposome
studies were 4 months old and they showed low natural auto-
fluorescence in the eyes. With IR-1 and IR-2 dyes green auto-
fluorescence background of the eyes can be eliminated, because
IR-1 and IR-2 show red signals with this set of filters.

Endogenous autofluorescence of posterior ocular tissues, like
retina, is also an important factor that may affect the quality of
fluorescence imaging. Marmorstein et al.*’ elucidated the spec-
tral profile of natural autofluorescence of human retina. They

C

Fig. 3 Uptake of liposomes labeled with Irl (panel A) and Ir2 (panel B), and unlabeled control liposomes (panel C) into ARPE-19 cells. The Ir#
labeled liposomes are shown in red and cell nucleic labeled with Hoechst in blue. Images were acquired using the Cytation 5 fluorescence
microscope. Lipid concentration: 0.3 umol mL™ . Magnification: 40x. Scale bar: 100 pm.
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Fig. 4 IR-2 Fundus and OCT images of rat eye. Upper panel. (A) Color fundus image before injection of liposomes containing IR-2 compound.
(B) Fundus image with the filter combination of excitation: Semrock FF01-469/35 and barrier: Semrock BLP01-488R, before injection. (C) OCT
image before injection. (D) Color fundus image 30 min after injection of liposomes containing IR-2 compound. (E) Fundus image 30 min after
injection with the filter combination of excitation: Semrock FF01-469/35 and barrier: Semrock BLP01-488R. (F) OCT image 30 min after
injection. The liposomes are visible in the vitreous after the injection (yellow arrow). Lower panel. Following images are from same eye and same
set of filters 22 and 48 h after intravitreal injection.
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Fig.5 IR-1Fundusand OCT images of rat eye. Upper panel. (A) Color fundus image before injection of liposomes containing IR-1 compound. (B)
Fundus image with the filter combination of excitation: Semrock FF01-469/35 and barrier: Semrock BLPO1-488R, before injection. (C) OCT
image before injection. (D) Color fundus image 30 min after injection of liposomes containing IR-1 compound. (E) Fundus image with the filter
combination: excitation Semrock FF01-469/35 and barrier Semrock BLPO1-488R, 30 min after injection. (F) OCT image 30 min after injection.
The liposomes are visible in the vitreous after the injection (yellow arrow). Lower panel. Following images are from same eye and same set of
filters 22 and 48 h after injection.
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Fig. 6 Fundus image of both eyes of an one-year old rat (excitation: Semrock FF01-469/35 and barrier: Semrock BLPO1-488R). Green natural

autofluorescence is seen.

studied retinas of healthy and diseased (age-related macular
degeneration) human subjects using different excitation and
emission wavelengths. When excitation was performed at
488 nm, the emitted signal at 655 nm wavelength was minimal. It
is noteworthy that we used excitation wavelength of 488 nm and
monitored the IR-1 and IR-2 dyes at 657 nm and 647 nm,
respectively. Therefore, the background noise from the retinal
autofluorescence should be minimal for these dyes. This may
open potential applications of these dyes in retinal research.

Another potential application of these dyes involves their
simultaneous detection with green dyes, like fluorescein, in
a single image. This is feasible, because BLP01-488R and FFO01-
469/35 filter sets are ideal for fluorescein angiography of the
retina. For example, if we inject intravitreally compounds or
formulations labeled with IR-1 or IR-2, and perform retinal
angiography by systemic administration of fluorescein, we
could still detect the intravitreally injected materials with the
same set of filters in a single image. Retinal angiography is
a valuable tool in the evaluation of retinal vessels, an impor-
tant part in preclinical safety and drug efficacy studies. These
new labels may broaden the information gain in such
investigations.

Our results suggest that phosphorescence labeling of drug
delivery systems can be used as a tool to follow intracellular and
intraocular particle distribution. To the best of our knowledge,
this is the first report of the applicability of a phosphorescent
sensor for simultaneous use in in vivo fundoscopy and OCT.
Compared to fluorescent labels, the phosphorescent labels are
expected to show improved signal-to-noise ratio and negligible
quenching in long-term experiments with prolonged action
ocular drug delivery systems. Despite the preliminary character
of these in vivo results this research allows to conclude that the
developed iridium complexes have high potential for in vitro
and in vivo bioimaging applications. Wider in vivo use, partic-
ularly in clinical settings, would require more thorough explo-
ration of the safety aspects of these materials.

This journal is © The Royal Society of Chemistry 2020
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ARTICLE INFO ABSTRACT

Keywords: Rats are widely used to study ocular drug responses, whereas rabbits are the most widely used preclinical model
Intravitreal of ocular pharmacokinetics. Despite their wide use in evaluation of intravitreally injected drugs, translational
Ocular fluorophotometry information about pharmacokinetics and dose scaling between rats and rabbits is missing. In this study, we
Pharmacokinetics

investigated intravitreal pharmacokinetics in rats and rabbits using non-invasive ocular fluorophotometry.
Fluorescein and fluorescently labeled molecules (dextrans) with different molecular weights (376 Da, 10, 150
and 500 kDa), were injected into the vitreous of rabbits and rats. Intravitreal concentrations of the compounds
were determined and pharmacokinetic parameters were calculated. Overall, the elimination half-lives of the
macromolecules in rat vitreous were 5-6 times shorter than in rabbits, and the half-lives were prolonged at
increasing molecular weights. The apparent volumes of distribution for tested compounds in rats and rabbits
were in the range of the anatomical vitreal volumes. In both species, anterior route of elimination was pre-
dominant for the dextrans, whereas fluorescein was mainly eliminated via posterior route. Rabbit-to-rat ratios for
intravitreal clearance were in the range of 2 to 5 for dextrans. Therefore, 2-5 times higher doses are needed for
similar drug exposure in rabbits than in rats. Also, the shorter half-lives of macromolecules in the rat vitreous
must be taken into account in translation to rabbit and human studies. The scaling factors presented herein will
augment translational drug development for eye diseases.

Interspecies translation
Dose scaling

1. Introduction expensive, laborious and this approach does not provide adequate in-

formation about the inter-subject variability. Ocular fluorophotometry

Drug delivery to the posterior eye segment is important, because
large number of patients suffer from the retinal diseases. Currently,
intravitreal injections are clinically established procedure in the treat-
ment of posterior eye segment. Intravitreal injections of anti-VEGF
antibody (bevacizumab), Fab-fragment (ranibizumab) and soluble re-
ceptor (aflibercept) are widely used in the treatment of wet age-related
macular degeneration (Lanzetta et al., 2013). These biologics have
vitreal half-lives of about 4-5 days in rabbits (Bakri et al., 2007),
whereas small molecule drugs have typically elimination half-lives less
than 10 h (Kidron et al., 2012).

In most intravitreal pharmacokinetic studies, large number of test
animals, usually rabbits, are sacrificed at different times for monitoring
drug concentrations in ocular tissues. This is ethically questionable,
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is a non-invasive optical in vivo technique that measures the emitted
light from fluorescently labeled molecules in transparent ocular com-
partments; for example, cornea, aqueous humor, lens and vitreous
(Raines, 1988). Fluorophotometry enables quantitation of fluorescent
compounds, enabling ocular pharmacokinetic studies of labeled mac-
romolecules and drug delivery systems. Fluorophotometry facilitates
rational use of animals in accordance with the 3R principles (replace-
ment, reduction, refinement) of laboratory animal use. Fluoropho-
tometry has been used in pharmacokinetic experiments with
fluorescently labeled macromolecules in rabbits (Araie and Maurice,
1991; Johnson and Maurice, 1984). Recently, Dickmann and colleagues
(Dickmann et al., 2015) obtained similar pharmacokinetic results for
intravitreal ranibizumab using fluorophotometry and conventional
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invasive method.

Even though rats are widely used in preclinical ocular pharmacology
and toxicology (Shah et al., 2019), pharmacokinetics of intravitreal
macromolecules in rats has not been reported. Furthermore, there are no
data to support rat-to-rabbit dose scaling in intravitreal drug develop-
ment. Lack of rat studies is due to the difficult dissection and collection
of rat vitreous, since average volume of the rat vitreous is about 50 ul
(Sha and Kwong, 2006). Collection of rat vitreous without cross
contamination from adjacent tissues is very difficult (Kottegoda et al.,
2007). For this reason, many kinetic studies in rats use whole eye ho-
mogenates, instead of individual tissues (Fuchs and Igney, 2017; Rob-
inson et al., 2002).

Recently, we showed that intravitreal elimination of three compounds
(molecular weight range 0.51 - 66.5 kDa) in mice was much faster than in
the rabbits or humans (Schmitt et al., 2019). Based on the pharmacoki-
netic parameters, the intravitreal doses in rabbits and humans should be
27-90 and 38- 126 higher than in mice, respectively (Schmitt et al., 2019).
This study was performed with non-invasive SPECT/CT imaging, thereby
avoiding dissection and cross-contamination. We published previously
also scaling factors for rabbit-to-human translation using kinetic analysis
of 12 intravitreal drugs (del Amo et al., 2015). Intravitreal drug doses in
humans should be about 40% higher than in the rabbits.

In this study, we studied four intravitreal compounds with molecular
weights of 376 — 500,000 Da in rat and rabbit eyes. Pharmacokinetic pa-
rameters were calculated from the results of ocular fluorophotometry and
were further used to estimate scaling factors for rat-to-rabbit and rat-to-
human translation. The parameters, scaling factors and kinetic simula-
tions were used to generate dosing guidance for inter-species translation.

2. Materials and methods
2.1. Materials

Fluorescein isothiocyanate (FITC)-dextrans (Sigma Aldrich) with the
average molecular weights of 10 kDa, 150 kDa and 500 kDa were dis-
solved in sterile saline. In rat experiments, the concentration of intra-
vitreal FITC-dextran injectable was 5 mg/ml (500 kDa) or 10 mg/ml (10
and 150 kDa). In rabbit studies, FITC-dextran concentration was of 5
mg/ml and 10 mg/ml for the molecular weight of 10 and 500 kDa,
respectively. Fluorescein sodium (2 pg/ml) was diluted from Fluorescite
100 mg/ml (Alcon Nordic A7S, Denmark) with sterile 0.9% sodium
chloride. All the solutions were prepared fresh prior to their use in the
animal experiments. The solutions were filtered using syringe filter with
pore size of 0.2 um (Fisher Scientific, USA). Viscotears was obtained
from Dr. Winzer Pharma (Germany). Ketamine was the product of Pfizer
(Ketalar®/Ketaminol® 50 mg/ml, Pfizer Oy Animal Health, Espoo,
Finland) and medetomidine was obtained from Orion Pharma (Domi-
tor® vet 1 mg/ml, Orion Pharma, Espoo, Finland). Tropicamide (Oftan
Tropicamid 5 mg/ml), obucaine (Oftan Obucain 4 mg/ml) and phenyl-
ephrine (Oftan Metaoksedrin 100 mg/ml) were obtained from Santen
Pharmaceutical Co., Ltd. (Tampere, Finland).

2.2. Animals

Lister hooded outbred male rats of 300-400 gr and age of 2-6 months
were used. Dutch-belted rabbits (average age of 6 months, weight 2.7 - 4.0
kg) were used for fluorescein injections. Albino rabbits (average age of 6
months and weight of 3.0 - 3.5 kg) were used for FITC-dextran injections.
The animals were handled in accordance with ARVO statement for the use
of animals in ophthalmic research. All animal experiments were approved
by the national Animal Experiment Board of Finland.

2.3. Fluorophotometry in rats

Intravitreal injections to the rat eyes were performed under isoflurane
anesthesia. Anesthesia was induced with combination of 4% isoflurane
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and 500 ml/min air flow. The anesthesia was maintained with 2% iso-
flurane and 250/min air flow. Topical phenylephrine (100 mg/ml) and
tropicamide (5 mg/ml) were for maximal pupillary dilation (Murata et al.,
1998). Topical oxybuprocaine hydrochloride (4 mg/ml) was applied
topically to anaesthetize the ocular surface just before the intravitreal
injections. Possible eye movements, induced by isoflurane anesthesia
(Nair et al., 2011), were suppressed with topical medetomidine (10 pl; 1
mg/ml) (Potter and Ogidigben, 1991) before the intravitreal injections.
The intravitreal injections were monitored and controlled with an
ophthalmoscopic operating microscope. The needle (34 G) was inserted
through the sclera (about 1 mm from the limbus) into the vitreous, and 3
ul of the solution was injected per eye. Both eyes in each animal were
injected. After injection, a topical hydrogel (Viscotears) was applied to
prevent corneal dryness. After injection the eyes were checked with
optical coherence tomography and fundus camera (Phoenix MICRON™
MICRON IV/OCT, CA, USA) for any damage to the lens and the retina.
Damaged eyes were excluded from the kinetic measurements.
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Fig. 1. Linear ranges of concentration vs fluorescence signals of the fluorescent
compounds. A) FITC-dextran 10 kDa (y = 16.24x —22.55, R? = 0.999), B) FITC-
dextran 150 kDa (y = 9.05x —11.85, R? = 0.998), C) FITC-dextran 500 kDa (y
= 7.56x + 23.27, R? = 0.996).
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Fluorophotometry was performed using a Fluorotron Master fluo-
rophotometer (Ocumetrics, Mountain View, CA) under isoflurane
anesthesia. The pupil was dilated about 10 min before each scan with a
combination of topical phenylephrine and tropicamide. Also, 10 ul of
topical medetomidine was used as a local muscle relaxant to avoid any
eye movements during fluorophotometric measurements. The anterior
chamber lens of Fluorotron Master was used in the measurements. The
injected doses of all test compounds were designed so that all measured
signals were within the linear range of detection.

2.4. Fluorophotometry in rabbits

Rabbits were anaesthetized with a cocktail of ketamine (25 mg/kg)
and medetomidine (0.5 mg/kg). The pupil was dilated with topical 5
mg/ml tropicamide solution. Topical oxybuprocaine hydrochloride (4
mg/ml) was applied for local anesthesia of the ocular surface. The
intravitreal injections (40 pl per eye) were performed to the super-
temporal quadrant (4.5 mm behind the surgical limbus) using a 31 G
needle and a 100 ul Hamilton syringe perpendicularly to the scleral
surface. After the injections, topical hydrogel (Viscotear) was applied to
prevent corneal dryness. In the case of macromolecules, both eyes were
injected in each animal. For fluorescein, only one eye was injected to
minimize systemic exposure (Knudsen, 2002).

For each fluorophotometric measurement, the rabbits were lightly
sedated by subcutaneous medetomidine (0.5 mg/kg). The pupil was
dilated by topical tropicamide eye drop 20 min before the measure-
ments. In the case of FITC-dextrans with slow elimination, the rabbits
were woken up with subcutaneous atipamezole (1 mg/kg). In fluores-
cein experiments, the rabbits were kept under continuous anesthesia
with a combination of medetomidine (0.5 mg/kg) and ketamine (25 mg/
kg) (Kitano et al., 1988). Isotonic 0.9% saline solution was injected
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subcutaneously to prevent dehydration of the anaesthetized rabbits. The
vitreous adapter of Fluorotron Master (axial resolution of 0.25 mm) was
used in the rabbit studies.

2.5. Analysis of the fluorescent signals

A baseline measurement was performed before the intravitreal in-
jections to determine the levels of autofluorescence. The auto-
fluorescence was subtracted from the measured fluorescence to obtain
the net signals of the intravitreally injected fluorescent compounds. The
signals were measured over the anterior-to posterior axis of the vitreous.
For rabbits, The average signal in the rabbit vitreous was obtained 3 mm
anteriorly (Zeimer et al., 1983) from the retina. In the case of rats, with
vitreal diameter of ~ 1.4 mm (Hughes, 1979), the maximum signal in-
tensity in the middle of the vitreous was used.

The net signals at each time point were converted to the intra-
vitreal concentrations. Calibration solutions of each fluorescent
compound were prepared in phosphate buffer at pH 7.3 to mimic the
vitreal pH (Lorget et al., 2015). The solutions were placed in cuvettes
and the signals were recorded with Fluorotron. The signal vs con-
centration relationship was used to derive the calibration equations.
In the case of fluorescein, the pre-calibrated instrument reports the
actual concentrations and there was no need for calibration
solutions.

The vitreal concentrations of the compounds as a function of time
were obtained and used for kinetic calculations. PKSolver (Zhang et al.,
2010) software was used to estimate pharmacokinetic parameters
(apparent volume of distribution, elimination half-life and and clear-
ance) using one compartment model with first order elimination ki-
netics. Weighting (1/(observed concentration)) was used to obtain
reliable fitting even at low concentrations
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3. Results
3.1. Calibration and fluorophotometry scans in rats and rabbits

The relationships between fluorescence signals and concentrations of
the compounds show linearity (R? = 0.996-0.999) over broad range of
concentrations (Fig. 1). As examples, the fluorophotometric scans of one
rat and one rabbit eye after injections of FITC-dextran 10 kDa at
different time points are shown in Fig. 2. The figure illustrates the
decline of fluorescence levels in the vitreous and anterior part (cornea
and anterior chamber) with time in the rat and rabbit eyes.

3.2. Intravitreal pharmacokinetics in rat

The log-linear concentration vs time profiles of intravitreal FITC-
dextrans (10, 150 and 500 kDa) in rats are shown in Fig. 3. Each
fitted line shows the first-order elimination profile of one eye. The ki-
netic parameters are compiled in Table 1. The apparent volumes of
distribution are moderately higher (averages 73-186 ul) than the
anatomical volume of rat vitreous (= 50 pl) (Sha and Kwong, 2006). The
average half-lives of elimination are 13-34 h and the clearances are
2.1-4.5 pl/h. Clearance decreased with increasing average molecular
weight of the polymers (Fig. 5). The short elimination half-life of fluo-
rescein (1 h; from the literature) is explained by its low molecular weight
and active transport across the retinal pigment epithelium.

3.3. Intravitreal pharmacokinetics in rabbit

The log-linear graphs (Fig. 4) show that elimination of the intra-
vitreal compounds followed first-order kinetics in the rabbit vitreous.
Each fitted line shows the elimination profile of one eye. The range of
the elimination half-lives are from a few hours (fluorescein) to about one
week (FITC-dextrans 157 and 500 kDa) (Table 2). The apparent volumes
of distribution (1.2-2.6 ml) are in the range of anatomical volume of the
rabbit vitreous (=~ 1.7 ml) (Missel et al., 2010). The average elimination
half-life and clearance of FITC-dextran 500 kDa were 183% and 27% of
those for FITC-dextran 10 kDa, respectively. The elimination half-life of
FITC-dextran 157 kDa (166 h) obtained from literature was similar to
FITC-dextran 500 kDa (152 h) in our study. The results of Tables 1 and 2
are valid under the assumption that the regression lines of Figs. 3 and 4
are linear.

3.4. Rat-to-rabbit scaling factors

Half-life and clearance (Fig. 5) of intravitreal compounds changed
with increasing molecular size of the compounds in both rats and
rabbits.

The relative differences in the values of rat and rabbit pharmacoki-
netic parameters are shown in Table 3. The area under the curve (AUC)
in the vitreous describes the total drug exposure, and it is inversely
related to the intravitreal clearance (AUC = Dose/CL). Thus, the dose
scaling factor for equal drug exposure (AUC) in rabbits and in rats is
defined as Dyapbit/Drat = (CLrabbit/CLrat). The rat-to-rabbit scaling factor
for fluorescein is 8.3, whereas the range of the scaling factors of FITC-
dextrans is 1.9-4.9 for the macromolecules.

The scaling of doses for 10 kDa macromolecule based on different
exposure targets were simulated (Fig. 6). The simulations are based on
pharmacokinetic parameters of intravitreal FITC-dextran 10 kDa. In
Fig. 6A, intravitreal dose of 260 pg is given to rabbit, resulting in initial
concentration of 100 pg/ml. The same initial concentration is obtained
in the rat with the dose of 8.8 pg, but AUC and drug retention time (the
time to reach 10 ug/ml that is 10% of the initial concentration) are much
lower in the rat than in rabbit. When the intravitreal dose to rat is
increased to 54.2 pg to get the same AUC as in rabbit, the initial con-
centration in rat becomes 6 times higher, but the retention time is still
much shorter than in rabbit. At the same dose in both species (260 pg),
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Fig. 3. Concentration-time profiles of individual injections in rat vitreous after
intravitreal injections. A) FITC-dextran 10 kDa, B) FITC-dextran 150 kDa and C)
FITC-dextran 500 kDa.

the initial concentration in rat becomes about 30 times higher than in
rabbit, potentially causing toxicity, but yet concentration of 10 pg/ml is
reached faster in rat. When the same retention time is targeted, the dose
in rat becomes unrealistic, as the initial concentration is more than
100,000 times higher than in the rabbit (Fig. 6A). Fig. 6B shows similar
scenarios using rat as the reference (dose 8.8 pg). For example, when the
doses in rabbits are 42.5 ug and 37.8 g, the AUC and retention time,
respectively, are similar in both species, but the initial concentration in
the rabbit is 15% of the rat value. The simulations based on the kinetic
parameters of FITC-dextran 500 kDa are shown in the supplement
(Supplement, chapter A, Fig. S1).
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Table 1
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Kinetic parameters of intravitreally injected compounds in rats (average + SD). The values for fluorescein are from Krupin et al., (1982). Cpax was derived from the

y-intercept of Figs. 3A, 3B and 3C.

