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There are many challenges involved in ocular drug delivery. These are a result of the
many tissue barriers and defense mechanisms that are present with the eye; such
as the cornea, conjunctiva, the blinking reflex, and nasolacrimal drainage system.
This leads to many of the conventional ophthalmic preparations, such as eye drops,
having low bioavailability profiles, rapid removal from the administration site, and thus
ineffective delivery of drugs. Hydrogels have been investigated as a delivery system
which is able to overcome some of these challenges. These have been formulated
as standalone systems or with the incorporation of other technologies such as
nanoparticles. Hydrogels are able to be formulated in such a way that they are able
to change from a liquid to gel as a response to a stimulus; known as “smart” or
stimuli-responsive biotechnology platforms. Various different stimuli-responsive hydrogel
systems are discussed in this article. Hydrogel drug delivery systems are able to be
formulated from both synthetic and natural polymers, known as biopolymers. This review
focuses on the formulations which incorporate biopolymers. These polymers have a
number of benefits such as the fact that they are biodegradable, biocompatible, and
non-cytotoxic. The biocompatibility of the polymers is essential for ocular drug delivery
systems because the eye is an extremely sensitive organ which is known as an immune
privileged site.

Keywords: biopolymers, ocular drug delivery, hydrogel, nanotechnology, biomaterials, safety by design

INTRODUCTION

There have been many recent advancements made in the delivery of drugs to the eye, a site that is
challenging to treat. The eye is a relatively isolated organ within the body, with many barriers and
mechanisms that limit the entry of foreign substances into the eye. These include, among others, the
cornea, blinking reflex, blood-aqueous barrier, blood–retina barrier, and the nasolacrimal drainage
system. Collectively, these systems make the delivery of drugs to both the anterior and posterior
segment of the eye more difficult (Patel et al., 2013). Novel drug delivery systems are constantly
being developed to overcome the low bioavailability observed in many conventional ophthalmic
formulations; these novel systems include the development of hydrogels.

Hydrogels have been largely investigated within the medical industry for a number of purposes;
including drug delivery and tissue engineering. These systems are composed of cross-linked
polymers which are capable of swelling when placed in water or an aqueous environment.
Hydrogels have been researched in terms of drug delivery because they are able to hold, within
the cross-linked matrix, a number of different substances. These range from hydrophobic and
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hydrophilic molecules to both micro- and macromolecules (Kang
Derwent and Mieler, 2008). An example of the effectiveness of
hydrogels in drug delivery is shown in the article by Li et al.
(2018) where the delivery of antibiotics by hydrogel systems
was discussed. It was highlighted how hydrogels are able to
deliver antibiotics to a local site (overcoming the severity of side
effects often seen with systemic administration), offer controlled
release of the active ingredient, and have better biocompatibility
than conventional drug delivery systems (Li et al., 2018). These
benefits can be translated into the development of hydrogel
systems for the delivery of drugs to the eye.

Due to the fact that hydrogels are so versatile and are able to
be modified to exploit the environment and function they are
being designed for; these systems are highly advantageous in the
effective delivery of drugs to the eye (Kang Derwent and Mieler,
2008). Figure 1 indicates the various potential applications for
hydrogels in ocular drug delivery.

Hydrogels have been shown to alter the drug release profiles
of a formulation (to a sustained drug release profile), largely
due to the swelling rate and water adsorption properties of the
biotechnology platform. This swelling rate of the hydrogel can be
induced as a response to a change in the environment into which
the hydrogel is placed; these are known as “smart” or stimuli-
responsive hydrogels. The stimulus can be chemical or physical
and allows for the development of drug delivery systems which
are regulated by the body. In addition, these “smart” hydrogels
are able to respond to external stimuli such as in the process of
iontophoresis (Fathi et al., 2015).

Through the development of stimuli-responsive hydrogel
systems, not only are researchers able to overcome the issues of
low bioavailability and rapid removal from administration site
which is currently seen with conventional formulations, they
are also able to do so without comprising on patient comfort.
These delivery systems are able to be administered as a liquid
and then form a gel once in contact with the eye (Hamcerencu
et al., 2020). This is an important factor to consider in terms of
patient compliance as patients are less likely to make use of an
ophthalmic formulation if it is difficult to administer which is
often the case with formulations that are highly viscous such as
ointments (Singh et al., 2019).

Polymers have received much attention for use in drug
delivery, and more specifically ocular drug delivery, over recent
years. Although there are countless polymers available, this
review article focuses on those which occur naturally, also known
as biopolymers. These specific polymers offer the beneficial
properties of being biodegradable, biocompatible, and non-
cytotoxic. They also have the advantages of being readily
available, renewable, and less expensive in comparison to
synthetic polymers (Oh et al., 2009).

PHYSIOLOGICAL OCULAR BARRIERS
AND DEFENSE SYSTEMS WHICH
IMPACT DRUG DELIVERY

There are many challenges when it comes to effective delivery of
drugs to the eye. Many of these are as a result of the barriers and

mechanisms present within the eye which are designed to protect
it from foreign particles and substances. A brief overview of the
major ocular defense mechanisms is discussed below.

The first defense mechanism found in the eye is pre-corneal
factors which result in the low bioavailability of topically applied
ocular formulations. These include the blinking reflex, high
tear turnover rate, and the lacrimal drainage of the solution.
The cul-de-sac of the eye can hold approximately 30 µl of an
administered eye drop. However, majority of this is removed
within 15–30 s after the drops have been administered (Gaudana
et al., 2010). Considering these factors, drug delivery systems
need to be developed that are able to improve the retention
of the formulation at the administration site. Consequently,
this will improve the penetration of the active ingredient into
the eye. Both hydrogel systems and mucoadhesive biopolymers
could furnish formulations with these much-needed advantages
(Biro and Aigner, 2019).

One of the major barriers to foreign substance entry into
the eye is the multiple layers through which substances must
pass through in order to penetrate into the target tissues. These
layers include the cornea and the conjunctiva, among others. The
cornea is located in the anterior segment of the eye and it made up
of six layers: the epithelium, Bowman’s membrane, stroma, Dua’s
layer, Descemet’s membrane, and the endothelium (Ludwig, 2005;
Dua et al., 2013). It is one of the main penetration-limiting layers
in terms of drug delivery. This layer is highly lipophilic which
largely prevents the entry of hydrophilic molecules into the eye
(Moiseev et al., 2019).

The conjunctiva is a highly vascularized membrane that covers
most of the anterior aspect of the eye. This high vascularity means
that, although it can be used for the delivery of hydrophilic and
large molecules, a large portion of the administered drug will
be removed via the conjunctiva and enter systemic circulation
before penetrating into the eye. This is also one of the main
reasons why topically administered drugs are not able to reach
the posterior segment of the eye in effective concentrations
(Willoughby et al., 2010).

The eye is composed of two segments; the anterior segment
(composed of the aqueous humor, conjunctiva, cornea, iris,
ciliary body, and lens) and the posterior segment (composed
of the choroid, optic nerve, retina, sclera, choroid, and vitreous
humor). Each segment is susceptible to a range of conditions
and each poses its own challenges when it comes to drug
delivery (Souto et al., 2019). There are two blood-ocular barriers;
the blood-aqueous barrier and the blood-retinal barrier. These
largely prevent the entry of substances into the eye from
systemic circulation. Although systemic administration has been
considered as a route for drugs needed in the posterior segment
of the eye, the dose needed is often high which leads to
unwanted side effects (Nettey et al., 2016). Figure 2 highlights
the blood-ocular barriers in addition to the tissues which
comprise these barriers.

When a formulation is applied to the surface of the eye
(i.e., topical administration), it is rapidly removed through the
blinking reflex and nasolacrimal drainage. This drainage system
removes the drug from the eye via the nasolacrimal duct. It then
enters the nose and is absorbed by the nasal mucosa where it
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FIGURE 1 | Highlighting the potential application for hydrogels in ocular drug delivery. These include the delivery of drugs to both the anterior and posterior
segments of the eye which will aid in overcoming the physiological barriers. Possible topical formulations for delivery to the anterior segment include systems which
gel upon application (in situ gelling formulations) and contact lenses. Posterior segment formulations include intravitreal injections, which are made more effective by
hydrogel technology, and cell carrier systems (adapted with permission from Kirchhof et al., 2015).

FIGURE 2 | Illustration of the blood–ocular barriers which inhibit the movement of active ingredients into the eye from systemic circulation; namely, the
blood–aqueous barrier and the blood–retinal barrier. These barriers result in the need for high systemic dosages of drugs in order to achieve an adequate
concentration within the intended tissues. This high dosage can lead to unwanted side effects (adapted with permission from Occhiutto et al., 2012).
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enters into systemic circulation. This is another factor which
furthers the low bioavailability of topical applied ophthalmic
preparations (Rajasekaran et al., 2010).

Hydrogels have been shown to increase the residence time of
an active ingredient, allowing more time for it to diffuse through
the layers of the eye. This plays a major role by increasing the
bioavailability of topically administered ophthalmic formulations
(Vashist et al., 2014). Due to the increased viscosity of a hydrogel
system, it is also better able to withstand the clearance of the
formulation due to blinking, further improving the bioavailability
(Li Z. et al., 2013).

Biopolymers have also been shown to help overcome these
barriers to drug delivery. Some, such as chitosan, have inherent
mucoadhesive properties which allow the formulation to remain
at the administered site for a longer period of time (Fulgencio
et al., 2012). Cellulose derivatives have also been used to
enhance the viscosity of a formulation, thereby preventing it
from being washed away from the ocular surface too rapidly
(Rajasekaran et al., 2010).

CURRENT COMMERCIAL
FORMULATIONS UTILIZED FOR THE
DELIVERY OF DRUGS TO THE EYE

There are many formulations currently on the market which
are designed to treat ophthalmic conditions. These range
from anterior segment conditions such glaucoma, bacterial
conjunctivitis, and post-operative inflammation to posterior
segment conditions such as neovascular age-related macular
degeneration, uveitis, and macular edema (Sultana et al., 2006b;
Bao et al., 2017; Kaji et al., 2018). Each of the drug delivery
systems discussed below has distinctive disadvantages when it
comes to the effective delivery of drugs to the eye. It has been
shown that the inclusion of hydrogels into the drug delivery
system has been able to overcome some of these challenges, as
is highlighted by the various studies included below.

Currently, the most common dosage form used to treat ocular
conditions is eye drops. These formulations can be solutions or
suspensions. However, although they are the first line treatment,
there are many limitations to their use. These range from low
bioavailability and rapid clearance from the administration site,
to poor patient compliance (Yellepeddi and Palakurthi, 2016).
Active ingredients in eye drops are not able to penetrate through
to the posterior segment of the eye and thus are mainly used to
treat anterior segment conditions (Urtti, 2006).

Conventional, commercially available eye drops often have
frequent dosing schedules (ranging from daily to multiple times
a day) and, in the case of chronic conditions such as glaucoma,
require the patient to use them on a long-term basis. This can
lead to unwanted side effects, which, for example, has been
seen with latanoprost eye drops (daily administered dose of
one drop). These side effects can cause patients to stop using
their medications as prescribed, or to not use them at all.
This is another reason why novel drug delivery systems such
as hydrogels are needed; to reduce the frequency of dosing,
reduce side effects and be patient-friendly enough so that patients

will use them for an extended period of time if need be
(Cheng et al., 2016).

In a recent article written by Yadav et al. (2019), it was
highlighted how pre-corneal factors lead to the low absorption
of ocular active ingredients used to treat glaucoma, administered
as eye drops. These factors, such as tear turnover rate and the
drainage of the formulation from the administration site, result
in a 70–80% loss of the amount of drug which is administered.
It was also highlighted how the frequent dosing schedules of
eye drops can cause damage of to the eye. The consideration of
ointments has been made, as these formulations have a higher
viscosity and are not as rapidly drained from the eye as a liquid
formulation. However, ointments are known to cause blurred
vision when administered which leads to poor patient compliance
(Yadav et al., 2019).

Posterior segment conditions are generally treated using
sub-tenon, intravitreal, or systemic administration. However,
each of these routes also comes with challenges of its
own. One of the main objectives in the development of
new drug delivery systems for the posterior segment is
to reduce the invasiveness of the formulations which are
currently used. For example, anti-vascular endothelial growth
factors (anti-VEGFs) are used to treat a number of posterior
segment conditions, namely those affecting the retina such
as myopic choroidal neovascularization and diabetic macular
edema. However, anti-VEGF is currently only able to be
administered via intravitreal injections as the molecules are
large and hydrophilic which prevent them from penetrating
through the various barriers. This highlights the need for
new technologies and drug delivery systems which are able to
deliver molecules such as anti-VEGF without frequent, invasive
injections (Wong and Wong, 2019).

