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ABSTRACT

Treatment of majority of eye diseases involve the use of eye drops or eye ointments, which have major draw-
backs of needing frequent administration, lower bioavailability and inability to cross the various eye barriers.
This necessitates the use of novel delivery systems. Microneedles (MNs) as an alternate novel delivery system
facilitate drug delivery to various ocular diseases with promising approaches in healthcare. Advances in phar-
maceutical technology have made MNs provide localized, effective, less invasive and targeted drug delivery in
the eye. The purpose of this review is to provide an insight to efficacious therapeutic applications the MNs can
bring in various ocular diseases. Out of which, glaucoma, age-related macular degeneration, uveitis, retinal
vascular occlusion and retinitis pigmentosa are majorly discussed. Among the various types of MNs; solid coated,
hollow and dissolving polymeric MNs are specifically focused for their applications in ocular diseases. In ad-
dition, MNs shows improvement in the visual acuity and decreases the progression of the different ocular dis-

eases.

1. Introduction

Formulation development of novel drug delivery systems in the area
of eye are one of the most challenging because eye as an organ is most
sensitive to work on. Human eye has a spherical shape with diameter of
23-24 mm and is divided into two major segments that is anterior and
posterior segment [1]. The anterior part of the human eye has cornea,
iris, aqueous humor, ciliary body, conjunctiva; while the sclera, retina,
choroid, optic nerve forms the posterior part of the eye [2]. Anterior
segment diseases include glaucoma, cataract, conjunctivitis, anterior
uveitis while posterior segment diseases include age related macular
dysfunction (AMD), retinitis pigmentosa (RP), diabetic retinopathy. In
most of these disease there is a chance of partial vision loss or complete
blindness. Presently the different approaches to treat ocular diseases
include topical eye drops, oral therapy by tablets, intrascleral and in-
travitreal injection [3]. Topical and systemic route of administering
drugs result in low therapeutic drug levels due to multiple ocular bar-
riers, requiring administration of unnecessarily high concentrations of
which leads to toxicity [4]. It was estimated that around 285 million
people are suffering from vision problem, in which the population of
totally blind affected individuals are around 39 million and approxi-
mately 246 million population have low vision [1]. The conventional
drug delivery for eye suffers from drawbacks of needing repeated drug
administration which leads to patient non-compliance. These issues
arise the need to have novel drug delivery systems to provide not only

* Corresponding author.

the sustained drug action but also targeted delivery to overcome the
drawbacks of the conventional therapy [4].

Among the various novel drug delivery systems, injectable for-
mulations have the most impactful application as they can deliver the
right amount of drug in the desired area of the eye. Conventional hy-
podermic needles are used for giving therapy through intraocular in-
jections. There are various routes through which these intraocular in-
jections are given namely, subconjuctivial, periocular, intravitreal
(IVT), intracorneal etc. Considering this, some of the disadvantages
associated with intraocular injections are invasive nature, frequent
application of injections leads to non-compliance and also less bioa-
vailability [4-6].

Microneedles (MNs) are devices made up of polymer or metal
having dimensions in the range of few micrometres to 200 um. MNs
have micro sized projections which makes them minimal invasive in
nature. These MNs are able to not only overcome the disadvantages
associated with the presently used conventional delivery systems but
also are able to cross the ocular barriers to specifically target the drugs
at the needed site of action. MNs as a technique is efficient enough for
expediting percutaneous drug delivery. Other than the promising role
MNs have shown in eye treatment they are also useful in percutaneous
delivery across the oral mucosal, GIT and even nail. These micron sized
needle have easy insertion on to the eye for various types of applica-
tions. As compared to the traditional hypodermic needles these are less
painful and may be formulated to release the drug over a period of
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Table 1
Different anterior segment barriers.
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Anterior segment barriers

1 Pre-corneal lacrimal fluid

The clearance and turnover rate of lacrimal fluid through nasolacrimal duct is around 1 pL/min [8]. Cornea, lacrimal fluid, aqueous humor and

tear contain some amount of proteins and peptides. These proteins and peptides bind with the drug molecules and interfere with their release and

permeation [9].
2 Cornea

The main function of cornea is to protect the ocular tissue and limit the entry of outside molecules [10]. Cornea is composed of five distinct layers

which plays important role in the transport of molecule from anterior to posterior segment. These are epithelium, bowman's layer, Descemet's

membrane, stroma and endothelium. Importantly lipophilic molecule easily crosses the barrier due to barrier lipoidal nature but hydrophilic and

macromolecule are not able to cross [11,12].
3  Conjunctival membrane

Here, the presence of various blood capillaries results in loss of drug which leads to less ocular bioavailability. The drug lost enters into the
systemic circulation causing systemic side effects [13].

extended time. Hence, would not be required to be administered re-
peatedly [7].

This review article reflects the therapeutic applications of MNs in
several ocular diseases. There are various obstacles associated with the
conventional ocular delivery system, the article provides an insight of
how MNs overcome these obstacles and provide effective drug delivery.
Among various types of ocular diseases some of them are glaucoma,
age-related macular degeneration, uveitis, retinal vascular occlusion
and retinitis pigmentosa are majorly discussed. The article gives brief
explanation of various studies conducting on the use MNs in these
ocular diseases, which is directed to give advantage to the researcher to
work on in this area.

2. Different barriers associated with anterior and posterior
segments of the eye

Barriers associated with ocular drug delivery which hamper the
delivery of the correct amount of drug reaching the desired point of
contact. These barriers are divided into anterior and posterior barriers
and are elaborated in Table 1 and Table 2 respectively.

The barriers mentioned in Tables 1 and 2 reflect upon the need to
develop an alternate delivery system for the eye which would allow the
delivery of the drugs.

3. Different types of MNs

There are different types of MNs with varied therapeutic applica-
tions. However, the three types: solid coated, hollow and dissolving
polymeric MNs have tremendous role in ocular drug delivery. Fig. 1
gives in detail the different anatomical features of the eye with place-
ment of these three types of MNs. These three types are discussed in
detail in further sections.

3.1. Solid coated microneedles

Solid coated MNs are the type of MNs which are designed to simply
poke the tissue and the coating will immediately dissolve. After which
they can be removed. The poking will create a micron sized channel
which would allow effective or targeted delivery of the medication [7].
Solid MNs main function is to create pores within sclera or cornea of the

Table 2
Different posterior segment barriers.

eye. Material used for the fabrication of MNs includes metals like
stainless steel, silicon probes. Using of these materials for ocular de-
livery has disadvantages of being non-biodegradable and difficulty in
fabrication process [21]. In solid coated MNs, coating formulation are
applied onto the surface of MNs so when it is poked in the ocular tissue,
dissolution of coating formulation will take place and medicament will
release as shown in Fig. 2 [22].

3.2. Hollow microneedles

Hollow MNs are micron dimension needles having formulation
present inside the needles only. For the effective delivery of medication
inside the ocular tissue. Different formulations like nanoparticles and
micro particles are used to deliver the drug through hollow MNs. Apart
from the delivery into the eye hollow MNs are also used to deliver the
drugs to the skin like for insulin and for vaccine drug delivery [23].
Hollow MN's are manufactured from borosilicate micropipette tube,
biodegradable polymers or in some cases stainless steel can also be
used. Besides these materials, borosilicate micropipette tube is not
considered as an ideal material for clinical application. The fabrication
process includes micropipette puller technique wherein the material is
pulled up using a machine to create hollow space as well as help to
lengthen the needles. The strategy involve in delivery of medication is
to prick the ocular tissue, medication will release from the hollow space
of MNs and the patch will remove out as shown in Fig. 3 [24].

It provides targeted drug delivery in glaucoma treatment i.e. su-
pracilliary delivery which require volume around 35 pL confirmed from
various studies. The medication release from the hollow MNs follow
diffusion release mechanism which allow the faster delivery of drug at a
particular site within the eye [25].

3.3. Dissolving polymeric microneedles

To overcome the various disadvantages associated with hollow and
solid coated MNs like fabrication, applicability, difficulty in infusion,
accuracy etc. dissolving polymeric MNs come up as a strategy which
shows their feasibility with the ocular tissue as compared to hollow and
solid coated MNs [26]. They are fabricated with different types of
polymers which are biodegradable, biocompatible, easy to insert within
the ocular tissue The strategy associated with dissolving polymeric MNs

Posterior segment barriers

1 Sclera
hydrophobic ones [14,15].
2 Choroid

Sclera, the white portion of the eye, has considerable aqueous content which allows hydrophilic molecule to diffuse into the tissue more readily that

The main function of choroid is to provide nutrition, oxygen to the retina and also it is highly vascularized part [16,17]. Delivery of drug to the retina

decreases because of changes occur in choroidal thickness with age [18,19].

3 Blood- Retinal Barrier

Most important ocular barrier is blood- retinal barrier composed of retinal pigment epithelium and retinal capillaries of endothelial cells. Because of

presence of various matrix proteins, entry of unwanted molecule is restricted [20].

4 Retina
molecules [18].

As there are no barriers associated with retina but the inner membrane of retina consist of 10 different matrix proteins which restrict the entry of drug
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Fig 1. Human eye: Anatomical features with placement of three types of microneedles. The image depicts application of three types of microneedles (MNs)
patch namely, solid coated MN patch, hollow MN patch and dissolving polymeric MN patch. These patches are applied in cul-de-sac region of the eye for effective

delivery of medication.

Solid Coated
Microneedle patch
(apply 1n cul-de-sac
region )

Cul-de-sac
( Dissolution of coating formulat
and releasing of medication )

Fig 2. Mechanism of drug release from solid coated microneedles. The
image depicts the mechanism of solid coated microneedles, which are applied
in the cul-de-sac region of the eye and producing desirable action.

Hollow Microneedle patch
( apply in cul-de-sac region )
" N
Cul-de-sac \
( medication release
from the

microneedle )

Fig 3. Mechanism of drug release from hollow microneedles. The image
depicts the mechanism of hollow microneedles, which are applied in the cul-de-
sac region of the eye and producing desirable action.

