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Abstract

Components of the ocular surface synergistically contribute to maintaining and protecting a smooth refractive
layer to facilitate the optimal transmission of light. At the air—water interface, the tear film lipid layer (TFLL), a
mixture of lipids and proteins, plays a key role in tear surface tension and is important for the physiological
hydration of the ocular surface and for ocular homeostasis. Alterations in tear fluid rheology, differences in lipid
composition, or downregulation of specific tear proteins are found in most types of ocular surface disease,
including dry eye disease (DED). Artificial tears have long been a first line of treatment in DED and aim to
replace or supplement tears. More recently, lipid-containing eye drops have been developed to more closely
mimic the combination of aqueous and lipid layers of the TFLL. Over the last 2 decades, our understanding of
the nature and importance of lipids in the tear film in health and disease has increased substantially. The aim of
this article is to provide a brief overview of our current understanding of tear film properties and review the
effectiveness of lipid-based products in the treatment of DED. Liposome lid sprays, emulsion eye drops, and
other lipid-containing formulations are discussed.
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Introduction to maintaining and protecting the smooth refractive sur-
face and transparency of the cornea for optimal transmission

OVER THE LAST 2 DECADES, our understanding of the of light."? Lacrimal glands, accessory lacrimal glands, and

nature and importance of lipids in the tear film in health

and disease has increased substantially. In this review, we
review the effectiveness of lipid-based products in the treat-
ment of dry eye disease (DED), including liposome lid sprays,
emulsion eye drops, and other lipid-containing formulations.
The ocular surface is a critical element of vision that
includes the cornea, conjunctiva, lacrimal gland, accessory
lacrimal glands, meibomian glands, tears, connective tis-
sues, eyelashes and their associated glands of Moll and Zeis,
and the nasolacrimal duct.! Each of these elements has a
specific role; is controlled by nervous, endocrine, circulatory,
and inflammatory systems; and synergistically contributes

meibomian glands secrete aqueous fluid, proteins, and lipids
to form the tear film that hydrates the cornea.'"

The tear film was first described by Wolff et al. as 3 dis-
tinct layers: the outer lipid layer, the middle aqueous layer,
and the inner mucm layer, which interacts with the corneal
epithelial surface.*> The aqueous layer contains electrolytes,
proteins/peptides, and small-molecule metabolites.® Mucins
present in the deepest layer of the tear film, such as glyco-
calyx, mucin, and membrane-associated mucins, are released
by goblet cells and maintain the wettability of the corneal
surface.” To date, several hundred tear proteins have been
identified, including lysozyme and lactoferrin, which have
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antibacterial properties to protect the ocular surface from
pathogens,™® and lipocalin, which can intercalate with tear
lipids to form an additional biphasic lipid layer not described
in Wolff’s original 3-layer model.”®

At the air—water interface, the outer layer, also called the
tear film lipid layer (TFLL), is primarily composed of lipids
that prevent water evaporation and ocular surface dewetting
and provide a smooth optical surface for the cornea.’*'!
More recently, additional roles of the TFLL have been de-
scribed, including maintenance of ocular homeostasis, op-
timization of tear spreading patterns, direction of aqueous
flow to the guncta, and prevention of film overflow during
blinking.""'* Lipids are released by the meibomian glands
located in the eyelids, both during blinking and under the
control of vasoactive intestinal polypeptide; the composition
of these lipids may be affected by ATP stimulation of pur-
inergic receptors expressed on the meibomian glands.’

The TFLL is composed primarily of nonpolar lipids (wax
esters and cholesterol esters), but small amounts of polar
lipids (phospholipids) have also been found in the TFLL
from human and laboratory animals. The hydrophilic polar
lipids act as an interface between the aqueous layer and the
nonpolar lipid surface layer.”'*'* The wax ester in the
nonpolar surface layer is thought to delay evaporation,'>'®
but its exact role is controversial, as recent evaporation
studies and rheology have questioned the ability of wax
esters to prevent tear evaporation in vivo.'> 1

The TFLL also includes fatty acids and fatty alcohols (in-
cluding acetic acid) that act as surfactants to stabilize the
lipid—water mixture.””'' The fatty acid-lysophospholipid bal-
ance is governed by the amounts of cholesterol and/or epi-
cholesterol, glycerols, and lysophospholipids in the TFLL.
More recently, amphiphilic lipids, such as cholesteryl sulfate,
O-acyl-o-hydroxy fatty acids, various sphingolipids, and
phospholipids, were found in the human TFLL.'"® The lipid
and protein components of the TFLL play a key role in tear
surface tension and are important for the physiological hy-

. .5
dration of the ocular surface and ocular homeostasis.>' 1214

Pathophysiology and Treatment
of Ocular Surface Disease

The ocular surface is affected by medications (eg, anti-
glaucoma drugs), contact lens wear, and ocular surface dis-
eases®!” such as DED, blepharitis, and ocular allergies. DED
can be classified into aqueous tear deficient, evaporative,
and mixed forms depending on its etiology.”’ Evaporative
DED, typically caused by meibomian gland dysfunction
(MGD), is attributed to a qualitative and/or quantitative de-
fect of the lipid layer that leads to tear film instability.”®
Patients lacking a visible lipid layer, or those with a non-
confluent TFLL, have a 4-fold higher rate of tear film evap-
oration than those with a continuous lipid layer regardless
of lipid layer thickness.?' Alterations in tear fluid rheol-
ogy or lipid composition or the downregulation of specific
tear proteins are found in most types of DED; for example,
alterations in the phospholipid content, potentially due to
bacterial lipase—-mediated hydrolysis of phospholipids into
lysophospholipids, can lead to DED7-!!-18.22

The first line of therapy for DED is aimed at relieving
patient symptoms.>> In MGD, gland obstructions can be
cleared by warm compresses and self-administered lid
massages, by thermal pulsation treatment (eg, LipiFlow) or
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by intraductal meibomian gland probing.?**> In DED, arti-
ficial tears are used to replace or supplement tears.”®

Lipid-containing eye drops have been proposed as a step
closer to natural tears because they more closely mimic the
aqueous and lipid layers.”” Such lipid-based agents would
be expected to benefit patients with DED (particularly the
evaporative form of DED), as well as related ocular surface
diseases (eg, diseases of allergic/infectious origin such as
allergic rhinoconjunctivitis, or other conditions such as con-
tact lens discomfort). In tear film-oriented therapy (TFOT),
treatment is tailored based on analysis of tear film dynamics,
which includes identification of the damaged ocular sur-
face or tear film component in the patient with DED.*®
Because the TFOT tailors treatment to a specific component
of DED pathophysiology, TFOT is becoming a recommended
treatment paradigm in Japan.

