pharmaceutics WW\D\PH
F

Review

Drug Delivery to the Posterior Segment of the Eye:
Biopharmaceutic and Pharmacokinetic Considerations

Rubén Varela-Fernandez 1'%, Victoria Diaz-Tomé 13, Andrea Luaces-Rodriguez 13,
Andrea Conde-Penedo 4%, Xurxo Garcia-Otero 1>, Asteria Luzardo-Alvarez 14
Anxo Fernandez-Ferreiro 1>*{ and Francisco J. Otero-Espinar 1/4*

1 Department of Pharmacology, Pharmacy and Pharmaceutical Technology, University of Santiago de

Compostela (USC), Campus vida, 15782 Santiago de Compostela, Spain; rubenvfl@gmail.com (R.V.-E.);
victoriadiaztome@gmail.com (V.D.-T.); andrealuaces21@gmail.com (A.L.-R.);
andrea.conde.penedo@rai.usc.es (A.C.-P.); xurxo.garcia.otero@gmail.com (X.G.-O.);
asteriam.luzardo@usc.es (A.L.-A.)

Clinical Neurosciences Group, University Clinical Hospital, Health Research Institute of Santiago de
Compostela (IDIS), Travesia da Choupana s/n, 15706 Santiago de Compostela, Spain

Clinical Pharmacology Group, University Clinical Hospital, Health Research Institute of Santiago de
Compostela (IDIS), Travesia da Choupana s/n, 15706 Santiago de Compostela, Spain

Paraquasil Group, Health Research Institute of Santiago de Compostela (IDIS), Travesia da Choupana s/n,
15706 Santiago de Compostela, Spain

Molecular Imaging Group. University Clinical Hospital, Health Research Institute of Santiago de
Compostela (IDIS), Travesia da Choupana s/n, 15706 Santiago de Compostela, Spain

*  Correspondence: anxordes@gmail.com (A.F.-F); francisco.otero@usc.es (F.J.O.-E.)

t These authors contributed equally to this work.

check for
Received: 2 February 2020; Accepted: 11 March 2020; Published: 16 March 2020 updates

Abstract: The treatment of the posterior-segment ocular diseases, such as age-related eye diseases
(AMD) or diabetic retinopathy (DR), present a challenge for ophthalmologists due to the complex
anatomy and physiology of the eye. This specialized organ is composed of various static and dynamic
barriers that restrict drug delivery into the target site of action. Despite numerous efforts, effective
intraocular drug delivery remains unresolved and, therefore, it is highly desirable to improve the
current treatments of diseases affecting the posterior cavity. This review article gives an overview of
pharmacokinetic and biopharmaceutics aspects for the most commonly-used ocular administration
routes (intravitreal, topical, systemic, and periocular), including information of the absorption,
distribution, and elimination, as well as the benefits and limitations of each one. This article also
encompasses different conventional and novel drug delivery systems designed and developed to
improve drug pharmacokinetics intended for the posterior ocular segment treatment.

Keywords: ocular pharmacokinetics; ocular drug delivery systems; ocular routes of drug
administration; intravitreal administration; topical administration

1. Introduction

The posterior segment of the eye comprises the back two-thirds of the eye, including the vitreous
humor, the retina, the choroid and the optic nerve. Posterior Segment Eye Diseases (PSEDs) are then
defined as the disorders that affect these tissues with the common main outcome of varying degrees
of visual impartment and blindness. The most prevalent diseases are glaucoma, age-related macular
degeneration (AMD) and diabetic retinopathy (DR) (see Figure 1). Nowadays, millions of people are
suffering from retinal and choroid diseases and the number is increasing every year, as the incidence
significantly increases with age. Both disorders are characterized by their severity and difficulty
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of treating. Despite numerous efforts, effective intraocular drug delivery remains unresolved and
therefore, it is highly desirable to improve the current treatments of diseases affecting the vitreous cavity.
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Figure 1. Prevalence of the main ocular pathologies. Data from the world report on vision published
by the World Health Organization (WHO), 2019 [1].

In clinical practice, the standard procedure in treating these disorders is the intravitreal
administration of injected drugs, although topical and systemic administration have also been
addressed with limited results. Thus, other approaches have been developed for the treatment of
posterior segment diseases such as periocular, suprachoroidal, and subretinal administration (Figure 2).
All these routes of drug administration consist of the drug/system injection in the surroundings of the
target site. Periocular administration includes subconjunctival, sub-Tenon’s, peribulbar, retro bulbar,
and posterior juxtascleral injection. However, these injections might not result in therapeutic drug
levels in the target site due to the necessity of crossing several barriers to reach the intended site
of action. This limitation could be overcome by using more effective drug delivery systems, where
improved therapies may also be achieved.
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Figure 2. The first image represents a scheme of the different routes of drug administration to the
posterior segment (dots symbolize the injection site of each route), while second image exemplifies the
anatomy of the eye.

One of the main drawbacks of drug delivery to the back of the eye is the narrow interval dosing
because of the low effectiveness and bioavailability of the administered drug. Also, it should be
taken into consideration that intravitreal and periocular routes are highly invasive, being associated to
discomfort and patient compliance. Intraocularly, a prolonged drug release not only entails the patient
acceptability by increasing their quality of life, but also, a notable reduction in the economic costs
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associated to the hospital stays due to the frequently repeated injections that are necessary to complete
the treatment.

Drug delivery to the posterior segment of the eye still remains a great challenge in the
pharmaceutical industry due to the complexity and particularity of the anatomy and physiology of
the eye. Some advances have been made with the purpose of maintaining constant drug levels in
the site of action. The anatomical ocular barriers have a great impact on drug pharmacokinetics and,
subsequently, on the pharmacological effect. For this reason, understanding pharmacokinetics plays a
critical role in the design of effective pharmaceutical forms.

The aim of this review is to show an overview of the main aspects involved in ocular drug
pharmacokinetics intended to treat PSEDs. A discussion of the different factors that are involved in the
ocular drug delivery is first made, encompassing the different routes towards the posterior segment of
the eye. Physiological barriers and drug transport pathways are described and the advantages and
drawbacks of different administration routes to the eye are also discussed.

2. Routes of Drug Delivery to the Posterior Segment of the Eye

2.1. Intravitreal Administration

Intravitreal injection is the mainstream route of administration to treat diseases affecting the
posterior segment of the eye. The drug is placed directly into the vitreous humor, though it is a highly
targeted drug route. It has the inconvenience of being an invasive route. However, intravitreal drug
administration is always selected to deliver to the posterior ocular segment due to the possibility of
overcoming systemic exposure and obtaining high drug levels into the vitreous chamber.

2.1.1. Vitreous and Posterior Compartment Barriers to Drug Delivery

Vitreous

The vitreous body shows a transparent jelly-like structure mostly composed of types II, IX, and
V/XI collagen fibers, whose spaces are filled with glycosaminoglycans, mainly hyaluronic acid. This
structure acts as both a static and dynamic barrier. The static barrier is the vitreous structure by itself,
although it is not a very restrictive barrier in terms of molecular mobility. The so-called dynamic
barrier consists of the flow and clearance processes.

Initially, the superficial charge becomes vitally important for positively charged particles due to
interactions with the components of the vitreous network such as hyaluronic acid (negatively charged),
while negatively charged particles diffuse without any problem. Likewise, particle size may also impact
on drug permeation, even though this parameter seems to be less clear. Certainly, several studies
showed the distribution of same-sized particles (1 um) through the vitreous is charge-dependent [2].

The convective flow from the anterior to the posterior segment of the eye should be taken into
consideration for drug uptake due to the difference in pressure of the vitreous. This natural fact
influences the drug distribution, having more impact on large molecules.

The drug particle size also plays a role in the type of clearance that drugs undergo, since smaller
and more lipophilic drugs are mainly cleared in the posterior segment of the eye because of their
ability of crossing the blood-retinal barrier (BRB), while larger and hydrophilic molecules are removed
through anterior segment due to the aqueous humor outflow [2,3].

Posterior Compartment Barriers to Drug Delivery
1. Inner Limiting Membrane

The inner limiting membrane is a mechanical and electrostatic barrier located between the vitreous
and the retina composed of collagen, laminin, and fibronectin. Its composition and thickness (~4 pm)
may be variable along its structure, showing a 10 nm pore size.
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Both drug charge and size can play an important role in the passage of molecules through this
membrane, being the charge the most critical factor. Thus, positively charged nanoparticles seem to
present more difficulty than neutral and negatively charged ones because of the negative charge of the
membrane [3,4].

2. Neural Retina

The neural retina is the innermost layer of the eye and consists of a multi-layered structure which
is responsible for transmitting the light to the brain by means of photoreceptors, neurons, and glial
cells (Figure 3). These layers are: The outer limiting barrier, the outer nuclear layer, the outer plexiform
layer, the inner nuclear layer, the inner plexiform layer, the ganglion cell layer, and the nerve fiber
layer. It also must be taken into account that molecules cannot freely diffuse through the retina due to
Muller glial cells presence between the inner and the outer limiting membranes. Furthermore, certain
components of the retina can interact with some molecules, hindering their diffusion [2,3].

3. Blood-Retinal Barrier (BRB)

The BRB is composed of two types of cells: The retinal capillary endothelial cells (which make up
the inner BRB) and the retinal pigment epithelial cells (RPE) (which form the outer BRB) [5]. Both are
considered an important impediment to retinal drug delivery as it restricts the drug transport between
neural retina and circulating blood [4]. In the RPE, drug permeability is determined by physicochemical
factors (e.g., molecular weight, lipophilicity, protein binding), as well as drug concentration gradient
and their affinity with the existing transporters at that level, which can increase or decrease drug
transfer through RPE [6].

The BRB limits the drug diffusion from the vitreous humor to inner parts of the retina. It is
composed of the inner BRB, which contacts with the vitreous humor and it is formed by capillary
endothelial cells connected by tight junctions, and the outer BRB, also called the RPE, which exhibits a
high amount of melanin, being surrounded by choroidal capillaries [3,7,8].

Paracellular transport through retinal capillaries is limited by the tight junctions (about 2 nm),
although certain larger-size molecules can transcellularly permeate by passive diffusion and/or active
transport (e.g., ganciclovir or dexamethasone) [9,10]. Nevertheless, both processes are also restricted
due to the absence of fenestrations and the lack of transport vesicles in the endothelial cells.

The outer BRB located between the photoreceptors and the choriocapillaris, is composed of tight,
gap and adherent junctions that can be removed by molecules via passive diffusion. Also, the pump
proteins that are in the layer and the invagination vesicles allow active transport (e.g., Na*/K*-ATPase,
P-glycoprotein, Multidrug Resistance Proteins -MRP1-) [11].

