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Ocular diseases may be treated via different routes of administration, such as topical, intracameral, intravitreal,
oral and parenteral. Among them the topical route is most accepted by patients, although it provides in many
cases the lowest bioavailability. Indeed, when a topical formulation reaches the precorneal area, i.e., the drug ab-
sorption and/or action site, it is rapidly eliminated due to eye protection mechanisms such as blinking, basal and
reflex tearing, and naso-lacrimal draining. To avoid this and to reduce the frequency of dosing, various strategies
have beendeveloped to prolong drug residence time after topical administration. These strategies include the use
of viscosity increasing andmucoadhesive excipients aswell as combinations thereof. From the drug delivery sys-
tem point of view, liquid and semisolid formulations are preferred over solid formulations such as ocular inserts
and contact lenses. Furthermore, liquid and semisolid formulations can contain nano- and microcarrier systems
that contribute to a prolonged residence time.Within this review an overview about the different types of excip-
ients and formulations as well as their performance in valid animal models and clinical trials is provided.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Quality of life is considerably affected by visual impairment caused
by the advent of ocular diseases. Although there are potent drugs avail-
able to cure most of these diseases, the therapeutic efficacy of many of
these drugs is limited due to a low bioavailability that is often less
than 5%. Chronic ocular diseases, such as ageing related macular degen-
eration and diabetic retinopathy, require long term therapies. Many
commercial products require frequent daily administration to maintain
therapeutic drug concentrations, which may cause side effects such as
endophthalmitis, increased intraocular pressure, hemorrhage, even de-
tachment of retina if the administration has to be done via repeated in-
jections [1,2].

As a relatively isolated organwith strong barriers the eye is from the
drug delivery point of view a challenging target. Systemic administra-
tion of drugs into the eye is highly restricted by the blood-ocular barrier
system formed by two main barriers: the blood-retinal barrier [3] and
the blood-aqueous humor barrier [4]. Consequently ocular medications
for treatment of in particular the cornea, conjunctiva, and anterior
chamber are administered topically although cornea and conjunctiva
are major epithelial barriers. Furthermore, drugs are rapidly eliminated
via blinking, baseline and reflex lachrymation, and drainage from ocular
surfaces even before they can penetrate these tissues in effective quan-
tities. The major challenges in ocular drug delivery through topical ad-
ministration are therefore poor permeability of mucosal tissues and
short mucosal residence time. Among the various drug delivery strate-
gies aiming to improve topical ocular bioavailability are delivery sys-
tems providing a prolonged residence time on cornea and conjunctiva.
Due to such a prolonged drug residence time there is more time for
drugs available to locally act on these mucosal surfaces or to penetrate
into deeper ocular tissues reaching their target. Being aware of the
great potential of drug delivery systems providing a prolonged resi-
dence time on ocular surfaces, formulation scientists are working
since many decades on concepts addressing this issue.

First successful attempts to prolong ocular residence time date back
to the 1980s and led to the development of mucoadhesive polymers
providing adhesion to the ocular surface and reducing the draining
rate by increasing the viscosity of eye drops [5,6]. First generation of
mucoadhesive polymers were able to form just weak non-covalent
bonds such as hydrogen bonds to the mucus gel layer covering ocular
surfaces, whereas their second generation binds even covalently to
mucus glycoproteins via the formation of disulfide bonds [7]. With the
hype of nanomedicine since the late 1990s first nanocarrier systems re-
maining for a prolonged period of time on ocular surface were
pioneered [8].

In parallel, it was shown that even comparatively very large dosage
forms such as drug releasing ocular inserts and contact lenses adhere
to the ocular surface for numerous hours up to days. Since then, the con-
cept of increasing drug residence time on the precorneal area to in-
crease its bioavailability after topical administration has been utilized
for numerous drug delivery systems, resulting in a great variety of com-
mercial products.

Within this review we provide an overview about all these different
formulations and techniques to evaluate the potential of drug delivery
systems to prolong ocular residence time. In addition, the concept be-
hind each of these drug delivery systems is discussed in detail and an
outlook on new developments is given.
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2. Methods to evaluate ocular residence time

2.1. In vitro studies

As interactions of drug delivery systems with the mucus gel layer
covering ocular surfaces are involved in all types of formulations provid-
ing a prolonged ocular residence time, most in vitro studies investigate
the performance of excipients or formulations on or in mucus.

Generally there are numerous techniques for such evaluations avail-
able including rheological studies of polymeric excipients with mucus
[9], tensile studies of polymers and formulations on freshly excisedmu-
cosal tissues [10,11], determination of size, zeta-potential, and turbidity
changes of nano- and microcarriers caused by the interaction with mu-
cins [12–14] as well as diffusivitymeasurements via single andmultiple
particle tracking [15]. As a comprehensive overview about these
methods is already provided in other reviews [9,16]- [17], just ocular
specific test methods that are of relevance for the evaluation of the oc-
ular residence time of drug delivery systems are discussed herein.

Most ocular specific methods are simple “washability” tests of for-
mulations, such as particles or gels, from ocular surfaces. These ocular
surfaces are eithermonolayers of certain ocular epithelial cells or freshly
excised ocular tissues from various species. Although mono- and multi-
layers formed by ocular epithelial cell lines are very similar to in vivo
conditions, essential components such as a covering mucus gel layer
and the lipid layer are missing. In fact, models of co-cultures with
mucus-secreting cells have been proposed [18], but, to our knowledge,
nonehas yet beenused to estimate the ocular residence timeof drugde-
livery systems. In most studies not the amount of delivery systems re-
maining on the ocular surface, but the amount of remaining drug, that
is from the therapeutic point of view much more important, is quanti-
fied. Consequently, these results are a combination of at least two pa-
rameters: prolonged ocular residence time and sustained drug release.
In cell-based models also cellular drug uptake has to be taken into ac-
count that does only to aminor extent correlatewith the in vivo absorp-
tion behavior. A sound interpretation of the obtained data can therefore
only be done when additional data about the drug release behavior of
the specific formulation are available. Without this additional informa-
tion the ocular residence time of the formulation cannot be properly de-
termined. A highly adhesive formulation providing a strongly prolonged
residence time, for instance, could not be recognized at all, when the in-
corporated drug is immediately released after application. The quantifi-
cation of the remaining delivery system instead of the drugwould allow
focusing just on the ocular residence time of the vehicle. However, such
approaches are from an analytical point of view challenging.

The likely simplest ocular specific test systems are based on ocular
epithelial cell lines. For example, Hafner et al. have proposed a method
whereby nanoparticles (NPs) containing melatonin are incubated with
human corneal epithelium cell monolayers. The adhesion of NPs is
assessed from the decrease of melatonin content in NP suspension fol-
lowing incubation. In reality, the sum of melatonin released by the
NPs and that present in the NPs unbound to the cell monolayer are de-
termined [19]. Li et al. have used multilayer corneal epithelial cells to
simulate the corneal barrier and to study the drug residence time in
precorneal area. For their purpose they used an apparatus simulating
the processes of tear generation and elimination, like the one shown
in Fig. 1. Every 10 min an aliquot of the tear fluid eliminated was with-
drawn and analyzed for drug content [20].