Intravitreal injections are able to deliver a high concentration
of the drug directly into the vitreous of the eye but are invasive
and pose risks such as retinal detachment, vitreous hemorrhage,
and endophthalmitis. The chances of these happening increase
with the frequency of administration (Urtti, 2006; Gaudana
et al., 2009). The use of hydrogels as intravitreal injections,
with their extended drug release profiles, can delay the
frequency of intravitreal injections, thus lowering the chances
of the aforementioned risks occurring. Table 1 highlights the
formulations which are currently used to treat ophthalmic
conditions, both in the anterior and posterior segment of the
eye. A brief breakdown of the disadvantages of each of the
formulations is also given.

CHARACTERIZATION BETWEEN
PHYSICALLY AND CHEMICALLY
CROSS-LINKED BIOTECHNOLOGY
HYDROGEL SYSTEMS

As previously mentioned, hydrogels are formed from polymers
through a process known as cross-linking. Cross-linking occurs
when one polymer chain is linked to another chain via a
bond, either through a chemical or physical process. It is these
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TABLE 1 | Current ophthalmic formulations which are used to treat anterior and posterior segment conditions.

Administration Preparations Conditions Disadvantages References

Topical
preparations

Eye drops (solutions and
suspensions)

Glaucoma, dry eye, infectious keratitis,
conjunctivitis anterior uveitis,
post-operative inflammation.

Low bioavailability, frequent dosing
regimen, preservatives often used in
formulation.

Sultana et al., 2006b; Gupta
et al., 2013

Ointments and gels Open-angle glaucoma, dry eye,
blepharitis bacterial conjunctivitis.

Poor content uniformity, Known to
cause blurred vision when applied,
inaccurate dosing, eyelid matting.

Li J. et al., 2013; Bao et al.,
2017; Shen et al., 2018

Contact lenses Post-operative barrier for protection of
cornea, pain relief, protection of cornea
following injury.

Lack of controlled release mechanism,
drug is released from the system very
quickly.

Lim et al., 2001; Tieppo et al.,
2012

Intraocular
preparations

Intravitreal injections Neovascular age-related macular
degeneration, diabetic macular edema,
proliferative diabetic retinopathy
choroidal neovascularization.

Invasive procedure for the patient,
possible complications (retinal
detachment, endophthalmitis,
subconjunctival hemorrhage, and
cataract formation)

Kaji et al., 2018

Subtenon injections Macular edema, intermediate uveitis. Active ingredient must cross multiple
barriers before reaching the retina,
occasionally less effective than
intravitreal injections

Bonfioli et al., 2005; Ozdek
et al., 2006; Thomas et al.,
2006

Intraocular implants Uveitis, cytomegalovirus retinitis,
diabetic macular edema.

Invasive surgical insertion and removal
(if the implant is not biodegradable),
predetermined drug release rates

Wang et al., 2013; Yasin, 2014

These formulations, both topical and intraocular, each have a number of disadvantages or challenges in terms of drug delivery which can be overcome by hydrogel systems.

bonds which give hydrogels their stability and multidimensional
network structure. The process of cross-linking a hydrogel can
have an impact on its physical properties such as elasticity,
viscosity, and solubility (Maitra and Shulka, 2014).

Although chemical and physical cross-linking methods each
have their own advantages and disadvantages, it is worth
noting that physically cross-linked hydrogels do not employ
agents containing reactive functional groups which may cause
inflammatory responses in vivo. However, these hydrogels also
result in limited control over how the hydrogel is degraded within
the body and, if the physical bonds are not strong enough, the
inevitable dilution within the body can negatively impact the
mechanical integrity of the hydrogel (Patenaude et al., 2014).

Hydrogels Which Are Cross-Linked
Through Physical Bonds
Physical bonding occurs through interactions between the
polymer chains such as ionic bonding, Van der Waals forces,
hydrogen bonding, or hydrophobic forces. Due to these types of
bonds, the hydrogels formed through physical bonds are known
to be reversible and have a degree of instability (Trombino
et al., 2019). The hydrogels formed through physical interactions
are generally less stable than those formed through chemical
interaction as these bonds are susceptible to formation and
breakage when there are changes in pH, temperature, and ionic
strength. However, this can be a favorable characteristic if the
desired outcome is a reversible hydrogel (Kirchhof et al., 2015).

Hydrogels Which Are Cross-Linked
Through Chemical Bonds
Chemically formed hydrogels are known as “permanent”
hydrogels due to the covalent bonds which form between

polymer chains. These systems allow more stability and maintain
their structure better than the physical hydrogels (Trombino
et al., 2019). However, it is important that the cross-linking agent
can be removed completely from the hydrogel or a non-toxic
agent is used so as to prevent adverse tissue reactions when the
hydrogel is placed into the eye (Hoare and Kohane, 2008).

The stability of a chemically cross-linked hydrogel was
demonstrated by Yu et al. (2015). In this study a hydrogel
comprised of hyaluronic acid and dextran was evaluated for
the delivery of bevacizumab, a monoclonal antibody which is
used to treat neovascular diseases (Grisanti and Ziemssen, 2007).
The hydrogel system was designed so that once it had been
injected intravitreally, the polymers would form a solid gel.
While this delivery system design has the benefits of a chemically
cross-linked hydrogel, it also does not contain any cross-linking
agent (the polymers cross-link with each other in response to
physiological conditions) thereby improving its biocompatibility.
The hydrogel system was able to release the active ingredient via
a controlled release mechanism and maintain a therapeutically
relevant concentration within the vitreous over a period of
6 months during in vivo studies. This would eliminate the current
monthly schedule needed for bevacizumab administration, the
risks of which have been discussed above (Yu et al., 2015).

STIMULI-RESPONSIVE AND IN SITU
HYDROGEL SYSTEMS AND THEIR
APPLICATIONS IN OCULAR DRUG
DELIVERY

In situ forming gel preparations offer an interesting advancement
in sustained drug release profiles. This can be particularly useful
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FIGURE 3 | Illustration of the chemical and physical stimuli to which a
hydrogel can respond. These stimuli are able to be provided by the body (for
example, temperature and/or pH changes between conditions under which
the hydrogels are stored and the conditions of the site into which it is
administered) or externally (for example, ultrasound waves or a magnetic field).
These stimuli can cause or a hydrogel to swell or de-swell, depending on how
the formulation is designed. Reversible hydrogels are able to return to their
original state when the stimulus is removed (adapted with permission from
Fathi et al., 2015).

in terms of the delivery of drugs to the eye as these systems
provide an increased retention time at the cornea as well as
prevent the rapid removal of the formulation via the nasolacrimal
drainage system (Cheng et al., 2016). Both of these factors play
a role in overcoming the current challenge of low bioavailability
seen in many ocular drug delivery preparations.

These in situ gelling systems are a type of stimuli-responsive
hydrogels that are able to be administered to the eye as a liquid
drop and subsequently form a gel after administration; known as
a sol–gel transition. Gelation can be brought about as a response
to a change in pH, ionic content, or temperature; although
not all hydrogel systems are designed as stimuli-responsive
systems and are simply administered as a gel (Al Khateb et al.,
2016). Along with the ease of administration and prolonged
retention time, in situ gelling systems have other advantages
such as accurate dosing, simple formulation processes, and easy
sterilization (Agrawal et al., 2010). Figure 3 depicts the various
stimuli which can cause a hydrogel to swell or de-swell.

In situ gelling systems have also been shown to exhibit
sustained drug release profiles, another beneficial factor in
ophthalmic drug delivery. This has been observed in many of the
studies which are discussed below.

Temperature-Sensitive Hydrogel
Systems
Temperature-sensitive, also known as thermosensitive, hydrogels
undergo swelling or de-swelling in response to a change in
temperature. There are three classifications of thermosensitive
hydrogels; negatively thermosensitive (these contract in response
to an increase in temperature), positively thermosensitive (these

contract in response to a decrease in temperature), and thermally
reversible gels (Masteikova et al., 2003).

Thermosensitive in situ hydrogels, which are commonly
utilized for drug delivery purposes are liquid at room temperature
(20–25◦C) and form viscous gels at body temperature (34–37◦C).
The polymers used in these systems have a lower critical solvent
temperature; the temperature at which the sol–gel transition
occurs. It is important that this critical temperature is close
to bodily temperatures so that the systems do not require an
external heat source to form a gel (Kumar et al., 2013). The
thermosensitive properties of these hydrogels have also be proven
to be beneficial in recent cartilage tissue engineering research
as they allow for minimally invasive administration yet form a
scaffold with suitable mechanical strength. These systems are also
able to mold into the irregular shaped area into which they are
administered (Wang et al., 2019).

An in situ thermosensitive hydrogel was developed by Chen
et al. (2012) for the delivery of a model drug, levocetirizine
dihydrochloride. The hydrogel system was comprised of chitosan
and disodium α-D-glucose-1-phosphate (DGP) and showed
many favorable results. The formulation was a low viscosity liquid
at room temperature and a gel at physiological temperature.
It showed an initial rapid release of the drug, followed by a
sustained drug profile. When in a gel form, the system showed
that it had a prolonged residency time, in comparison to that of
an aqueous solution, as well as improved cornea penetration of
the drug (Chen et al., 2012). This shows that a thermosensitive
hydrogel system is able to overcome some of the challenges seen
in conventional ophthalmic treatments.

pH-Sensitive Hydrogel Systems
These in situ gelling systems either swell or de-swell as a response
to a change in the pH within the environment into which it is
placed. The polymers used in pH-sensitive hydrogels have ionic
groups which give them their responsive ability. For example,
cellulose acetate phthalate latex (formulation pH of 4.4) has
been shown to form a viscous gel when placed into the cul-
de-sac of the eye. However, the development of pH-sensitive
gels must take into account the delicate environment of the eye.
The formulation must have a buffer capacity that can form a
gel when placed into the eye but not cause damage to the eye
(Kushwaha et al., 2012).

Although many of the polymers used in pH-sensitive
hydrogels are synthetic polymers, such as carbopol [polyacrylic
acid (PAA)] and polyethylene glycol, natural biopolymers are
also used in the formulations to give them more favorable
characteristics (Kushwaha et al., 2012; Wu et al., 2013). For
example, in a study performed by Kumar and Himmelstein
(1995), it was shown that, although PAA is able to change
from a low viscosity liquid when in an acidic solution to
a gel at a higher pH, the amount of PAA needed for this
to occur was too high. This means that the solution could
not be neutralized by the tear fluid which acts as a buffer
in the eye. To overcome this, hydroxymethylcellulose, a
natural polymer also able to act as a viscosity modifier
was added. Both the PAA and the hydroxymethylcellulose
were low viscosity liquids at pH 4.0 and transformed
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into viscous gels at a pH of 7.4. This meant that the
concentration of PAA could be reduced to a safe level, without
compromising the gelling and rheological behavior of the system
(Kumar and Himmelstein, 1995).

The ability of methylcellulose, as
hydroxypropylmethylcelullose, to act as a viscosity modifier
in a pH-sensitive gelling system was further demonstrated
by Srividya et al. (2001). The researchers developed a
pH-triggered in situ gelling system comprised of PAA and
hydroxypropylmethylcellulose which was shown to be a viable
system in the topical delivery of ofloxacin.

Ion-Sensitive Hydrogel Systems
An ion-sensitive gel transforms from a liquid to a gel as a result
of a change in ion concentration within the environment it
is exposed to. An example of such a gel is shown in a study
by Liu et al. (2006). The researchers formulated an alginate
hydrogel for the delivery of gatifloxacin, a broad-spectrum
antibiotic, which underwent a sol–gel transition when exposed
to divalent cations. Methylcellulose was incorporated in order
to decrease the amount of alginate needed for gelation. This
formulation was able to release the active ingredient over an
8-h period in vitro and formed a gel within the cul-de-sac
of the eye when administered as a drop. This renders an
ion-sensitive hydrogel a suitable alternative to conventional
eye drops as it increased the residence time and sustained
drug release profile will lead to an improved bioavailability
(Liu et al., 2006).

Ultrasound-Responsive Hydrogel
Systems
Ultrasound responsive systems are able to deliver drugs to
a specific site which prevents the side effects which can be
seen with systemic administration of certain drugs. These
systems can incorporate nanotechnology. Polymeric hydrogels
or nanocarriers such as nanobubbles are loaded with the drug
and, once administered, exposed to ultrasound waves. This then
leads to cavitation and high temperatures at the site, causing the
rupture of the polymeric chains of the nanobubble (Mura et al.,
2013; Mahlumba et al., 2016).

Ultrasound-responsive systems are able to deliver a drug
at a rate which is controlled from an external source which
make them particularly useful in the investigation of cancer
treatment. An example is the use of oxygen nanobubbles used
for the delivery of mitomycin-C. The nanobubbles system was
capable of lower tumor progression rates with a 50% lower drug
concentration (Bhandari et al., 2018).