Compound Number of Dose per eye Apparent volume of Elimination half-life Crnax (ng/ Clearance (pl
eyes (ng) distribution (ul) (h) ml) /h)
Fluorescein ° 20 5 50 1.05 & 0.07 nr’ 33+£22
FITC-dextran 10 kDa 6 30 88 +£ 22 135+ 1.6 359 + 86 4.5+ 0.8
FITC-dextran 150 kDa 6 30 186 £ 57 341+14 180 £78 3.8+1.2
FITC-dextran 500 kDa 6 15 73 +17 26.6 £ 5.4 215+ 52 21+09

# The values are from literature (Krupin et al., 1982), where they reported the vitreal elimination half-life of fluorescein in pigmented rats after intravitreal injection.
The clearance was calculated by using the average of anatomical volume of vitreous (50 ul) (Sha and Kwong, 2006).

b Not reported.

4. Discussion

We utilized non-invasive fluorophotometry to evaluate the effect of
molecular weight on intravitreal pharmacokinetics in rats and rabbits.
Drug concentrations have not been monitored in the rats after intra-
vitreal injections, but intravitreal pharmacokinetics in rabbits has been
investigated in many studies (for see ref. (del Amo et al. (2015)). In those
invasive studies vitreous was isolated from the eyes of sacrificed rabbits
and drug concentrations were analyzed using LC/MS, radiochemical
methods or ELISA (Kwak and D’ Amico, 1992; Laurent and Fraser, 1983;
Sinapis et al., 2011). In such studies, intravitreal clearance at molecular
weights of 7-149 kDa were in the range of 11-71 pl/h (del Amo et al,,
2015). We obtained similar values (5.9-21.6 ul/h) at mean molecular
weights of 10-500 kDa (Table 2), which supports previous suggestion
(Dickmann et al., 2015) about the utility of non-invasive fluoropho-
tometry in vitreal pharmacokinetic studies of macromolecules. How-
ever, the method is not useful in the pharmacokinetic assays of small
molecule drugs, because fluorescent labeling would change the molec-
ular properties and pharmacokinetics of such compounds.

To the best of our knowledge this is the first study on intravitreal
pharmacokinetics in rats. Our main findings are the following: 1) Intra-
vitreally injected macromolecules are retained longer in the vitreous of
the rabbits than in the rats. The vitreal half-lives in the rabbit eyes are 5-6
times longer than in the rats (Fig. 5). 2) Intravitreal clearance values of
macromolecules in the rabbits are 2-5 times higher than in the rats,
suggesting that average intravitreal doses per day should be 2-5 times
higher in the rabbits than in the rats (Table 3). 3) Increasing molecular
weight decreased the rate of vitreal elimination in both species.

Like in the rabbits (Rimpela et al., 2018), the intravitreal clearance
(~ 2-5 pl/h) of macromolecules in the rats is clearly slower than the rate
of aqueous humor outflow (18 pl/h) (Mermoud et al., 1996; Toris,
2008), suggesting that the same mechanisms, dominant anterior elimi-
nation and limited posterior elimination (Maurice and Mishima, 1984),
regulate vitreal pharmacokinetics of macromolecules in rats and rabbits.
Clearance is smaller than aqueous humor outflow, because the access of
the intravitreal compounds to the anterior chamber is limited by the lens
and iris-ciliary body. Hutton-smith et al. (2016) propose that the vitreal
elimination of macromolecules to the anterior chamber is controlled by
their diffusion in the vitreous (Supplement, chapter B). Fluorescein
clearance was faster than the aqueous humor outflow in rats (CL = 33
ul/h; outflow 18 ul/h) and rabbits (CL = 273 pl/h; outflow 180 ul/h)
indicating significant posterior clearance via blood-retina barrier.

Shorter vitreal residence time in the rats, as compared to the rabbits,
may be explained based on smaller vitreal volume in rats (=~ 0.05 ml)
than in rabbits (= 1.7 ml). Larger apparent volume of distribution pro-
longs the half-life of elimination (t; 2 = In 2 x V/CL). On the other hand,

vitreal clearance of rabbits is higher than in rats (Fig. 5). This is due to
the larger surface area of blood-ocular barriers, higher diffusional area
in the vitreous and faster aqueous humor outflow in rabbits. Similar
trends were seen in a SPECT/CT imaging study on intravitreal elimi-
nation in mouse, i.e. mice data showed shorter half-lives and smaller
clearance values than the values in the rabbits (del Amo et al., 2015;
Schmitt et al., 2019).

Rats are widely used in efficacy and safety studies of intravitreally
injected compounds (Grossniklaus et al., 2010), but data on intravitreal
pharmacokinetics in rats is not available. Herein, we publish the first
scaling factors for rat-to-rabbit translation. The dose scaling factors
indicate that 2-5 times higher doses of macromolecules (mw. ~
10*-10° Da) should be used in rabbits to achieve similar drug exposure
(AUQ) in the posterior eye segment, whereas a larger scaling factor (~ 8)
may be necessary for smaller molecule (Table 3). As a scaling factor of
1.4 has been reported for rabbit-to-man translation (del Amo et al.,
2015), we estimate that the dose scaling factor for rat-to-man translation
is about 3-7. The rat scaling factors are obviously smaller than the
estimated scaling factors for mouse-to-rabbit (=~ 84) and mouse-to-man
(=~ 118) (Schmitt et al., 2019).

The species differences in intravitreal pharmacokinetics are of
practical significance. Short drug retention in the rat vitreous leads to
short drug exposure, possibly causing misleading conclusions on drug
response or toxicity (Iriyama et al., 2007; Kim and Csaky, 2010; Sakai
et al., 2007; Thaler et al., 2010). Average daily doses of drugs during
multiple or constant dosing regimen are inversely related to the intra-
vitreal clearance, i.e. 2-5 times higher daily doses of macromolecules
are needed in rabbits than in rats. For example, drug release rate from an
ocular controlled release system should be 2-5 times higher in the
rabbits than in the rats (Supplement, chapter C). Since repeated intra-
vitreal injections are problematic in small rat eyes (Sakai et al., 2007),
single dose experiments are frequently used in drug testing. Depending
on the pharmacological features and study goals, the investigator must
select the criterion of translation, e.g. the same average drug exposure
over time (AUC based approach), time period above threshold drug
concentration, or the same initial concentration.

Pharmacokinetic differences between rat and rabbit eyes complicate
drug dosing issues in translational studies. The same principles operate
in rat-to-human translation, but in that case the differences are even
more pronounced. Overall, the scaling factors are recommended in the
dose selection, but the duration of drug retention in the rat eye anyway
tends to be shorter than in the rabbit or human eyes. On the other hand,
the peak concentrations in the rat eyes will be much higher than in the
rabbit eyes, and potentially toxic, if similar doses are used in both
species.
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Fig. 4. Concentration-time profiles of intravitreally injected A) fluorescein, B) FITC-dextran 10 kDa and C) FITC-dextran 500 kDa in the rabbit vitreous.
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Table 2
Kinetic parameters of the intravitreally injected compounds in the rabbit vitreous (average -+ SD). The values for FITC-dextran 157 kDa are from Johnson and Maurice
(Johnson and Maurice, 1984). Cpax Was derived from the y-intercept of Fig. 4A, 4B and 4C.

Compound Number of eyes  Dose per eye (ug)  Apparent volume of distribution (ml)  Elimination half-life (h)  Cmax (ng/ml)  Clearance (ul/h)
Fluorescein 3 0.08 1.2+£0.97 3.0+22 0.09 + 0.05 273 £ 69
FITC-dextran 10 kDa 4 200 2.6 £0.35 83+3 77.8 £10.3 21.6 £ 2.4
FITC-dextran 157 kDa * 14 1000 to 2000 1.7 166.3 + 16.8 nr’ 7.1+£0.7
FITC-dextran 500 kDa 6 400 1.3+0.18 152 £13 314 + 45 5.9+ 0.7

2 The values are from literature (Johnson and Maurice, 1984), where they reported the vitreal elimination half-life of FITC-dextran of 157 kDa in pigmented rabbits
after intravitreal injection. Anatomical volume of rabbit vitreous (1700 ul) (Missel et al., 2010) was used to estimate the clearance (ie. clearance = vitreous volume x
elimination rate constant).

b Not reported.
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Fig. 5. Intravitreal half-life (A) and clearance (B) in rat and rabbit eyes as a function of average molecular weights of the injected compounds. A) Equations of the
fitted lines for half-lives in rats and rabbits are y = 9.22x %2% and y = 58.55x %174, respectively. B) Equations of the fitted lines for clearances in rats and rabbits are y
= 7.1x %1% and y — 46.41 x ~%3%, respectively. For nonlinear fitting, 1/"Y weighting method were used.

Table 3
Relative differences (rabbit/rat values) for intravitreal volume of distribution, clearance and half-life. Dose scaling factor was calculated as CLyabbit/CLrat.
Compound Apparent volume of distribution Clearance Elimination half-life Dose scaling factor for equal AUC
Fluorescein 24 8.3 29 8.3
FITC-dextran 10 kDa 29 4.8 6.1 4.8
FITC-dextran 150 kDa 9.1 1.9 4.9 1.9
FITC-dextran 500 kDa 18 2.8 5.7 2.8
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Fig. 6. Dose translation for the intravitreal injection of a macromolecule with the molecular weight of 10 kDa. The average pharmacokinetic parameters for FITC-
dextran 10 kDa were used in the simulations: clearance (rabbit 21.6 ul/h, rat 4.5 pl/h), apparent volume of distribution (rabbit 2600 ul, rat 88 ul) and elimination
half-life (rabbit 83 h, rat 13.5 h). A) Rabbit to rat translation. Rabbit dose was 260 pg to get an initial concentration of 100 pg/ml (black line). The doses in rats were
selected to match the following values in the rabbit simulation: initial drug concentration (blue), AUC (red), dose (purple) and concentration of 10 ug/ml at the same
time to describe the drug retention time (orange). B) Rat to rabbit translation. Rat dose was 8.8 pg.
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5. Conclusion

Overall, the results of this study reveal faster rate of vitreal elimi-
nation in rats than in rabbits. Drug retention in the rabbit eyes is longer,
but clearance values are higher than in the rat eyes. Rat-to-rabbit scaling
factor of 2-5 was obtained for intravitreal macromolecules. This com-
parison provides useful translational information for the design of
pharmacological and toxicological studies during ophthalmic drug dis-
covery and development.
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Tissue barriers limit drug delivery in the eye. Therefore, retinal diseases are treated with intravitreal injections.
Delivery systems with reduced dosing frequency and/or cellular drug delivery properties are needed. We present
here a modular peptide-based delivery system for cell targeted release of dexamethasone in the retinal pigment
epithelial cells. The peptide-dexamethasone conjugates consist of cell penetrating peptide, enzyme cleavable
linker and dexamethasone that is conjugated with hydrazone bond. The conjugates are chemically stable in the
vitreous, internalize into the retinal pigment epithelial cells and release dexamethasone intracellularly by en-
zymatic action of cathepsin D. In vitro binding assay and molecular docking confirm binding of the released

dexamethasone fragment to the human glucocorticoid receptor. In vivo rabbit studies show increased vitreal
retention of dexamethasone with a peptide conjugate. Modular peptide conjugates are a promising approach for
drug delivery into the retinal cells.

1. Introduction

Ocular drug delivery poses significant challenges due to the unique
anatomy and physiology of the eye. Various static and dynamic barriers
limit efficient drug delivery, particularly to the posterior segment of the
eye [1-3]. Therapeutic intervention of the posterior segment is crucial
for many vision-threatening diseases, such as age-related macular de-
generation, glaucoma, macular edema, diabetic retinopathy, and
uveitis. These diseases cause disorders in the retina and choroid,
thereby leading to impaired vision and blindness in millions of patients
worldwide.

Topical eye drops are useful in the treatment of anterior segment
diseases in the eye but they are ineffective in the treatment of retinal
diseases. Several tissue barriers and flow factors limit drug distribution
from topical application site to posterior segment tissues [4-6]. Tight
tissue barriers between blood stream and ocular compartments (ante-
rior, posterior) prevent drug distribution from the blood circulation into
the ocular drug target tissues [7]. Alternative modes of ocular drug
administration, such as sub-conjunctival, suprachoroidal, and perio-
cular injections, have only achieved sub-optimal retinal drug delivery
[8]. For these reasons, intravitreal injections are widely used even
though it is an invasive method of retinal drug delivery. In the case of

intravitreal drug delivery, it is important to ascertain delivery to the
retinal target cells and adequate duration of drug action. Consequently,
novel drug delivery systems are needed for intravitreal drug adminis-
tration [9].

Current drug delivery systems for clinical treatment of the posterior
segment diseases include intravitreal injection of drug solutions and
implants [10,11]. For example, Ozurdex is a dexamethasone releasing
injectable, degradable implant that is used to treat macular edema and
inflammation of the eye [12]. Nonetheless, many implants comprise of
non-degradable polymers that are used to control drug release for
several months and might require surgical intervention; limiting their
wide-spread clinical use [13,14]. Also, particulate based systems for
intravitreal administration have been investigated [6]. Both implants
and particulate systems might however obstruct vision and possible
toxicity arising from polymer degradation products is of concern. Fur-
thermore, their physical size does not allow targeted delivery to the
retinal cells [5]. Development of alternative drug delivery systems are
thus needed to meet the therapeutic challenges of retinal diseases.

Intravitreally administered small molecules are rapidly eliminated
from the vitreous and they distribute non-specifically to ocular tissues
and may cause adverse effects, such as increased intraocular pressure
and cataract associated with corticosteroid treatment [4,15]. One
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approach to mitigate side effects and rapid elimination of small mole-
cule drugs is to form drug conjugates for targeted delivery and con-
trolled release. Polymeric and antibody drug conjugates have been well
investigated in the context of cancer therapy [16], but this concept has
not been extensively explored for ocular drug delivery. A recent report
introduced hyaluronic acid binding polypeptide chain to successfully
prolong the half-life of protein drug [17]. We reported a peptide-based
delivery system for controlled release of peptide cargo (D-peptides)
within the intra-cellular space of the retinal pigment epithelial cells
[18]. The peptide-based strategy utilized linkers that were cleaved by
the enzymes present in the RPE cells to release the cargo. Additionally,
the peptide-cargo conjugates were stable within the vitreous environ-
ment to avoid premature drug release in the vitreous. The modular
delivery system consisted of three components: (a) cell penetrating
peptide to promote intracellular entry, (b) peptide linker with con-
trolled enzymatic cleavage rate and (c) D-peptide cargo. Notably, the
peptide-based delivery system offers advantages of relative ease of
synthesis, targeted intracellular delivery and controlled release of cargo
exploiting intracellular components (enzyme cathepsin D) of the retinal
cells.

In the present study, we demonstrate the potential of the modular
peptide-based system for the retinal cellular delivery of dexamethasone.
Dexamethasone is used in ophthalmology to treat ocular inflammations
and uveitis in both anterior and posterior segments [19], but the use of
dexamethasone is associated with side-effects, such as increased in-
traocular pressure and cataract formation [20]. Consequently, to
overcome such effects, alternative delivery systems are desired for
controlled or sustained release of dexamethasone at the site of action.
We report here targeted and controlled release of dexamethasone from
modular peptide-based delivery system within the retinal pigment
epithelial cells.

2. Materials and methods
2.1. Design and synthesis of conjugates

2.1.1. Design of peptide-dexamethasone conjugates

A set of three peptide-dexamethasone conjugates (Scheme 1) were
synthesized based on our previous findings [18]. The conjugates con-
sisted of three components: (1) N-terminal cell penetrating peptide
(CPP) to promote intracellular entry, (2) an enzyme cleavable peptide-
based linker (PCL) and (c) dexamethasone conjugated to the C-terminal
of PCL via hydrazone linkage. Fluorescent Alexa 488 dye was cova-
lently attached to the conjugates. The differences between the three
conjugates are entirely attributed to the CPPs with varying number of
positively charged residues (Arg/Lys) (Scheme 1). Dex-1 contains a
cationic CPP (from HIV-1 Tat) with 7 Arg/Lys residues, Dex-2 contains
2 Lys/Arg residues in the CPP sequence and Dex-3 consists of a
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hydrophobic CPP sequence [21].

2.1.2. Peptide synthesis

The peptide-dexamethasone conjugates (Scheme 1, Table 1) were
synthesized by Peptide Synthetics Peptide Protein Research Ltd.
(Hampshire, UK). In general, the peptides were synthesized using solid
phase peptide synthesis. Chlorotrityl resin (Iris, 300 mg, per sequence,
200 mesh, 1.1 mmol/g chloride loading) was functionalized by mixing
the resin in dry dimethyl formamide (DMF) with hydrazine (0.5
equivalents) for 30 min. Un-functionalized sites on the resin were
capped with a brief treatment of methanol in DMF containing DIPEA
(0.25 ml), to obtain a working substitution level of 0.3-0.5 mmol/g.
The hydrazine resin obtained was then employed to generate peptides
with the desired sequence via an automated peptide synthesizer
(Symphony, Protein Technologies Inc. Arizona) using the Fmoc chem-
istry method [22] with Fmoc amino acids appropriately side chain
protected (Matrix Innovation). After the synthesis, the hydrazide pep-
tides were cleaved from the solid support and their side chain pro-
tecting groups were removed with trifluoroacetic acid (TFA) cocktail
containing 2% isopropyl silane, 1% phenol and 2% ethane dithiol for
2 h. The TFA solution was filtered from the resin and the crude peptides
precipitated by adding diethyl ether. The precipitated peptides were
pelleted by centrifugation.

The peptides were purified by RP-HPLC on a Varian system
equipped with a C-18 preparative Axia column (Phenomenex) at room
temperature, using a Varian 325 UV-detector with a detection wave-
length 225 nm, two 210 Varian pumps with flow rate of 20 ml/min and
a gradient of 5-55% acetonitrile in 60 min. Peptides were loaded in
dimethy] sulfoxide (DMSO) to the column and eluted with increasing
gradient between water (with 0.1% TFA) and acetonitrile (with 0.1%
TFA). The eluting peptides were visualized with UV absorption and the
fractions were collected manually. The purity of the product-containing
fractions was confirmed by LC-MS, combined and freeze-dried.

For peptide labeling with Alexa 488 dye, a cysteine residue was
incorporated in the linker sequence between the CPP and PCL (Scheme-
1). The side chain thiol of the cysteine was used to react with a mal-
eimido-activated form of the Alexa 488 dye (Invitrogen): 5 mg of
maleimido dye was added to the peptide (5 mg dissolved in 50:50
DMSO/PBS, pH 7.4, 2 ml). The mixture was stirred until all the peptide
has been labeled (checked by mass spectrometry). Then, the peptide
was introduced onto an HPLC column and the labeled peptide was
eluted as described above. Purified labeled peptide was freeze-dried.

2.1.3. Synthesis of peptide-dexamethasone conjugates

The synthesized Alexa-labeled C-terminal peptide hydrazide was
purified and then condensed with the ketone group of dexamethasone
to form the hydrazone linked peptide-drug conjugate. In brief, the la-
beled peptide (2 mg) was dissolved in DMSO (0.5 ml) and sodium

Peptide-dexamethasone
conjugate
Dex-1 NH-GRKKRRQRRPPQ
Dex-2 NH>-FNLPLPSRPLLR
Dex-3 NH,-AAVLLPVLLAAP

e TR RED— @)

C(Alexa 488)K GKPILFFRLKr-NH-N=Dex
C(Alexa 488)KGKPILFFRLKr-NH-N=Dex

C(Alexa488) KGKPILFFRLKr-NH-N=Dex

Scheme 1. Dexamethasone conjugated to
the C-terminus of CPP-PCL chimeras via a
hydrazone linkage (red). CPP, PCL se-
quences and dexamethasone are shown in
black, blue and green, respectively. A short
flexible linker, Gly-Gly-Ser (shown in
yellow) was introduced in between the CPP
and PCL sequences. A cysteine residue was
introduced after the linker to attach the
fluorescent dye Alexa 488 to the side chain
thiol of Cys. Lower case single letter amino
acid abbreviation refers to a D-amino acid.
The D-amino acid enhances the sensitivity
and specificity of the linker for cathepsin D
mediated cleavage. (For interpretation of

the references to color in this figure legend,
the reader is referred to the web version of
this article.)
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Table 1
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Peptide-dexamethasone conjugates and corresponding fragments after intracellular cleavage.

