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Effective drug delivery to the eye is an ongoing challenge due to poor patient 
compliance coupled with numerous physiological barriers. Eye drops for the front of 
the eye and ocular injections for the back of the eye are the most prevalent delivery 
methods, both of which require relatively frequent administration and are burdensome 
to the patient. Novel drug delivery techniques stand to drastically improve safety, 
efficacy and patient compliance for ocular therapeutics. Remarkable advances in 
nanofabrication technologies make the application of nanostructured materials 
to ocular drug delivery possible. This article focuses on the use of nanostructured 
materials with nanoporosity or nanotopography for ocular delivery. Specifically, we 
discuss nanotopography for enhanced bioadhesion and permeation and nanoporous 
materials for controlled release drug delivery. As examples, application of polymeric 
nanostructures for greater transepithelial permeability, nanostructured microparticles 
for enhanced preocular retention time and nanoporous membranes for tuning drug 
release profile are covered.
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Improving therapeutic delivery to the eye is 
both a challenging and lucrative endeavor. 
The size of the patient population and mar-
ket are astounding. In 2010, 733 million 
people globally were affected by vision loss 
or blindness [1]. Fortunately, for many of the 
leading causes of vision loss there are treat-
ments available to at least slow or halt disease 
progression, if not improve sight. In 2014, 
the market for such ophthalmic therapeutics 
and devices reached US$36 billion [1] and it 
is only expected to grow.

There are two main factors affecting the 
projected growth of this market. The first is 
the anticipated increase in the patient popula-
tion due to an aging population and increas-
ing incidence of diabetes, both of which are 
prominent risk factors for diseases associated 
with vision loss  [2]. The second is improve-
ment in ophthalmic therapeutics and ocular 
drug delivery leading to improved patient 
compliance and new treatment options. In 

2001, 95% of the market share in global oph-
thalmic drugs and devices came from thera-
peutics delivered to the front of the eye  [2]. 
This is not because there is greater incidence 
of anterior eye disease (only 45% of vision 
loss cases are anterior disease) [2] but because 
delivering therapeutics to the back of the eye 
is immensely challenging. With new tech-
nologies emerging both in therapeutics and 
delivery, this is expected to change.

Even though the front of the eye is easier 
to treat than the back, there are still many 
challenges associated with effective treat-
ment. To start with, it is difficult to get drugs 
into the eye. The most common applica-
tion technique for front of the eye delivery 
uses eye drops but even in the best of cases a 
large portion of the drop either never makes 
it into the eye or is rapidly cleared by naso-
lacrimal drainage before it can permeate 
through the cornea. On average only 5% of 
drug applied as an eye drop actually makes 
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it past the cornea  [2]. Patients typically have to dose 
at least once a day if not more frequently and due to 
the high systemic absorption, there can be significant 
side effects. Increasing corneal residence time and/or 
corneal permeability would improve this scenario and 
increase efficacy. Ocular drug delivery systems have 
the potential to do both.

When delivering therapeutics to the back of the eye, 
there are few options available. While small molecules 
can potentially be applied to the front of the eye with 
hopes of permeation through the eye’s multiple bar-
riers, very little drug is expected to actually reach to 
the site of action at the back of the eye. Biologics typi-
cally do not permeate at all through the corneal epithe-
lium. Therefore, most back of the eye therapeutics rely 
on direct injection. While this gets the drug where it 
needs to go in effective doses, it is undeniably unpleas-
ant to receive an ocular injection and many treatments 
require patients to undergo this once or twice a month. 
As a result, patient compliance can be a major hurdle, 
leading to undertreatment in many cases. Addition-
ally, ocular injections pose their own risk of complica-
tions resulting from the procedure itself so minimiz-
ing the number of injections into the eye is critical 
for improving therapeutic delivery. Therefore, there 
is strong interest in long-acting drug delivery systems 
to improve patient compliance, safety and efficacy of 
posterior ocular therapeutics.

By now you should be convinced that drug delivery 
systems are an integral part of the future of ocular thera-
peutics. Drug delivery systems can increase bioavail-
ability and efficacy, improve patient compliance and 
reduce the risk of complications by reducing frequency 
of administration. But how does nanotechnology fit into 
all of this? Nanotechnology is on the rise in biomedi-
cal applications. As fabrication techniques advance, the 
unique properties of features on the nanoscale are being 
leveraged for many applications in drug delivery, rang-
ing from enhanced adhesion to controlled drug release. 
In this review we will explore nanofeatures relevant to 
improving ocular drug delivery.