The application of ultrasound waves has been shown to be
beneficial in the penetration of drugs through the various barriers
of the eye, including the cornea. This was shown to be true
in a study performed using dexamethasone where a significant
increase in the permeability of the cornea was observed (Nabili
et al., 2013). However, there is some concern over the increase
in temperature which is induced as it may cause damage to the
sensitive structures within the eye. A study was completed by
Nabili et al. (2015), which showed that the ultrasound frequency

which had previously been shown to increase penetration was
safe for the ocular tissues tested.

Iontophoresis: An External Stimulus for
More Effective Ocular Drug Delivery
Iontophoresis is a physical force-based response technique which
is used to enhance the penetration of an ocular active ingredient
through the various tissue layers found in the eye. This is
done by applying an electric current between two electrodes;
one which is used to deliver the drug and another which is
placed on the body. The ionized drug is then able to travel
through the tissue as a conductor of the current. Iontophoresis
has been illustrated extensively in transdermal applications but
has also been investigated for use in ocular drug delivery
(Eljarrat-Binstock and Domb, 2006).

There are many challenges, which have highlighted
throughout this article, associated with the delivery of drugs
to the anterior chamber of the eye but there are even more
challenges in the delivery to the posterior segment. Most
active ingredients aren’t able to penetrate through to the
posterior segment when they are applied topically. This has
led to the investigation of alternative routes of delivery such as
intravitreal, subconjunctival, or transscleral. Iontophoresis has
also been considered to aid in delivering drugs to the posterior
segment. This allows for the treatment of conditions such as
retinitis, uveitis, diabetic retinopathy, and age-related macular
degeneration (Myles et al., 2005).

There are various device designs which can be utilized for
iontophoresis; one such design includes a hydrogel. A hydrogel
pad is saturated with a drug and acts as the delivery probe. This
system has been shown to have promising results when tested
with various drug entities such as dexamethasone. Transscleral
hydrogel-based iontophoresis devices have been tested in both
in vivo studies and clinical trials in healthy subjects and have
shown good safety profiles as well as successful delivery of drug
to the retina and choroid (Huang et al., 2018).

Although there are some iontophoresis devices which have
been designed for transscleral drug delivery, the process does
have some disadvantages. As with any medical procedure, there
are risks involved; these include epithelial edema, inflammation,
and burns (depending on the current density and duration
of treatment). Iontophoresis has been demonstrated to be
effective in improving the penetration of steroids, antibiotics, and
antivirals. However, it has been reported that it is not able to
deliver macromolecules to the vitreous in rabbits at a significant
concentration (Thrimawithana et al., 2011).

In a study by Eljarrat-Binstock et al. (2008), hydrogel
iontophoresis was employed to deliver nanoparticles to the eyes
in an in vivo rabbit model. This study also investigated whether
positively or negatively charged fluorescence nanoparticles
penetrated through the tissues better. The researchers noted that,
while iontophoresis is effective in improving the penetration
of drugs into the eye, each active ingredient needs to be
evaluated separately due to the fact that the physicochemical
properties of the molecule will influence its behavior during the
procedure. In this study, the, respectively, charged nanoparticles
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were loaded into a hydrogel sponge and were administered
via an iontophoretic device at the central cornea and at the
sclera. After a specified amount of time the eyes of the rabbits
were enucleated and tissue samples collected. The negatively
charged particles showed penetration into the inner ocular tissues
after 4 h, which increased after 12 h. However, the positively
charged nanoparticles showed extensive penetration into the
inner tissues at just 4 h after administration, illustrating the
effect of the physicochemical properties of the particles on their
behavior. Both of these indicate that iontophoresis is an effective
way of ensuring the penetration of nanoparticles (which are
able to be loaded with an active ingredient) through the eye
(Eljarrat-Binstock et al., 2008).

Iontophoresis has also been used for the delivery of drugs
through the suprachoroidal space (SCS). In a study performed
by Jung et al. (2018), a micro-needle device was tested for the
delivery of nanoparticles in an ex vivo rabbit model. The results
showed that with an injection into the SCS without iontophoresis
the nanoparticles that were localized around the site of injection
(less than 15% delivered to the posterior region of the SCS).
However, in the eyes on which iontophoresis was performed, over
30% of the nanoparticles were found in the posterior region of the
SCS; this was also found in the in vivo study. These studies show
how iontophoresis is able to improve the delivery of drugs to the
eye and is able to be used in place of other delivery systems such
as intravitreal injections (Jung et al., 2018).

BIOPOLYMERS EMPLOYED IN THE
FORMULATION OF OCULAR HYDROGEL
SYSTEMS

Natural polymers have been widely investigated in a number of
medical fields, including tissue engineering and drug delivery.
This is largely due to the fact that they are biodegradable within
the body and do not induce an inflammatory reaction (Singh,
2011). In terms of tissue engineering, they have also been shown
to be conducive to cell growth and have a structure similar to the
tissue matrix (Zhang et al., 2019). This section will focus on how
natural polymers are employed in drug delivery systems.

These polymers, also known as biopolymers, have long been
viewed as a crucial aspect in the developments that are achieved
in the field of drug delivery. Highlighted below are biopolymers
commonly used in ocular drug delivery systems. Their chemical
structures are shown in Figure 4.

Chitosan Polymeric Bio-Platforms
Chitosan is one of the most widely used polymers in
polymeric drug delivery systems due to its biocompatibility,
biodegradability, and low toxicity profiles (Bhattarai et al., 2010).
It is a cationic polysaccharide which is derived from chitin.
One of chitosan’s most beneficial qualities is its mucoadhesive
properties. The mucoadhesion is due to the fact that the positively
charged chitosan is able to interact with the negative charges
found in mucin (Fulgencio et al., 2012). This quality allows
for improved permeation of drugs through ocular tissues as
well as their controlled release from the formulation; both of

which are vital in improving the delivery of drugs to the eye
(Duttagupta et al., 2015).

Although chitosan is a very useful biopolymer for drug
delivery, it is only soluble in acidic solutions. This is not
desirable, especially when it is being formulated in ophthalmic
formulations. For this reason, chitosan is often modified,
for example through PEGylation and carboxymethylation
(Xu et al., 2013).

A thermosensitive chitosan-based hydrogel was formulated
by Cheng et al. (2016). This system was designed to overcome
some of the challenges seen with latanoprost eye drops such as
unwanted side effects after long-term use and low bioavailability.
The hydrogel was characterized using both in vitro and in vivo
tests for drug release and biocompatibility. The system was
shown to be well tolerated and non-cytotoxic. During the in vivo
studies, using a rabbit model, latanoprost was found in the
aqueous humor 7 days after a single topical administration of the
system, suggesting that this system could be administered on a
weekly base instead of a daily basis as the commercial product is
currently (Cheng et al., 2016).

Chitosan is often used in combination with other natural
or synthetic polymers. For example, a study was performed by
Cao et al. (2007) where a poly(N-isopropylacrylamide)-chitosan
(PNIPAAm-CS) polymer was formulated into a thermosensitive
in situ gelling system for the topical delivery of timolol, an active
ingredient used for the treatment of glaucoma. The PNIPAAm-
CS delivery system showed a higher Cmax and area under the
curve (AUC) of blood concentration against time than that of a
convention eye drop containing timolol. The gel system was also
able to lower the intraocular pressure more than the eye drop over
a 12-h period (Cao et al., 2007).

Another example is a hydrogel system was developed by Yu
et al. (2017) containing carboxymethyl chitosan and a poloxamer
composed of poly (ethylene oxide)/poly (propylene oxide)/poly
(ethylene oxide) (PEO–PPO–PEO). The hydrogel was chemically
crosslinked using glutaraldehyde and was able to undergo a
reversible sol–gel transition in response to a change in pH
and/or temperature. Preliminary studies, including cell studies
performed with human cornea epithelial cells, showed that the
hydrogel was not cytotoxic and has sustained drug release profiles
(in comparison to a sample drug solution systems). This shows
that this system could be further developed for ocular drug
delivery (Yu et al., 2017).

Hyaluronic Acid Polymeric Platforms
Hyaluronic acid is an anionic biopolymer which is found
naturally within the human body. It is biodegradable and does not
cause an immune response when used in medical systems. Due
to this, hyaluronic acid has been a major interest in the design
of drug delivery systems. It is particularly useful in respect to
ocular drug delivery because it is a component within the vitreous
humor of the eye and also has ligands for receptors found in many
types of retinal cells, such as CD-44 (Martens et al., 2015).

Hyaluronic acid is endogenous to the body, making it
highly biocompatible and non-immunogenic. However, it is
not able to form a gel on its own and thus hydrogels
made from hyaluronic acid rely on chemical modifications
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FIGURE 4 | Chemical structures of each of the biopolymers; chitosan, hyaluronic acid, gelatin, alginate, methylcellulose, and collagen, for ocular polymeric drug
delivery.

and cross-linking or gelling agents. Hyaluronic acid hydrogels
have been investigated as a drug delivery system because they
are able to be formulated as both static and stimuli-response
(Trombino et al., 2019).

Hydrogels are able to be utilized in conjunction with other
technologies in order to improve ocular drug delivery. This
can be seen in a study by Widjaja et al. (2015), where a
hyaluronic acid-nanocomposite hydrogel was formulated with a
sample drug, latanoprost. This system, in which the modified
hyaluronic acid was combined with liposomes which contained
the drug before crosslinking occurred, showed longer drug
release profiles than the hydrogel and liposomes each did on their
own. The composite system also improved the stability of the

liposomes and the viscosity of the formulation. The hyaluronic
acid was modified in two ways, using either adipic dihydrazide
(ADH) or methacrylic anhydride (MA). Both modifications were
tested throughout the study. The drug release mechanism is
shown in Figure 5; it was found that both liposomes with
entrapped drug and free drug were released from the hydrogel
matrix which is what is believed to be the reason behind the
sustained drug delivery profile which was observed. Although
only preliminary studies were conducted; with further research,
these nanocomposite systems are a potential candidate for
the delivery of drugs to the eye after a single administration
(Widjaja et al., 2015). Figure 5 shows how the drug is released
from the system.
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FIGURE 5 | Drug release mechanism from hyaluronic acid-based nanocomposite hydrogel system. The active ingredient is loaded within the liposomes which are in
turn loaded into the hydrogel. The drug is then released from the liposomes and diffuses through the hydrogel. It was also found that liposomes themselves were
able to be released from the hydrogel. Both of these release mechanisms resulted in the sustained drug release seen in the formulation. This figure also highlights
how the liposomes were incorporated into the hydrogel before it was cross-linked (adapted with permission from Widjaja et al., 2015).

Another hyaluronic acid-based hydrogel system was
developed by Wu et al. (2013). This system was designed to
be a thermoresponsive microgel for the topical delivery of
drugs to the eye. Hyaluronic acid was coupled with g-poly(N-
isopropylacrylamide) to form HA-g-PNIPAAm which was
shown to have high drug loading capabilities. The gel was
tested for biocompatibility in rabbit eyes with the results
showing that is was safe and did not cause any irritation. The
formulated system, with a sample drug cyclosporine A (CyA),
was tested against a castor oil solution of CyA and a commercial
product also containing CyA. There was a significantly higher
concentration of CyA in the corneas of rabbits who received the
HA-g-PNIPAAm system than in those who received the other
two solutions. This shows that in situ thermoresponsive gels are
able to improve the bioavailability of ocular active ingredients
(Wu et al., 2013).

Hyaluronic acid hydrogels have been investigated not only
as a drug delivery system but also as an artificial vitreous
substitute. Schramm et al. (2012) completed a study whereby
hyaluronic acid hydrogels were formulated using two different
cross-linking methods; the first through the use of dihydrides as
a cross-linking agent and the second through photocrosslinking.
Both methods resulted in three-dimensional hydrogels which
had suitable optical transparency and rubber-like consistency.
The results of this study showed that these hydrogels are able
to replace the conventionally used silicone oils, which have
disadvantages such as the formation of cataracts and a need

for surgical removal of the oil, as a vitreous replacement on a
long-term basis (Schramm et al., 2012).

Gelatin Polymeric Platforms
Gelatin is a natural polymer which is biocompatible and
biodegradable. It is derived from collagen, a substance
which is found naturally within the stroma of the cornea
and sclera. It has been investigated for a number of ocular
drug delivery systems; including nanoparticles (Vandervoort
and Ludwig, 2004). Natu et al. (2007) performed a study
where gelatin hydrogels were investigated as a drug delivery
system for pilocarpine, an ocular active used in the treatment
of glaucoma. The hydrogels were formulated through
chemical crosslinking with N-hydroxysuccinimide (NHS)
and N, N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide
hydrochloride (EDC). These crosslinkers were used in a variety
of concentrations which altered the degree of crosslinking
and subsequently the release of the drug from the hydrogel.
The release of pilocarpine from the various hydrogels ranged
from 29.2 to 99.2% over an 8-h period. The hydrogels also
displayed good adhesion and non-cytotoxicity profiles. This
shows hydrogels comprised of gelatin to be a viable option for
the delivery of drugs to the eye (Natu et al., 2007).