Fig. 1. Schematic diagram of the in vitro tear-turnover apparatus. Illustration adapted from [20].
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In case of freshly excised ocular tissues an intact mucus gel layer is
available that is essential for the evaluation of mucoadhesive delivery
systems. One of the first ex vivomethods to determine drug corneal res-
idence time was described by Bonferoni et al. [21]. The excised cornea
was placed between the donor and acceptor compartments of an ade-
quately modified Franz cell. Water was filled in the acceptor compart-
ment with the sole function to thermostate the cornea. After placing
the system under study on the corneal surface, the tissue was rinsed
with simulated tear fluid. At pre-settled time points an aliquot of fluid
eliminated was withdrawn and analyzed for drug content [21]. The
above method was subsequently modified to obtain a model more pre-
dictive for drug precorneal residence time in vivo. For example,
Chaiyasan et al. developed a method according to which “buttons” of
excised cornea of 6 mm side were pasted on a glass slanting plane and
subsequently incubated with the formulation. The drug fraction adher-
ent to themucosa was calculated as the percent difference between the
drug content in the formulation incubated with the tissue and that in
the formulation fallen from the slanting plane [22].
2.2. In vivo studies

The residence time of drugs and/or excipients in precorneal area is
currently considered a measure of the mucoadhesivity of an ocular
drug delivery system. The most used animal model is the New Zealand
albino rabbit, since its eyes have several anatomic and physiologic sim-
ilarities with the human eyes [23]. In vivo studies to evaluate the drug
residence time in precorneal area have been carried out on the awaked
rabbit, placed in a restraining box. After administration of the system
under study, at pre-established intervals the tear fluid is withdrawn
and analyzed for the drug [20]. The tear fluid is usually withdrawn
from the lower eyelid rhyme by a one ml capillary. The concentration
in tear fluid (CTF) vs. time profiles are used to calculate the mean drug
residence time in tear fluid (MRT) according to the relevant non-com-
partmental technique [24]. This parameter is calculated from the ratio
between the area under moment curve, CTF t vs. time (AUMC) and the
area under curve CTF vs. time (AUC) [25]. Tear fluid can also be with-
drawn by a piece of blotting paper. The weight difference between
wet and dry paper has been considered a measure of the tear fluid
absorbed. Thewet paper is then dried and the drug contained in it is ex-
tracted with methanol and quantified by HPLC [26]. Techniques differ-
ent from that described above have also been used to determine the
time of drug disappearance from precorneal area. The rabbit ocular sur-
face, for instance, has been analyzed by gamma scintigraphy after
administering formulations having been labelled with technetium
(Tc-99) [27]. The anatomy of the rabbit eye, however, differs from that
of the human eye in the following properties: presence of nictitating
membrane (third eyelid); larger conjunctival sacs; thinner corneas
and a relatively larger ocular surface. Such differences can result in
4

longer retention times of the drug delivery system on the ocular surface
of rabbits [28]. Also, it is essential to note that the human blink fre-
quency is around 8–21 blinks per minute, while in rabbits it is only
around 2–3 per minute. Two different types of fluorophores were ap-
plied in the rabbit and human eyes, and the relevant difference in fluo-
rescence of precorneal tear film was assessed [29]. The resulting AUC of
the fluorophores concentration vs time graph was 3 times greater in
rabbits than in humans. As a consequence, the transcorneal permeation
of a drug can be overestimated. However, according to these re-
searchers, the drug partition coefficient between corneal epithelium
and tear fluid should be considered. In case of a high drug partition co-
efficient, the differences in drug residence time in the precorneal area
would become irrelevant [29], also because it has been shown that in
these cases the drug absorption takes place during the first 2–3 min
from instillation [30]. Although a very rapid partition might decrease
the effect of loss through blinking, the around 10-fold higher blink fre-
quency of humans strongly limits the validity of ocular residence time
studies in rabbits.

Apart from rabbits, some ocular residence time studies are also per-
formed in other animal models such as mice and rats. Pai and co-
workers, for instance, assessed the ocular mucoadhesion on Sprague
Dawley rat eyes by means of confocal microscopy. After 30 min from
the administration of fluorescent dispersions, rats were sacrificed, and
the eyes were surgically enucleated. Sagittal sections 5 μm thick were
taken and observed by the confocal microscope to evaluate the fluores-
cence intensity [15].
2.3. Clinical studies

In order to evaluate the residence time and pharmacokinetic of
drugs on the ocular surface tear fluid can be collected at predetermined
time points after administration using for instance Schirmer test strips
placed over the junction of the temporal and medial margins of the
lower third of the eyelid followed by HPLC or LC-MS analyses [31]
[32]. This approach provides valuable information about the behavior
of the drug on the ocular surface. As it does not provide information
about the residence time of the vehicle, however, this method is of
just limited value for the development of new ocular delivery systems
providing a prolonged ocular residence time. Scintigraphic analyses
quantifying the ocular residence time of isotopes such as technetium
99 m chelated with diethylenetriaminepentaacetic acid (DTPA) instead
of a drug [33] provide additional information about the distribution of
the isotope over the ocular surface over timebut donot provide valid in-
formation about the residence time of the vehicle as well. Studies with
low molecular mass fluorescence markers such as sodium fluorescein
using clinical fluorometers offer the advantage of a simplified analytic
[34]. As these lowmolecularmassmarkers can penetrate into the tissue
in the same way as drugs it is in many cases impossible to discriminate
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between the fluorescence marker remaining on the ocular surface be-
cause of the vehicle and that remaining there because of a penetration
into the tissue. Using non-penetrating fluorescent probes such as FITC-
dextrans of high molecular mass above 70 kDa avoids this problem
[35] [36]. Moreover, such high molecular mass tracers are to a much
higher extent anchored in particular in polymeric vehicles as they can
form numerous hydrogen bonds with viscosity increasing and
mucoadhesive polymers. In comparison to all other markers described
above FITC-dextrans provide therefore likely most accurate data about
the fate of polymeric vehicles on the ocular surface. More recently opti-
cal coherence tomography (OCT) was introduced as a fast infrared-
light-based imaging modality for ocular residence time studies in real
time. Napoli et al., for instance, evaluated the adhesive properties of a
0.5% sodium carboxymethylcellulose solution on the ocular surface by
analyzing the dynamic behavior of the precorneal tearfilm after instilla-
tion. The polymer solution was detected by OCT as a two-layered struc-
ture localized onto the epithelial surface of the cornea. The ocular
residence time and thickness of the two-layered structure onto the ep-
ithelial surface of the cornea was considered an index of the adhesive
properties of this formulation [37]. In another study the central tear
film thickness was determined by OCT over time following instillation
of eye drops and an eye gel [38]. In contrast to all other methods de-
scribed above OCT enables the direct analysis of the adhesive properties
of polymeric excipients on the ocular surface.
3. Excipients

3.1. Viscosity increasing polymers

One of the most applied approaches to prolong ocular drug resi-
dence time is to increase the viscosity of the vehicle. This increase in vis-
cosity is achieved with synthetic polymers such as polyacrylates and
polyvinylalcohols, natural polymers such as hyaluronic acid and algi-
nate and derivatives of natural polymers such as cellulose derivatives.
Ludwig and Ooteghem, for instance, investigated the impact of viscosity
on the ocular residence time of sodium fluorescein in humans demon-
strating that due to the addition of hydroxyethylcellulose increasing
the viscosity up to 25 mPa s the ocular residence of this marker is sub-
stantially prolonged. Results of this study are illustrated in Fig. 2.

Eye drops of high viscosity, however, may increase reflex tearing,
thus causing a faster drug removal from the surface. Furthermore,
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Fig. 2. Fluorescence decay curves of phosphate buffer only (•) and 1.7%
hydroxyethylcellulose solution exhibiting a viscosity of 25 mPa s (o) both containing
0.05% sodium fluorescein in humans; adopted from Ludwig and Ooteghem [34].
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high viscous eye drops are irritating for many patients, do not always
allow a reproducible drug dosing and, in addition, cause a blurred vision
following administration. An optimal viscosity range of 15–55 mPa is
therefore recommended [39] providing on the one hand a prolonged
residence time and on the other hand avoiding side effects as described
above. Alternatively, in situ gelling polymers that can be instilled in
form of lone viscous eye drops in accurate and reproducible doses un-
dergoing an immediate gelation once in contact with the precorneal en-
vironment can be used. Indeed, such systems are well tolerated on
administration, and can give rise to a sol-gel transition if subjected to
specific stimuli [40].

