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Abstract
Macular edema such as diabetic macular edema (DME) 
and diabetic retinopathy are devastating back-of-the-
eye retinal diseases leading to loss of vision. This area 
is receiving considerable medical attention. Posterior 
ocular diseases are challenging to treat due to complex 
ocular physiology and barrier properties. Major ocular 
barriers are static (corneal epithelium, corneal stroma, 
and blood-aqueous barrier) and dynamic barriers (blood-
retinal barrier, conjunctival blood flow, lymph flow, and 
tear drainage). Moreover, metabolic barriers impede 
posterior ocular drug delivery and treatment. To overcome 
such barriers and treat back-of-the-eye diseases, several 
strategies have been recently developed which include 
vitreal drainage, laser photocoagulation and treatment 
with biologics and/or small molecule drugs. In this article, 
we have provided an overview of several emerging novel 
strategies including nanotechnology based drug delivery 
approach for posterior ocular drug delivery and treatment 
with an emphasis on DME. 
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Core tip: Macular edema such as diabetic macular 
edema (DME) and diabetic retinopathy are devastating 
back-of-the-eye retinal diseases leading to loss of 
vision. The standard treatments of DME include laser 
photocoagulation, vitrectomy, intravitreal injections of anti-
vascular endothelial growth factor biologics and steroids. 
In this article we have provided an overview of several 
emerging novel strategies including nanotechnology based 
drug delivery approacher for posterior ocular drug delivery 
and treatment with emphasis on DME.
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INTRODUCTION
Diabetic macular edema (DME) is a chronic back-of-the-
eye disease that may lead to vision loss. DME causes 
retina thickening due to accumulation of fluid in the 
center of macula (Figure 1)[1]. Chronic diseases such 
as diabetes, non-proliferative and proliferative diabetic 
retinopathy (DR) are significant factors for the onset 
of DME[2,3]. The exact mechanism by which diabetes 
leads to retinopathy is not well-delineated. However, 
several theories have been postulated in the literature. 
DR may develop due to excessive growth of leaky 
vascularization in the retina. According to National Eye 
Institute, DR progresses in four stages[4]. In brief, stage 1 
aka mild non-proliferative retinopathy, is the initial stage 
where tiny abnormal blood vessels or micro aneurysms 
are developed. Such blood vessels appear as balloon-
like swelling in the retina. With disease progression, 
stage 2 aka moderate non-proliferative retinopathy 
ensures blockage of blood vessels that supplies nutrition 
to retina. Severe non-proliferative retinopathy aka 
stage 3 is diagnosed with blockage of blood vessels 
thereby depriving blood flow to the retina. Under such 
conditions retina lacks oxygen and nutrients supply. 
Moreover, several cellular signals (particularly HIF-α) are 
triggered that cause development of new vasculature 
to compensate oxygen and nutrient supply. Proliferative 
retinopathy is termed as the final stage or the advanced 
stage of DR. The new abnormal blood vessels developed 
are fragile, and leaky. Such development is termed as 
neovascularization. Several factors can add to severity of 
DME depending on the degree of DR, length of time the 
subject is diabetic, type of diabetes, hypertension, fluid 
retention, hypoalbuminemia and hyperlipidemia. Advent 
of microscopic techniques such as fundus contact lens 
bio-microscopy or funduscopic examination are proven 
to aid DME diagnosis. It can be diagnosed with ocular 
clinical conditions such as retinal thickening within 500 
μm and/or hard exudates within 500 μm or in one disk 
diameter from the center of macula[5]. 

Pathogenesis of DME is not clearly delineated in the 
literature. However, DME is a complex multifactorial 
ocular disease[6]. Blood retinal barrier (BRB) is an ess-
ential structure that regulates normal visual function. 
Such a physiologic barrier also regulates fluid and solute 
movement in and out of retina[7]. BRB is comprised of 
inner and outer BRB[8,9]. The inner BRB is composed of 
tight junctions between retinal capillary endothelial cells 
while the outer BRB tight junctions exist between retinal 
pigment epithelial cells[7]. The breakdown of inner BRB 
results in vasogenic edema, neural tissue impairment and 
ultimately vision loss, if not treated[10]. Disruption of BRB 

is one of the common factors for DME development[11,12].

PHYSIOLOGY OF DME
Many macro and microvascular factors along with various 
pathways are involved in retinal thickening, disruption of 
BRB and loss of pericytes[13].

Macro-vascular factors
Macro-vascular factors include Starling’s law for edema, 
oxygen tension and shear stress.