Conjugate # Structure of the conjugates

Released fragment Fragment mass

Calculated Detected (MH " ! Mono)
Dex-1 NH,-GRKKRRQRRPPQGGSC(Alexa 488)KGKPILFFRLKr-NH-N = Dex r-NH-N=Dex 562.6 563.6
Dex-2 NH,-FNLPLPSRPLLRGGSC(Alexa 488)KGKPILFFRLKr-NH-N = Dex r-NH-N=Dex 562.6 563.6
Dex-3 NH,-AAVLLPVLLAAPGGSC(Alexa488)KGKPILFFRLKr-NH-N = Dex r-NH-N =Dex 562.6 563.6

Fragments were detected by LC-MS. r denotes D-Arginine residue.

acetate buffer (0.1 M, 0.5 ml) was added. A 10-fold molar excess of
dexamethasone, pre-dissolved in DMSO, was added and the solution
was stirred at 40 °C for 48 h. A further 10-fold molar excess of dex-
amethasone was added and mixed for another 48 h in case the reaction
was not complete (as followed by LC/MS, Phenomenex C18 kinetex
core-shell column, 50 x 4.6 mm, 2.6 pm internal diameter with a 100 A
pore size, step gradient of acetonitrile). When the reaction was com-
pleted (confirmed by LC/MS), the product was isolated by RP-HPLC as
mentioned above.

2.2. Invitro stability and binding studies

2.2.1. Stability of conjugates in porcine vitreous

Stability of the peptide-dexamethasone conjugates against de-
gradation in porcine vitreous was determined. Porcine eyes were pro-
cured from a local slaughterhouse and the eyes were kept on ice bath
during the isolation of vitreous humor. The eyes were first cleansed of
extra-ocular material and dipped in 70% ethanol. The eyes were opened
by incision with a dissecting knife and the clear vitreous humor was
separated gently from the retina. Isolated vitreous humor was homo-
genized, centrifuged (3200 X g) for 1 h at +4 °C and the supernatant
was sterile-filtered using a 0.22 um filter to remove cellular debris and
possible microbial contamination. The vitreous was stored at —80 °C.
For stability studies, 10 uM of the conjugates were mixed with porcine
vitreous humor with 1% antibiotics (penicillin/streptomycin; Gibco) in
Eppendorff tubes. Each time point had designated separate tube. The
tubes were incubated at 37 °C and release of dexamethasone from the
conjugate was monitored using ultra-performance liquid chromato-
graphy tandem mass spectrometry (UPLC-MS/MS). Before the mass
analysis, the mixture was subjected to acetonitrile clean-up. Three vo-
lumes of cold acetonitrile were added to each sample, vortexed and
stored at room temperature for 1 h. The samples were centrifuged for
10 min at 12,000 xg to remove precipitates. The supernatant was
freeze-dried and stored at —20 °C for further UPLC-MS/MS analysis.

Liquid chromatography separation was carried out using Waters
Acquity UPLC instrument (Waters, MA, USA) coupled with Waters
Acquity UPLC BEH Shield RP18 (2.1 x 100 mm, 1.7 pm) column at
50 °C. The mobile phase consisted of 0.1% of formic acid in ultrapure
water (A) and 100% of LC-MS grade acetonitrile (B). Freeze dried
samples were diluted with cold 30% LC/MS grade acetonitrile
(Chromasolv™, Honeywell, Seelze, Germany) in ultrapure water, and
vortexed prior to the analysis. Mass spectrometry measurements were
carried out using a Waters Xevo triple quadrupole mass spectrometer
(TQ-S) equipped with an electrospray (ESI) source. Samples were
analyzed on positive ionization mode and multiple reaction monitoring
(MRM) mode was used for quantification. Minimum of five calibration
curve points in the range 0.005-250 nM were used for quantification of
the dexamethasone. The resulting data were analyzed with Waters
MassLynx software V4.1.

2.2.2. Interactions of conjugates with the vitreous humor

Binding of peptide-dexamethasone conjugates to the porcine vitr-
eous was studied by microscale thermophoresis (MST). MST is a bio-
physical technique used to study the molecular interaction by mon-
itoring the directed movement of fluorescently labeled molecule in a

586

temperature gradient [23-25]. The MST measurements were performed
using a Monolith NT.115 instrument from Nanotemper Technologies
(Miinchen, Germany) with MST grade premium NT.115 capillaries.
Literature precedence's suggest that cationic particulate systems in-
teract with hyaluronic acid, HA (anionic hydrophilic polymer), a pri-
mary component of the vitreous [26,27]. Consequently, for the posi-
tively charged peptide-dexamethasone conjugates, we postulate that
they interact with vitreous HA. The concentration of HA in porcine
vitreous (stock solution) was considered to be 1600 nM based on esti-
mates from earlier reports [28,29]. The unlabeled vitreous (Section
2.2.1) was serially diluted and mixed with 100 nM fluorescently labeled
conjugates in MST optimized buffer (50 mM Tris-HCI pH 7.4, 150 mM
NaCl, 10 mM MgCl,, 0.05% Tween-20). HA concentration range in the
assay mixture was 0.02-800 nM. All the samples were centrifuged at
14,000 X g for 10 min to remove any aggregates present. The samples
were loaded into Monolith NT.115 capillaries after incubation at room
temperature for 5 min and MST measurements were performed at 22 °C
by using nano-blue excitation with LED excitation power 20% and 80%
for Dex-2 and 3 respectively, infrared laser (MST power) was set to
medium. Data analyses were performed using Nanotemper analysis
software. For determination of the dissociation constant (Kg) of the
binding interaction, normalized fluorescence values were plotted
against log of the estimated hyaluronic acid concentration in the por-
cine vitreous using GraphPad Prism software (version7.04, San Diego,
CA, USA).

2.2.3. Binding of Dexamethasone-Arginine fragment to glucocorticoid
receptor

Microscale thermophoresis (MST) technique was used to study the
binding interaction of Dexamethasone-Arginine (Dex-Arg) fragment
and glucocorticoid receptor. The MST measurements were performed
using a Monolith NT.115 instrument from Nanotemper Technologies
with MST grade premium NT.115 capillaries. Purified human gluco-
corticoid receptor (hGR, Abcam) was labeled with Lightning-Link®
Rapid Alexa Fluor® 488 kit (Expedeon) following manufacturer's in-
struction. The labeling kit enables direct conjugation of Alexa Fluor®
488 with the available amine groups in the hGR. Unlabeled Dex-Arg
fragment was serially diluted from 0.5 pM to 0.015 nM in MST opti-
mized buffer and titrated into a fixed concentration of labeled hGR
(10 nM). All the samples were centrifuged at 14,000 x g for 10 min to
remove aggregates. The samples were loaded into Monolith NT.115
premium capillaries after incubation at room temperature for 10 min
and MST measurements were performed at 22 °C by using 5% LED
power and medium MST power. Data analyses were done using
Nanotemper analysis software. Normalized fluorescence values were
plotted against the log of Dex-Arg fragment concentration using
GraphPad Prism software (version7.04, San Diego, CA, USA).

2.2.4. Molecular docking to glucocorticoid receptor

For computational modeling of the Dex-Arg fragment, we utilized
the crystal structure of human glucocorticoid receptor (hGR) in com-
plex with dexamethasone (PDB id: 1M27). The protein-ligand complex
exists as a dimer in the crystal structure. Only a single chain of the
receptor was considered for molecular docking. Dexamethasone and
other small molecules (including water) were removed from the ligand-
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binding domain to generate the native structural model of the hGR as
the target protein. 3D-structural models of dexamethasone and Dex-Arg
fragment were built by using MarvinSketch (version 20.11.0; http://
www.chemaxon.com). CB-Dock server [30] was used to predict the
binding modes of dexamethasone and Dex-Arg fragment with the hGR.
The best docking results were then compared with the crystal structure
complex and visualized using UCSF Chimera package [31].

2.3. Cell culture and cell based assays

ARPE-19 cells (human retinal pigment epithelial cell line, ATCC
CRL-2302) were cultured in Dulbecco's Modified Eagle Medium:
Nutrient Mixture F-12 (DMEM/F-12) supplemented with 10% fetal
bovine serum (Gibco), 100 U/ml penicillin, 100 pg/ml streptomycin
and 2 mM 1-glutamine (Gibco). The cells were cultured in a T-75 flask at
37 °Cin a 7% CO, atmosphere. The cells were sub-cultured once a week
until they reached 80% confluency. The culture media was changed
twice a week.

2.3.1. Cytotoxicity

Cytotoxicity of the peptide-dexamethasone conjugates was eval-
uated using MTT assay as previously described [32]. Briefly, the cells
were seeded in 96-well plates at a density of 20,000 cells per well in
150 pl of cell growth medium. After over-night incubation, the cells
were washed with PBS. Peptides at various concentrations
(0.01-100 pM) in complete cell growth medium (100 pl) were added to
each well for incubation (5 h at 37 °C, 7% CO.). Poly-i-lysine (PLL)
treated and untreated cells served as negative and positive controls,
respectively. After incubation, the medium was aspirated, the cells were
washed with PBS and 150 pl of growth medium was added to the cells.
Then, the cells were washed with PBS after incubation of 24 h. A
mixture of 90 pl of complete growth medium and 10 ul of 5 mg/ml of
MTT solution was added to the wells and the plates were incubated for
4 h at 37 °C. After incubation, 100 pl of 10% sodium dodecyl sulfate
(Merck) in 0.01 M HCI (Sigma-Aldrich) was added to the wells to so-
lubilize formazan crystals followed by overnight incubation at 37 °C.
Formazan was quantified by measuring absorbance at 570 nm using a
spectral scanning multimode plate reader (Varioskan Flash, Thermo
Scientific). Viability of the treated cells was compared to the untreated
control cells.

2.3.2. Cellular uptake

ARPE-19 cells were seeded on a 24-well Sensoplate polystyrene flat
glass bottom black plates (Greiner bio-one) at a density of 25,000 cells/
well and incubated at 37 °C with 7% CO,, for 24 h. The cells were rinsed
twice with 2 ml HBSS buffer (Gibco, supplemented with 10 mM Hepes,
pH 7.4) and equilibrated in the same buffer for 30 min at 37 °C. The
cells were then treated with labeled peptide-dexamethasone conjugates
(5 uM) for 1 h at 37 °C. Afterwards cells were washed thrice with HBSS
buffer to remove unbound and surface bound conjugates followed by
plasma membrane staining with CellMask™ Deep Red (Invitrogen) for
30 min at room temperature in dark. The nuclei were stained with 1 pug/
ml Hoechst 33342 for 10 min at room temperature in dark, washed with
HBSS to remove excess stain and live cells were imaged immediately
using Cytation 5 cell imaging multimode reader (BioTek). Images were
taken using 40X plan fluorite phase objective (1,320,518, Olympus)
and processed with Gen5 Image Prime software, version 3.08. All
images were obtained under identical conditions; the cell nucleus, the
cytoskeleton and the conjugates were visualized in blue, deep red and
green, respectively.

2.3.3. Intracellular drug release

Intracellular release of dexamethasone from the peptide-dex-
amethasone conjugates was studied using sub-confluent ARPE-19 cells
that were cultured on 6 well plate. The cells were seeded at a density of
500,000 cells/well and experiments were performed 48 h after the cells
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had achieved sub-confluent monolayer. The conjugates were dissolved
in complete growth medium (DMEM/F-12; supplemented with 100 U/
ml streptomycin/penicillin and 2 mM 1-glutamine). Prior to the ex-
periment, the cells were washed twice with PBS (Gibco) and incubated
with the conjugates (5 uM/well) for 1 h at 37 °C. After 1 h, the cells
were washed thrice with PBS to remove unbound and surface bound
conjugates. The cells were detached from the bottom of the wells using
TrypLE Express enzyme (Gibco) and the number of cells harvested from
each well was determined. Lysis buffer (Biovision) was added to the
cells collected from each well and the cells were lysed following the
manufacturer's instructions. Clear cell lysate from each well was col-
lected into low binding Eppendorf tubes and stored on ice before UPLC-
MS analyses.

2.4. LC-MS analyses

To identify the molecule released from the conjugates in the cells
(Section 2.3.3), three volumes of cold acetonitrile were added to the
cell lysate samples, vortexed and stored at room temperature for 1 h.
The samples were centrifuged for 10 min at 12,000 X g to remove
precipitates. The supernatant was freeze-dried and stored at —20 °C for
further UPLC-MS analysis.

UPLC-MS profiling analyses were carried out with Orbitrap-MS
System (Q Exactive Focus, Thermo Fisher, Bremen, Germany) using
reversed phase (RP) chromatography with positive mode ESI. The RP
separation was performed on a Zorbax Eclipse XDB-C18 column
(100 mm X 2.1 mm, 1.8 um; Agilent Technologies). The flow rate was
0.4 ml/min, and gradient elution of 2-100% was used with water with
0.1% v/v of formic acid (eluent A) and methanol (eluent B). The in-
jection volume was 10 pL and the sample tray was maintained at 4 °C.
For data acquisition, the mass range was 300-1100 amu and
320-1200 amu with a resolution of 70,000. Data acquisition and ana-
lysis was conducted with Xcalibur and Freestyle software.

2.5. Intravitreal pharmacokinetics

Pigmented 2.5-3.0 kg female Dutch belted rabbits (Linkoping,
Sweden) were used in the study. The animals were housed under
normal diet at a set temperature of 21 °C, humidity and 12/12 h light-
dark cycle. All animal experiments were approved by the national
Animal Experiment Board in Finland. Free dexamethasone was not in-
cluded for in vivo PK studies to limit the number of animals used and
due to limitations of non-invasive fluorophotometry that was employed
in the present study.

2.5.1. Intravitreal injections

The animals were anesthetized with medetomidine (Domitor vet
1 mg/ml; Orion Pharma, Espoo, Finland; dose 0.5 mg/kg) and ketamine
(Ketalar/Ketaminol vet 50 mg/ml; Pfizer Oy Animal Health, Espoo,
Finland; dose 0.5 ml/kg). Pupils were dilated with tropicamide (Oftan
Tropicamid 5 mg/ml, Santen Pharmaceutical Co., Ltd., Tampere,
Finland) and eyes were locally anesthetized with oxybuprocaine (Oftan
Obucain 4 mg/ml, Santen Pharmaceutical Co., Ltd., Tampere, Finland).
Viscotears 2 mg/g (carbomer) was used for ocular surface moistening.
The 31G disposable needle was inserted, about 4.5 mm out of limbus,
through the sclera into the vitreous and 40 pl of the peptide solution
with the concentration 125 uM (dose of 5 nmol per eye) was injected
into the vitreous. After withdrawing the needle, the eyes were covered
with antibiotic ointment in order to avoid infections (chloramphenicol;
Oftan Chlora 10 mg/g). Two rabbits were injected with labeled Dex-1
conjugate and two others with labeled Dex2 conjugate in both eyes
(n = 4 eyes/peptide). Dex-3 was not included in the pharmacokinetics
study, as this particular conjugate had too low fluorescence intensity for
Fluorotron assays. This could be due to internal quenching of the
fluorescence signal as a consequence of the solution conformation of the
peptide conjugate. Atipamezole (Antisedan vet 5 mg/ml; 0.2 ml/kg),
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was used after anesthesia to wake the animals.

2.5.2. Fluorotron measurements

In vivo fluorophotometry measurements were performed with ocular
fluorophotometer (Fluorotron Master, OcuMetrics, CA, USA). The ani-
mals were kept under light sedation (Domitor vet 1 mg/ml; 0.3 ml/kg)
during the measurements. Baseline autofluorescence values were
measured prior to the intravitreal injections. After the injections, the
fluorescence levels in the vitreous and aqueous humor were measured
daily for 3 days. Bepanthen Eye (sodium hyaluronate 0.15% and dex-
panthenol 2%) was used for eye surface moisturizing during the mea-
surements. The average fluorescence signal of vitreous was calculated
by averaging in the axial region of eye starting 3 mm anteriorly from
retina to the posterior edge of the lens. The distance of 3 mm from the
retina decreases artifacts related to the tailing effect of retinal peak
[33]. For aqueous humor values, the average of the signal in the middle
of the compartment was used and calculated using the program of
Flourotron. GraphPad Prism (version7.04, San Diego, CA, USA) was
used for fitting concentration vs time curves and calculation of the
pharmacokinetic parameters.

3. Results
3.1. Stability of the conjugates in the vitreous humor

To investigate the stability of the peptide-dexamethasone con-
jugates in the vitreal environment, the conjugates were incubated with
porcine vitreous at 37 °C. All three conjugates were chemically stable in
the vitreous humor. No significant quantities of free dexamethasone
were detected during the assay period of 6 weeks (Fig. 1). These results
ensure that the dexamethasone release takes place only after inter-
nalization within the RPE cells. Small quantity of unreacted dex-
amethasone (< 5%) as impurity was present in all the conjugates
(Fig. 1).

3.2. Binding of the conjugates to the vitreous humor

Binding of peptide-dexamethasone conjugates to porcine vitreous
was evaluated with microscale thermophoresis. Fig. 2 shows the ther-
mophoresis signal from the binding interaction of Alexa 488 labeled
conjugates (Dex-2 and Dex-3) and HA present in the vitreous humor.
Normalized fluorescence values (Fnorm) plotted against log of HA
concentration in porcine vitreous to obtain the binding affinity. The
dissociation constants (Kg) for the binding of Dex-2 and Dex-3 con-
jugates to the vitreal HA were 13.5 nM and 64.3 nM, respectively. Dex-
1 conjugate was not included in the study due to its adherence to the
capillary walls.

Journal of Controlled Release 327 (2020) 584-594

3.3. Cellular uptake

Internalization of peptide-dexamethasone conjugates to cultured
ARPE-19 cells was investigated. Fluorescence microscope images shows
that the conjugates were internalized within the ARPE-19 cells without
association at the cell surface (Fig. 3).

3.4. Cytotoxicity

Fig. 4 summarizes the results of the cytotoxicity assay. ARPE-19
cells tolerate the conjugates well at the concentration range of
0.01-5 pM without significant differences among the conjugates. The
cytotoxicity of free dexamethasone was evaluated and no cell toxicity
was seen (Supplementary material, Fig. S1).

3.5. Cellular release of dexamethasone from the conjugates

Dexamethasone did not release as pure drug from the conjugates.
Instead, a fragment Dexamethasone-Arginine (r-NH-N = Dex: Dex-Arg),
with one Arg residue from the PCL was detected linked to the drug. Full
sequences of the peptide-dexamethasone conjugates, the fragments
detected in the cell lysate and molecular masses of the detected frag-
ments are shown in Table 1.

3.6. Binding affinity of Dexamethasone-Arginine fragment to glucocorticoid
receptor

Binding of Dex-Arg fragment (0.01 nM to 0.5 uM) to a fixed con-
centration of labeled hGR (10 nM) was studied with thermophoresis
(Fig. 5). The thermophoresis signal indicates binding of Dex-Arg to hGR
in a dose dependent manner.

3.7. Molecular docking of Dexamethasone-Arginine fragment to
glucocorticoid receptor

The application of CB-Dock and Chimera visualization elucidated
the binding modes of dexamethasone and the Dex-Arg fragment. Top 5
cavity sizes were identified and Vina scores for binding were obtained
for each of the cavities. The largest identified cavity (sized 690) for
dexamethasone docking was the same as the LBD in the crystal struc-
ture of the hGR-dexamethasone complex. A structural comparison of
the docked dexamethasone (best binding score) in the LBD with that
over in the crystal structure resulted in a near perfect match as evi-
denced by the low r.m.s.d. value of 0.33 A. This validated the docking
methodology. The Dex-Arg fragment was similarly docked and the best
binding orientation (score) in the LBD (cavity sized 690) was con-
sidered. Structural comparisons of the docked Dex-Arg fragment in the
LBD with dexamethasone bound in the crystal structure complex
showed a good-fit between the two ligands. A r.m.s.d. value of 1.34 A
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Fig. 1. Stability of peptide-dexamethasone conjugates in porcine vitreous. The conjugates were incubated with porcine vitreous and release of dexamethasone upon

cleavage of the hydrazone bond in the conjugate was followed.
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Fig. 2. Binding affinities of peptide-dexamethasone conjugates and porcine vitreous. Normalized fluorescence values (Fnorm) plotted against log of HA concentration
in porcine vitreous to obtain the binding curves and the data fitted to obtain the K4 values. (A) Binding of fluorescently labeled Dex-2 with porcine vitreous, binding
affinity (K4) determined to be 13.5 nM (B) Binding of fluorescently labeled Dex-3 with porcine vitreous with a K4 value of 64.3 nM. Error bars represent standard
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Fig. 3. Images of uptake of Alexa 488 labeled peptide-dexamethasone con-
jugates (5 uM) in living ARPE-19 cells, determined by Cytation 5 automated
digital fluorescence imaging system. The peptides were incubated with the cells
at 37 °C for 1 h. The cell nuclei and the conjugates (Alexa 488 labeled) were
visualized with blue and green fluorescence respectively (A); cytoskeleton was
visualized with deep red fluorescence (B). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 4. Cytotoxicity of peptide-dexamethasone conjugates in ARPE-19 cells.
Cells were treated with conjugates for 5 h and cell viability was evaluated with
MTT cytotoxicity assay. The data were normalized based on the viability of
untreated cells. Data are represented as mean + standard deviation (n = 3).
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Fig. 5. Binding interaction of Dex-Arg fragment to human glucocorticoid re-
ceptor. Unlabeled Dex-Arg fragment (0.015 nM to 0.5 pM) was titrated into a
fixed concentration of labeled hGR (10 nM). The thermophoretic signal (Fnorm)
plotted as a function of log of Dex-Arg fragment concentration is shown.

