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Abstract Light-responsive biomateriatsn be usetbr the delivery of therapeutic drugs and nuchads where

the tuneable/precise delivery of payload highlight the potential of such biomaterials for treating a variety of
conditions. he translucency of eyes and advances of laser technology in ophthalmologlighakesponsive
delivery ofdrugs feaible. Importantly light can be applied in aon-invasivefashion therefore, lightriggered
drugdelivery systems have gregptential for clinical impactThis review willexamire various types dfght-

responsivepolymers,and thechemistrythat underpins theapplicationasophthalmic drug delivergystems

Keywords Ocular drug delivery, Stimuliesponsive, Lightriggered Light-responsive, Photachemistry,
Photobiology
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Introduction

Among the various routes of administratfondrugs in humaand veterinary medicinephthalmic drug delivery

(Fig. 1) is one of the most challenginigspite thsimple accessibilitpf the eyesand @ular protectiorby various

barriers and defame mechanismaecessitate theestelopment of efficient drug delivery systefXDSs)[1-4].

The anterior and posterior segment of eye is affected by seweral aiseases that lead to vision threatening,
degeneration of the retina and blindness. Diseases affecting anterior segment include, but not limited to glaucoma,
allergic conjunctivitis, anterior uveitis and cataratthile, agerelated macular degeneiat, diabetic macular

edema, proliferative vitreoretinopathy, posterior uveitis, cytomegalovirus infection and glaucoma, affect the
posterior parts of the e\B-7]. In principle,ocular tissues are accessible to ljgitd thereforeljght-responsive

DDSs [8, 9] may find clinical applications in oplalmology Investigationof light delivery systems in ocular

drug deliveryis a topic ofemerging interest in this fielaind thisreviewoffers a concise coveragetbese DDS
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Figure 1. Number of publications on related topics in the Web of Science database with respectseditie
date:1-3-2022.

Barriers to ocular drug delivery

As an organ, eyes are divided anatomically th&manterior and posterior segmerithe anterior segment includes

the cornea, aqueous humor, conjunctiva, iris and lens, while the posterior segment includes Heboriida
sclera, optic nerve and vitreous hunjp®, 11] A combination of factors providechallenges for ocular drug
delivery(Fig. 2). The teafilm is the first defensive barrier for topicakdication ¢omposed othelipid, aqueous

layer and muciayer). Therapid turnover ratef tears(0.5-2 . 2 pyL/ mi n) , nasolacri mal
route of tear discharge) and reflex tear producii@the main reasons for drug I¢E8]. The cornealsorestricts

the entry of foreign substances into the eyasrneal layerinclude epithelium, Bowman's layer, stroma,
Descemet's membrane and endothelium, each layehioh hasa different polarity and he corneal epithelium

and stroma are considered to be the noflistacle§13]. The tight junctions and llyophobicity of the corneal

epithelium could block the diffusion of hydrophilic dr@4]. The corneal stroma accounts for 90% of the corneal

du



thickness, which provides a hydrophilic barrier to molecular transport for hydrophobic drugs. The corneal
endotheliumis leaky and has no significant effect on molecules penetration, that is beneficial to the exchange of
nutrients between the corneal stroma and aqueous himpmwrtantly, the use of nanomedicine can effectively
enhance the corneal permeability of thegdihiat was reviewed in details[ib5-17]. The conjunctiva is a mucosa
comprised of 23 layers of epithelial cells and vascularized connective tissue. Moreover, the conjunctival
epithelium is also a rafémiting step for hydrophilic drugs diffusion and the naorneal pathway18]. In
comparison with the cornede conjunctiva facilitates the absorption of large and hydrophilic drugsriled
interferingRNA and peptides, however, its vasculature may aid in drugs clearanceystiraic circulation that
would reduce the drug bioavailabilif¢9]. The bloodeye barrier is one of the main barriers in eyes, which is
comprised of the bloedqueous barrier (BAB) and the bleogtinal barrier (BRB). The BAB is composed of iris
epithelial cells, capillary endothelial cells and frigmented epitheliumfdhe ciliary body, that all contain tight
junctions. The tight junctions hinders the drug transport from the plasma to aqueous humor after systemic
administration[18]. The BAB could limit the drug bioavailability in agueous humor by its elimination via the
uveoscleral pathway together with counterflow of the agueous H@®joitn conclusion, the tear film, the cornea
and the BAB are the main obstacles in the anterior eye chamber. In addition, the transparenhaguaoasd
the lens located behind the cornea also hinder the drug from reaching the postefit8,e3/Hs

In the posterior eye compartmetetsclera, choroid, vitreous body and BRB constitute the main barriers.
The sclera occupiesdHargest surface area of the eyeligibically > 80%)[22], with a slightly weaker barrier
effect in comparison with corngd is mainly composed of collagen fibers and the permeability of the sclera is
related to the molecular weight and charge of the fir8lj wherelow molecular weightirugs that areegatively
chargedend topenetrate the sclegffectively[18]. The choroid has a rich vascular network, where high blood
perfusion can facilitate drug elimination from the ¢28]. The vitreous body is mainly cditsted of different
types of collagen fibers and hyaluronic af@8], and hediffusion rate of drugs in the vitreoli®dyis controlled
by their structure and surface chargvhere the diffusion rates of the molecukewversely proportional to their
molecular weightfurthermore the permeation gbositively charged molecules is retarded by their electrostatic
interaction with theanionic carboxylate displayedon hyaluraic acid, potentially leading to aggregation and
immobilization[19]. The inner limiting membrane is located between the vitreous body and the retina, and it is
the main barrier for intravitreal drug trgport to the retin20]. Finally, the BRB is a physiological barrigivided
into internal BRB that is formed by tight junctions between retinal capillary endothelial cells. The external BRB
which is formed by tight junctions between retinal pigment epithelial cefisgllates the influx of ions, proteins
and water the tight junctions between the endothelial cells and efflux transporéerbinder the diffusion of
positively charged hydrophilic therapeutic agents from plasma to the [Bfihaandpassive diffusion through
the BRB can quickly eliminate lipophilic molecules that enter the vitreody[24, 25]
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Figure 2. Physiological barriers incular drugdelivery.Reproducedrom [23] with permission

Ocular Drug Deliveryroutes

Drug delivery to the anterior and posterior segments of the eye can be achieved by various ways, including
topical, systemicpcular injectionroutes Fig. 3). In topical administration dthough commonly implemented
therapies likedrops ofdrug solutionfssuspensions are easy to manufacture Widgih patient compliance, their
application suffers from many limitations dueth® anatomical, physiological and biochemical features of the
eye that reult in poor bioavailability mainly attributed to rapid tear clearance, small eye capacity and blinking
which reduce drug residence tirmncentratiorand availability for absorptiof26-30]. Dosage forméncluding
viscousointments and gelbave beerformulated to overcome theissuesand enhancecular retention time
(noting thatpatient compliancecan be diminishedf the DDSs result inblurred visior) [31]. Systemic
administration habeen used for ocular delivery, however, typically onB24 of the administered dose reaches
the target siteThis could be attributed to, eye has a low blood supply compared with the whole body, and the
tight junctions of the retinal pigment epithel@lls hinder drug diffusion to the retirafrequent administration
would be necessary to achieve satisfactory ocular concentrations thus leading to systemic siflO¢ftacthe
other handpcular injections could be delivered through intracameral, subconjunctival, periocular and intravitreal
routes. Intracameral administration is @proactof injecting druggliredly into the anteriosegment of the eye
As it avoids the corneal barrier it can provide higher drug concentrations in the aqueous humor in comparison to
eye dropsSubconjunctival injections can be administered undegykballconjunctiva(epibulbar) or underneath
the conjunctiva lining the eyelid (subpalpebrdt)allows drugs to bypass theorneal and conjunctival barriers
with less traumaHowever, the major drawback of these routes is the shorter retentiof82in®rug delivery
via the periocular route, which includes subconjunctival, subtenon, peribylbstgrior juxtascleral, and
retrobulbar injections, may also be effective in delivering drugs to the posterior eye sdgroemiparison with