Use of nanostructured materials in 
overcoming physiological barriers
Physiological barriers in ocular drug delivery
As mentioned earlier, while ocular drug delivery heav-
ily relies on the use of eyedroppers due to their ease 
of use, topical administration typically achieves very 
low ocular bioavailability (<5%). This is because topi-
cally administered ocular agents must penetrate physi-
ological barriers (Figure 1), such as the tear film and 
the cornea, to reach the target site. More specifically, 
a topically administered agent first meets the tear film, 
which drains a large portion of the drug to the sys-
temic route before it reaches the ocular tissues. Then, 
the remaining drug still needs to penetrate the cor-
nea, which consists of three main layers: epithelium, 
stroma and endothelium. The superficial layer of the 
corneal epithelium, which lines the outer surface of the 
cornea, is joined by tight junction complexes that 
highly retard paracellular drug permeation [3]. In addi-
tion, the corneal epithelium is known to express several 
efflux transporters, such as MRP1, MRP5 and breast 
cancer resistance protein [4], that actively pump drugs 
out of the cell and may further lower ocular bioavail-
ability. Therefore, the corneal epithelium is often con-
sidered a major barrier to topical ocular drug delivery. 
Since these barriers greatly limit the amount of drug 
that can reach the back of the eye, agents that target 
the posterior eye are often administered systemically 
or via intravitreal injection.

However, when administered systemically, delivery 
of large molecule drugs, such as biologics, to the poste-
rior eye is still hindered by retinal barriers such as the 
retinal pigment epithelium, and high dose is typically 
required to reach therapeutically meaningful concen-
tration, which may lead to more pronounced systemic 
side effects. The blood–retinal barrier, which con-
sists of outer (retinal pigment epithelium) and inner 
(retinal endothelial layer) barriers, effectively blocks 
introduction of foreign agents from the bloodstream 
to the retina. Furthermore, efflux transporters, such as 
MRP1, 4 and 5, are also expressed in the posterior seg-
ment of the eye [5] and may affect the degree to which 
drugs reach the target site. Therefore, many large 
molecule therapeutics for the back of the eye, such 
as Lucentis® (Genentech) or Eylea (Regeneron) for 
treatment of wet age-related macular degeneration are 
injected intravitreally, which is a highly invasive proce-
dure, accompanied with various side effects including 
endophthalmitis [6].

In addition, it is important to note the presence of 
flow and shear stress in the eye. Preocular retention 
time for topically administered agents is often limited 
due to tear turnover and frequent blinking that results 
in a very short ocular contact half time (<10 min) [7]. 

Key terms

Tight junction: Tight junction refers to the connection 
between cells that act as a barrier to paracellular transport. 
Tight junction proteins, such as zonula occludens and 
claudins, are thought to influence the degree to which 
paracellular transport takes place.

Bioadhesion: Bioadhesion refers to adhesive properties 
between a synthetic material and a biological surface. 
Sufficient bioadhesion of drug delivery devices to the 
target tissue is critical to ensure proper delivery of drug 
payload. This is especially true when the target tissue is 
subject to flow conditions or physical perturbations that 
may remove the device from the surface.
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Further reducing preocular retention time is reflex 
lacrimal secretion and variability in tear production 
caused by the physical stimuli during topical adminis-
tration [8]. Further information on ocular drug deliv-
ery barriers is well outlined in the review by Urtti [9]. 
While discussions of nanomaterials often include vari-
ous nanocarriers, such as nanoparticles and liposomes, 
this review will focus specifically on the effect of nano-
topography on adhesion and transepithelial penetra-
tion and the use of nanoporous materials for sustained 
or controlled drug delivery to the eye. For information 
on the use of nanocarriers in ocular drug delivery, we 
refer the readers to reviews written by Sahoo et al. [10] 
and Nagarwal et al. [11].

Bioadhesive nanostructures
The importance of bioadhesion has been well 
acknowledged in the field of ocular drug delivery. 
For instance, various mucoadhesive materials, such as 
polyacrylic acid [12], chitosan [13], and hyaluronan [14], 
have been widely explored to increase preocular reten-
tion time of drug carriers. These approaches have 
been well summarized in reviews by Ludwig  [15] and 
Kaur et al. [16].

On the other hand, drug delivery studies that focus 
on other target sites, such as those for oral drug admin-
istration, have also explored an interesting aspect of 
nanotopography to achieve enhanced bioadhesion. 
The idea of using nanotopography for adhesion was 
originally derived from gecko feet [17,18]. Geckos have 
been noted for their ability to climb smooth surfaces 
thanks to the hierarchical micro- and nanostructures 
on the surface of their feet. Mechanisms of bioadhe-
sion between solid interfaces have been generally well 
studied in the field and include electronic, adsorp-
tion and interpenetration/diffusion theories  [19,20]. 
To briefly discuss, electronic theory finds electrostatic 
attraction at the interface between tissue and bioma-
terial responsible for bioadhesion. Adsorption theory 
says secondary forces, such as hydrogen bonding and 
van der Waals force, cause bioadhesion. On the other 
hand, interpenetration/diffusion theory claims that 
interpenetration of polymer chains at the bioadhe-
sion interface is responsible for bioadhesion  [19,20]. In 
the case of bioadhesion in gecko feet, the mechanism 
behind this phenomenon is thought to rely on van der 
Waals force and not on the surface properties of gecko 
feet [18]. In addition, both intestinal epithelium [21] and 
the corneal epithelium [22,23], which line the surface of 
the intestine and the cornea respectively, are known 
to have microscale projections on the surface that can 
interact with nanostructures, creating better bioad-
hesion. Using this approach, researchers have used 
nanostructured microparticles for increased retention 