In a study by Song et al. (2018), chitosan and gelatin were used
to form a hydrogel aimed at improving the sustained delivery
of drugs to the eye. The hydrogel was formed using a double
crosslinking method; using both genipin and β-glycerophosphate
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FIGURE 6 | Illustration of the double crosslinking method using
β-glycerophosphate disodium and genipin. The β-glycerophosphate disodium
negatively charged phosphate groups underwent electrostatic attraction to
the positively charged chitosan which gave this formulation the ability to
transition between a solution and a gel (adapted with permission from Song
et al., 2018).

disodium salt hydrate as crosslinking agents. The resulting
hydrogel had in situ gelling properties; showing rapid gelation at
37◦C. Timolol maleate was used as a sample drug as a comparison
could be made against a commercially available product. The
hydrogel delivery system was non-toxic and showed a sustained
release drug release profile. During in vivo studies, in comparison
to the commercial product, the hydrogel delivery system was
able to show a longer lasting and more effective reduction (due
to a twofold increase in duration) in the intraocular pressure.
The in situ gelling property also prevented the system from
being rapidly removed from the lower conjunctival sac by tears
following administration (Song et al., 2018). Figure 6 shows the
double crosslinking-method which is used in this formulation.

Alginate Polymeric Platforms
Alginate is another highly biocompatible polysaccharide that is
able to undergo ion-responsive gelation (Liu et al., 2008). It
is classified as a polyanionic copolymer and is extracted from
brown sea algae. Alginate forms a hydrogel when it is exposed to
divalent cations such as Ca2+ (Lin et al., 2004). It has been used
in ocular hydrogel preparations because it is non-cytotoxic and
biodegradable. It was used in a formulation by Lin et al. (2004)
which is discussed below under “ion-sensitive hydrogels.”

The utilization of alginate can also be seen in the study
reported by Mandal et al. (2012) where an in situ forming gel
was prepared using sodium alginate for the sustained delivery of
moxifloxacin hydrochloride, a broad spectrum antibiotic. In this
formulation, although sodium alginate was used as the primary
gelling polymer, hydroxypropyl methylcellulose (HPMC) was
also added as a viscosity enhancer. The resultant formulation was
able to lengthen the precorneal residence time of the drug (also
due to sodium alginate’s mucoadhesive properties) and improve
its bioavailability. The polymer was able to undergo a sol–gel
transition in response to an ion exchange when administered
to the eye. In vivo studies were performed for biocompatibility

using healthy male albino rabbits. The rabbits showed no signs
of irritation after the formulation was administered to the
eye and no ophthalmic damage was noted. This makes this
formulation a viable alternative to conventional eye drops for
the delivery of moxifloxacin with a less frequent dosage schedule
(Mandal et al., 2012).

Sodium alginate hydrogels have also been used in the delivery
of anti-inflammatory drugs to the eye. One such formulation
is that prepared by Pandit et al. (2007). They highlighted the
preference for hydrogel systems over implants as novel ocular
drug delivery systems due to the fact that hydrogels are more cost
effective and comfortable to the patient while still overcoming
the bioavailability issues that are seen with convention drug
delivery systems. The hydrogel which was produced supported
these sentiments; sodium alginate was formulated into an in situ
gelling system which would increase the residency time of the
drug as well as exhibit sustained drug release profiles; both of
which are vital in improving the bioavailability of ocular drugs
(Pandit et al., 2007).

Methylcellulose Polymeric Platforms
Methylcellulose is natural polymer which is often used as a
viscosity enhancer in ocular formulations. It is capable of
undergoing a reversible sol–gel transition when it is heated. This
makes it useful in the development of in situ gelling hydrogel
systems (Sultana et al., 2006a).

In a study by Silva et al. (2017), a HPMC hydrogel was used
to aid in the delivery of chitosan-hyaluronic acid nanoparticles
to the eye, giving another example in how a hydrogel can be
employed in a drug delivery system. Methylcellulose was used
because it is safe to sterilize within an autoclave, it has a suitable
pH for the eye and has been shown to be used successfully in
other ophthalmic preparations (Silva et al., 2017). This study
highlights one of the derivatives of methylcellulose, among
others, which are often used in preparations. This is due to the
fact that these derivatives influence the temperature at which
the methylcellulose is able to undergo a sol–gel transition. For
example, by lowering the molar substitution of hydroxyl propyl
groups, the transition temperature is reduced from between 75
and 90 to 40◦C (Gambhire et al., 2013).

Methylcellulose can also be added to a formulation to adjust
its gelation behavior. This was investigated by Dewan et al.
(2015) in a study where methylcellulose of varying molecular
weights were added to Poloxamer 407 (PM), a polymer previously
investigated for the delivery of various drugs to the eye. However,
when used in these formulations, PM is diluted by the lacrimal
fluid of the eye and loses its ability to form a gel. Increasing
the concentration of PM is not a viable solution as it causes
the gelation temperature to drop; resulting in the formulation
turning into a gel at room temperature. It was found that
the addition of methylcellulose resulted in a decrease in the
gelation temperature of the PM formulations and facilitated
extended drug release profiles of the sample drug; making
it a viable option for sustained drug delivery to the eye
(Dewan et al., 2015).

A further study which illustrates that methylcellulose can
be utilized in ophthalmic drug delivery preparations is that
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performed by Bain et al. (2009). Agents such as fructose and
sodium citrate tribasic dehydrate were added to the formulation
to reduce the gelation temperature. These additives have an
impact on the gelation temperature by affecting the interactions
between the polymer and the water molecules. The sample
drug used was ketorolac tromethamine (KT). The resulting
formulation was able to extend the release of the drug from 5
to 9 h, largely due to the presence of fructose which further
enhances the viscosity of the formulation. Although further
testing and in vivo studies are needed, the resulting formulation
is a viable option for the delivery of drug to the eye in the place of
conventional eye drops (Bain et al., 2009).

Collagen Polymeric Platforms
Collagen is a natural polymer which is also available to be used
in ocular drug delivery systems. Type 1 collagen is one of the
primary components of the cornea and has been used in scaffolds
for tissue engineering (Chen et al., 2005). Collagen shields have
been formulated and are able to deliver drugs to the eye for a
maximum of 72 h. This is more beneficial than soft contact lenses,
which have been shown to only delivery the drug for the first
1–2 h after insertion. These shields are generally used following
ophthalmic surgery for the delivery of anti-inflammatory or
immunosuppressive active ingredients, among others. However,
these shields are non-transparent and have to be applied by a
surgeon (Liu et al., 2008).

However, there are some collagen shields available which
have the potential to be self-administered. As reported by Khan
and Khan (2013), these bandage contact lenses are able to
facilitate the healing of the cornea following surgery or injury
by protecting it from abrasion caused by blinking. They are also
able to be laden with active ingredients; as the tears dissolve
the contact lens, the drug is released along with a layer of
collagen which is able to lubricate the eye. This provides a system
which is able to increase the residency time of the drug at the
cornea, allowing for increased permeability and bioavailability
(Khan and Khan, 2013).

An example of a formulation where collagen, along with
hydrogel technology, has been developed is that reported
by Liu et al. (2006) where composite collagen hydrogels
were formulated which contained alginate microspheres for
the delivery of drugs to the eye. The composite hydrogels
were characterized and shown to be suitable for use in
ocular inserts or contact lens formulations as they were
biocompatible and showed sustained drug release profiles as well
as supported the attachment and growth of corneal epithelial cells
(Liu et al., 2006).

Collagen has also been used in hydrogels that are intended
for tissue engineering purposes. They have been investigated as
an alternative to amniotic membrane which is used for clinical
ocular surface reconstruction. This is due to the fact that they
biodegrade at a suitable rate and offer very low immunogenicity.
In a study by Mi et al. (2010), these collagen-based scaffolds
were investigated. It was found that collagen gels are difficult
to manipulate because of their weak structure. This was
overcome through controlled unconfined plastic compression
which, depending on the collage concentration and time for

which the gel was compressed, produced a scaffold which closely
mimiced the structure of the cornea. These hydrogel scaffolds
were able to adequately support cell attachments and epithelial
cell growth (Mi et al., 2010).

SAFETY BY DESIGN OF POLYMERIC
HYDROGELS THROUGH OCULAR
BIOCOMPATIBILITY AND
BIODEGRADATION

The eye is an organ of immune privilege, which protects its
visual capability from the potentially sight-threatening sequelae
of intraocular inflammation (Keino et al., 2018). Consequently,
any potential formulations used in the eye, whether it be for drug
delivery, tissue engineering, or any other medical procedure need
to be vigorously tested for biocompatibility.

Biocompatibility
Many studies in which new ophthalmic formulations are being
investigated include biocompatibility studies. Typically, the
first step in determining biocompatibility is to determine the
cytocompatibility of the formulation. This is done through
cytotoxicity or cell proliferation tests which are performed
in vitro. The cell line most commonly used for these tests is
human corneal epithelial cells (HCECs). These in vitro tests
are useful in determining biocompatibility as they provide a
controlled environment whereby researchers can observe the
impact of the polymers used in their formulation on cell
characteristics such as adhesion, proliferation, and viability. It has
been noted that cell studies which are performed with multiple,
different cell lines provide a more accurate representation of the
cells found within tissues than studies where only a single cell line
is used (Huhtala et al., 2007).

The second process in determining biocompatibility is
through in vivo testing. This is usually performed using animal
models. The New Zealand white rabbit model is most commonly
used in ophthalmic bioavailability studies. This is because the
eye of an adult rabbit is big enough to ensure the procedure
is performed accurately (for example, rat eyes are sometimes
used but are often too small for formulations designed for use
in human eyes) and there is no pigment epithelium in the eye
(Short, 2008).

Although the majority of the studies that are detailed in
this review include biocompatibility studies in addition to
other characterizations, either through in vitro or in vivo
testing, there are those available which focus primarily
on biocompatibility. One such study is that performed by
Lai (2010). The authors investigated the effect of different
cross-linkers [namely glutaraldehyde (GTA) and 1-ethyl-3-(3-
dimethyl aminopropyl) carbodiimide (EDC)] on the ocular
biocompatibility of gelatin hydrogels. Gelatin has been shown
to have a rapid dissolution when it has not been cross-linked
and is placed within an aqueous environment, which would
limit its potential application in the delivery of drugs to the
eye. The biocompatibility was tested using both cell culture
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techniques and in vivo animal testing. The cell line selected was
primary rat iris pigment epithelial cells; these were cultured
and observed for cell proliferation, viability, and presence of
pro-inflammatory genes.

The results showed that the EDC cross-linked gels were better
tolerated than the GTA hydrogels. This was then corroborated in
the in vivo tests whereby the gelatin hydrogels were inserted into
the anterior chamber of the eye of New Zealand white rabbits
and observed for 12 weeks. The rabbits who were given the
GTA cross-linked hydrogels showed a significant inflammation
reaction whereas the EDC cross-linked hydrogels were well
tolerated, concluding that EDC is more suitable as a cross-linking
agent for the formulation of ophthalmic gelatin hydrogels. This
study highlights that, although gelatin itself is biocompatible,
the cross-linking agents which are used in the formulation of
hydrogels have the ability to change the biocompatibility of a
formulation (Lai, 2010).

The results mentioned in the study above were further
corroborated in another study; also focusing on the
biocompatibility of GTA and EDC cross-linked hydrogels,
with the exception of using hyaluronic acid as the polymer. The
results of the in vivo tests, performed using rabbits, showed
that the EDC crosslinked hydrogel elicited no inflammatory
response whereas the GTA cross-linked hydrogels produced a
severe tissue response. This further highlights the importance of
biocompatibility testing, not only for the polymer, but also for
the other reactants used within a formulation (Lai et al., 2010).

Other in vitro methods for testing biocompatibility have
been developed. An example of this is the development
of a three-dimensional, curved epithelium model which is
able to mimic the cornea. This model was designed and
created by Postnikoff et al. (2014) in the hopes of removing
the need for the use of animal testing in the development
of some ophthalmic preparations. This particular model
was shown to be multi-layered and responsive to cytotoxic
compounds, as a cornea would which makes it a viable
option in the biocompatibility assessment of contact lenses
(Postnikoff et al., 2014).

Biodegradability
Biodegradability is one of the aspects which makes the polymers
discussed in this review beneficial for use in ocular drug
delivery. This allows sustained drug release systems to be able
to breakdown and be absorbed by the body, eradicating the
necessity for surgical removal. The most common form of
biodegradable system is that where a drug is embedded within
a polymeric system and is released as the polymer degrades.
The advantage of biodegradable over non-biodegradable ocular
systems has been seen in implants developed for sustained
drug release. Majority of ocular implants currently available
on the market are non-biodegradable but research is being
done into the development of biodegradable formulations
(Lee et al., 2010).