Fig. 6. Structural comparison of the docked Dex-Arg fragment (green) with the
structural model of dexamethasone (magenta) in complex with hGR (PDB id:
1M27). Residues of the ligand-binding domain have been depicted in dark grey.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 7. Fluorophotometric signal versus time graphs of peptide-dexamethasone conjugates. Different symbols represent replicates from individual eyes. Black and red
symbols correspond to signals from the vitreous and aqueous humor, respectively. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

(matching the corresponding non-H atoms of the dexamethasone part of
the molecule) was observed. Fig. 6 depicts the degree of structural su-
perposition of the docked Dex-Arg fragment with that of the structural
model of dexamethasone in complex with the hGR (PDB id: 1M27). The
docking results validated that the Dex-Arg fragment binds at the same
site as dexamethasone on the hGR.

3.8. In vivo pharmacokinetics

The results from the three rabbit eyes that received Dex-1 and four
rabbit eyes that received Dex-2 (Scheme 1) injections intravitreally are
shown in Fig. 7. The data from the fourth eye that was injected with
Dex-1 is not included because some complications emerged after the
injection. Vitreous and aqueous humor fluorescence signals of Dex-2
from a single rabbit eye (Supplementary Material, Fig. S2) shows a
concentration gradient at 3 h after intravitreal injection. However, after
24 h, the conjugate was homogenously distributed in the vitreous (the
first data point for PK calculations). The concentrations in the vitreous
humor were approximately one order of magnitude higher than the
concentrations in the aqueous humor. The vitreous and anterior
chamber peptide conjugate concentrations were fitted with one-com-
partment model with first order elimination kinetics resulting in the
elimination half-lives of 20.9 + 10.0 h and 24.3 = 5.6 h for Dex-1
and Dex-2, respectively. The anatomical vitreous volume was used as
volume of drug distribution to calculate drug clearance (Table 2) (for
most intravitreal compounds the volume of distribution (Vy) is in the
range of anatomical vitreal volume [15]):

CL = Vy * K, @

where CL is the vitreal clearance (ul/h), V4 is the anatomical volume of
vitreous in rabbits (1700 pl) [34] and K, is elimination constant (h~ ")
from vitreous. The average clearance values of the peptide-

Table 2
Vitreal pharmacokinetic parameters of the conjugates after intravitreal injection.

dexamethasone conjugates from the vitreous were approximately
40-50 pl/h.

To further ascertain the elimination route of the peptide-dex-
amethasone conjugates (anterior or posterior) after intravitreal injec-
tion, a method of Maurice and Mishima was used [35,36]. For anterior
elimination pathway, the C,/C, ratio and vitreal elimination half-lives
of the compounds can be expressed by the following equations:

Kv W Ca _ 0.693 Vv

Ca _ _ 0693 Vv
Cv f Cv fea/2 2

where C, and C, are the concentrations of the injected molecule in the
anterior segment and the vitreous, respectively; K, is elimination con-
stant from vitreous; V, is the average volume of vitreous compartment
in rabbit (1700 pl) [34]; f is the aqueous humor flow rate (3 pl/min)
[37] and t;,, is elimination half-life of the injected molecule from the
vitreous. The calculated pharmacokinetic parameters of the peptide-
dexamethasone conjugates (Dex-1, Dex-2) were in the close vicinity of
the predicted blue trend line of the relationship in the Eq. (2) (Fig. 8).
This suggests that the anterior route dominates in the vitreal elimina-
tion of the peptide conjugates. Fig. 8 also suggests that the elimination
of Dex-1 and Dex-2 from the vitreous takes place as expected on the
basis of their molecular weights. The elimination of the peptide con-
jugates via the anterior route is in contrast with that of free dex-
amethasone. Posterior clearance from the vitreous has been reported to
be dominant for free dexamethasone [4]. The higher vitreal clearance
rate of free dexamethasone (460 pl/h) as compared to the average flow-
rate of aqueous humor (180 pl/h) also supports the major contribution
of the posterior route of dexamethasone elimination.

4. Discussion

Intravitreal administration of small molecule drugs are associated

Elimination half-life (h)

Elimination rate constant (h™!)

Vitreal clearance (ul/h) C,/C, ratio

Dex-1
Eye-1 31.7 0.021
Eye-2 19.2 0.036
Eye-3 38.90 0.017
Average * SD 299 + 10.0 0.024 + 0.010
Dex-2
Eye-1 19.9 0.034
Eye-2 20.8 0.033
Eye-3 323 0.021
Eye-4 24.1 0.028
Average = SD 24.3 = 57 0.029 = 0.005

35.7 0.16
61.2 0.42
28.9 0.36
41.9 = 17.0 0.31 = 0.14
57.8 0.20
56.1 0.21
35.7 0.22
47.6 0.29
49.3 = 10.1 0.23 = 0.04
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with disadvantages, such as fast elimination rate, non-specific dis-
tribution to various ocular tissues and require frequent dosing [6,15].
Development of long acting and tissue specific drug delivery systems
are needed to overcome such challenges. Polymer-drug conjugates (i.e.
polymeric prodrugs) offer several potential advantages: increased so-
lubility, prolonged drug retention, and targeted delivery of the ther-
apeutics [39,40]. Although such approaches have been explored in the
field of anticancer therapy [16,41]; their utility in the context of ocular
drug delivery has been only sparsely investigated [18]. Conjugates are
interesting option in intravitreal dug delivery, because they can be
administered as clear solutions, and pharmacokinetics can be optimized
in terms of cellular drug delivery and duration of action.

Dexamethasone is a corticosteroid that is used to treat inflammatory
conditions in the anterior and posterior segments [19,42]. Intravitreal
dexamethasone injections have been used to treat posterior segment
inflammation, macular edema and neovascular macular degeneration
[43] but short half-life of dexamethasone in the vitreous humor (= 3 h)
suggests that frequent intravitreal injections would be required to
maintain levels of therapeutic concentration [44,45]. Therefore, dex-
amethasone has been delivered to the vitreous as biodegradable im-
plants and coarse suspensions but these modes of drug delivery may
interfere with vision and require larger needle or applicator for in-
travitreal placement. These approaches prolong duration of drug action
without improvement in the drug distribution profiles. As such, typical
adverse effects of corticosteroids (elevation of intraocular pressure,
cataract formation) are unavoidable. In this study, we have explored a
modular peptide-based delivery system for prolonged vitreal retention
and drug delivery into the retinal pigment epithelial cells.

The modular delivery system is derived from our previous study
[18] that demonstrated the release of short model peptides within the
retinal pigment epithelial cells. The modular construct consists of the N-
terminus segment for cellular delivery (cell penetrating peptide se-
quence) and a linker peptide that cleaves in intracellular environment.
Dexamethasone was attached to the C-terminus of the linker peptide
with hydrazone linkage (Scheme 1). Recent reports suggest that poly-
cationic surface charge on particles bind electrostatically to the hya-
luronic acid [27]. Li and co-workers reported the use of cationic na-
noparticles, coated with L-Arg, as ocular drug delivery system with
prolonged vitreal half-life [46]. In the design of our modular delivery
system, we hypothesized to exploit this information. The N-terminus
sequences were varied to contain differing amounts of positive charge

to serve dual purpose: intracellular localization and vitreal retention by
interactions with the vitreal components. Binding to hyaluronic acid in
the vitreous is expected to slow down the vitreal diffusion of the
modular peptide conjugates resulting in increased retention time and
low clearance. Indeed, the interaction studies of peptide-dex-
amethasone conjugates with porcine vitreous revealed that the Dex-2
conjugate with higher number of positive charges has higher binding
affinity compared to Dex-3 conjugate (Fig. 2). The apparent Ky values
are 13.5 nM and 64.3 nM for Dex-2 and Dex-3 conjugates, respectively.

Plots of vitreal elimination half-life and aqueous/vitreous con-
centration ratios for the peptide-dexamethasone conjugates [36]
(Fig. 8) reveal that the anterior route is their main elimination pathway.
Diffusion in the vitreous is a critically important parameter in the
anterior elimination of intravitreal compounds [6]. Binding to the
hyaluronic acid is expected to prolong intravitreal half-life. A recent
study reported 3-4 fold increase in half-life of a protein when hya-
luronic acid binding polypeptide sequence of 97 amino acids was fused
to the structure [17]. In our study, the peptide-dexamethasone con-
jugates showed 8-10 fold increase in the vitreal half-life (24-30 h) as
compared to the half-life of dexamethasone solution (3 h) [44,47]. This
is due to the reduced elimination of dexamethasone across the blood
ocular barriers. Fig. 8 demonstrates that the anterior elimination in the
rabbit eyes was as expected based just on the molecular weight even
though the peptides bind to hyaluronic acid. This may be explained by
the binding equilibria. We used Coffey's approach [48,49] to simulate
the impact of hyaluronic acid binding on vitreal drug elimination (for
details, see Supplementary Material). After an injection of 5 nmol of
peptide-dexamethasone conjugate into the vitreous, the initial con-
centration of the compound in the rabbit vitreous is about 3000 nM
(approx. Volume 1.5 ml). Most of the conjugate is in free form after
injection until =80% of the dose has been eliminated from the vitreous
(Fig. 9A). The fraction of bound peptide increases at low concentrations
(< 600 nM) (Fig. 9A) and half-life will increase significantly only at
concentrations below 300 nM (Fig. 9B). These estimates were obtained
based on binding profile (MST studies) data with the porcine vitreous.
However, the impact of binding of hyaluronic acid on conjugate
clearance is expected to be rather small in the rabbit vitreous as it has
lower hyaluronic acid concentration than the pig vitreous [50,51].
Apparently, higher affinity and/or smaller doses are required for fur-
ther prolongation of the vitreal retention.

Stability in the vitreous is one of the key requirements for the
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Fig. 9. Fraction of bound and free Dex-2 peptide at different concentrations in the porcine vitreous (A). The correlation of vitreal elimination half-life of Dex-2

peptide and total concentration in the vitreous (B).

intravitreal applicability of modular drug delivery systems. Ex vivo
stability data reveal that the dexamethasone-peptide conjugates were
chemically stable for over 6 weeks in the porcine vitreous, suggesting
that no significant enzymatic cleavage by the peptidases takes place in
the vitreous humor. Thus, the peptide-dexamethasone conjugates stay
intact until delivered to the intracellular environment in the retina. In a
recent report, Matter et al. (2019) suggest that dexamethasone is not
stable in water solutions [52]. It is noteworthy that only minimal
concentrations of free dexamethasone (mostly residual amounts from
conjugate synthesis) were seen in the vitreal incubation studies of
6 weeks. Consequently, degradation product levels, if any, is expected
to be negligible. Furthermore, the available time for any degradation is
only a few days based on in vivo kinetics (Fig. 7).

We postulate that the modular delivery system has potential ther-
apeutic benefits, because the drug is released within the cells.
Therefore, this may enable effect at lower dose and reduced drug dis-
tribution to the off-target cells, which may reduce adverse effects of the
corticosteroid. This principle may be applicable also to other drugs.
Furthermore, cellular internalization and drug release in the retinal
pigment epithelial cells might turn these cells as reservoirs for drug
release to the neighboring cells [18]. Many diseases of the posterior
segment of the eye, such as age-related macular degeneration and
proliferative vitreoretinopathy, have a common therapeutic target cell,
the retinal pigment epithelium [53-55]. To this effect, the modular
peptide-based delivery system meets the key objective of being able to
release dexamethasone within the retinal pigment epithelial cells.
Larger sized protein molecules, such as, the ciliary derived neurotropic
factor (CNTF; mol wt. 23 kDa) is known to permeate into the retina
[56]. We therefore postulate that the smaller sized peptide conjugates
(mol wt. 4.5 kDa) will easily permeate across the inner limiting mem-
brane to the retina. The peptide-dexamethasone conjugates demon-
strated significant cellular uptake, aided by the N-terminal cell pene-
trating peptide (Fig. 3) and dexamethasone release by cathepsin D
mediated enzymatic cleavage of the peptide linker. The released frag-
ment Dex-Arg is in accordance with results from our previous study on
sequence-activity relationship of the peptide based linkers [18]. The
fragment Dex-Arg binds to the glucocorticoid receptor as evidenced by
computational and experimental approaches.

The focus and scope of the present work was to highlight and de-
monstrate the utility of our modular peptide-based drug delivery
system for application in ocular diseases. Although the fluorescence
based technique, Fluorotron, does not monitor the levels of dex-
amethasone or Dex-Arg fragment in the vitreous or retina in vivo; data
suggests that Dex-Arg fragment is generated in the retina (RPE cells).
Chemical quantitation of all relevant molecular species will be a topic
of future studies with promising conjugate(s).

Importantly, modular peptide conjugates are rather small mole-
cules. This is important for retinal permeation across the inner limiting
membrane [6] to the retinal layers. Secondly, these are soluble
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molecules, allowing injection of transparent solutions. Thirdly, the
conjugates are based on endogenous components (i.e. amino acids)
which reduces the risk of toxicity. In addition, manufacturing of in-
jectable solutions is less complex than production of particle based
delivery systems.

5. Conclusions

We have shown the potential utility of a modular peptide-based
delivery system for the retinal delivery of dexamethasone. The system is
stable in the vitreous, internalizes within the retinal pigment epithelial
cells and releases the drug after enzymatic cleavage of the peptide
based linker. The modular peptide systems are promising candidates for
ocular drug delivery and should be further optimized.
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In this study, the intravitreal pharmacokinetics of nanomaterials were investigated in vivo in rats and rabbits.
Impact of particle size and shape (spherical, longitudinal) on ocular particle distribution and elimination was
investigated with fundus camera, optical coherence tomography and ocular fluorophotometry. Differently sized
particles showed prolonged ocular retention and remarkable differences in vitreal elimination, but size depen-
dence was consistent, suggesting that other features have influence on their vitreal kinetics. We also demonstrate
that liposomes are eliminated from the rabbit vitreous mainly via the anterior route. Simulation of drug con-
centrations after injection of intravitreal particles shows the importance of synchronized particle retention and

drug release rate for efficient drug delivery. In conclusion, we provide kinetic insights in intravitreally admin-
istered nanoparticles to improve retinal drug delivery.

1. Introduction

Current retinal drug treatments are practised as repeated intravitreal
injections. The number of intravitreal injections has increased dramat-
ically, particularly after launching of the vascular endothelial growth
factor (VEGF) inhibitors (bevacizumab, ranibizumab, aflibercept, bro-
lucizumab) in the treatment of the neovascular form of age-related
macular degeneration (Nicholson and Schachat, 2010). New technolo-
gies allowing longer intravitreal injection intervals and/or effective
delivery to the retinal cells are needed.

Intravitreally injected drugs are capable of permeating into the
retina for an extracellular (e.g. anti-VEGF compounds) or intracellular
(e.g. corticosteroids) action. However, soluble drugs are eliminated from
the vitreous rapidly as vitreal half-lives of small molecule drugs and
antibodies are in the range of hours (Kidron et al., 2012) and days (Bakri
et al., 2007), respectively. Vitreal drug retention can be prolonged with
controlled release implants to months or even years (Del Amo and Urtti,
2008; Yang et al., 2015). For example, Iluvien is a non-degradable
implant that release fluocinolone acetonide for up to 3 years in the

* Corresponding author.
E-mail address: amir.sadeghi@uef.fi (A. Sadeghi).

https://doi.org/10.1016/j.ijpharm.2022.121800

vitreous. Ozurdex is biodegradable implant which release dexametha-
sone for up to 3 months (Chang-Lin et al., 2011; Sanford, 2013; Syed,
2017). However, the implant materials are not compatible with many
drugs, they must be implanted with a 22-gauge needle, and they are not
suitable for retinal drug targeting of nucleic acid based drugs (Lee et al.,
2010). The implants release drug in free form into the vitreal cavity. The
nucleic acid based drugs (RNA, DNA) are not able to enter the cells in
free form. In those cases, some viral or non-viral vector system is needed
for intracellular delivery.

Nanoparticles may avoid some problems that are associated with the
implants. They can be delivered with small needles (31-32 G) and
designed in versatile ways (e.g. particle size, surface charge, drug
release, tissue targeting). Their surface may be functionalized with li-
gands for cell specific delivery of compounds with intracellular actions
in the retina (Huang et al., 2018). Application of intravitreal nano-
particles started in the 1980s with drug loaded liposomes (Barza et al.,
1985; Tremblay et al., 1985). Later, polymeric nanoparticles were tested
as intravitreal delivery systems of drugs (Blazaki et al., 2020; Delrish
et al., 2021; Mezei and Meisner, 1993; Zhou et al., 2021; Zimmer et al.,
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1994) and nucleic acid based therapeutics (siRNA, DNA) (Bochot and
Fattal, 2012; del Pozo-Rodriguez et al., 2013; Huang and Chau, 2019). In
preclinical studies, prolonged ocular retention and drug activity have
been achieved with liposomes (Bochot and Fattal, 2012) and polymeric
nanoparticles (Huang and Chau, 2019), but many pharmacokinetic as-
pects remain obscure. Currently no intravitreal nanoparticles are in
clinical use, but some microparticles have been used in clinical trials (e.
g. GrayBug AMD trials with sunitinib maleate microspheres; ClinicalT
rials.gov Identifier: NCT03953079).

Systematic development of intravitreal nanoparticles benefits from
improved pharmacokinetic understanding. Usually drug cargo, not li-
posomes, has been monitored in the eye, revealing modest (a few fold)
(Alghadyan et al., 1988; Gupta et al., 2000) or substantial (even 30 fold)
(Assil et al., 1991; Bourlaist et al., 1996) prolongation of vitreal drug
retention. For example, vitreal retention of amikacin increased 1.8 fold
with liposomes (Zeng et al., 1993), but vitreal half life of 5-fluorouridine
monophosphate in rabbits increased from 4.5 h to 124 h with liposomes.
Furthermore, in vivo fluorophotometry revealed long half-lives of
intravitreal polymersomes (11.4-32.7 days) and polymeric micelles
(4.3-9.5 days) in the rabbit vitreous. Fundus imaging showed accumu-
lation of the polymersomes at the optic nerve head region (Junnuthula
et al., 2021). However, impact of nanoparticle size and shape on vitreal
elimination rate and route has not been quantitated. The in vivo distri-
bution of nanoparticles within the vitreous has not been investigated
even though it has been suggested that molecular distribution in the
vitreous is not even (Araie and Maurice, 1991; Cunha-Vaz and Maurice,
1967). As only released drug is active, the interplay between ocular
particle retention and drug release should be understood.

In this study, intravitreal distribution and elimination of fluo-
rescently labelled liposomes, polymeric micelles and polymersomes
were investigated in rats and rabbits. Nanoparticles with different sizes
(40-1000 nm) and shapes (spherical, longitudinal) were investigated.
For analyses, we used powerful non-invasive techniques, such as fundus
camera, optical coherence tomography (OCT) and ocular fluoropho-
tometry. Finally, kinetic simulation models were constructed yield in-
sights on the interplay of particle residence and drug release in the eye.

2. Materials and methods
2.1. Commercial materials

Viscotears (hydrogel containing Carbomer 2 mg/g of weight) was
obtained from Novartis (Finland). Ketamine was the product of Pfizer
(Ketalar® 50 mg/ml, Pfizer Oy Animal Health, Finland) and medeto-
midine was obtained from Orion Pharma (Domitor® vet 1 mg/ml, Orion
Pharma, Finland). Tropicamide (Oftan Tropicamid 5 mg/ml), obucaine
(Oftan Obucain 4 mg/ml) and phenylephrine (Oftan Metaoksedrin 100
mg/ml) were obtained from Santen Pharmaceutical Co., Ltd. (Finland).
Isoflurane was product of Chanelle Pharma (UK). Following lipids and
mini-extruder were obtained from Avanti Polar Lipids, Inc. (USA): 1,2-
distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-dioleoyl-sn-glyc-
ero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phosphoetha-
nolamine-N-(carboxyfluorescein) (ammonium salt), 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy (polyethylene glycol)-
2000] (DSPE-PEG), 1,2-distearoyl-sn-glycero-3-phosphoglycerol
(DSPG). Nucleopore polycarbonate membranes (diameter 19 mm; 30,
50, 100 and 400 nm pore size) were supplied from Whatman Int. Ltd.
(UK). Dulbecco’s phosphate buffer saline (PBS) was purchased from
Gibco® (USA).

2.2. Preparation of nanomaterials

Synthesis and labelling of block-co-polymers. The block-co-polymers
were synthesized based on previously published protocols (Van Oppen
et al., 2018) (Ridolfo et al., 2020). The details of synthesis and labelling
the polymers are mentioned in supplementary materials (section A).

International Journal of Pharmaceutics 621 (2022) 121800

Preparation of micelles. The micelles were prepared according to a
modified literature procedure (Ridolfo et al., 2020). First, PEGgg-b-
PTMCy; was dissolved in oligo (ethylene glycol) (OEG, M,, = 350 Da) at
50 wt% using mild heating (50 °C) and manual mixing used to ensure
homogeneity. A 10 pl aliquot of these viscous liquids was composed of
50% copolymer and 50% OEG by weight. Thereafter, 10 pl of this
viscous liquid was added to the bottom of a 5 mL glass vial and stirred at
280 rpm. The resulting liquid film was then hydrated using 1 mL of PBS
with stirring for up to 1 h.