Generally in situ gelling polymers can be divided into three catego-
ries, based on the phase transition properties: temperature sensitive
(i), pH sensitive (ii) and ionic strength sensitive (iii) [41] [42].
Thermosensitive polymers include block copolymers and poloxamers;
pH sensitive polymers include phthalates, cellulose acetates and acrylic
acid polymers; the more used polymers sensitive to ionic strength are
sodium alginate and gellan gum [43].

Thermosensitive polymers are the most studied for administration.
A thermogelling polymer to be acceptable must have a gelling temper-
ature in the range of 32–36 °C, so that they are liquid at room tempera-
ture undergoing an instantaneous transition to gel on the ocular surface
[43]. Such polymers are both synthetic and natural polymers. Among
the synthetic ones themost frequently used and commercially available
polymer is Poloxamer 407 [44]. It consists of polyethylene oxide (PEO)
and polypropylene oxide (PPO) units with general formula PEOx–
PPOy–PEOx [45]. PEO has prevailing hydrophilic properties, PPO hydro-
phobic. These, once combined, result in amphiphilic characteristics
which can vehicle either hydrophilic or hydrophobic active principles
[46]. PPO tends to reduce the gelling temperaturewhile PEO tends to in-
crease it. Hence, polymers with different transition temperatures can be
obtained by modulating the PEO:PPO ratio [47].

In order to improve drug residence time in the precorneal area, the
combination of in situ gelling and mucoadhesive polymers seems
advantageous providing both high cohesive and mucoadhesive
properties [40] such as poloxamer/chitosan [48] and poloxamer/
polycarbophil [49], poloxamer/carboxymethylcellulose [50] poloxamer/
polyacrylate [51], poloxamer/gellan gum/polyacrylate [52] or
poloxamer/hydroxypropylmethycellulose [53]. As an example for
commercially available eye drops containing such a combination, the
DuraSite® platform seems appropriate [54]. It exhibits a tempera-
ture-dependent sol-gel transition because of poloxamers and high
mucoadhesive properties because of a polyacrylate. More recently, a
second version of this system (DuraSite 2®) has been developed. This
latest version of eye drops to which a positively charged polymer was
added guaranteed an even longer residence time of the drug in the
precorneal area. These platforms were used for azithromycin eye
drops (AzaSite®) and besifloxacin eye drops (Besivance®). More re-
cently, bromfenac eye drops for pain and inflammation associated
with eye surgery have also been released. They demonstrated signifi-
cantly greater anti-inflammatory activity in the rabbit eye than other
traditional eye drops containing the same drug [55].

As an example for a pH-triggered in situ gelling systems the
pilocarpine hydrochloride containing ophthalmic gel Pilopine HS®
being based on the crosslinked polyacrylic acid Carbopol 940 should
be mentioned [56].

Polymers sensitive to the ionic strength showa sol-gel transition due
to interactions between anionic polymer substructures and cations, in
particular Ca2+, present in tear fluid [57]. The advantage of these sys-
tems consists in a temperature and pH independent gelation. Among
such polymers in particular gellan gum is of high relevance [58,59]. It
is an anionic hetero-polysaccharide able to interact with the cations
found in tear fluid (Na+, Ca2+, Mg3+, etc.). Formulations containing
levofloxacin and this polymer were well tolerated and showed more
than a 3.5 fold improvement of the AUC0-24 and a 3-fold improvement
of the mean residence time compared to the commercial solution



Fig. 3. Illustration of interactions between in situ gelling/mucoadhesive polymers with the
mucus gel layer and with the drug; ideally these interactions provide a prolonged ocular
residence time as long as the drug is released from the polymer.
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Levotop PF® [60]. Among other examples of products currently on the
market are Timoptic XE® eye drops. Containing deacetylated gellan
gum as in situ gelling polymer for a prolonged ocular residence time
these eye drops show a 2-fold higher efficacy than a simple timolol so-
lution [61,62]. A similar system for the ocular delivery of timolol has
been marketed under the brand name Timoptol-LA® [56].

3.2. Mucoadhesive polymers

Themucus gel layer protecting the ocular surface consists of mucins,
a family of at least 20 O-glycosyl proteins of anionic character. On con-
junctival and corneal surfaces mucins form a layer called glycocalyx
[63]. Excipients providing adhesion to this mucus gel layer exhibit a
prolonged ocular residence time [64]. High mucoadhesive properties
are provided by the following structural characteristics: strong positive
or negative charges favoring ionic interactions (i); groups able to form
strong hydrogen bonds such as carboxyls, hydroxyls, amino and sulfate
groups (ii); highmolecularmass and chain flexibility favoring the inter-
penetration of mucoadhesive polymers into the mucus gel layer
followed by chain entanglements (iii); surface energy conducive to
spread on mucus (iv) [65]. Polymeric excipients fulfilling these charac-
teristics may be classified according to their charges into: cationic, an-
ionic, nonionic and amphoteric [65,66].

A frequently used strategy is the incorporation of synthetic or natu-
ral mucoadhesive polymers in formulations resulting in liquid gels that
can be applied in form of eye drops. In recent years attention has been
paid to polymers of natural origin as they are biodegradable and bio-
compatible, in addition to viscosity increasing and mucoadhesive char-
acteristics [67].Mucoadhesive polymers have to adhere on the onehand
on the ocular mucus gel layer and have on the other hand to release the
drug being attached to the polymer chains in a sustained manner as il-
lustrated in Fig. 3.

If the drug is not bound to themucoadhesive polymer at all, drug oc-
ular residence time will not be prolonged. In Table 1 an overview about
mucoadhesive excipients and their binding mechanisms to mucus and
to drugs is provided.

Numerous formulations based on mucoadhesive polymers of poly-
saccharide origin are commonly commercialized as artificial tears to
treat the dry eye syndrome. They often contain xyloglucan (the polysac-
charide from tamarind seeds (TPS)), hyaluronic acid (HA), cellulose de-
rivatives, guar and xanthan gums. Clinical studies carried out with a
commercial product based on HA and TSP, for instance, have shown
the ability to reduce ocular surface damage and symptomsof discomfort
in patients with dry eye syndrome [90]. These results can be attributed
to a synergistic effect between the two polymers present in the eye
drops. It was found that the mucoadhesion of the TSP/HA mixture
(3:2) was stronger than that of each of the unmixed polymers or of
the TSP/HA mixtures of different composition, thus ensuring a
prolonged residence time of the lubricant in the precorneal area [91].
In addition, TSP is supposed to increase tear fluid stability, thus increas-
ing drug mean residence time [28].

Methylcellulose was the first cellulose polymer introduced over 60
years ago. Subsequently numerous cellulose-ethers have been
employed for eye drops as viscosity-enhancing vehicles, as well as
for their wetting properties able to increase the contact time due to
their film forming properties [64]. Cellulose derivatives have widely
been used in ophthalmic preparations, such as eye drops, contact
lenses, and artificial tears. They are endowed with high thickening
properties, good ocular tolerance, compatibility with most drugs, sta-
bility of tear film and stability to autoclave sterilization. Among non-
ionic cellulose derivatives hydroxyethylcellulose has been the most
used mucoadhesive excipient.