intravitreal administration, periocular administration is relatively less invasive and can reduce complications
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associated to intravitreal administratif88]. However, drug diffusionsihindered by episcleraclera, choroid,
and Bruch’s membr ane dna ¢learanee frone the ddminiggratidn site caglgult in n a
significant drug los§34]. Intravitreal administration involves intravitreal injections and witraal implantsThe
intravitrealinjections are able to achievéherapeuti@rug concentrations the posterior eye compartmaviere
drugsolutionsare directly injected into the vitreobsdyas it overcomes the majority of eliminatiorechanisms
and barriersAttemptsto treat diseases in ti@sterior segment of eyes usualedrequent intravitreal injections
every one to two month&evertheless, rdig delivery tothe posterior segment of the eye through intravitreal
injectionshasa high risk of complications, such @inal detachmeninflammation(e.qg. iritis/ uveitis) infection
andvitreoushaemorhage[35]. Intravitreal implants are pharmaceutically designed systems to deliver drugs for
prolonged periods (& months) alleviating the requirement of multiple injections and developing inflammatory
processes and infections associated with intravitreal injecf@f]s These systems are also obtainable in two
different chemical structuresthe biodegradable and the nbiodegradable ones and usually requires one or two
surgical proceduréor administration and removal, respectivelyvariety of devices.g. Retiseft, Vitraser®,
Surodex ™ a%hwere @esigneddaadmanufactured to be applied as ocular implants for therapeutic of
illnesses with a chronic vitreoretinal natig]. A number of advancedklivery systems were designed to achieve
higherocular bioavailability, prolong drug release arthance patint compliancen this contextdrugreleasing
contact lenses can significantgxtendthe retention time on the ocular surface, andld¢ be loaded with
nanoparticleghat would improve thgermeabilityof administereddrugs A major drawback for using this
approach is frequent use of contact lenses can be associated with corneal Mgrauer, oxygen diffusion,
microbial resistance, and effective and sustained drug release, are yet to be addressed for successful clinical
translation of this approaftR]. In the same context, cdle-sacimplants is a solid device placed in the
conjunctival sac that coufatolong drugeleasehat would reflect oincreagng patient compliand88]. Punctum
plugs arebiocompatibledevices inserted into tear ductslock the drainage of tear fluidchey are noninvasive
and can provide extended drug release to the anterior segment of the eye and could be formulated from
nonbiodegradable and biodegradable matgti2]sOcular iontophoresis a norinvasive method for activerdg
delivery using mild electric currents to enhance drug penetration through the ocular bac@rgdtiver drugs
throughtrans-corneal route and transscleral rotde¢he anterior and posterior segment of egspectivelyj20].
Dueto thenovel developmerd of nanotechnology in recent yeaagular DDSs including nanoparticle$39],
dendrimers[40], liposomes nancmicelles other micre/nanccarriers have lao been widely usef1, 42]
Nancarriels addressed margdvantagesf to drug delivery to anterior and posterior segments through sustained
and controlled release of the drug, protect the drug from ocular enzymes, and aid in overcoming ocular barriers
[39].

Commaly implemented delivery systenhack targeting to a specific ocular segment or tisghieh may
result in undesirable side effects to healthy tissues. Over the course of treatment, adjustment of drug dose may be
required to be increased/decreased accgrithe progress of the disease/condition, however, most ocular DDSs
release drugs a predeterminedate,thatc ann ot be adjusted m@eedsorrchahgmg t o tt
physiological condition§43, 44] Consequentlyesearchers have developed a variestiofiuli responsivé®DSs
(e.g.,nanoparticles, hydrogels and implantatiaterial3[45] that are stable when stored and transported, and can
effectively release drugs to the target sites after being stimdlE3gdstimuli-responsive polymerare the focus

of growing attention as theyndergo physical or chemical chasde response to internar externalstimuli



(examples of such stimuiliclude temperature, pH, ions, enzymes and li§hi9, 46); andstimuli-responsive
DDSs cancontrol the release of drugs (e.m¢readng the residence time dhe drugs,promote drug targeting
andto release the drugs on demafi}-50]. DDSs responsive to exogenous triggstshas light are promising

for clinical applicationsas they arén partindependent of the physiological conditichat may vary from one
patient to another (e.g. enzymes and ,p&f)jd moreover,the release of drugs or therapeutic factors can be
controlled by the intensity and duration of the external stimulajmpniied Thedegree of adaptability and control

makes external stimuli attractive candidates for on demand DDS in personalised medicine apbdati#is
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Figure 3. Anatomical structure of the eye with possible routes for drug administration.

Light-Responsive Drug Delivery Systems

Light is a promisingnethod taemdely control drug releasespecially in oculabDSs Irradiation of photoactive
materials results in a variety of photophysical effects including photochemical (e.g., isomerization, cleavage,
dimerization/polymerization, photosensitization [e.g., reactive oxygen species gefgratahphotothermal
effects; these are classified as reversible and irreversible ch&ugbsDDSs are particularly interestingly owing

to thecapability for precise spatiotemporal conttble availability light source of varying wavelengthdimited
generation of sidgroducts, convenience and ease of [8sé]. Moreover, light can be appliedith precision
without the needor direct contact with théight-responsiveDDS, and does not need any additional reagent or
solution components. Light can be easily switchebfbiand the rate of drug release can be optimiaetlining

the wavelength, intertgi and duration of the irradiatiprenablingprecisecontrd of drug deliveryfor specific
applicationd51, 53] Light-responsivddDSs can reducaumber ofoperations and can deliver therapeutic agents

to the posterior eysegmeniin a minimally invasive manneA triggerable drug delivery system would allow
repeatedol e mand dosing that would be adaptable to the

single administratiorfid3, 44] On the other handjcularin-situ geb are environmentallyresponsivepolymers

that is transformed from sol/ gekith the small changes in specific conditions like pgeimperaturgionic

pait



strengthand lightin the environment. Consequently, the residence time of the gel forrséd imill be prolongel
and the drug is released in extendednannerthusminimizing systemic absorption and reduced frequent dosing
regimen[54]. Light could be usedo trigger in situ gelation of drug loaded polymensnomers through
crosslinking, polymerization sensitizatifgb]. In comparisowith endogenous stimuli e.gH, temperature, and
ion, it enables precisgtructuing of thehydrogels (e.ghardness and poros)tjd9]. . Similar toother exogenous
stimuli, light offers more flexibility than endogenous stimuli, ai¢ is lessaffected by different diseases or
physiological variabilities which contrétheinter-/intra-cellular environmens6, 57]

Light-responsiveDDSs have been developed utilizitgy, visible lightand NIRassource of light, where
the drug can be released using on/off sequences or completely released upon triggering, re§pecti8eho]
and are discussed in more detail hereafter.
Photoisomerization
Photoisomerization is eeversiblemolecularconformational changaround a restricted rotation site, usually a
double bondgcaused byrradiation withUV or visible light. In this context, compoundssudly switch between
thetranscorformationandcis conformation and @obenzenes and spiropyrans are the most investigated moieties
that undergo photoisomerization reactioninSs to dynamically regulate the lightiggered drug relead®,
60]. A significant advantage of photesponsive DDSs utilizing photoisomerization is that these maitézge a
val ve t h-afturrodrd ' tdururg rel ease with good temporal contr
release systeni51].
Azobenzenes
Polymers containingazobenzenes have a variety of interesting potential applications owing to their light
responsive naturl1]. Azobenzenesontain two phenyl rings that are interconnected thragdzogroup, that
respond to light andswitchesfrom thetransto cis conformation between wavelengths of 3280 nm, with the
reverse reaction occurring at 420 nm[62]. Photoisomerizationf azobenzerseha been proposedia four
potentialmechanismgotation, inversion, concerted inversion, inversagsisted rotatio(depicted inFig. 4). In
the rotational pathwaycleavageof the N=N -bond allovs free rotationaroundthe N-N bond which dlows
change ofPh-N-N-Ph dihedral angle while the -NN-Ph angle remains fixed aD120°. Isomerizationof
azobenzeneby inversioninvolvesone N=EN-Ph angle increase to 180° while ti-N=N—Ph dihedral angle
remains fixed at Q°Moreover,concerted inversionccurs wherboth N=N-Phbond angles increase to 180°
producea linear transition state. In inversiassisted rotatiormodificationsin both Ph-N=N—-Phdihedral angle

and NeEN-Phangles occur simultaneougly3-65].
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Figure 4. Mechanism of lightriggered photoisomerisation of azobenzene