time in oral drug delivery applications. For example, 
in vitro studies have shown that nanoengineered mic-
roparticles, fabricated by growth of silicon nanowires 
on the surface of glass microbeads, are able to achieve 
significantly enhanced bioadhesion to a layer of intes-
tinal epithelial (Caco-2) cells in the presence of flow 
compared with bare microparticles [21,24,25].

While this approach is highly promising and ame-
nable to ocular drug delivery, a more biocompatible 
and biodegradable platform is desired to alleviate con-
cerns with permanent device retention. In addition, it 
is important to note that drug loading was achieved 
by localization of drug solution at the base of nano-
structures due to capillary force. Because of this, the 
devices rapidly eluted model drugs such as bovine 
serum albumin within 2 h  [24]. While this relatively 
short drug release profile may be utilized without 
problems for oral drug delivery through utilization of 
enteric coating, a drug loading method that is able to 
achieve longer (>2 weeks) release profile is desirable for 
sustained ocular drug delivery.

With these concerns in mind, the idea of geometry-
based bioadhesion has been applied to enhance ocular 
drug delivery, as noted in studies by Choy  et  al.  [26] 
and Park et al.  [27]. These studies addressed concerns 
with material biocompatibility by using biodegrad-
able materials, such as poly(lactic-co-glycolic acid) 
(PLGA), PEG and polyvinyl alcohol (PVA). In this 
study, nanostructured microparticles were fabricated 
by preparing PLGA/PEG nanofibrous sheets via elec-
trospinning and freeze-milling the resulting sheet. 
The nanostructured microparticles were further 
embedded into a polyvinyl alcohol tablet to ensure 
ease of administration and patient compliance. In 
addition to utilizing nanostructures for bioadhesion, 
this study incorporated mucoadhesive materials, such 
as PEG, to achieve further prolonged preocular reten-
tion time in rabbit eye up to 90 min after administra-
tion (Figure 2A). Figure 2 shows fluorescence images 
of the rabbit preocular surface at several time points 
after administration of bare or nanostructured mic-
roparticles. The particles were tagged with Nile Red, 
a fluorescent dye, for visualization. As shown in the 
fourth row of Figure 2A, PLGA/PEG particles with 
nanotopography (NM) could still be seen on the rab-
bit eye 90 min after administration while PLGA/PEG 
bare microparticles were mostly cleared from the eye. 
Moreover, while this study did not fully explore the 
drug elution potential of nanoengineered PLGA/PEG 
microparticles, their potential as controlled release sys-
tem has been noted by the versatility of the fabrication 
method, which allows modification of the encapsu-
lating wall material that may achieve controlled drug 
release.
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Nanostructure-mediated permeation 
enhancemen
In addition to the need for enhanced bioadhesion, topi-
cal administration of drug to the eye is limited by the 
tight junctional complexes of the corneal epithelium [29], 
which line the surface of the cornea. The presence of sev-
eral efflux transporters at the apical side of the corneal 
epithelium can also limit penetration of ocular therapeu-
tics [4,5,30]. To address this challenge, various penetration 
enhancers, such as surfactants, calcium chelators and 
preservatives [16], have been utilized in ocular drug deliv-
ery. These agents are thought to enhance permeation by 
modulation of transcellular and/or paracellular transport 
routes. However, several studies have reported potential 
ocular toxicity of these enhancers, including changes in 
corneal hydration [31] and electrophysical properties [32], 
reduction in corneal epithelial cell viability [33] and struc-
tural changes of the corneal epithelium [34]. Therefore, 
a new mode of permeation enhancement that can aug-
ment existing permeation enhancers may help provide 
more effective and safe ocular drug delivery.

In a series of studies on nanoengineered micropar-
ticles mentioned above, researchers noted an increase 
in transepithelial transport of large molecules, such 
as insulin, across Caco-2 cells  [25] in addition to an 
increase in bioadhesion [24]. Furthermore, more recent 
studies by Kam et al. have demonstrated a significant 
increase in large molecule (150 kDa) transport across 
a Caco-2 monolayer when the cells were placed in 
contact with polypropylene nanostructured films  [35]. 
According to their study, the increase in transport is 
thought to be governed by changes in paracellular 
transport due to the reorganization of tight junctional 
proteins. Interestingly, the study also noted that the 
increase in permeation enhancement was reversible 
upon removal of the nanostructured film.