Dissolving Polymeric
Microneedle patch
(apply 1n cul-de-sac region )

Cul-de-sac
(Dissolution of micr 5
and releasing of medication)

Fig 4. Mechanism of drug release from dissolving polymeric microneedles.
The image depicts the mechanism of dissolving polymeric microneedles, which
are applied in the cul-de-sac region of the eye and producing desirable action.

includes, firstly the Microneedle (MN) patch is applied to the ocular
tissue and secondly the drug which already incorporated within the
polymeric needle patch, will release inside the eye tissue [27] as shown
in Fig. 4.

The fabrication process of dissolving polymeric MNs involve steps
like-firstly, to prepare mold which is mostly made up from poly-
dimethyl siloxane considered as biodegradable in nature [28]. Second
step includes penetrating the mold with micron sized needle then
afterwards drying of mold should be takes place and finally polymer
drug formulation is introduced in the array of mold to get micron sized
polymeric needles [29].

4. Application of microneedles in various ocular diseases
4.1. Glaucoma

Glaucoma is the leading cause of irreversible blindness, and it is
estimated that it affects 70 million of population worldwide. It is a
dysfunction of one or more peripheral nerves of the eye. Glaucoma is
characterized by genetic as well as biological risk factors. It is a mul-
tifactorial disease which is characterized as degeneration of optic nerve
and characteristic appearance of optic nerve called as cupping, death of
retinal ganglionic cells, and ultimately visual field loss [30].

The major factor which is associated with glaucoma is increases in
intraocular pressure (IOP). IOP is defined as balance between formation
of aqueous humor by ciliary network and its removal through the in-
ternal outflow system [31,32]. Intra ocular pressure on the eye cause
stress on the lamina cribrosa, which is a mesh like structure having
nerve fibres and later on forming the optic nerve. Presence of stress on
lamina cause disarrangement, distortion of lamina and result in damage
of retinal ganglionic cells [33]. Secondary causes associate with glau-
coma includes oxidative stress, impaired immunity, etc [34]. There are
two internal outflow system trabecular meshwork system and uveal
meshwork system. Trabecular meshwork system consists of connective
tissues; it makes a bridge over scleral sulcus which is groove between
sclera and cornea. Trabecular pathway is the primary pathway for the
outflow of aqueous humor through the canal called as schlemm's canal.
The pathway is called as conventional pathway where, aqueous humor
drains into episcleral vein and aqueous vein [35]. While the other
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Fig 5. Human Glaucomic Eye. The image
illustrates human glaucomic eye that de-

supracilliary delivery of anti-
glaucomic drug)

Vitreous body ( showing building of
intra ocular pressure )

Overproduction of aqueous
humor fluid
Pupil
Lens
Cornea
Iris
Canal of schlemm's

(collects aqueous humor & drains
into the aqueous vein)

Cul-de-sac

pathway is named as unconventional pathway or uveal meshwork
system, here aqueous humor out through the sclera and drains into
episcleral vein and aqueous vein [36,37]. There are various diagnostic
features associated with the glaucoma as depicted in Fig. 5.

There are two main types of glaucoma, primary open angle glau-
coma and closed angle glaucoma. In primary-open angle glaucoma,
conditions arise like increase resistance in aqueous humor outflow and
obstruction in trabecular meshwork pathway [38]. While in closed
angle glaucoma obstruction in aqueous flow occur due to iris and this
lead to increase in intraocular pressure and damage of optic nerve [39].
The treatment for glaucoma includes use of topical agents, different
class of drugs are used in glaucoma like beta blocker, alpha adrenergic
agonist, carbonic anhydrase, prostaglandin analogues, cholinergics, etc.
while in severe cases surgeries are performed like trabeculectomy in
case of open angle glaucoma and iridotomy in case of closed angle
glaucoma [40]. Emerging therapy also takeover these conventional
therapies for glaucoma which include use of MNs and specifically given
into the supracilliary area for effective delivery of drug and some
medications and routes for glaucoma are still in research process.

Jiang et al., demonstrated the use of coated stainless steel MNs for
the drug delivery in the anterior part of the eye for the treatment of
glaucoma. They use pilocarpine which is given through intrascleral
route and increase the absorption rate of drug around 45 fold [7]. It was
also demonstrated that there was an increase in the delivery of fluor-
escein by 60-fold when it was compared with topical delivery. The size
of MNs was 500-750 um in length. They also illustrated the use hollow
MNs for delivery of sulforhodamine through intrascleral route. The
fabrication of hollow MNs was done using borosilicate micropipette
tube which allow delivery of drug at a particular concentration i.e.
10-35 pL from each MN present in the array [7,41,42].

Patel et al. studied the use of hollow MNs for the delivery of drug
into the suprachoroidal space. In this study, they demonstrate the slow
delivery of drug incorporated in nanoparticle and micro particle for-
mulation into the posterior segment of the eye [43].

4.2. Age related macular degeneration (AMD)

AMD is a condition occur in elder people which is characterized by
loss of vision due to degradation or degeneration of macula portion of
retina, which functions as for central vision [44]. So as macula is af-
fected, the outer layer of retina, retinal pigment epithelium membrane
is also degraded [45]. It causes loss of cones and rods photoreceptor
cells which ultimately die afterwards and leads to severe symptoms
such as vision loss completely [46]. It is acquired condition which af-
fects millions of people around the world [47]. There are several risk

Supracilliary picts development of intraocular pressure
space and also leads to damage of the optic nerve.
Sclera Image also shows delivery of medication in

glaucomic eye through syringe onto which
hollow MN is attached and it is given in the
supracilliary space for effective and tar-
geted delivery.

Choroid

Retina

Damage of optic nerve

factors linked with AMD like family history, age, sun exposure, ocular
factors, oxidative stress and smoking [48]. Classification of AMD in-
cludes-dry AMD and wet AMD. Dry AMD is defined as formation and
deposition of drusen i.e. accumulation of white coloured material near
retinal pigment epithelium. while wet AMD is new vessels establish-
ment which is weak and leaky in nature. Wet AMD is considered more
severe form of AMD are described in Fig. 6 [49,50]. Pathogenesis of
AMD can be categorized into three different categories depicted in
Table 3.

Treatment for AMD includes, anti-VEGF (Vascular Endothelial
Growth Factor) VEGF is a type of glycoprotein and take part in the
formation and maturation of new blood vessels and maintain the vas-
cular permeability by binding with its receptor which is present on
endothelial cells [55]. Overexpression of VEGF in case of AMD patients
causes formation of new leaky blood vessels which on further pro-
gression cause haemorrhage [58]. To prevent the formation of new
blood vessels anti-VEGF therapy Pegaptanib, Ranibizumab, Bev-
acizumab is given as an intravitreal injection [59-61].

Photodynamic treatment (PDT) which includes using of photo-
sensitizing drug, verteporfin (Visudyne) which is given by intravenous
route for 10 min along with shining of cold laser at 689 nm wavelength
for 15min into the eye that will function as to excite or activate the
drug [50,53]. The activated drug damage the endothelial cells, or it
directly damage the abnormal blood vessels in CNV. Latest literature
suggests that, PDT in some cases increase the expression of VEGF that
will create dreadful condition and allow to use anti-VEGF therapy along
with PDT [62]. Another treatment described as laser photocoagulation
wherein, argon and krypton laser is used. Laser produces the rays
having enough energy to cause thermal reaction and because of thermal
reaction abnormal blood vessels coagulate and blocked [63].

In this section three current studies related to use of MNs in the
treatment of AMD are described in detail to understand the role of MNs
in AMD.

Kadonosono et al. studied the use of tissue plasminogen activator
(tPA) and air using MN to treat sub-macular haemorrhage which occur
in case of secondary age-related macular degeneration. Sub-macular
haemorrhage is a condition in which blood is being present between the
retinal pigment epithelium and retina. Presence of blood arise due to
choroidal neovascularization or wet AMD [64,65]. The tPA is used to
dissolve the clot and air is used to displace the clot. In this study, first
they performed vitrectomy which is the removal of vitreous humor
from the eye. Afterwards MN was connected with syringe and the whole
instrument was installed in vitrectomy machine [65,66]. The tPA was
given at a pressure of 15 mmHg while the air was given with the same
MN at a pressure of 4 to 6 mmHg. The result of the study has shown that
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Wet Age-related Macular
Degeneration
(showing leakage of
blood from
new leaky blood vessels)

Dry Age-related
Macular Degeneration
(Showing deposition
of drusen)

Fig 6. Different routes of medication through microneedle in Age-related Macular Degeneration (AMD). The image showing AMD disease in the eye wherein
drusen deposition occur in dry AMD and in wet AMD leaky new blood vessels are formed. It shows various routes through which injection (attached with micro-

needle) is given like sub-conjunctival, intrastromal and intravitreal route.

Table 3
Pathogenesis of AMD.

Drusen genesis/non-exudative form/non-neovascular form

Lipofuscin genesis

Angiogenesis/exudative form/neovascular form

(A) Deposition of small yellow coloured fatty substances
called drusen, which collect between Retinal Pigment
Epithelium (RPE) and Bruch's membrane in retina of
an eye [51].

(B) Drusen contain substances which lead to
inflammation further like lipoproteins, lipids, amyloid
beta or (Ap) and complement factors (mainly cause

(A) Lipofuscin genesis is the main characteristic
feature of stargardt disease. The disease is described
as mutation in ABCA4 gene (ATP Binding cassette
subfamily A and member 4). Because of mutation, it
causes deposition of lipid materials which is termed as
lipofuscin genesis. This process is also observed in
retinal degenerative disease like AMD [54].

(A) Neovascular form of AMD is define as emergence of
new blood vessels from existing one.

(B) These new blood vessels are fragile or leaky in nature
which makes it different from normal blood vessels [55].
(C) If leakage occur on further progression of disease leads
to haemorrhage between RPE membrane and the choroid
[56].

inflammation) [52]. Drusen can be categorized as hard
and soft drusen. Soft is considered as more severe form
as compared to hard which on progression of disease
leads to advanced or exudative form of AMD [53].

(D) Several factors associated with this specifically VEGF
(vascular endothelial growth factor) which function as to
activate the Gy stage of cell and cause multiplication of
cells or growth of cells, relocation of cells cause
neovascularization [57].

Table 4
Two types of retinal ocular occlusion.