Preparation of elongated nanoworms. The procedure of nanoworms
formation were reported in our publication (Ridolfo et al., 2020). First,
PEGzz-b-PTMC42 and PEng-b-P(TMC40-g-CL1o) were individually dis-
solved in oligo (ethylene glycol) (OEG, M,, = 350 Da) at 50 wt% using
mild heating (50 °C) and manual mixing used to ensure homogeneity. A
10 pl aliquot of these viscous liquids was composed of 50% copolymer
and 50% OEG by weight. The resulting stocks of either polymer (i.e.,
PEGyy-b-PTMCyy and PEGgy-b-P(TMCyo-g-CL1g) in OEG) were then
combined at the desired ratio (e.g., 1:3.). Thereafter, 10 pl of this viscous
liquid was added to the bottom of a 5 mL glass vial and stirred at 280
rpm. The resulting liquid film was then hydrated using 1 mL of PBS with
stirring for up to 1 h.

Preparation of liposomes. Liposomes were prepared according to the
previously reported method with a minor modification in the lipid
compositions (Kari et al., 2020; Tavakoli et al., 2020, 2021). Briefly,
DSPC, DOPC, DSPG and DSPE-PEG were mixed at a molar ratio of
75:10:10:5, respectively. The lipid mixtures (10 umol) in chloroform
were placed in a rotary evaporator to form a thin lipid film. Herein, the
chloroform was evaporated at 55 °C under the nitrogen flow while the
pressure was gradually reduced to below 100 mbar. Next, the thin lipid
layer was hydrated by 1 mL of PBS buffer at 55 °C followed by sequential
extrusion (11 times at 55 °C) through polycarbonate filter membranes to
obtain the desired particle sizes. The liposomal formulation was then
immediately cooled down and stored at 4 °C. PE-CF (1 mol %) was
applied to label the liposomes by adding to the lipid mixture prior to film
formation.

Analysis of particle size. Hydrodynamic diameters of liposomes and
polymeric nanoparticles were measured with dynamic light scattering
(DLS; Malvern Zetasizer APS automated plate sampler (Malvern In-
struments Ltd., Malvern, United Kingdom). The experiments were run at
room temperature with DLS automatically adjusting the measurement
parameters for individual samples. Formulations were diluted 1:10 in
PBS buffer before the measurements. The results were reported as size
distributions (by particle number) and polydispersity indices (PDI).

2.3. In vivo methods

Endotoxin test. Prior to in vivo experiments the nanomaterials were
tested for their endotoxin levels. Gel clot LAL assay kit (Lonza. CH-4002
Basel Switzerland) was used according to manufacturer’s instructions.
Shortly, the endotoxin standards were prepared at six concentrations
(0.03, 0.06, 0.125, 0.25, 0.5 and 1.0 EU/mL) and the injectable mate-
rials were diluted (1:2, 1:8 and 1:64) in endotoxin free water. Standards,
blank and samples (100 ul) were transferred to reaction tubes as du-
plicates, and LAL-reagent was added (100 pl) to each tube. The tube was
mixed carefully and incubated at + 37 °C for 60 min. After incubation
the tube was inverted 180°. Formation of a gel was a sign for the pres-
ence of endotoxin.

Animals. Lister hooded outbred male rats (average age 2-3 months;
weight of 0.3-0.4 kg) and albino rabbits (average age of 6 months;
weight of 3.0-3.5 kg) were used for the experiments. The animals were
handled in accordance with ARVO statement for the use of animals in
ophthalmic research. The animal experiments were carried out at the
University of Eastern Finland under permit from National Project
Authorization Board (ESAVI/27769/2020) and according to the EU
directive 2010/63/EU.

Four rats were used for liposome testing. One rat was used per
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formulation and both eyes were injected. For the polymeric micelles
(spheres, worms), one rat (both eyes injected) per formulation was used.
Three rabbits (both eyes injected) were used for intravitreal injections of
liposomes (mean diameter of ~50 nm). The information on the animal
experiments has been compiled in Table 1.

Intravitreal injections. Intravitreal injections were given under iso-
flurane anaesthesia to rats, as described earlier (Sadeghi et al., 2021).
Before injection, the pupil was dilated using 10 pl of phenylephrine and
tropicamide eye drops. Topical medetomidine (10 ul) was used to pre-
vent eye movements during anaesthesia and topical obucaine (one drop
each eye) was used for ocular local anaesthesia just before the intra-
vitreal injections. The needle (34 G) was inserted through the sclera
(about 1 mm from the limbus) into the vitreous with the aid of oph-
thalmoscopic operating microscope. Both eyes in each animal were
injected using 3 pl volume per eye. After injection, a topical hydrogel
(Viscotears) was applied to prevent corneal dryness. After injection the
eyes were checked with optical coherence tomography (OCT) and
fundus camera (Phoenix MICRON™ MICRON IV/OCT, USA) for any
possible damage of the lens and retina. Damaged eyes were excluded
from the study.

Rabbits were anaesthetized with subcutaneous injection of ketamine
(25 mg/kg) and medetomidine (0.5 mg/kg). The pupil was dilated with
topical 5 mg/ml tropicamide solution. Ocular surface was anestesized
with topical oxybuprocaine hydrochloride (4 mg/ml) just before the
intravitreal injection. The intravitreal injections (40 pl per eye) were
performed to the superior-temporal quadrant (4.5 mm behind the sur-
gical limbus) using a 31 G needle and a 100 pl Hamilton syringe
perpendicularly to the scleral surface. After the injections, topical
hydrogel (Viscotear) was applied to prevent corneal dryness. Both eyes
of each animal were injected.

Ocular measurements and observations. OCT, fundus imaging and
fluorophotometry studies were performed under isoflurane anaesthesia
in the rats. Before each measurement, the pupil of the rat was dilated
using 10 pl of topical phenylephrine and tropicamide solutions. Fluo-
rophotometry was performed using a Fluorotron Master fluoropho-
tometer (Ocumetrics, Mountain View, USA). The fundus imaging was
performed using both full color and green fluorescence filter (excitation:
Semrock FF01-469/35; emission: Semrock BLP01-488R).

For fluorophotometric measurement in rabbits, the animals were
lightly sedated by subcutaneously injected medetomidine (0.5 mg/kg).
The pupil was dilated with tropicamide eye drops 20 min before the
measurements. After measurement, sedation was discontinued with
subcutaneously injected atipamezole (1 mg/kg). Technical details of
fluorophotometric measurements have been described previously
(Bhattacharya et al., 2020; Sadeghi et al., 2021). The average fluores-
cence signal in the vitreous was calculated by averaging the signals in
the axial region of the eye between 3 mm anteriorly from the retina and
the posterior edge of the lens. For aqueous humour values, the average
values of the signals in the middle of this compartment were used. The
data were calculated using the program of Fluorotron. Liposome and

Table 1
Number of animals and intravitreal doses for each formulation.

Nanoparticle Mean Species  Number of  Dose of lipid or

type diameter eyes polymer per eye
(nm)

Liposome ~ 50 Rat 2 0.6 nmol

Liposome ~ 100 Rat 2 0.6 nmol

Liposome ~ 250 Rat 2 0.6 nmol *

Liposome >1000 Rat 2 0.6 nmol *

Micelle ~ 40 Rat 2 30 g °

Worm ~ 90 Rat 2 30 ug®

Liposome =~ 50 Rabbit 6 8 nmol *

# The dose is based on the amount of fluorescent lipids in the injected volume
into the vitreous. ® The dose is based on the total mass of nanoparticles in the
solution.
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polymeric nanoparticle solutions were diluted in phosphate buffer (pH
7.4) to generate calibration curves for fluorophotometric quantitation
(Lorget et al., 2016).

2.4. Pharmacokinetic analyses and simulations

Curve fitting of the data and determination of pharmacokinetic pa-
rameters were performed with PKsolver software (Zhang et al., 2010).
The data were fitted using a one-compartment model with first-order
elimination. Non-linear weighting (1/(observed concentration)2) was
used to optimize fitting of the terminal time points.

Three types of kinetic simulations were performed in this study.
Kinetic simulations of liposomes in rabbit eyes were performed based on
the experimental parameters (vitreal clearance and volume of distribu-
tion) from fluorophotometry (Fig. 1A). The role of anterior elimination
from the vitreous cavity was assessed. Clearance of liposomes from the
anterior chamber was considered to be equal with aqueous humour
outflow. Figure S10 in the supplement shows the model structure. The
parameters are shown in Table S1 (supplement).

Dexamethasone was used as a model drug in the simulations, since it
is used in clinical eye treatment (Adan et al., 2013; Boyer et al., 2014).
Pharmacokinetics of intravitreal dexamethasone solution was simulated
and simulations with optimized model matched the published experi-
mental data (half-life 3.5 h) (Figure S11) (Kwak and D’Amico, 1992).

Concentrations of released dexamethasone in the vitreous and
aqueous humour were simulated following virtual injection of drug
loaded liposomes into the vitreous. Three first-order release rates were
used in the simulations and the release rate constant was assumed to be
equal in the vitreous and aqueous humour (Table S1). Fig. 1B shows a
schematic presentation of the model. Details are included in the sup-
plement (Fig. S12, Table S1).

STELLA® software (v. 8.1.1) (ISEE systems, USA) and fourth order
Runge—Kutta algorithm were used for the simulations.

3. Results

3.1. Physico-chemical characterization of liposomes and polymeric
nanoparticles

The liposomes had different sizes as expected based on the extrusion
protocols (Table 2). In the case of liposomes with diameter above 1000
nm, the samples were prepared without extrusion, resulting in higher
polydispersity index. All formulations were endotoxin negative (limit
0.03 EU/ml for 1/64 dilution).

3.2. Ocular distribution of intravitreally injected nanoparticles in rats

Ocular distribution of liposomes and polymeric nanoparticles was
studied after intravitreal injections to rats. As nanoparticles were fluo-
rescently labelled and scatter light their detection is possible both with
fundus camera and OCT, respectively (Shakirova et al., 2020). The OCT
signals overlapped with the fluorescent signals in the fundus images
thereby revealing localization of the nanoparticles (Figure S1-S6). The
OCT signals were usually more visible in the anterior vitreous than in the
posterior part. Two rat eyes were injected and both eyes showed qual-
itatively similar results. The signal level was highest always in the vi-
cinity of injection site, particularly in the case of the polymeric micelles
that retained in the vitreous for more than two months. Even though the
tests were done in small number of rat eyes, the qualitative results seem
to be consistent.

Liposomes. Overall, vitreal retention of small liposomes (50, 100 and
250 nm) was shorter than that of large liposomes (>1000 nm) (Fig. 2).
Liposomes with diameters of ~100 nm and ~250 nm disappeared from
the vitreous during 10 days post-injection, but smaller liposomes (=50
nm) retained in the vitreous for at least 10 days. Large liposomes
(>1000 nm) showed long retention times (>20 days) in the rat eyes
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Fig. 1. Schematic diagram of the simulation models for rabbit eye. A) Model for liposome kinetics after intravitreal injection. A delay constant was adjusted to match
the experimental values for Cy,y in the aqueous humour. Concept of delay compartment was introduced previously by Hutton-Smith et al. (2017). B) Model for
kinetic simulation of dexamethasone loaded intravitreal liposomes. K; is the first-order rate constant of drug release from liposomes. Ky, and K, describe distri-
bution rate constants of liposomes and dexamethasone from vitreous to the aqueous humour, respectively. Kaqn and Kaqnp are rate constants for liposome and
dexamethasone elimination from aqueous humour, respectively. Transition delay compartments for liposomes and released dexamethasone from vitreous to aqueous
humour were used to correctly simulate the lag time of material entrance to aqueous humour. Details of the models are presented in the supplement (Table S1,

Figures S10-S12).

Table 2

Features of the formulations. The reported sizes of the nanoparticles are based
on DLS method. The shape of the particles was not considered in this size
measurement. The width and length of the particles (tubes and worms) based on
cryo-TEM is>1 um and the width is about 100 to 50 nm (Ridolfo et al., 2021).
Vitreal retention times in rat eyes after intravitreal injections are based on
qualitative observation in fundus imaging.

Nanoparticle Mean Polydispersity Shape Retention
type diameter index time in the
(nm) vitreous
(days)
Liposome 48.6 + 3.9 0.148 Spherical >10

Liposome 94.6 +5.7 0.054 Spherical >4

Liposome 231.7 + 0.029 Spherical >4
44.8

Liposome 1160.9 + 0.494 Spherical >20
234.1

Micelle 375+ 0.3 0.061 Spherical >65

Micelle 91.8+1.2 0.294 Worm >65

shape

(Fig. 2). Interestingly, the elimination of liposomes from the vitreous
takes places before they reach homogenous distribution within the vit-
reous. Due to the non-homogeneous distribution of liposomes in the rat
vitreous, reliable fluorophotometric measurements were not possible.

OCT was used to investigate retinal microstructure after liposome
injections. No signs of inflammation or swelling in the retina was seen
during 20 days after liposome injections (Fig S7).

Polymeric nanoparticles. Spherical and worm-like polymeric micelles
retained in the rat vitreous, close to the injection site, for more than 65
days after intravitreal injection (Fig. 3). Based on the co-localized fundus
camera and OCT images (Fig. S5-56), the fluorescence signals represent
intact particles, not detached labels. The OCT images show normal
retina and vitreous without signs of inflammation (Fig. S8). These for-
mulations were endotoxin negative.

The retention times of nanoparticles in the rat vitreous are summa-
rized in Table 2.

3.3. Kinetics of intravitreal liposomes in the rabbit eye

Quantitative pharmacokinetics of intravitreally injected small lipo-
somes (mean diameter ~50 nm) were studied in rabbits with fluo-
rophotometry. The fluorescence signals of liposomes in the vitreous
showed concentration gradients along the eye axis, higher concentra-
tions residing mostly in the posterior part of the vitreal cavity (Fig. 4).
Such profiles became more prevalent at later time points, such as four
weeks post-injection, but in some cases high signals were seen in the
posterior border of the lens (Fig. 4). Also fundus images of the rabbit
eyes, one month after the injections, are shown in Fig. 4. The accumu-
lation of liposomes near the head of optic nerve is visible (Fig. 4A4-4F4)
and in line with liposome concentrations in the posterior part of the
vitreous (Fig. 4).

Fluorescence signals in the vitreous and aqueous humour declined
over time when liposomes were eliminated from the eye (Fig. 5). For
kinetic calculations, we used vitreal fluorescence levels at six days and
onwards, when liposomes had distributed in the vitreous from the in-
jection site. In the case of aqueous humour, fluorescence signals at one
day and onwards were used in the kinetic analyses. The average elimi-
nation half-life of vitreal liposomes was 8.4 days, the apparent volume of
distribution ~ 1 mL and their average clearance from the vitreous was
82 pl/day (Table 3). The average concentration of liposomes in the
aqueous humour was about 25 times lower than in the vitreous (Fig. 5).
Elimination of liposomes from both compartments was parallel and
showed similar slope of decline (Fig. 5).

3.4. Pharmacokinetic simulations

Elimination of intravitreally injected liposomes. Kinetic simulations
were performed to elucidate the elimination routes of the intravitreal
liposomes. It was assumed that the liposomes eliminate anteriorly and
clearance from the anterior chamber equals aqueous humour outflow.
With such assumptions, the simulated liposome concentrations in the
anterior chamber matched the experimental values from fluoropho-
tometry, thereby supporting the anterior elimination of liposomes
(Fig. 6A). The concentration ratio of aqueous humour/vitreous (C,/Cy)
at pseudo steady-state was =~ 0.026, while the experimental value was
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Before Injection After Injection 4 Days 10 Days 20 Days

Fig. 2. Intravitreal distribution of differently sized liposomes in rats. Each row shows fundus images from the same eye before injection, immediately after injection
and 4, 10 and 20 days post-injection. From day 4 onwards imaging was performed with green fluorescence filter. The combination of these fundus images with OCT
are shown in supplement (Fig. S1-S4). The length of scale bar is 200 um.

Liposome =50 nm

Liposome =100 nm

Liposome =1000 nm  Liposome =250 nm

Before Injection After Injection 17 Days 65 Days

Fig. 3. Distribution of intravitreally injected polymeric micelles (spherical micelles ~ 40 nm and worm shaped micelles ~90 nm) in the rat vitreous. The fundus
images are shown at different times post-injection. Combinations of fundus and OCT images are shown in the supplement (Fig. S5-S6). The scale bar is 200 um. At day
17 and onwards imaging was performed with green fluorescence filter.

o
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Worm =90 nm



A. Sadeghi et al.

International Journal of Pharmaceutics 621 (2022) 121800

Vitreous
S S 80 Vitreous
2 2
: : 60
Q o
] S 40
2 o
e H
S 5 20 Anterior Chamber
2 3 i
w
0 10 20 30 40 o o 10 20 20 40
Relative Distance (mm) Relative Distance (mm)
Vitreous - i
= 500 5 300 Vitreous
5 )
‘» 400 »
8 g 200-
2 300 e
8 200 8
8 Anterior Chamber g 100
§ 100 Rl AL 5 Anterior Chamber
=} | o |
o r 7 o T T T "
0 10 20 30 40 10 20 30 40
Relative Distance (mm) Relative Distance (mm)
T 1500 Vitreous 40 Jirecus
5, £
= -]
: 1000 e
e 8
8 S 200
2 500 H
s Anterior Chamber @ 100 Anterior Chamber
2 £ J
w 0+ T T T i f T T T J
0 10 20 30 40 0 10 20 30 40
Relative Distance (mm) Relative Distance (mm)
Vitreous '
= 600 = 150 Vitreous.
c
5 5
2 "
3 400 ] 100
5 c
o 3
2 200 & 50
s Anterior Chamber e Anterior Chamber
E] S /i
T o ' 4 & o . -
o 10 20 30 40 0 10 20 30 40
Relative Distance (mm) Relative Distance (mm)
= 600 Vitreous 5 50 Vitreous
s’ c
‘® % 40
@ 400 @
§ 200- § 20
g ielor Chiber £ 10 Anterior Chamber
= cl
w0+ T T T w o
0 10 20 30 40 0 10 20 30 40
Relative Distance (mm) Relative Distance (mm)
- = Vitreous
S 1500 Vitreous s 100
-] o
[ ‘a 80
@ 1000 @
I g 60
g g
2 500 g 40 )
e Anterior Chamber & Anterior Chamber
S M g 20 —/
[ . 7 " , L o ! ; ; )
0 10 20 30 40 0 10 20 30 40

Relative Distance (mm)

Relative Distance (mm)

Fig. 4. Fluorophotometric scans and fundus images of six rabbit eyes after intravitreal injections of fluorescently labelled liposomes (diameter ~50 nm). Al is the
fluorophotometric scan at one week and A2 is the scan of the same eye at four weeks post-injection. A3 and A4 are the full colour and green fluorescence fundus
images of the eyes one month after injections, respectively. The panel B to F represent the other five eyes in the same order as row A. The red circles show accu-
mulation of fluorescence at the optic nerve head region. The lengths of scale bars for fundus images are 200 pum. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Kinetic profiles of intravitreally injected liposomes in rabbit vitreous.
Each symbol shows the values in a single eye at different time points. Black and
red symbols show the concentrations in the vitreous and aqueous humour,
respectively. The lines represent the best fits to the data based on one
compartment model with first-order elimination process. The coefficients of
determination (R? = 0.79-0.91) were similar for the curve fits both vitreal and
aqueous humour data. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

0.040 + 0.014. The C,/C, ratio in Maurice plot (Fig. 6B) is based on the
anterior route of elimination (Maurice and Mishima, 1984). Maurice
plot supports anterior elimination of liposomes, because the liposome
data lies next to the theoretical line of anterior elimination (Fig. 6B).

3.5. Simulations on dexamethasone release from intravitreally injected
liposomes

Simulations were performed to predict the concentrations of free
dexamethasone in the vitreous and aqueous humour after intravitreal
injection of drug loaded liposomes. In these simulations, liposome ki-
netics obeyed the experimental parameter values (Table 3), different
hypothetical dexamethasone release rates were simulated (half-times of
release 1 day, 1 week and 1 month), and pharmacokinetics of free
dexamethasone was based on its known ocular pharmacokinetics
(Table S1). A realistic dexamethasone loading of 10 mol% in the lipo-
somes was used in the model (Kallinteri et al., 2002; Tsotas et al., 2007).
Transit compartment was used to delay material movement from the
vitreous into the aqueous humour (Fig. 1). This enabled us to reproduce
the experimental Ty, for liposomes and free dexamethasone in the
aqueous humour (Fig. 1A, 6 A and S12).

After a single injection of 80 nmol of dexamethasone solution to the
rabbit vitreous, the simulated drug concentration remained at effective
levels (>1 nM, limit of effectiveness) (Chang-Lin et al., 2011; Nauck
et al., 1998) for ~ 56 h (Fig. 7A). The expected duration of action was
extended to 12, 42 and 50 days when the half-life of drug release from
the liposomes was assumed to be 1 day, one week, and one month,
respectively (Fig. 7B-7D). The simulated percentage of drug release
within the eye was 94% for the fastest release rate (release T2 of 1 day)
but declined at slower release rates to 57% (release Ty 2 of 1 week) and
23% (release Ty 2 of 1 month). These simulations demonstrate the need
to synchronize ocular retention and drug release from nanoparticles. In
Fig. 8 the correlation of exposure period and ocular bioavailability (i.e.
release within the eye) for different release half-lives are shown. Obvi-
ously, by increasing the release half-life the expected duration of action
will increase but it will reach a plateau level at long release half-lives.
This means that the design of efficient long-acting liposomes must
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involve synchronization of prolonged particle retention and drug
release.