While these studies are highly encouraging, it is 
important to note the difference between intestinal 
and corneal epithelial cells. Unlike intestinal epithelial 
cells, corneal epithelium consists of multiple cell layers. 
While tight junctional complexes are known to be pri-
marily expressed in the most apical layer of the corneal 
epithelium [29], permeability of large molecules in cor-
neal epithelial cells is typically lower than that in intes-
tinal epithelial cells. For example, while the apparent 
permeability (P

app
) of PEG above molecular weight of 

1051 (PEG
1051

) could not be measured in the cornea [36], 
P

app
 of PEG

4000
 in Caco-2 cells have been reported to 

be approximately 0.78 × 10-6 cm/s  [37]. This value is 
higher than P

app
 of PEG

942
 in corneal epithelial models, 

which is 0.50 × 10-6 cm/s  [38]. Furthermore, intestinal 
and corneal epitheliums are known to express different 
subset of tight junction proteins  [29,38,39], which may 
be modulated differently upon nanostructure contact. 

Therefore, application of nanostructured films on cor-
neal epithelial cells will most likely involve additional 
optimization to properly address these differences in 
epithelial physiology.

With this information in mind, we would like to 
note more recent studies by Walsh  et  al.  [28]. In this 
new set of studies, they expanded the application of 
nanostructured films to transdermal drug delivery 
applications by draping polymeric nanostructured film 
on a microneedle array (Figure 2B), creating a nano-
structured microneedle array. The epithelial layer of 
the skin is more similar to the corneal epithelium as 
it is also multilayered with its outer surface exposed to 
open air. By combining microneedle technology with 
polymeric nanostructures, Walsh  et  al. were able to 
achieve remarkable increase in delivery of etanercept, 
a large molecule therapeutic (150 kDa) used for severe 
psoriasis, via transdermal administration in vivo. More 
specifically, AUC of serum etanercept concentration 
over 72 h was 10.4-times greater with nanostructured 
microneedles compared with that of bare microneedles. 
In addition, they showed that polymeric nanostruc-
tures significantly downregulate major tight junction 
proteins, such as claudin-1 and -4 (Figure 2C), all of 
which are also expressed in the corneal epithelium [29].

Considering numerous studies on using micronee-
dles for topical ocular drug delivery applications  [40–
42] and the ability of nanostructures to regulate tight 
junctions that are present in the corneal epithelium, 
the approach by Walsh et al. may also be applicable to 
topical ocular applications. However, it is important 
to note that unlike the skin, the cornea requires main-
tenance of its optical properties for clear vision and 
the effect of tight junctional reorganization on optical 
properties of corneal tissue has not been well character-
ized. While previous studies on corneal microneedles 
showed no noticeable safety issues  [40], the effect of 
nanostructured microneedles on the cornea remains 
to be investigated. Nonetheless, with these concerns 
in mind, the use of nanotopography for permeation 
enhancement in conjunction with microneedle tech-
nology may be able to provide localized permeation 
enhancement, allowing reduction in side effects that 
arise from nonspecific enhancement.

Furthermore, as briefly mentioned earlier, delivery 
of large molecules to the back of the eye is greatly hin-
dered by the retinal barrier. Applying the aforemen-
tioned geometry-based approach, Wade  et  al. fabri-
cated planar SU-8/poly(ethyleneglycol)dimethacrylate 
microdevices for drug delivery across the retinal bar-
rier  [43]. In this study, Wade  et  al. noted an increase 
in transport of fluorescein isothiocyate (FITC)-con-
jugated dextrans across an in vitro retinal epithelial 
model with the planar microdevices compared with 
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Figure 1. Ocular structures and possible drug permeation/elimination routes. (A) Transcorneal permeation, 
(B) noncorneal drug permeation, (C) drug from the blood to the anterior chamber, (D) drug elimination by 
aqueous humor turnover, (E) drug elimination to systemic circulation, (F) drug permeation across the blood–
retinal barrier, (G) intravitreal drug administration, (H) drug elimination via blood–retinal barrier and (I) drug 
elimination via anterior route. 
Adapted with permission from [9] © Elsevier (2006).
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that of a bolus dose. Similar to previous studies noted 
above [28,35], this study also suggested that the mecha-
nism of enhanced transport lies on modulation of the 
paracellular pathway. Wade et al. noted downregulation 
of tight junctional proteins, such as zonula occludens-1 
and occludin, upon contact with planar microdevices 
and observed no statistically significant difference in 
expression of MRP-1, an efflux transporter that plays 
an important role in transcellular transport.