Starling’s law and macular edema: According to the 
Starling’s law, hydrostatic blood and osmotic pressures 
of tissue fluid are responsible for vasogenic edema. It 
appears to maintain the gradients between two forces 
involving fluid movement between inner and outer retinal 
layers which is crucial to prevent DME[10]. This law is 
based on water accumulation caused by decreasing 
osmotic pressure gradient between vessel and tissue. 
Current strategies for DME such as vitrectomy, laser, anti-
vascular endothelial growth factor (anti-VEGF) or steroids 
can lower osmotic pressure gradient and vascular 
permeability to prevent water accumulation. 

Oxygen tension: In diabetic patients, the level of oxygen 
is reduced in the macular region. Consequently hypoxia 
induces VEGF expression[14,15] resulting in enhanced 
vascular permeability. Elevation of oxygen tension causes 
compensatory vasoconstriction of the retinal vessels which 
can reduce hydrostatic pressure, resulting in macula 
edema[13,16,17]. Stefánsson[18] has explained how and why 
vitrectomy and photocoagulation can have effects on 
DME and other neovascularization retinopathies due to 
improved ocular oxygen tension. 

Shear stress: The damage of endothelial cells and 
decoupling caused by shear stress over time can lead 
to alterative fluid flow in edema. Increase in shear 
stress also elevates nitric oxide (NO) production, which 
may result in vasodilatation and elevated hydrostatic 
pressure[19]. 

Microvascular factors 
Endothelial dysfunction and vascular damage due 
to hyperglycemia: Endothelial cells play a vital role in 
maintaining the structure, vascular tone and prevention 
of platelet and leucocyte adhesion onto vessel wall. These 
cells are responsible for production of vasoconstriction, 
a dilatation and various inflammatory mediators such 
as intracellular adhesion molecule, leucocyte adhesion 
molecule, and vascular cell adhesion molecule[20-22]. 
While endothelial progenitor cells play a role in repair 
of damaged vessels, number of these cells are highly 
reduced under hyperglycemic conditions[23,24]. 

BRB: Since endothelial cells play an important role in 
maintaining the integrity of BRB, damage in endothelial 
cells leads to disruption and leakiness of vascular beds. 
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This increased permeability leads to accumulation of 
extracellular fluid. It increases the oncotic pressure due 
to influx of protein from blood vessels to inner retina[25,26].

Growth factors: Growth factors regulate angiogenesis 
by stimulating endothelial cell proliferation, migration, 
and survival. These factors have profound influence in 
many ocular diseases such as DME, DR and neo-vascular 
age-related macular degeneration (AMD)[27-29]. Growth 
factors including VEGF, placental growth factor, and 
hepatocyte growth factor are responsible for increased 
vascular permeability. VEGF appears to be an important 
factor for endothelial cell migration, proliferation and 
survival. 

Inflammation: Inflammation plays a crucial role in DME 
pathogenesis. Leucocytes naturally adhere to vascular 
endothelium (leukostasis) and have the ability to create 
toxic superoxide radicals and enzymes[30]. Leukostasis 
induce vascular permeability and impair endothelial cells 
by producing enzymes, cytokine and free radicals[31,32]. 
Also inflammation motivates the occludin phosphoryla-
tion which regulates tight junction and barrier function 
resulting in the breakdown of BRB[33-35]. 

Oxidative stress: Diabetes can cause oxidative stress 
leading to elevated levels of NO, superoxide, peroxynitrite 
development and VEGF expression, all of which may 
alter vascular permeability and BRB breakdown[36-38].

Others factors include matrix metallo proteinases, 
protein kinase C, carbonic anhydrase, and angiotensin-
Ⅱ that have direct or indirect role in enhancing vascular 
permeability that results in DME[9,39-42]. Moreover, several 
pivotal pathways have been implicated in DME such as 
angiogenesis, inflammatory and oxidative stress path-
ways[9,11,13,43]. Chronic hypertension and hyperglycemia 
cause blood vessels to become more porous allowing 
fluid, lipid sand erythrocytes escape. Such leakage and 
accumulation only cause vascular basement membrane 
thickening, free radical formation, non-enzymatic glycosy-
lation and pericyte death[44]. Moreover, increased vascular 
permeability and capillary dropout may cause inadequate 

blood supply to retina. 

EXISTING AND EMERGING DRUGS AND 
TREATMENT MODALITIES
The current treatment strategies for DME has been sum-
marized in Figure 2 and discussed in detail as followings.

Laser photocoagulation
Despite the fact that anti-VEGF [bevacizumab, rani-
bizumab (RBZ) and pegaptanib] and VEGF trap (afliber-
cept) have emerged as treatment options for back-of-the-
eye diseases, laser (focal or/and grid) photocoagulation 
surfaced as another treatment option for DME[45]. A 
recent study conducted on non-center involved (CI) 
DME subjects involves focal laser photocoagulation. 
In this study 29 eyes with non-CI received focal laser 
coagulation and 20 eyes with no treatment served as 
control. Photocoagulation treated eyes demonstrated a 
5 letter gain in visual acuity in 21% subjects relative to 
5% of control eyes[46]. Interestingly, this study indicated 
a decrease in inner and outer zone, central subfield 
thickness (CST) and reduction in total macula volume 
relative to control group[46].