S.No Retinal vein occlusion Retinal artery occlusion [100]

1 Cause Blockage of retinal veins which lead thrombosis Blockage of retinal arteries which lead thrombosis

2 Category Central Retinal Vein Occlusion (CRVO) and Branched Retinal Vein Occlusion Central Retinal Artery Occlusion (CRAO) and Branched Retinal Artery
(BRVO) [91,92] Occlusion (BRAO)
CRVO is more devastating as compared to the BRVO but BRVO is more
common than CRVO [93].

3 Risk Factors  High blood pressure, high cholesterol, smoking, haemodynamic and Diabetes mellitus, hypertension, vascular spasm, atherosclerotic plaques
haematogenic changes, diabetes (fat deposition), carotid artery disease and angigitis.
Other risk factors include, compression, generated by central artery. Central Sometimes severe glaucoma and ophthalmic surgeries which cause
vein and central artery in retina run together so, when there are any changes  compression on arterial vessel also leads to the development of disease.
occurred in the central artery it causes impact on the central vein. Due to
compression, flow of blood in veins are affected and thrombosis occur [94,95].
Further complications related with retinal vein occlusion are
neovascularization, vitreous haemorrhage and edema in the macula [91].

4 Treatment There is no proven treatment develop till now for the disease, medications are ~ Here also, there is no clinically approved treatment available.

only useful to avoid future complications [91].

It includes tissue plasminogen activator which work as thrombolysis through
intra-vitreal route; anti-VEGF therapy is given also from intra-vitreal route via
injection; corticosteroids are used to avoid complications associated with the
components that take part in the development of retinal vein occlusion and
laser treatment also gaining importance nowadays [96-99].

Therapy for the disease to increase the perfusion pressure of retinal
circulation are used to reduce the intra-ocular pressure which includes,
carbonic anhydrase inhibitors, dilatation of vessels through vasodilators,
thrombolytic agents, antiplatelet therapy and fibrinolytic agents. It was
reported that ocular massage also helps to dilatation of vessels and
disintegrate clots.

the procedure helps to avoid surgical complications and able to achieve
improved visual acuity using MNs [65].

The use of tower MNs via intravitreal injection to deliver anti-vas-
cular endothelial growth factor antibody to treat exudative form of
AMD or neovascularization as depicted in Fig. 6 [67]. In this study the

effect of IVT injection through hypodermic needle and tower needle
was studied. Hypodermic needles are 27-30 gauge needles, most
commonly used in the treatment of neovascular AMD. It is having large
outer diameter due to which leads to surgical complications like hae-
morrhage, retinal detachment, flow of drug in opposite direction,
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Table 5
Different forms of non-syndromic RP.
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S.No. Autosomal Dominant RP [105]

Autosomal Recessive RP [106]

X-linked RP [106]

RHO (Rhodopsin)

PRPF 31 (Pre-mRNA processing factor)

PRPH2 (Peripherin 2/RDS- Retinal degenerative slow gene).
RP1(Retinitis pigmentosa 1)

AW N =

RPEG65 (retinoid isomerohydrolase 65)
PDE6A & PDE6B (Rod ¢cGMP- specific 3’, 5" cyclic phosphodiesterase)

RPGR (RP GTPase regulator)

cataract, etc. [67,68]. To avoid these complications associated with
hypodermic needles, new type of needle named as tower needle have
been developed. Tower MNs are the type of hollow MN with less outer
diameter and long enough to penetrate sclera. In this study, they in-
duced neovascularization in a mouse using laser to generate AMD
mouse model and delivered anti-VEGF antibody therapy via tower MN.
Later to confirm the size of bleb in both the cases, they inject sodium
fluorescein through IVT and measure the size [69,70]. On comparing
both these needles it was found that, hypodermic MNs cause bleb for-
mation, meaning, during needle penetration a small hole is formed
called as scleral hole which leads to formation of channel through
which vitreous humor flow from vitreous chamber to subconjuctivial
space [70]. The accumulation of fluid in the subconjuctivial space
called as bleb. While with tower MN there is no or less bleb formation
as the outer diameter of tower MN is less. Also there is no surgical
complications associated with tower MNs [71].

Y.C. Kim et al. studied the hypothesis of intrastromal delivery of
bevacizumab using coated MN and compared with topical and sub-
conjuctivial delivery for the treatment of corneal neovascularization
[72]. They induce corneal neovascularization in the healthy New
Zealand rabbits with silk suture and later they monitored the formation
of neovascularization. First, dose is given through topical route show
less effectiveness because of various barrier properties, loss of drug and
side effects [73,74]. Second, delivery of drug through subconjuctivial
route via hypodermic needle cause side effects like thinning of con-
junctiva, changes occur in sclera, etc. [75-77]. Third, dose is given
through intrastromal route with coated MN [77-79]. Later they com-
pared the result obtained from all these studies and found drug delivery
through coated MN show promising effect with reduced side effects and
provide targeted drug delivery to the corneal stroma to treat corneal
neovascularization. Yet intrastromal route is considered same as sub-
conjuctivial route but usage of drug is less in intrastromal route and
also it is considered as superior to topical route [72].

4.3. Upveitis

Uveitis is a broad term covering the inflammatory and infectious
conditions related with the eye. It is considered as major form of ocular
disease which leads to blindness. Uvea is the inner lining within the eye
consisting of iris, choroid, ciliary body and also associated structures
like retina, sclera and optic nerve [80,81]. Uveitis can be categorized
into four categories namely, anterior, intermediate, posterior and pa-
nuveitis. The primary site for anterior uveitis is anterior chamber; for
intermediate uveitis, vitreous; for posterior uveitis, retina or choroid
and for panuveitis all three sites are involved anterior chamber, vitr-
eous and retina or choroid [82]. The most common cause of infectious
uveitis includes toxoplasmosis, leptospirosis, onchocerciasis, cystice-
cosis, etc. while the cause associated with non-infectious uveitis is
heterochromic iridocyclitis, chorioretinopathy, etc. [83,84]. Manage-
ment of disease require treatment which includes medications like
immunosuppressive agents that includes corticosteroids; cytotoxic
drugs like chlorambucil, cyclophosphamide; biological agents like TNF-
a like etanercept, infliximab, adalimumab; non-corticosteroids therapy
include Anti-VEGF therapy (Bevacizumab) [84-88].

Study related with the treatment of posterior uveitis using MN de-
scribed under as:

Gilger et al. demonstrated the use of MN for the treatment of acute
posterior uveitis by administering triamcinolone acetonide (TA). As
there are several complications associated with delivery of medication
in the posterior segment of the eye. So they develop a method in which
medication is given through hollow MN in the suprachoroidal space
(SCS) (potential space between choroid and sclera adjacent to the
posterior segment of the eye). In this study they use porcine model to
evaluate the effect of TA in acute posterior uveitis. Result of the study
shows that 2 mg of TA was able to reduce posterior inflammation as far
as for 3 days. Also there was no sign of retinal toxicity or elevated IOP
after SCS injection [89].

4.4. Retinal vascular occlusion

Retinal vascular occlusion is the retinal disease characterized by loss
of vision. For the efficient working of retina, it requires constant supply
of blood, oxygen, nutrients and also removal of waste. The vascular
system which is present in the retina includes several arteries and veins.
When these arteries and vein gets blocked or clots developed it leads to
a condition called as occlusion. Retinal vascular occlusion is divided
into two types: retinal vein occlusion and retinal artery occlusion as
depicted in Table 4 [90].

Study related with the use of MNs to treat retinal vein occlusion
depicted as: Kadonosono et al. illustrated the use of MN for retinal
endovascular cannulation to treat central retinal vein occlusion. Earlier,
cannulas made up of glass are used to treat the disease but because of
frangibility and other complications, they develop a novel method of
using MNs to dilate the retinal vein occlusion [101]. In this study, they
fabricated a stainless steel 50 um MN having 20 pm inner diameter. The
MN is attached to the syringe having 10 pl of saline solution and design
to pierce the occulated central retinal vein in order to remove thrombus
which is present inside the vein. Here, they enrolled 12 patients having
this disease to perform their study. The result shows that there were no
or few complications occurred, the surgical treatment with MN shows
effective result and able to improve visual acuity [101].

In one of the recent study, it was reported that the endovascular
cannulation can be performed with the help of MNs to treat retinal
artery occlusion [102]. In this study 13 CRAO patients were enrolled
and surgery was performed with tPA to treat embolism within the ar-
tery. For this they use 47-gauge MN fabricated with stainless steel and
attached with the syringe. First vitrectomy was performed a then tPA
solution was successfully injection using MN attached with the syringe.
Around 85% patients showed improvement in the visual acuity after
cannulation. There was only single complication occurred in one of the
treated eye which shows vitreous haemorrhage. The result of the study
describes as endovascular cannulation using MN to treat CRAO proves
to be successful if it is performed as soon as after the onset of CRAO
symptoms [102].

4.5. Retinitis pigmentosa (RP)

Retinitis pigmentosa is an inherited form of ocular disease consist of
different heterogeneous conditions that occur because of damage in rod
and cone cells, especially rod cells and in later course of disease cone
cells are also affected and therefore this condition is also known as rod-
cone dystrophy. The characteristic feature of RP is change in the
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Table 6

Different forms of syndromic RP [107].

Neurological disease

Metabolic disease

Less frequent syndromes Dysmorphic syndromes

Frequent syndromes

Neuronal ceroid lipofuscinosis (also called Batten disease or amaurotic idiocies),

Joubert syndrome (JBTS)

Abetalipoproteinemia (Bassen Korntzweig disease)

Bietti's disease
Refsum disease

Cohen syndrome

Jeune syndrome

Senior Loken syndrome (SLS)

Alport syndrome

Usher syndrome

Bardet Biedl syndrome (BBS)

Hallervorden-Spatz syndrome

Cockayne syndrome
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pigment of photoreceptor cells that will lead to pigmentation which
occurred in bone-spicules form in early stages of disease. The symptoms
related to RP is night blindness in primary stage because of rod cell
impairment, as disease progresses, it affects the peripheral vision also
because of impairment of macula and fovea which leads to cone cell
dysfunctioning [103]. Retinitis pigmentosa broadly categorized as
syndromic form and non-syndromic form of disease. Non-syndromic
form includes conditions which may occur due to mutation in several
types of genes while syndromic form includes ocular along with sys-
temic disease [104]. On the basis of types of genes non-syndromic forms
categorized as; Autosomal Dominant RP, Autosomal Recessive RP and
X-linked RP [105]. The genes which is most commonly responsible for
causing non-syndromic RP is given under Table 5 while syndromic
forms of RP are describe under Table 6.