Molecules permeation is restricted depending on their size, charge, and/or lipophilicity. Thus,
hydrophilic compounds follow the paracellular route through tight junctions while lipophilic molecules
can cross the epithelium by the transcellular route. It has been demonstrated that only small lipophilic
molecules can easily diffuse from bloodstream to the vitreous and vice versa [2,3,12].

4. Choroid

The choroid is a highly vascularized barrier that lies between the RPE and the sclera (Figure 3). This
layer supplies oxygen and nutrients to the retina. It has a 200 um thickness and it is divided into five
layers: The Bruch’s membrane, the choriocapillaris layer, two vascular layers, and the suprachoroidal
layer [2].

The Brunch’s membrane presents a 2—4 pm thickness, whose structure is composed of collagen
and elastin fibers. The choriocapillaris layer is formed by highly fenestrated capillaries with a 6-12 nm
pore size, allowing the passage of large molecules [13]. The suprachoroid is located between the sclera
and the choroid and it is composed of collagen fibers, melanocytes, and fibroblasts.

In terms of drug delivery, it must be taken into consideration that choroid shows two different
behaviors: (1) It acts as a static barrier due to suprachoroid structure and (2) it provides a dynamic
barrier as a consequence of a high choriocapillaris-layer blood flow. Both actions prevent the passage
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of hydrophilic compounds while positively charged lipophilic drugs can stabilize bindings with the
tissue, leading to slow-release depots. The molecular size of the drug also determines the diffusivity
into the posterior segment [2,12].

5. Sclera

The sclera is the outer opaque layer of the eye (Figure 3), which provides support to this structure.
It shows a 0.5-1 mm average thickness, although it varies along the eye. Itis composed of collagen fibers,
proteoglycans, and glycoproteins, creating a network in an aqueous medium [14,15]. The organization
of the collagen fibers gives rise to different regions, such as: Tenon’s capsule, episcleral layer, the scleral
stroma tissue and the lamina fusca, melding into the underlying choroid.

Drug permeability through the sclera depends on molecular weight, molecular radius, charge
and lipophilicity, although it is usually more permeable than the cornea and conjunctiva [2,12]. Large
molecules, up to 150 kDa, find harder to get through the sclera and their clearance is lower than smaller
molecules. Transscleral diffusion consists of the permeation through porous spaces within a collagen
aqueous network. Likewise, the hydrophilic molecules (e.g., methazolamide) are able to go through
the sclera [16,17]. Matrix structure of proteoglycans is negatively charged at physiological pH and,
consequently, the passage of negatively charged solutes across the sclera is facilitated [18].
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Figure 3. Schematic drawing of the sclera, choroid, and retina.
2.1.2. Advantages and Limitations

Intravitreal administration is performed by injecting a drug solution, suspension, and even
intraocular implants into the vitreous cavity. In recent years, the intravitreal injection has become the
mainstream of the treatment of ocular diseases affecting the posterior segment. Direct intravitreal
injection has the obvious advantage of achieving immediate therapeutic concentrations in the vitreous
humor. However, sites of action are normally the retina or the choroid, so the drug is injected in the
surroundings of the site of action, but it has yet to overcome some barriers in order to achieve its target
site. Therefore, drug delivery into the vitreous humor does not necessarily implies that the drug will
be able to exert the pharmacological effect [19]. Nevertheless, intravitreal administration has proved
to be the best administration route to achieve high and effective drug concentrations in the posterior
segment of the eye.

Additionally, intravitreal administration has the advantage that largely avoids the systemic
exposure; hence, the systemic adverse effects are limited. However, not all side effects are completely
eliminated, being the most common ones: Endophthalmitis, vitreous detachment, retinal hemorrhage,
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inflammation, increased intraocular pressure, conjunctival hemorrhage, retinal toxicity, and cataracts,
among others [19]. As an invasive procedure, the injection itself may cause a patient’s discomfort and
eye pain, mainly where repeated injections are needed. The need to treat the posterior segment of
the eye increases interest in getting available novel controlled release formulations to maintain the
therapeutic drug concentration in the vitreous as well as minimizing the number of injections.

The vitreous humor is composed of a polysaccharide aqueous meshwork. Apparently, it would
seem that it acts itself as a retention compartment against drug distribution [7]. Nevertheless, drugs are
quickly removed from the vitreous via the anterior route to the aqueous humor, hampering prolonged
release phenomena [20]. In addition, the relatively high volume of the vitreous chamber allows
administering drug delivery systems of different size and form (implants and inserts).

In clinical practice, intravitreal injections are directly administered into the vitreous cavity and the
procedure is performed by a trained specialist. As an invasive procedure, some risks may be taken
into account and several precautions should be taken during the intravitreal administration, such
as avoiding touching the retina or the lens [19]; the vision line must be left untouched (the vision
field can be blocked); and the injection incision should be as small as possible since it can prevent the
development of eye infections and the leakage of vitreous [19]. Other major risks after intravitreal
injection (although uncommon) are eye infections or vitreous hemorrhage. Depending on the disease
being treated, a follow-up visit to the specialist should be scheduled for the administration of repeated
intravitreal injections, always needed in chronic disorders such as DP or AMD [21].

Despite the associated complications to the injection procedure and discomfort after administration,
repeated intravitreal injections are the only alternative to administer drugs as anti-VEGF, steroids, and
antibiotics to treat pathologies affecting the posterior segment of the eye.

2.1.3. Pharmacokinetics

Nowadays, the pharmacokinetics and pharmacodynamics of pharmacological agents after
intravitreal administration remain relatively unexplored and poorly understood. The vitreous-humor
clearance mechanisms of intraocular-administered drugs limit the duration of their effect and injection’s
repeated administration. Nevertheless, there remains a real need to develop novel drug delivery
systems intended to sustain release and more effective therapy.

Pharmacokinetics studies of intravitreal injection have demonstrated the drawbacks of an invasive
administration route and the difficulty of acquiring direct samples. Most of the in vivo studies have
been performed in rabbits as an experimental animal model [22]. Vitreous humor samples collection
may require animal sacrifice, even though novel techniques such as micro-dialysis can be applied
for continuous sample collections without animal detriment [23]. According to the 3Rs regulatory
frameworks, the alternative is to extract aqueous humor or blood samples and then make a correlation
with the drug concentration in the vitreous humor.

The drug concentration at any certain time after injection depends on the drug distribution
volume, the initial injected dose and the elimination rate. Therefore, the two factors that predominantly
affect the pharmacokinetics of injected drugs into the vitreous are their vitreous humor distribution
and their clearance.

Drug Distribution in the Vitreous Humor

Drug distribution in the posterior segment of the eye is a crucial step in ocular pathologies
treatment in order to obtain a pharmacological effect at the right target site. The factors that affect
the drug distribution in the vitreous humor are predominantly its diffusion through the vitreous, the
effect of the convective flow and the possible drug interactions with the vitreous humor elements.
Moreover, other ocular barriers may limit the drug passage depending on the target site within the
vitreous cavity [24].

Another aspect that should be taken into consideration is the effect of the injection itself, as the
needle creates a channel through the vitreous humor. After the needle is being removed, it leaves
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behind a low resistance pathway for the passage of the drugs due to a change of the integrity of the
vitreous humor [25].

The impact of both diffusion and convection flow in the drug pharmacokinetics within the vitreous
humor has been studied based on different experimental data and mathematical models [7,26-29].

1. Diffusion

Once the drug is injected into the vitreous humor, it will diffuse through the vitreous humor until
reaching its target tissue. The diffusion speed of this process depends on the drug physiochemical
properties and the vitreous retention effect. The mesh size of the bovine vitreous humor was calculated
to be approximately 500 nm [30]. Also, the different structural components presented in the vitreous
constitute a barrier to the diffusion of the drugs depending of the characteristics on the drug.

Drug diffusion through the vitreous humor is created as drug concentration gradients from the
injection site, which provides the moving force for the drug-particles’ movement until a concentration
balance is reached, where not more diffusion occurs. Regarding the drug physicochemical properties,
the molecular weight and the drug net’s charge are the parameters that most influence in the diffusion
speed through the vitreous humor.

Generally, low molecular-weight drugs (e.g., fluorescein, glycerol, mannitol) exhibit high diffusion
coefficients as they do not have the diffusion restriction through the vitreous meshwork [31,32]. In
fact, the diffusivity in an aqueous solution could be a specific representation of this parameter in the
vitreous humor. Diffusion of high molecular-weight molecules (e.g., FITC dextran) can be limited by
the vitreous structure [33].

On the other hand, the drug net’s charge could affect its diffusion since the vitreous humor is
a negatively charged polymer network. Anionic and neutral molecules will not show any type
of restriction in the vitreous humor considering their charge. However, cationic drugs could
electrostatically interact with the negative charges of the vitreous humor [30,34]. This will lead
to a decrease in the drug diffusion due to its retention in the vitreous humor.

2. Convection

Convection is the process of moving a fraction of volume of the aqueous humor produced by the
ciliary processes throughout the vitreous humor towards the retina [7,26,28,29]. This process takes
place due to the differences in pressure and temperature between the anterior chamber and the retinal
surface [7].

The significance of the vitreous outflow effect on drug distribution depends on drug diffusivity
in the vitreous [28]. It has been seen that drugs with high diffusivity values within the vitreous are
not affected by the convective flow due to the high net movement through the vitreous humor, while
low molecular weight drugs do not suffer any type of restriction through the vitreous. On the other
hand, the relevance of the convective flow in the movement of drugs with low diffusivity values is
quite unclear, even though it is generally accepted that the convective flow has a major effect when the
diffusivity is lower and the flow is increased.

Park et al. have calculated the drug diffusivity values that could be affected by the convective
flow, using a mathematical model. The convection does not affect the drug distribution with high
diffusivity values within the vitreous (1 X 10~ cm?/s) but it starts to become relevant in the case
of drugs with low diffusivity values (1 X 1072 cm?/s), particularly if the flow is increased [26,28].
Moreover, Xu et al. predicted that convection could be responsible for the 30% of the drug movement
through the vitreous humor [27]. In the light of these results, it can be concluded that the convection is
not a major contributing factor in the drug distribution through the vitreous humor [3].