Modern laser technologies and applications have 
been employed to treat DME. Such laser technologies 
include pattern scan laser photocoagulator (OptiMedica 
Corp, Santa Clara, CA) and NAVILAS (OD-OS Teltow, 
Inc. Germany). The laser beam delivery systems 
have short pulse duration that reduce heat thereby 
minimizes thermal damage at the site of application 
leading to patient compliance[47,48]. Other techniques 
such as subthreshold diode micro-pulse, navigated laser 
photocoagulation, pan retina photocoagulation and 
conventional single-spot laser application have been 
demonstrated to be more effective and safe to retina 
relative to conventional laser photocoagulation[47].

Although laser photocoagulation provides certain 
advantages, the associated drawbacks lessen enthusiasm 
and patient compliance. Drawbacks include destruction 
of photoreceptors due to laser photocoagulation, retinal 
scar formation and impedance of visual prognosis[49,50]. 
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Figure 1  Diabetic macular edema at disease state. A: Structure of human eye; B: Expanded representation of macula region for normal eye; C: Expanded 
representation of macula region for diabetic macular edema (DME); D: Optical coherence tomography image for DME. 
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However, laser photocoagulation may be beneficial in 
DME subjects who do not respond to drug treatments[50]. 
Recently, a combination of intravitreal drug administration 
with laser photocoagulation have been investigated. Such 
treatment appears to be promising[45,51]. However, further 
studies may be required to establish the clinical benefit of 
the combination approach.

Vitrectomy
Vitreous plays an important role in the progression 
of DME. Studies demonstrated that improvement in 
vision for DME subjects may be achieved by induction 
of posterior vitreous detachment (PVD), pars plana 
vitrectomy (PPV), removal of internal limiting membrane 
(ILM) or taut posterior cortex[52-56]. However, the exact 
mechanism for vision restoration in DME with vitrectomy 
is yet to be delineated. Recent studies suggests that 
exclusion of vitreous gel may reduce the concentration 
of DME-promoting factors, alter vascular permeability 
and enhance retinal oxygen supply[11,57]. Vitrectomy may 
also improve vasoconstriction by lowering tissue pressure 
and elevating hydrostatic pressure gradient between 
the vascular and tissue compartments[18]. Moreover, 
vitrectomy improves vaso-permeability of the retinal 
endothelial cells and restore visual acuity. In a cohort 
study of vitrectomy in DME subjects, 87 eyes were 
evaluated visual acuity 20/63-20/400 including 54% ILM 
peeling, 61% epiretinal membrane peeling, and 40% 
panretinal photocoagulation[57]. Vitrectomy significantly 
reduced retinal thickness and improved visual acuity. 
However, vitrectomy is associated with side effects such 
as elevated intraocular pressure (IOP), vitreal hemorrhage, 
endophthalmitis, retinal detachment, induction of iris 
neovascularization and cataract formation[58]. Several 
randomized, controlled trials were conducted to 
investigate the side effects of vitrectomy on DME[59-65]. 
Such studies compared vitrectomy with laser, intravitreal 
steroid injection, and combinations. Vitrectomy may 
be applicable in DME subjects demonstrating epiretinal 
membrane and/or vitreomacular traction[66]. 

Intravitreal anti-VEGF therapy
Macromolecular therapy: VEGF plays an important 

role in retinal vascular permeability, breakdown of BRB 
and formation of macular edema. The current gold stan-
dard therapy for DME treatment is administering anti-
VEGF agents[67-69]. VEGF inhibitors have demonstrated 
beneficial effects in DME treatment[70-74]. Current VEGF 
inhibitors include aflibercept (Eylea), RBZ (Lucentis), 
pegaptanib (Macugen), and bevacizumab (Avastin). 
RBZ and aflibercept are approved by Food and Drug 
Administration (FDA) for DME. Other anti-VEGF agents 
are also being considered due to cost effectiveness[75,76].

RBZ is a monoclonal antibody, approved for DME[77]. 
It has strong binding affinity to VEGF-A and blocks all 
isoforms of VEGF-A. Nguyen et al[78] demonstrated 
long term effects of RBZ in diabetic patients with DME. 
In this study, subjects were treated with RBZ, focal 
or grid laser or combination. The mean best-corrected 
visual acuity indicated that RBZ had significant effect to 
control edema in DME subjects. Moreover, a combination 
treatment with RBZ and focal/grid laser lowers edema 
residues also. Similarly, a clinical study, RIDE/RISE of 
RBZ demonstrated significant improvement in macula 
edema, accompanied by slow progress of vision loss in 
DME subjects[79-82]. 