4. Discussion

Vitreal retention of nanomaterials. In this study, we demonstrate long
intravitreal retention of at least 10 days and up to 65 days for small li-
posomes (~ 50 nm) and polymeric micelles (spherical ~ 40 nm; longi-
tudinal ~ 90 nm), respectively, in the rat eyes. Large liposomes of about
one micron remained for at least 20 days in the rat eyes. The data suggest
that small nanoparticles (<100 nm) and large ones (>1 pm) are
preferred for prolonged vitreal retention. Based on previous studies
polymeric nanoparticles and PEG-coated liposomes retain their original
particle size upon storage (Abdelmohsen et al., 2016; Lajunen et al.,
2016; Ridolfo et al., 2020), but the relationship between particle size
and vitreal retention in vivo is complex due to the confounding variables,
such as charge interactions, particle disintegration/aggregation and
interactions with vitreal components (Bochot and Fattal, 2012; Huang
and Chau, 2019; Pitkdnen et al., 2003). It should be noted that the rat
data herein, even though consistent, is qualitative and based on two
injected eyes for each formulation. In previous reports, similar (Sakurai
et al., 2001) and opposite (Kim et al., 2020) trends have been presented
for the relationship between particle size and vitreal retention.

Vitreal retention of 50 nm liposomes was longer in rabbits (>30
days) than in rats (>10 days). Likewise, the half-lives of intravitreal
soluble molecules are much shorter in mice (Schmitt et al., 2019) and
rats (Sadeghi et al., 2021) than in rabbits (del Amo et al., 2017). The
diffusional path in the rabbit vitreous is longer than in the rat eyes,
thereby prolonging liposome elimination (Tavakoli et al., 2021). It is
important to realize that required drug doses and liposomal retention
times will change upon rat-to-rabbit and rat-to-human translation.

The literature on vitreal retention of intravitreally injected nano-
particle formulated drugs shows wide range of values in the rat and
rabbit eyes: half-lives of 0.25-78 days (Alghadyan et al., 1988; Claro
et al., 2009; Kim et al., 2020; Mezei and Meisner, 1993; Peyman et al.,
1987; Sakurai et al., 2001; Zeng et al., 1993). This reflects differences in
particle chemistry, size, charge, shape and other confounding factors. In
this study, the chemistry of liposomes and polymeric micelles particles
was not changed, but the sizes and shapes of the particles were modified
in controlled way. Use of covalently bound fluorescent labels in the
polymeric micelles and liposomes allowed reliable monitoring of the
intravitreal nanomaterials. Colocalization of the fluorescence (fundus
imaging) and the particles (OCT) confirmed that the labeling of the
particles remained intact (Figure S1-S6, supplementary materials). This
colocalization approach was previously introduced for the analysis of
phosphorescence labeled liposomes in the rat vitreous (Shakirova et al.,
2020). Injection volume was kept constant, eliminating potential dif-
ferences due to pressure changes in the eye. Impact of injection on the
intraocular pressure in rat eyes is unknown, but in human eyes the
pressure rise lasts usually less than one hour post-injection (Lee et al.,
2016), which is insignificant in comparison to the overall elimination
time of biologicals and nanomaterials from the vitreous (Del Amo et al.,
2017; Fig. 6A). In rabbits, 10-fold change in intravitreal injection vol-
ume (10 ul vs 100 ul) had minimal impact on the elimination kinetics of
FITC-dextrans in rabbit eyes (Maurice, 1997).

Porcine vitreous was shown to limit modestly diffusion of anionic

Table 3
Kinetic parameters for intravitreally injected liposomes (~50 nm) in rabbit eyes. Dose of 8 nmol (resp. fluorescent lipids) was injected per eye. Means + S.D. (n = 6) are
presented.
Apparent volume of Vitreal elimination half-  Elimination half-life from Vitreal Cpax Vitreal clearance Ca/Cy Vitreal AUCq.ins
distribution (ul) life (day) aqueous humour (day) (nM) (ul/day) ratio * (nM.day)
954 + 478 8.42 + 3.8 6.66 + 1.99 9817 + 3538 82.33 + 32.63 0.040 = 108538 + 36410
0.014

# C, and C, stand for lipid concentrations in aqueous humour and vitreous, respectively.
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in this figure legend, the reader is referred to the web version of this article.)

and neutral liposomes (size range from <50 nm to >200 nm), whereas
cationic liposomes had 1-2 orders of magnitude slower diffusion
(Tavakoli et al., 2021). Small particles (~50 nm) may also permeate to
the retina across the inner limiting membrane (ILM), but 100 nm par-
ticles and bigger did not permeate to the ex vivo bovine retina (Tavakoli
et al., 2020). Long vitreal retention of small sized liposomes and poly-
meric micelles will further improve chances of retinal permeation as
they are capable of diffusing both in the vitreous and ILM (Lee et al.,
2017; Tavakoli et al., 2020, 2021). Such formulations may be optimized
for retinal drug targeting. On the other hand, very large liposomes are
bigger than the mesh size of the vitreous (=550 nm) (Peeters et al., 2005;
Xu et al., 2013), explaining the long retention of large liposomes
(>1000 nm) in this study (Fig. 2). Such particles are retained over
prolonged periods at the injection site, therefore being potentially
suitable for controlled drug release to the vitreous, but not for particle
mediated delivery into the retina. Potentially misleading and easier
retinal permeation of particles has been seen in the rodent eyes with
thinner and leaky ILM (Lee et al., 2017; Tavakoli et al., 2021).
Interestingly, the longitudinal shape of the polymeric micelles did
not seem to affect their retention in the rat vitreous, even though
diffusivity of longitudinal particles in the vitreous is several times faster
than their spherical counterparts with similar size (Ridolfo et al., 2021).
Thus, faster elimination of the longitudinal particles from the rat vitre-
ous might be expected. Similar kinetics is proposed based on qualitative
imaging (Fig. 2), but quantitative studies are needed to firmly prove the
size independent elimination of polymeric micelles. Interestingly, lon-
gitudinal particles are also able to cross the ILM into the retina (Ridolfo
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et al., 2021).

Spatial distribution of nanomaterials in the vitreous cavity. In vivo flu-
orophotometry showed interesting spatial distribution of liposomes
within the vitreous: in most cases higher concentrations in the posterior
than in the anterior vitreous and localization to the optic nerve head
(Fig. 4). This may be due to anterior elimination of liposomes and
convective flow (Araie and Maurice, 1991; Smith et al., 2020). Anterior
elimination of FITC-dextrans generated such concentration gradients in
the vitreous (Araie et al., 1991). Smith et al (2020) suggest that a frac-
tion of aqueous humor may flow to the vitreous, eliminating via trans-
retinal route. The flow may also contribute to the higher levels of
liposomes in the posterior vitreous and at optic nerve head in rats
(Fig. 4) and rabbits (Junnuthula et al., 2021). Optic nerve accumulation
may be useful for therapeutic targeting to the optic nerve (e.g. in glau-
coma) (DeBusk and Moster, 2018; Lavik et al., 2011), but it may
constitute also a risk of toxicity. It has been claimed that optic nerve
accumulation is less significant in monkeys and humans than in the
rabbits (Hayreh, 1964), but this point has not been proven experimen-
tally in humans.

Anterior elimination route of intravitreal nanomaterials. Although
anterior elimination of intravitreal liposomes has been suggested pre-
viously (Barza et al., 1987), this study presents the first quantitative
proof for the anterior elimination in rabbits. In computational model,
the measured vitreal clearance of injected liposomes was assumed to
represent only anterior elimination and clearance from the anterior
chamber was set equal with aqueous humour outflow. The simulated
liposome concentrations in the aqueous humor and vitreous showed
perfect match with the experimental values, indicating that the intra-
vitreal liposomes are eliminated via anterior route, and excluding pre-
viously proposed (Camelo et al., 2007) posterior or conjunctival
elimination routes. In fact, posterior elimination pathway is significant
only for small soluble molecules, that are capable of permeating across
the retinal pigment epithelium and endothelia of retinal capillaries to
the blood circulation (Del Amo et al., 2015).

Diffusion in the vitreous has been shown to be a critical factor in the
anterior elimination of intravitreal biologicals (Hutton-Smith et al.,
2016; Rimpela et al., 2018). Accordingly, elimination of protein drugs
from rabbit vitreous depends on compound diffusivity in the vitreous
(Hutton-Smith et al., 2016). Therefore, it is logical that the liposomes
with larger diameter (>1 um) than the vitreal mesh size (= 0.55 um)
diffuse slowly (Del Amo et al., 2017) and show prolonged retention in
the vitreous. Surprisingly, the small liposomes (=~ 50 nm) seem to retain
longer in rat vitreous than the particles with intermediate size (~ 100
nm and =~ 200 nm), even though their diffusivities in the porcine vit-
reous were similar (Tavakoli et al., 2021). Polymeric micelles showed
even longer retention (>65 days) in rat eyes, yet they have similar
diffusivity in porcine ex vivo model (Ridolfo et al. 2021). Size exclusion
phenomena in rat eye might explain these data: the smallest particles (a
could enter denser vitreal compartments where larger particles do not
enter, leading to prolonged retention. This theory is analogous with size
exclusion chromatography, but needs to be experimentally proven. In
the case of polymeric micelles, chemical interactions with vitreal com-
ponents might contribute to the extended vitreal retention, but they
should be investigated in more detail. Convection is another con-
founding factor (Tavakoli et al. 2021), but its impact on nanoparticle
kinetics in the rat and rabbit eye has not been quantitated.

Interplay of particle retention and drug release. Unfortunately, to the
best of our knowledge, there are no published studies that report free
drug concentrations in the vitreous after intravitreal nanoparticle in-
jections. Furthermore, no publications report simultaneous residence of
both particle material and drug in the vitreous. Most publications show
only levels of total drug in the vitreous (Alghadyan et al., 1988; Assil
etal., 1991; Bourlaist et al., 1996; Gupta et al., 2000), even though only
the released drug is pharmacologically active and required for proper
extrapolation from pharmacokinetics to pharmacodynamics.

Interplay of hypothetical drug (dexamethasone as example) release
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Fig. 7. Simulated concentrations of free dexamethasone in the vitreous and aqueous humour of rabbits after intravitreal injections. A) Injection of dexamethasone
solution. B-D) Injection of dexamethasone liposomes. Drug release was assumed to obey the first-order kinetics at release half-lives of one day (B), one week (C) and
one month (D). Simulated dexamethasone dose was 80 nmol per injection. The dotted line shows the minimum effective concentration of dexamethasone (1 nM) for
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Fig. 8. Relationship between ocular drug bioavailability (percentage of dexa-
methasone release in the vitreous and aqueous humour) and drug release rate
(half-life of release) from intravitreally injected liposomes. The simulation was
performed using liposome kinetic parameters from Table 3. Also, effective
exposure period of free dexamethasone in the vitreous is shown as a function of
drug release rate. The exposure period is defined as the time period when free
dexamethasone concentration in the vitreous remains above 1 nM.

rate and experimentally proven ocular residence of liposomes in rabbit
eyes was explored computationally. Optimized intravitreal drug de-
livery requires synchronization of the drug release rate and vitreal
retention of the nanoparticles (Fig. 8). Too slow drug release results in
elimination of a major part of the drug dose in encapsulated form,
resulting in low ocular bioavailability of free drug. On the contrary, too
fast drug release results in short-lived drug response and non-productive
residence of empty nanoparticles in the eye. The simulation models
presented herein are valuable tools for drug development, since exper-
imental drug release rates in vitro, known or predicted (Del Amo et al.,
2015) clearance of free drug, and retention of the particles (estimated or
determined) can be easily incorporated to the model as parameters. The
model can be applied to optimize drug loading and release rate from
nanomaterials. This will augment development of intravitreal formula-
tions with desired target product profiles.

5. Conclusions

Pharmacokinetics of intravitreally injected liposomes and polymeric
micelles were studied in rat and rabbit eyes. With fluorophotometry and
OCT/fundus imaging we demonstrate prolonged vitreal retention and
uneven vitreal distribution of small liposomes and polymeric micelles. In
rabbits, in vivo fluorophotometry revealed higher liposome levels near
the retina and optic nerve than in the anterior part of the vitreous. Li-
posomes were eliminated from the eyes anteriorly via aqueous humour
outflow. Computational integration of drug release kinetics with the
experimental data on liposome residence in the eye provides a tool for
assessing the potential benefits of intravitreal drug releasing particles.
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Abstract: The treatment of retinal diseases by intravitreal injections requires frequent administration
unless drug delivery systems with long retention and controlled release are used. In this work,
we focused on pullulan (=67 kDa) conjugates of dexamethasone as therapeutic systems for in-
travitreal administration. The pullulan-dexamethasone conjugates self-assemble into negatively
charged nanoparticles (average size 326 & 29 nm). Intravitreal injections of pullulan and pullulan—
dexamethasone were safe in mouse, rat and rabbit eyes. Fluorescently labeled pullulan particles
showed prolonged retention in the vitreous and they were almost completely eliminated via aque-
ous humor outflow. Pullulan conjugates also distributed to the retina via Miiller glial cells when
tested in ex vivo retina explants and in vivo. Pharmacokinetic simulations showed that pullulan—
dexamethasone conjugates may release free and active dexamethasone in the vitreous humor for
over 16 days, even though a large fraction of dexamethasone may be eliminated from the eye as
bound pullulan—dexamethasone. We conclude that pullulan based drug conjugates are promising
intravitreal drug delivery systems as they may reduce injection frequency and deliver drugs into the
retinal cells.

Keywords: pullulan; dexamethasone; conjugate; retinal drug delivery; ocular fluorophotometry;
optical coherence tomography; pharmacokinetics

1. Introduction

Intravitreal injection is the most important mode of drug administration in the treat-
ment of retinal diseases. In particular, anti-inflammatory drugs (e.g., corticosteroids) [1-3]
and anti-neovascular inhibitors of vascular endothelial growth factor (VEGF) (antibodies,
Fab-fragments, soluble receptors and aptamers) are widely used in clinics [4-8]. In general,
intravitreal injections are safe, but frequent injections may result in reduced patient compli-
ance and some rare, but serious, adverse effects (e.g., infection and retinal detachment) [5,9].
Implants with prolonged ocular residence and controlled release have been developed to
prolong injection intervals of dexamethasone (e.g., Ozurdex) [1,3,9]. On the other hand,
delivery systems for trafficking therapeutics to the retinal cells (e.g., intracellularly acting
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peptides, proteins and nucleic acids) are needed. Therefore, nanoparticles and peptide
conjugates have been recently investigated for retinal delivery of dexamethasone and
nucleic acids [10-12].

Modified polysaccharides are promising candidates for the development of ocular
drug delivery systems [13]. For example, pullulan [14], dextran [15], hyaluronic acid [16]
and chitosan [17] have been investigated in this respect. Many polysaccharides can be
chemically functionalized for optimized drug delivery [13,18] and they can be formulated
as macroscopic implants [19,20], gels [21] and nanosized formulations [22]. In most studies,
drugs have been physically encapsulated into the polysaccharide formulations, such as
polymeric micelles or nanoparticles [13,23-25], whereas chemical covalent conjugation
technologies have not been applied for ocular in vivo drug delivery with polysaccha-
rides. Recently, the chemical conjugation through hydrazone bond was used to generate
peptide-dexamethasone and pullulan—-dexamethasone conjugates that were investigated
in vitro [10,26]. In contrast to the ocular field, polymeric drug conjugates have been widely
investigated to provide site-specificity and extended drug release in some other medical
indications [27-32].

We have been investigating drug carriers based on pullulan, a fungal extracellular
polysaccharide produced by Aureobasidium pullulans [33,34]. Inexpensive and conveniently
modified pullulan is considered to be a biocompatible polymer. Previously, pullulan
has been used as a backbone in the synthesis of bioconjugates for drug delivery to the
liver and pancreas [14,27,33,35-37]. Conjugation of hydrophobic drugs to pullulan results
in self-assembled colloids with drug molecules oriented to the core of the nanoparti-
cles [27,28,33,35,36].

In this study, we investigated dexamethasone conjugates of pullulan that were ob-
tained with recently published synthetic procedures [26]. Dexamethasone was conjugated
to pullulan through a hydrazone bond that is expected to control drug release under
the acidic intracellular compartments (endosomes or lysosomes). We investigated ocular
safety, retinal distribution and ocular pharmacokinetics of fluorescently labelled pullulan—
dexamethasone after intravitreal injections into mouse, rat and rabbit eyes. Retinal distri-
bution of the conjugates was also investigated using ex vivo retinas of mice and cows.

2. Materials and Methods

Pullulan (67 kDa) was purchased from Hayashibara Biochemical Laboratories, Okayama,
Japan. Dexamethasone (DEX) was purchased from Sigma/Merck KgaA, Darmstadt, Ger-
many. Cyanine3 (Cy3) and bodipy (BDP) were purchased from Lumiprobe GmbH, Han-
nover, Germany.

2.1. Synthesis of Pullulan Conjugates

Cy3-pullulan-DEX and Cy3-pullulan have recently been prepared and characterized
by Kickova et al. [26]. Similar synthetic strategy was applied to prepare versions with green
fluorescent label starting from pullulan-DEX, namely BDP-pullulan-DEX and BDP-pullulan
(Supporting Information, SI-1). The chemical identity of the conjugates (Figure 1) was
confirmed by the NMR spectroscopy (SI-1 and in Kickova et al. [26]).

Stock samples of pullulan-DEX, Cy3-pullulan-DEX, BDP-pullulan-DEX, Cy3-pullulan and
BDP-pullulan were generated by dispersing them in mQ water or phosphate buffered saline.
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Figure 1. Chemical structures of fluorescently labelled pullulan conjugates. Synthetic details can be
found in a recent publication [26] and in Supporting Information SI-1.

2.2. Size and Zeta Potential

Aqueous dispersions of pullulan-DEX, Cy3-pullulan-DEX and BDP-pullulan-DEX
were analyzed by dynamic light scattering (DLS) using the Zetasizer Nano ZS (Malvern In-
strument Ltd., Malvern, Worcestershire, UK). Zeta potentials were analyzed from 1 mg/mL
polymer dispersions in 1 mM phosphate buffer (pH 7.4) at room temperature. All analyses
were performed in triplicate.

2.3. Endotoxin Tests

The endotoxins in the pullulan conjugate dispersions were determined using Limulus
Amebocyte Lysate gel-clot endotoxin assessment kit (Bioscience Lonza, Basel, Switzerland)
according to the manufacturer’s instructions. The stock solutions (5 mg/mL) of BDP-
pullulan-DEX and BDP-pullulan were prepared in sterile PBS at pH 7.4. These dispersions
were further diluted 1:1, 1:2 and 1:4 (v/v) with sterile endotoxin-free water as duplicates.
The conjugate samples, endotoxin standards (1.0, 0.5, 0.25, 0.125, 0.06 and 0.03 EU/mL) and
endotoxin-free water were transferred to reaction tubes (100 pL /tube) and reconstituted
with Limulus Amebocyte Lysate reagent (100 puL) in each tube. After one-hour incubation
at 37 °C each tube was inverted 180 degrees. Formation of firm gel was considered as an
indication of endotoxin positivity.

2.4. Ex Vivo Retinal Studies
2.4.1. Ex Vivo Mouse Retinal Organ Culture

Six day old (PN6) wild-type mice (C57BL/6) were used in this study. The mice were
housed and bred under standard white cyclic lighting with free access to food and water.
All mouse procedures were approved by the Tiibingen University committee on animal pro-
tection (Mitteilung nach §4 Abs. 3 TierSchG Nr. AK 03/20 M) and performed in compliance
with the Association for Research in Vision and Ophthalmology ARVO Statement.

The preparation of organotypic retinal culture and maintenance of the retinal ex-
plants were performed according to published protocols [38-41] (for more details see SI-2).
The tissues were randomly assigned to the following treatment groups: Cy3-pullulan
(1.7 mg/mL), Cy3-pullulan-DEX (0.7, 1.4, and 1.9 mg/mL) and untreated control. The
treatments were carefully applied on the top of the retinal tissues (on the ganglion cell
layer) using volumes of 15 pL. Six retinal tissues were used for each group. The complete
medium (1 mL) under the retina was changed every 48 h and maintained in a humidified
atmosphere of 5% CO, at 37 °C for six days.

The dying cells in the retinal explants were monitored using TUNEL assay with in situ
cell death detection kit based on conjugated fluorescein isothiocyanate [42]. The percentage
of positive cells was derived by dividing the number of positive cells by the total number of
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outer nuclear layer (ONL) or inner nuclear layer (INL) cells. One-way ANOVA method and
Tukey’s multiple comparisons test were selected for the statistical analyses, **** p < 0.0001.