Since the intravitreal convective flow depends on pressure, it seems obvious that an increase in
the intraocular pressure could change flow values in the vitreous humor. As an example, in some
pathologies such as glaucoma and retinal detachment, where higher intraocular pressure values are
noticed, an increase in the convection has been observed [26,29].
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3. Drug Interaction with Vitreous Humor

Hyaluronic acid, as one of the main vitreous components (65—400 mg/mL concentration range),
may establish charge interactions with intraocularly administered drugs that are positively charged [35].
This binding could importantly decrease the cationic-drug diffusion through the vitreous humor (e.g.,
poly-L-lysine) [3]. However, up to now, the effect of this binding on drug pharmacokinetics remains to
be elucidated.

4. Drug Interaction with Proteins

Protein concentration in the vitreous humor was estimated to be 4.7 + 1.2 ug/uL in human
samples [36], being the albumin the most abundant one (60-70% of the total protein) [37]. Between
1000 and 2500 different proteins have been identified in the vitreous cavity [36,38]. Although their
concentration is very low in comparison with plasma concentration, the interaction between drugs and
vitreous proteins can occur in the same way with plasma proteins. This interaction will lead to a free
drug decrease to exert a pharmacological effect. Furthermore, the drug binding to a protein could slow
down its diffusion through the vitreous humor increasing the residence time in the vitreous.

In some vitreoretinal pathologies, such as diabetic vitreoretinopathy, an increment in protein
concentration in the vitreous humor is observed, as well as new proteins are expressed and linked to
inflammation and immunity processes [36]. However, there is no available data regarding the impact of
the increased protein concentration in the drug interaction with the proteins in these chronic diseases.

5. Liquefaction

One factor influencing both drug diffusion and convection processes in the vitreous humor is
its own liquefaction, that is, the degeneration process of the vitreous humor associated with aging.
The vitreous humor is observed in both liquid and jelly forms at the same time in the vitreous cavity [39].
Nevertheless, the proportion between these two forms gets modified with age, being observed as
an increase in the liquid proportion and a decrease in the gel one [7], due to the disruption of the
fibers mesh composing the vitreous humor. Vitreous liquefaction could cause an increase in the drug
diffusivity, particularly in those that showed a limited diffusion, since the fibers mesh presents less
movement restriction of molecules in its interior. This expanded diffusion can lead to an elimination
increase, although the liquefaction itself does not directly affect the drug elimination from the posterior
segment of the eye. The vitreous humor higher liquefaction, the more closely the diffusivity of the
molecules in it approximates to their diffusion in water [3]. On the other hand, liquefaction and
the vitreous homogeneity loss through aging are also associated with an increase in the convection
flow [40].

Such data entails that the treatment of different-age-group patients with the same dosing scheme
might be inappropriate, leading to overdose or insufficient dosage situations. Even though, so far it is
not clear whether the vitreous liquefaction can affect the intravitreal pharmacokinetics or not [41,42].

It is also worthwhile to mention that the injection position during the administration and the
injected volume may have an influence on the distribution of molecules in the vitreous humor. Different
injection sites affect the drug distribution and permeability through the retina [43], whereas the injected
volume could affect the drug elimination in different degree, depending of the injection position [43].

On the other hand, special patient situations, such as vitrectomy (procedure where the vitreous
humor is removed), also determine the drug behavior into the vitreous. The motivations to perform a
vitrectomy are varied, where the most common ones are: (1) Removal of infection, (2) obtention of a
better access to the retina, (3) removal of scar tissue, and (4) correction of retinal detachment.

After the vitrectomy procedure, the drug elimination is greatly increased, regardless of the
elimination pathway. In different animal studies, the half-life reduction of intravitreal drugs has
been detected after a vitrectomy was performed, including: Amikacin [44], amphotericin B [45,46],
cefazolin [47], ceftazidime [48], ciprofloxacin [49], and vancomycin [50], as well as some biologics, such
as bevacizumab [51,52], ranibizumab [51,53], and aflibercept [53]. It also must be taken into account
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that these studies were performed in animal models and that its extrapolation to humans lacks of
enough knowledge. However, it seems to be a general decrease in the half-life in humans and might
affect the efficacy of the intravitreal drug, although this aspect is still under investigation [54].

Moreover, a higher risk of retinal toxicity is expected in vitrectomized eyes. The anti-infective
is supposed to be placed in contact to the retinal surface on a high concentration, instead of being
distributed all over the vitreous humor, consequently causing the retinal toxicity [55]. This is extremely
important in drugs as amikacin since it has proven to produce retinal toxicity [56].

Surgical vitrectomy is normally followed by the filling of the vitreous chamber with silicone oil,
which acts as a long-term buffer in the management of vitreous detachment. Injected silicone oil can
also behave as a slow-release reservoir for some drugs [7], although it must be taken into consideration
that most anti-inflammatory drugs are not soluble in the silicone oils. Several studies confirmed the
drug injection into silicone oil-filled eyes led to its migration to the aqueous interface, resulting in an
increase in the local concentration and the ulterior precipitation. This may cause retinal toxicity [57,58],
supposedly caused by a decrease on the preretinal-space, which can also affect the drug distribution
and half-life.

Therefore, the drug pharmacokinetics in silicone oil-filled eyes is still not well defined, although
some authors recommend a substantial reduction of the drug dose (1/4-1/10 of the standard dose) to
prevent these phenomena [59].

Drug Distribution to Surrounding Tissues

Depending on the type of disease, the target site could be located in the vitreous humor itself (e.g.,
infections), the retina (e.g., AMD, diabetic macular degeneration), or the choroid (e.g., serpiginous
choroiditis). Therefore, the drug distribution to the surrounding tissues could be considered as part of
the elimination process if the site of action is in the vitreous humor or as part of the drug distribution
in order to achieve its target site. Nevertheless, studies performed in rabbit eyes have shown that the
distribution volume is close to the anatomical volume of the vitreous chamber which implies that the
surrounding tissues do not contribute too much to the distribution process [3].

The vitreous body is limited by the anterior blood-aqueous barrier (BAB) and posterior BRB.
The inner BRB allows for the permeation of small molecules, where molecules with a size higher
than 2 nm are prevented from their diffusion. Likewise, the RPE is a tight cellular layer between
the photoreceptors and the choroid, which its permeability depends on the molecule’s size and
lipophilicity [3]. Once the drug reaches to the choroid, the drug diffusion is quite rapid, because of
the higher permeability of the choroid and, subsequently, the drug is quickly removed to the blood
circulation [3].

There is evidence of BRB influx-and-efflux carriers that ensure the retina is constantly supplied of
nutrients and ions [7,8,60]. The evidence of efflux transporters at the BRB has been recently investigated,
as the studies performed in animal models might not correlate with the results that could be obtained
in humans. MDR1, BCRP, some MRP, and OATP are some of the main carrier families that have been
detected in the BRB [61].

It should be noted that some drugs can be substrates of the BRB active transporters, but their
contribution to the drug pharmacokinetics is still unclear. Firstly, it is needed to be addressed that the
presence of active transport at the BRB could be an advantage if the drug target is in the choroid, as it
will help the drug to reach the target site or even ensure that some drugs, that normally are not able to
cross the BRB, can achieve the choroid. Conversely, this fact could be a disadvantage if the target site is
prior to the retina or in the retina itself, the active transport will act as an elimination pathway.

Overall, the active transport contribution on the drug movement through the BRB is quite low,
the effect being also reduced over the time. As the drug concentration at the vitreous humor is usually
very high after administration, the transporters are prone to be saturated [61].

The drug elimination from the vitreous humor involves the drug possible metabolism in the
ocular tissues and the removal from the ocular compartments to the systemic blood flow.
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Drug metabolism in the vitreous humor has not been deeply investigated. Mainly, studies have
aimed at the enzyme identification in the vitreous humor, but not at analyzing its impact of drug
pharmacokinetics [45]. For example, the presence of enzymes such as esterases or peptidases in rabbits”
vitreous humor should be mentioned here [62]. The drug in situ metabolism have been exploited for
the development of prodrugs, such as ganciclovir esters (prodrugs with no pharmacological activity)
which are biotransformed into ganciclovir (drug with pharmacological activity) once injected into the
vitreous humor [62].

Metabolic enzymes have been detected in other ocular tissues posterior to the elimination of the
drug from the vitreous humor, such as retina, ciliary body, and iris [63].

There are two major routes of drug elimination from the vitreous: Anterior and posterior clearance
(Figure 4).

Uveoscleral

Trabecular
outflow

Ciliary body -

Choroidal
POSTERIOR Blood flow

CLEARANCE

ANTERIOR
CLEARANCE

Trabecular meshwork™
/s

P i
Schlemm’s canal

Conjunctiva Retina

Figure 4. Schematic representation of the anterior and posterior clearance from the vitreous humor.

1. Anterior Route

After intravitreal injection, the drugs will be eliminated following the anterior route from the
vitreous by a diffusion process across the lens and the ciliary body, to enter afterwards into the posterior
chamber. From there, drugs are removed through the aqueous humor turnover to the anterior chamber,
where they are subsequently removed along with aqueous humor by the trabecular and uveoscleral
outflow [8]. The rapid turnover of the aqueous humor into the anterior chamber is the main force for
the anterior clearance [7].

This elimination route is accessible for all type of drugs as they can freely move across the hyaloid
membrane, avoiding the lens. However, drugs that are typically removed from this pathway are
hydrophilic and large molecules that are not able to cross the retina [7]. The elimination of high
molecular-weight compounds by the anterior route has been widely studied [40,42,64] (see Table 1).
In fact, there is an inverse relationship between the molecular weight and the elimination rate from
the vitreous.

Experimental data have determined that drugs which are removed from the anterior pathway
exhibit higher half-lives than the ones that are removed from the posterior route. The relationship
between vitreous half-life and aqueous humor/vitreous humor ratio is not broadly clarified. However,
it is known that the presence of the drug is higher in the aqueous humor, i.e., it is removed by the
anterior route, as the half-life is higher [65].
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Table 1. Vitreous half-life times for intravitreally administered drugs with different
pharmacokinetic characteristics.

Pharmacologic Drug Characteristics Half-Life Time (h) Ref.
Group
Corticosteroids Dexamethasone Low moleFular weight 3.48 [66]
Water insoluble
a L Low molecular weight
Antibiotics Ceftizoxime Water soluble 5.70 [67]
Somatostatin Octreotide acetate High molecular weight 16.00 [68]
analogues Water soluble
.. High molecular weight
Antiviral ISIS 2922 Water soluble 62.00 [69]

2. Posterior Route

In the posterior route, administered drugs permeate through the retina and subsequently are
cleared by the choroidal blood flow. Drugs that are removed by the posterior route exhibit short
half-lives due to the large surface area available for permeation and the presence of active transport
mechanisms [65].