HA is a glycosaminoglycan found in numerous tissues as a major
component of the extracellular matrix. As it can bind water molecules
by hydrogen bonding and it can stabilize the tear film thereby reducing
the winking reflex. By the way a severe limitation with ophthalmic
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formulations based on HA consists in a short ocular residence time of
less than 10 min even if molecular mass has an important impact on
mucoadhesiveness. It has in fact been found that the greater themolec-
ular mass, the greater the mucoadhesiveness [92]. Salzillo et al. evalu-
ated six commercial HA based formulations, comparing them with
newly developed HA-based eye drops. The products analyzed were:
Bluyal®, Blugel®, Hyabak®, Artelac Splash MDSC®, Hyalistil Bio®, and
Octilia Natural®. Between these formulations Bluegel® had the most
optimized drainage based on its zero-shear viscosity (24.2 mPas);
therefore, this clinically accepted viscosity was chosen as the target
value for the following optimization studies [92].

Chitosan is a biocompatible, non-toxic, biodegradable polymer, ob-
tained by deacetylation of chitin. Chitosan has been widely employed
in pharmaceutical technology by virtue of its polycationic nature. As it
contains reactive amino groups, able to interact with cornea and con-
junctiva, it is of great potential as excipient for ophthalmic vehicles. Un-
fortunately, non-modified chitosan is insoluble at physiologic pH, more
precisely, at pH>5, and this drastically limits its topic ocular application
[75]. Therefore numerous studies have been carried out on chitosan de-
rivatives soluble at physiologic pH such as N-carboxymethylchitosan
[93] and quaternary ammonium-chitosans like N-trimethylchitosan
(TMC) [77] or N,O-[N,N-diethylaminomethyl(diethyldimethylene am-
monium)n]methyl chitosan [76].

Primary amino groups left free from quaternization were subse-
quently thiolated to obtain a multifunctional chitosan derivative con-
taining quaternary ammonium and thiol groups [78]. The synergism of
quaternary ammonium and thiol groups has led to increased pre-cor-
neal residence time of drugs [78].



Table 1
Overview about mucoadhesive excipients used for ocular drug delivery.

Mucoadhesive excipients Type of adhesion to mucus Type of drug binding Mucoadhesive
properties

References

In situ gelling polymer and mucoadhesive polymers
Polaxamer complex with mucoadhesive
polymers

Ionic interactions; hydrogen bonding; chain
entanglements

Hydrogen bonding; amphiphilic
interaction

++ [48–50,52]

Gelatin-chitosan complex Ionic interactions; hydrogen bonding; chain
entanglements

Intermolecular crosslinks; ionic
interactions; hydrogen bonding

++ [68]

Hexanoylglycol-chitosan Ionic interactions; hydrogen bonding; chain
entanglements

Intermolecular crosslinks; ionic
interactions; hydrogen bonding

++ [69]

Chitosan-thioethylamide Disulfide bond formation; ionic interactions; hydrogen
bonding; chain entanglements

Ionic interactions; hydrogen bonding +++ [70,71]

Gellan gum and derivatives Cationic interactions; hydrogen bonding Ionic interactions; hydrogen bonding + [58,59,62,72]

Mucoadhesive polymers
Tamarind seed polysaccharide Ionic interactions; hydrogen bonding Ionic interactions; hydrogen bonding + [25]
Xanthan and guar gums Ionic interactions; hydrogen bonding; chain

entanglements
Ionic interactions; hydrogen bonding + [39]

Cellulose derivatives Ionic interactions; hydrogen bonding; chain
entanglements

Ionic interactions; hydrogen bonding + [39]

Sialic acid or collagen type 1
functionalized hyaluronic acid

Ionic interactions; hydrogen bonding Ionic interactions; hydrogen bonding ++ [73]

Hyaluronic acid Ionic interactions; hydrogen bonding; chain
entanglements

Ionic interactions; hydrogen bonding + [74]

Chitosan Ionic interactions; hydrogen bonding; chain
entanglements

Ionic interactions; hydrogen bonding ++ [75]

Quaternary ammonium-chitosan Ionic interactions; hydrogen bonding; chain
entanglements

Ionic interactions; hydrogen bonding ++ [76,77]

Quaternary ammonium thiolated
chitosan

Disulfide bond formation; ionic interactions; hydrogen
bonding; chain entanglements

Ionic interactions; hydrogen bonding +++ [78]

Polyvinylpyrrolidone Ionic interactions. Hydrophobic interactions + [79]
Carbosilane dendrimer Ionic interactions; hydrogen bonding Hydrophobic interactions +++ [80]
Thiomers Disulfide bond formation; ionic interactions; hydrogen

bonding; chain entanglements
Ionic interactions; hydrogen bonding +++ [81]

Cyclodextrins
Cyclodextrin with mucoadhesive
polymers

Ionic interactions; hydrogen bonding Incorporation; hydrophobic
interactions

+ [82–84]

Quaternary ammonium-chitosan
grafted with cyclodextrins

Ionic interactions; hydrogen bonding; chain
entanglements

Incorporation; hydrophobic
interactions

++ [85]

Thiolated cyclodextrins Disulfide bond formation Incorporation, hydrophobic
interactions

+++ [86–89]
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Bravo-Osuna et al. described the synthesis of a new water-soluble
dendrimer having quaternary ammonium groups, the carbolsilane, to
be used as an excipient in eye drops medicated with acetazolamide
(ACZ) [80]. The dendrimer, when added to the eye drops administered
to the rabbit eyes produced a more rapid and extended hypotensive ef-
fect, leading to a significant efficacy increase with respect to the eye
drops containing the sole ACZ. Such an increasewas ascribed to the den-
drimer ability to interact with the transmembrane mucins present on
ocular surface and its surfactant properties [80].

Thiolated polymers-designated thiomers- are an innovative class of
mucoadhesive polymers able to form disulfide bonds with cysteine res-
idues ofmucins. These interactions are stronger thanVan derWaals, hy-
drogen bridges or dipole-dipole interactions that other polymers can
formwith themucosa [94]. However, thiomers undergo in aqueous en-
vironment at pH >5 oxidative degradation limiting their topical ocular
application. Hintzen et al. developed a method to synthesize a thiolated
mucoadhesive polymer, stable also at pH values higher than 5. It is a
thiomer of pectin fully S-protectedwithmercaptonicotinic acidwith in-
creased stability andmucoadhesive and cohesive properties [95].When
the same S-protectionmethodwas used with a thiomer fromHAprom-
ising results were obtained. In particular, the polymer showed a
prolonged stability of up to 4 weeks under oxidative stress at pH 7.4.
The mucoadhesive properties of HA thiolated S-protected were found
to be 52 times greater than those of non thiolated HA [81].

Using microPET technology the ocular residence time and
biodistribution of a topically applied thiolated polymer - chitosan-N-
acetylcysteine conjugate (chitosan-NAC) - was evaluated in rabbits
and compared with that based on unmodified chitosan [96]. As shown
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in Fig. 4 after application of 0.3% and 0.5% chitosan-NAC formulations,
the radioactivity distribution detected on the ocular surface during the
entire imaging period (up to 22 h)was homogeneous,whereas after ap-
plication of the 0.5% chitosan-NAC formulation highest activity levels
were detected in the inner canthus. This finding was interpreted as a
proofofabetterperformanceofthechitosan-NACformulationcompared
to unmodified chitosan, likely due to a higher mucoadhesiveness of the
former. Theseresults togetherwithahighsafetyprofileof thiolatedpoly-
mers [7] led to the development of chitosan-NAC-based eye drops called
Lacrimera® [97]. In particular, based on corneal staining data, it was
found that the percentage of patients with intact corneas increased
from 12 to 64% after onemonth of treatmentwith Lacrimera® [98].