The biodegradable nature of polymers, while advantageous,
can sometimes hinder their ability to maintain their integrity for
an extended time within the environment into which they are
placed. For example, hyaluronic acid, which is broken down by

hyaluronidase, does not have a sufficient residence time for long-
term delivery. Hyaluronic acid is often modified to overcome this
issue (du Toit et al., 2013).

INCORPORATION OF HYDROGELS AND
NANOTECHNOLOGY FOR OCULAR
DRUG DELIVERY

Hydrogels can form a vital role in the development of
nanotechnologies for the delivery of drugs to the eye. An example
of this is the formulation of hydrogel nanoparticles. This drug
delivery system combines the benefits of a hydrogel (hydrophilic
and high-water content) with the minute size of a nanoparticle.
These have been developed using both synthetic and natural
polymers but, in this article, only those employing natural
polymers are discussed (Hamidi et al., 2008).

Although hydrogels themselves offer many advantages to
overcome these challenges, by combining hydrogels in colloidal
drug delivery systems the effective delivery of drugs to the eye
is further improved. Nanotechnology, such as nanoparticles and
nanoliposomes, has been given a lot of focus in recent years
for use in ocular drug delivery. These nanocarriers are able to
offer advantages such as the more targeted delivery of drugs
and controlled release as well as reduced toxicity and improved
efficacy of formulations. These carriers, which range from 1
to 1000 nm in size, are also able to deliver drugs which are
poorly water soluble (a problem that in the past has seen ocular
active drugs not being made into effective preparations) as well
as provide improved penetration into tissues. Colloidal drug
delivery systems are also able to increase the retention time at
the surface of the cornea, resulting in improved bioavailability
(Ameeduzzafar et al., 2016).

In terms of ocular drug delivery, nanoparticles are useful due
to their small size which allows for targeted drug delivery and
improved bioavailability. The drugs in these delivery systems can
be incorporated into the nanoparticle either through entrapment,
encapsulation, or attachment to the surface. Nanoparticles with
intrinsic hydrogel structure are able to be formulated using
either physical or chemical cross-linking methods and have been
prepared using a number of synthetic and natural polymers.
Nanoparticles are able to be combined with hydrogel technology
either in the way that they are synthesized or in the way that they
are administered where the hydrogel acts as a suspending agent
(Hamidi et al., 2008).

A further example of the combination of hydrogels and
nanotechnology is nanogels. These nanoparticle carriers have
many beneficial properties in terms of ocular drug delivery. These
include sustained drug delivery profiles and improved stability of
the drug in water (Jamard et al., 2016).

In a study by Jamard et al. (2016), it was noted that many
nanogels require harsh conditions for formulation, such as
high temperatures and the use of organic solvents. However, it
was noted that by using biopolymers (such as methylcellulose)
which have been modified with hydrophobic moieties [such
as poly(N-tert-butylacrylamide)], self-assembling nanogels could
be formulated through hydrophobic interaction within an
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aqueous environment. This renders the resultant, non-cytotoxic
nanogel suitable for the delivery of biological compounds with a
prolonged release profile (Jamard et al., 2016).

A further study, focusing on the delivery of fluconazole
to the cornea, was performed by Nishil et al. (2013) where
fluconazole loaded chitin nanogels were synthesized. The system
was shown to have sustained drug release drug profiles while
also being cytocompatible. It was also noted that the system
allowed for penetration through the cornea in ex vivo studies.
The nanogel can be considered for improved bioavailability for
the fluconazole in the treatment of corneal fungal infections
(Nishil et al., 2013).

Solid lipid nanocarriers (SLN) are another form of
nanotechnology which have been researched for the replacement
of conventional ocular drug delivery systems. These SLNs are
advantageous as they have low toxicity due to the fact that they
are prepared from lipids natural to the body, are able to undergo
autoclave sterilization, and are able to be loaded with both
hydrophilic and hydrophobic drugs (Farid et al., 2017). SLNs
fall under a larger group of lipid-based nanocarriers which also
includes lipid-drug conjugates (Puglia et al., 2015).

Nanoparticles offer a particular benefit in that, due to the
large surface area-to-volume ratio, they are able to support a
vast number of surface functional groups (Jacob et al., 2018).
These surface modifications are able to improve some of the
disadvantages which are seen in certain nanotechnologies. An
example of this can be seen in a study by Attama et al.
(2008) where a phospholipid was used as a surface modifier
on SLNs. The results showed that the drug release from the
SLNs which were formulated without the phospholipid happened
in a burst release fashion due to the fact that there was
more drug present in the periphery of the nanoparticles. In
addition, a large amount of drug was found in the bulk aqueous
medium. Those that were formulated with the phospholipid
had a sustained drug release profile. This illustrates how surface
modifications are able to have an effect on not only the drug
release profiles but also the encapsulation efficacy of SLNs
(Attama et al., 2008).

The concept of colloidal nanoparticulate-based systems
has been investigated for therapeutic contact lenses. The
incorporation of nanoparticles allows for improved drug release
from the contact lens as well as prevents the interaction of
the drug with the polymers of which the lens is composed.
An example of such system was formulated by Jung et al.
(2013). Nanoparticles which contained timolol, a drug used
to treat glaucoma, were loaded onto commercial contact
lenses. The contact lenses were tested in preliminary drug
release and in vivo studies which showed that, in addition
of being biocompatible, they were able to release timolol
over an extended period (5 days) resulting in a lowering of
the intraocular pressure. These are promising results as an
alternative to conventional timolol eye drops which must be
administered multiple times a day; however, there is still further
research which needs to be conducted (Jung et al., 2013). This
research would include the impact of colloidal systems on the
contact lens’ transparency and ion and oxygen permeability
(Maulvi et al., 2016).

FUTURE PERSPECTIVES

The primary focus of the research that is being done, and that
has been commented on in this article is to improve the shortfalls
seen in current ophthalmic treatments. Whether that be the low
bioavailability and rapid clearance from the administration site
found with eye drop formulations or the frequency of invasive
procedures seen with intravitreal injections, future developments
made in ocular drug delivery are vital (Sapino et al., 2019).

Many of the advancements being made in this area of drug
delivery include harnessing the benefits highlighted for both
biopolymers and hydrogel systems. One of the main focuses of
the future perspectives is the further testing of the systems that
have been discussed in this paper. This testing includes in vivo
animal testing of systems that have undergone cell testing, and
clinical trials for the systems that have undergone animal pilot
studies. It has been noted that not many of the newly developed
systems have been made commercially available and these studies
would further this process (Barbu et al., 2006).

Natural, biodegradable polymers have uses in other future
prospects for ocular drug delivery outside of their use in
hydrogel systems, both on their own and in conjunction with
synthetic polymers. These include the development of polymeric
ocular inserts [as an example, an insert was developed by Jain
et al. (2010) with sodium carboxymethylcellulose and polyvinyl
alcohol for the topical delivery of ciprofloxacin]. Majority of the
ocular inserts which are commercially available are composed of
synthetic polymers so the development and commercialization
of biopolymer-based inserts is a definite avenue for the future
prospects of biopolymer technology.

Hydrogel systems have been demonstrated in many studies
to be highly beneficial in their role as ophthalmic drug delivery
systems. The advances that have been made in recent years,
particularly in terms of “smart” or stimuli-responsive hydrogels,
have made a large impact. However, many of these formulations
have not been made commercially available, mainly because
many of them have yet to undergo clinical trials. This would be
a vital step in improving the quality of life of patients; especially
those who require eye drop administration on a daily basis.
According to the research that has been done, hydrogels provide
an option for far less frequent dosing schedules (in some cases
weeks or months) (Chang et al., 2019).

CONCLUSION

Although hydrogels are not as extensively investigated as some
of the other developments that are being made in ocular drug
delivery, they are making an impact. These systems provide
two vital benefits to drug delivery; sustained drug release and
increased retention time. They are able to be formulated in
such a way that they are able to respond to stimuli, which has
been shown to be very beneficial. This stimuli-response ability
allows for ease of administration, making these formulations
more favorable for patients. This takes the ease of administration
of eye drops and combines it with the increased viscosity of
ointments, resulting in effective topical drug delivery without
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frequent dosing schedules (seen with eye drops) and blurred
vision (seen with ointments).

Biopolymers are at the forefront of many studies undertaken
in ocular drug delivery. These polymers, with their non-
cytotoxic, biodegradable profiles enable researchers to develop
technologies without the risk of causing inflammation and the
need for surgical removal. They also lend themselves to safety-
by-design aspects for new formulations as there are many
studies which illustrate their low toxicity profiles. Biopolymers
provide an easily available and relatively cheaper option to some
synthetic polymers.

Both hydrogels and biopolymers lend themselves to use
in nanotechnology for ocular drug delivery. Whether it be
in the form of the intrinsic make-up of the nanoparticles,
nanoliposomes, or nanowires, or as a suspending agent,
hydrogels can greatly impact the developments which are

being made in this field of drug delivery. Although there are
still developments to be made, both hydrogel and biopolymer
technology play a vital role in the improvements being
investigated for the effective delivery of drugs to the eye.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

FUNDING

This work was financially supported by the National Research
Foundation (NRF) of South Africa.

REFERENCES
Agrawal, A. K., Das, M., and Jain, S. (2010). In situ systems as “smart” carriers

for sustained ocular drug delivery. Exp. Opin. Drug Deliv. 9, 383–402. doi:
10.1517/17425247.2012.665367

Al Khateb, K., Ozhmukhametova, E. K., Mussin, M. N., Seilkhanov, S. K.,
Rakhypbekov, T. K., Lau, W. M., et al. (2016). In situ gelling systems based on
Pluronic F127/Pluronic F68 formulations for ocular drug delivery. Int. J. Pharm.
502, 70–79. doi: 10.1016/j.ijpharm.2016.02.027

Ameeduzzafar, J. A., Ali, J., Fazil, M., Qumbar, M., Khan, N., and Ali, A. (2016).
Colloidal drug delivery system: amplify the ocular delivery. Drug Deliv. 23,
700–716. doi: 10.3109/10717544.2014.923065

Attama, A., Reichi, S., and Muller-Goymann, C. C. (2008). Diclofenac sodium
delivery to the eye: In vitro evaluation of novel solid lipid nanoparticle
formulation using human cornea construct. Int. J. Pharm. 355, 307–313.
doi: 10.1016/j.ijpharm.2007.12.007

Bain, M. K., Bhowmik, M., Ghosh, S. H., and Chattopadhyay, D. (2009). In situ
fast gelling formulation of methyl cellulose for in vitro ophthalmic controlled
delivery of ketorolac tromethamine. J. Appl. Polymer Sci. 113, 1241–1246.
doi: 10.1002/app.30040

Bao, Q., Jog, R., Shen, J., Newman, B., Wang, Y., and Choi, S. (2017).
Physicochemical attributes and dissolution testing of ophthalmic ointments.
Int. J. Pharm. 523, 310–319. doi: 10.1016/j.ijpharm.2017.03.039

Barbu, E., Verestiuc, L., Nevell, T. G., and Tsibouklis, J. (2006). Polymeric materials
for ophthalmic drug delivery: trends and perspectives. J. Mater. Chem. 16,
3439–3443. doi: 10.1039/B605640G

Bhandari, P., Novikova, G., Goergen, C. J., and Irudayaraj, J. (2018). Ultrasound
beam steering of oxygen nanobubbles for enhanced bladder cancer therapy. Sci.
Rep. 8:3112. doi: 10.1038/s41598-018-20363-8

Bhattarai, N., Gunn, J., and Zhang, M. (2010). Chitosan-based hydrogels for
controlled, localized drug delivery. Adv. Drug Deliv. Rev. 62, 83–99. doi: 10.
1016/j.addr.2009.07.019

Biro, T., and Aigner, Z. (2019). Current approaches to use cyclodextrins and
mucoadhesive polymers in ocular drug delivery – a mini review. Sci. Phar. 87:15.
doi: 10.3390/scipharm87030015

Bonfioli, A. A., Damico, F. M., Curi, A. L., and Orefice, F. (2005). Intermediate
uveitis. Semin. Ophthalmol. 20, 147–154. doi: 10.1080/08820530500232035

Cao, Y., Zhang, C., Shen, W., Cheng, Z., Yu, L. L., and Ping, Q. (2007). Poly(N-
isopropylacrylamide)-chitosan thermosensitive in situ gel-forming system for
ocular drug delivery. J. Contr. Release 120, 186–194. doi: 10.1016/j.jconrel.2007.
05.009

Chang, D., Park, K., and Famili, A. (2019). Hydrogels for sustained delivery of
biologics to the back of the eye. Drug Discov. Today 24, 1470–1482. doi: 10.
1016/j.drudis.2019.05.037