Additionally, topical therapeutic options are available to
individually treat each layer of the ocular surface in patients
with DED. Randomized clinical trials of water-based eye
drops containing sodium hyaluronate, carboxymethylcel-
lulose, or carbomers have demonstrated improvements in
DED symptoms, corneal wound healing, tear osmolarity, and
tear film break-up time.?%~3? However, as the lacrimal fluid
also contains a combination of lipids, and given that changes
in tear lipid composition can lead to DED, lipid-containing
eye drops have emerged as an alternative therapy to water-
based-only artificial tears.*-**->

Lipid-based products are designed to mimic the tear film
and provide long-lasting lubrication to the eye surface, but it
remains uncertain if they can fully replenish the TFLL.'>*

A recent publication by McCann et al. reported that lipid-
based eye drops decreased tear film osmolarity and improved
tear film stability and corneal staining more effectively than
water-based eye drops containing sodium hyaluronate and
hydroxypropyl methylcellulose in patients with mild-to-
moderate evaporative DED.** Furthermore, a systematic lit-
erature review of randomized controlled studies revealed
strong clinical evidence for the effective use of lipid-
containing lubricants in the treatment of DED.*® Of note, the
U.S. Food and Drug Administration Code of Federal Reg-
ulations Title 21 part 349 recommends that lipids can be used
as “‘emollients” (or “‘lubricants’’) in ophthalmic products (eg,
lanolin, light mineral oil, mineral oil, paraffin, petrolatum,
white ointment, white wax, and yellow wax) indicated for
“the temporary relief of burning and irritation due to dryness
of the eye” or ‘“‘the use as a lubricant to prevent further
irritation or to relieve dryness of the eye.”3°

Lipid-Based Therapies
Liposomes

Liposomes are bilayered lipid vesicles, structurally clas-
sified as small unilamellar or multilamellar, with a parti-
cle size of 10nm to 1 um, although they can sometimes be
larger (Fig. 1, la, b).”’ Biodegradable and biocompatible
in nature, liposomes are mainly composed of phosphati-
dylcholines (phospholipids) and other constituents such as
cholesterol and lipid-conjugated polymers. For therapeutic
use they are prepared by thin-film hydration methods fol-
lowed by 5-cycle sonication, which results in a more uni-
form particle size, rangin% from 0.1 to 1 pum in diameter, that
is ideal for drug loading.”"*
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FIG. 1. Schematic representations of various lipid-based

products, including unilamellar liposomes (1a), multi-
lamellar liposomes (1b), anionic emulsions (2a), cationic
emulsions (2b), SLNs (3a), NLCs (3b). SLN, solid lipid
nanoparticle; NLC, nanostructured lipid carrier.

Liposomal formulations were first proposed as drug de-
livery vehicles in ophthalmology to enhance ocular drug
penetration. Drug-loaded liposomal eye drops (eg, cipro-
floxacin, acetazolamide, and tacrolimus) have been tested
over the last decade to treat various ocular disorders of both
the anterior and posterior segments, including infections,
DED, corneal transplant rejection, glaucoma, and uve-
itis.*”** In addition, nondrug-loaded liposomal lid sprays
were more recently introduced for the treatment of DED
with the aim of renewing the TFLL.**~*?

Several products in this category, such as Tears Again®
(Optima Pharmazeutische GmbH; also marketed as Optrex
ActiMist® and Eye Logic Liposomal Spray®), Clarimist®, and
Vyseo® Sensitive are made of soy lecithin, which is mainly
composed of the phospholipid phosphatidylcholine.® Other
components include lipophilic vitamins with potential ocular-
protective properties (eg, vitamins A and E), ethanol, water,
and sodium chloride. Liposomal sprays are simply applied
onto the outside of the lids, and the polar phospholipids dif-
fuse from the lid surface to the tear film and thus supplement
the TFLL. This provides lubrication, helps 3prevent tear film
evaporation, and alleviates DED symptoms.””**

The tolerability of liposomal preparations is dictated by
their surface tension, pH, osmolarity, and Viscosity.38 In
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one study, a nondrug-loaded liposomal formulation con-
taining phosphatidylcholine, cholesterol, and vitamin E
achieved values for each of these parameters close to the
physiological range (surface tension &~30 mN/m, pH
6.4510.09, osmolarity 289.43 +3.28 mOsm, and viscosity
1.824+0.02 mPa ¢ s) and was well tolerated in a rabbit
model when administered every 30 min for 6 h (Table 1).*®
The formulation induced minimal corneal and conjunctival
cytotoxicity, with a cell viability greater than 95% after
15 min of exposure.®® In a rabbit model of dry eye treated
with liposome-encapsulated tetracycline, tear break-up
time and Schirmer’s test values were significantly im-
proved and associated with a restoration of corneal and
conjunctival cytological architecture after daily liposome
administration for 7 days.*’

Drug-loaded liposomes exhibit improved tolerance, drug
delivery and penetration, and corneal healing in comparison
with other ophthalmic drug delivery vehicles typically used
in rabbit models.***® Chitosan-coated liposomes have been
developed to further enhance drug permeation and prolong
drug retention rates. These benefits may be attributable in
part to the positive charge of the chitosan molecules, which
can bind to the negatively charged mucus film and lipid
membrane of epithelium cells. Chitosan-coated liposomes
are well tolerated in vivo in rabbits and in vitro in rabbit
conjunctival epithelial cells.*’