Isomerization ofzobenzerss influenced by substituentisrough steric and electronic effeatssuling
in significantchangego the absorption, emission and photochemical propertiagaifenzers61]. Substituents
also have the ability to makbecisisomer morghermodynamically stable than ttransisomer[66-68]: for
example,azobenzenesvith amine derivativesat the 2 or 4 position isomerization isachieved at a longer
wavelength and occurpredominantly by inversion69]; whereas 2-hydroxy azobenzere engage in
tautomerization and #hond formation which interfesawith isomerizationThe somerization rates of different
photaesponi/e phosphate azobenzene derivatives, including varying lengths {nanand tri-) and positions
(ortho and para) of the phosphate growpsre investigatedobservingthat longer o-diphosphate ana-
triphosphate azobenzene derivatives showed faster pbioteizationthanthose with shorteo-monophosphate
groups this observatiorcould be ascribed to intramolecular interaction between the azo group and the phosphate
groups which reduced the double bond characteristics ofthelldnd[70]. Thus differentAB derivatives may
need validation in their release mechanisaand rates of photoisomerizatiomclusion of thesemoietiesin a
membranebased systersuch as liposomeulddisrupt the nanocarrigackingwhich releasgthe loaded drugs.
This could be atibuted to conversion of thesdromophoreso cis form upon photoexcitationyhich is more
polarbulky andusually destabilizethese assemblies. Furthermore, the reversible nature of these reactions could
modify drug release pattern to on/off and allow on demand dose delWhailg these photesponi/e functional
groups have been used in the developmem®$s, only a few stuéeshave beemperformed in the eyf1]. A
selfassembledationicvesicle formed from a cationic azobenzene derivaveholesterocarbonyd -(N,N,N-
triethylamine butyloxyl bromide)azobenzeneand the anionicsurfactant sodium dodecyl sulfate in aqueous

solutiorn rhodamine BModel drug)was loadednto the vesicles The system was administrated into rat retina by



intravitreous injection to investigate tlire vivo drug delivery behavioand investigation of their release profite
vivoin rat retinas showed enhanced rhodamine release upon UV irradiation in comparison with control samples.
Furthermore, fluorescence imagafsretinal sections showed the efficacytloé vesicles for drug delivery to rat
retina and ability to preserve high drug concentrations for a longer dufa@phe clinical usefulness of these
systens is currentlylimited due to safety issueslated to the usef &V-light and the potential toxicity of the
chromophore$71].

Azobenzene photoswitchésve beerinveatigated for their potentiab restoe light sensitivity into
retinal neurons after photoreceptor degeneration in disorders such as retinitis pigniéBloga potent
photoswitchBENAQ (an azobenzene bounded by a quaternary ammonium (QA) and a benzylethylemiide
pass throughhe plasma membrane of retinal ganglion cells (RGCs)oantlide theendogenous voltaggated
ion channels from the cytoplasmic side. PhotoisomerizatfidENAQ from transto cis removeshe blockade
andRGCswere ableto depolarize anthitiate action potentials. BENAQ isomegtion fromtransto ciscould be
accomplished byisible lightirradiationand rapidlyreversedn darknes$74]. Theencapsulation of BENA@to
cyclodextrirs [75] could alleviatehe main challengencountered witlBBENAQ delivery, as iprecipitates near
theinjection site resulting in neaniform photosensitization with a hdlfe of 7 days which is a transient period
for therapeutic vision restoratioSBEC D, a s ul f-aydiodetyn| farnsdistable c@mplex thatcreass
solubility of BENAQ andimproves photosensitizatiorextendirg light responses to a hdife of 31 days.This
represents an exciting demonstration of the application of a supramolecular chemistry approach to drug delivery,
in whichthe hostguest interaction between SEBED and BENAQaddresses a kashallengeof intraoculardrug
delivery, guiding how photoswitches may be formulated as a posgipteactor human blindnesseatmenin
the future[75].
Spiropyrans
The reversible isomerization sfiropyrang SP)is accompanied by a significant visible colour change and is due
to the different molecular properties of the two isomers of this moléspiepyranis the closeding isomer and
is the more stable fornfig. 5). Spiropyrars consist of indolineand chromenenoieies which areconjugated
together by a spiro junction and have a perpendicular spatial disposition in respect to eatigbtkeggering
of this conformer results in cleavage of@ bond and ringopening followed by a&is-trans isomerization by
rotation about the centraHC bond.Merocyanindhas a pl anar st r wonjugatioea beaveed an e x
the chromene and indolinedieties therefore colour changemay be observegpon transformation tihis isomer
(where SP usually absorbs light in the UV regionoreovey photoisomerization to merocyanine is accompanied

by anincreasen polarity thatcontributes to the disruptio of the carrigis stability[76, 77]
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Figure 5. Mechanism of lightriggered photoisomerisation of spiropyran

UV light (365 nm) iradiation ofselfassembliesf polymers incorporatingpiropyrars with different carbon side

chain lengths (& G and Gg) led toisomerizatiorof the spiropyransandfor the polymers with thepiropyrans



with Cg and Ggside chains seductionin the size of thassembliegnot observed for thepiropyransvith C; side
chains)[44]. Size changes werxplained bychanges in polymenydrophilicity after photoisomerization &P

to merocyanine, altering the microenvironment within the asseswhich wasfully reversible for at least 4
continuous cycles (U\865nm irradiation for 30 s andisible light for 3 min). A hybrid SP/lipidpolyethylene
glycol (PEG) NPs (termed NBHvere formulated to enhance the stability and loading efficiencies of NPs while
mai ntaining the NPs’' Thepolymheoshasseéntbles were uged to geb@yanine s .
(Cy5) to cadaverigorcine corneas with or without UV lightadiation, and isual inspectiorof the corneas and
NIR scanning of cornealectiors showedthatirradiation with light enhanced the delivery of Cygpresented by

its green color distribution inside the tissfE#y. 6). Histologicalexamination ofcorneador treated with C§
loadednanoparticlesand UV lightrevealed no differences in comparison withtreated controls under light
microscopyin terms of tissue injuryshowingsafety to cornealssue This ispotentiallyadvantageous for clinical
applications, such as cancer treatment, where the tissue microenvironment can be leveraged to improve drug
targeting and localize drug delivery to prevent ttenselectivedestructim of normal cells that cause the

characteristic side effects of chemothefdgy.

a Cy5SPNP, Cy5/SPNPy Cy5/SPNP,  Cy5

+UV +UV
> jﬂ'v
b CYSLSUPVNPH Cy5/SP NPy Cy5

Figure 6. Ex vivo study ofCy5/SP NR penetration in porcine corneas. (a) Fresh corneas aftehdare@tment
with Cy5/SP NR (with or without UV irradiation for 1 min) or Cy5. The green caludicates the presence of
Cy5 (a blue dye that becomes greenish in the slightly yellow tissue of the eye); (b)freead images of cross

sections of corneas tissues treated as in panel (a). The scale barttthchpubs.acs.org/doi/10.1021/ja211888a
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Photocleavage

Light-induced cleavage dfonds can be applied tontrol the delivery of drugsvhen forexample ghotdabile
group(e.g.,tsnitrobenzyl(ONB) and coumarifCM) derivative$ is incorporated in a polymer backbone (and the
drug is subsequently loaded into the matrix in a-covalent fashion) or useas aphotolabile covaleninker to
conjugate drugs to the polymer, with subsequent irradiation of the resulting polyitretight triggeringdrug
releasg57, 58]

o-nitrobeny| derivatives(ONB)

Polymers containing lightesponsive units are of interest for a variety of applications in materials science and
engineering, wittONB derivativesbeingthe most popular photocleavalyeoups [78]; ONB derivativesabsorb

a photon and form free radical intermedsatafter whichhydrogen abstractioaccuss leadng to a resonanee
stabilized benzylic radicahnd rarrangement of this species through a-fivembered ring intermediate leads to
the liberatectarboxylic acid (drugand a nitrosobenzaldehyde side prod&ag. 7) [79].
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Figure 7. Mechanism of lightriggeredphotocleavage dDNB derivatives.