3.3. Cyclodextrins

A large fraction (90%) of actives approved since 1995 have poor sol-
ubility. Among the agents able to increase drug solubility, cyclodextrins
have been in focus of numerous research works for decades. Indeed,
they solubilize sparingly soluble actives, due to the formation of inclu-
sion complexes [99]. Cyclodextrins are cyclic glycopyranose oligosac-
charides and their ability to increase drug bioavailability or solubility,
intensity or duration of their therapeutic activity, permeability proper-
ties and physico-chemical stability and to reduce their toxicity/irritation
on tissues haswidely been demonstrated by literature reports. As native
cyclodextrins are unable to prolong drug residence in precorneal area,
their possible enhancing effect on the efficacy of ocular systems contain-
ing them should mainly be ascribed to the solubility increase of hydro-
phobic drugs in tear fluid. In addition,Morrison et al. demonstrated that



Fig. 4.MicroPET images of rabbit eyes after administration of 124I-labelled 0.5% and 0.3% chitosan-N-acetylcysteine (chitosan-NAC), 0.5% unmodified chitosan and NaI (control) solutions.
Imagine taken from [96].
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β-cyclodexstrin enhances the corneal permeability. This effect, how-
ever, was shown to be caused by the extraction of cholesterol from cor-
neal cells, thus making them more permeable [100].

In order to prolong the precorneal residence time of drugs com-
plexed by cyclodextrins mucoadhesive polymers were used as vehicle
for liquid and semisolid formulation as illustrated in Fig. 3 [82,84].
Others have used mucoadhesive polymers to prepare films containing
the drug complexed by cyclodextrins [101,102].

Via their hydroxyl groups cyclodextrins can be covalently attached
to mucoadhesive polymers [85,103]. A quaternary ammonium chitosan
derivative, for instance, was conjugated with methyl-β-cyclodextrin.
The cyclodextrin is able to solubilize highly hydrophobic drugs while
the quaternized chitosan provides highmucoadhesion through electro-
static interactions with mucins [103]. Budai-Szucs et al. synthesized a
cyclodextrin-thiolated-poly-aspartic-acid conjugate for ocular adminis-
tration of the anti-inflammatory drug prednisolone [104]. Compared to
the physicalmixture of cyclodextrin and polymer the conjugate showed
a more sustained prednisolone release [104]. Another example is
sulphobuthyether-β-cyclodextrin (SBE-β-CD) [105,106]. The inclusion
complex of chloramphenicol with SBE-β-CD, for instance, prolonged
the drug ocular residence time and provided a significant increase of
endo-ocular bioavailability [106].

Recently the substitution of –OH with thiol groups has led to a new
class of cyclodextrins, −namely thiolated cyclodextrins- with pro-
nounced mucoadhesive properties due to their ability to form disulfide
bonds with mucus glycoproteins [87,88]. The thiolation of CD can im-
prove their potential, bestowing mucoadhesive properties on them,
while maintaining their drug solubilizing properties and ability to
mask drug-related irritations.

Ijaz et al. pioneered thiolated CDs by the use of α-cyclodextrin
conjugated with cysteamine (α-CD-Cys) for the administration of
the sparingly soluble drug cetirizine. α-CD-Cys showed a
mucoadhesivity 52 times higher than that of α-CD, and the ability to
mask irritations caused by cetirizine. Moreover the conjugate was
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completely invisible [89]. This preliminary study has been the premise
of a more recent one in which 6 hydroxyls of α-CD were replaced
with thiol groups, thus yielding an α-CD having a higher substitution
degree with thiol groups. This showed promise for the mucosal ad-
ministration of BCS class IV drugs [86].

Another approach is focusing on the encapsulation of cycodextrin in
nanosystems. A representative study was carried out by Jóhannsdóttir
et al. [107]. They modulated the ratio between α-CD-cyclosporine A
and γ CD, used as aggregating agent, and succeeded in preparing NPs
medicated with an immunosuppressive drug for the treatment of dry
eye syndrome [107]. On their partWang et al. proposed the preparation
of nanoliposomes encapsulating a brinzolamide-hydroxypropyl-β-cy-
clodextrin complex. The nanoliposomes had a size of 86 nm and a
brinzolamide entrapment efficiency higher than90%. Such nanosystems
were able to reduce the endo-ocular pressure in rabbits significantly in
comparison to commercial drug suspensions [108].

4. Drug delivery systems

4.1. Liquid and semisolid formulation

Eye drops are currently the liquid formulation of choice for the top-
ical treatment of ocular diseases, mainly due to their fair compliance, al-
though bioavailability is low. Indeed binkling, basal and reflex tearing as
well as nasolacrimal drainage concur to shorten drug ocular residence
time, and as a result frequent administrations are required [109]. The
need of increasing instillation frequency is usually associated not only
with a decrease in patient compliance but also with substantial side ef-
fects if an excess of drug is drained via the nasolacrimal duct. In order to
improve this dosage form, viscosity increasing and mucoadhesive poly-
mers as described above are used.

As highly viscous aqueous solutions can lead to an improvement in
drug ocular residence time, semisolid formulations are advantageous.
Ointments and gels such as the dibrompropamidine eye ointment
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Goldeneye® or the dextran-hypromellose containing gel Lubri-Tears®
are therefore commonly used for topical drug delivery. However, due
to their high viscosity causing a blurred vision, they are mostly limited
to night use. Recent reviews are available on this topic [110,111].

4.1.1. Polymeric nanoparticles
Both liquid and semisolid formulation can contain nano- and

microcarrier systems that can provide per se a prolonged ocular resi-
dence time by their entrapment in the mucus gel layer and unspecific
interactions of their surface with mucus glycoproteins. According to re-
cent studies, the tear film is extremely thin, varying from aminimum of
2 μm to amaximum of 5.5 μmon the corneal region [112]. Traditionally,
the tear film is described by the three-layer model proposed by Wolff
[113] where the mucus layer is the innermost layer less than 500 nm
thick [112]. The mucus layer is responsible for the mucoadhesiveness
of ocular systems and, unlike the mucus layer that lines the intestinal
epithelium, it can hardly be considered as a diffusion a barrier for nano-
particles, since these nanocarriers exhibiting a mean size between 10
and 100 nm can even exceed the thickness of the mucus layer as
shown in Fig. 5.

Different biodegradable polymers have been extensively used for
the design of nanoparticles. Depending on the characteristics and prop-
erties of the polymer and drug used NPs are prepared by different tech-
niques, such as coacervation, ionotropic gelation and emulsification
followed by solvent removal [114]. Since drugs can be incorporated in
the polymeric network their sustained release can be provided. Further-
more, they are well accepted by patients as most of them do not cause
any blurred vision.

If NPs neither are entrapped nor interact with themucus layer, how-
ever, they are eliminated from the precorneal area at exactly the same
rate as conventional eye drops [114]. Therefore, NPs based on
mucoadhesive polymers, have been studied to prolong their residence
time. Among mucoadhesive polymers used for this purpose are poly-
(3-hydroxybutyrate-co-3-hydroxyvalerate) [115], galactomannan de-
rivatives [116] and poly(D,L-lactide), dextran functionalized with
phenylboronic acid (PLA-b-Dex-PBA) [117] and chitosan [118]. In Fig.
6 a schematic illustration of the self-assembly process to form cyclo-
sporine A loaded PLA-b-Dex-g-PBA nanoparticles is shown. In particu-
lar, while the commercial cyclosporine A formulation Restasis®, if
administered three times daily has shown just a reduction of inflamma-
tory processes after aweek, a single administration of a PLA-b-Dex-PBA-
NPs formulation has eliminated the inflammatory processes and re-
stored the full health of the eyes in a week's time [117].