Various therapies are available for treating retinitis pigmentosa
which includes gene therapy, anti-apoptic agents, neurotrophic factors
and retinal prostheses. Gene therapy is considered as one of the pro-
mising treatment in case of ocular disease as it reduces the systemic side
effects along with it showed effective result in preclinical and clinical
studies. It is performing by using viral as well as non-viral vectors. Viral
vectors like AAV (Adeno associated virus, lentivirus and adenovirus)
and non - viral vectors include liposomes, nanoparticles in compact
form, various polymers and also polypeptides [108]. Viral vectors are
generally injected through subretinal route provide easy transduction
while non-viral vectors are injected through intravitreal route and its
transduction is not efficient as with viral vectors. New advancement in
non-viral treatment includes using of coated nanoparticle which is
made up of polyactide and the coating formulation is made up of two
components, human albumin serum and hyaluronic acid [109].

Treatment with use of neurotrophic factors, these factors are re-
sponsible for the development, survival and growth of neurons and
maintain the maturation process of neurons. There are several number
of neurotrophic factors present in a system, in case of an eye it is likely
to be present in retina and in muller cells which function as a growth
factor for neurons [110]. These are small protein secreted inside the
body and act as a safeguard for photoreceptor cells. Some of them are
ciliary neurotrophic factor (CNTF), glial cell derived neurotrophic fac-
tors (GDNF), fibroblast growth factor (FGF), brain derived neurotrophic
factor (BDNF), etc [109]. Among all these factors, clinical trial is con-
ducted on CNTF implants which contain RPE cells. On implantation
these cells release CNTF through the membrane. Phase I data explain
improvement in vision after one year of implantation without any ad-
verse effect and phase II studies is going on [109].

Anti-apoptic agents are used to inhibit the mechanism of apoptosis
of photoreceptor cells like myriocin, norgestrel, tauroursodeoxycholic
acid (TUDCA) and rasagiline. TUDCA originate from bile of bears and
act as a neuroprotective and inhibit the programme cell death me-
chanism [111]. Rasagiline main function is to inhibit the enzyme
monoamine-oxidase and used as medication for Parkinson and have
neuroprotective function [112]. Also norgestrel act as neuroprotective
which is a progesterone derivate also increases the cell survival by
doing anti-apoptic action [113]. Likewise, myriocin also increases the
cell survival by destroying ceramide which act as an important factor in
cell death pathway [114].

Retinal prostheses, these are the implanted devices for an eye which
is use to regulate or increase the neuronal signal in photoreceptor cells
to improve the vision with the help of power supply into those im-
planted devices. Argus II and Argus IMS are two approved devices for
retinal therapy, their components include outer wireless part which
supply power, inner part containing array of electrodes placed inside
retina, receiving coil, external and internal coils, camera [115]. Other
effective therapeutic approaches are vitamin therapy as an antioxidant,
cell transplantation which includes retinal cell transplantation and stem
cell transplantation are also considered as one of the novel techniques
[115]. Study related with use of MN for gene delivery in the RP affected
eye are described as below:
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The study shows delivery of RNAi (interference) delivery through
AAV based vector to treat mutated RHO (rhodopsin) autosomal domi-
nant gene in the case retinitis pigmentosa. Principal emphasis of study
is on suppression and replacement of mutated gene. Transgenic mouse
model which mimic the human RHO autosomal dominant gene was
used in the study [116,117]. AAV based vector carrying RNAi to supress
the mutated gene along with replacing gene from the endogenous
mouse. The vector was injected with the help of 34-gauge MN attached
with the syringe in the subretinal space for efficient delivery. The
current study shows the suppression and replacement of mutated gene
in a mouse model provide effective improvement in the evaluation
process during electroretinography (ERG), a machine which, measures
the electrical signal of retina, inner retinal cells and photoreceptor cell.
The result of the study described that, it is an efficient method to de-
crease the progression of disease or retinal degeneration and can be
useful in many other leading genetic conditions [117].

5. Conclusion

Delivery of medication in the eye is a challenging aspect due to
various ocular barriers and low therapeutic profile of conventional
delivery. Lower drug penetration into the ocular tissue in conventional
dosage forms lead to usage of intraocular injections. These conventional
hypodermic needles are used to deliver drugs through various routes
depending on the types of disease which includes intracorneal, in-
travitreal, periocular, supracilliary delivery etc., On the contrary, these
conventional hypodermic needles have drawbacks like frequent ad-
ministration, invasive nature and less bioavailability. These drawbacks
are successfully overcome by micron sized MNs, which is the growing
technology for effective drug delivery in the various ocular diseases.
MNs not only decrease the progression of disease but also reduces the
retinal degeneration. Mostly, three types of MNs are used for ocular
drug delivery, solid coated MNs, hollow MNs and dissolving polymeric
MNs. Numerous studies recently have shown application of MNs in
ocular diseases like glaucoma, age related macular degeneration,
uveitis, retinal vascular occlusion, retinitis pigmentosa and many more.
In these studies, ocular therapy using MNs have indicated decrease in
the progression of eye diseases and proves to be an upcoming emerging
therapy. In conclusion, the MNs can be effectively used for most of the
eye diseases even in cases which are genetically linked.

References

[1] K.S.Yadav, R. Rajpurohit, S. Sharma, Glaucoma: Current Treatment and Impact of
Advanced Drug Delivery Systems 221 Life Sciences, 2019, pp. 362-376, https://
doi.org/10.1016/j.1fs.2019.02.029.

[2] C. E Willoughby, D. Ponzin, S. Ferrari, A. Lobo, K. Landau, Y. Omidi, Anatomy and
physiology of the human eye: effects of mucopolysaccharidoses disease on struc-
ture and function-a review, Clin. Exp. Ophthalmol. 38 (2010) 2-11, https://doi.
org/10.1111/j.1442-9071.2010.02363.x.

[3] S.S. Lee, P. Hughes, A.D. Ross, M.R. Robinson, Biodegradable implants for sus-
tained drug release in the eye, Pharm. Res. 27 (2010) 2043-2053, https://doi.org/
10.1007/511095-010-0159-x.

[4] D. Ghate, H.F. Edelhauser, Ocular drug delivery, Expert Opin. Drug Deliv. 3 (2006)
275-287, https://doi.org/10.1517/17425247.3.2.275.

[5] V.H. Lee, J.R. Robinson, Topical ocular drug delivery: recent developments and
future challenges, J. Ocul. Pharmacol. Ther. 2 (1986) 67-108, https://doi.org/10.
1089/jop.1986.2.67.

[6] R.R. Thakur Singh, I. Tekko, K. McAvoy, H. McMillan, D. Jones, R.F. Donnelly,
Minimally invasive microneedles for ocular drug delivery, Expert Opin. Drug
Deliv. 14 (2017) 525-537, https://doi.org/10.1080/17425247.2016.1218460.

[7]1 J. Jiang, H.S. Gill, D. Ghate, B.E. McCarey, S.R. Patel, H.F. Edelhauser,

M.R. Prausnitz, Coated microneedles for drug delivery to the eye, Investig.
Ophthalmol. Vis. Sci. 48 (2007) (2007) 4038-4043, https://doi.org/10.1167/iovs.
07-0066.

[8] J.P. Leeming, Treatment of ocular infections with topical antibacterials, Clin.

Pharmacokinet. 37 (1999) 351-360, https://doi.org/10.2165/00003088-

199937050-00001.

T.J. Mikkelson, S.S. Chrai, J.R. Robinson, Competitive inhibition of drug-protein

interaction in eye fluids and tissues, J. Pharm. Sci. 62 (1973) 1942-1945, https://

doi.org/10.1002/jps.2600621207.

[10] A. Urtti, Challenges and obstacles of ocular pharmacokinetics and drug delivery,

[9

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]
[32]

[33]

[34]

[35]

[36]

[37]

[38]

Life Sciences 237 (2019) 116907

Adv. Drug Deliv. Rev. 58 (2006) (2006) 1131-1135, https://doi.org/10.1016/j.
addr.2006.07.027.

R. Gaudana, H.K. Ananthula, A. Parenky, A.K. Mitra, Ocular drug delivery, AAPS
J. 12 (2010) 348-360, https://doi.org/10.1208/512248-010-9183-3.

C.E. Willoughby, D. Ponzin, S. Ferrari, A. Lobo, K. Landau, Y. Omidi, Anatomy and
physiology of the human eye: effects of mucopolysaccharidoses disease on struc-
ture and function-a review, Clin. Exp. Ophthalmol. 38 (2010) (2010) 2-11,
https://doi.org/10.1111/j.1442-9071.2010.02363.x.

U.B. Kompella, R.S. Kadam, V.H. Lee, Recent advances in ophthalmic drug de-
livery, Ther. Deliv. 1 (2010) (2010) 435-456, https://doi.org/10.4155/tde.10.40.
J.R. Dunlevy, J.A.S. Rada, Interaction of lumican with aggrecan in the aging
human sclera, Investig. Ophthalmol. Vis. Sci. 45 (2004) 3849-3856, https://doi.
org/10.1167/iovs.04-0496.

J. Ambati, C.S. Canakis, J.W. Miller, E.S. Gragoudas, A. Edwards, D.J. Weissgold,
I. Kim, F.C. Delori, A.P. Adamis, Diffusion of high molecular weight compounds
through sclera, Investig. Ophthalmol. Vis. Sci. 41 (2000) (2000) 1181-1185.

N. Kuno, S. Fujii, Recent advances in ocular drug delivery systems, Polymers 3
(2011) 193-221, https://doi.org/10.3390/polym3010193.