Bevacizumab is full-length humanized monoclonal 
antibody with approximately three times larger molecular 
weight and size than RBZ. Bevacizumab also obtained 
FDA approval for the treatment of glioblastoma and 
colorectal cancer. However, it is being used as an “off-
label” drug for DME treatment due to low cost. Several 
studies have reported bevacizumab to significantly 
improve macula edema and restore vision atleast par-
tially in DME subjects[83-89]. Intravitreal injections of 
bevacizumab alone or in combinations with triamcinolone 
or photocoagulation were investigated. Interestingly, 
a combination of intravitreal bevacizumab and triamci-
nolone acetonide (TA) produced marginal improvement 
over bevacizumab alone in DME[90].

Aflibercept: (Eylea; Regeneron) aka VEGF Trap for 
eye is a soluble protein composed of binding domain 
for human VEGF receptor 1 (VEGFR1), 2 and Fc domain 
of human immunoglobulin G1[91,92]. Eylea has 100 times 
higher binding affinity to VEGF isoforms relative to beva
cizumab or RBZ[93]. Moreover, aflibercept binds to special 
P1GF and VEGF-B and inhibits the activation of VEGFR1[93]. 
Korobelnik et al[91] conducted VISTADME and VIVIDDME 
phase three studies to compare the efficacy and safety of 
intravitreal aflibercept at 4 and 8 wk after initial monthly 
doses and laser treatment. Aflibercept demonstrated 
significant improvement in visual acuity over laser treat
ment. These results suggest that aflibercept is safe and 
well-tolerated. The most best corrected visual acuity 
(BCVA) can be achieved with aflibercept[94]. Many other 
studies such as VIBRANT, COPERNICUS, and GALILEO 
have reported significant benefits for aflibercept with 
better visual acuity[95-98]. Aflibercept did not cause sig-
nificant difference at mild level of initial visual acuity 
relative to bevacizumab and RBZ. In fact, aflibercept can 
improve vision more effectively at worse level of initial 
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Figure 2  Treatment strategies of diabetic macular edema.
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visual acuity[76,92].
Pegaptanib (Macugen) is a ribonucleic acid aptamer 

which was the first anti-VEGF approved by FDA for 
AMD. Macugen is another “off-label” drug for DME and 
has selective target to VEGF 165[99]. Several studies 
demonstrated pegaptanib to be safe, well-tolerated and 
superior efficacy in DME treatment[100-104]. 

Small molecule: Rapamycin or sirolimus is an immuno-
suppressive drug with anti-inflammation, antiangio-
genic, antifibrotic, and antifungal properties. Sirolimus 
blocks interleukin-2-mediated signaling pathway and 
reduce VEGF production by inhibiting S6K1 phosphory-
lation[105-108]. Recently subconjunctival and intravitreal 
injections of sirolimus are applied for the treatment of 
DME, AMD and non-infectious uveitis patients which 
appear to be well tolerated[109-112]. Efficacy studies with 
sirolimus in DME subjects have also been conducted[109]. 
Moreover, aqueous nanomicellar topical drop of sirolimus 
has been developed. These nanomicellar constructs have 
been demonstrated to deliver sirolimus in high concen-
trations to back-of-the-eye tissues [retina/choroid] with 
topical drop[105].

Steroids and other treatments in DME 
Inflammation plays a crucial role in DME pathogenesis. 
Though exact mechanism of corticoid action is unclear 
its use as antiinflammatory agent is well recognized. It 
decreases VEGF activity and shows beneficial effects in 
DME[5,113-117]. Steroids may inhibit inflammatory cytokine 
production, leukostasis, and phosphorylation of cell-
junction proteins[118]. 

TA is a synthetic steroid, recommended for DME 
treatment. TA displays anti-inflammatory and anti-
angiogenic properties[119], improves tight-junctional 
levels between endothelial cells and reduces vascular 
leakage[120]. The widespread biological effects and 
large therapeutic window of intravitreal TA (IVTA) in 
the treatment of various ocular disorder is well known. 
It is prescribed as an “off-label” drug for DME and 
DR[121-124]. Several studies have been conducted to 
compare the safety and efficacy between IVTA and 
other treatments[67,90,125-128]. In a meta-analysis of 
randomized controlled trials study, IVTA demonstrated 
better vision acuity relative to standard care for ocular 
inflammation[126]. Moreover, IVTA administrations demon-
strated short-term efficacy in retinal vein occlusion[129]. 
However intravitreal administration of IVTA, can also 
elevate IOP, accelerate cataract formation and cause 
other associated side effects such as endophthalmitis 
and pseudoendophthalmitis[130-134]. To overcome such 
side effects, recently aqueous nanomicellar topical 
drop of dexamethasone has been reported from our 
laboratory[135,136] that delivers therapeutic levels of the 
steroid to both anterior and posterior ocular tissues. Other 
studies for DME with corticoids include biodegradable 
dexamethasone implant (Ozurdex), surgically implantable 
reservoir of fluocinolone (Retisert), the dexamethasone 

intravitreal implant (Posidurex), and non-bioerodible 
injectable fluocinolone polymer (Iluvien)[137-143].