In posterior elimination processes, a relationship between the drug physicochemical properties
and their half-lives within the vitreous humor has been identified. Durairaj et al. established that the
drug molecular weight, its lipophilia, and the dose/solubility ratio at pH 7.4 are the major parameters
that affect the drug half-life in the vitreous [70].

Therefore, the posterior route is the main elimination pathway for small and lipophilic molecules
since they can easily cross the retina. The diffusion process could take place via the paracellular and/or
transcellular route.

As can be seen in Table 2, some important differences are shown between the parameters affecting
the anterior and posterior elimination route of drugs from the vitreous humor.

Table 2. Comparison of the anterior and posterior route of drug elimination from the vitreous
humor [65,70].

Features Anterior Route Posterior Route
Tissue involved BAB BRB
Elimination pathway Aqueous humor outflow Choroidal flow
Hydrophilic Lipophilic

Molecule characteristics High molecular weight Small molecular weight

2.1.4. Drug Delivery Systems

Several reviews about the development of drug delivery systems have been published
previously [71-74]. For this reason, in this article is not going to be treated in depth.

Biodegradable implants [75], non-biodegradable implants [76], biodegradable microspheres [71],
nanoparticles [77], dendrimers [78], and hydrogels [79] have been used for intravitreal drug
administration. Moreover, some sophisticated systems have been developed for the treatment
of chronic and refractory ocular diseases, such as a microelectromechanical systems (MicroPump) [80]
and a port delivery systems (PDS) [81].

In addition, to the current research on new systems of intravitreal release [82], there are already
commercialized formulations such as Lucentis®, Ozurdex®, Eylea®, Avastyn®, among others (see
Table 3).



Pharmaceutics 2020, 12, 269 12 of 39

Table 3. Summary of the main key pharmacokinetic parameters for different intravitreally
administered drugs.

Half-Life Time

Pharmacologic Group  Subgroup/Drug ) MRT (h) Cmax (ng/mL) Ref.
Nonsteroidal Ketorolac 43 6.16 175 [83]
anti-inflammatory drugs Diclofenac 2.05 2.95 65 [83]
Penicillines 10-20 5-25 1000-5000 [84-86]
Cephalosporines 5-15 5-30 10002250 [48,85,87]
Tetracyclines 10-20 NA 125-400 [86,88]
Antibiotics Fluoroquinolones 3.5-5.5 0.25-5 100-500 [49,89,90]
Monobactams 7.5 NA 1000 [91]
Carbapenems 2.5-10 NA 50-100 [92,93]
Macrolides 40-60 NA 100-200 [85,94,95]
Antibodi Bevacizumab 4.32 5.92 400 [96]
nubodies Ranibizumab 2.88 4.03 162 [97]

2.2. Topical Administration

Ophthalmic topical administration by eye drops is commonly used for the treatment of
anterior-segment diseases [98,99]. Most of the topically applied drugs are intended for the treatment of
diseases that affect different layers of the cornea, the conjunctiva, iris, or the ciliary body [5]. However,
topical administration for the treatment of posterior ocular diseases is considered an ineffective
pharmacological strategy since therapeutic drug concentrations are not reached in the posterior
segment of the eye due to low drug penetration.

2.2.1. Ocular Barriers for the Entry of Drugs: Precorneal Factors

After topical eye-drops administration, the first tissue barrier that drug molecules must overcome
to access the target is the tear drainage of the excess volume through the nasolacrimal duct. In normal
conditions, this drainage occurs at 1.45 uL-min_1 and it results in a drug loss into systemic circulation,
especially related to hydrophilic molecules [100]. In fact, the loss of eye drop solution occurs until the
tear volume returns to a normal range (7-9 pL).

Likewise, the thin precorneal tear film secreted by different glands and the Globet cells, which is
about 8 pm thickness and with a 7 pL volume, also acts as a barrier in terms of drug absorption. It
is composed of three layers: mucin, an aqueous and a lipid layer. The rate of drug elimination from
the tear fluid is in the range of 0.5-1.0 uL-min~! [101,102]. As a result of these facts and the systemic
absorption through the conjunctiva, the ocular drug absorption is limited to less than 5% (<5%) when
this delivery method is used [102].

2.2.2. Corneal and Anterior Compartment Barriers

Cornea

The cornea is the transparent portion surrounding the sixth anterior part of the eyeball with a
0.5 mm thickness and a 12 mm diameter. Tear film and aqueous humor provide nourishment and
oxygen as it lacks blood vessels. The cornea consists of a collagen structure organized in six layers:
Epithelium, Bowman’s membrane, stroma, Dua’s layer, Descemet’s membrane, and endothelium
(Figure 5). The stratified, squamous and non-keratinized epithelium is the most critical barrier to
penetration with a 1077-107° cm~! drug permeability rate because of the fact that tight junctions impair
the permeation of low lipophilic molecules [12,100,103].

Drug absorption depends on their physicochemical characteristics. In consequence, only
hydrophilic molecules can diffuse through the stroma due to the hydrophilic nature of the hydrated
collagen. Only small molecules with a log D value between 2 and 3 can penetrate through all the
layers. The paracellular route allows molecules with a 500 Da molecular weight or a <5.5 A size
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penetrate across tight junctions. The solute charge is also an important factor, as the cornea decreases
the absorption of negatively charged molecules because of the negatively charged corneal surface [12].
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Figure 5. Schematic representation of the human corneal layers.
Conjunctiva
1. Conjunctiva

The conjunctiva is a thin vascularized stratified cylindrical epithelium with its underlying stroma
covering the exposed sclera and the eyelids. This membrane shows a 17-times higher surface area
than the cornea [104], although conjunctiva is less permeable for lipophilic molecules. Hydrophilic
compounds absorption is also reduced because of tight junctions in the corneal epithelium. Despite
this fact, the conjunctival absorption is higher than the corneal’s due to the wider intercellular spacing
allowing the passage of molecules up to 10 kDa. Furthermore, through the corneal route, via the
conjunctiva, drugs are removed into the systemic circulation because of the presence of blood and
lymphatic capillaries in the conjunctiva [12].

2. Blood-Aqueous Barrier (BAB)

The BAB is formed by the iris and ciliary muscle vasculature endothelium and by the posterior
iris and non-pigmented ciliary epithelium (Figure 6). This barrier is poorly permeable due to the
tight intercellular junctions, which limit the passage of substances with high molecular weight or
high hydrophilicity. This biological barrier is also responsible for the selective diffusion of ions and
small solutes through space between cells. There are active transporters that alters drug permeation,
depending their activity on the passive diffusion rate. However, their significance in drug absorption
is still unclear and requires elucidation.

For systemically delivered drug, the tight junctions of the iris vasculature limit the passage of
substances from the plasma to the iris stroma. The non-pigmented ciliary epithelium tight junctions
restrict the passage of substances from ciliary body stroma to the posterior chamber [12,105]. Overall,
this barrier modulates the passage of molecules between the anterior and posterior segment, as well as
from plasma to aqueous humor. The drainage of aqueous humor (2.0 to 3.0 mL/min) also hinders the
passage of drugs [106].
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Figure 6. Blood—aqueous barrier (BAB) structure.

2.2.3. Advantages and Limitations

Topical administration is the most challenging administration route for drugs intended to treat
pathologies that are affecting the posterior segment of the eye. Once administered onto the ocular
external surface, the drug absorption is restricted by the different barriers, these being: Static (cornea
and the BAB), dynamic (conjunctival and lymphatic conjunctival lymphatic and lacrimal drainage),
and metabolic (carriers and receptors) barriers [99]. Nevertheless, it is considered the least invasive
method of ophthalmic application due to patient compliance and ease of administration. Moreover,
it is not required the ophthalmologist intervention since eye drops can be instilled by the patients
themselves [5]. However, significant disadvantages have been found using this administration route
to the posterior segment, such as the significantly low bioavailability (1-5%) and ocular penetration
(less than 0.001%) in the intraocular tissues (aqueous humor among others) [107]. The main reasons
are that the drug applied topically is quickly removed by ocular protective mechanisms such as
nasolacrimal drainage, blinking (6 to 15 times/minute), tear renewal (0.5-2.2 pL/min) and high lacrimal
clearance [108,109]. Besides, the unproductive absorption to the systemic circulation through the
conjunctiva, choroid, uveal tract and internal retina also limits the drug access to the posterior segment.
Significant efforts towards the development of new drug delivery systems to the posterior segment of
the eye have been carried out to overcome the obvious limitations of topical ocular administration.

2.2.4. Pharmacokinetics

Drug topical absorption into the posterior segment of the eye strictly depends on the route
through which the drug is distributed (Figure 7). Thus, the drug corneal exposure will allow for its
concentration to be higher in the aqueous humor, whereas higher drug concentrations in the back of
the eye will be reached after direct exposure on the conjunctival surface.

For example, the drug loss in the precorneal segment is because of the tear fluid. The administered
drug will be released from the vehicle to the tear film, where tear fluid dynamics accelerate its
elimination due to the complete replacement of the tear film every 2-3 min [99]. Furthermore, different
enzymes and lacrimal proteins can influence the drug metabolism in the precorneal surface [107].
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Figure 7. Different topical routes of drug absorption from the cornea/conjunctiva to the vitreous humor:
Periocular route marked in green. Uvea-scleral route in blue. Transvitreal route marked in orange.

When administered topically, the low amount of drug that has been able to be absorbed will
permeate from the cornea/conjunctiva surface to the retina across three different routes [98]: transvitreal
route, uvea—scleral route and periocular route, being all of them conditioned by the nature of the drug,
the pharmaceutical form and the anatomical characteristics of the eye.

The transvitreal pathway of absorption is the one followed by the drug via the transcorneal
diffusion until it reaches the vitreous humor. The passage of molecules through the cornea depends on
their lipophilicity, molecular weight, charge and ionization degree [110,111]. Once the drug is applied
to the ocular surface by eye drops, the passage to the anterior chamber is driven by a diffusion process
passing through the corneal epithelium via the paracellular or transcellular route. The penetration
through these routes always depends on the drug concentration in the tear film and the drug retention
time on the ocular surface. Hydrophilic drugs cross the corneal epithelium via the paracellular route
while lipophilic drugs cross the epithelial barrier along the transcellular route. Once the drug crosses
the cornea and reaches the aqueous humor, it is distributed to the surrounding tissues (ciliary, iris,
crystalline body) and to the vitreous humor by diffusion process [98].