Nondrug-loaded liposomes also demonstrate improved
clinical efficacy (Table 2). A multicenter, double-masked
clinical study showed that Optrex ActiMist, also marketed as
Tears Again and Eye Logic Liposomal Spray, significantly
improved DED symptoms and tear film stability, which is
essential for limiting the evaporation of the TFLL.”** The
delivery of phospholipid liposomes to the tear film by ap-
plying a liposomal spray (Tears Again) to the surface of the
closed eyelid has been shown to improve ocular comfort,
lipid layer thickness, and tear film stability in healthy patients
versus a saline spray.*? Ocular comfort scores also improved
with the same product, as observed in a randomized clinical
study of healthy and self-diagnosed dry eye patients using
the Chalmers 5-item questionnaire; a similar reduction in the
Strehl ratio of higher-order aberrations was observed in both
populations.*’

In an open-label, observational study in patients with
seasonal allergic rhinoconjunctivitis, Tears Again in com-
bination with a liposomal nasal spray containing dex-
panthenol (LipoNasal®) demonstrated noninferior efficacy
when compared with the standard cromoglycate therapy.
Liposomal spray treatment was associated with a favorable
tolerability profile in terms of eye irritation and vision dis-
turbances over a 7-day treatment period (2-3 times per eye
per day).*!

The liposomal treatment Lacrisek® ofta mono (Bios Ita-
lia), which incorporates hydrogenated phospholipids, vitamin
A palmitate, and vitamin E, was compared with Artelac®
Rebalance, a water-based tear substitute containing poly-
ethylene glycol and hyaluronic acid, in a single-instillation
study of patients with evaporative dry eye. Improvements in
interblink interval, tear break-up time (TBUT), and tear film
evaporation time were superior for Lacrisek ofta mono from
10 min after instillation to the end of the 60-min assessment
period.’® This preclinical and clinical evidence demon-
strates that liposomal eye drops and sprays are well tolerated
and efficacious in improving DED symptoms.



(panunuod)

ssaxs 3urjeddIsap Jo urw ()9 03 dn
wolj afewep [BaUI0d pajuaraxd 10

ssans
Suneorssop 210Joq PIS)SIUTUPE

QIMIXIW [I0 I0ISBD 94|
pue HS (A/A) %60 (¢) 10 ‘uonnjos
[10 J0ISBD (A/A) %G IO 9%T ‘9GS0

101SeD 9] pue HS %6 JO dImxXIu sdoip 949 ‘(utw g1 10 06 ‘09) [opow (¢) ‘uonnios HS (A/A) 91 10 %60 uoIs[nuId
gc B 10 HS %] SuIurejuod suonnjos 9K9 A1p ourorod wirdl-I0ys o474 uy - ‘o417 () ourpes (1) 1LV Jo sadAy moq juowdoroaap 1o9pun ooty
[eAIOIUL U-¢
skep ¢ ' y)im Kep/sown) 4 uonjensiuiwupe Rynq [DH-SHL
19} paonpal sem dFeWEp [BAUI0)) ‘[opowl 9snow—aAa AIp paonpurt ur ‘(0199413 981 ‘spidijoydsoyd uoIsnu
Lc sAep / 19)Je QWIN[OA Jed) PIseaIdu] -ourwrejodoos pue ssans 3unedIssaq J10£ 339 95,¢ ‘10 uBAQAOS 9/, Glosnug ooy
siqqelr ut
sowosodI] pajeodun SNSIOA PISLaIoUl
IoM BIJ[OS pue eA1OUN[UOD VSD %60°0 YIm papeof Io
‘eouInd UI yS) JO SUONBIUIUOD) [opow J1qqel ® ul AIAIRp ysD  A)dw 1°0: [ Sd:UD:Dd) sewosodiy
. S[[90 DY 01 A191X0) MO QuIT [[99 DY Ue Ul AJIOIX0J0ILD)  PAIBOd-UBSOIIYD JYTIOM-IB[NOI[OW-MO ] juowdo[aaap 1opun Qwosodr
1I0JWODSIP JB[NI0 JO SugIs
ou pue ‘ys) JO UONBIUIIUOD WY sAep / 10J A[rep 9oUO UOIENSIUTWpE VSD YIM papeo] UIyiro9]
op Ied) 1yS1y ‘uononpoid 1ed) poroxdwy ‘lepow 31qqes paonpul-SHJ ‘ueaqLos woly D PoALIdp A[[eImeN juowdo[aaap 1opun Qwosodr
porad uoneAIdsqo Aep-[g ® J1oj
A[rep sown) ¢ uay) ‘sAep ¢ IsIg oy Uur
A[rep sown f UONENSIUTWPE ‘[opow (m/m %70) (656
op S1IqqQel JOo 9,4°98 ul Sureay 93o[dwo) 31qQqeI PAdNpuI-sNNeIdY vpipuvr)  YD:Dd) sowosodl] papeol-9[ozeuoon]{ juowdoroAap 1opun owosodr
uonnjos snoanbe
PIOJ-8'1 ue ur Jo sawosodI] ur JeudJo[oIp
poouB(UD SeM PIOIOYO—BUIIAI Jo uone[msur J[3uls & JUIMO[[0] OBRUQJO[OIP [IIM
o Q) Ul OBUJO[IIP JO UOHBIUIIUOD) Apmis uonnqLusIp anssy 31qqey  papeof {(1:8) YD pue DJ-[A0IedsIp-n-1 juowdofoAep 1opun owosodr|
sdoip
(9% 1) 21ejIns aurdone pue awosodi
punog-aur[oAoena) Sursn Aderoy)
UOIRUIqUIOD Y)IM deATIOUN[UOD
PUE SBOUIOD JO 2INJOAIYIIBOIAD sAep ; 10J uonenswrwpe ‘(auidone uI[oAoe1)9) YIIm Papeo] 1o
. ur syuswoAoxduwr 359189l [eordoy) [epowr oko L1p jiqqey  Aidwe ‘ropnq ewziiy, ul D oA 339 juowdofaaap 1opun wosodr
49 I0J UIl ()¢ AI9AQ
Q0UBID[O) OAlA Ul POOLD)  SUOHB[[IISUI JO 9DURII[O) 0AlA Ul JIqqey
poyisur LN tm
S[[99 [eADOUN[UOD UBWINY [BULIOU
pue (S[[22 ATOH) S[[ed [erjeyide
[eQUIT[—[BOUIOD UBWINY PIZI[BIIOWI
‘L7997 MV Ul [[990 93eydoioew
gc £3101X0103K0 MO asnow ur AJIIqera Je[n[R) (Twy/3w g'0:1:8) H urweda ‘yd ‘Od juowdo[aaap 1opun Qwosodr
Joy symsa umw Kpnig udisap Kpmg spuauoduiod umwpy upu punig &nupf jonpoad
pasvq-prdr]