An interesting report oflaylight-responsivalrug eluting contact lenseemonstrated the conjugationtofiolol
(a firstline drug forglaucomareatmenkto the contactens matrix througka photolabileONB derivative When
exposed to light of 46€130 nm the timoloWwasreleasedn vitro. Inhibition of intraocular pressufer up toa 10

h periodwasobserved upon daylight irradiatiaf the lensin the treated mouse eydResults fromanin vivo
mouse modetorrelated with these findings and tbentact lensesould effectively decrease thiatraocular
pressureof the mouse eyes therefore thisapproach could provide a promising platform for glaucoma treatment
[80].

Intraocular lens implantation ia standard techniquéor cataract treatmengriginally developed to reduce
incidence of surgal complications Light-responive intraocular leses have beerevelopedo allow pulsatile
drug release in a&patiotempordy controlled manner Notably the repeated delivery offluorouracil in
therapeutically relevant amounts of about@.8p g p e was dcoosnplishetly thetwo photon absorption

triggered photocleavage of @NB groupin vitro [81].


mailto:support@services.acs.org

Retinal diseases like agelatedmacular degemation and diabetic retinopathy therapies maguirerepeated
intravitrealinjections which limits patient compliance and increadberisk of infection and retinafietachment
Consequentlythe need for notinvasive and controlled drug delivery the posteror segment of th eye is
significant [82, 83] Nintedanib (a small molecule angiogenesis inhibittiat suppresses choroidal
neovascularizatignwas loadednto light-responi&ve NPsbased orcopolymers employing anONB moietyas a
UV-labile photocage for a selfnmolative polymer Inhibition of vessel growth was compared to rats receiving
PLGA particles containing nintedanib (BIBF 1120), free drug, or saline. Importantly, CNV areas in rats receiving
UV light-released365nm, 5 min)nintedanibwere significantly smaller than those in rats receiving PLGA
encapsulated nintedanib, suggesting that dighyered release delivers drug more effectively than slowly
hydrolyzing PLGA nanoparticles as depicted frBig. 8. Injection of these DDSs intairavitreal fluid enabled

on demand delivery of nintedanib to mouse eyes in response to UV exposure up to 10 weajecpor{82,

83].
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Figure 8. Light-triggered release of nintedanib (BIBpdstinjection inhibits CNV. A, Fluorescent microscope

images of isolectin BAlexa Fluor 594 stained choroidal flatounts 2 weeks after CNV induction. Eyes were

irradiated immediately postnj ecti on (scale bar = 100 zgmkF 46).E, Quant i
Choroidal flatmounts from eyes irradiated 10 weeks gofgction, 2 weeks after CNV induction (scale bar =

100 pm). D, Quant i f i c a8).iCapyrigho Z015FéavieReprodticedsfrioniB2] withn = 4
permission.

Coumaring(CMs)

CMs arefunctional groups that can hecorporated into polymers designed to be lighgponsivg84]. After
absorption of a photon bZM-drug conjugats, relaxation to the lowest excited singlet state takes place
deactivation of this transition state occurs by fluorescence and nonradiative processes, and competes with

heterolytic bond cleavage fomg asinglet ion pailCM* anddrug). Product formation is proposed to happen in



two stefs: ®lvent separdbn of CM* and drug ions, followed by the reaction of tHeM* cation with water
produéng CM-OH and drug as depicted Fig. 9 [85].
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Figure 9. Photocleavage oEM/ligand conjugateA) possible relaxation pathways f&M transition stateB)

mechanism o€M/ligand bond cleavage

Light-responsive systems could enhance the efficiency of the systemic route in oculatadyeiing.
Dicyanomethylene derivatives of CM which demonstrate greentégtonsiveness were conjugated to a trigonal
core molecule (trisaminoethyl) amine). This molecule can safisemble into nanocarriers to achieve light

responsive drug accumulati in the eye for retinoblastoma treatmefter systemic administratiof86].

Meanwhile, surface PEGylation of the NPs was adopted to enhance their hydrophilicity, reduce immune

clearance, andrplong the circulation timeDOX was loaded to the prepared NPs apdrugreen light irradiation

of the target eyaisruption of the NPs with subsequent drug releasedemonstratediie to cleavage of tHeM
moieties.Retinoblastoma tumor model was estsdbs hed by injecting WERI-Rb-1
the right eyes of BALB/ ¢ nude mice for the tumor
injected with DOX/DTNPs and then treated with or without light irradiatibamor growh processwas
monitored by measuring tHaoluminescence intensity on the day of the treatment (day 0) as the origin and
determining the quantitative changes (compared to day 0) on the subsequeriiglah®).(On day 25, the
increase obioluminescence intensity in the eyes treated with DOX/DTNBY «7.3-fold, compared to day 0)

was significantly lower than those in the groups of saline (@id; compared to day 0), free DOX (64dld,
compared to day 0) and DOX/DTNPs (48fd, campared to day 0). It should be noted that two of the mice
treated with DOX/DTNPs YV showed negligible bioluminescence signal on day 25, indicating that their tumors
were almost eliminatedin adition, low systemidoxicity of the prepared system was damstratedn vivo with

reduced drug distribution to heart, lung, liver, spleen, or kidimetyhe treated BALB/c nude mi¢86].
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Figure 10. In vivo therapeutic effects of DOX/DTNPs. A) lllustration of the procedures for the treatment of
retinoblastoma. B) In vivo bioluminescence images of the eyes in orthotopic-RiE RIGFRluc tumorbearing
BALB/c nude mice on day 1, 7, 15, and 25. C) Tugrawth curve presented by the intensity of bioluminescence

of tumors after intravenous injection of various formulations. D) Body weight changes of the mice in each group.
Data were shown as means + 3$3=(4). * p < 0.05. E) H&E staining of the orthotopietinoblastoma and retina
tissue after different treatments. The scale bar is 200Atimbution 4.0 International (CC BY 4.0Jopyright

2021, Wiley.Reproduced fronfi86] with permission.

A novel nanocarrier system with surface modification by Hagtivated cell penetrating peptides fdroroidal
neovascularizatioreatment. Thepeptides weranodified by 7(diethylamino)coumari-yl)methylcarboxyl
groups which can inhit cellular uptake in the bloodfter intravenous administratiomhich facilitates the
accumulation ohanoparticlesomposed of the peptid@M derivative bioconjugatat the diseased choroid after
being exposed tdight (400nm, 1min). In a light-induced choroidal neovascularizatiomouse model, the
neovascularization area in mice treated with ligtiivated doxorubicioadednanoparticlesvas reduced by
approximatef 46%.Suchlight-responsive DDSs can be applied thoe treatment oftherconditionswhere light
can reach théargetsites and effectively gpanding thepotentialrelies on the development of long wavelength

light-triggered DDS487]. Moreover, a5-fluorouracil prodrug was synthesized through its attachmeiat@i

by a -¢gchko@dddition reaction

secondary cataract treatme®n the other hand, the cleavage of the cyclobutane linkéthesubsequent drug
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releaseis triggered with higheenergy UV irradiatiorx 300 nmor using a multiphoton processhe controlled
delivery of 5fluorouracil was successfully showevitro, in addition to, cell investigations confirmed the safety
of the lens systenfB88-90]. The majority of researchdone on photaleavabletriggered delivery systems has
successfullyfabricak delivery carriers that are biocompatiblable to efficiently encapsulate drugs, release them
in response tdight triggering achiewe multiple release cyclewith little-to-no leakageupon storagetHowever,
light stimulation tophotccleavablecarriersusually creates an aversble changs therefore,it fails to produce
uniform release profiles frotthe carrier afteeach light exposur@1].