The aqueous humor is mainly drained (75-85%) through the Schlemm’s canal (tubular conduct
with thin and porous walls that allows the absorption of large protein molecules). The rest of
the elimination process is carried out through the iris and the connective tissue of the ciliary and
suprachoroidal muscles, leading to the uvea towards the extraocular connective tissue. The drug
removed from aqueous humor contributes to a decrease in the amount of drug that could be able to
reach the posterior segment of the eye.

The iris is one of the two ocular tissues that contain melanin, a pigment responsible for its color.
Melanin can interact with some drugs, causing its retention in the iris. This retentive effect is more
pronounced in case of lipophilic drugs, resulting in a drug sustained action [112] but decreases its
pharmacological activity [5]. Overall, the drug bioavailability in the aqueous humor through this route
has been determined to be less than 5% of the applied dose [113].
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The uveal-scleral route followed by the administered drug after topical administration corresponds
to the transcorneal diffusion to the anterior chamber and its drainage through the aqueous humor to
the uvea—scleral tissue towards the posterior tissues.

This route follows the same absorption process through the cornea until reaching the aqueous
humor as the transvitreal one. Once in the aqueous humor, the drug diffuses through the suprachoroidal
space to the choroid causing an unproductive absorption. To a large extent, this is due to the drug
partial elimination to the systemic circulation through the BAB capillary fenestrations, giving rise to
the appearance of side effects. The drug is transported towards the systemic circulation through the
choriocapillaris, which can cause side effects systemically. However, some other external factors, such
as prostaglandins (drug penetration improvement to the back of the eye when they are co-administered
via the uveo-scleral route) can affect the process [114,115]. The periocular drug absorption comprises
the drug diffusion through the conjunctiva to the Tenon’s capsule and its diffusion through the sclera,
choroid, and retina.

It also must be taken into account that between 34% and 79% of the administered dose on the
ocular surface is primarily removed by this way into the systemic circulation due to the high degree
of conjunctival vascularization and its large surface area (16-18 cm?) [113]. Therefore, for a drug
to penetrate must have a molecular weight no greater than 70 kDa [116]. In addition, it should be
considered that the drug transport through the conjunctiva, sclera, choroids and retina can occur by
passive (paracellular or transcellular) or active routes (membrane carriers) [114,117]. Some lipophilic
drugs can passively penetrate throughout the RPE by directly accessing the posterior segment through
lateral scleral diffusion followed by penetration through the Bruch’s membrane and the RPE.

2.2.5. Drug Delivery Systems

Currently, there are few commercial topical formulations specifically intended for the treatment
of ocular posterior segment diseases. Even so, in recent years, new advanced topically drug release
systems have been developed in order to improve the drug access to the back of the eye, such as
nanoparticles [99,118], emulsions [119], nanostructured lipid carriers [120], liposomes [121], and
nanosuspensions [122].

Despite the enormous efforts to develop efficient topical formulations intended to reach therapeutic
drug concentrations in the posterior segment of the eye, the most relevant results have been obtained
by using eye drops. In an ex vivo assays using cow eyes, the topical application of a memantine
hydrochloride ring that functioned as a reservoir on the corneal surface demonstrated the efficient
drug distribution of the into the choroid and retina [123]. Currently, memantine is in phase III studies
in humans as a neuroprotector and neuroreparative drug in ophthalmic diseases. Another approach
has been made by investigating the topical application of a brimonidine ocular solution in monkeys,
rats, and rabbits. Results have shown that the formulation administered repeatedly reached an enough
drug concentration to provide neuroprotection in the retina [124]. In the AMD treatment, promising
results have been obtained in rabbit retina by the dexamethasone-cyclodextrin complexes topical
application [125,126].

2.3. Systemic Administration

Systemic administration route constitutes an alternative route in the treatment of eye’s posterior
segment pathologies. It is normally used as a coadjutant treatment or as a second choice after the
failure of intravitreal or subconjunctival injections treatment. It is based on drug administration by
conventional routes (e.g., oral, intravenous, or intramuscular). Once the drug reaches the bloodstream,
the absorption will take place through conjunctival, episcleral and/or choroidal vessels to get the
vitreous cavity, although most of the drugs do not pass the main blood—ocular barriers [6].
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2.3.1. Advantages and Limitations

Systemic drug administration shows a series of advantages and disadvantages compared to other
administration routes to treat posterior segment diseases. Firstly, systemic administration is very
effective in the case of concomitant ocular and systemic diseases as they can both be treated with only
one treatment. Although ocular effects slowly appear with the systemic administration compared to
other routes, the duration of the effect is more prolonged [127].

The oral administration to treat ocular diseases presents some positive features: Non-invasive, no
need to use strict sterile conditions, high patient compliance, and adherence to treatment and width
availability of pharmaceutical forms that provide great drug stability [5,103,128]. Oral administration
is usually combined with topical ocular administration [5].

However, the systemic route presents certain drawbacks [5,103]. The presence of physiological
barriers (BAB and BRB mainly) prevents the drug passage to the eye, leading to a drug bioavailability
of less than 2% [5]. This low bioavailability forces the administration of high doses of the drug to obtain
therapeutic concentrations into the vitreous which may lead to systemic toxicity and severe side effects.
In addition, a lag time occurs between the drug administration and onset of pharmacological effect. An
important prerequisite for a drug to be administered by oral route (for ocular applications) is to have a
high drug oral bioavailability [5]. Even though, the limited access to the posterior segment of the eye
implies the administration of high doses of drug or an increased administration frequency to obtain a
significant therapeutic response [103,116,129]. However, these procedures can exacerbate drug toxicity
as a consequence of the drug non-specific absorption to other organs [116,130,131]. Trained personnel
are also required in case of intravenous or intramuscular administration.

Likewise, parenteral administration is also a systemic administration route used as an alternative
pathway in posterior ocular pathologies. Ocular drugs can be administered by intravenous injection,
although its use is less frequent than oral administration route [132].

2.3.2. Pharmacokinetics

Absorption to Ocular Tissues

Systemically administered drugs can easily reach the choroid due to the high vascularization
of this tissue, as more than 85% of the ocular blood flow takes place in this layer, with a value of
43 mL/h [133], and choriocapillaris fenestrations [5,130].

Drug transport from blood circulation to the ocular cavity is strictly regulated by two anatomical
and physiological barriers: The BAB and the BRB [8,134]. These barriers limit drug bioavailability by
restricting its intercellular permeation to the anterior and posterior segment of the eye. This barrier
effect is mainly due to the presence of highly complex tight junctions among epithelial and endothelial
cells, which are located on the interface between blood flow and intraocular tissue. Moreover, it was
observed that the drug passage improves during inflammatory conditions [135]. This is due to
an increase in vascular permeability that leads to greater extravasation of components from the
bloodstream to extravascular tissue [136].

Drug entry into posterior ocular tissues is mainly governed by the BRB. Thus, the relationship
between drug permeability and physicochemical factors has been demonstrated, concluding that drug
permeability increases with decreasing molecular weight and/or protein binding but improves with
increasing lipophilicity [127]. As a result, small and lipophilic compounds can easily cross eye barriers
(RPE, non-pigmented internal ciliary epithelium and retinal blood vessels), while hydrophilic and
large compounds penetration is restricted [133]. However, hydrophobicity and high molecular weight
tend to increase drug’s half-life time in the posterior segment of the eye [137]. Therefore, RPE presents
a selective permeability to highly hydrophobic drugs, whereas the penetration of hydrophilic and/or
large substances being much more limited.

The type (influx or output flow) and/or location (vitreous or blood side) of the ocular transporters
also condition the drug absorption and its concentration in the intraocular cavity [138].
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Recently, many drug efflux pumps were identified in the ocular barriers. Among transporters
with the greatest influence on the drug’s arrival to the posterior segment of the eye are the efflux
transporters, these being a part of the ATP-binding cassette (ABC) protein family located in the RPE [139].
Specifically, two efflux pumps related to the development of chemoresistance were described, these
being: P-glycoprotein (ABCB1) and the multidrug-resistance associated protein (MRP1) (ABCC1).

P-glycoprotein is an efflux protein located in the iris, cornea and ciliary muscle, as well as in
conjunctival epithelium, non-pigmented ciliary epithelium and RPE. It is a 170 KDa membrane protein
that is expressed on the apical surface of the aforementioned cells [139]. It actively promotes drug
molecules’ exit from retinal endothelial cells, reducing drugs accumulation within them [139].

For its part, MRP1 is a 190 KDa efflux protein encoded by the MRP1 gene on chromosome 16p13.1
and bounded to the choroidal side of the retinal barrier. It is an atypical ABC transporter with two
cytosolic nucleotide-binding domains (NBD) and seventeen membrane-spanning domains (MSD) [140].
It functions as a multispecific organic anion transporter, mediating an ATP-dependent transport of
drugs and other xenobiotics [141]. In any case, molecular mechanisms of these drug transporters are
not completely known.

Distribution to Ocular Tissues

In general, systemically administered drugs reach the target tissues from the blood. Drug plasma
transport is protein-binding dependent, giving rise to (1) free drug fraction, which is active and
susceptible of excretion/metabolism and (2) protein-bound fraction that acts as a drug inactive reservoir.
Only the free drug fraction can cross biological membranes and, consequently, reach the ocular tissues.

Specifically, drug distribution through blood—ocular barriers is a key factor in the achievement of
an effective ocular treatment with systemically administered drugs. Before mentioned ocular barriers
regulate drug transfer between blood circulation and the eye in both directions. Drugs whose transport
is predominantly carried out by passive diffusion, distribution and clearance are independent of the
drug transport direction, although mediated permeation by transporters could lead to a drug preferred
transport direction (inward or outward) [3,128].

In any case, it must be taken into account that, although the eye barriers structure and main
permeability trends have been known for some time, the distribution process from the blood circulation
to the posterior segment of the eye is not yet fully elucidated. However, pharmacokinetic simulation
models have been created for the drug concentrations prediction in the vitreous humor, depending
on the free drug concentration and the blood flow between the general circulation and the posterior
segment of the eye [133].

Once drugs reach the vitreous humor, their distribution and elimination follow the same pattern as
the followed after an intravitreal administration. The parameters that affect the drug pharmacokinetics
within vitreous humor have been discussed in the section of intravitreal administration.

1. Proteins and Biological Binding

The free drug may accumulate more than expected in any posterior ocular layers if it binds to
cellular components or if it acts as a substrate for a significant active transport process. Specifically,
drugs binding to ocular tissues’ proteins and pigments, mainly melanin, significantly affects their
transport to the posterior segment of the eye [6,130,142,143].