2.4.2. Ex Vivo Bovine Vitreo-Retinal Organ Culture

Fresh bovine eyes were obtained from a local slaughterhouse (HKScan Finland Oy,
Outokumpu, Turku, Finland). The eyes were transported in carbon dioxide-independent
medium at 4 °C (GIBCO, Thermo Fisher Scientific, Dreieich, Germany), cleaned from the
connective tissues and dipped shortly into 20% (v/v) ethanol/water solution. The eyes
were kept in carbon dioxide-independent medium at room temperature followed by 10 min
incubation at 37 °C prior to dissection.

Vitreo-retinal explants were prepared as reported by Tavakoli et al. [43,44]. The
vitreo-retinal explant with intact inner limiting membrane (1-2 cm?) was placed onto a
Transwell® membrane (75 mm, 0.4 um pore, Corning Incorporated, Kennebunk, ME, USA)
and the supplemented Neurobasal®-A medium (GIBCO, Thermo Fisher Scientific, Dreieich,
Germany) was added under the membrane. BDP-pullulan-DEX (5 mg/mL) was carefully
injected (100 pL) in the vitreous of the vitreo-retinal explant. Injections were performed
horizontally to prevent retinal damage and avoid crossing the inner limiting membrane.
The vitreo-retinal explant was maintained in a humidified atmosphere containing 5% CO,
at37 °C.

After incubation for 24 h, 20 cryosections of the vitreo-retinal explant were gener-
ated. Immunohistochemistry and imaging were performed according to the previously
published methods [43,44]. Rabbit anti-collagen IV antibody (Abcam plc., Cambridge,
UK) was used for labelling the inner limiting membrane. Hoechst (Thermo Fisher Sci-
entific Inc./Invitrogen™, Carlsbad, CA, USA) stain was used to label the nuclei and
Alexa Fluor 568-labelled goat anti-rabbit secondary antibody (Thermo Fisher Scientific
Inc./Invitrogen™, Carlsbad, CA, USA) was used to label inner limiting membrane. The
images were obtained by confocal microscope (Leica TCS SP8, Leica Microsystems GmbH,
Wetzlar, Germany) using 20x (HC PL APO) and 93 x (HC PL APO) objectives.

2.5. In Vivo Animal Studies

Four months old male pigmented rats (HsdOla/LH), twelve-months old female albino
New Zealand White rabbits and two-months old male pigmented mice (C57BL/6]) were
used in these studies. The animals were housed under standard white cyclic lighting with
free access to food and water. All experiments were designed and conducted in accordance
with the guidelines of the ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research. All procedures were approved by the Finnish National Animal Experiment Broad
(ELLA, Regional State Administrative Agency for Southern Finland), performed under
project license (ESAVI-2020-027769) and in compliance with 3Rs principle (replacement,
reduction and refinement) monitored by animal-welfare body of University of Eastern
Finland Lab Animal Center (UEF LAC).

2.5.1. Safety Studies in Mice

Mice were anesthetized with intraperitoneal injection of 60 mg/kg ketamine (Ketaminol®,
50 mg/mL; Pfizer Oy Animal Health, Espoo, Finland) and 0.4 mg/kg medetomidine
(Domitor®, 1 mg/mL; Orion Pharma, Espoo, Finland). The mouse pupils were dilated with
topically applied 0.5% tropicamide (Oftan® Tropicamid, 5 mg/mL; Santen Pharmaceutical
Co., Ltd., Tampere, Finland). Under full anaesthesia, volumes of 1 uL of Cy3-pullulan
(5 mg/mL) or Cy3-pullulan-DEX (5 mg/mL) in PBS (pH 7.4) were injected intravitreally
into mice using Hamilton microinjector (Hamilton Co., Reno, NV, USA). A topical eye
drop (Viscotears®, Alcon, Finland) was applied after intravitreal injections to prevent
dryness of the cornea. Quality of intravitreal injections was confirmed by optical coherence
tomography (OCT) and fundus camera (Phoenix MICRON™, Berkeley, CA, USA).

After 24 h the mice were sacrificed, the eyes were removed and incubated in a 4% PFA
solution for 2 h. The eyes were stored in 1% PFA solution until further processing of
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organotypic retinal cultures. The following procedures were performed according to
published protocols [38—42] and method described in SI-2.

2.5.2. Ocular Retention and Safety Studies in Rats

Anesthesia was induced in a box using an inhalation system run at 450-500 mL/min air
flow and ~4% of isoflurane purchased from Chanelle Pharma (London, UK). The anesthesia
was maintained by 200-250 mL/min air flow containing ~2% isoflurane. The eye muscles
were relaxed with topical instillation of medetomidine. The pupil was dilated by topical
instillation of tropicamide and phenylephrine (Oftan® Metaoksedrin, 100 mg/mL; Santen
Pharmaceutical Co., Ltd., Tampere, Finland) few minutes before each measurement. The
baseline autofluorescence in fluorophotometry (Ocumetrics, Inc., Mountain View, CA, USA)
and fundus/OCT images of each eye were captured before intravitreal injections. Local
ocular surface anesthesia was induced shortly before intravitreal injections by topical
instillation of oxybuprocaine (Oftan® Obucain, 4 mg/mL; Santen Pharmaceutical Co., Ltd.,
Tampere, Finland).

The injected solutions were prepared in isotonic PBS buffer in a sterile condition.
Intravitreal injections of BDP-pullulan (3 pL, 5 mg/mL) and BDP-pullulan-DEX (3 uL,
10 mg/mL) in PBS (pH 7.4) were performed with a Hamilton syringe (Hamilton Co., Reno,
NV, USA) equipped with a 34 G needle. BDP-pullulan with 2.2% GPU (glucose per unit,
repetition unit in the pullulan chain) modification by BDP (corresponding to 6% w/w)
and BDP-pullulan-DEX with 1.1% GPU modification by BDP (corresponding to 3% w/w)
and 5.2% GPU modification by DEX (corresponding to 10% w/w) were used in these
experiments. Immediately after the intravitreal injections the eyes were topically covered
with carbomer hydrogel (Viscotears®, 2 mg/g; Dr. Winzer Pharma, Berlin, Germany)
to prevent corneal drying. Fundus and OCT images were obtained to check the quality
of injections. The procedures of anesthesia, topical drop, muscle relaxant and pupillary
dilatant applications were used in all measurements.

2.5.3. Fluorophotometric Studies with Rabbits

The rabbits were anesthetized by s.c. injection of 0.5 mg/kg medetomidine and ke-
tamine (25 mg/kg; Ketaminol®, 50 mg/mL; Pfizer Oy Animal Health, Espoo, Finland).
The pupils were dilated by using topical tropicamide eye drop. The baseline autofluores-
cence for each eye was measured before intravitreal injection. Oxybuprocaine was instilled
topically as local anesthetic a few minutes before the intravitreal injections.

The intravitreal injection (50 uL) of BDP-pullulan-DEX (10 mg/mL) solution in PBS
(pH 7.4) was performed with 31 G needle inserted about 4 mm from the limbus trans-
sclerally into the vitreous. Immediately after intravitreal injections, the eyes were topically
covered with carbomer hydrogel to prevent corneal dryness.

The experimental measurements were performed under light sedation at various time
points post-injection. Medetomidine (0.4 mg/kg) was used as a sedative by s.c. injection
and topical tropicamide was used to dilate pupils a few minutes before each measurement.
Atipamezole (0.2 mL/kg; Antisedan®, 5 mg/mL; Orion Pharma, Espoo, Finland) was used
as an antagonist to reverse the sedation by s.c. injection.

The post-injection fluorescence signals were measured from the vitreous and aque-
ous humor. Autofluorescence was subtracted and the resulting values were converted to
BDP-pullulan and BDP-pullulan-DEX concentrations with calibration standards (see SI-3,
Figures 52 and S3). The concentrations were used to determine pharmacokinetic parameters
(clearance, volume of distribution and half-life) with PKSolver software [45]. One com-
partment model with first-order elimination rate was used for curve fitting. The nonlinear
weighting [1/(observed concentration)?] method was used to improve the quality of fitting
for terminal time points. More details on in vivo fluorophotometry and pharmacokinetic
analyses can be found in our earlier publications [10,15].
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2.5.4. Pharmacokinetic Simulations

Pharmacokinetic simulations were performed to estimate the elimination routes of
polymer conjugate. The experimental values for the vitreal clearance and volume of distri-
bution were used to build the model. The simulated in vivo release rate of dexamethasone
was assumed to be similar with the release rate in vitro [26] (SI-4, Figure S4). The simu-
lations for the concentrations of free dexamethasone in the vitreous and aqueous humor
were performed for the rat, rabbit and human eyes. The schematic representation of the
model is shown in Figure 2. The details are shown in SI-4, Table S1 and Figure S5. For
numerical simulations, STELLA® software version. 8.1.1 (isee systems, Lebanon, NH, USA)
was used with fourth order Runge-Kutta algorithm.

Vitreous

Kr _ , } KPD e

Pullulan-D h. Free D

Y
—
Y

Anterior Chamber

A 4 A
Kath Kr Kath
< L Pullulan-D t =3 Free D h J

Figure 2. Scheme of the kinetic simulation model. The following parameters were used: K, (first-

A 4

order release rate constant); K,p (elimination rate constant of free dexamethasone posteriorly from
the vitreous); K,p (distribution rate constant of free dexamethasone from the vitreous to the ante-
rior chamber); K,p (distribution rate constant of pullulan-dexamethasone from the vitreous to the
anterior chamber); Kygnp (elimination rate constant of pullulan-dexamethasone from the anterior
chamber) and Kaghp (elimination constant of dexamethasone from the anterior chamber). For detailed
parameter values, see Supporting Information SI-4.

3. Results
3.1. Synthesis and Characterization of Pullulan Conjugates

Pullulan is a water-soluble polysaccharide but conjugation of pullulan with dexametha-
sone (DEX) as a hydrophobic molecule results in an amphiphilic derivative that undergoes
self-assembly to nanoparticles. The self-assembled particles of Cy3-pullulan-DEX and
BDP-pullulan-DEX were smaller than pullulan-DEX particles and all nanoparticles had
negative zeta potentials (Table 1).

Table 1. Intensity based mean sizes (£SD), polydispersity indices (PDI) and zeta potentials of the
pullulan conjugate nanoparticles. The measurements were performed by dynamic light scattering.

Mean Size + SD Zeta Potential

Sample (nm) FDI (mv)
pullulan-DEX 461 + 30 0.39 + 0.04 —38.1+0.5
Cy3-pullulan-DEX 299 + 42 0.22 +0.11 —20.3+ 3.0
BDP-pullulan-DEX 219 £ 15 0.25 + 0.07 —409 + 1.1

The endotoxin level of formulations was measured. All tested concentrations (2.5,
1.25 and 0.63 mg/mL) of fluorescently labelled BDP-pullulan-DEX showed endotoxin
levels below 0.03 mEU/uL. Thus, endotoxin levels in the formulations used for in vivo
administration are at acceptable levels below 0.2 EU per injection [46,47].
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3.2. Intravitreal Kinetics of Pullulan Conjugates

Intravitreally administered BDP-pullulan and BDP-pullulan-DEX were monitored
by fluorophotometry, fundus camera and OCT in rats. Vitreal elimination of pullulan
formulations followed first-order elimination kinetics and the average vitreal half-life
of both formulations was about 17 h in the rat eyes (Figure 3, Table 2). Fundus images
showed that the formulations retained for about 3-5 days in the rat vitreous (Figure 4). The
apparent volumes of distribution of pullulan conjugates (range of 42-84 L) were close
to the anatomical volume of rat vitreous (=50 uL), whereas the vitreal clearance values
(range of 1.8-3.5 uL./h) were lower than the average of aqueous humor flow rate in rats
(21 uL/h) [48].

A

1000+ 1000

1004 8 100

Concentration (ug/mL)
s
1
Concentration (ug/mL)
=
1

[
0.1 +rrrrrrrrr e 0.1 T T T 1
0 50 100 150 0 20 40 60 80

Time (h) Time (h)

Figure 3. Concentrations of fluorescently labelled (A) BDP-pullulan (1 = 6 eyes) and (B) BDP-pullulan-
DEX (1 = 5 eyes) in the vitreous of rats. One compartment model with first-order elimination rate
constant was used for curve fitting (lines). The derived kinetic parameters are shown in Table 2. Each
line represents the measurement from individual rat eye.

A before IVT after IVT 3 days 5 days

color green filter color

green filter

Figure 4. Full color and green fluorescent fundus images of rat eyes before and after intravitreal
injection (IVT) of (A) BDP-pullulan and (B) BDP-pullulan-DEX. After one day, the labeled compounds
distribute homogeneously in the vitreous. The length of scale bar is 200 um.



Pharmaceutics 2022, 14,12

8 of 24

Table 2. Kinetic parameters of intravitreally injected fluorescently labelled: BDP-pullulan (7 = 6 rat
eyes) and BDP-pullulan-DEX (n = 5 rat eyes; n = 6 rabbit eyes) derived from fluorophotometric
measurements.

. Dose . C[) t 2 Vd CL
Material g PSS (o) (h) (WD) (LL/h)
BDP-pullulan 15 rats 386441102 174439 42412  18+07
BDP-pullulan-DEX 30  rats 3937+ 1341 167+08 84+30  35+12

BDP-pullulan-DEX * 500 rabbits  539.3 + 43.1 60.3 =49 932 £72 11+04
* The elimination half-life in rabbit aqueous humor was 87.5 = 7.3 h.

BDP-pullulan-DEX concentrations in aqueous humor and vitreous were evaluated in
rabbits by in vivo fluorophotometry. The vitreal half-life in rabbits (=60 h) was longer than
in the rats (=17 h) and the elimination kinetics showed minimal inter-subject variability
(Figure 5, Table 2). The average volume of distribution (932 uL) was close to the anatomical
volume of vitreous humor in rabbits (=1.5 mL) (Table 2). Moreover, in rabbits, the vitreal
clearance (11 pL/h) was lower than the average of aqueous humor flow rate in normal
albino rabbits (180 uL/h). The concentrations of BDP-pullulan-DEX in the aqueous humor
were consistently about one order of magnitude lower than in the vitreous (Figure 5).

’TET1000-
?g -o- Vitreous
= 1004 = Aqueous Humor
] iy
<
£ 10
(3]
c
o
o 1 ————r——————T—r——
0 100 200 300

Time (h)

Figure 5. Concentrations of fluorescently labelled BDP-pullulan-DEX in the vitreous and aqueous
humor of six rabbit eyes. Each line was fitted for the experimental data of one eye at different time
points. One compartment model with first-order elimination rate constant was used for curve fitting.

3.3. Pharmacokinetic Simulations

A kinetic model (Figure 2) was used to simulate the concentrations of pullulan-DEX in
the vitreous and aqueous humor. The simulated results matched the experimental results
from rat and rabbit vitreous, when the model assumes that all elimination takes place
anteriorly (Figure 6A,B). For rabbit eye, the simulated concentrations in the aqueous humor
were remarkably close to experimental values, supporting the dominant role of anterior
route for nanoparticle elimination from the vitreous. The experimental values for aqueous
humor could not be measured accurately with fluorophotometry in the rat eyes. In order to
scale the kinetics of the formulation from preclinical animals to human, the vitreal kinetics
of pullulan conjugate were simulated in humans (Figure 6C). It is evident that the retention
of pullulan conjugates is longer in the human eyes than in the rabbit eyes. Retention in the
rabbit eyes is much longer than in the rat eyes (Figure 6A,B).
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Figure 6. Simulated and experimental concentrations of BDP-pullulan-DEX in (A) rat, (B) rabbit and
(C) human. The blue and red line shows the simulated concentration in vitreous and aqueous humor,
respectively. The experimental concentrations in the vitreous and aqueous humor are indicated in
the graphs.

The route of BDP labelled pullulan dexamethasone conjugate elimination in the rabbit
eyes was further explored with Maurice plot that shows the relationship between C,/Cy
and vitreal half-life (Figure 7) [49]. Location of pullulan conjugate in this plot, next to
the straight line of compounds with anterior elimination route, supports the notion that
the conjugate is mainly eliminated via anterior route. The plot is based on the equation
Ca/Cy = Vy ky/nf, where C, is the concentration in the aqueous humor, Cy is the concen-
tration in the vitreous humor, Vy is the volume of distribution in the vitreal compartment
(unit: uL), ky is the first order elimination rate constant (i.e., ky = In2/t;5) (unit: h=1), fis
the outflow rate of aqueous humor (unit: uL/min) and 7 is the coefficient that indicates the
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fraction of anterior drug elimination after intravitreal injection. The average experimental
C,/Cy ratio is 0.072 £ 0.021. Using a literature value of f (3 uL/min) and experimental
values for Vy (932 uL) and t; /, (60.3 h), we obtained # value of 0.827 or 82.7% elimination
via anterior route. At average rabbit V, from the literature (1150 uL) [50], we obtained n
value of 1.02 suggesting complete (=100%) anterior elimination. Calculation based on both
Vv (932 and 1150 uL) reveal anterior route as the main elimination pathway for pullulan
conjugate. In Figure 7, three volumes of distribution (932, 1150 and 1700 uL) were used to
derive the lines, indicating anterior chamber as the only elimination route.

- Vw=932 L
Vv =1150 uL
— Vv=1700 pL
A Sucrose
FD-10.5kDa
O FD-67 kDa
X FD-157 kDa
* BDP-pullulan-DEX 75 kDa NP

Ca/Cv Ratio

0.01+ — vy ———r

10 100 1000
Vitreal Elimination Half-Life (h)

Figure 7. Maurice plot of intravitreally administered compounds in the rabbit eyes. The plot shows
anteriorly eliminating compounds based on literature data: sucrose (0.342 kDa) [51], FITC-dextran
(FD-10.5, FD-67 and FD-157 kDa) [52,53]. The green, red and blue line are derived from Maurice
equation by assuming 932, 1150 and 1700 uL as vitreal volume of distribution. Location of BDP-
pullulan-DEX NP (~75 kDa) data at close vicinity of the straight lines indicates anterior route of
elimination in the rabbit eyes as the main elimination pathway.

Concentrations of free dexamethasone were simulated based on the pullulan con-
jugate retention in the eye and the published [26] release rate of dexamethasone from
dexamethasone-pullulan conjugates. The simulated levels of free dexamethasone after
intravitreal injection of BDP-pullulan-DEX in rats and rabbits are presented in Figure 8A,B.
The simulated dexamethasone concentrations in the vitreous remain above the minimal
active concentration 1 nM (or 0.394 ng/mL) [54] for 3.6, 16.5 and 25.5 days in the rats,
rabbits and humans, respectively (Figure 8A—C). The simulations also reveal that only a
small fraction of injected dexamethasone in the conjugate is released during the residence
time of the polymeric conjugate in the eye (Table 3). Interestingly, the concentrations in the
vitreous and aqueous humor differ more in the rabbits and humans than in the rats.

Table 3. Pharmacokinetic parameters of dexamethasone derived from simulations of intravitreally
injected BDP-pullulan-DEX to rat, rabbit and human eyes. The dose of dexamethasone was 3, 50 and
50 ug per eye for rats, rabbits and humans, respectively.

Parameter Unit Rat Rabbit Human
Conax Vitreous ng: mL~! 14 58 24

Timax Vitreous h 5 15 24
Cmax Aqueous Humor ng- mL7] 5 5 6

Tmax Aqueous Humor h 5 15 24
Aqueous humor /vitreous concentration ratio 0.35 0.086 0.23
Duration above minimal effective concentration day 3.6 16.5 25.5
Dose of BDP-pullulan-DEX per eye ug 30 500 500
Percent of the released DEX in the vitreous % 0.8 2.5 47
Percent of the released DEX in the aqueous humor % 0.028 0.05 0.04

@ Averaged at pseudo-steady state phase.
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Figure 8. Simulation of released dexamethasone concentration in the vitreous and in the aqueous
humor after intravitreal injection of BDP-pullulan-DEX in rat (A), rabbit (B) and human (C). The
simulated doses of BDP-pullulan-DEX were 30, 500 and 500 ug per eye for rats, rabbits and humans,
corresponding to DEX doses of 3, 50 and 50 ug per eye for rats, rabbits and humans, respectively.
The dotted line (- - -) shows the minimum effective intravitreal concentration of dexamethasone for
inhibiting the expression of VEGF, which is 1 nM (or 0.394 ng/mL) [54].
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3.4. Safety Assessment of Pullulan-Based Formulations

The safety of pullulan-based formulations was investigated ex vivo in mouse retinal
explants and in vivo treated animals.