Y. Ikuno, K. Kawaguchi, T. Nouchi, Y. Yasuno, Choroidal thickness in healthy
Japanese subjects, Investig. Ophthalmol. Vis. Sci. 51 (2010) 2173-2176, https://
doi.org/10.1167/i0vs.09-4383.

M. Hornof, E. Toropainen, A. Urtti, Cell culture models of the ocular barriers, Eur.
J. Pharm. Biopharm. 60 (2005) 207-225, https://doi.org/10.1016/j.ejpb.2005.01.
009.

A. Than, C. Liu, H. Chang, P.K. Duong, C.M.G. Cheung, C. Xu, X. Wang, P. Chen,
Self-implantable double-layered micro-drug-reservoirs for efficient and controlled
ocular drug delivery, Nat. Commun. 9 (2018) 4433, https://doi.org/10.1038/
5s41467-018-06981-w.

J. Barar, A.R. Javadzadeh, Y. Omidi, Ocular novel drug delivery: impacts of
membranes and barriers, Expert Opin. Drug Deliv. 5 (2008) 567-581, https://doi.
org/10.1517/17425247.5.5.567.

S.R. Patel, H.F. Edelhauser, M.R. Prausnitz, Targeted drug delivery to the eye
enabled by microneedles, Drug Product Development for the Back of the Eye,
Springer, Boston, MA, 2011, pp. 331-360, , https://doi.org/10.1007/978-1-4419-
9920-7.

S.H. Bariya, M.C. Gohel, T.A. Mehta, O.P. Sharma, Microneedles: an emerging
transdermal drug delivery system, J. Pharm. Pharmacol. 64 (2012) 11-29, https://
doi.org/10.1111/§.2042-7158.2011.01369.x.

Y.C. Kim, J.H. Park, M.R. Prausnitz, Microneedles for drug and vaccine delivery,
Adv. Drug Deliv. Rev. 64 (2012) 1547-1568, https://doi.org/10.1016/j.addr.
2012.04.005.

H.J. Gardeniers, R. Luttge, E.J. Berenschot, M.J. De Boer, S.Y. Yeshurun,

M. Hefetz, R. van't Oeverand, A. van den Berg, 2003. Silicon micromachined
hollow microneedles for transdermal liquid transport, J. Microelectromech. Syst.
12 (2003) 855-862, https://doi.org/10.1109/JMEMS.2003.820293.

H.F. Edelhauser, C.L. Rowe-Rendleman, M.R. Robinson, D.G. Dawson,

G.J. Chader, H.E. Grossniklaus, K.D. Rittenhouse, C.G. Wilson, D.A. Weber,

B.D. Kuppermann, K.G. Csaky, Ophthalmic drug delivery systems for the treatment
of retinal diseases: basic research to clinical applications, Investig. Ophthalmol.
Vis. Sci. 51 (2010) 5403-5420, https://doi.org/10.1167/iovs.10-5392.

R.R.S. Thakur, I.A. Tekko, F. Al-Shammari, A.A. Ali, H. McCarthy, R.F. Donnelly,
Rapidly dissolving polymeric microneedles for minimally invasive intraocular
drug delivery, Drug. Deliv. Transl. Res. 6 (2016) 800-815, https://doi.org/10.
1007/513346-016-0332-9.

J.H. Park, M.G. Allen, M.R. Prausnitz, Biodegradable polymer microneedles: fab-
rication, mechanics and transdermal drug delivery, J. Control. Release 104 (2005)
51-66, https://doi.org/10.1016/j.jconrel.2005.02.002.

Q.L. Wang, D.D. Zhu, Y. Chen, X.D. Guo, A fabrication method of microneedle
molds with controlled microstructures, Mater. Sci. Eng. C 65 (2016), https://doi.
org/10.1016/j.msec.2016.03.097 135-14.

N.R. Mogusala, V.R. Devadasu, R.K. Venisetty, Fabrication of Microneedle Molds
and Polymer Based Biodegradable Microneedle Patches: a Novel Method,
American Journal of Drug Delivery and Therapeutics, ISSN, 2015, pp. 2349-7211.
R. Agarwal, S.K. Gupta, P. Agarwal, R. Saxena, S.S. Agrawal, Current concepts in
the pathophysiology of glaucoma, Indian J. Ophthalmol. 57 (2009) 257, https://
doi.org/10.4103/0301-4738.53049.

A.J. Sit, J.H. Liu, 2009. Pathophysiology of glaucoma and continuous measure-
ments of intraocular pressure, Mol. Cell. Biomech. 6 (2009) 57-69.

K.S. Yadav, S. Sharma, Implantable drainage devices in glaucoma: quo vadis? Eur.
J. Pharm. Sci. 133 (2019) 1-7, https://doi.org/10.1016/j.ejps.2019.03.007.

R.D. Fechtner, R.N. Weinreb, Mechanisms of optic nerve damage in primary open
angle glaucoma, Surv. Ophthalmol. 39 (1994) 23-42, https://doi.org/10.1016/
$0039-6257(05)80042-6.

M. Almasieh, A.M. Wilson, B. Morquette, J.L.C. Vargas, A. Di Polo, The molecular
basis of retinal ganglion cell death in glaucoma, Prog. Retin. Eye Res. 31 (2012)
152-181, https://doi.org/10.1016/j.preteyeres.2011.11.002.

E.R. Tamm, The trabecular meshwork outflow pathways: structural and functional
aspects, Exp. Eye Res. 88 (2009) 648-655, https://doi.org/10.1016/j.exer.2009.
02.007.

S. Bhartiya, P. Ichhpujani, T. Shaarawy, Surgery on the trabecular meshwork:
histopathological evidence, J. Curr. Glaucoma Pract. 9 (2015) 51, https://doi.org/
10.5005/jp-journals-10008-1184.

A. Bill, K. Hellsing, Production and drainage of aqueous humor in the cynomolgus
monkey (Macaca irus), Investig. Ophthalmol. Vis. Sci. 4 (1965) 920-926.

C.F. Burgoyne, J.C. Downs, A.J. Bellezza, J.K.F. Suh, R.T. Hart, The optic nerve
head as a biomechanical structure: a new paradigm for understanding the role of


https://doi.org/10.1016/j.lfs.2019.02.029
https://doi.org/10.1016/j.lfs.2019.02.029
https://doi.org/10.1111/j.1442-9071.2010.02363.x
https://doi.org/10.1111/j.1442-9071.2010.02363.x
https://doi.org/10.1007/s11095-010-0159-x
https://doi.org/10.1007/s11095-010-0159-x
https://doi.org/10.1517/17425247.3.2.275
https://doi.org/10.1089/jop.1986.2.67
https://doi.org/10.1089/jop.1986.2.67
https://doi.org/10.1080/17425247.2016.1218460
https://doi.org/10.1167/iovs.07-0066
https://doi.org/10.1167/iovs.07-0066
https://doi.org/10.2165/00003088-199937050-00001
https://doi.org/10.2165/00003088-199937050-00001
https://doi.org/10.1002/jps.2600621207
https://doi.org/10.1002/jps.2600621207
https://doi.org/10.1016/j.addr.2006.07.027
https://doi.org/10.1016/j.addr.2006.07.027
https://doi.org/10.1208/s12248-010-9183-3
https://doi.org/10.1111/j.1442-9071.2010.02363.x
https://doi.org/10.4155/tde.10.40
https://doi.org/10.1167/iovs.04-0496
https://doi.org/10.1167/iovs.04-0496
http://refhub.elsevier.com/S0024-3205(19)30834-3/sref15
http://refhub.elsevier.com/S0024-3205(19)30834-3/sref15
http://refhub.elsevier.com/S0024-3205(19)30834-3/sref15
https://doi.org/10.3390/polym3010193
https://doi.org/10.1167/iovs.09-4383
https://doi.org/10.1167/iovs.09-4383
https://doi.org/10.1016/j.ejpb.2005.01.009
https://doi.org/10.1016/j.ejpb.2005.01.009
https://doi.org/10.1038/s41467-018-06981-w
https://doi.org/10.1038/s41467-018-06981-w
https://doi.org/10.1517/17425247.5.5.567
https://doi.org/10.1517/17425247.5.5.567
https://doi.org/10.1007/978-1-4419-9920-7
https://doi.org/10.1007/978-1-4419-9920-7
https://doi.org/10.1111/j.2042-7158.2011.01369.x
https://doi.org/10.1111/j.2042-7158.2011.01369.x
https://doi.org/10.1016/j.addr.2012.04.005
https://doi.org/10.1016/j.addr.2012.04.005
https://doi.org/10.1109/JMEMS.2003.820293
https://doi.org/10.1167/iovs.10-5392
https://doi.org/10.1007/s13346-016-0332-9
https://doi.org/10.1007/s13346-016-0332-9
https://doi.org/10.1016/j.jconrel.2005.02.002
https://doi.org/10.1016/j.msec.2016.03.097
https://doi.org/10.1016/j.msec.2016.03.097
http://refhub.elsevier.com/S0024-3205(19)30834-3/sref29
http://refhub.elsevier.com/S0024-3205(19)30834-3/sref29
http://refhub.elsevier.com/S0024-3205(19)30834-3/sref29
https://doi.org/10.4103/0301-4738.53049
https://doi.org/10.4103/0301-4738.53049
http://refhub.elsevier.com/S0024-3205(19)30834-3/sref31
http://refhub.elsevier.com/S0024-3205(19)30834-3/sref31
https://doi.org/10.1016/j.ejps.2019.03.007
https://doi.org/10.1016/S0039-6257(05)80042-6
https://doi.org/10.1016/S0039-6257(05)80042-6
https://doi.org/10.1016/j.preteyeres.2011.11.002
https://doi.org/10.1016/j.exer.2009.02.007
https://doi.org/10.1016/j.exer.2009.02.007
https://doi.org/10.5005/jp-journals-10008-1184
https://doi.org/10.5005/jp-journals-10008-1184
http://refhub.elsevier.com/S0024-3205(19)30834-3/sref37
http://refhub.elsevier.com/S0024-3205(19)30834-3/sref37

P. Gupta and K.S. Yadav

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

IOP-related stress and strain in the pathophysiology of glaucomatous optic nerve
head damage, Retin. Eye. Res. 24 (2005) 39-73, https://doi.org/10.1016/j.
preteyeres.2004.06.001.