Melanin is a polyanionic biological pigment located in the uvea and the RPE in the ocular tissues
as melanosomes or pigment granules, which are melanoprotein complexes where melanin is bound
to a protein matrix [142]. Menon et al. determined the existence of 6-8 mg melanin at the ocular
level [6,144].

Drug binding to melanin and proteins in ocular tissues is an important factor in drugs
administration by systemic route since they can modify the drug bioavailability in the target site and,
consequently, reduce its pharmacological activity [5,145].
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Specifically, ocular melanin has a significant influence on drug pharmacokinetics and permeation
through the retina [5,146] due to its capacity to bind (mainly reversible binding) free radicals and
chemicals, especially basic (pKa values above 7) and lipophilic drugs by electrostatic, charge transfer,
and van der Waals forces [5,147]. Main pharmacological consequences of the drug-melanin complexes
are drug accumulation and retinal toxicity, besides the fact that larger doses are needed to obtain a
therapeutic response due to the bound-to-melanin drug inactivation (e.g., betaxolol, metoprolol, and
phosphodiesther oligonucleotides) [142]. Nevertheless, this drug depot may act as a reservoir over a
long time, prolonging drug effects [145,146].

Drug Elimination

Regarding drug elimination process by this route, it must be taken into account that the
administered drug not only faces passive barriers but also active barriers, such as clearance through
the choroidal blood flow, which is extremely high, and the number and size of the choriocapillaris
fenestrations that make up this system [6,148], by presenting a 70-80 nm pore size and a number
between 30-50 fenestrations/um? [149,150].

In general, drug elimination from the posterior segment of the eye can be carried out by two
different ways, anterior and/or posterior pathways [103], following the same pattern described for the
intravitreal administration route.

2.3.3. Drug Delivery Systems

The design of ophthalmic drugs systemic administration forms is aimed at achieving therapeutic
concentrations in the posterior segment of the eye without causing undesired side effects. Drug
targeted administration to these tissues from the systemic circulation has only been studied in
preclinical animal models. Studies were carried out based on qualitative investigations performance
and assessed by microscopy, immunohistochemistry, and/or angiography techniques [3]. Some of
the novel systemic targeting systems studied for drug transport through the choroid to the posterior
segment of the eye include [137]: 20 nm gold nanoparticles [151], polyethylene glycol (PEG) conjugated
immunoliposomes [103], PLGA nanoparticles or Visudyne®. Currently, none of them is commercialized
except for Visudyne®, an intravenous administration formulation used in photodynamic therapy for
age-related wet macular degradation treatment [151].

Even so, several strategies related to the design of advanced delivery systems are currently under
study, such as: (1) Structurally modified drugs that can effectively avoid MRP1 efflux transporter to
improve ocular penetration, (2) hydrophilic drug administration through advanced delivery systems
directed by transporter/receiver (superficially marked systems with an ocular-receptor specific substrate
and/or vehicles attached to substrates that show a high affinity for ocular tissues) [139], and (3) drug
affinity improvement to BRB transporters, such as amino acid, oligopeptides or cation and anion
transporters, in order to increase drug transport to the posterior segment of the eye [152].

2.3.4. Systemic Drugs for Posterior Segment Eye Diseases

Drug systemic administration is not the preferable route in the treatment of posterior ocular
segment pathologies, although it is still useful in many cases, being an administration pathway carried
out by different routes (e.g., oral, intravenous, intramuscular). Thus, some drugs are administered
orally (see Table 4).
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Table 4. Summary of orally administered drugs for the treatment of posterior segment ocular diseases.

Pharmacologic Administration
Group Drug Pathology Route Reference
Paracetamol Ocular tra}lma . Oral [153]
treatment-associated pain
. NSAIDs (Flurbiprofen,
Analgesics .
Ketorolac, Diclofenac, Ocular trauma Oral [153]
Bromfenac and treatment-associated pain
Nepafenac)
Doxycycline Neovascularization Oral [110,154]
Antibioti Tetracycline Ocular rosacea Oral [111,155]
nHbIoHes Erythromycin Orbital cellulitis Oral [111]
Minomycline Ocular rosacea Oral [110]
Corticosteroids Dexamethasone Giant cell arteritis Oral [153]
Idiopathy or
Immunosuppressants Cyclosporine related-to-Behget’s-disease Oral [156]
uveitis
Carbonic ACEtaZOlal’nldle®(Dlam0X Glaucoma Oral [113,157]
anhydrase seque _)
inhibitors Etoxolamide Glaucoma Oral [114,158]

Apart from these, orally administration formulations with antineoplastic and antiviral agents
have also been studied [103]. In relation to the latter one, it must be considered that the most frequent
ocular posterior segment pathologies with viral etiology are associated with immunosuppression
states (e.g., AIDS or transplants). These include: Cytomegalovirus retinitis, whose treatment is based
on the antivirals intravenous administration (valganciclovir, ganciclovir, foscarnet, and/or cidofovir)
as well as acute retinal necrosis and progressive external retinal necrosis, whose etiology is broad
(varicella-zoster, herpes simplex, cytomegalovirus, or Epstein-Bar virus) and whose treatment is based
on the acyclovir (very effective), ganciclovir or foscarnet administration [159].

Similarly, parenteral administration formulations have also been developed for the same purpose,
including different intramuscular and intravenous preparations. These encompass: Parenteral
antibodies for the uveitis treatment [3] and hydroxocobalamin intramuscular injections (B12 vitamin,
Alpha Redisol) for the treatment of B12 vitamin deficiency states, as well as certain antibiotics
(e.g., penicillin, gentamicin, ceftazidime, or amikacin) used in the subsequent ocular infections
treatment (uveitis, scleritis, and/or pseudoscleritis) (see Table 5).

Likewise, the antibiotic combinations administration by continuous perfusion for the
serious-eye-diseases treatment, such as endophthalmitis, is quite frequent [127,160]. As an example,
ceftazidime is the best studied cephalosporine due to its activity spectrum against Gram-negative
bacilli (including Pseudomonas aeruginosa). It is more frequently used as a first election treatment in
this pathology, in monotherapy or combined with other antibiotics, since it allows reaching ocular
concentrations in the order of 35.4 mg/l after intravenous administration of a 100 mg/kg antibiotic
dose [161].
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Table 5. Summary of systemically administered drugs for the treatment of posterior segment

ocular diseases.

Pharmacologic
Group Drug Pathology Target Route Reference
Secukinumab
Tocilizumab Inflammatory Intravenous
g - cytokines
Antibodies Ustekinumab Uveitis Subcutaneous [162,163]
Abatacept T-cell activation
Rituximab B-cell targeting Subcutaneous
Vitamin B12
Vitamins B12 Deficiency Optic Folate receptor Intramuscular [164]
Neuropathy
Penicillin Uveitis
Antibiotics Gentamicin Scleritis Bacteria Intravenous [165-167]
Ceftazidime Pseudoscleritis )
Amikacin Endophtalmitis

In addition to these, different intravenous drug delivery strategies have been tested for drug arrival
to the posterior segment of the eye [168]. Specifically, photodynamic therapy with verteporfin has
been practiced, being a choroidal neovascularization effective treatment by stopping the neovascular
membrane growth. Apart from this, ocular posterior segment diagnostic intravenous techniques have
also been developed, being the most prominent the fluorescein digital angiography, an exploratory
technique for the retinal vasculature visualization by means of the sodium fluorescein injection
(vegetable origin orange dye).

In order to point out, eyes can be also exposed to systemic drugs (as a kind of side effects) and
xenobiotics not intended for ophthalmic treatment, such as bisphosphonates (whose action mechanism
is based on the bone-resorption inhibition, being used in the osteoporosis prevention and treatment),
which can cause ocular inflammatory reactions (uveitis, neuritis, iritis, scleritis, or pseudoscleritis) [169].
Reformulation studies have also been carried out on these drugs in order to reduce their passage
from the blood to the eye, making them more selective in order to decrease associated ocular side
effects [169].

2.4. Periocular Administration

The periocular route has been considered as a promising drug administration route for the
posterior ocular segment diseases treatment due to the high concentrations obtained with this kind of
formulations’ inoculation. This route allows the drug deposition on the scleral external surface and
includes the following administration routes: subconjunctival, subTenon’s, retrobulbar, peribulbar
and posterior juxtascleral. These pathways differ from one another in the location and/or injection
direction in the proximity of the sclera.

2.4.1. Advantages and Limitations

Periocular injections are associated with greater adherence to treatment by patients compared to
intravitreal injections [139] since it is considered a less invasive administration route and capable of
providing a relatively great drug bioavailability in the posterior ocular segment [150,170].

The sclera provides a relatively large area for the drug absorption (approximately 17 cm?) [171]
compared to other ocular surfaces, like the cornea. Moreover, periocular administration takes advantage
of the high scleral permeability. These two factors contribute to the potential effectiveness of the
periocular administration compared to other ocular routes.

On the other hand, the main drawback is that the drug needs to diffuse from the site injection to
the target site, with the possibility of drug losses.
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2.4.2. Pharmacokinetics

In general, although this type of administration avoids the corneal-conjunctive barrier, the drug
must cross several barriers to reach the target sites in the choroid, the RPE, or the neural retina [65,150].
To do this, it must overcome several dynamic, static, and metabolic barriers that limit drug access to the
posterior segment of the eye. Two different types of barriers should be mentioned: (1) Physical barriers,
which include sclera, choroid (its high blood flow can remove a significant fraction of drug before it
can reach neural retina), and RPE, and (2) physiological barriers, as occurs with conjunctival, episcleral,
and choroidal lymphatic flow [150], whose drug elimination ability is relatively fast [3,65,103]. In any
case, episcleral blood and lymphatic flows are seen as the main limiting factors in drug periocular
distribution, while anatomical barriers and choroidal blood flow are less important [116,150,170].

As a result, drug is removed into the systemic circulation, decreasing ocular bioavailability thereof.
However, molecules that escape from the conjunctival vasculature can penetrate through the sclera
and choroid to reach the neural retina and photoreceptor cells. In addition, permeability through sclera
is lipophilicity-independent (e.g., inulin, methazolamide, pilocarpine, hydrocortisone) [172], unlike
corneal and conjunctival layers, being dependent on molecular radio [4,42,137,148].

Drug reflux after periocular administration is the initial loss factor and contributes to its low
bioavailability in the posterior segment of the eye [116,173]. It was demonstrated that the use of an
adequate injection technique, volume and/or formulation type can improve drug bioavailability and
ocular penetration [116,173-175].