S1ONdOodd ddSvg-dIidI'T HLIM ddINIOdddd SHIANLS TVIINITOddd JAILVLINASHIdTY

T 414V ],

650



JYSMAYSIOM ‘M/M QWN[OA
AUSTOM ‘A/M SOUINJOA/QUIN[OA ‘A/A ‘@JeuoIn[eAy wnipos ‘HS ‘Jereyids reanounfuoo jiqqer ‘gOy ‘euusiApneydsoyd ‘Sq ‘(proe o1j004[3-00-on0e)Aj0od ‘vO1d ‘ourjoyosiApneydsoyd ‘D ‘Iojem Ul [10 ‘Mm/0
$OPLIQIAIS I ureyd wnipaw ‘[ DJA eInssaxd re[nooenut ‘qOJ oson[eoAyouwr [AdordAxoIpAy ‘OINdH dySTem Ienosow Y3y ‘MIAH ‘Tereyide [eeurod uewny ‘gGOH proe oruoIn[eAy ‘yH 91eue£o01yjost
uradsaIony QLI 159} UOHBILLI 949 0a1a X2 ‘ITAH QWOIpUAs 9K9 A1p ‘SHQ ‘V UM0dsO[o10 “ys) ‘OpLIO[YO WNIUON[BID ‘D)D) ([0I9ISAOYD ‘YD ‘OpLIO[Yd WNIUON[BZUIQ MV (SIed) [eroynte ‘1y

90URIA[0) POOS UM PIIBIOSSE
1oMm pue uonensmuIwpe [eordoy 19yye
SUOTJEI)UOUO0D IB[Nd0 dnnaderay)

SBAWIOD

VSD %S00
[IM PIPRO[ [[ouBYId (M/M) %S00
‘aueooAxayorongrad (7) ‘oueyld

L6 PAISAI[OP SUOTJB[NULIO} jog JIqqes paamynd Jursn wAlsAs ITAAT  (m/m) 960 ‘QueuadiAinqoiongred () juowdoraaap Io9pun) SIoYI0
suoIs[nwa 3urureIuod BOUIOD Jel Jouadns ay) Jo
-3vg 19a0 uorsinwe jsoxdouee| uonezifereyidesp pue sioAejouout jsoxdoueie] 96000
9013-9A1)BAIRSAId QU) PaIOAR) 1199 gDH ut Surderds [eouIod UM PIPEO] SUOIS[NWD M/O JTUONED uors[nwo
08 Surreay [eourod ur sjueworoxduy Surmor[oj Surfeay punom [BaUIO)) SurureIuoo-y g I0 99IJ-0ANIBAIOSAI] juowdofoAep Iopun oone)
uoneymsur
9[3uIs ® 19)Je sjqqed Ayieay
orgoid ooueI1o[0) ul pojen[eAd 9OUBIS[O) [BOO] PUB 3J
Ienoo paaoiduir ue pey Inq ‘dOI sAep ¢ 10} uone[usul
poread[e Surromor ur ‘ysoxdouele| A[1ep-90U0 IOMUSOW JB[Noaqen)
uonn[os 9,600’0 paalesard-yvg 9y Jo uonenseosojoyd 1ose|
e ‘(10zyd)  uele[ex o) JoLJuIuOu 9poIp AQ paonpur JOI POIBAS[R M uoIs[nwo
I8 uoIs[nwe druoned jsordouere| SAQUOW SLIDJNIIISDS DIDIDJY J[BWI] 9%G00°( 1so1doueie] 99IJ-9ANIBAIISAI] juowdoraaap 19pun) orone)
K3101X0} S9A9 J1qqeI Ul S[BAIDIUI UTW-G uorn[os Ul Io UOISNUId uors[nwo
oL Ie[noo 1S9MO[ ) pey uoIis[nwe J3D Je Suone[[NSUl G JO UOIENSIUTPY ur v %200 10 DD %2000 juowdofoAep 1opun oruone)
S[[99 C-HDH Ul suonnos vy yim
paredwod wnipawr aImymo ur (]:| SaInjmo
paIn[Ip  QUEISKS pUE WLIOUOTED) [[99 Z-gDH uewny Ul sounjo}Ad
Y asuodsar Kiojewrweyur A1ojewrwepuroxd pue ‘Afiqeia [0192413 ‘881 waouone) Jurpnjout uoIsnue
QL IoMO[ pue AJI[IqeIQ[0} J9[qeloAR]  [[99 ‘sadueyd [edr3ojoydiow paAIsqQO owexojod ‘qoxedorA1 ‘O3 ‘LOIN ‘sdoIp 949 [eI9AQS ouone)
SUOIS[NWA JTUOIUE pue [01004]3 (m/m)
sdoip 949 [9501pAY YH [BUOIIUSAUOD %S 7-%G"1 ‘8] Jowrexojod (m/m)
uey) eAROUN[UOd pue BOUIOD SOA9 J1qqeI 0414 X2 %1070 ‘Toxedo[fy (m/m) %70 OMD UOIS[NUId
cr Y} UO JUADYJI0d Surpealds 1opog Ul UOISUQ) 90BJINS PUE J[IUEB 10BIU0D) (M/M) 9%600°0 “LON (M/8) 9%T—%T  (5UIOUONE])) QIOSBAON oone)
uoneysunsod y | je OIdH %60 Pim
UOIS[NWA PIJBOI-UBSOIYD ) PIM Pa3e0d (§) 10 ‘UBSOIYD 9G] UM
SANSST) IB[MNOO UI UIORY)dWOpUL pozATeue uonnqu)sip 3nip pue Paieod (7) ‘pareodun (1) pue (A/m
JO SUONEINUIdUO0D IAYSIY pue P93OSSIp SAINIONIS 949 {Q0yLIOeS 9%1°() UIOBYIOWOPUI Y)IM PIPEO]
uonnqQLISIp I0)joq ‘pmy Ied) ur 910J9q Po3O9[[0d pINY Jed) 1 | {$9K9 {08 dreqiosAfod (a/m) 95(0°g pue uorIs[nwo
oc UIOBYJOWOPUI JO UONUJAI paFuoold JIqQQel [BWIOU Ul UONR[[IISUL 0414 U] ‘[10 103SBD (A/M) 95()] ‘UOIS[NWD M/O juowdofoAep 1opun ooy
Joy symsa umw Kpnig udisap Kpmg spuauoduiod umpy upu punig &nupf jonpoad
paspq-pidiy