Emerging formulations for treatment of DME
Ophthalmic complications associated with diabetes 
are the leading cause of blindness in adults. In recent 
years, several formulations utilizing nanotechnology, 
anti-VEGF, VEGF trap, and implants for treating DME 
and other back-of-the-eye diseases are emerging. In 
addition, several combination therapies that involve 
two or more therapies together are being administered. 
Most of these drugs and combination therapies are 
either FDA approved or are in clinical trials and have 
shown tremendous improvement in vision to DME 
patients[78,144,145]. The following sections discuss different 
emerging formulations for treatment of DME.

CLINICAL STUDIES
Inhibition of VEGF has been indicated in AMD in recent 
years. Studies have shown that inhibition of VEGF can 
also be an effective interaction in the treatment and 
management of DME. Furthermore, intravitreal injection 
of anti-VEGF therapeutics (RBZ and aflibercept) was 
compared with laser monotherapy for treatment of DME 
on 1978 patients. Anti-VEGF therapeutics appeared 
to be statistically and clinically more superior to laser 
monotherapy[146]. Nguyen et al[82] conducted a phase 
Ⅲ randomized trial on 377 adult patients with vision 
loss due to DME. This study was conducted to evaluate 
efficacy and safety of RBZ administered at different 
dosages. Results indicated that after 24 mo of treatment 
18.1% of sham patients gained more than 15 letters 
compared to 44.8% of patients treated with 0.3 mg of 
RBZ[82]. In addition RBZ showed rapid and sustainably 
improved vision with lower risk for further vision loss. 
This intervention significantly improved macular edema 
for DME patients[82].

Combination formulations are also emerging in the 
treatment of diseases associated with posterior segment 
of the eye. Combined regimens are utilized where 
retinopathies are not responding to one particular thera-
peutics strategy[147]. Liegl et al[51] conducted a study to 
evaluate a combination of laser photocoagulation and 
RBZ in the treatment of DME over one year period. One 
group receives combination therapy which involved 3 
mo RBZ injections followed by laser photocoagulation. 
The second group is treated with RBZ injections only. 
BCVA is measured in both groups after treatment. An 
improvement in BCVA letter sore from 6.31 to 8.41 on 
both groups is observed. However, patients in mono-
therapy group require repeated RBZ injections (84%) 
relative to combined therapy (35%)[51]. These findings 
suggest that number of injections is significantly reduced 
with combination therapy. This may be beneficial to 
subjects since frequent intravitreal injections may result 
in local ocular complications such as endophthalmitis, 
retinal hemorrhage, retinal detachment and patient 
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noncompliance[148,149].
In addition to antibody therapeutics for treatment of 

DME, some promising strategies such as non-antibody 
drug products that have been used in the treatment and 
management of DME. Fluocinolone acetonide (FAc) 
(ILUVIEN®) was approved in 2014 by FDA for the 
treatment of DME. A long term follow-up study is con-
ducted on DME subjects after receiving FAc intravitreal 
implant[150]. In this study subjects not responding to laser 
photocoagulation or anti-VEGF therapy were treated 
with FAc implant in one eye and anti-VEGF therapy in 
the contralateral eye[150]. Intravitreal FAc implant eye 
produced reduction in central macular thickness from 
642 μm to 364 μm in the first month. On the contrary, 
eye treated with anti-VEGF therapy was unresponsive[150]. 
Similarly, another study that was conducted with 
FAc in chronic DME patients[151]. Results indicated an 
improvement of more than 15 letters on 34.0% patients 
treated with FAc compared to 13.4% on sham[151]. Such 
results provide an option for clinicians to treat subjects 
who do not respond to laser or anti-VEGF therapy. 
Moreover, FAc implant provides a long term sustained 
drug release of 0.2 μg/d for up to 3 years which can be 
more patient compliant therapy[150,151].

In this non-randomized, multicenter study, 2603 
patients with macular edema and DME, Adelman et al[152] 
conducted a study to compare efficacy of antiVEGF with 
triamcolone monotherapy and laser treatments. Despite 
the fact that all treatments revealed some improvement 
in visual acuity, anti-VEGF treatment showed the most 
improvement. However, treatment with PPV and ILM 
peeling exhibited improvement in vision acuity greater 
than anti-VEGF alone[152]. Consequently, this result indi-
cates that treatment with ILM peeling and vitrectomy 
may be a better option to treat DME compared to other 
therapies.