To summarize, we provided an overview of how 
nanostructures can be applied to provide enhanced 
bioadhesion to ocular surfaces as well as to increase 
transepithelial permeability. Next we will out-
line the use of nanoporous materials for sustained drug 
delivery to the eye.

Nanoporous materials in sustained-release 
drug delivery systems
Sustained release in ocular drug delivery
As already discussed, delivery of ocular therapeutics is 
challenging. Sustained release drug delivery systems 

aim to improve ocular delivery by reducing the fre-
quency of administration, increasing ocular bioavail-
ability and improving patient compliance. There are 
many commercial examples of how sustained release 
systems improve ocular therapeutics and even incre-
mental improvements such as the gel-forming solution 
Timoptic-XE (Merck), which reduces timolol admin-
istration from twice to once daily eye drops, are rele-
vant. In addition to extended release topical solutions, 
there are a variety of ocular implants lasting on the 
order of weeks to years, some of which are biodegrad-

Key term

Transepithelial permeability: Transepithelial permeability 
refers to drug penetration through the epithelial barrier, 
which is generally considered a major barrier to drug 
delivery. In case of ocular drug delivery, transepithelial 
permeation is relevant for both front (corneal epithelium) 
and back-of-the-eye (retinal pigment epithelium) 
applications. Transepithelial permeation can be passive 
(e.g., paracellular transport through the tight junctional 
complex) or active (e.g., transporter-mediated transport).
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Figure 2.  Nanotopography-inspired approaches to enhance bioadhesion and permeation. (A) Fluorescence 
images of the preocular surface of the rabbit eye after administration of particles tagged with Nile Red and 
scanning electron microscope (SEM) images of particles. Compared with bare PLGA or PLGA/PEG microspheres, 
microparticles with nanotopography achieved greater preocular retention time in vivo. White arrow indicates 
lower fornix of the rabbit eye and black arrow indicates the location of the eyeball. The bottom row shows SEM 
images of the particles. Scale bar = 5 mm for the top five rows and 20 μm for bottom row of SEM images [27]. (B) 
Nanostructured microneedles were fabricated by draping polymeric nanostructured film on a microneedle array. 
Scale bars = 300 μm and 3 μm in order [28]. (C) Nanostructures made with polypropylene or polyether ether ketone 
downregulate expression of tight junction proteins, such as Claudin-1 and 4, in cultured human keratinocytes as 
demonstrated by immunohistochemical staining. Scale bar = 10 μm [28]. 
PEG: Polyethylene glycol; PLGA: Poly(lactic-co-glycolic acid); PP: Polypropylene; NS: Nanostructured, 
PEEK: Polyether ether ketone. 
Adapted with permission from [27,28] © Elsevier (2014) and © American Chemical Society (2015).
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able and others that require retrieval  [44]. Four intra-
vitreal implants are commercially available, Vitrasert® 
(Bausch & Lomb, Inc., NY, USA) to treat cytomega-
lovirus (CMV) retinitis, Retisert® (Bausch  & Lomb, 
Inc., Rochester, NY, USA) for noninfectious posterior 
uveitis, Iluvien® (Alimera Sciences, Inc., GA, USA) 
for diabetic macular edema and Ozurdex® (Allergan, 
Inc., CA, USA) for diabetic macular edema, retinal 
vein occlusion and posterior uveitis. While none of 
these implants utilize nanostructured materials in 
their design for the delivery of small molecules, they 
pave the way for more advanced technologies utilizing 
nanostructured materials, particularly in the area of 

delivering protein therapeutics. The market success of 
improved delivery systems for ocular therapeutics com-
bined with the prevalence and diversity of such systems 
in preclinical and clinical development indicates both 
the need and the interest in improved ocular delivery 
through sustained release drug delivery systems.

Controlling release with nanopores
As novel fabrication techniques emerge and process 
control and precision of existing techniques are honed, 
nanoporous materials show increasing promise for sus-
tained release drug delivery. In recent years, researchers 
have demonstrated the use of nanoporous membranes 
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from a variety of inorganic and polymeric materials to 
deliver both small molecule therapeutics and biologics. 
Nanoporous materials are used in three primary ways 
for drug delivery: as porous microparticles, as rate-lim-
iting membranes, and as films or coatings that facilitate 
loading in addition to controlling release. As nanopar-
ticles are outside the scope of this review, we will focus 
only on nanoporous membranes and coatings.