Other photocleavable moieties

In another approachyisible/daylight assisted activation of nitric oxide photodonades reduce bacterial
contamination of contact lensfg?]. Contact lenses were soaked in photodonor solution and nitric oxide (NO)
release was observed in response to visible/daylight irradidtiem photodonors composed o& nitroaniline
based NO photoreleasmioietylinked, through an alkyl spacer, @M, whichfacilitates theluorescentletection

of the NO releas€Fig. 11). This could be explained bthe blue fluorescence of theéM is markedlyquenched

in the conjugatd by a Forsteresonance energy transfer (FRET) mechanism. Excitation with Vikilyleght
stimulates NO release from the nitroaniline moiety leading to the phenol derivatisea stable byproduct. In
comparisorto canjugatel, FRET is not allowed iproduct2, as aconsequence, tHeM fluorescence emission is
fully restored. This makes the NO release process easily monj@8kdNO eluting contact lenses were well
tolerated by corneal epithelial cells with confirmed ability to induce growth inhibiti@taghylococcus aureus
[92].

NH NH

ON HO

CFs CF,

Figure 11. Schematic for the nitric oxide (N@¢leasingchemical incorporated icontact lensethat release NO

upon irradiation with visible/daylight.

Reversible crosslinking/derosslinking

Photareversible dimegration reactiongpotentially enat# crosslinking/decrosslinking of polymersvhich has a
variety of potential applicatiorjf94]. CM, stilbene, and cinnamic acid are commonly investigated moieties for [2
+ 2] cycloadditionswi t h -system baing in an excited state, according to the Woodwaftman rulesto

form cyclobutane ring$95]. The lighttriggered dimerization of anthracemeaccomplished throught + 4]
photodimerization mechanism in which the photoexcited diene forms ali@ogkcimer that undergoes a

transition into the oglooctane structurf96]. Both additions occuupon irradiation with a light wavelength (>



350 nm) and be reversed upon irradiation with a UV light (< 260 mdeed, employingphotodimerization
reactiors facilitates the formulation of in situ gelling hydrogelgh enhanced biocompatibilityince they do not
requirephotanitiators and have fever by-product§95]. For example hydroges producedfrom polyethylene
glycol-anthracene grafted hyalurondor agerelated macular degeneratidreatment(Fig. 12). Anthracene
grafted hyaluronan strasdvere crosslinked with UV (365 nn80min) and were able to contrtthe release of
entrapped drugaccording to UV exposure duratiofesg.,Coomasse blue, fast green and dextramdlysozyme,
bovine serum albumin and myoglobilemonstrating proedf-concept thamodel drugsof various molecular
weights could be deliveredhe formulated hydrogels were compatible witimanretinal cell lines andvere
shown to be enzymaticallgegradale (i.e., in the presence bfaluronidase an enzyme thiis present in vitreous
fluid) [97]. Implementation of photodimerization chromophoregresengn alternativemethod ofcrosslinking
the hydrogelsand may extend drug release over prolonged periddpending on the degree of crosslinking;
howeve, reversing the crosslinking reaction necessitates the use of light in ti2 (@80-315 nm) or UV-C
(200-280nm) regions which havepoorocular transmittancand potential biological complications owing to the

wavelengths of lighf98].
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Figure 12. Photodimerization of anthracene

Photopolymerization

Photopolymerizatioris widely used in thedevelopment of polymébased biomaterial[99]. Light-induced
crosslinkng is achieved by irradiatingponomers in the presence of photoinitiator by a suitable light soLinee
light souces that have been evaluatedirug delivery, tissue engineering and cell encapsulatene UV (330-
450 nm and halogen lamp$400-520 nnj[100]. Photoinitiators are moeties responsible fornitiating
polymerizationreadion by producingeactive speciegationic, anionic or free radicals) upon light irradiation
e.g., eosin, yclohexyl phenyl ketone and Irgacure 29%01]. Initiation of free radicals production could be
accomplished by heat or light irradiatioBropagation of thg@olymerization reaction is demonstrated fbye
radicals attack osuitablemonomerswith subsequent generation of free radidgal®lved in further propagation
and eventually terminationFig. 13). Careful nonomer selectionenables control of properties like
biodegradability,cell adhesiveness, mechanical properties which would affect biomedical significhtice
prepared polymersPhotopolymerization provides spatiotemporal control over the crosslinking process, fast
curing rates at room grhysiological temperature ampibtentiallybeing a noAminimally-invasiveintervention
[56, 102] Light activated crosslinking opolycaprolactonalimethacrylateand hydroxyethyl methacrylater
controlleddelivery ofbevacizumalwas reportedemploying the initiato2,2-dimethoxy2-phenylacetophenone
and mixtures opolycaprolactone dimethacrylada@dhydroxyethyl methacrylajeln vitro release results showed
thatthehydragels wereable toextendbevacizumab release for 4 monthisile maintaining itvascular endothelial
growth factorbinding activity After ocular injection of monomer mixture, photoinitiatord light irradiation at

365 nm for 10 minin vivorelease of bevacizumab wedstectedn suprachoroidal space tiats for up to 2 months



and importantly, Istological examinatiof ocular sections from treated animals revealednorphological or
structural changewhich indicatethe safety andnontoxic nature ofthe hydrogel[103]. The cytotoxicity of
monomers and photoinitiators, and the longer exposure to UV light in comparison to otheagihatied
chromophores are the main limitations to fabricated hydrégeitierefore, the careful selection of the monomers,
photoinitiator and optimization of crosslinking intervals is mandatory to successful drug delivery using this
approachimplementation of light to trigger sol to gel change in ocular hydrogels provide many advantages over
other stimuliresponsive systems receptive taclange in pH, temperature and ions e.g. their rapigyeol
transformation resulting in better mechanical propefi@doreover, the transparent nature of cornea and lens
facilitate light penetration tothe posterior segment in a novasive mannerTherefore in [104], peptide
(connexin4d3 mimetic peptide as a model driogidded PLGA NPs were incorporated to methacrylated alginate
and lightwas used to triggets gelaton for implantationin the vitreous bodyPhoto-crosslinkingdemonstrated a
reduction in the hydrogel porosity and woplevert the NPSree movement and thus rapid eliminatfoom the
vitreous fluid The sulforhodamineB assay andebrafish embrydoxicity modelindicated the biocompatible
nature oftheloaded NPs androsslinked hydrogekhich is a prerequisite for drug delivery to a sensitive organ

such as the eye.
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Figure 13. A) UV assisted 2 2limethoxy2-phenylacetophenone cleavage into radicajgydheral mechanism

of photopolymerization reaction propagation.

In the case of liposomesngineeringtheir surfaces and bilayers mmainly aimed atenhancingthe delivery of
transportedcargosand their controlled release onto targeted sitewi{ro orin vivo), for therapeutic or other
purposesLight controlled drug delivery from liposomes was accomplished by number of approBhb&s;
crosslinking withinthe hydrophobic domain of the lipid bilayer causes regions within the bilayet &5 pores

for enhanced drug releaséght-responsivenessould be conferred by including moieties such as, dienoyl, sorbyl
and styryl, which aregesponsie to short wavelength UV light.ight-respons/e lipids such as bislienoyt
phosphatidylcholineor 1,2-bis[10-( 2 “hexddienoyloxy)decanoyl}sn-glycera3-phosphocholinegach has an
activated diene group incorporatedtire lipid tail near the glycerol backbone or at the end ohtfzocarbon
tail, allows the lightinduced formation of cratinked polymer network§l05, 106] Moreover,incorporaton of
aneffective sensitizer dye 1,ddloctadecy3,3,30,36tetramethylindocarbocyanirie the liposomesouldfurther

render tem responi/e to higher wavelengtls of light (e.g., green lighy [107]. In the same context



photopolymerizing polymerg.g., methacrylkad polyethylene glycol derivativespuld be incorporated into the

liposomal bilayer teenhance its permeabilifg 08].