3.4.1. Safety on Ex Vivo Mouse Retinal Explants

Ex vivo mouse retinal explants were treated with Cy3-pullulan (1.7 mg/mL) or Cy3-
pullulan-DEX (0.7, 1.4 and 1.9 mg/mL) and untreated explants were used as controls. All
three Cy3-pullulan-DEX concentrations significantly reduced the percentage of TUNEL
positive cells in both the inner nuclear layer (INL) and the outer nuclear layer (ONL),
indicating a reduction in the cell death in both layers (Figure 9A,B). This is due to the
neuroprotective effect of DEX in ex vivo mouse retinal explants [55]. Treatment with Cy3-
pullulan alone did not increase TUNEL labelled cells, indicating that the polymer had no
toxic effects. The number of INL and ONL cell rows did not change (Figure 9C,D).
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Figure 9. Ex vivo retinal explants of mice were treated with 15 uL of fluorescently labelled Cy3-
pullulan-DEX (0.7, 1.4 and 1.9 mg/mL) and Cy3-pullulan (1.7 mg/mL). Untreated retina (NT) was
used as control explant. TUNEL-positive nuclei in (A) the inner nuclear cell layer (INL), and (B) the
outer nuclear cell layer (ONL) were counted and plotted as percentage of all nuclei in the INL and
ONL areas. The number of cell rows in (C) INL and (D) ONL are also presented. Bars indicate
standard deviations of means. One-way ANOVA **** p < 0.0001.

To evaluate any inflammatory response due to the conjugates, we visualized the
microglial cell shape and distribution using Iba-1 antibody, an inflammatory marker for
microglia. The microglial cells were observed in ganglion cell layer (GCL) and INL in
all groups, but no microglial migration to the ONL was seen (Figure 10). The conjugates
(Cy3-pullulan, Cy3-pullulan-DEX) were found in all monitored layers, mostly in GCL and
INL, and partially in ONL. The inflammatory response of microglia was not activated, and
the conjugates are well tolerated in the ex vivo retinas.
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Figure 10. Microglial cells in sections of the ex vivo mouse retina labelled with an antibody against
Iba-1 (green). Untreated retina, retina treated with Cy3-pullulan-DEX (15 uL, 1.9 mg/mL) and
Cy3-pullulan (15 pL, 1.7 mg/mL) are shown. Cy3 fluorescence is shown as red. Nuclei were stained
with DAPI (blue). RG: overlay of red and green channels for microglial cell, nanoparticle or conjugate
colocalization. RGB: overlay of red, green and blue channels. Bar size: 20 um.

3.4.2. In Vivo Safety in Mice

In vivo safety of intravitreally injected pullulan formulations was evaluated in mice.
Healthy status of the vitreous, retina and optic nerve were confirmed by fundus and OCT
images 24 h after administration of fluorescently labelled Cy3-pullulan and Cy3-pullulan-
DEX (SI-5, Figure S6). The animals were sacrificed, and the eyes were prepared for the
TUNEL assay analysis that showed normal ONL and INL and no activation of cell death
(SI-5, Figure S7).

3.4.3. In Vivo Safety in Rats

In vivo safety of intravitreally injected pullulan formulations was evaluated in rats.
Healthy status of the vitreous, retina, and optic nerve was confirmed by fundus and OCT
images after exposure to BDP-pullulan and BDP-pullulan-DEX the following 3-5 days
(Figure 11). Two weeks after intravitreal injections to the rat eyes, no visible alterations
were seen (i.e., no conjunctival bleeding, cataracts, retinal detachment, swelling, clouding,
changes in retinal morphology, cell debris or aggregation in the vitreous). No visual
disturbance was detected since the vitreal clarity was confirmed by fundus imaging.
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A before IVT 1 day

Figure 11. Fundus and optical coherence tomography (OCT) images of rat vitreous and retina. The
figures are before and after intravitreal injections (1, 3 and 5 days) of BDP-pullulan (A) and BDP-
pullulan-DEX (B). The length of scale bar for fundus images are 200 um. In the case of OCT, vertical
and horizontal scale bars in OCT are 110 and 130 um, respectively.

3.5. Retinal Penetration and Distribution
3.5.1. Ex Vivo Studies

Distribution of pullulan-based formulations was studied in ex vivo mouse retinal
explants (Figures 10 and 12). The conjugates, Cy3-pullulan and Cy3-pullulan-DEX, were
present in GCL, INL and ONL layers. The formulations were visualized in radial sections
(red punctas, Figures 10 and 12) through retinal layers overlapping with the Miiller cells
(Figure 12). Interestingly, the pullulan-based materials followed the route of Miiller glial
cells from the GCL to the distal part of the ONL, close to the retinal pigment epithelium
(RPE) (Figure 12, 3D visualization in Supplementary Materials). Thus, this finding suggests
that the pullulan-based conjugates may bypass the inner limiting membrane (ILM) via
Miiller cell phagocytosis in mouse retinal explants.
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Figure 12. Miiller glial cells in sections of the ex vivo mouse retina labelled with an antibody
against glutamine synthetase (green). Untreated retina, retina treated with Cy3-pullulan-DEX (15 uL,
1.9 mg/mL) and Cy3-pullulan (15 pL, 1.7 mg/mL) are shown. Cy3 fluorescence is shown as red.
Nuclei were stained with DAPI (blue). RG: overlay of red and green channels for Miiller glial cell,
nanoparticle or conjugate colocalization. RGB: overlay of red, green and blue channels. Bar size:
20 pm.

The retinal distribution of pullulan conjugates was also studied in ex vivo bovine
retinal explants. In this tissue model, the nanoparticles were mainly localized at ILM.
However, several sections showed a few signals (green punctas) from BDP-pullulan-DEX
in GCL of the retina (Figure 13).

Transmission ColIV ab + Hoechst BDP-pullulan-DEX Overlay (RGB)

retina

L3
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OPL |Quter
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Figure 13. Retinal distribution of BDP-pullulan-DEX (100 uL, 5 mg/mL) in the vitreo-retinal ex
vivo bovine explant 24 h after intravitreal injection. Representative confocal microscopy images of
cryosections display the penetration of BDP-pullulan-DEX in the retinal layers (green). The inner
limiting membrane (ILM) was labelled with rabbit anti-collagen type IV antibody (Col-IV ab, red).
The vitreous can be seen as transparent layer in transmission imaging which is well aligned along
the ILM while it appears in bright green color due to the high load of BDP-pullulan-DEX in merged
channel mode. Nuclei are stained with Hoechst (blue). The white bar on the right bottom corner
of each picture indicates the bar size: 50 um. Abbreviations indicated in image: ganglion cell layer
(GCL), inner plexiform layer (IPL), inner nuclear layer (INL), outer plexiform layer (OPL), outer
nuclear layer (ONL), overlay of red/green/blue channels (RGB).
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3.5.2. In Vivo Mouse Experiments

Two-months old mice were injected intravitreally with Cy3-pullulan-DEX. The results
show localization of injected material across the retina, from inner to outer nuclear layers,
mostly following Miiller glial cells (Figure 14). This is in line with the ex vivo observations
(Figure 12). Many particles accumulated in the cell bodies of Miiller glial cells in the inner
nuclear layer, but this was not seen in the other parts of the retina.

(RGB) cyanine3 Miiller glial cells  Overlay (RG)

Cy3-pullulan-DEX

Figure 14. Images of retinal sections from two-months old mice after intravitreal injection (1 uL)
of 5 mg/mL Cy3-pullulan-DEX (cyanine3, red). Miiller glial cells were labelled with an antibody
against glutamine synthetase (green). Nuclei were stained with DAPI (blue). RG: overlay of red and
green channels for Miiller glial cell and nanoparticle colocalization. RGB: overlay of red, green and
blue channels. Bar size: 20 pm.

In adult mice, the presence of ILM in vivo and the penetration of pullulan material was
detected as red dots in the Apotome microscopic images through GCL, INL and slightly in
ONL layers (SI-5, Figures S8 and S9). The red fluorescently labelled pullulan samples were
detected mostly in the GCL, inner plexiform layer (IPL) and INL layers and few dots were
slightly visible in outer plexiform layer (OPL) and ONL (Figure 14).

4. Discussion

Elimination kinetics. The intravitreal pharmacokinetics and safety of pullulan—dexamethasone
conjugates were investigated in detail. The results indicate that the conjugates are safe after
intravitreal injections to the rodent eyes. Furthermore, they show prolonged retention in
the rabbit eyes and retinal distribution via Miiller glia cells in mouse eyes.

Non-modified pullulan behaves as a random coil of individual polymeric chains with
diameters of few nanometers [13,33]. In this study, we used conjugates of pullulan with
hydrophobic compound DEX and BDP. Pullulan conjugate with BDP was used since it
allows direct and non-invasive monitoring of the particle kinetics after intravitreal injections.
A roughly two-fold size difference was seen between pullulan-DEX and BDP-pullulan-
DEX, but this should not cause kinetic differences since even several fold changes in
liposome diameter (from <50 nm to >200 nm) did not change diffusivity in the vitreous [56].
These conjugates self-assemble to nanoparticles that showed similar retention times (half-
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lives ~2.5-6.0 days) in the rabbit vitreous as macromolecules (e.g., antibodies and FITC-
dextrans) [15], but shorter than the retention of some polymeric micelles and polymersomes
(half-lives ~9-31 days) [12]. Based on particle size, longer half-lives would be expected
for pullulan conjugates, but the pullulan conjugates are structurally different systems
than polymeric micelles and polymersomes. Furthermore, pullulan conjugates showed
even distribution in the rat vitreous already at one day after injection, suggesting fast
diffusion of the pullulan conjugates in the rat vitreous. The reasons for the described kinetic
profile of pullulan conjugates are not known, but could involve biological interactions or
particle disassembly. Disassembly of the particles to individual polymer conjugates might
explain the results, but particle exposure to homogenized vitreous did not indicate particle
disassembly in our previous study [26]. In vivo studies of nanoparticle disassembly and
other mechanisms in the vitreous are methodologically challenging and the molecular
mechanisms of pullulan-DEX elimination remain open for the time being.

In order to elucidate the elimination route of pullulan conjugates from the vitreal cavity,
we performed kinetic simulations by assuming that all polymer is eliminated to the anterior
chamber at the experimental elimination rate from the vitreous and further eliminated
from the anterior chamber at the rate of aqueous humor outflow. The simulated particle
concentrations in the aqueous humor were close to the experimental values, indicating
that practically all pullulan conjugates are eliminated from the vitreous via anterior route.
Moreover, the Maurice plot (C,/C, vs. vitreal half-life) derived estimates of anterior
elimination suggested that the major fraction (at least 82.7%) of intravitreally injected
pullulan conjugate is eliminated via anterior route [49]. An anterior elimination route has
been shown earlier for soluble macromolecules (e.g., antibodies) [57,58], but we have shown
here for the first time that this route dominates the vitreal elimination of nanoparticles.

According to the observed kinetics of pullulan-DEX in rats and rabbits, the vitreal
elimination half-life was longer in the rabbits. This is in line with our previous data
with FITC-dextrans in rats and rabbits [15]. The current data shows that similar species
difference is seen also with nanoparticles. A bigger size of the rabbit eye explains the longer
half-life in rabbits, since it takes longer time for material transfer from the vitreous to the
anterior chamber [58]. In humans, the volume of vitreous is about three times (~4.5 mL)
bigger than in rabbits (~1.5 mL) [59], leading to even longer retention. Possible effects of
inflammation on the vitreal kinetics of pullulan conjugates are not known. Based on the
literature it is not likely that clearance of released dexamethasone would change due to
inflammation [60]. But infiltrated macrophages due to ocular inflammation [61] might take
up the particles [62], leading to faster drug release in the lysosomal conditions in the cells.

Interplay of polymer conjugate retention and drug release. In this study, we used dexametha-
sone conjugate of pullulan, but did not measure concentrations of free pharmacologically
active dexamethasone in the vitreous. We simulated free dexamethasone concentrations
in the vitreous and aqueous humor before designing and performing labor intensive,
expensive and analytically demanding in vivo studies to determine free and bound dexam-
ethasone concentrations in the eye. Kinetic simulations were based on experimental kinetics
of pullulan conjugates and in vitro release of dexamethasone from the conjugates [26]. For
the first time in scientific literature, these simulations integrate the drug release rate and
pharmacokinetics of particulate intravitreal drug delivery system. The results demonstrate
that longer effective residence of dexamethasone in the rabbit vitreous (up to 16.5 days in
rabbits and 25.5 days in humans) is clearly longer than the half-life of the delivery system
(3.6 days) in the rabbit vitreous. This is possible because the residual nanoparticles still
release dexamethasone that is active at small concentrations. At the threshold limit of
dexamethasone activity (0.394 ng/mL) [54], the simulated amount of free drug in the eye
is in the range of 14 ng in rabbit and human eyes. This is only less than 0.001% of the
injected dexamethasone dose within the pullulan conjugate. Overall, this demonstrates the
power of controlled release technology in intravitreal drug delivery and possibilities for
further optimization.
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The minimum effective dexamethasone concentration may be different at different
pathological conditions. Here we chose 1 nM as the minimum therapeutic concentra-
tion [54]. This concentration of dexamethasone should inhibit expression of vascular
endothelial growth factor in the human vascular smooth muscle cultured cells. The con-
centration of endogenous cortisol is 14 nM in the human vitreous [63]. Since the anti-
inflammatory potency of dexamethasone is about 25 times higher than that of cortisol [64],
dexamethasone should be anti-inflammatory at 1 nM concentration. After administration
of dexamethasone implant (dose 700 pg) to the vitreous of rhesus monkeys, the levels of
dexamethasone remained above 1 nM for 3 months, but the efficacy may be extended even
at lower levels of dexamethasone [65]. Thus, efficacy of pullulan conjugates may extend
beyond 25 days as reported here, and this technology may be further developed for more
extended ocular retention.

Interestingly, our simulations on retention and release revealed that a major fraction of
the conjugated dexamethasone dose will be eliminated from the eye as pullulan conjugate
form (>99%), yet the drug action may be significantly prolonged. Ocular exposure to the
released drug can be defined as intraocular bioavailability. Intraocular bioavailability of
the released drug could be improved by increasing drug release rate (e.g., modification
of chemical linker) and prolonging polymer-conjugate retention in the vitreous (e.g., in-
creasing binding with vitreal components and molecular weight of polymer). The release
and retention profiles of pullulan conjugated dexamethasone are very different from the
intravitreal dexamethasone implants (e.g., Retisert). The implants release all the drug
payload in the eye and thereafter a ‘ghost matrix’ remains in the eye. Interplay of delivery
system retention, drug release and ocular pharmacokinetics has not been discussed in the
literature. The presented simulation models provide useful tools for drug developers who
optimize intravitreal drug delivery systems towards target product profiles.

Retinal permeation. The inner limiting membrane (ILM) is a mechanical and electrostatic
barrier that limits access of nanoparticles into the retina. The ILM includes a negatively
charged network of collagen and glycosaminoglycans [66]. Retinal delivery of materials
with the molecular weights < 100 kDa are not limited by ILM [67]. However, the electric
charge of the materials can make a difference: FITC-dextrans of 20 kDa and 500 kDa per-
meated through ILM, but cationic poly-L-lysine (20 kDa) did not [68]. Recently, liposomes
(=50 nm) with negative charge and PEG-coating were shown to permeate across bovine
ILM that is considered a close model for human ILM [44]. However, larger liposomes
of about 100 nm in diameter were not able to cross the ILM barrier in bovine retina. In
this study, pullulan conjugates (particle size 200-400 nm) were permeating only to the
ganglion cell layer of the bovine ex vivo retina, but not further into the retina. Ganglion
cells are an important drug target, especially in the treatment of glaucomatous retinal
degeneration [69]. Limited ILM permeation is also an obstacle in the field of retinal gene
therapy with viral vectors and, for this reason, retinal gene therapy is performed using
subretinal injections [70]. Better understanding of the ILM and other contributing factors
will help in development of intravitreal treatments of retinal diseases. In various retinal
disorders and upon ageing, ILM may become thinner and presents pores thereby become
leakier to the nanoparticles [60].

Retinal permeation of pullulan was also investigated with organotypic mouse retinal
explant that can be maintained as biologically active even for one month [71]. This model
is useful in mechanistic pharmacological studies [1,2,72-75]. ILM in mouse retina is thinner
and leakier than in the bigger eyes, potentially giving optimistic views on retinal permeation
of particles [44]. However, this study showed qualitatively distinct retinal distribution:
pullulan conjugates did not cross ILM, but they were taken up by the Miiller cells that may
not be as active in the isolated bovine retina. The pullulan—dexamethasone nanoparticles
showed protective effects in the retina, suggesting drug release from the conjugates in
the retina.

Delivery of pullulan conjugates to Miiller cells can be explained on the location and
properties of these cells. Miiller cells are glial cells capable of phagocytosing cell bodies,
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fragments of retinal cells and particles [76-78]. The cell bodies of Miiller glia are located
in the inner nuclear layer with its two stem processes extending in opposite directions
and spanning the entire retina. Therefore, it is likely that intravitreal particles could be
phagocytosed by Miiller cells and carried into the inner retinal layers. In this study, the
cultured retinal explants from wild-type mice were exposed to pullulan-based particles from
the ganglion cell layer side on the retina. Colocalization with glutamine synthase antibody
(Miiller glia marker) confirmed particle localization in Miiller cells and the particles were
visualized in radial sections (red punctas, Figure 12) through all retinal layers in a linear
distribution similar to the Miiller cells extension (from the ganglion cell layer until reaching
the distal part of the outer nuclear layer (Figure 12, and 3D visualization in Supplementary
Materials). This indicates that the pullulan-based particles were phagocytized by the Miiller
cells, thereby overcoming the barrier of inner limiting membrane.

Miiller glial cells are a major type of macroglial cells in the neural retina [79-83]. The
close interactions that Miiller cells have with other cells are crucial in the actions of antiox-
idants, neurotrophic factors and growth factors in the retina [80]. In this respect, Miiller
cells are an important cell target in retinal drug development and targeted localization of
pullulan conjugates to the Miiller cells opens possibilities to deliver drugs to these cells in a
targeted manner. Furthermore, biocompatibility of the materials was confirmed in more
detail in ex vivo studies with mouse organotypic retinal explants.

Pullulan conjugates as potential intravitreal drug delivery systems. The preclinical results
showed that pullulan is a safe polymeric backbone for intravitreal drug delivery and
capable of extending dexamethasone retention in the eye.

Previously, polymeric drug conjugates have been widely investigated as drug delivery
systems for cancer treatment [84-86]. For ocular treatments, polymeric drug conjugates
have been only sparsely studied [59,66,67]. In principle, polymeric conjugates provide
major advantages: (1) large molecular size prevents elimination across blood—ocular barri-
ers and slows diffusion to the anterior chamber, thereby prolonging drug residence in the
eye; (2) covalent conjugation of drugs to the polymer backbone enables controlled drug
release from soluble free polymer conjugates and self-assembled nanoparticles. Control of
drug release is particularly significant because non-covalent drug loading to nanosystems
results often in relatively fast drug release. Furthermore, covalent links allow generation of
site-specific drug release in retina [10] or even in sub-cellular compartments [87].

Furthermore, OCT and fundus imaging showed no opacity in the vitreous after intrav-
itreal pullulan conjugate injection, representing another advantage compared to implants,
suspensions and microspheres [88]. Dexamethasone could be delivered as a water solution
of polymeric conjugate without any visual disturbance. Further, the conjugated drug would
not permeate to the lens, thereby decreasing the risk of corticosteroid cataract. Long-term
exposure of dexamethasone may also cause higher intraocular pressure through increasing
the stiffness of the trabecular meshwork [89]. Low dexamethasone dose (50 pg) and only
partial release (<2.5 pg) from pullulan-DEX (50 ug) within the eye should reduce free drug
exposure to the lens and trabecular meshwork to negligible levels as compared to the
exposure after intravitreal administration of Ozurdex implant (700 pg) and dexamethasone
suspension (50 pg). This factor may reduce the incidence of ocular adverse effects. The
small needle size is another potential advantage of intravitreal polymeric conjugates. Com-
pared to the 22 G Ozurdex needle the required needle size (31-32 G) for polymer conjugate
is minimal thereby reducing the invasiveness of the treatment.

5. Conclusions

Delivery of intravitreally administered drugs may be improved with innovative drug
delivery systems enabling more patient compliant administration, prolonged drug retention
in the eye, controlled release and delivery to the retinal target cells. This research work
demonstrates that dexamethasone conjugates of pullulan have such features. Pullulan—
dexamethasone nanoparticles were safe in the preclinical animal models, distributed to the
ganglion cells and Miiller cells and showed prolonged ocular retention. Pharmacokinetic
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models and simulations demonstrated important aspects in the interplay of ocular retention
and drug release. These models will be useful tools in the field of ocular drug delivery
system development. Overall, pullulan-based drug conjugates are a promising drug carrier
platform for the intravitreal drug delivery.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/pharmaceutics14010012/s1. SI-1 and Scheme S1: Synthesis of pullulan-DEX conjugates; SI-2
and Figure S1: Ex vivo mouse retinal organ culture; SI-3 and Figures 52 and S3: Calibration curve
for in vivo fluorophotometry measurements; SI-4, Figures 54 and S5 and Table S1: Pharmacokinetics
simulations; SI-5 and Figures S6-59: Safety on in vivo mice model; 3D visualization available online.
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AMIR SADEGHI BOROUJENI

Pharmacokinetics is one of the main features
to be assessed in the development of
effective and safe therapeutics and drug
delivery systems for treatment of retinal
diseases. In this thesis we utilized non-invasive
optical techniques to assess the vitreal
pharmacokinetics of labeled compounds and
nanomaterials in preclinical animal models.
The provided kinetic insights into intravitreally
injected compounds can be used in future for
development of novel retinal drug delivery
applications.
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