(@I@NNILNOD)

‘T 419V,

651



(panunuoo)

swojdwks
Je[noo ul 9sea1oop JuedyluSis e pue
‘ANIgess wy Jed) ul sjuawarordur

A3ojowoydwiAs I1e[Nd0
‘LNG.L ‘OwI) 90UdpISal JBd) SJUSWSSAsSe Aoeoyjq

jueoyrusis A[reswurpo ‘uoneqnsunsod S9A9 yjoq ur uone[msur o[3urs ‘syuaned QI 01 juowdofoaap uoIs[nwo
19 [ {—[< JO oW1} Q0UIPISAY  pue [ewou ¢ Apnis jorid paziwopuer ‘aqe[-uadQ JAOQE SE Jwes opun ooy
uoIs[nw 3y jo
UOIIR[[)SUI JB JIOJWOISIP douaLadxa
jou pip syuaned jo Ayofew Surewll 90UAIQLIAUI JBI) SJUIUWISSISSE AOBOYJH
oy pue ‘owr) peaids ueowr parorduur uone[sur o[3urs ‘syjuened LV O] pPue [ewiou [10 x0jsed uoIs[nwo
09 ‘wiy prdiy oy jo Suumionnsar pidey ¢ (Apms [oqef-uado pazrwopueruou ‘oaneredwio) ‘08 oreqioskjod 951 ‘ULIGIAS 9] empuy ysaLY ooy
(09 urur) potrad
JUQWISSASSE Y} JO pUL Y} [IuUn
UONIR[[SUI JI9)Je UIW ()] WoiJ (proe
oruoin[eAy pue [094]3 suajAyiekjod) uoneiodeas wy Iea)
20UR[LqY  OB[OMY SA ouow ‘LNFGL ‘TeAIIUT NUI[GIOUI :SJUQWISSISSE AdBOUJH
B1JO YOSLIORT )M I9JeaIS Iom 9jel 949 2uo ur uone[msur [3urs
uonerodeAad wy Jed) pue ‘LNl $9K9 A1p aaneiodeas dreropow yum syuaned spidijoydsoyd pajeud§oapAy ouow B}jO
oc ‘[eAISIUI YUI[QIAIUT UT sjuawarorduy GI ‘Apms oanjeredwod ‘[aqe[-uado ‘eanoadsold  ‘f urweja ‘djeyruped y urwep GJostoeT owosodr|
Keids
[eseu [ewosodI] Yiim UOHBUIqUOD arreuuonsanb o) pue
Ul UQAIS UQUM JUSWIBAI} $2109s woydwAs [eAnounfuod :SJuUdWSSAsse KovoLyyq
91BOA[SOWOID [BUOUIAUOD sn1Anounfuodouryl
SA AJI[IQeIS[0) 9[qRIOAR] o1319[[e [RUOSEAS Im [B10) sjuaned g/ (Apms
I pue uononpar woldwAs JOLIJUIUON [euoneA1asqo [aqe[-uado ‘pa[jonuod ‘aanosadsord JAOQE SE Jwes uresy sIeaJ, owosodr
UOTIUQAIIUL SuoOTBIIdQR JOPIO-IQYSIY J0J SOnel [yans
Aue yym uone[msunsod sonel [yong PUE $9I00S 1I0JWOD IB[NJ0 SJUSUISSASSE AdBOUJH
ur a3ueyd ou Adeioy) uoreurquod SUOTIUIAIOIUL
YIm 4 | B S2I09S 1I0JWOd yloq 10 LV ‘Aeads jo uoneordde o[3urs ‘sjuoned
o Ie[noo ur syuawasoldurr 3se3ie K3 AIp {7 pu® [BUWIOU T JO [BLI) PAZIWOpURY 9AOQE Se JwWeS uredy siea], wosodr
LN9.L pue ssawydly)
aurpes IoAe[ pidi] 4I10JWOD JB[NOO :SJUSWISSISSE AJBOYJH
yim paredwod uonensmurwpesod 949 [e19JR[BIUOD Y} O}
4 [Z 10 S9K2 [ewIou Keiads aurfes ® snsioa 949 | 03 uoneordde o[3urs
ur AJI[Iqe)s Wiy Jed) pue ‘SSauoIy) ‘1e103 sjuaned oKko AIp ourropioq pue Ayiedy
o IoAe[ pidi] 410Jwod Ie[NO0 parcidwWl] 77 (LD paYSBW-9[qnop ‘pazruiopuel ‘9andadsolq QAOQE SE oweg uresy sIeaq, owosodr
LN9.L pPue 10Jwod Ie[NO0 :SJUSUISSASSE AdBOJH
949 [eI1o1R[RIIUOD A} 0) Arids
Keids 949 10))odwod © Sns1oA 949 | 0} uoneorjdde o urue)ia ‘djejruped
J0)adwod ym paredwod Apiqess 9[3urs (€103 syuaned qQH pue Ayieay V urweja ‘[oueylefxouayd
gy WIY JES) pUB JIOJWOd Ie[noo porordwr] (g {[ELN PIZIWOPUEI ‘PIYSLW-I[QNOP “INUSON[NA  ‘[OUBYId ‘UIYIII Aos [ewosodr] HUIESY sIea], owosodr|
Joy symsal uw Kpnig udisap Kpmg (20pf pjoq u1 spuauoduwod j1o/pidiy) upu punig &nupf jonpoad
sjuauodwiod Uy pasvq-pidry