Photosensitization

Photosensitizers are molecules which absorb light and transfer the energy from the incident light into another
nearby molecule by energy or electron tranffé@]. It induces the production ofreactive oxygen speciasich

as singlet oxygen'Q.), hydrogen peroxide (D), superoxide anion () and hydroxyl radical (O upon
illumination of a sensitizer moiet{Fig. 14). Photosensitizers could be classified according to their chemical
nature into organicphotosensitizer (which are sulrlassified to; synthetic dyes €.g., phenothiainium,
indocyanine greenhematoporphyrin, r&d borondipyrromethene) natural compound like (hypericin and
riboflavin) and tetrapyrrole derivatives (e.g., porphyrins and phthalocyahiaed) norganicphotosensitizers
(e.g.,TiO2 and ZnQ [109-112]. This technique is currently used in photodynamic thethpyinvolves using a
photosensitizecoupled with an appropriate light source in the presence of molecular oxygehdibenediated
activation of thephotosensitizeresults inreactive oxygen speciggeneration, leading to the destruction of the
targd tissue or cells by apoptosie disrupt the membrane of cancer cells and induce cell [d48th15].
Furthermore photodynamic therapfias been evaluatdd treatment of ophthalmic disorders liegerelated
macular degeneratioand transplant rejectiof116, 117] In this context,Visudyneis U.S. Food and Drug
Administrationapproved verteporfifa benzoporphyriterivativephotosensitizgdoaded liposomaormulation

that reduces thisk of vision loss addressed agerelatedmacular degeneratio@linical use of this drug product

is facilitated by itsntravenous infusion usg sterile water for injectiofollowed by theapplication of northermal

red light. In addition verteporfin combination withantivascular endothelialrgwth factortherapeutics and
steroid drugdike triamcinoloneacetonidelemonstrated superior efficacy in decreasing the frequency and number
of treatment sessions and improved visual prognddi8, 119] In the same contextpadirg of adendritic
porphyrininto polyethylene glyceblock-poly(L-lysine) micellesvas accomplisheith an attempt for ageelated
macular degeneration treatment. The characteristic dendritic structure prevents aggregation of its core sensitizer,
thereby inducing a highly effective photochemical reactioshdiwedsuperior accumulation into diseasedodesi

in comparison with free dendritic porphyrifihis resulted in a superior efficacious CNV occlusion with minimal
phototoxicity [120]. Light induced oxidation was impteented indeveloping light-controlled release of
therapeutic agents from oxidizable nanocarf@dosomes This was accomplished byrradiaion of
photosensitizewhichwill promote leakage of encapsulated cargos by disrugtiecarriedfendosomenembranes.
Plasmid DNA polyplexs (composed of plasmid DNA in conjunction with cationic peptide which contain a
nuclear localization sequence that would promote gene transfégttbe cellsvere loadednto phthalocyanine
dendritic photosensitizexarriersfor ocular gene deliveryand yonlight irradiation theengulfed phthalocyanine
nanocarriers will damage the endosomal membridueeeby promotingendsomal escape of the plasmid DNA
polyplexes and alloimg gene nuclear deliveryistar rats were given a subconjunctival injection of dendritic
photosensitizeppolyplexandirradiated using a 688m laserthe esults showed thahe formulated system was
able to enhance gene expressiowitro andin vivowith reduced phototoxicity The DDS could be applied to a
targeted gene carrier for the treatment of widiseases, including solid tumours. Spatial control of gene

expression in the body will ensure the effectiveness and safétyvdfo gene therapyl121]. Photochemical



triggering usuall induces an irreversible change in the delivery system, which means that this approach is useful

for single burst drug release applications not for gradual and repeated pulses of drug release. It is desirable to use

this strategy when destruction of ttegdet tissue is desired e.gancer cellsagerelated macular degeneration

treatment. However, it would not provide a satisfactory approach when only drug delivery and targeting is desired.

Photosensitizer excited state

72 Electron transfer

-_—=

Exutatlon

Energy transfer

Photosensitizer ground state

Figure 14. General mechanism of action for photosensitizers.

Photothermal reactions

Photothermal redions have been explorddr oculardrug delivery through the interaction betweeplasmonic
material light activationand thermally sensitive drug carri&old (Au) nanoparticlesre able to rapidly absorb
energy from UV, visible, and NIR sources aetease energy as heat within picosecomtigs could be achieved

if the incoming light wavelengths match the Aanoparticledocalized surface plasmon resonance absorption
bands this wouldresult in the generation of a hot electron gas, @eollective oscillation of conduction band
electrons produces energetic plasmonic electrdnk)i s rapi dly | oses energy by
surroundinggFig. 15). Accordingly, ligh-absorbing materialsuchasAu nanoparticleembedded in DDSsan
absorb incident photons and transform it to thermal enghggh mayrupturethe carrier and subsequent payload
releaseand it is noteworthy tha&u nanoparticlesrewidely useddue to theibioinertnontoxic nature in addition

to tailorable opttal and photothermal propertig22-125].
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Figure 15. Visualization of the localized surface plasmon resonance of metal nanopatticesollective
oscillation of valence electrons, in response to an oscillating electric field of light at the resonance frequency.
Stimulation of the plasmon by light causesadlized heating in the vicinity of the metal nanoparti€lepyright

2021, ElsevierReproduced fronje0] with permission.

A light-triggered hydrogel for the controlled delivery of bevacizuwalk composed gfu NPs embedded
in agarose gslthat was designed fareatment ofigerelated macular degeneratifi?6]. This was aehieveal by
irradiating bevacizumatpaded hydrogelwith visible light(400-500 nm 10 mir) for successive cycle$heAu
NPs used in this systeperform photethermal conversion to increase local temperature of the hydrbigel.
temperature changeggers a getsol transition and drug diffusion the surrounding environment. The release
of drugfollows anon/off cycle with light irradiation(Fig. 16), whereinthe Au NPs/hydrogel system was able to
enhance drug release by three folds in comparison with hydnegbhbut Au nanoparticleThe released levels
of bevacizumabwere implemented to demonstrate the efficiency of theplobtotriggering. However,
investigation of bevacizumab at lower concentrations demonstrated efficiency in blocking the activity of human
vascular endothelial growth fact¢126]. In a similar approach, Au nanoroddu NRs) were loaded into
chitosan/puerarin hydrogehsa treatment modality for weal melanomgUM) [127]. The incorporation ofAu
NRscould regulatethe mechanical strength of the hydroged their photothermal properties could facilitgte | -
sol transformation to release tlomded drugsg.g.g e n e - t anticagneedragdDC_AC50 on demandon/off
cycles) in responseo NIR irradiation. Drug loaded hydrogel was injected into the eyeballs of mice (orthotopic
model of UM) and results demstrated the superior efficacy of the hydrogel in suppressing tumor growth without
causing damage to normal tissue, which could be attributed to synergistic effect of photothermal th&uapy of
NRsand gene-targeted ther aphyy.drTohgee | a n(tcihb a cotsearni/ aplu eprraa p ent
targetedtherapyphotothermatreatment provides a promising strategy for building multifunctional therapeutic
platform against intraocular tumors and exhibits great potential for the cliracalation ér UM treatmentin
the same contexBuNPs were loaded to a dual responsive liposoifiesat/pH-responsivi which can achieve
selectivity in the acidic compartment (endosome, lysosome) irnvdedistriggered by visible and NIRlight [128].