Chen, J., Li, Q., Huang, Y., Ding, Y., Deng, H., and Zhao, S. (2005). Study on
biocampatibility of complexes of collagen-chitosan-sodium hyaluronate and
cornea. Artif. Organs 29, 104–113. doi: 10.1111/j.1525-1594.2005.29021.x

Chen, X., Li, X., Zhou, Y., Wang, X., Zhang, Y., and Fan, Y. (2012). Chitosan-
based thermosensitive hydrogel as a promising ocular drug delivery system:
Preparation, characterization and in vivo evaluation. J. Biomater. Appl. 27,
391–402. doi: 10.1177/0885328211406563

Cheng, Y., Tsai, T. H., Jhan, Y. Y., Chiu, A. W., Tsai, K. L., Chien, C. S., et al. (2016).
Thermosensitive chitosan-based hydrogel as a topical ocular drug delivery
system of latanaprost for glaucoma treatment. Carbohydr. Polym. 144, 390–399.
doi: 10.1016/j.carbpol.2016.02.080

Dewan, M., Bhowmick, B., Sarkar, G., Rana, D., Bain, M. K., and Bhowmick, M.
(2015). Effect of methyl cellulose on gelation behavior and drug release from
poloxamer based ophthalmic formulations. Int. J. Biol. Macromol. 72, 706–710.
doi: 10.1016/j.ijbiomac.2014.09.021

du Toit, C., Carmichael, T., Govender, T., Kumar, P., Choonara, Y. E., and Pillay, V.
(2013). In vitro, in vivo, and in silico evaluation of the bioresponsive behavior of
an intelligent intraocular implant. Phar. Res. 31, 607–634. doi: 10.1007/s11095-
013-1184-3

Dua, H. S., Faraj, L. A., Said, D. G., Gray, T., and Lowe, J. (2013). Human corneal
anatomy redefined: a novel pre-Descemet’s layer (Dua’s layer). Ophthalmology
120, 1778–1785. doi: 10.1016/j.ophtha.2013.01.018

Duttagupta, S., Jadhav, V. M., and Kadam, V. J. (2015). Chitosan: a propitious
biopolymer of drug delivery. Curr. Drug Deliv. 12, 369–381. doi: 10.2174/
1567201812666150310151657

Eljarrat-Binstock, E., and Domb, A. J. (2006). Iontophoresis: a non-invasive ocular
drug delivery. J. Control. Release 110, 479–489. doi: 10.1016/j.jconrel.2005.
09.049

Eljarrat-Binstock, E., Orucov, F., Aldouby, Y., Frucht-Pery, J., and Domb,
A. J. (2008). Charged nanoparticles delivery to the eye using hydrogel
iontophoresis. J. Control. Release 126, 156–161. doi: 10.1016/j.jconrel.2007.
11.016

Farid, R. M., El-Salamouni, N. S., El-Kamel, A. H., and El-Gamal, S. S. (2017).
Lipid-based nanocarriers for ocular drug delivery. Nanostructures for Drug
Delivery eds E., Andronescu and A. M., Grumezescu (Elsevier: Amsterdam)

Fathi, M., Barar, J., Aghanejad, A., and Omidi, Y. (2015). Hydrogels for ocular
drug delivery and tissue engineering. Bioimpacts 5, 159–164. doi: 10.15171/bi.
2015.31

Fulgencio, G. O., Viana, F. A., Ribeiro, R. R., Yoshida, M. I., Faraco, A. G., and
Cunha-Junior Ada, S. (2012). New mucoadhesive chitosan film for ophthalmic
drug delivery of timolol maleate: In vivo evaluation. J. Ocul. Pharmacol. Ther.
28, 350–358. doi: 10.1089/jop.2011.0174

Gambhire, S., Bhalerao, K., and Singh, S. (2013). In situ hydrogel: different
approached to ocular drug delivery. Int. J. Phar. Pharma. Sci. 5, 27–36.

Gaudana, R., Ananthula, H. K., Parenky, A., and Mitra, A. K. (2010).
Ocular drug delivery. AAPS J. 12, 348–360. doi: 10.1208/s12248-010-9183-
9183

Gaudana, R., Jwala, J., Boddu, S. H., and Mitra, A. K. (2009). Recent perspectives
in ocular drug delivery. Pharm. Res. 26, 1197–1216. doi: 10.1007/s11095-008-
9694-0

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 15 March 2020 | Volume 8 | Article 228

https://doi.org/10.1517/17425247.2012.665367
https://doi.org/10.1517/17425247.2012.665367
https://doi.org/10.1016/j.ijpharm.2016.02.027
https://doi.org/10.3109/10717544.2014.923065
https://doi.org/10.1016/j.ijpharm.2007.12.007
https://doi.org/10.1002/app.30040
https://doi.org/10.1016/j.ijpharm.2017.03.039
https://doi.org/10.1039/B605640G
https://doi.org/10.1038/s41598-018-20363-8
https://doi.org/10.1016/j.addr.2009.07.019
https://doi.org/10.1016/j.addr.2009.07.019
https://doi.org/10.3390/scipharm87030015
https://doi.org/10.1080/08820530500232035
https://doi.org/10.1016/j.jconrel.2007.05.009
https://doi.org/10.1016/j.jconrel.2007.05.009
https://doi.org/10.1016/j.drudis.2019.05.037
https://doi.org/10.1016/j.drudis.2019.05.037
https://doi.org/10.1111/j.1525-1594.2005.29021.x
https://doi.org/10.1177/0885328211406563
https://doi.org/10.1016/j.carbpol.2016.02.080
https://doi.org/10.1016/j.ijbiomac.2014.09.021
https://doi.org/10.1007/s11095-013-1184-3
https://doi.org/10.1007/s11095-013-1184-3
https://doi.org/10.1016/j.ophtha.2013.01.018
https://doi.org/10.2174/1567201812666150310151657
https://doi.org/10.2174/1567201812666150310151657
https://doi.org/10.1016/j.jconrel.2005.09.049
https://doi.org/10.1016/j.jconrel.2005.09.049
https://doi.org/10.1016/j.jconrel.2007.11.016
https://doi.org/10.1016/j.jconrel.2007.11.016
https://doi.org/10.15171/bi.2015.31
https://doi.org/10.15171/bi.2015.31
https://doi.org/10.1089/jop.2011.0174
https://doi.org/10.1208/s12248-010-9183-9183
https://doi.org/10.1208/s12248-010-9183-9183
https://doi.org/10.1007/s11095-008-9694-0
https://doi.org/10.1007/s11095-008-9694-0
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


fbioe-08-00228 March 19, 2020 Time: 17:11 # 16

Lynch et al. Hydrogel Biomaterials – Ocular Drug Delivery

Grisanti, S., and Ziemssen, F. (2007). Bevacizumab: off-label use in ophthalmology.
Ind. J. Ophthalmol. 55, 417–420. doi: 10.4103/0301-4738.36474

Gupta, H., Aqil, M., Khar, R. K., Ali, A., Bhatnagar, A., and Mittal, G. (2013).
Nanoparticles laden in situ gel for sustained ocular drug delivery. J. Pharm.
Bioallied Sci. 5, 162–165. doi: 10.4103/0975-7406.111824

Hamcerencu, M., Desbrieres, J., and Popa, M. (2020). Thermo-sensitive gellan
maleate/N-isopropylacrylamide hydrogels: initial “in vitro” and “in vivo”
evaluation as ocular inserts. Polym. Bull. 77, 741–755. doi: 10.1007/s00289-019-
02772-5

Hamidi, M., Azadi, A., and Rafiei, P. (2008). Hydrogel nanoparticles in drug
delivery. Adv. Drug Deliv. Rev. 60, 1638–1649. doi: 10.1016/j.addr.2008.08.002

Hoare, T. R., and Kohane, D. S. (2008). Hydrogels in drug delivery:
progress and challenges. Polymer 49, 1993–2007. doi: 10.1016/j.polymer.2008.
01.027

Huang, D., Chen, Y. S., and Rupenthal, I. D. (2018). Overcoming ocular drug
delivery barriers through the use of physical forces. Adv. Drug Deliv. Rev. 126,
96–112. doi: 10.1016/j.addr.2017.09.008

Huhtala, A., Pohjonen, T., Salminen, L., Salminen, A., Kaarniranta, K., and
Uusitalo, H. (2007). In vitro biocompatibility of degradable biopolymers in
cell line cultures from various ocular tissues: direct contact studies. J. Biomed.
Mater. Res. A 83A, 407–413. doi: 10.1002/jbm.a.31319

Jacob, J., Haponiuk, J. T., Thomas, S., and Gopi, S. (2018). Biopolymer based
nanomaterials in drug delivery systems: a review. Mat. Today Chem. 9, 43–55.
doi: 10.1016/j.mtchem.2018.05.002

Jain, D., Csarvalho, E., and Banerjee, R. (2010). Biodegradable hybrid polymeric
membranes for ocular drug delivery. Acta Biomater. 6, 1370–1379. doi: 10.1016/
j.actbio.2009.11.001

Jamard, M., Hoare, T., and Sheardown, H. (2016). Nanogels of methylcellulose
hydrophobized with N-tert-butylacrylamide for ocular drug delivery. Drug
Deliv. Transl. Res. 6, 648–659. doi: 10.1007/s13346-016-0337-4

Jung, H. J., Abou-Jaoude, M., Carbia, B. E., Plummer, C., and Chauhan, A. (2013).
Glaucoma therapy by extended release of timolol from nanoparticle loaded
silicone-hydrogel contact lenses. J. Control. Release 165, 82–89. doi: 10.1016/
j.jconrel.2012.10.010

Jung, J. H., Chiang, B., Grossniklaus, H. E., and Prausnitz, M. R. (2018). Ocular
drug delivery targeted by iontophoresis in the suprachoroidal space using a
microneedle. J. Control. Release 277, 14–22. doi: 10.1016/j.jconrel.2018.03.001

Kaji, H., Nagai, N., Nishizawa, M., and Abe, T. (2018). Drug delivery devices for
retinal diseases. Adv. Drug Deliv. Rev. 128, 148–157. doi: 10.1016/j.addr.2017.
07.002

Kang Derwent, J. J., and Mieler, W. F. (2008). Thermoresponsive hydrogels as a
new ocular drug delivery platform to the posterior segment of the eye. Trans.
Am. Ophthalmo. Soc. 106, 206–214.

Keino, H., Horie, S., and Sugita, S. (2018). Immune privilege and eye-derived
T-regulatory cells. J. Immunol. Res. 2018, 1679197. doi: 10.1155/2018/1679197

Khan, R., and Khan, M. H. (2013). Use of collagen as a biomaterial: an
update. J. Indian Soc. Periodontol. 17, 539–542. doi: 10.4103/0972-124X.11
8333

Kirchhof, S., Goepferich, A. M., and Brandl, F. P. (2015). Hydrogels in ophthalmic
applications. Eur. J. Pharm. Biopharm. 95, 227–238. doi: 10.1016/j.ejpb.2015.
05.016

Kumar, D., Jain, N., Gulati, N., and Nagaich, U. (2013). Nanoparticles laden in situ
gelling system for ocular drug targeting. J. Adv. Pharm. Technol. Res. 4, 9–17.
doi: 10.4103/2231-4040.107495

Kumar, S., and Himmelstein, K. J. (1995). Modification of in situ gelling behavior
of carbopol solutions by hydroxypropyl methylcellulose. J. Pharm. Sci. 84,
344–348. doi: 10.1002/jps.2600840315

Kushwaha, S. K. S., Sexena, P., and Rai, A. K. (2012). Stimuli sensitive hydrogels
for ophthalmic drug delivery: a review. Int. J. Pharma. Investig. 2, 54–60. doi:
10.4103/2230-973X.100036

Lai, J. Y. (2010). Biocompatibility of chemically cross-linked gelatin hydrogels for
ophthalmic use. J. Mater. Sci. Mater. Med. 21, 1899–1911. doi: 10.1007/s10856-
010-4035-3

Lai, J.-Y., Ma, D. H., Cheng, H. Y., Sun, C. C., Huang, S. J., and Li, Y. T. (2010).
Ocular biocompatibility of carbodiimide cross-linked hyaluronic acid hydrogels
for cell sheet delivery carriers. J. Biomater. Sci. Polym. Ed. 21, 359–376.
doi: 10.1163/156856209X416980

Lee, S. S., Hughes, P., Ross, A. D., and Robinson, M. R. (2010). Biodegradable
implants for sustained drug release in the eye. Pharma. Res. 27, 2043–2053.
doi: 10.1007/s11095-010-0159-x

Li, J., Wu, L., Wu, W., Wang, B., Wang, Z., and Xin, H. (2013). A potential
carrier based on liquid crystal nanoparticles for ophthalmic delivery of
pilocarpine nitrate. Int. J. Pharm. 455, 75–84. doi: 10.1016/j.ijpharm.2013.
07.057

Li, S., Dong, S., Xu, W., Tu, S., Yan, L., Zhao, C., et al. (2018). Antibacterial
hydrogels. Adv. Sci. 5:1700527. doi: 10.1002/advs.553

Li, Z., Zhang, Z., and Chen, H. (2013). Development and evaluation of fast forming
nano-composite hydrogel for ocular delivery of diclofenac. Int. J. Pharm. 448,
96–100. doi: 10.1016/j.ijpharm.2013.03.024

Lim, L., Tan, D. T., and Chan, W. K. (2001). Therapeutic use of bausch and lomb
purevision contact lenses. CLAO J. 27, 179–185.