Nanoporous materials have been used to sustain the 
release of small molecules as well as biologics from days 
to months [45,46]. In delivering small molecules, nano-
porous membranes can act as a membrane barrier, slow-
ing release of therapeutics from a reservoir to achieve 
sustained release. While release in these systems is still 
described by Fickian diffusion, a zero-order release 
profile can be achieved by loading the therapeutic above 
the limit of solubility in the volume of the reservoir or 
nanopore coating. As long as solid drug remains, a satu-
rated solution is contained in the reservoir or pores, cre-
ating a constant activity driving force for diffusion. In 
such systems, the rate of release depends on the physi-
cochemical properties of the drug and is controlled by 
the pore diameter, length, tortuosity, interconnectivity 
and density. As coatings, nanoporous materials not only 
restrict diffusion of loaded drug from the surface, but 
also provide a mechanism of drug loading. With high 
surface-to-volume ratios, nanoporous coatings provide 
an increased capacity for drug adsorption  [47]. Addi-
tionally, surface pores serve as ‘nano-reservoirs’ and can 
be loaded with drug through capillary action by either 
applying a drug solution directly to the surface of the 
coating or by submerging the nanoporous-coated struc-
ture into a concentrated drug solution, allowing drug to 
sequester into the pores [48,49].

Nanoporous materials to deliver small 
molecules
There are many examples of nanoporous membranes 
that can deliver small molecules, demonstrating the 
utility of this mechanism for drug loading and con-
trolled release. Yan et al. demonstrated that introducing 
20–40 nm pores into a polymer thin film increases the 
loading capacity and release rates of Rhodamine B, a 
small molecule often used as a model for pharmaceu-
tics [50]. Gultepe et al. [46] provided an excellent review 
of inorganic nanoporous membranes in drug delivery, 
including the sustained release of molecules such as 
FITC [51] and glucose [52] from a porous alumina reser-
voir system and antibiotics from titania nanotube coat-
ing [53]. However, few examples of the use of such sys-
tems to deliver small molecule ophthalmic therapeutics 
are found in the literature.

One of the most recent reports of a novel ocular 
delivery system leveraging nanopore technology 

describes a biodegradable polyvinylacetate ‘nanowa-
fer’ with arrays of drug-filled nanopores for front 
of the eye delivery  [54]. The nanowafer utilizes the 
nanopore array to increase loading capacity and sus-
tain the delivery of drug relative to eye drops. The 
nanowafer is a translucent thin film, similar to a 
contact lens that can be applied to the front of the 
eye and is designed to adhere to the wet surface of 
the eye and is flexible enough to conform to the eye’s 
curvature. The nanowafer, made of a water soluble 
polymer, begins to dissolve upon application, releas-
ing its payload. Yuan  et  al. demonstrated sustained 
release and enhanced corneal permeability of doxy-
cycline delivered with the nanowafer compared with 
topical eye drops, increasing corneal residence time 
from mere minutes to up to 24 h in mice. They went 
on to evaluate the efficacy of several tyrosine kinase 
receptor inhibitor drugs delivered from a nanowafer 
in inhibiting corneal neovascularization. This work 
demonstrates the vast potential for utilizing nano-
porous materials to overcome barriers in ocular drug 
delivery. In a different approach using a nanoporous 
membrane as a filter to slow diffusion, Orosz  et  al. 
demonstrated in vitro the use of commercially avail-
able porous alumina membranes (GE Healthcare, 
NJ, USA) (Figure 3) to deliver ophthalmic therapeu-
tics including ascorbic acid  [55]. The authors suggest 
the use of these inorganic membranes in the form of 
implantable capsules for the treatment of diseases such 
as age-related macular degeneration or proliferative 
diabetic retinopathy.

The study demonstrated in vitro that ascorbic acid 
delivered through the nanoporous alumina membrane 
can inhibit sprouting in human retinal endothelial 
cells (HREC), indicative of antiangiogenesis activity, 
over a 7-day period. However, much additional work is 
needed to translate this proof-of-concept work into an 
applicable ocular drug delivery system.

While both these studies suggest that nanoporous 
materials could be effectively implemented to deliver 
relevant small molecule ophthalmic therapeutics, 
a more thorough analysis of the diffusion kinetics 
describing drug release from the system is desired. In 
addition, an investigation of parameters controlling 
release that may provide a mechanism to tune release 
rates is needed.