SLONAOIYd ddSvyg-dIidI'T HLIM dINIOIIdd SHIANLS TVOINIT) HAILVINASHAIIY ¢ 14V ],

652



(panunuoo)

aures Pm paredwod

uayM SYeam I8 Ajeuonouny puels

A3noe TensiA pue suJis Je[ndo ‘uolssaidxe pue[3

uBIWOQIAW ‘AJISUIP [[99 19[q03 ‘Sururels doeIns
Ie[NO0 ‘€L SAISBAUIUOU :SJUSWISSISSE AOBOUJ

S)Yoam f 10J A[rep sown)

parIsuIwpe (g Justoyap-pidiy yim sjuened

uBrWOqIoW pue ‘Jurure)s d0BLINS 6¥ ‘[emm uostedwod paysew-I01e3NsaAUl Jouereqg uorIs[nwa
Lo Iernoo ‘AyIqess wiy Jea) paroiduy ‘paronuod ‘dnoid-jorered ‘pozruopuey QAOQE St oweg QuUBISAS ooy
Ade1oy) [emiqey oy} 0} UOHIEIIPAW
Apnys ay3 paurdjaid syuaned <osn
Aderoy) remiqey paonpar pue [Ngl
pue 3ururels [eau10d paroxduir
Apueoyrusis Snip Apmis ‘Aderayy Surure)s [eou1od pue [-wnrurejenbAjod ‘fio
snoraaxd 0} Jeruuis A[[eonsnels 1LN4gl ‘mnodoip pue uoissairdxa pue[3 ueroqrow [exduru ‘[01dA[S[Apneydsoyd
paurewal AJmoe [ensiA Ul ‘Ao [ensia “JoC) :SJUIWSSASSe AoeoyJH [A0)sL1SwIp
sjuowdAoxdwr Jueoyrudis A[feorur[o sjuoned QOIN ‘[011q10s ‘9)eI0q ‘Iend Jouereqg uoIs[nua
%9 ‘uoneoIpaul Apnis 01 SUIYMNIMS Iy 91BIOPOW-01-P[IW Gf ‘[BLI Yoam- [oqe[-uad(Q  -[AdoidAxo1pAy ‘[094[S suajAdoig ueIsAS ooy
uouone)) ym paredwoo sjutod owmn yjuow-¢ pue -1 e
A)jLIejowso wiy JIed) ul uoronpal LN9.L pue 2109s S [BIO], :SIUSWISSISSB AoBIUJH
Jouojul APueoyIusIS ¢ YIUoN syjuoned g @elepow [/ ul Apmjs paysew uoIs[nwo
b0 Je pasoxduur A[[eonsnels a109s SYA -Q[3UIS ‘pAZIWOPUEI ‘PA[[ONUOD ‘YIUOW-IAIY ], JAOQE SE Qwes [msnwyg ooy
Surure)s [eou10d pue ‘ALIB[OWSO
Ied) ‘LN gL ‘91el IAouIn) Jed) ‘uonerodeAs
sjonpoid pa3sal [[e 10J dJel JOAOUIN] wy Jed) ‘swoldwAs :sjuowssasse Aoeoyjq
Ieo) Ul UONeOYIPOW JUedyIusIs skep (g 10} A[rep sown
ON "DINdH 10 VH pim paredwiod uoneNSIUIWpE {[8)0) H AIeIPOW-03-p[Iu
3urure)s [eoUIOd pue KJLIB[OWSO Y sjuaned G/ ([ern poysew-IoJeSIISoAUl %% ¢ spidijoydsoyd UoIS[NUId
be Ppasea1dap pue Aifiqels J1e9) pasorduy ‘Jorreted ‘wre-¢ ‘pazrwopuel ‘[eurpmi3uo] [0 333 ‘9, / 10 uedqAoS [msnuwyg ooy
SQI0J$ S JOWIIYOS pue (xo1dwos o1o[yoLkxo
LN4l ‘swoydwks qa( :syuowssasse Aoeoyyy  pazifiqers) (HIIINd IO 10)sed
SYOaM § & PIAIISQO S)yoam 1 J0J suononnsur agexoed ‘proe o110q ‘[OILYIAID ‘QUITUIRD
SQ100$ S JOULIYOS pue NI 0} Surpioooe uone[msut ‘syuaried qIA 6071 -1 ‘[01094[3 ‘g 9eqiosAjod uoIs[nwo
o ‘AILIOAQS 949 AIp ur sjuowaaoidw]  {ApnIS [RUONUSAIIUIUOU ‘IIUAdN[NUW ‘9A1dadsolq ‘aso[n[[ed[AylewAx0qie)) SNId 2Ando ooy
uonerodead
Ie9) pue A)yiqels wiy pidi] :SJUQUISSasse Adeoyyq
skep 0¢ 1 DINdH skep (g 10J
uey} uors[nwo Ay) YPm Ayenb wy Aep ® sown ¢ uone[[Isur Qg IeIpow-03-pIu (ue319[V)
Ied) ur syjuowasolduil 1ojeaIs pue Y sjuaned ¢¢ [eLn paysew-I0jeI1soAul juowdo[aaap uoIs[nu
20 uoneiodeAd Ie9) Ul UOTIONPAI IOJBAIn) ‘TeurpmiSuo] ‘dnoi3-[o[ered ‘pazrwopuey] QAOQE St oweg Iopun ooty
Jayl symsaa umw Kpnig udisap Kpmg (20pf proq u1 spuauoduwod j1o/pidiy) upu pupnig &nupf jonpoad
sjuauoduwtod Uy pasvq-pidry