Lin, H. R., Sung, K. C., and Vong, W. J. (2004). In situ gelling of alginate/pluronic
solutions for ophthalmic delivery of pilocarpine. Biomacromolecules 5, 2358–
2365. doi: 10.1021/bm0496965

Liu, W., Griffith, M., and Li, F. (2008). Alginate microsphere-collagen composite
hydrogel for ocular drug delivery and implantation. J. Mater. Sci. Mater. Med.
19, 3365–3371. doi: 10.1007/s10856-008-3486-2

Liu, Z., Li, J., Nie, S., Liu, H., Ding, P., and Pan, W. (2006). Study of am
alginate/HPMC-based system for gatifloxacin. Int. J. Pharm. 315, 12–17. doi:
10.1016/j.ijpharm.2006.01.029

Ludwig, A. (2005). The use of mucoadhesive polymers in ocular drug delivery. Adv.
Drug Deliv. Rev. 57, 1595–1639. doi: 10.1016/j.addr.2005.07.005

Mahlumba, P., Choonara, Y. E., Kumar, P., du Toit, L. C., and Pillay, V. (2016).
Stimuli-responsive polymeric systems for controlled protein and peptide
delivery: future implications for ocular delivery. Molecules 21:1002. doi: 10.
3390/molecules21081002

Maitra, J., and Shulka, V. K. (2014). Cross-linking in hydrogel – a review. Am. J.
Poly. Sci. 4, 25–31. doi: 10.5923/j.ajps.20140402.01

Mandal, S., Thimmasetty, M. K., Prabhushankar, G., and Geetha, M. (2012).
Formulation and evaluation of an in situ gel-forming ophthalmic formulation
of moxifloxacin hydrochloride. Int. J. Pharm. Investig. 2, 78–82. doi: 10.4103/
2230-973X.100042

Martens, T. F., Remaut, K., Deschout, H., Engbersen, J. F., Hennink, W. E., van
Steenbergen, M. J., et al. (2015). Coating nanocarriers with hyaluronic acid
facilitates intravitreal drug delivery for retinal gene therapy. J. Control. Release
202, 83–92. doi: 10.1016/j.jconrel.2015.01.030

Masteikova, R., Chalupova, Z., and Sklubalova, Z. (2003). Stimuli-sensitive
hydrogels in controlled and sustained drug delivery. Medicina 39, 19–24.

Maulvi, F. A., Soni, T. G., and Shah, D. O. (2016). A review on therapeutic
contact lenses for ocular drug delivery. Drug Deliv. 23, 3017–3026. doi: 10.3109/
10717544.2016.1138342

Mi, S., Chen, B., Wright, B., and Connon, C. J. (2010). Plastic compression
of a collagen gel forms a much improved scaffold for ocular surface tissue
engineering over conventional collagen gels. J. Biomed. Mater. Res. A 95,
447–453. doi: 10.1002/jbm.a.32861

Moiseev, R. V., Morrison, P. W. J., Steele, F., and Khutoryanskiy, V. V. (2019).
Penetration enhancers in ocular drug delivery. Pharmaceutics 11:321. doi: 10.
3390/pharmaceutics11070321

Mura, S., Nicolas, J., and Couvreur, P. (2013). Stimuli-responsive nanocarriers for
drug delivery. Nat. Mater. 12, 991–1003. doi: 10.1038/nmat3776

Myles, M. E., Neumann, D. M., and Hill, J. M. (2005). Recent progress in
ocular drug delivery for posterior segment disease: Emphasis on transscleral
iontophoresis. Adv. Drug Deliv. Rev. 57, 2063–2079. doi: 10.1016/j.addr.2005.
08.006

Nabili, M., Geist, C., and Zderic, V. (2015). Thermal safety of
ultrasound−enhanced ocular drug delivery: A modeling study. Med. Phys. 42,
5604–5615. doi: 10.1118/1.4929553

Nabili, M., Patel, H., Mahesh, S. P., Liu, J., Geist, C., and Zderic, V. (2013).
Ultrasound-enhanced delivery of antibiotics and anti-inflammatory drugs
into the eye. Ultra. Med. Biol. 39, 638–646. doi: 10.1016/j.ultrasmedbio.2012.
11.010

Natu, M. V., Sardinha, J. P., Correia, I. J., and Gil, M. H. (2007). Controlled release
gelatin hydrogels and lyophilisates with potential application as ocular inserts.
Biomed. Mater. 2, 241–249. doi: 10.1088/1748-6041/2/4/006

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 16 March 2020 | Volume 8 | Article 228

https://doi.org/10.4103/0301-4738.36474
https://doi.org/10.4103/0975-7406.111824
https://doi.org/10.1007/s00289-019-02772-5
https://doi.org/10.1007/s00289-019-02772-5
https://doi.org/10.1016/j.addr.2008.08.002
https://doi.org/10.1016/j.polymer.2008.01.027
https://doi.org/10.1016/j.polymer.2008.01.027
https://doi.org/10.1016/j.addr.2017.09.008
https://doi.org/10.1002/jbm.a.31319
https://doi.org/10.1016/j.mtchem.2018.05.002
https://doi.org/10.1016/j.actbio.2009.11.001
https://doi.org/10.1016/j.actbio.2009.11.001
https://doi.org/10.1007/s13346-016-0337-4
https://doi.org/10.1016/j.jconrel.2012.10.010
https://doi.org/10.1016/j.jconrel.2012.10.010
https://doi.org/10.1016/j.jconrel.2018.03.001
https://doi.org/10.1016/j.addr.2017.07.002
https://doi.org/10.1016/j.addr.2017.07.002
https://doi.org/10.1155/2018/1679197
https://doi.org/10.4103/0972-124X.118333
https://doi.org/10.4103/0972-124X.118333
https://doi.org/10.1016/j.ejpb.2015.05.016
https://doi.org/10.1016/j.ejpb.2015.05.016
https://doi.org/10.4103/2231-4040.107495
https://doi.org/10.1002/jps.2600840315
https://doi.org/10.4103/2230-973X.100036
https://doi.org/10.4103/2230-973X.100036
https://doi.org/10.1007/s10856-010-4035-3
https://doi.org/10.1007/s10856-010-4035-3
https://doi.org/10.1163/156856209X416980
https://doi.org/10.1007/s11095-010-0159-x
https://doi.org/10.1016/j.ijpharm.2013.07.057
https://doi.org/10.1016/j.ijpharm.2013.07.057
https://doi.org/10.1002/advs.553
https://doi.org/10.1016/j.ijpharm.2013.03.024
https://doi.org/10.1021/bm0496965
https://doi.org/10.1007/s10856-008-3486-2
https://doi.org/10.1016/j.ijpharm.2006.01.029
https://doi.org/10.1016/j.ijpharm.2006.01.029
https://doi.org/10.1016/j.addr.2005.07.005
https://doi.org/10.3390/molecules21081002
https://doi.org/10.3390/molecules21081002
https://doi.org/10.5923/j.ajps.20140402.01
https://doi.org/10.4103/2230-973X.100042
https://doi.org/10.4103/2230-973X.100042
https://doi.org/10.1016/j.jconrel.2015.01.030
https://doi.org/10.3109/10717544.2016.1138342
https://doi.org/10.3109/10717544.2016.1138342
https://doi.org/10.1002/jbm.a.32861
https://doi.org/10.3390/pharmaceutics11070321
https://doi.org/10.3390/pharmaceutics11070321
https://doi.org/10.1038/nmat3776
https://doi.org/10.1016/j.addr.2005.08.006
https://doi.org/10.1016/j.addr.2005.08.006
https://doi.org/10.1118/1.4929553
https://doi.org/10.1016/j.ultrasmedbio.2012.11.010
https://doi.org/10.1016/j.ultrasmedbio.2012.11.010
https://doi.org/10.1088/1748-6041/2/4/006
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


fbioe-08-00228 March 19, 2020 Time: 17:11 # 17

Lynch et al. Hydrogel Biomaterials – Ocular Drug Delivery

Nettey, H., Darko, Y., Bamiro, A., and Addo, R. T. (2016). “Ocular barriers,” in
Ocular Drug Delivery: Advances, Challenges and Applications, ed. R. T. Addo
(Berlin: Springer), 27–36. doi: 10.1007/978-3-319-47691-9_3

Nishil, M., Rejinold, N. S., Mangalathillam, S., Biswas, R., Nair, S. V., and
Jayakumar, R. (2013). Fluconazole loaded chitin nanogels as a topical ocular
drug delivery agent for corneal fungal infections. J. Biomed. Nanotechnol. 9,
1521–1531. doi: 10.1166/jbn.2013.1647

Occhiutto, M. L., Freitas, F. R., Maranhao, R. C., and Costa, V. P. (2012).
Breakdown of the blood-ocular barriers as a strategy for the systemic use
of nanosystems. Pharmaceutics 4, 252–275. doi: 10.3390/pharmaceutics40
20252

Oh, J. K., Lee, D. I., and Park, J. M. (2009). Biopolymer-based microgels/ nanogels
for drug delivery applications. Prog. Poly. Sci. 34, 1261–1282. doi: 10.1016/j.
progpolymsci.2009.08.001

Ozdek, S., Bahceci, U. A., Gurelik, G., and Hasanreisoglu, B. (2006). Posterior
subtenon and intravitreal triamcinolone acetonide for diabetic macular edema.
J. Diab. Comp. 20, 246–251. doi: 10.1016/j.jdiacomp.2005.06.015

Pandit, J. K., Bharathi, D., Srinathga, A., Ridhurkar, N., and Singh, S.
(2007). Long acting ophthalmic formulation of indomethacin: evaluation of
alginate gel systems. Ind. J. Pharm. Sci. 69, 37–40. doi: 10.4103/0250-474X.
32105

Patel, A., Cholkar, K., Agrahari, V., and Mitra, A. K. (2013). Ocular drug delivery
systems: an overview. World J. Pharmacol. 2, 47–64. doi: 10.5497/wjp.v2.i2.47

Patenaude, M., Smeets, N. M. B., and Hoare, T. (2014). Designing injectable,
covalently cross−linked hydrogels for biomedical applications. Macromol.
Rapid Commun. 35, 598–617. doi: 10.1002/marc.201300818

Postnikoff, C. K., Pintwala, R., Williams, S., Wright, A. M., Hileeto, D., and Gorbet,
M. B. (2014). Development of a curved, stratified, in vitro model to assess
ocular biocompatibility. PLoS One 9:e96448. doi: 10.1371/journal.pone.00
96448

Puglia, C., Offerta, A., Carbone, C., Bonina, F., Pignatello, R., and Puglisi, G.
(2015). Lipid nanocarriers (LNC) and their applications in ocular drug delivery.
Curr. Med. Chem. 22, 1589–1602. doi: 10.2174/09298673226661502091
52259

Rajasekaran, A., Kumaran, K. S. G., Preetha, J. P., and Karthika, K. (2010). A
comparative review on conventional and advanced drug delivery formulation.
Int. J. PharmTech. Res. 2, 668–674. doi: 10.1517/17425247.2011.548801

Sapino, S., Chirio, D., Peira, E., Rubio, E. A., Brunella, V., and Jadhav, S. A.
(2019). Ocular drug delivery: a special focus on the thermosensitive approach.
Nanomaterials 9:884. doi: 10.3390/nano9060884

Schramm, C., Spitzer, M. S., Henke-Fahle, S., Steinmetz, G., Januschowski, K.,
Heiduschka, P., et al. (2012). The cross-linked biopolymer hyaluronic acid
as an artificial vitreous substitute. Invest. Ophthalmol. Vis. Sci. 53, 613–621.
doi: 10.1167/iovs.11-7322

Shen, A. Y., Haddad, E. J., Hunter-Smith, D. J., and Rozen, W. M. (2018).
Efficacy and adverse effects of topical chloramphenicol ointment use for surgical
wounds: a systematic review. ANZ J. Surg. 88, 1243–1246. doi: 10.1111/ans.
14465

Short, B. G. (2008). Safety evaluation of ocular drug delivery formulations:
techniques, and practical considerations. Toxicol. Pathol. 36, 49–62. doi: 10.
1177/0192623307310955

Silva, M. M., Calado, R., Marto, J., Bettencourt, A., Almeida, A. J., and Goncalves,
L. M. D. (2017). Chitosan nanoparticles as a mucoadhesive drug delivery
system for ocular administration. Mar. Drugs 15:370. doi: 10.3390/md151
20370

Singh, A., Dogra, T. S., Mandal, U. K., and Narang, R. K. (2019). Novel approaches
for ocular drug delivery: a review. Int. J. Bio-Pharm. Res. 8, 2722–2732.