T.E. Ling, K. Othman, O.P. Yan, R.A. Rashid, C.M. Tet, A. Yaakob, L.S.A. Tajudin,
Evaluation of ocular surface disease in Asian patients with primary angle closure,
Open Ophthalmol. J. 11 (2017) 31, https://doi.org/10.2174/
1874364101711010031.

A. Izzotti, A. Bagnis, S.C. Sacca, The role of oxidative stress in glaucoma, Mutat.
Res-Rev. Mutat. 612 (2006) 105-114, https://doi.org/10.1016/j.mrrev.2005.11.
001.

H.B. Song, K.J. Lee, L.H. Seo, J.Y. Lee, S.M. Lee, J.H. Kim, W. Ryu, Impact insertion
of transfer-molded microneedle for localized and minimally invasive ocular drug
delivery, J. Control. Release 209 (2015) 272-279, https://doi.org/10.1016/j.
jconrel.2015.04.041.

K. Moffatt, Y. Wang, T.R.R. Singh, R.F. Donnelly, Microneedles for enhanced
transdermal and intraocular drug delivery, Curr. Opin. Pharmacol. 36 (2017)
14-21, https://doi.org/10.1016/j.coph.2017.07.007.

S.R. Patel, A.S. Lin, H.F. Edelhauser, M.R. Prausnitz, Suprachoroidal drug delivery
to the back of the eye using hollow microneedles, Pharm. Res. 28 (2011) 166-176,
https://doi.org/10.1007/511095-010-0271-y.

R. Ratnapriya, E.Y. Chew, Age-related macular degeneration-clinical review and
genetics update, Clin. Genet. 84 (2013) 160-166, https://doi.org/10.1111/cge.
12206.

C.R. Gale, N.F. Hall, D.I. Phillips, C.N. Martyn, Lutein and zeaxanthin status and
risk of age-related macular degeneration, Investig. Ophthalmol. Vis. Sci. 44 (2003)
(2003) 2461-2465, https://doi.org/10.1167/i0vs.02-0929.

R.W. Young, Pathophysiology of age-related macular degeneration, Surv.
Ophthalmol. 31 (1987) 291-306, https://doi.org/10.1016/0039-6257(87)
90115-9.

M.M. DeAngelis, A.C. Silveira, E.A. Carr, LK. Kim, Genetics of age-related macular
degeneration: current concepts, future directions, Semin. Ophthalmol. 26 (2011)
77-93, https://doi.org/10.3109/08820538.2011.577129.

U. Chakravarthy, T.Y. Wong, A. Fletcher, E. Piault, C. Evans, G. Zlateva,

R. Buggage, A. Pleil, P. Mitchell, Clinical risk factors for age-related macular de-
generation: a systematic review and meta-analysis, BMC Ophthalmol. 10 (2010)
31, https://doi.org/10.1186/1471-2415-10-31.

K.S. Rathore, V. Mudaliar, Review on age related macular degeneration, Int. J.
Adv. Res. Pharm. Bio Sci., 2(2), pp.70-74.

H.L. Cook, P.J. Patel, A. Tufail, Age-related macular degeneration: diagnosis and
management, Br. Med. Bull. 85 (2008) 127-149, https://doi.org/10.1093/bmb/
1dn012.

L. Marshall, J.M. Roach, Prevention and treatment of age-related macular de-
generation: an update for pharmacists, Consult. Pharm. 28 (2013) 723-737,
https://doi.org/10.4140/TCP.n.2013.723.

D.G. Telander, Inflammation and age-related macular degeneration (AMD),
Semin. Ophthalmol. 26 (2011) 192-197, https://doi.org/10.3109/08820538.
2011.570849.

Y. Yonekawa, J. Millerand, I. Kim, Age-related macular degeneration: advances in
management and diagnosis, J. Clin. Med. 4 (2015) 343-359, https://doi.org/10.
3390/jcm4020343.

H.M. Zajac-Pytrus, A. Pilecka, A. Turno-Krecicka, J. Adamiec-Mroczek, M. Misiuk-
Hojlo, The dry form of age-related macular degeneration (AMD): the current
concepts of pathogenesis and prospects for treatment, Adv. Clin. Exp. Med. 24
(2015) 1099-1104, https://doi.org/10.17219/acem/27093.

J.Z. Nowak, Age-related macular degeneration (AMD): pathogenesis and therapy,
Pharmacol. Rep. 58 (2006) 353.

R.D. Jager, W.F. Mieler, J.W. Miller, Age-related macular degeneration, N. Engl. J.
Med. 358 (2008) 2606-2617, https://doi.org/10.1056/NEJMra0801537.

S.B. Bressler, Introduction: understanding the role of angiogenesis and anti-
angiogenic agents in age-related macular degeneration, Ophthalmology 116
(2009) S1-S7, https://doi.org/10.1016/j.0phtha.2009.06.045.

P.K. Kaiser, Antivascular endothelial growth factor Agents and their development:
therapeutic implications in ocular diseases, Am. J. Ophthalmol. 142 (2006)
660-668, https://doi.org/10.1016/j.2j0.2006.05.061.

J.L. Colquitt, J. Jones, S.C. Tan, A.L. Takeda, A.J. Clegg, A. Price, Ranibizumab
and pegaptanib for the treatment of age-related macular degeneration: a sys-
tematic review and economic evaluation, Health Technol. Assess. 12 (2008)
1-222, https://doi.org/10.3310/htal12160.

J. Gaudreault, D. Fei, J. Rusit, P. Suboc, V. Shiu, Preclinical pharmacokinetics of
Ranibizumab (rthuFabV2) after a single intravitreal administration, Investig.
Ophthalmol. Vis. Sci. 46 (2005) 726-733, https://doi.org/10.1167/i0vs.04-0601.
J.S. Schouten, E.C. La Heij, C.A. Webers, I.J. Lundqvist, F. Hendrikse, A systematic
review on the effect of bevacizumab in exudative age-related macular degenera-
tion, Graefes Arch. Clin. Exp. Ophthalmol. 247 (2009) 1-11, https://doi.org/10.
1007/500417-008-0952-y.

J.W. Miller, U. Schmidt-Erfurth, M. Sickenberg, C.J. Pournaras, H. Laqua,

1. Barbazetto, L. Zografos, B. Piguet, G. Donati, A.M. Lane, R. Birngruber,
Photodynamic therapy with verteporfin for choroidal neovascularization caused
by age-related macular degeneration: results of a single treatment in a phase 1 and
2 study, Arch. Ophthalmol. 117 (1999) 1161-1173, https://doi.org/10.1001/
archopht.117.9.1161.

K. Larouche, S. Rochon, Evaluation of photodynamic therapy for the treatment of
exudative age-related macular degeneration (ARMD) with subfoveal neovascu-
larization. Agence d’évaluation des technologies et des modes d’intervention en
santé, AETMIS), 2005.

E. Rishi, L. Gopal, P. Rishi, S. Sengupta, T. Sharma, Submacular hemorrhage: a

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

Life Sciences 237 (2019) 116907

study amongst Indian eyes, Indian J. Ophthalmol. 60 (2012) 521-525, https://doi.
org/10.4103/0301-4738.103779.

K. Kadonosono, A. Arakawa, S. Yamane, M. Inoue, T. Yamakawa, E. Uchio,

Y. Yanagi, Displacement of submacular hemorrhages in age-related macular de-
generation with subretinal tissue plasminogen activator and air, Ophthalmology
122 (2015) 123-128, https://doi.org/10.1016/j.ophtha.2014.07.027.

J.N. Martel, T.H. Mahmoud, Subretinal pneumatic displacement of subretinal
haemorrhage, JAMA Ophthalmol 131 (2013) 1632-1635, https://doi.org/10.
1001/jamaophthalmol.2013.5464.

C.Y. Lee, Y. Ma, Y.S. You, H.E. Kim, Y.D. Byeon, H. Jung, Intravitreal injection of
anti-vascular endothelial growth factor (anti-VEGF) antibody via Tower
Microneedle, Biochip J 9 (2015) 232-238, https://doi.org/10.1007/s13206-015-
9305-9.

S.J. Bakri, M.R. Snyder, J.M. Reid, J.S. Pulido, R.J. Singh, Pharmacokinetics of
intravitreal bevacizumab (Avastin), Ophthalmology 114 (2007) 855-859, https://
doi.org/10.1016/j.0phtha.2007.01.017.

R.D. Jager, L.P. Aiello, S.C. Patel, E.T. Cunningham Jr., Risks of intravitreous in-
jection: a comprehensive review, Retina 24 (2004) 676-698 0.1097/00006982-
200410000-00002.

C.Y. Lee, Y.S. You, S.H. Lee, H. Jung, Tower microneedle minimizes vitreal reflux
in intravitreal injection, Biomed. Microdevices 15 (2013) 841-848, https://doi.
org/10.1007/5s10544-013-9771-y.

C.Y. Lee, K. Lee, Y.S. You, S.H. Lee, H. Jung, Tower microneedle via reverse
drawing lithography for innocuous intravitreal drug delivery, Adv. Healthc. Mater.
2 (2013) 812-816, https://doi.org/10.1002/adhm.201200239.

Y. C Kim, H.E. Grossniklaus, H.F. Edelhauserand, M.R. Prausnitz, Intrastromal
delivery of bevacizumab using microneedles to treat corneal neovascularization,
Investig. Ophthalmol. Vis. Sci. 55 (2014) 7376-7386, https://doi.org/10.1167/
iovs.14-15257.

S. Maddula, D.K. Davis, S. Maddula, M.K. Burrow, B.K. Ambati, Horizons in
therapy for corneal angiogenesis, Ophthalmology 118 (2011) 591-599, https://
doi.org/10.1016/j.0phtha.2011.01.041.

M.R. Prausnitz, J.S. Noonan, Permeability of cornea, sclera, and conjunctiva: a
literature analysis for drug delivery to the eye, J. Pharm. Sci. 87 (1998)
1479-1488, https://doi.org/10.1021/js9802594.