NPs based on chitosan and lecithin were found to be a sound tool to
prolong the ocular residence of natamycin, an antifungal contained in
the commercial product Natamet® [119]. Lecithin is a natural phospho-
lipidmixwhich, being lipophilic, can increase the entrapment efficiency
of nanosystems and sustain the release of entrapped lipophilic drugs. In
Fig. 5. Graphical representation of the NPs interaction with the mucus layer.
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particular, in vivo on rabbit eyes mucoadhesive NPs increased 1.47
times the AUC of the drug concentration in tear fluid vs. time profile
in comparison to the commercially available suspension. This allowed
a reduction of the instillation frequency from 6 to 3 times in 10 h [119].

Although PLGA is not a mucoadhesive polymer it has widely been
used in the ophthalmic field to prepare NPs [120,121]. Nevertheless,
just because of the poor mucoadhesivity of PLGA the coating of the
relevant pre-formed NPs with PEG has been proposed [122]. The au-
thors compared the reducing effect of a melatonin solution on intraoc-
ular pressure with that of melatonin containing PLGA NPs and of the
same coated with PEG. They observed a pressure reduction for a lon-
ger time in the case of the coated NPs. This was explained with the
ability of PEG chains to interpenetrate the mucus glycoproteins, and
also, with a reduction of the negative charge on the surface of the
coated NPs. Indeed, since cornea and conjunctiva are charged nega-
tively a less negative zeta-potential of NPs could strengthen NP inter-
action with tissue [122].

In order to increase their mucoadhesivity NPs based on PLGA
have also been coated with chitosan. It was found that the chito-
san coating not only increased NP mucoadhesivity, and conse-
quently precorneal residence time but also affected the drug
release kinetics. Indeed the coating, once in contact with the tear
fluid swells without dissolving, because of the neutral pH of this
fluid, thus giving rise to a hydrogel layer, surrounding the NPs,
hampering drug diffusion out of the particles [123].

Following this principle, chitosan NPs (Ch NP) containing the an-
titumor drug 5-fluorouracil (5-FU) have been introduced in a
thermogel (TSOH) of pH 7.4. The thermogel containing Ch NPs pro-
vided a constant concentration of the antitumor drug in the aqueous
phase up to 7 h from instillation [124]. As shown in Fig. 7, instilla-
tion of the TSOH containing positively (QA-Ch NP) or negatively
(SB-Ch-NP) charged NPs in rabbit eyes led to a plateau of the drug
in the aqueous vs time diagram in the 1–10 h range. The negative
charges on the SB-Ch NP surfaces slowed down 5-FU release from
thermogel, whereas the positive ones on the QA-Ch NPs increased
contact with the negatively charged eye surface [125].

4.1.2. Lipid-based nanocarriers
Lipid-based nanocarriers include microemulsions, self-emulsifying

drug delivery systems (SEDDS), liposomes, nanoliposomes,
archeosomes, solid lipid NPs (SLN), nanostructured lipid carriers
(NLC) and micelles [126,127]. They are of high relevance because of
their tunable properties and capability to overcome solubility problems
of lipophilic drugs that are poorly soluble or insoluble in tear fluid.
Without an appropriate surface decoration, however, themucoadhesive
properties of all these lipid-based nanocarriers are comparatively low. A
somewhat prolonged ocular residence time of these delivery systems
can be explained by their entrapment in themucus gel layer and unspe-
cific interactions of their surfacewithmucus glycoproteins. A promising
strategy to prolong their precorneal residence time is the introduction
of a cationic surface (i), able to interact with the negatively charged
mucus layer or epithelium. Another strategy is based on the coating of
lipid-based nanocarriers with mucoadhesive polymers (ii). Further-
more, due to the immobilization of thiol groups on the surface of
these nanocarriers (iii), they adhere to the mucus gel layer via the for-
mation of disulfide bonds with cysteine-rich subdomains of mucus
glycoproteins.

4.1.2.1. Microemulsions. Microemulsions are thermodynamic stable dis-
persions of an oil and aqueous phase with a droplet size of less than
around 300 nm. They are transparent systems exhibiting a high spread-
ing capability onto the ocular surface. Ma et al. designed a cationic
microemulsion in order to prolong the corneal retention behavior of
this lipophilic delivery system [128]. In other studies a chitosan-coated
cationic microemulsion was designed for treatment in case of chronic
uveitis providing high mucoadhesive properties. The developed



Fig. 6. Schematic illustration of the self-assembly process to formCyclosporineA loaded PLA-b-Dex-g-PBAnanoparticles, and themucoadhesionmechanismof the grafted PBA. Illustration
taken from [117].

B. Grassiri, Y. Zambito and A. Bernkop-Schnürch Advances in Colloid and Interface Science 288 (2021) 102342
microemulsion significantly improved the therapeutic effects of the in-
corporated drug in vivo [129,130]. Ibrahim et al. designed
microemulsions in order to enhance corneal residence time and pene-
tration of ribavirin. A comparison of microemulsions containing the
mucoadhesive polymers alginate and crosslinked polyacrylate
Fig. 7. Pharmacokinetics in the aqueous following instillation of ophthalmic drops in
rabbit. Figure taken from [125].

10
(Carbopol 981) showed significantly higher adhesive properties of
those containing the polyacrylate [131].

4.1.2.2. Self-emulsifying drug delivery systems (SEDDS). SEDDS are one of
the more promising vehicles for poorly soluble ocular drugs. They are
made up of isotropic mixtures of oils, surfactants and co-surfactants
that spontaneously form emulsions when brought into contact with
an aqueous medium [132]. They are rather stable in view of their low
critical micellar concentration (CMC). In water they consist of a hydro-
phobic core in a hydrophilic shell, whereby the core can be loaded
with drug while the surrounding polymer chains interact with the bio-
logic substrate. Recently, thiolated and S-protected Eudragit®L100-55
has been embedded in SEDDS for the ocular administration of
econazole. As thiomers are oxidized in aqueous solutions at pH >5,
they partly lose their mucoadhesivity. For this reason, the protection
of the sulfhydryl group by the formation of a disulfide bond with an ar-
omatic leaving group has been proposed. The reducing environment of
the ocular surface allows setting the thiol groups free to bind to the cys-
teine residues of mucus. According to in vitro studies this system taking
advantage of the thiomers and SEDDS synergy, showed high
mucoadhesivity and provided a controlled drug release [133].