Singh, A. V. (2011). Biopolymers in drug delivery: a review. Pharmacology 1,
666–674.

Song, Y., Nagai, N., Saijo, S., Kaji, H., Nishizawa, M., and Abe, T. (2018). In situ
formation of injectable chitosan-gelatin hydrogels through double crosslinking
for sustained intraocular drug delivery. Mater. Sci. Eng. C Mater. Biol. Appl. 88,
1–12. doi: 10.1016/j.msec.2018.02.022

Souto, E. B., Dias-Ferreira, J., Lopez-Machado, A., Ettcheto, M., Cano, A., and
Camins, E. A. (2019). Advanced formulation approaches for ocular drug
delivery: state-of-the-art and recent patents. Pharmaceutics 11:460. doi: 10.
3390/pharmaceutics11090460

Srividya, B., Cardoza, R. M., and Amin, P. D. (2001). Sustained ophthalmic delivery
of ofloxacin from a pH triggered in situ gelling system. J. Control. Release 73,
205–211. doi: 10.1016/s0168-3659(01)00279-6

Sultana, Y., Agil, M., Ali, A., and Zafar, S. (2006a). Evaluation of Carbopol-
methylcellulose based sustained-release ocular delivery system for pefloxacin
mesylate using rabbit eye model. Pharm. Dev. Technol. 11, 313–319. doi: 10.
1080/10837450600767698

Sultana, Y., Jain, R., Agil, M., and Ali, A. (2006b). Review of ocular drug delivery.
Curr. Drug Deliv. 3, 207–217. doi: 10.2174/156720106776359186

Thomas, E. R., Wang, J., Ege, E., Madsen, R., and Hainsworth, D. P. (2006).
Intravitreal triamcinolone acetonide concentration after subtenon injection.
Am. J. Ophthalmol. 142, 860–861. doi: 10.1016/j.ajo.2006.05.023

Thrimawithana, T. R., Young, S., Bunt, C. R., Green, C., and Alany, R. G. (2011).
Drug delivery to the posterior segment of the eye. Drug Discov. Today 16,
270–277. doi: 10.1016/j.drudis.2010.12.004

Tieppo, A., White, C. J., Paine, A. C., Voyles, M. L., McBride, M. K., and
Byrne, M. E. (2012). Sustained in vivo release from imprinted therapeutic
contact lenses. J. Control. Release 157, 391–397. doi: 10.1016/j.jconrel.2011.
09.087

Trombino, S., Servido, C., Curcio, F., and Cassano, R. (2019). strategies for
hyaluronic acid-based hydrogel design in drug delivery. Pharmaceutics 11:407.
doi: 10.3390/pharmaceutics11080407

Urtti, A. (2006). Challenges and obstacles of ocular pharmacokinetics and drug
delivery. Adv. Drug Deliv. Rev. 58, 1131–1135. doi: 10.1016/j.addr.2006.
07.027

Vandervoort, J., and Ludwig, A. (2004). Preparation and evaluation of drug-loaded
gelatin nanoparticles for topical ophthalmic use. Eur. J. Pharm. Biopharm. 57,
251–261. doi: 10.1016/s0939-6411(03)00187-5

Vashist, A., Vashist, A., Gupta, Y. K., and Ahmad, S. (2014). Recent advances in
hydrogel based drug delivery systems for the human body. J. Mater. Chem. B. 2,
147–166. doi: 10.1039/C3TB21016B

Wang, C., Feng, N., Chang, F., Wang, J., Yuan, B., Chneg, Y., et al. (2019).
Injectable cholesterol−enhanced stereocomplex polylactide thermogel loading
chondrocytes for optimized cartilage regeneration. Adv Healthcare Mat.
8:1900312. doi: 10.1002/adhm.201900312

Wang, J., Jiang, A., Joshi, M., and Christoforidis, J. (2013). Drug delivery implants
in the treatment of vitreous inflammation. Med. Inflamm. 2013:780634. doi:
10.1155/2013/780634

Widjaja, L. K., Bora, M., Chan, P. N., Lipik, V., Wong, T. T., and Venkatraman,
S. S. (2015). Hyaluronic acid−based nanocomposite hydrogels for ocular drug
delivery applications. J. Biomed. Mater. Res. A 102, 3056–3065. doi: 10.1002/
jbm.a.34976

Willoughby, C. E., Diego, P., Ferrari, S., Aires, L., Landua, K., Yadollah,
O., et al. (2010). Anatomy and physiology of the human eye: effects of
mucopolysaccharidoses disease on structure and function–a review. Clin.
Experiment. Ophthalmol. 38, 2–11. doi: 10.1111/j.1442-9071.2010.02363.x

Wong, C. W., and Wong, T. T. (2019). Posterior segment drug delivery for the
treatment of exudative age-related macular degeneration and diabetic macular
oedema. Brit. J. Ophthal. 103, 1356–1360. doi: 10.1136/bjophthalmol-2018-
313462

Wu, Y., Yao, J., Zhou, J., and Dahmani, F. Z. (2013). Enhanced and sustained
topical ocular delivery of cyclosporine A in thermosensitive hyaluronic acid-
based in situ forming microgels. Int. J. Nanomed. 8, 3587–3601. doi: 10.2147/
IJN.S47665

Xu, X., Weng, Y., Xu, L., and Chen, H. (2013). Sustained release of
Avastin§from polysaccharides cross-linked hydrogels for ocular drug
delivery. Int. J. Biol. Macromol. 60, 272–276. doi: 10.1016/j.ijbiomac.2013.
05.034

Yadav, K. S., Rajpurohit, R., and Sharma, S. (2019). Glaucoma: current treatment
and impact of advanced drug delivery systems. Life Sci. 221, 362–376. doi:
10.1016/j.lfs.2019.02.029

Yasin, M. N. (2014). Implants for drug delivery to the posterior segment of the eye:
a focus on stimuli-responsive and tunable release systems. J. Control. Release
196, 208–221. doi: 10.1016/j.jconrel.2014.09.030

Yellepeddi, V. K., and Palakurthi, S. (2016). Recent advances in topical ocular
drug delivery. J. Ocul. Pharmacol. Ther. 32, 67–82. doi: 10.1089/jop.2015.
0047

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 17 March 2020 | Volume 8 | Article 228

https://doi.org/10.1007/978-3-319-47691-9_3
https://doi.org/10.1166/jbn.2013.1647
https://doi.org/10.3390/pharmaceutics4020252
https://doi.org/10.3390/pharmaceutics4020252
https://doi.org/10.1016/j.progpolymsci.2009.08.001
https://doi.org/10.1016/j.progpolymsci.2009.08.001
https://doi.org/10.1016/j.jdiacomp.2005.06.015
https://doi.org/10.4103/0250-474X.32105
https://doi.org/10.4103/0250-474X.32105
https://doi.org/10.5497/wjp.v2.i2.47
https://doi.org/10.1002/marc.201300818
https://doi.org/10.1371/journal.pone.0096448
https://doi.org/10.1371/journal.pone.0096448
https://doi.org/10.2174/0929867322666150209152259
https://doi.org/10.2174/0929867322666150209152259
https://doi.org/10.1517/17425247.2011.548801
https://doi.org/10.3390/nano9060884
https://doi.org/10.1167/iovs.11-7322
https://doi.org/10.1111/ans.14465
https://doi.org/10.1111/ans.14465
https://doi.org/10.1177/0192623307310955
https://doi.org/10.1177/0192623307310955
https://doi.org/10.3390/md15120370
https://doi.org/10.3390/md15120370
https://doi.org/10.1016/j.msec.2018.02.022
https://doi.org/10.3390/pharmaceutics11090460
https://doi.org/10.3390/pharmaceutics11090460
https://doi.org/10.1016/s0168-3659(01)00279-6
https://doi.org/10.1080/10837450600767698
https://doi.org/10.1080/10837450600767698
https://doi.org/10.2174/156720106776359186
https://doi.org/10.1016/j.ajo.2006.05.023
https://doi.org/10.1016/j.drudis.2010.12.004
https://doi.org/10.1016/j.jconrel.2011.09.087
https://doi.org/10.1016/j.jconrel.2011.09.087
https://doi.org/10.3390/pharmaceutics11080407
https://doi.org/10.1016/j.addr.2006.07.027
https://doi.org/10.1016/j.addr.2006.07.027
https://doi.org/10.1016/s0939-6411(03)00187-5
https://doi.org/10.1039/C3TB21016B
https://doi.org/10.1002/adhm.201900312
https://doi.org/10.1155/2013/780634
https://doi.org/10.1155/2013/780634
https://doi.org/10.1002/jbm.a.34976
https://doi.org/10.1002/jbm.a.34976
https://doi.org/10.1111/j.1442-9071.2010.02363.x
https://doi.org/10.1136/bjophthalmol-2018-313462
https://doi.org/10.1136/bjophthalmol-2018-313462
https://doi.org/10.2147/IJN.S47665
https://doi.org/10.2147/IJN.S47665
https://doi.org/10.1016/j.ijbiomac.2013.05.034
https://doi.org/10.1016/j.ijbiomac.2013.05.034
https://doi.org/10.1016/j.lfs.2019.02.029
https://doi.org/10.1016/j.lfs.2019.02.029
https://doi.org/10.1016/j.jconrel.2014.09.030
https://doi.org/10.1089/jop.2015.0047
https://doi.org/10.1089/jop.2015.0047
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


fbioe-08-00228 March 19, 2020 Time: 17:11 # 18

Lynch et al. Hydrogel Biomaterials – Ocular Drug Delivery

Yu, S., Zhang, X., Tan, G., Tian, L., Liu, D., and Liu, Y. (2017). A novel pH-induced
thermosensitive hydrogel composed of carboxymethyl chitosan and poloxamer
cross-linked by glutaraldehyde for ophthalmic drug delivery. Carbohydr. Polym.
155, 208–217. doi: 10.1016/j.carbpol.2016.08.073

Yu, Y., Lau, L. C. M., Lo, A. C., and Chau, Y. (2015). Injectable chemically
crosslinked hydrogel for the controlled release of bevacizumab in vitreous:
A 6-Month in vivo study. Transl. Vis. Sci. Technol. 4:5. doi: 10.1167/t
vst.4.2.5

Zhang, Y., Yu, J., Ren, K., Zuo, J., Ding, J., and Chen, X. (2019). Thermosensitive
hydrogels as scaffolds for cartilage tissue engineering. Biomacromolecules 20,
1478–1492. doi: 10.1021/acs.biomac.9b00043

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Lynch, Kondiah, Choonara, du Toit, Ally and Pillay. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 18 March 2020 | Volume 8 | Article 228

https://doi.org/10.1016/j.carbpol.2016.08.073
https://doi.org/10.1167/tvst.4.2.5
https://doi.org/10.1167/tvst.4.2.5
https://doi.org/10.1021/acs.biomac.9b00043
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	Hydrogel Biomaterials for Application in Ocular Drug Delivery
	Introduction
	Physiological Ocular Barriers and Defense Systems Which Impact Drug Delivery
	Current Commercial Formulations Utilized for the Delivery of Drugs to the Eye
	Characterization Between Physically and Chemically Cross-Linked Biotechnology Hydrogel Systems
	Hydrogels Which Are Cross-Linked Through Physical Bonds
	Hydrogels Which Are Cross-Linked Through Chemical Bonds

	Stimuli-Responsive and In Situ Hydrogel Systems and Their Applications in Ocular Drug Delivery
	Temperature-Sensitive Hydrogel Systems
	pH-Sensitive Hydrogel Systems
	Ion-Sensitive Hydrogel Systems
	Ultrasound-Responsive Hydrogel Systems
	Iontophoresis: An External Stimulus for More Effective Ocular Drug Delivery

	Biopolymers Employed in the Formulation of Ocular Hydrogel Systems
	Chitosan Polymeric Bio-Platforms
	Hyaluronic Acid Polymeric Platforms
	Gelatin Polymeric Platforms
	Alginate Polymeric Platforms
	Methylcellulose Polymeric Platforms
	Collagen Polymeric Platforms

	Safety by Design of Polymeric Hydrogels Through Ocular Biocompatibility and Biodegradation
	Biocompatibility
	Biodegradability

	Incorporation of Hydrogels and Nanotechnology for Ocular Drug Delivery
	Future Perspectives
	Conclusion
	Author Contributions
	Funding
	References