Absorption

Drugs administered by periocular injections can reach its target site in the posterior segment of
the eye through three different routes: Transscleral or direct penetration route, systemic circulation
route, and anterior route [6,176]. In the anterior route, the drug diffuses directly through the sclera and
the ciliary body, or indirectly through the lacrimal fluid and the cornea because of the conjunctival
circulation reflux. In the systemic circulation route, the drug goes to systemic circulation through
conjunctival, episcleral and/or choroidal vessels, where it is diluted, and then it returns to the eye by the
blood flow. In the direct penetration route, drug reaches the vitreous humor through the underlying
tissues; it represents the most important absorption route in terms of drug penetration and distribution
to the posterior chamber of the eye.

In any case, it should be taken into consideration that the scleral permeability depends on
the molecular radio, scleral hydration, and intraocular pressure [176,177] instead of molecular
lipophilia [17]. Although the latter improves permeability through the RPE, it also increases drug loss
from the choroidal and subconjunctival space to the bloodstream [3]. Regardless of the absorption
route, only a small portion of the drug reaches the posterior segment of the eye [116,178] mainly due
to the drug loss through periocular space, BRB, choroidal circulation, efflux transporters, and drug
binding to ocular tissue proteins [116].

Elimination

Once the drug reached its target site, small molecules are rapidly removed from the administration
site, presumably through conjunctival and episcleral blood and lymphatic flow [103,139,150], whereas
larger molecules have much slower elimination kinetics, around 10 times lower [150], so that their
residence time is much greater.

2.4.3. Subconjunctival Route

Subconjunctival injection has been used to administer drugs in the anterior segment of the eye,
achieving higher concentrations in the anterior chamber compared to the topical administration.
However, this route has also been investigated as an alternative pathway to intravitreal injection for
the drug administration of retinal diseases treatment [6] due to the fact that it is considered a less
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invasive technique, comparing it with the intravitreal administration route [116,179]. It also minimizes
the side effects, mainly endophthalmitis, cataracts, and retinal damage [116].

The drug is injected under the conjunctival membrane that covers the sclera, avoiding the
conjunctival epithelial barrier. In this way, direct access to the transscleral route is achieved [116],
increasing its bioavailability in aqueous humor in comparison with the topical route, which presents
the corneal barrier as an impediment.

Advantages and Limitations

Subconjunctival administration shows two effective types of sustained drug delivery to the retina,
both the topical and intravitreal administration. Moreover, it is an alternative route in order to allow
easy and better accessibility and reduce the side effects caused by the intravitreal injection procedure
(e.g., intraocular pressure and cataracts) [3].

The injection volume with the same drug concentration could be higher in this route in comparison
with the intravitreal injection [3], enabling a wide dose range. In addition, the enzyme absence in the
injection area is an important advantage due to the low enzymatic drug degradation.

The availability of pharmacokinetic and pharmacodynamic data about this route is limited.
However, the drug delivery to the back of the eye through this route is better compared with topical
and systemic administration routes [150].

This pathway also has some limitations regarding the concentration that can cross to the retina.
The elimination via systemic circulation and to the tear cause a reduced bioavailability. Nevertheless,
the permeability is modified by the age, according to the patient get older, the permeation through the
sclera is less prevented so the amount of drug that can reach the retina is higher.

Pharmacokinetics

The permeation speed through the sclera is drug size-dependent [17], where the small molecules
movement is constant. Macromolecules permeation is slower [3,150,172,180], although up to 70 kDa
size molecules can easily penetrate the sclera [17,33,116,181-183]. Once the sclera is crossed, a rapid
elimination caused by the choroidal blood flow takes place due to its large choriocapillaris fenestrations.
Molecules that pass through this barrier faster and better are the small lipophilic ones compared to
macromolecules [3,33,172,184]. However, small molecules are also quickly removed.

Likewise, lymphatic flow plays an important role in the drug elimination since conjunctival
lymphatic vessels represent 50% of the surface [185]. Once drug crosses the sclera, it must break
through the choroid and the RPE to reach the vitreous humor. For all these reasons, between 80-95% of
small molecules drain into the systemic circulation [150]. Approximately, 10% of the drug is available
for the anterior segment of the eye and only about 0.1% reaches the retina [3]. Thus, high initial drug
concentrations are needed in order to achieve effective levels in the posterior segment due to the
deficient bioavailability observed.

The injection volume is an important factor in the subconjunctivally administered drug
pharmacokinetics as the drug reflux from the injection site is the initial loss factor that contributes to its
low bioavailability [116,173]. Adequate volumes should be used in order to achieve high drug levels
in the back of the eye. If large volumes are administered (over 200 pL), the reflux of drug solution out
of the injection site increases and a greater drug permeation to the aqueous humor is obtained.

Drug Delivery Systems

Different techniques have been developed in order to increase the subconjunctival administered
drug penetration through the sclera. One of these is the transscleral iontophoresis, an electrodynamic
technique that may improve the periocular injections efficacy in some ophthalmic drugs (see Table 6),
such as corticosteroids, antibiotics, NSAIDs, and immunosuppressants [186,187].

Nano- and microparticles are interesting sustained drug delivery systems for treating posterior
segment diseases. These types of systems were tested, obtaining promising results for the VEGF
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inhibition with corticosteroids (budesonide and dexamethasone) and selective COX2 inhibitors
(celecoxib) [188-192].

Table 6. Summary of subconjunctival administered drugs for the treatment of posterior segment
ocular diseases.

Pharmacologic Group Drug Pathology Reference
Antidiabetics Insulin Diabetic retinopathy [193]
. Carboplatin
Chemotherapeutics Retinoblastoma [194]
Topotecan
Folic acid analogues Methotrexate Granulom.a ’Fous [195]
panuveitis
Corticosteroids Dexamethasone Uveitis [196]

Thermo-responsive hydrogels are also systems that can be used to facilitate a sustained drug
delivery. This pharmaceutical form turns into a gel when contacting with the injection area due to a
temperature difference. These systems are employed as an alternative to the classic intravitreal route
mainly because of its minimally invasive procedure. Subconjunctival placement of insulin-impregnated
hydrogels has presented advantages over topical and intravitreal injection in DR treatment [197,198].

2.4.4. SubTenon’s Route

SubTenon’s route is one of the most promising routes to reach the eye posterior segment due to
the possibility of obtaining better pharmacokinetic profiles of the administered drugs [116,130,199].
SubTenon’s injection is placed in an avascular area between Tenon’s capsule and sclera, around the
upper portion of the eye and into the belly of the superior rectus muscle [179,200]. It is divided
into anterior and posterior segments at the insertions of extraocular muscles and their associated
fasciae [179,201].

Advantages and Limitations

As a general idea, subconjunctival injections show a better drug efficacy in the anterior segment,
while subTenon’s injections lead to an increased penetration to the posterior segment of the eye [202,203].

Drug passage to systemic circulation is reduced and the contact time with the sclera is prolonged
as a consequence of the pharmaceutical form injection. Nevertheless, drug elimination caused by the
choroidal circulation can produce a shortened duration of action [130].

Besides that, it should bear in mind that Tenon’s capsule degeneration is age-related, which leads
to an easier drug diffusion towards the retrobulbar cone. As a result, better drug levels are achieved in
the posterior segment of the eye [130].

Pharmacokinetics

A 2.5 cm long blunt-tipped cannula needle is usually employed in the injection procedure into
the Tenon’s capsule after a surgical incision. This is a widely used technique for local anesthesia
during ocular surgery because the cannula approach avoids sharp-needle complications [103,179].
The formulation volume is up to 4 mL and is injected around the muscle belly, behind the equator [179].
The possibility to inject a large volume into the subTenon’s space causes a lower and slower clearance
and a more readily transscleral drug delivery [199].

Some of the most employed applications by using subTenon’s administration route are:
corticosteroid injections (triamcinolone acetonide (TA)) for chronic posterior uveitis [204] and cystoid
macular edema treatment (see Table 7) [205].

Comparing the intravitreal effects versus subTenon’s TA administration for diabetic macular
edema (DMA), results showed that intravitreal TA injection had greater clinical effects than the
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subTenon’s injection [206,207]. Nevertheless, a lower incidence of serious complications has been
shown with subTenon’s injections than the intravitreal ones [206,208].

Table 7. Vitreous pharmacokinetic parameters for long-acting triamcinolone acetonide
subTenon’s injection.

Pharmacologic Half-Life Cmax
Group Drug Time (days) MRT (days) (ng/mL) Tmax (h)  Reference
Corticosteroids ~ LHameinolone 17.1 23.1 2 24 [209]
acetonide

2.4.5. Retrobulbar Route

Retrobulbar administration arises as an alternative route to the drug targeting the posterior ocular
pathologies treatment where the optic nerve or retrobulbar spaces are involved. Injection procedure
is based on drug inoculation into the space between the orbital rim and the balloon edge [176], the
retrobulbar space, which lies inside the extraocular muscle cone, behind the globe, being a deeper
injection and uses less volume (comparing it with the peribulbar one). The usual procedure for the
retrobulbar injection implies a 3 mm insertion beyond the posterior surface of the eyeball and the
maximum volumes of injections are 3—4 mL.

Advantages and Limitations

Complications associated with retrobulbar injections, although potentially severe, are uncommon.
Possible complications of retrobulbar injection include retrobulbar hemorrhage, globe perforation,
optic nerve damage, respiratory arrest, optic atrophy, retinal vascular occlusion, and extraocular muscle
myopathy [210]. This route has serious risks of causing ocular damage due to the proximity of the
optic, motor and sensory nerves [151].

As retrobulbar injections are performed outside the ocular globe, there is little or no influence on
intraocular pressure, in contrast to the intravitreal injections [179]. Compared to peribulbar injections,
retrobulbar administration is a deeper injection and uses less volume.

Moreover, an injection up to 5 mL may be made, which is a considerably higher volume compared
to the other types of administration to treat the ocular posterior segment diseases. This means that
higher amounts of drug can be administered.

Retrobulbar administration is mainly used for corticosteroids administration as an alternative
treatment to reduce the posterior segment inflammation. It is also used for local anesthesia injection in
certain intraocular surgeries, where drugs are directly administered into the muscular cone, an area
located among four eye muscles in the back of the globe.

2.4.6. Peribulbar Route

Peribulbar administration enables drug injection into the muscular extraconal compartment of
the eye, also called peribulbar space, which is externally localized to the rectus muscles.