(@INNIINOD) "7 ATdV],

653



(panunuod)

msnwyg Pim paredwod
KJLIe[owso wiy Ied) ur juawrarordur
JueOYIUSIS "¢ YIUOIN I8 Sururels SD
poonpar pue 1Ng[ Jo Juswaaoidwr

sjutod awn Yuow-¢ pue -1 e
LN4I pue a109s S [10) SIUQWISSAsSe Aoeoyjq

9pLIOTYO
wnIuoy[e1dd ‘rewexorod

JuedYIUSIS ‘yuoul | Woly ddd erepouwr ypim syuaned [/ ur Apnys paysewt ‘Jodexo]£} ‘ur1ao£[3 ‘(sureyd uoIs[nuo
bo 21008 SVA Jo juswasoxdwr jueoyrusig -9[3UIS ‘paZIWOPURI ‘PA[[ONUOD ‘YIUOW-AIY], JYSI[ pue AAedY) [I0 [RIIUIW 9, | wIouone)) oruone)
swojdwAs Ienso pue
SUIIOUO0D uorouUNy pue[3 UBTWIOQIAW :SJUIUWISSISSE AdBOYJH
Kjoyes JueoyIUSIS OU Juaunean syjuowl ¢ I0J A[rep sown 4 parejsiurwpe ‘{qdd
uoneuIquiod ym swoldwAs aaneiodeas pue juaroyap-pidip s sjuoned
pue (STADIN) Afeuonouny pue[s 97 ‘[eLI} POZIWOPUERI ‘POYSEW-I0JeT1ISIAUL Qouereg uors[nwo
- UBTWOQIAW Ul SJUdWA0IdWl 19)ealn) ‘Teqe[-uado ‘aanoadsord ‘191ue0-9[3uls AOQE SE JwWesS ueIsAS ooy
PIeId[0) [[om ‘sdoIp 949 juowissasse woldwAs
QueIsAS s paredwod syoom  pue pue ‘INg.L 1591 S JOWIYOS :JUAWSSIsse Koeoyjyq
7 18 159) S JoWlIYOS ur sjuawAoiduwr sjuoned [°D pmbry
Jouadns Inq ‘1N 9L pue add 0g e yeam-f Ayuonojuruou ‘dnoid [031QI0S ‘OPIWLIAD ‘IOWOqIeD orureyydo uors[nwo
o, SwordwAs ur judwosordur I0LIOJUTUON -Teqrered ‘paziwopuel ‘[aqel-uado ‘9anoadsolq SOPLIQJAISLI} UIBYd WNIPAA gArsodrg ooy
uorONISqo Yo
Surure)s uredsaiony ur juswasoidwr pue[S uerwoqrew pue ‘N gL ‘Sumures [eduaq
ou M ‘sporrad ogaoerd 3501 pue urdsaony ‘uonerodeAd Ied) ‘opeid
Ay} Y paredwods sporrad doip 249 QouRIaIUI Jed) ‘swolduwAs :sjuowissasse Aoeoyyq
[10 UI UOTONISQO DYLIO pue ‘1N, yoeo syoom g Jo spourad ¢ 1oJ A[rep
‘591008 [e3UQq 9so1 ‘uonerodesd souwin 9 uone[USUl (O PaWegUIUOU YIIm
Ied) ‘OpeIS Q0UQIJIAIUI JBI) ‘SAI0S sjuoned ()7 [l [BOTUI[O JOAOSSOID P[[ONUOD [10 I0ISBD juowdofaaap uoIS[NWo
co  woydwiks ur syuowoorduwr yueoyrusis  -0qaseld ‘paysew-o[qnop aanosadsord ‘pazrwopuey QUOLAYIoAx0AT0d ‘[I0 J0ISBD 9)7 pun ooy
(%S ‘TI0 [eIoUIW (90’
‘T10 Texaurw JYSI[ :SIUIIPAISUL JATIOR) ssouory} JoAe[ pid 9PIXOIPAY WINIPOS
U008 i paredwod uorsniud pue arreuuonsenb wojdwAs :sjuowssasse Aoeoyjg pue ‘GLINNd ‘Torem payrund
ynm uone[msunsod utw G| uone[msur o[3urs ‘syuaned 249 ‘[10 J0)SBD ‘IOWO0qIed ‘PIOR JLI0q Aderay], oAg UoIS[NUId
2 —1 e ssawyory) JoAe[ pidif pasordwy  AIp [ JO Apnis paySeW-I01e3NSOAUL PIZIWOpURY ‘08 1eqrosAod 9,1 ‘ULIRIAID A1 ysaijey ooy
Sururess [eoul10d
JO A1110A9s pue ‘Surpel3 g ‘wn SuLreom sud|
JOBIUOD “)I0JWOD 9ANDAQNS :SJUAWISSISSe AoeoyJ
Aqrep
sdoip Sumoemar eord£y aroyy sdoip 4 01 dn 10J Y AIOAS pue UONIASUI SUJ[
wolj ddue[eq UBISAS 0) SUIYIIMS 19yye utw ¢ doap | paraysturwpe sswoldwAs 1D
syuoned ur Surure)s [BoUIOD pue Surouorradxe sIoreom SUQ[ JOBIUOD [BMIIqRy J[npe
‘AT ‘Own SuLreom 4I0JWod Su| Gl ‘Apmis [juow-| ‘pay[SeW-IOIESNSAAUL ‘IJUID Jouereqg uors[nwo
© 1oBIU0D Ul syuswaAoidwr Jueoyrusis -913uts ‘dnoi3-orrered ‘jaqel-uado ‘pazruiopuey 9A0QE St Jwes ue)sAS ooy
Joy symsa uww Kpnig udisap pmg (20pf proq u1 spuauoduwod j1o/pidiy) upu punig &nuwf jonpoad