4.1.2.3. Liposomes. Liposomes are appropriate for the entrapment of both
hydrophilic and hydrophobic drugs [134]. Although readily internalized
by corneal cells, conventional liposomes are unable to prolong drug res-
idence in precorneal area, and drugs are consequently rapidly drained
away from the absorption site [135]. In order to address this shortcom-
ing, cationic liposomes were designed for the ophthalmic administra-
tion of ibuprofen [136]. The delivery system provides a prolonged
drug precorneal residence time, an enhanced transcorneal permeation
and an improved bioavailability in aqueous humor. Furthermore, a
higher Tmax than that for the ibuprofen solution was observed, indicat-
ing that the liposome based formulation was able to maintain a higher
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drug concentration on the cornea [136]. Coating with mucoadhesive
polymers has been a further strategy to prolong liposome residence in
precorneal area. Lin et al. coated conventional liposomes with
hyaluronic acid [137]. Following instillation in rabbit eyes, these lipo-
somes showed a longer retention time than the bare liposomes. Indeed,
the analysis of the ocular surface by confocal microscope showed that
the liposomes coated with hyaluronic acid displayed a longer residence
in precorneal area than that of the non-modified liposomes [137]. A
similar strategy was adopted by Tan et al., who coated liposomes with
chitosan [138]. Hydroxypropylmethyl cellulose (HPMC) is well toler-
ated and largely used in eye drops as a thickener and, exhibits pro-
nounced mucoadhesive properties. The synergistic action of liposomes
and HPMC has allowed reducing the instillation frequency needed to
maintain an adequate timolol concentration in precorneal area and to
Fig. 8. Residence images (Micron IV Imaging) of free fluorescein-tagged liposomes and hydr
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enhance the lowering effect on the intraocular pressure of rabbits
with or without glaucoma [139]. Mustafa et al. incorporated liposomes
containing fluconazole into a hyaluronic hydrogel [106]. An increased
drug corneal permeabilitywas observed leading to a drug concentration
in the aqueous phase above theMIC, maintained for up to 24 h from ad-
ministration. This allowed a reduction of the frequency of eye drops in-
stillation from 3 to 4 times down to once a day, thus improving patient
compliance [106]. Phua et al. incorporated nanoliposomes into a
thermosensitive hydrogel based on Pluronic to prolong the residence
on cornea of senicapoc, a natural active for the treatment of alcaline cor-
neal burns [107]. The residence time of formulations as observed in
Sprague-Dawley rat eyes, as can be seen in Fig. 8, was increased up to
12 times with the hydrogel-containing formulations (60 min) com-
pared to the liposomes alone (5 min) [107].
ogel formulations in eyes of anesthetized Sprague-Dawley rats. Figure taken from [140].
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4.1.2.4. Solid lipid nanoparticles (SLN) and nanostructured lipid carriers
(NLC). SLN and NLC are lipid based colloidal systems prepared by emul-
sifying amixture ofmelted lipids, drug and surfactant in aqueousmedia,
followed by cooling. In SLN the drug is suspended in the structured solid
lipid, whereas in NLC the drug is entrapped in a non-structured solid
and liquid lipid mix [141]. These particles show higher stability than li-
posomes, and can be prepared bymore straightforward techniques. The
matrix beingmade up of physiological lipids is the big advantage of SLN
and NLC, since the risk of acute and chronic toxicity is reduced. Many
emulsifying agents have been proposed to stabilize the above men-
tioned systems by preventing NPs aggregation [142]. These systems
have mainly been proposed to promote the ocular bioavailability of li-
pophilic drugs, sparingly soluble in tear fluid, and also, barely tolerated
by the patient if administered in suspension [143]. SLN have shown the
ability to promote the absorption of encapsulated drugs thanks to a
prolonged drug retention in precorneal area [144]. Many research
groups have focused on the design of SLN and NLC able to prolong
drug residence time in precorneal area. A widely applied strategy in
this respect is the introduction of lipids carrying positively charged
polar heads providing ionic interactions with the negatively charged
mucus gel layer [145,146]. A further strategy to prolong the retention
of the nanosystem on the cornea has been to coat it with mucoadhesive
polymers [147–149]. For example SLN coating with polyethylene glycol
(PEG) in addition to chitosan oligosaccharide was proposed [150]. It is
known, indeed, that the PEG chains can interpenetrate themucin chains
and stabilize molecules and particles in physiological fluids. Chitosan
and PEG coated SLN were found to raise the ofloxacin concentration in
the tear fluid up to about 3-fold compared to commercial eye drops
[150]. The possibility to establish covalent bonds with specific ligands
on the ocular surface can strengthen NP mucoadhesivity and prolong
ocular residence. For this purpose, dexamethasone containing NLC
have been functionalized with a derivative of boronic acid, (3-
aminomethylphenyl) boronic acid conjugated with chondroitin sul-
phatemeant to form affinity complexes with sialic acid residues onmu-
cins [151]. Furthermore, NLCweremademoremucoadhesive by coating
with polymers carrying thiol groups formingdisulfide bondswith cyste-
ine residues present on mucus glycoproteins [73,152,153]. NLC have
also been introduced into in situ gelling thermosensitive gels [154].
The liquid vehicle, composed of Pluronic and carboxymethyl chitosan,
becomes a gel on the corneal surface, thus increasing the ocular reten-
tion time of NLC and the encapsulated drug [154].
4.1.3. Polymeric microparticles
Polymeric microparticles are effective ocular drug delivery systems.

Because of a higher size up to 25 μmmicroparticles are more stable and
allow amore accurate control of release. Moreover, their industrial pro-
duction is simpler. Taking the internalization mechanisms by cells,
namely, phagocytosis, macropinocytosis, clathrin-mediated endocyto-
sis and caveolae-mediated endocytosis into consideration however, it
should bementioned that NPs can be taken upby cells via all thesemen-
tionedmechanisms,whereasmicroparticles can be taken up only by the
first two of them. Therefore,microparticles are less penetrant [155]. The
ophthalmic use ofmicroparticulate systems ismostly recommended for
drugs employed in pathologies, such as glaucoma or dry eye syndrome,
requiring a constant drug concentration for a prolonged time in
precorneal area or in anterior chamber. Such systems must ensure
both a slow release and a prolonged residence time in precorneal area
[156]. Furthermore, their mean particle size must be less than 25 μm
to prevent the feeling of foreign body in the eye, which would reduce
patient compliance. [157]. For example, Choy et al. prepared poly(lac-
tic-co-glycolic acid)-based microparticles coated with the
mucoadhesive polymer poly(ethylene glycol). The mucoadhesion of
the latter particles was greater in vitro than those of poly(lactic-co-
glycolic acid) alone. Furthermore, these microparticles were found in
the eye of rabbits even 30 min after administration [158].
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4.2. Solid formulations

4.2.1. Ocular inserts
Ocular inserts are solid systems intended for administration of drugs

with local action or acting in the anterior chamber of the eye. Although
ensuring an extensively prolonged drug residence time in precorneal
area, they are just rarely used as they can move around the ocular sur-
face causing discomfort, irritation, or easy loss unless they are
mucoadhesive [159]. Furthermore, accidents such as traffic collisions
having been attributed to ocular inserts because of a limited vision
and irritation as well as poor patient compliance have directed the
focus of pharmaceutical companies to other formulations.

An ocular insert currently on the market and in common use is
Mydriasert®, releasing phenylephrine and tropicamide, used exclu-
sively in hospitals to induce preoperativemydriasis.With a single appli-
cation of the ocular insert a constant release of the drug to the ocular
surface for two hours preceding surgery is provided without any per-
sonal assistance for this time period. Othermarketed inserts are pilocar-
pine ophthalmic inserts (Ocusert®) and hydroxypropyl cellulose
ophthalmic inserts (Lacrisert®).

Ocular inserts are mainly prepared with polymers. They are either
reservoir systems where a membrane controls release, or monolithic
matrices. They are either disk or elliptic shaped so as to be inserted in
the superior or inferior conjunctival sac [160]. They can provide a con-
trolled drug release and a constant drug concentration in tear fluid for
a prolonged time, thus avoiding concentration peaks that could bring
about side effects. In addition, these systems, being solid, are endowed
with remarkable stability and often do not require preservatives [159].

One of the first solid inserts proposed was based on polyethylene
oxide (PEO) [161]. When this insert is brought into contact with the
tear fluid it is rapidly converted into an erodible hydrogel. PEO can
form hydrogen bonds with water molecules. When PEO solid matrices
come into contact with aqueous media the polymer hydrates and a su-
perficial gel is formed that is eroded as the polymer is dissolved. Thus
drug release is controlled by the swelling and/or erosion of polymer
[161]. With erodible ocular inserts drug bioavailability is maximized if
release is only controlled by insert erosion, since parallel mechanisms
can increase drug release, and consequently, clearance. It should also
be considered that in the case of erosion-controlled release the drug re-
lease kinetics would be of zero order, the release ratewould be constant
over time and, if release is more resisted than drug permeation across
cornea, also the intraocular absorption would be of zero order. This
was in fact the case for ophthalmic inserts based on gelatin, medicated
with ciprofloxacin. Ciprofloxacin eye drops need administration of 1–2
drops every 15–20 min for the treatment of acute infections. The use
of a gelatin based ocular inserts allowed limiting the administration fre-
quency, whilemaintaining a constant ciprofloxacin concentration in the
eye [160].