T. Kamba, D.M. McDonald, Mechanisms of adverse effects of anti-VEGF therapy
for cancer, Br. J. Canc. 96 (2007) 1788-1795, https://doi.org/10.1038/sj.bjc.
6603813.

S.W. Kim, B.J. Ha, E.K. Kim, H. Tchah, The effect of topical bevacizumab on
corneal neovascularization, Ophthalmology 115 (2008) e33-e38, https://doi.org/
10.1016/j.0phtha.2008.02.013.

M.N. Hashemian, M.A. Zare, F. Rahimi, M. Mohammadpour, Deep intrastromal
bevacizumab injection for management of corneal stromal vascularization after
deep anterior lamellar keratoplasty, a novel technique, Cornea 30 (2011)
215-218, https://doi.org/10.1097/1C0O.0b013e3181e291a6.

S.N. Yeung, A. Lichtinger, P. Kim, M.D. Amiran, A.R. Slomovic, Combined use of
subconjunctival and intracorneal bevacizumab injection for corneal neovascular-
ization, Cornea 30 (2011) 1110-1114, https://doi.org/10.1097/1CO.
0b013e31821379aa.

J.Y. Oh, M.K. Kim, W.R. Wee, Subconjunctival and intracorneal bevacizumab in-
jection for corneal neovascularization in lipid keratopathy, Cornea 28 (2009)
1070-1073, https://doi.org/10.1097/1CO.0b013e31819839f9.

G. Modorati, E. Miserocchi, Intravitreal injection therapy in the treatment of
noninfectious uveitis, New Treatments in Noninfectious Uveitis 51 Karger
Publishers, 2012, pp. 110-121, https://doi.org/10.1159/000336471.

B. Bodaghi, N. Cassoux, B. Wechsler, D. Hannouche, C. Fardeau, T. Papo,

D.L. Huong, J.C. Piette, P. Lehoang, Chronic severe uveitis: etiology and visual
outcome in 927 patients from a single center, Medicine 80 (2001), https://doi.
0rg/10.1097/00005792-200107000-00005 263-27.

E. Bloch-Michel, R.B. Nussenblatt, International Uveitis Study Group re-
commendations for the evaluation of intraocular inflammatory disease, Am. J.
Ophthalmol. 103 (1996) 234-235, https://doi.org/10.1016/50002-9394(1987)
74235-7.

M.J. Ronday, J.S. Stilma, R.F. Barbe, W.J. McElroy, L. Luyendijk, A.H. Kolk,

M. Bakker, A. Kijlstra, A. Rothova, Aetiology of uveitis in Sierra Leone, west
Africa, Br. J. Ophthalmol. 80 (1996) 956-961, https://doi.org/10.1136/bjo.80.11.
956.

M.D. de Smet, S.R. Taylor, B. Bodaghi, E. Miserocchi, P.I. Murray, U. Pleyer,

M. Zierhut, T. Barisani-Asenbauer, P. LeHoang, S. Lightman, Understanding
uveitis: the impact of research on visual outcomes, Prog. Retin. Eye Res. 30 (2011)
452-470, https://doi.org/10.1016/j.preteyeres.2011.06.005.

N. Gulati, F. Forooghian, R. Lieberman, D.A. Jabs, Vascular endothelial growth
factor inhibition in uveitis: a systematic review, Br. J. Ophthalmol. 95 (2011)
162-165, https://doi.org/10.1136/bj0.2009.177279.

R.O. Kagmaz, J.H. Kempen, C. Newcomb, E. Daniel, S. Gangaputra,

R.B. Nussenblatt, J.T. Rosenbaum, E.B. Suhler, J.E. Thorne, D.A. Jabs, G.A. Levy-
Clarke, Cyclosporine for ocular inflammatory diseases, Ophthalmology 117 (2010)
576-584, https://doi.org/10.1016/j.ophtha.2009.08.010.

M.D. De Smet, R.B. Nussenblatt, Clinical use of cyclosporine in ocular disease, Int.
Ophthalmol. Clin. 33 (1993) 31-45, https://doi.org/10.1097/00004397-
199303340-00005.

M. Soheilian, Z. Rabbanikhah, A. Ramezani, V. Kiavash, M. Yaseri, G.A. Peyman,
Bevacizumab vs. triamcinolone, Ophthalmology 117 (2010), https://doi.org/10.
1016/j.0phtha.2009.10.012 855-855.

B.C. Gilger, E.M. Abarca, J.H. Salmon, S. Patel, Treatment of acute posterior
uveitis in a porcine model by injection of triamcinolone acetonide into the


https://doi.org/10.1016/j.preteyeres.2004.06.001
https://doi.org/10.1016/j.preteyeres.2004.06.001
https://doi.org/10.2174/1874364101711010031
https://doi.org/10.2174/1874364101711010031
https://doi.org/10.1016/j.mrrev.2005.11.001
https://doi.org/10.1016/j.mrrev.2005.11.001
https://doi.org/10.1016/j.jconrel.2015.04.041
https://doi.org/10.1016/j.jconrel.2015.04.041
https://doi.org/10.1016/j.coph.2017.07.007
https://doi.org/10.1007/s11095-010-0271-y
https://doi.org/10.1111/cge.12206
https://doi.org/10.1111/cge.12206
https://doi.org/10.1167/iovs.02-0929
https://doi.org/10.1016/0039-6257(87)90115-9
https://doi.org/10.1016/0039-6257(87)90115-9
https://doi.org/10.3109/08820538.2011.577129
https://doi.org/10.1186/1471-2415-10-31
https://doi.org/10.1093/bmb/ldn012
https://doi.org/10.1093/bmb/ldn012
https://doi.org/10.4140/TCP.n.2013.723
https://doi.org/10.3109/08820538.2011.570849
https://doi.org/10.3109/08820538.2011.570849
https://doi.org/10.3390/jcm4020343
https://doi.org/10.3390/jcm4020343
https://doi.org/10.17219/acem/27093
http://refhub.elsevier.com/S0024-3205(19)30834-3/sref55
http://refhub.elsevier.com/S0024-3205(19)30834-3/sref55
https://doi.org/10.1056/NEJMra0801537
https://doi.org/10.1016/j.ophtha.2009.06.045
https://doi.org/10.1016/j.ajo.2006.05.061
https://doi.org/10.3310/hta12160
https://doi.org/10.1167/iovs.04-0601
https://doi.org/10.1007/s00417-008-0952-y
https://doi.org/10.1007/s00417-008-0952-y
https://doi.org/10.1001/archopht.117.9.1161
https://doi.org/10.1001/archopht.117.9.1161
http://refhub.elsevier.com/S0024-3205(19)30834-3/sref63
http://refhub.elsevier.com/S0024-3205(19)30834-3/sref63
http://refhub.elsevier.com/S0024-3205(19)30834-3/sref63
http://refhub.elsevier.com/S0024-3205(19)30834-3/sref63
https://doi.org/10.4103/0301-4738.103779
https://doi.org/10.4103/0301-4738.103779
https://doi.org/10.1016/j.ophtha.2014.07.027
https://doi.org/10.1001/jamaophthalmol.2013.5464
https://doi.org/10.1001/jamaophthalmol.2013.5464
https://doi.org/10.1007/s13206-015-9305-9
https://doi.org/10.1007/s13206-015-9305-9
https://doi.org/10.1016/j.ophtha.2007.01.017
https://doi.org/10.1016/j.ophtha.2007.01.017
http://refhub.elsevier.com/S0024-3205(19)30834-3/sref69
http://refhub.elsevier.com/S0024-3205(19)30834-3/sref69
http://refhub.elsevier.com/S0024-3205(19)30834-3/sref69
https://doi.org/10.1007/s10544-013-9771-y
https://doi.org/10.1007/s10544-013-9771-y
https://doi.org/10.1002/adhm.201200239
https://doi.org/10.1167/iovs.14-15257
https://doi.org/10.1167/iovs.14-15257
https://doi.org/10.1016/j.ophtha.2011.01.041
https://doi.org/10.1016/j.ophtha.2011.01.041
https://doi.org/10.1021/js9802594
https://doi.org/10.1038/sj.bjc.6603813
https://doi.org/10.1038/sj.bjc.6603813
https://doi.org/10.1016/j.ophtha.2008.02.013
https://doi.org/10.1016/j.ophtha.2008.02.013
https://doi.org/10.1097/ICO.0b013e3181e291a6
https://doi.org/10.1097/ICO.0b013e31821379aa
https://doi.org/10.1097/ICO.0b013e31821379aa
https://doi.org/10.1097/ICO.0b013e31819839f9
https://doi.org/10.1159/000336471
https://doi.org/10.1097/00005792-200107000-00005
https://doi.org/10.1097/00005792-200107000-00005
https://doi.org/10.1016/S0002-9394(1987)74235-7
https://doi.org/10.1016/S0002-9394(1987)74235-7
https://doi.org/10.1136/bjo.80.11.956
https://doi.org/10.1136/bjo.80.11.956
https://doi.org/10.1016/j.preteyeres.2011.06.005
https://doi.org/10.1136/bjo.2009.177279
https://doi.org/10.1016/j.ophtha.2009.08.010
https://doi.org/10.1097/00004397-199303340-00005
https://doi.org/10.1097/00004397-199303340-00005
https://doi.org/10.1016/j.ophtha.2009.10.012
https://doi.org/10.1016/j.ophtha.2009.10.012

P. Gupta and K.S. Yadav

[90]

[91]

[92]

[931]

[94]

[95]

[96]

971

[98]

[99]

[100]

[101]

[102]

[103]

[104]

suprachoroidal space using microneedles, Investig. Ophthalmol. Vis. Sci. 54
(2013) 2483-2492, https://doi.org/10.1167/iovs.13-11747.

Healthline, Amber Erickson Gabbey, Jacquelyn Cafasso, Retinal Vascular
Occlusion, (April 2017) https://www.healthline.com/health/retinal-artery-
occlusion , Accessed date: 25 June 2019.

R. Lattanzio, A.T. Gimeno, M.B. Parodi, F. Bandello, Retinal vein occlusion: cur-
rent treatment, Ophthalmologica 225 (2011) 135-143, https://doi.org/10.1159/
000314718.