 Misra et al[153] have developed an insulin therapy 
that can be delivered to the retina. This is a sub-conjuc-
tivally implantable hydrogel with thermosensitive and 
biodegradable properties for sustained delivery of insulin 
to the retina. Hydrogels are synthesized with UV photo-
polymerization of N-isopropylacrylamide monomer 
and dextran containing biodegradable oligolactate-
(2-hydroxyetheyl methacrylate) units. Insulin loading 
efficiency was very high (98%)[153]. In vitro studies 
demonstrated that hydrogels were nontoxic when 
subjected to R28 retinal cells and can release active 
insulin for 7 d[153]. Such hydrogel implant may be utilized 
to load other macromolecular drugs intended to treat 
back-of-the-eye diseases.

Similarly, studies have been conducted to evaluate 
efficacy of combined treatments in DME. Vitrectomy 
combined with triamcinolone acetonide injection (IVTA) 
and macular laser photocoagulation was studied by 
Kim et al[147] for the treatment of non-tractional DME. 
This study was performed on 28 patients, who were 
sequentially subjected to vitrectomy, IVTA and macular 
laser photocoagulation. BCVA and CST were observed 
before vitrectomy, 1, 3, and 6 mo after the treatment. 

Results indicated substantial improvement in BCVA from 
0.44 to 0.34 and from 433.3 to 310.1 for CST. These 
results suggest that combination of vitrectomy, IVTA 
and laser photocoagulation may be indicated in the 
treatment of DME.

Enzymatic vitrectomy for DME patients has recently 
been explored[154]. Diaz-Llopis et al[155] investigated the 
role of enzymatic vitrectomy through intravitreal injection 
of autologous plasmin enzyme in management of DME 
and DR. In a clinical study 63 eyes were treated with 
intravitreal injection of autologous plasmin enzyme 
and reexamined after one month for central macular 
thickness, BCVA and hyaloid. A second injection of 
this enzyme was administered to patients who did not 
develop PVD. Results indicated a massive improvement 
in central macular thickness by 100% and BCVA by 
89%. However, PVD was observed to be 38% after first 
injection, which then improved to 51% after second 
injection[155]. Enzymatic vitrectomy is still new in the 
world of ophthalmology and further studies are required 
to understand the mechanism of action, efficacy and 
safety. Enzymatic vitrectomy may be considered as an 
alternative therapy for treatment of DME.

In a study with nine patients who had persistent DME, 
Zucchiatti et al[156] evaluated the effect of single injection 
of dexamethasone implant (0.7 mg) over 6 mo period. 
Results indicated a significant improvement in BCVA 
and central retina thickness which was sustained over 
4 mo. A similar study was performed in DME patients 
with vitrectomized eyes for 26 wk by Boyer et al[139] 
to evaluate safety and efficacy of dexamethasone. A 
significant improvement in BCVA and central retinal 
thickness were maintained throughout the treatment 
period. In comparison, dexamethasone implant appeared 
to achieve superior outcomes in terms of BCVA, CMT 
with fewer injections compared to bevacizumab by Gillies 
et al[157]. Both treatments indicated excellent progress 
on vision impairment score. However, 11% of patients 
treated with dexamethasone implant lost 10 letters 
or more due to cataract formation[157]. FDA approved 
dexamethasone implant (Ozurdex) in the treatment of 
DME in 2014. This implant was previously approved for 
the treatment of non-infectious uveitis affecting posterior 
segment of the eye. Table 1 summarizes major clinical 
trials that have been performed to study biologics, steroid 
and implants in DME.

IN VITRO, IN VIVO AND PRE-CLINICAL 
STUDIES
As described earlier, DME is a back-of-the-eye disease. 
For local drug delivery, sub-conjunctival or intravitreal 
route of administration may be recommended. Since 
frequent injections are needed to maintain therapeutic 
levels, may cause complications such as retinal detach-
ment, endophthalmitis, pseudoendophthalmitis and 
retina hemorrhage. Nanoparticle mediated sustained 
release formulations may lower frequent injections, and 
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improve efficacy leading to reduced side effects and 
improved patient compliance.

Recently, several groups have developed topical formu-
lations for delivery to the retina. Cholkar et al[135] have 
reported a topical administration of mixed nanomicelle 
formulation (MNF) loaded with dexamethasone[136] 
rapamycin (sirolimus) and cyclosporine[158] for back-of-
the-eye delivery[105]. MNF was found to be safe when 
tested on human retinal pigment epithelial cells (D407) 
and rabbit primary corneal epithelial cells in vitro. MNF 
can provide high drug loading and entrapment efficiency 
with an average size of 10.84 ± 0.11 nm. Furthermore, 
in vivo studies exhibited higher rapamycin concentration 
of 362.35 ± 56.17 ng/g in retina-choroid area but no 
drug was found in the lens or vitreous humor[105]. With 
these results, the topical administration may provide 
patient compliance since no injections are involved.