Similarly, Au NRs were able to trigger phase transitiomphospholipid basedanodropletsvith on demand



delivery of DOX [129]. In another studyNIR-responsive liposomal platform for @emand delivery of
urokinaseplasminogen activator (UPA)sing a hybrid formulation of ultrasmalu NRs thermosensitive
phospholipid (DPPC) and neaonic surfactant (Brij58). ThisDDS was investigated for bleedingfree
photothermallyassisted thrombolysis, where thaergistiqpphotothermal effect of AuNRandthe released uPA
would facilitateclot lysis.uPA loadedliposomes showed 80.7% (x 4.5) lysis of an in vitro k&@éd model in 30
min following NIR irradiation(785 nm, 1.35 W/cifor 5 min) compared to 36.3% (+ 4.4) and 15.5% (+ 5.5) clot
lysis from equivalent free uPA and namadiated liposomes respectively. These results show the potential-of low
dose, targetedthrombolysis via the combination of ligliggered delivery/release of uPA from liposomes
combined with photothermal thrombolytic effects fréta NRJ130]. Due to their photothemal properties, Au
NPs were investigated in ocular cancers treatment {14 or in combination with anticancer aggi?]. In
the same context, Nearfrared (NIR)fluorescent dygshave been investigateth ocular drug delivery,
whoseemission wavelengtha r e bet ween 740 n m thairnmdinimal si@eOeffattmhigh d u e
photothermal conversion and long absorption wavelenigie structures of fluorescent dyes mainly consist of
cyanines,phthalocyaningsBODIPYs and rhodamine analogues, of whinthocyanine gree(CG) has been
approved by the FDA133]. Silicon 2,3naphthalocyania bis(trihexylsilyloxide)was usedss a photothermal
moiety for triggerindight-responsivéipid-basecdtarriesas a potentidDDSfor agerelated macular degeneration
treatmen{134]. Indocyanine green was loaded into hyaluronic acid coated lipossreelght activating moiety
for the controlled intravitreal delivery of calceihe liposomes prepared showed adequate stability and mobility
in vitreous fluid, and longer irradiation periods demonstrated enhancement of calcein¥8Ease another
approach|CG was assembled in liposonfes photothermal therapy of retinoblastoma, the liposomes were able
to overcomelimitations usually encountered with ICG delivery equencling, aggregabn and instability.
Moreover, the liposomesould achieve specific tuon tissue targeting and penetratiarvitro andin vivo, and
efficient accumulation isolid tumorswhich enhancethe dficacy of tumorphotothermal therapjyi 36].

NIR responsive drug delivery system were fabricated for cheghatothermal therapy of posterior capsule
opacification[137]. The main modality for cataract treatment is by replacing the diseased lens imitlaacular
lens which initially restores high visual quality. Unfortunately, posterior capsule opacification, which can often
occur after contemporary cataract surgery, is likely to cause the second loss of istbis approach,
doxorubicinwasintegratednto blackphosphorusanosheetsento the noroptical part of commerciahtraocular
lens for chemephotothermal combination therapy pdsterior capsule opacificatiomaking advantages diie
large surfacareaand negative charge bfack phosphorusanosheetdjlack phosphorusanosheet dispersions
were used as nanocarri@omaterias for photothermal therapgnd loading efficiency 847%/w for positively
chargeddoxorubicin This systemwascharactesed bygood transmittancepbustmechanical propeds, NIR
duattriggered drug release behamis, and excellent photothermal efficacy. Finally, chgrhotothermal
combination therapy studies wiftraocular lensystemin vivo were also investigated using rabbit maddlhe
results showed that NIRradiation group exhibited distinct superiority on the aspect of inhipitasidual lens
epithelial cellsgrowth, and this system could be applied as a promising strategy for -gtetathermal

synergistic treatment fqrosterior capsule opacificati¢h37].

Au nanoparticlesre generally well tolerated in shéerm administration, but their lorigrm effects and

ocular safety have not been prov@heir biocompatibility or toxicity observed according to the Au Nps shapes

(o]
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and sizes, their ligands, the species on which tidiest were performed and the doses [i28], where metal
20 80 i n invitra[138)].t Moneover,du MPs fwithx i ¢t o
a diameter between 5 and 8&) and AuNRs (with 90nm length and 1@m diameter) lead to more cytotoxicity

nanoparticles and nm
in comparison witHarger Nps on adult retinal pigment epithelial cell line TBe internalization efficiency was

also influenced by the diameter Afi NPs, and only the ones with a diametsmaller than 36m were highly
internalized (more than 86%}38]. On the contraryindocyanine greeproved its safety over the last decades

for its clinical use as imaging agefit33]. The considerable amount of heat generated by this method could be
detrimental to the surrounding tissuéslditionally, this strategy is perhaps most limited by the availability of
thermally responsive materials that are both biocompatible and demonstrate a robust thermal response at

physiologically relevant temperaturgsiO].
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Challenges

Light-responsivebiomaterials presena variety of potentiahdvantagegor DDSs targeting theanterior and
posterior eye compartmentsowever, oular light transmitanceandthe safety of the light souscare themain
challengego ther succesiil developmentLight transmittance in the eyeusvelength dependeas show in
(Fig. 17) [141]. Limited oculartransmittancend cytotoxicity are the major disadvantages of UV radigtiog-
400 nn) [142]; nevertheless, UNA (315400 nn) is able to penetrate the entire lemslreach the retina, and is
therefore suitable for the development of ligleisponsive oculaDDSs [71]; NIR (800-1100 nm) has superior
tissue penetration up to several centimetres and lower absorption by water and@tipidamage mechanism of



light depends on its wavelengihtensity, and the irradiation timélhree main types of tissue light damage are
distinguished: thermal (inflammatory response), photomechanical (stress confinement) and photochemical
(photooxidation). Photothermal and photomechanicddmage are associated with NIR exposure while
photochemial effects are mainlgssociateavith exposure taJV light [141]. Light with awavelength of 365 nm
andintensity of 5.4 mJ/chshowed no cytotoxicity to corneal celfsvitro andin vivo [143]. Generally longer
wavelengths have higher safety profiles to cells and tissues due to their lower [@4dr@¥6] consequently

NIR irradiation is preferretb UV light for a variety ofin vivoapplications and could be implemented in inducing
DDSs implanted in thevitreous body [147], however, most NIResponsivechromophores giire longer
irradiationtimes that may result in burst releaggnificanteffort has beemirected todevelop NIRresponsive
chromophores that respond rapitily utilization of nonlinear photon excitatiarsuchas twephoton absorption

and upconversion. In this context, NIR irradiation could be converted to higher energy photons needed for
activation oflight-induced reactions while preserving deep tissue penetration and minimal phototoxicity to the
tissues[58, 59] Upconversion naoparticlesare NIRabsorbing materials (commonhkare earth inorganic
nanomaterials doped witanthanideions) that can generate higher energy photons such as UV or visible light
using low energy photons from the NIR spectral region functioningexééted state absorptiocand energy
transfer upconversioriThe upconversion mechanisms and their applicatiordrug delivery and biomedical
applications have been summarized in excellent revig®s148151]. However,there is a lack of standardized
protocols for the toxicology assessment of UCN#Psl itis difficult to critically evaluate the results from various
investigations because the cytotoxicity studitisseddifferent conditions (time of exposure and dose) using NPs
with varying morphology, chemical composition, size, surface charge, or functional groups and on erious ¢
lines [152]. In two photon absorption, Aght-responsive molecule is excited #higher energy statby
simultaneous absorption of two photons from the incident tigitoducea higher energy photoequal to the

sum of the energies of the two photoH®wever triggering a phairesponse by two photon absorption requires
irradiating DDS with high intensity laseréor long intervalswhich limits the safety and applicability tfis
approacfb9]. Most of the lightresponsie systems have been used for the delivery of small molecule drugs
however, exploration of the efficacy of different systems in delivery of peptides, proteins and DNA and RNA for
gene therapy need to be adofpidd. Despite thesehallengeslight-responsivddDSs havesignificantprospects

in treating ocular disorders amdquire further investigatioto generate DDSs capable ofpépitationto release

drugs with spatiotemporal cootryielding thesmartophthalmicDDSs ofthe future.


https://www.sciencedirect.com/topics/chemistry/excited-state-absorption
https://www.sciencedirect.com/topics/chemistry/excited-electronic-state

UV - Ultraviolet C, B, A

0 Cornea

Photokeratitis — Sunburn of the cornea and
conjunctiva due to excessive UV exposure :