Key term

Fickian diffusion: Described by Fick’s laws of diffusion, 
Fickian diffusion is a concentration-dependent diffusion 
in which flux is directly proportional to the concentration 
gradient. Fickian diffusion in drug delivery systems results 
in a first order release profile, with release rate decreasing 
as the drug source depletes.
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Figure 3. SEM image of nanoporous anodized 
aluminum oxide membrane with pore size of 200 nm 
(GE Healthcare, NJ, USA). 
SEM image provided by C Fox.
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Nanoporous materials to deliver biologics
In delivering biologics, nanoporous materials are of 
particular interest in controlling release. Based on 
the theory of ‘single-file diffusion’, nanoporous mem-
branes can be tuned to achieve zero-order release of 
protein therapeutics  [56]. Single-file diffusion 
occurs when solute diameter is comparable in size to 
the pore through which it diffuses. Constrained by the 
pore diameter, solute molecules are unable to pass by 
one another, restricting diffusion through the pore to a 
single molecule at a time regardless of the concentration 
gradient driving force [57–59]. Martin et al. clearly illus-
trated this effect by comparing FITC-labeled bovine 
serum albumin (FITC-BSA) diffusion through 13 nm 
pores to the predicted release profile based on Fickian 
diffusion  [60]. In Fickian diffusion, release is directly 
proportional to the concentration gradient, resulting 
in a first-order release profile from a drug delivery sys-
tem under sink conditions. Whereas Fickian diffusion, 
based on a the concentration-dependent driving force, 
predicts a release rate that slows as the device depletes, 
diffusion through 13 nm pores continues at a con-
stant, concentration-independent, release rate up to at 
least 70% release (Figure 4). While the pore diameter 
constrains diffusion and determines the release profile 
shape, pore length and structure, density, effective sur-
face area and membrane material impact release rate.

Over the past 20 years, numerous examples of drug 
delivery systems achieving zero-order release of biolog-

ics have surfaced. As fabrication technologies advance, 
so does our ability to precisely control pore sizes on the 
nanometer scale in a range of materials. While much 
of the early work in using nanoporous membranes for 
drug delivery utilized silicon or anodized aluminum 
oxide based membranes, polymeric systems are becom-
ing increasingly popular due to their biocompatibil-
ity and/or biodegradability. For example, Yang  et  al. 
reported the fabrication of PMMA-based membranes 
featuring cylindrical nanopores with diameters tunable 
from 6 to 15 nm based on Au surface deposition. Simi-
lar to the work done by Martin et al. with silicon-based 
nanoporous membranes, Yang  et  al. demonstrated 
zero-order release of two biologics, BSA and human 
growth hormone, for up to 60 days and compared the 
long-acting in vivo performance and pharmacokinetic 
benefit of such implants to subcutaneous injection [61].

With an increasing number of biologics emerging 
as ocular therapeutics and an ever-growing number 
of patients suffering from vision loss due to an aging 
population and diabetes co-morbidities, the need for 
long-acting ocular delivery systems for biologics is 
high  [2]. As we saw with nanoporous drug delivery 
systems for small molecule therapeutics, there are few 
examples of nanopore controlled ophthalmic delivery 
of biologics despite the use of such systems in other 
indications. However, this technology is well suited for 
long-acting ophthalmic implants that can potentially 
take the place of more frequent intraocular injections. 
In 2012, Bernards  et  al. introduced a biodegradable 
reservoir device with a nanoporous polycaprolactone 
membrane for long-acting and constant-rate delivery 
of proteins [45]. The devices presented in this work were 
made from a flexible membrane and were small in size 
(Figure 5), suitable for ocular delivery. While in vivo 
ocular release of relevant protein therapeutics from 
these systems has not yet been reported, Bernards et al. 
did demonstrate in rabbits the structural integrity 
and ocular biocompatibility of the polycaprolactone 
devices out to 6 months  [62]. In another approach 
leveraging nanopores for protein delivery, the company 
pSivida has demonstrated in preclinical in vitro studies 
the use of nanoporous silicon for sustained release of 
bevacizumab for up to 20 days. In this system, protein 
is loaded via adsorption onto the walls of the silicon 
nanopores. Furthermore, they report that release can 
be tuned by altering nanopore diameter and surface 
area [63].

There is a great need for long-acting ophthalmic 
drug delivery systems for both small molecule and pro-
tein therapeutics. With less frequent administration, 
patient compliance increases and the risk of infection 
or complications during ocular injections decreases. 
Whether for front or back of the eye delivery, nanopo-

Key term

Single file diffusion: Single file diffusion occurs when 
solute diameter is comparable in size to the pore through 
which it diffuses. Constrained by the pore diameter, solute 
molecules are unable to pass by one another, restricting 
diffusion through the pore to a single molecule at a time 
regardless of the concentration gradient driving force.
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Figure 4. In vitro diffusion kinetics of  fluorescein 
isothiocyanate-labeled bovine serum albumin 
through 13 nm pore size membrane under sink 
conditions: experimental data (o), Fick’s law prediction 
(solid line) and model based simulation (dashed line). 
FITC-BSA: Fluorescein isothiocyanate-labeled bovine 
serum albumin. 
Reproduced with permission from [60] © American 
Chemical Society (2004).
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Figure 5. Example of prototypical nanoporous 
polycaprolactone thin film reservoir device loaded 
with fluorescein isothiocyanate labeled bovine serum 
albumin. 
Reproduced with permission from [45] © American 
Chemical Society (2012).
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rous materials could be integrated into drug delivery 
systems to achieve sustained release. Nanopores could 
serve to increase loading capacity for ocular delivery 
systems, an important feature when the delivery sys-
tem size is restricted by the small size of the eye. Nano-
pores in polymeric devices could also be implemented 
for the controlled release of protein therapeutics from 
long-acting ocular implants. These are just some 
examples of how nanopore technology is currently 
being applied to ocular therapeutics, but as nanopore 
technology advances in preclinical development across 
indications, there are likely to be additional opportu-
nities and applications for these approaches in ocular 
drug delivery.