J. Rehak, M. Rehak, Branch retinal vein occlusion: pathogenesis, visual prognosis,
and treatment modalities, Curr. Eye Res. 33 (2008) 111-131, https://doi.org/10.
1080/02713680701851902.

D.D. Esmaili, D.S. Boyer, Recent advances in understanding and managing retinal
vein occlusions, F1000Res 7 (2018) 467, https://doi.org/10.12688/
f1000research.12886.1.

M. Turello, S. Pasca, R. Daminato, P.D. Russo, R. Giacomello, U. Venturelli,

G. Barillari, Retinal vein occlusion: evaluation of “classic” and “emerging” risk
factors and treatment, J. Thromb. Thrombolysis 29 (2010) 459-464, https://doi.
org/10.1007/511239-009-0384-5.

T.H. Williamson, Central retinal vein occlusion: what's the story? Br. J.
Ophthalmol. 81 (1997) 698-704, https://doi.org/10.1136/bjo.81.8.698.

A. Glacet-Bernard, D. Kuhn, A.K. Vine, H. Oubraham, G. Coscas, G. Soubrane,
Treatment of recent onset central retinal vein occlusion with intravitreal tissue
plasminogen activator: a pilot study, Br. J. Ophthalmol. 84 (2000) 609-613,
https://doi.org/10.1136/bj0.84.6.609.

M.B. Parodi, F. Bandello, Branch retinal vein occlusion: classification and treat-
ment, Ophthalmologica 223 (2009) 298-305, https://doi.org/10.1159/
000213640.

D.J. Pieramici, M.D. Rabena, Anti-VEGF therapy: comparison of current and future
agents, Eye 22 (2008) 1330, https://doi.org/10.1038/eye.2008.88.

S.S. Lee, P.M. Hughes, M.R. Robinson, Recent advances in drug delivery systems
for treating ocular complications of systemic diseases, Curr. Opin. Ophthalmol. 20
(2009) 511-519, https://doi.org/10.1097/ICU.0b013e328330ccb9.

S.S. Hayreh, Prevalent misconceptions about acute retinal vascular occlusive dis-
orders, Prog. Retin. Eye Res. 24 (2005) 493-519, https://doi.org/10.1016/j.
preteyeres.2004.12.001.

K. Kadonosono, S. Yamane, A. Arakawa, M. Inoue, T. Yamakawa, E. Uchio,

Y. Yanagi, S. Amano, Endovascular cannulation with a microneedle for central
retinal vein occlusion, JAMA ophthalmol 131 (2013) 783-786, https://doi.org/
10.1001/jamaophthalmol.2013.2585.

K. Kadonosono, S. Yamane, M. Inoue, T. Yamakawa, E. Uchio, Intra-retinal arterial
cannulation using a microneedle for central retinal artery occlusion, Sci. Rep. 8
(2018) 1360, https://doi.org/10.1038/s41598-018-19747-7.

M.A. Musarella, I.M. MacDonald, Current concepts in the treatment of retinitis
pigmentosa, J. ophthalmol. (2010) 2011, https://doi.org/10.1155/2011/753547.
Q. Zhang, Retinitis pigmentosa: progress and perspective, Asia Pac, J. Ophthalmol.

10

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

Life Sciences 237 (2019) 116907

5 (2016) 265-271, https://doi.org/10.1097/AP0.0000000000000227.

M.F. Dias, K. Joo, J.A. Kemp, S.L. Fialho, A. da Silva Cunha Jr., S.J. Woo,

Y.J. Kwon, Molecular genetics and emerging therapies for retinitis pigmentosa:
basic research and clinical perspectives, Prog. Retin. Eye Res. 63 (2018) 107-131,
https://doi.org/10.1016/j.preteyeres.2017.10.004.

S. Ferrari, E. Di lorio, V. Barbaro, D. Ponzin, F.S. Sorrentino, F. Parmeggiani,
Retinitis pigmentosa: genes and disease mechanisms, Curr. Genom. 12 (2011)
238-249, https://doi.org/10.2174/138920211795860107.

C. Hamel, Retinitis pigmentosa, Orphanet J. Rare Dis. 1 (2006) 40, https://doi.
org/10.1186/1750-1172-1-40, 10.1186/1750-1172-1-40.

D. Dalkara, O. Goureau, K. Marazova, J.A. Sahel, Let there be light: gene and cell
therapy for blindness, Hum. Gene Ther. 27 (2016) 134-147, https://doi.org/10.
1089/hum.2015.147.

P.K. Buch, R.E. MacLaren, R.R. Ali, Neuroprotective gene therapy for the treat-
ment of inherited retinal degeneration, Curr. Gene Ther. 7 (2007) 434-445,
https://doi.org/10.2174/156652307782793531.

NIH,Clinicaltrial.gov, https://clinicaltrials.gov/ct2/show/record/NCT00447993?
term =NCT00447993&rank =1, (2007) , Accessed date: 25 June 2019.

D. Mantopoulos, Y. Murakami, J. Comander, A. Thanos, M. Roh, J.W. Miller,
D.G. Vavvas, Tauroursodeoxycholic acid (TUDCA) protects photoreceptors from
cell death after experimental retinal detachment, PLoS One 6 (2011) e24245, ,
https://doi.org/10.1371/journal.pone.0024245.

S. Eigeldinger-Berthou, C. Meier, R. Zulliger, S. Lecaudé, V. Enzmann, G.M. Sarra,
Rasagiline interferes with neurodegeneration in the Prph2/rds mouse, Retina 32
(2012) 617-628, https://doi.org/10.1097/IAE.0b013e31821e2070.

V. Sanchez-Vallejo, S. Benlloch-Navarro, R. Lopez-Pedrajas, F.J. Romero,

M. Miranda, Neuroprotective actions of progesterone in an in vivo model of re-
tinitis pigmentosa, Pharmacol. Res. 99 (2015) 276-288, https://doi.org/10.1016/
j.phrs.2015.06.019.

1. Piano, E. Novelli, P. Gasco, R. Ghidoni, E. Strettoi, C. Gargini, Cone survival and
preservation of visual acuity in an animal model of retinal degeneration, Eur. J.
Neurosci. 37 (2013) 1853-1862, https://doi.org/10.1111/ejn.12196.

T.C. Lin, H.M. Chang, C.C. Hsu, K.H. Hung, Y.T. Chen, S.Y. Chen, S.J. Chen,
Retinal prostheses in degenerative retinal diseases, J. Chin. Med. Assoc. 78 (2015)
501-505, https://doi.org/10.1016/j.jcma.2015.05.010.

M. O'Reilly, S. Millington-Ward, A. Palfi, N. Chadderton, T. Cronin, N. McNally,
M.M. Humphries, P. Humphries, P.F. Kenna, G.J. Farrar, A transgenic mouse
model for gene therapy of rhodopsin-linked Retinitis Pigmentosa, Vision res 48
(2008) 386-391, https://doi.org/10.1016/j.visres.2007.08.014.

N. Chadderton, S. Millington-Ward, A. Palfi, M. O'reilly, G. Tuohy,

M.M. Humphries, T. Li, P. Humpbhries, P.F. Kenna, G.J. Farrar, Improved retinal
function in a mouse model of dominant retinitis pigmentosa following AAV-de-
livered gene therapy, Mol. Ther. 17 (2009) 593-599, https://doi.org/10.1038/mt.
2008.301.


https://doi.org/10.1167/iovs.13-11747
https://www.healthline.com/health/retinal-artery-occlusion
https://www.healthline.com/health/retinal-artery-occlusion
https://doi.org/10.1159/000314718
https://doi.org/10.1159/000314718
https://doi.org/10.1080/02713680701851902
https://doi.org/10.1080/02713680701851902
https://doi.org/10.12688/f1000research.12886.1
https://doi.org/10.12688/f1000research.12886.1
https://doi.org/10.1007/s11239-009-0384-5
https://doi.org/10.1007/s11239-009-0384-5
https://doi.org/10.1136/bjo.81.8.698
https://doi.org/10.1136/bjo.84.6.609
https://doi.org/10.1159/000213640
https://doi.org/10.1159/000213640
https://doi.org/10.1038/eye.2008.88
https://doi.org/10.1097/ICU.0b013e328330ccb9
https://doi.org/10.1016/j.preteyeres.2004.12.001
https://doi.org/10.1016/j.preteyeres.2004.12.001
https://doi.org/10.1001/jamaophthalmol.2013.2585
https://doi.org/10.1001/jamaophthalmol.2013.2585
https://doi.org/10.1038/s41598-018-19747-7
https://doi.org/10.1155/2011/753547
https://doi.org/10.1097/APO.0000000000000227
https://doi.org/10.1016/j.preteyeres.2017.10.004
https://doi.org/10.2174/138920211795860107
https://doi.org/10.1186/1750-1172-1-40, 10.1186/1750-1172-1-40
https://doi.org/10.1186/1750-1172-1-40, 10.1186/1750-1172-1-40
https://doi.org/10.1089/hum.2015.147
https://doi.org/10.1089/hum.2015.147
https://doi.org/10.2174/156652307782793531
https://clinicaltrials.gov/ct2/show/record/NCT00447993?term=NCT00447993&rank=1
https://clinicaltrials.gov/ct2/show/record/NCT00447993?term=NCT00447993&rank=1
https://doi.org/10.1371/journal.pone.0024245
https://doi.org/10.1097/IAE.0b013e31821e2070
https://doi.org/10.1016/j.phrs.2015.06.019
https://doi.org/10.1016/j.phrs.2015.06.019
https://doi.org/10.1111/ejn.12196
https://doi.org/10.1016/j.jcma.2015.05.010
https://doi.org/10.1016/j.visres.2007.08.014
https://doi.org/10.1038/mt.2008.301
https://doi.org/10.1038/mt.2008.301

	Applications of microneedles in delivering drugs for various ocular diseases
	Introduction
	Different barriers associated with anterior and posterior segments of the eye
	Different types of MNs
	Solid coated microneedles
	Hollow microneedles
	Dissolving polymeric microneedles

	Application of microneedles in various ocular diseases
	Glaucoma
	Age related macular degeneration (AMD)
	Uveitis
	Retinal vascular occlusion
	Retinitis pigmentosa (RP)

	Conclusion
	References