Advantages and Limitations

It is frequently preferred for its ocular complications” low rate, theoretical safety and ease of
application comparing it with the retrobulbar route. Although both routes showed to be useful
in anesthesia or akinesia, their use is limited due to the procedure associated complications (e.g.,
eyeball perforation, oculomotor reflex stimulation, optic nerve trauma, and orbital hemorrhage) [160].
Moreover, the peribulbar administration is less effective for anesthetizing the eye than the retrobulbar
route, although a higher volume, up to 8-10 mL, may be injected [181]. However, this technique is
slower and less efficient than retrobulbar injection, besides the fact that it requires multiple injections
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and larger volume of the injected formulation. It also carries a higher risk of potential chemosis and an
intraocular pressure increase [211].

Currently, the peribulbar approach is a widely used method for the local anesthesia administration.
The injection procedure has been briefly described for the administration of lidocaine and bupivacaine
mixture as a local anesthesia pre-treatment in modern intraocular surgery [160]. A mixture of peribulbar
bupivacaine combined with TA and cefazolin was also studied as a prophylactic treatment to reduce
pain and possible inflammation and/or infection associated with vitreoretinal surgery [212].

2.4.7. Posterior Juxtascleral Route

The posterior juxtascleral injection, recently developed by Alcon Laboratories®, is an alternative
administration route based on the therapeutic agent deposition directly in the closest area to the macula,
without puncturing the eyeball [116]. It allows achieving higher drug concentrations in the target site
due to the fact that the scleral thickness decreases near the equatorial region, an aspect that promotes a
greater drug penetration towards the posterior segment of the eye [3,65].

This novel technique requires inserting a blunt-curved cannula after a conjunctival incision.
The curved cannula follows the scleral surface without puncturing the ocular globe and drug is injected
into the juxtascleral space overlying the macula. Besides, no clinically significant safety and efficacy
issues related to this administration pathway were reported [213].

In addition, this route reaches a drug therapeutic dose for up to 6 months in the macular region [174],
avoiding the risk of intraocular damage and reducing side effects, such as endophthalmitis, retinal
detachment and glaucoma, among others [116,174]. Besides, drug reflux, which occurs when the drug
flows back out of the incision made at the insertion site, may affect drug efficacy, although Alcon
Laboratories® have developed a counter pressure device to deal with this side effect. There is an
increased risk of systemic drug exposure due to the drug contact with the orbital tissue when compared
with intravitreal injections, though there is much less systemic exposure than occurs with either topical
or systemic therapy.

Currently, there are few commercial formulations which are administrated by using this
administration route, such as anecortave acetate (Retaane®) [214], a cortisol synthetic analogue used for
AMD treatment and prevention, or TA for DMA treatment unresponsive to laser photocoagulation [213].

2.4.8. Suprachoroidal Route

Suprachoroidal injection was introduced as a potential drug administration route to the posterior
segment of the eye although it is not clinically used at present [150]. Drug is injected into the
suprachoroidal space below the sclera inner surface using microneedles (micron-dimensions needles
that can infuse fluid into tissue with excellent spatial targeting), up to 50 uL maximum volume.
Formulation is distributed throughout the suprachoroidal space as a consequence of the pressure
exerted by the injection process itself [215].

The suprachoroidal space circumferentially goes around the eye and is located between the sclera
and choroid, leading to reach the macular area [216,217]. This administration route was tested for
drug delivery into the posterior segment of the eye employing surgical procedures (by introducing
catheters into this space) and gave rise to a long-term therapy, where drugs could be targeted towards
the choroid and retina by direct contact with the administration site [218,219].

Advantages and Limitations

Suprachoroidal delivery route theoretically presents several key advantages compared to the
standard intravitreal injections [220], such as that this space does not interfere with the optical pathways
and it is a good pathway to target diseases at the outer retina, photoreceptors, RPE and choroid.
Moreover, its diffusional pathways and pharmacokinetics are completely different from the intravitreal
one, being a possible resourceful way to target drugs to the posterior segment of the eye. In comparison
to other periocular administration routes, drug diffusion from the suprachoroidal space avoids several
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ocular barriers (e.g., cornea, conjunctiva and sclera). Additionally, the suprachoroidal space could act
as a potential reservoir inside the eye and sustained release formulations or devices could optimize
diffusional kinetics from this space. Finally, this space provides a safer way with larger biologic and/or
immunogenic agents [220]. There are also disadvantages involved, such as suprachoroidal hemorrhage
and choroidal detachment [221].

However, the access to the suprachoroidal space is complicated and the methods used were usually
invasive and too complex to be performed as a simple office procedure [218,219]. Pre- and post-injection
histology demonstrated that the potential space of the suprachoroidal region returns to a normal
configuration after a brief time period [220]. Also, using die-casting methods, the suprachoroidal
space is rather extensive and has the capacity to expand and accommodate a relatively large volume of
material [220]. Delivery device parameters’ optimization showed that microneedle length, pressure
and particle size played an important role in determining a successful delivery into the suprachoroidal
space. 800-1000 pm needle lengths, and 250-300 kPa applied pressures provided the most reliable
delivery [215]. The usual injection volume for the suprachoroidal administration has been determined
to be 25 puL [220].

Pharmacokinetics

Suprachoroidal administration leads to greater vitreous bioavailability for small lipophilic (1.5%)
and hydrophilic (0.19%) molecules, while macromolecules (4.2%) show a 6-23 times improvement in
terms of ocular bioavailability compared to the drug administration by subconjunctival route [150].

Compared with small molecules, macromolecules have a much longer half-life time in ocular
tissues where steady state is slowly reached. Drug levels in the vitreous humor are generally reached
15 h for small lipophilic drugs, 70 h later for small hydrophilic drugs and 500 h later for larger molecules.
Therefore, it was seen steady-state drug levels are quickly reached for small molecules, becoming
100-1000 times slower for macromolecules [150].

Several studies showed a significant fraction of the drug administered by the suprachoroidal
route was removed through conjunctival and regional lymphatic nodes, including those of high
molecular weight [6,175]. In addition, it should be taken into account that choroidal blood flow also
removes a huge part of the inoculated drug (96-99%) in the case of low molecular weight compounds,
whereas high molecular weight drugs will be removed from the tissue almost equally through the
choriocapillaris (54%) and the subconjunctival space (41%) [150].

Drug Delivery Systems

Currently, there are no pharmaceutical forms commercialized to be administered by suprachoroidal
injections. Nevertheless, this type of administration was widely studied by using fluorescein and
fluorescently tagged dextrans (40 and 250 kDa), bevacizumab and polymeric particles (20 nm to 10 pm
in diameter). Sulforhodamine B microneedle injection was also studied as well as nanoparticle
and microparticle suspensions into the suprachoroidal space [215,222]. TA formulations were
also researched as a way of DMA alternative treatment, as well as ranibizumab and bevacizumab
injections, although recent studies showed these large biologic proteins are quickly removed from the
suprachoroidal space [220].

2.4.9. Subretinal Route

Drug subretinal route has emerged as an alternative administration route to intravitreal
administration due to its side effects and lower adherence to treatment by patients derived from
the latter [223,224]. Thus, subretinal administration involves drug inoculation into the subretinal
space [224], an ocular space located between RPE cells and photoreceptors [224,225].
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Advantages and Limitations

Subretinal injection is an especially useful route for the posterior ocular pathologies treatment by
providing a direct route with a very precise location through a minimally invasive injection. A typical
volume of around 150 pL is injected, leading to a transient detachment between these two layers [2]. A
lower drug dose is needed to accurately reach subretinal-space cells.

Compared to intravitreal administration, subretinal injection has a direct effect on subretinal space
cells. Unlike vitreous cavity, subretinal space is an isolated closed anatomical area, which also has a
greater immunological defense mechanism providing a safer route of administration in case of entry of
bacteria [178,224].

Basically, three subretinal injection techniques have been studied, these being: (1) A transcorneal
route through the pupil, surrounding the lens, and passing the vitreous humor and the retina [226],
(2) a transscleral route through pars plana or limbus, crossing the vitreous humor and the opposite
side of the retina into the subretinal space [227], and (3) a transscleral route through the choroid and
Bruch’s membrane without penetrating the retina [224]. All routes were equally effective regardless
of the chosen one. The administration procedure is performed under direct visualization by using a
surgical microscope and where blister formation should be observed as a sign of the procedure success.

Drug Delivery Systems

Subretinal administration has been considered as one of the best strategies for gene therapy
using viral vectors, a carried-out treatment effectively achieved for pigmentary retinitis (PR) and
Leber’s congenital amaurosis (LCA) [225,227]. Gene expression is however limited to the injection site,
suggesting that the primary barrier for efficient therapy following subretinal injection is the retina
itself [2]. In addition, it was reported macrophages subretinal injection leads to pathological fibrosis,
which could be used for the advanced AMD evaluation [224]. Subretinal delivery can also be used
for stem cell transplantation in ocular degenerative diseases, which was reported in vivo studies and
aimed at clinical applications [224].

3. Conclusions

The eye is one of the most inaccessible organs in terms of obtaining therapeutic drug concentrations,
especially in the treatment of posterior segment ocular pathologies. Conventional administration
pathways, such as topical or systemic routes, usually show important limitations, either by low ocular
penetration or by the appearance of side effects linked to the posology, among others.

New drug delivery systems (DDS) are needed to prolong the administration intervals for posterior
segment ocular pathologies, even though the development of novel DDS is particularly complicated
due to several aspects must be considered, such as pharmacokinetics, immunogenicity, biodegradation,
tolerability and toxicity, among others. Apart from these, different technological requirements must be
taken into account, including reproducible manufacturing, clinical performance and sterility.

In the last few decades, an exponential increase in the design and development of novel DDS
intended for the treatment of posterior segment ocular pathologies was observed. Biodegradable and
non-biodegradable implants, microparticles, nanoparticles, microneedles, and microelectromechanical
systems are the most innovative ones. Unfortunately, knowledge about drug targeting to the posterior
segment of the eye is still sparse and, thus, there is not many DDS in clinical trials. Even so, memantine
ophthalmic formulations as neuroprotective are in III phase studies at the moment, inter alia.

Likewise, huge advances were made in terms of research and development of new alternative
administration routes to the posterior segment of the eye, including intravitreal and periocular
pathways as the most relevant ones, as well as their subtypes. All of them, including a conventional
administration routes (topical and systemic) show a series of specific pharmacokinetic characteristics,
making them useful for the treatment of certain posterior segment ocular pathologies. However,
these pathways have shown several advantages and limitations, where the election of one or another
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is dependent on, not just the pathology itself, but the pharmaceutical form, the drug used and the
patient’s adherence to treatment, among others.
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