There are not currently any commercially available 
ophthalmic products utilizing nanopore technology, 
and the bulk of these promising technologies are still 
being developed in vitro. Early development of these 
systems, prior to even the first in vivo evaluations, 
requires in depth development and understanding of 
system design and function. While nanotechnology 
provides certain powerful benefits, it also poses chal-
lenges in characterization and reproducibility or qual-
ity control. However, as the field of nanotechnology 
advances in fabrication and characterization tech-
niques, these hurdles are being overcome. This com-
bined with an increased knowledge base of novel routes 
of administration and delivery systems in ophthalmol-
ogy paves the way for the translation and application 
of these nanostructured materials for improved ocular 
drug delivery systems.

While there are not currently any commercially 
available ophthalmic products utilizing nanopore 
technology, preclinical evaluations of these technolo-
gies demonstrate their potential. Many of the nano-
porous materials in development are discussed in 
this section on nanoporous materials to deliver small 
molecules.

Conclusion & future perspective
To date, advances in micro and nanofabrication have 
yielded many highly promising platforms that can be 
applied to ocular drug delivery to achieve enhanced 
bioadhesion and tissue penetration as well as controlled 
drug elution profiles in long term. While nanotopogra-
phy and nanoporous materials have been discussed as 
separate platforms in this review, there is great benefit 
to combining the two, creating a single drug delivery 
device that can achieve all advantages associated with 
nanostructures. For instance, an implantable device 
that can achieve zero-order release by single-file diffu-
sion of large molecules could be partially modified with 
a nanowired surface to allow greater tissue penetration 
of the therapeutics of interest.

As promising as these nanotechnology systems 
are in early preclinical development, additional work 
is needed to fully understand their mechanisms and 
performance. A translation gap remains in the in vitro 
or even preclinical evaluation of these nanostructured 
systems and ophthalmic products. In many cases, 
fundamentals such as a more thorough investigation 
of mechanisms controlling drug release and system 
tunability are needed. In the novel area of utilizing 
nanostructures to enhance epithelial permeability, 
the effect of nanostructure-mediated tight junction 
reorganization on physical and chemical properties of 
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ocular tissues, such as the cornea, needs to be explored 
further to ensure safe application of nanotechnology 
to ophthalmology. And in all cases, the application of 
these novel nanostructured materials relies on demon-
stration of ocular biocompatibility of the bulk mate-
rial as well as of the shape, form and nanostructured 
components of the system. In nanostructured systems, 
particular attention should be paid to the fouling or 
damage of the nanostructured features that could lead 
to a loss of function. Furthermore, for degradable sys-
tems the ocular compatibility must be considered of 
the degradation products with careful consideration 
being paid to the generation of particulates that could 
potentially lead to an inflammatory response. Because 
the volume of the eye is small and patient compliance 
relies on comfort and ease of use, the form and the 
method of application of the delivery system must also 
be considered in translation. For example, a flexible, 
soft and low-density polymeric intravitreal implant 
may have more translation success than an inorganic, 
rigid and more dense implant that could potentially 

sink in the vitreous and cause unwanted side effects 
such as retinal detachment. And finally, any delivery 
system must also demonstrate physical and chemical 
compatibility with the therapeutic agent being deliv-
ered. While there are many requirements for the suc-
cessful translation of an ocular drug delivery system, 
particularly when considering the implementation of 
novel features such as nanostructures, the need for 
these solutions will continue to drive the preclinical 
development and eventual translation of these systems 
into valuable products.
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Executive summary

•	 Recent advances in nanofabrication provided various platforms that can be applied to enhance ocular drug 
delivery for both front and back of the eye applications.

•	 Nanostructures can enhance ocular bioadhesion, increasing preocular retention time.
•	 Through reorganization of tight junctions, nanostructures can increase permeation of large molecule drugs 

across epithelial barriers, as demonstrated with a retinal epithelial model.
•	 Nanoporous materials can be used to provide sustained or zero-order release of small molecules and biologics.
•	 Combination of nanotopographical cues and nanoporous membranes may be able to achieve several 

advantages in a single device.
•	 Ocular biocompatibility and degradability of materials used for nanofabrication should be further 

investigated.
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