Within the scope of employing mucoadhesive polymers a
mucoadhesive ocular insert based on thiolated polyacrylic acid was de-
veloped and compared with a non-thiolated one. The vehicle effective-
ness was tested in human volunteers [159]. Fig. 9 shows the behavior of
that mucoadhesive insert in the human eye. As expected, the thiolated
inserts showed good adhesive properties. The concentration in tear
fluid of fluorescein, used as a model for hydrophilic drugs, turned out
to be constant for 8 h, whereas it decreased as rapidly as with either
the eye drops or non-thiolated ocular insert, used as controls. Due to
the prolonged drug residence time in precorneal area these
mucoadhesive inserts could be appropriate for the prevention and
treatment of post-surgical endo-ocular infections, as they ensure eye
protection, also during night time [159].

4.2.2. Contact lenses
The attempt by pharmaceutical technologists to prolong the drug

residence time in the precorneal area has also led to systems such as oc-
ular films and contact lenses. Contact lenses are separated from cornea



Fig. 9. (A) Mucoadhesive insert based on thiolated polyacrylic acid immediately after
application; (B) 8 h after application. Figure taken from [159].

B. Grassiri, Y. Zambito and A. Bernkop-Schnürch Advances in Colloid and Interface Science 288 (2021) 102342
by afluid layer defined post lens tearfilm. The clearance of post lens tear
film is about 30min that is clearly longer than the contact time of drugs
administered by eye drops being in the range of a fewminutes. A further
important aspect concerning contact lenses is their bandaging proper-
ties. Under certain circumstances such as post-surgical treatment, en-
suring eye protection is a necessity. Contact lenses while on the one
hand controlling drug release, form on the other hand a physical barrier,
so that optimal ocular conditions are restored [162].

The first publication that proposed contact lenses as drug vehicles
dates back to 1960. In most of these first studies the inserts were med-
icated by incubation with a drug solution. Since then, numerous in vitro
and in vivo studies have testified the effectiveness of the soak and re-
lease method. Yet these systems were shown to be unable to provide
a sustained release for more than two hours [163]. This is probably the
reason why after five decades just a limited number of products has
reached the market [164]. With whatever vehicle drug release can be
slowed down by creating a barrier to drug diffusion, it is rather complex
to apply to contact lenses, as they would be expected both to guarantee
a controlled release and to preserve transparency of device and perme-
ability of ions and oxygen across it.

Chauhan et al. suggested loading of timolol into silicone contact
lenses pre-treated with vitamin E, for the treatment of glaucoma
[165]. Vitamin E was meant to oppose a physical barrier to drug diffu-
sion. This approach was found to be particularly useful for hydrophilic
drugs such as timolol and fluconazole exhibiting in their ionized form
a negligible solubility in vitamin E [165,166]. In vivo studies showed
an ability of this type of systems, loadedwith timolol, to reduce intraoc-
ular pressure for four consecutive days, during which the same lenses
were worn [167].
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A further approach was to encapsulate the drug in NPs and subse-
quently immobilize them in contact lenses. By this means the release
can be adjusted by modulating NP characteristics. Drug loaded NPs,
immobilized in contact lenses as nano-reservoir systems, showed a
24–48 h sustained drug release [163] which was subsequently brought
up to 48–72 h [168]. Highly crosslinked spherical NPs were prepared
frommonomerswithmultivinyl functions, such as glycerol propoxylate
triacylate and ethylene glycol dimethacrylate. NPs of about 3.5 nm con-
taining timolol were loaded in commercial contact lenses. In vitro tests
showed a slow timolol release from NPs over four weeks, by a mecha-
nism dependent on hydrolysis of ester bonds between timolol and the
particle matrix that had been formed during the NP formation process.
As the release depended also on temperature, the temperature change
following lens insertion triggered drug release [163].

Maulvi et al. described yet another example of NPs loaded in contact
lenses [169]. The authors suggested implanting a ring loaded with
ethylcellulose-based NPs containing timolol maleate into contact lenses
that provided a controlled drug release of therapeutic concentrations
without prejudicing the critical properties of lenses. In vivo studies of
pharmacokinetics in rabbit tear fluid showed a significantly higher
mean residence time and AUC for tear fluid with contact lenses com-
pared to eye drops therapy. In vivo pharmacodynamic data obtained
with the rabbit model showed a marked reduction of intraocular pres-
sure for 192 h [169].

A similar strategy has recently been proposed by Xu et al. [170].
In this case micelles prepared from the monomer hydroxyet-
hylmethacrylate loaded with timolol and latanoprost were intro-
duced in contact lenses. This is the first study ever where two
drugs were released concurrently from micelles inserted in contact
lenses [170]. Actually the system released timolol and latanoprost
in simulated tear fluid for 144 h and 120 h, respectively. The phar-
macokinetic study with rabbit eyes showed the presence of timolol
and latanoprost in tear fluid for up to 120 h and 96 h, respectively.
The mean residence in precorneal area for timolol or latanoprost
was prolonged significantly (79.6 or 122.2 times) and the endo-oc-
ular bioavailability was increased (2.2 or 7.3 times) in contact
lenses compared to commercial eye drops. Considering the trans-
parency and ion diffusion characteristics these lenses loaded with
micelles have been found particularly interesting for the concurrent
administration of two ocular drugs [170].

5. Concluding remarks

Within this review we have summarized the different strategies to
prolong the residence time of drug delivery systems on ocular surface.
From the excipients point of view in particular viscosity increasing
and mucoadhesive polymers can essentially contribute to a prolonged
drug residence time. Ideally, the release of drugs from these polymers
should last as long as these auxiliary excipients remain on the ocular
surface. Such a sustained release can be provided via ionic interactions
between the drug and oppositely charged polymeric excipients, via hy-
drophobic interactions or via hydrogen bonding. Furthermore, cyclo-
dextrins providing a sustained release of hydrophobic drugs being
incorporated in their cavity can be embedded in such polymers. From
the formulation point of view nano- and microcarrier systems such as
polymeric nanoparticles and mircoparticles as well as lipid-based
nanocarriers have shown high potential as they can be designed in a
way that they exhibit both mucoadhesive and controlled drug release
properties. Generally, nano- and microcarrier systems are instilled in
form of liquid dispersions. Furthermore, nano- and microcarrier sys-
tems that provide a sustained drug release but do not exhibit sufficient
mucoadhesive properties can be incorporated in in situ gelling and/or
mucoadhesive polymeric gels. Apart from these liquid and semisolid
formulations that allow to prolong the ocular residence time of many
drugs froma fewminutes to several hours, solid formulations like ocular
inserts and contact lenses can remain on the ocular surface even for
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days. As the compliance of solid formulations is limited, however, such
delivery systems are not first choice.

The design of new excipients providing bothhighmucoadhesive and
drug release controlling properties like thiolated cyclodextrins forming
disulphide bonds with cysteine-rich subdomains of mucus glycopro-
teins on the ocular surface and providing a sustained release of drugs
having been incorporated in their hydrophobic cavity will definitely
shape the future landscape in this field. Moreover, the design of even
more potent nano- and microcarrier systems in particular in combina-
tion with in situ gelling and mucoadhesive polymers will contribute to
more efficient systems.
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