In addition, Fujisawa et al[159] have explored lipo-
somal diclofenac eye drop formulation targeted to retina 
along with the aid of surface modification of liposomes. 
Liposomal formulation was prepared by using calcium 
acetate gradient method which increased entrapment 
efficiency from 51.3% (obtained by using hydration 
method) to 97%[159]. The researchers have utilized 
liposome surface modification with poly vinyl alcohol (PVA) 
or its derivatives (PVA-R) and observed that particle size 
of liposome with PVA modification to are 135 nm and 177 
nm with PVA-R. In vivo studies performed on Japanese 
albino rabbits indicated an enhancement in accumulation 
of diclofenac in the retina-choroid by 1.8 fold with surface 
modified liposome relative to unmodified liposomes[159]. 
Higher entrapment efficiency may result in longer drug 
release. This delivery system may be suitable for the 
treatment of DME and other diseases associated with 
posterior segment of the eye.

RNA has been widely used as a therapeutic agent 
for treatment of wide variety of diseases. It involves 
modification, engineering, and/or assembly of organized 
materials at nanometer scale. The 117-nucleotide (nt) 
RNA, known as packaging RNA (pRNA) of bacteriophage 
and small interfering RNA (siRNA) have been widely 
applied in the treatment of cancer, viral infection, genetic 
diseases, and other diseases. Recently, Feng et al[160] 
have reported ocular delivery of pRNA (pRNA-3WJ and 
pRNA-X) nanoparticles and investigated distribution 
and clearance after subconjunctival injection. pRNA-
3WJ and pRNA-X-nanoparticles labelled with Alexa647 

and dsRNA were prepared and administered to mice 
by subconjunctival injection. It was observed that 
nanoparticles (pRNA-3WJ, pRNA-X and dsRNA) were 
distributed in corneal, sclera, and conjunctiva cells, 
but pRNA-X was found only in retina cells. This study 
suggests that RNA therapy for ocular diseases including 
back-of-the-eye delivery is feasible.

Similarly gene therapy for the treatment of inherited 
and acquired ocular diseases has been rapidly evolving 
in recent years. A major challenge for gene therapy is 
to overcome barriers associated with ocular gene deli-
very. This can be achieved by developing a suitable 
nanotechnology platform that can cross ocular barriers 
and deliver genes at target site. A polymer (natural 
or synthetic) or peptides have been employed to enca-
psulate DNA in polymer or peptide compacted DNA 
gene delivery nanoparticles[161]. Safety of compacted 
DNA nanoparticles for ocular delivery has also been 
investigated by Ding et al[162]. Polyethylene glycol 
substituted lysine peptide (CK30PEG) compacted 
DNA nanoparticles encapsulating EGFP vector were 
subretinally injected in mice at different dosages. 
Retina was observed at 1, 2, 4, 7 d post injection for 
any inflammatory signs or mediators. No inflammatory 
response was observed in the retina[162]. In addition, 
chitosan DNA nanoparticles for retinal gene delivery have 
been reported by Mitra et al[163]. Results indicate that 
compacted DNA nanoparticles may be exploited as gene 
therapies for treatment of the posterior diseases and 
particularly with RPE.

Carbon nanotubes are nanometer-scale tube-like 
cylindrical nanostructure. These cylindrical carbon mole-
cules have unusual properties, which are valuable for 
nanotechnology, particularly in drug delivery. Nanotubes 
have also been explored for therapeutic delivery at 
back-of-the-eye. Panda et al[164] studied self-assembly 
dipeptide phenylalanine-α, β-hydrophenylalanine 
nanotubes for sustained intravitreal delivery of targeted 
tyrosine kinase inhibitor (pazopanib). The nanotube 
has a diameter and length of 15-30 nm and 1500 nm 
respectively. The nanotubes can be injected using 33G 
needle. Nanotubes loaded with a 25% w/w pazopanib 
were found to be nontoxic in in vitro studies. In vivo 
investigation was performed with pazopanib loaded 
nanotube for 15 d and the drug was observed in 
vitreous humor, retina and choroid RPE at 4.5, 5 and 2.5 
times respectively compared to pazopanib solution[164]. 

Trade name Generic name Study Main conclusion Ref.