- Temporary symptoms include pain, intense tears,
eyelid twitching, discomfort from bright light and
constricted pupils

Cataract - Clouding of eye’s crystalline lens,
@ Crystalline Lens | typically progressing over time:
5 - Decrease in vision, visual impairment, blindness

Macular Degeneration — Medical condition
g Retina of damage to eye’s retina:
- Blurred vision, vision loss

Figure 17. A schematic diagram of the eye showing the relative propagation of the different optical radiation
bands through the ocular tissue. The optical media (cornea lens, aqueous humor and vitreous humor) are generally
transparent only to wavelengths in the Misiland IRA bands. UVC and UVB are mostly absorbed by the
nucleotide bases and aromatic amino acids and therefore do not propagate past the cornea and the lens,
respectively. The I R bands beyond 1400 nmulesdnBRd® and
not penetrate past the superficial cornea. UVA and UVB radiation reaching the retina varies with age but it is
estimated that in adulthood less than 2% UVA and 1% UVB radiation (not illustrated) reaches the retina. Under
certain circumstancebe different structures of the human eye and the retina may be damaged by solar or coherent
laser radiation(reprinf). Attribution 4.0 International (CC BY 4.0 opyright 2018, WileyReproduced from

[141] with permission.

Future Perspectives: Towards Clinical Applications

The focus of the preceding sections was preclinical studies involvingréghbnsive DDSs foocular
applications, and this section briefly summarises pertinent clinical trials supporting progress towards clinical
applications of such DDSs hé clinical use ofphotodynamic therapis facilitated through Visudyne®, d.S.

Food and Drug Administratioapproved lightresponare delivery system. Visudyne is a liposomal formulation

that reduces the risk of vision loss in cagEsubfovealchoroidal neovascularizatiatue to ageelated macular
degeneration or subfoveahoroidal neovascularizatiosecomlary to pathological myopia, particularly in the
absence of occutthoroidal neovascularizatigh53]. The photosensitizer verteporfiRig. 18), a benzoporphyrin
derivative monoacid ring A, is thactive ingredient of Visudyne®. The finished drug product is a green,
lyophilized liposome powder that is reconstituted before intravenous infusion using sterile water for injection.

R



Visudyne® is admirstered in a twestage process requiring both the injection of verteporfin, followed by the

application of northermal red light after a 15 min interv@kposure time of 83 seconds at a dose of 502J¢m
neovascular lesigrat a light intensity of 600 mY¥¥n? at 689+3 nm wavelength (netihermal red light) using
diode lasey?

—O0

o)

HO

Figure 18. Chemical structure of verteporfin.

A series of clinical trials have implementpHotodynamic therapfor the treatment of ocular conditions with

proven efficiency. Periocular basal cell carcinomawas treated with topical aminolevulinic

acid photodynamigherapycombined with surgergafter removal othetumor, each tumor region was irradiated

with 177 J/crd usin g a 635-nm | asadatal of 8 rtimed bf agsistediminolevulinic
acidphotodynamigherapy  was applied during and after operajion Aminolevulinic
acidphotodynamicombined therapyeduced the need for delicate surgery for tumor removal, eatiaiapid

rehabilitation, preserve the function of eyelid and decreaséte probability fordisfigurement andscar

tissueformation [154]. Furthermore, He effect of an indocyanine greenenhanced | aser

thermocoagulation methaxh circumscribed choroidalemangiomanas been investigatedihe results from this

study demonstrated the effectiveness of the suggested therapy in reduction of tumor diameter and thickness of the
18 treated patients. This could be explainedIB¥; molecules convert energy into heat to damage vascular

endothelial cells after laser irradiation, which leads to the accumulation of endothelial cells so as to form

thrombosis, thus blocking blood vessetsl contributing to the achievement of therapeutic gaaks]. It worth

mentioning that while it is acknowledged that light plays a role in our circadian rhythms and concomitantly
health, the duration of exposure of each of these-figgponsive DDSs tends to be very short and targeted to a

specific location of the eye, and should not therefore pose a significant risk in disrupting our circadian

rhythmg156-159].
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The optimization @ light-responise DDS is the subject of ongoing research for specific tissue niches
and applications (variables include: location, chemistry underpinning ®s,Dmolecular weights of the

drugs/bioactives, light sources, etc.) to generate kigfflcient and coseffectivetreatmenmodalities Examples

of light-responsive DDSs and their stage of development are highlighfexbla 1.

Table 1. Examplesof light-responsive DDSs and their stage of development.

Irradiat | Therapeut | Examples of | Light Therapeut | DDS Stage of | Referenc
ion ic agent chemistry responsive ic use develop | e(s)
wavelen moiety ment

gth

365 nm | Model Photoe Anthracene Hyaluron | In  vitro | [¥7
drug (e.g.,| crosslinking/ ic acid| testing
Coomassie| de- Hydrogel
blue, fast| crosslinking
green and
dextran;
and
lysozyme,
bovine
serum
albumin
and
myoglobin
)

365 nm | Model Photoisomeriz| SP Nanoparti| Ex vivo | “4
drug ation cles testing
(Cyanine
5)

365 nm | Bevacizum| Photopolymeri| polycaprolacto] CNV Hydrogel | In  vivo | 1203
ab sation ne testing
dimethacrylate

and
hydroxyethyl
methacrylate
monomers ang
initiator 2,2
dimethoxy2-
phenylacetoph
enone

365 nm | Nintedanib | Photocleavage o-NB CNV Nanoparti| In  vivo | 82

cles testing

365 nm| Model Photoisomeriz| Azobenzene cationic | In  vivo | ["Z

and 420| drug ation vesicles | testing

nm (Rhodamin
e B

400500 | Bevacizum| Photothermal | Au NPs| AMD Hydrogel | Ex vivo | (228

nm ab embedded in testing

agarose gels

505 nm | Doxorubic | Photocleavagel Dicyanomethy| Retinoblas | Nanoparti| In  vivo | [
in lene toma cles testing

derivatives of
CM

635 nm | Aminolevu | Photosensitisa| Aminolevulini | Periocular | Emulsion | Clinical (154]
linic acid ion ¢ acid basal cell trial

carcinoma




689 nm | Model Photosensitisa] dendrimer Dendrime| In  vivo | 221
drug ion phthalocyanin rs/ testing
(Plasmid e polyplex
DNA)

689 nm | Verteporfi | Photosensitisa Verteporfin CNV Liposome| Clinical | [153 160
n ion S trial

808 nm | Doxorubic | Photothermal | Black Posterior | IOL In  vivo | 137
in phosphorus | capsule testing

nanosheets opacificati
on

810 nm | Indocyanin| Photothermal | Indocyanine | Choroidal | Solution | Clinical | [59
e green green hemangio trial

ma

Conclusion

A variety of conventionaDDSs exist to treat ocular issues, however, problems with such systems exist which
motivates the development of stimudisponsive DDSs as a solutiofhe literature reviewedhighlights the
potential oflight-responsivédDSsto exhibit ahigh degree ofontrolfor thereleasef drugs,and enhanced ocular
bioavailability for a variety of therapeutics. Tiee areongoing efforts towardsclinical translation of stimui
responsivebiomateria$ to address problems for ophthalmic applicatiomsich may involve the se of light
responsive biomaterials owing to their versatility

It is noteworthy that the development, regulation and adoption of products is a long and difficult process (ca. 15
years to bring a new product to market). There are many points at wirictuect may be rejected on the grounds

of safety, effectiveness, quality or price over the course of preclinical studies, 3 clinical trial phases, and nation
specific regulation/adoption pathways; consequently, some nations have schemes to offer campapesited
pathway to market by offering patients with life threatening or debilitating conditions access to medicines which
are not yet market authorised. From an economic point of view, the growing use ofstgpolisive biomaterials

will have econmic, health and societal impacts (potentially alleviating pressure on healthcare systems worldwide,
particularly if they can be administered with high patient compliance); we believe that the promising results

generated using this exciting class of biomiate will inspire readers in academia/industry.
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