Lucentis Ranibizumab RISE/RIDE Ranibizumab improved vision and macular edema in DME patients [82]
Eylea Aflibercept VISTA/VIVID Intravitreal injection of aflibercept was shown to be superior compared to laser 

therapy in treatment of DME 
[9�]

Ozurdex Dexamethasone implant MEAD Dexamethasone implant were well tolerated and improved BCVA in DME patients [�68]
Iluvien Fluocinolone acetonide FAME Both low and high dose of Fluocinolone acetonide exhibited improved BCVA in 

treatment of DME
[�69]

Table 1  Major clinical trials performed to study biologics, steroids and implants for diabetic macular edema treatment

DME: Diabetic macular edema; BCVA: Best corrected visual acquit.
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These results suggest that nanotubes can be applied 
as a delivery system which may sustain higher drug 
concentration in ocular tissues.

Biodegradable polymers have been extensively 
utilized for the preparation of nanoparticles in drug de-
livery. Also nanoparticle in gel formulation of steroids 
has been reported for the treatment of macular edema 
by Boddu et al[165]. In this formulation PLGA (50:50 
and 65:35) nanoparticles loaded with dexamethasone, 
hydrocortisone acetate, and prednisolone acetate were 
prepared by water in oil emulsion and then suspended in 
thermosensitive gel. Results indicated that entrapment 
efficiency for dexamethasone, hydrocortisone acetate 
and prednisolone acetate were 77.3%, 91.3% and 
92.3% respectively. Drug release studies indicated no 
burst release and release kinetics followed zero order[165]. 
Nanoparticles suspended in thermosensitive gel may 
provide sustained release of drug at retina-choroid and 
may be exploited for DME and other ocular diseases.

A quench technology where nanoparticles in porous 
microparticles (NPinPMP) were prepared by superficial 
infusion and pressure for sustained bevacizumab de-
livery. The protein was coated with PLA nanoparticles 
and then mixed with PLGA microparticles. The particles 
were allowed to pass through supercritical carbon dioxide 
gas[166]. This allows expansion of PLGA matrix but not 
PLA matrix. Hence it creates porous PLGA microparticles 
in which encapsulated bevacizumab PLA nanoparticles 
are incorporated to generate NPinPMP. In vitro study 
indicated sustained release of bevacizumab for 4 mo 
with no change in conformation and activity[166]. There-
fore, this formulation may be utilized with other protein 
therapeutics for the treatment of back-of-the-eye 
diseases and may reduce frequent injections to maintain 
therapeutic levels. However, size of microparticles may 
be controlled for intravitreal injections.

In addition, tailor made pentablock copolymer based 
formulation for sustained ocular delivery of protein thera-
peutics was extensively investigated by Patel et al[148,167]. 
Biodegradable pentablock copolymers (FDA approved) 
were synthesized by ring opening polymerization 
method using different monomers[148,167]. In vitro studies 
confirmed that polymers and monomers are safe and 
biocompatible when tested in ocular cell lines (APRE-19, 
SIRC, HCEC and RAW-264.7)[148,167]. Furthermore, 
pentablock nanoparticles loaded with FITC-BSA, IgG and 
bevacizumab were tested for particle size distribution 
which ranges between 320 and 355 nm. The entrapment 
efficiency, however, widely varied from 35% to 70%. In 
vitro studies indicate 40 d release of FITC-BSA and 60 d 
for IgG when nanoparticles are suspended in gel[167]. This 
IgG has similar molecular weight as bevacizumab, which 
can be delivered at the back-of-the-eye for the treatment 
of posterior diseases. Therefore, this formulation may be 
adopted to prepare other anti-VEGF therapies which can 
be delivered to the posterior ocular segment for DME and 
other retinal diseases.

DME is a disease associated with the posterior seg-
ment of the eye; therefore, it poses a significant delivery 

challenge. A significant portion of the drug may not reach 
back-of-the-eye due to associated barriers such as BRB, 
blood aqueous barrier, and vitreous barrier. Consequently 
only a small amount of drug reaches the back of eye. 
In order to maintain therapeutic drug levels, generally 
frequent intravitreal injections are required, which are not 
patient compliance and may cause other complications. 
In addition, delivery system that can sustain drug release 
for a prolonged period of time should be developed so 
that injection frequency can be minimized/avoided. 

CONCLUSION
DME is a chronic disease leading to declined visual acuity 
and vision loss. It is a complex multifactorial disease 
which involves multiple pathways involving vision loss. 
At present, several novel drug delivery and treatment 
strategies have been developed to improve visual 
acuity and restore vision. The standard treatments of 
DME include laser photocoagulation, vitrectomy, intra-
vitreal injections of anti-VEGF biologics and steroids. 
Because of destruction of photoreceptors due to laser 
photocoagulation, retinal scar formation and impedance 
of visual prognosis, it may be utilized in combination with 
vitrectomy or intravitreal injection. Moreover, the current 
understanding of DME pathophysiology has revealed a 
new therapy which includes targeted chemical mediators 
such as VEGF and inflammatory agents. The completion 
of several randomized, controlled trials in the long 
term may provide new therapeutics and novel delivery 
systems for the back-of-the-eye diseases. 
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