syuauoduwiod

pasvq-pidry

(@INNILNOD) ‘T AT14V],

654



‘JyStom/IySrom ‘m/m :a[eds oanSofeue [ensia ‘SY A ‘own
dn-yeo1q 189 ‘1N g1 XOpUI 9SBISIP A0BLINS ‘IS )1 Jo Aenb “JoQ) ‘uonenuuio suopraod—joyodre [Autak[od ‘d-V Ad {XOpUl 9SBISIP 90eJINS Je[nd0 ‘(SO ‘UonaIdds pinbi| Suip[aih spue(3 uerwoqrow
‘STADIA ‘Aouaroyep pue[3 uerwoqrouwt ‘qOIA ‘Ayredoroyiide 1odim pij ‘GANT OseISIp 040 AIp ‘qH MOJWOISIP SUI] J0BIUOD (D SUIUIRIS UTAISAION] [BAUIOD ‘S D) AdUaroyep Ies) snoanbe ‘qLy

IASO PUe ‘uonaIdds wngrew ‘3ururels [BUIOD
‘LN 9L ‘Arejowso pmy Jed) 159} S JOWIIYIS

doI 1o ‘dO1 ‘A1noe [ensIA :SjuawIssasse Aoeoyjq
Amoe TensIA ul sa3ueyd JuedyIusIs s9k9 y10q (soueye
ou M ‘pIIsA] s1djowered jueAdlal ur A[rep sown  paqusut ‘sjuaned g O e PojRULIONYTWS)
g6 Ul [[B UI $JO9JJ0 [eIoyaudq Juedyusig YooMm-g [BUOIIBAIOSQO ‘IQJUAdN[NUW ‘9Anoadsold QuUBIOO[AXayOoIONY IO ©STEQLBAON NEliile)
UOIjeNSIUTWpPE QW)
-)y31u 10j enbapy "uoIsia paimniq [ouenqoIoyd (M
M pajerodosse ng ‘uonnjos DNJH QUIT) QOUIPISAI JUSUNUIO SJUSWISSASSE AOBOUJH /M) 9%G°() ‘SOAJRALIIP UIjoue] (ueSIoqY)
M paredwiod W) 90UIPISAI [8)0) uonensuIwpe J3urs ‘sjuoned JIUOIUOU 2,7 ‘[I0 [BIdUTUI JUSWIUIO (Juounuro)
o8 pue Q0udpIsar [eaurodard paroiduy Ayjreay £ ‘[l IOAOSSOIO PIZIWOPURI ABM-OM ], % S 7 ‘wnjejon)dd NYM %, SS S2ANT-1I0e ] Neliile)
swoydwAs pue
pawsIiA se o[goid 159) S JOULIYDS ‘TNFL ‘SHD :JUdUWISSasse Aoeoyyq
Kjojes Ie[IWIS B YJIM JIOJWOOSIP sSnIAOUN[U0O0IBIOY
Ienoo Jo 2109s swojdwAs IO SHneIdy PIM pajerdosse qad
1eqo13 Suraoxdur ur Jorradns sem jnq QI0A9s-0)-9JeIopoW YJIM sjuanied Gg ([e1n yauow
suS1s 9Ano3[qo Suraoxdwr ur (YVH) -¢ ‘po[[ONU0-20udIJaI ‘dnoi3-[orered ‘paysewr UoIS[NUWId
g @PPWSIA 0] JOLIQJUIUOU SEM ULIOUOTIED) -Q[3UIS ‘pazIWOpUeRI ‘INJUAdNNUW ‘DA130adsord QAOQE SE oweg wIouone)) oruone)
uIouone)) I10J 9[qrIOAR]
sem s107e31saAUl AY) £q PIssasse
Koeoyja [[e1AQ (d-VAd) Useyey
SA WLIOUONED) [IIM PIAIISQO AIoM uoneurwex? [eiqadredomoo
Surure)s uoa1d ourwessi] pue [NgL pue ‘SD ‘Sururels uoaIs ourwessI|
ur sjuswaAsoxdwir 193813 ‘g7 Ae 1V $9] S JQULIYDS ‘N L :SjuduIssasse Aoeoyjg
swordwAs sAep {g 10} A[Iep sowin { PaIdISIuIuIpe
pue 2100s ewoylAIo [eiqadred ‘{@dq 9ieropow-o3-pyiua yim syuaned ¢/ [erm uors[nwo
bg oy jo juoworoxdwr 4 Ae@ 1y oaneredwos ‘[oqe[-uedo ‘IQIUAONI[NW ‘PIZIWOPULY QAOQE SE oweg wIouone)) orone)
Joy symsa uw Kpnig udisap pmg (20pf proq u1 spuauodwod j10/pidiy) upu puvig &nuwf jonpoad

syuauoduwiod i

paspq-pidiy

(QENNILNOD)) 7 414V ],

655



656

Emulsions

To better mimic and supplement the tear film, which is
also Water-based,9’51 emulsions containing both water and
lipid have been developed. Oil-in-water emulsions consist of
oily droplets stabilized by surfactants or emulsifiers dis-
persed in an aqueous medium (Fig. 1).>* For pharmaceuti-
cal topical ophthalmic instillation, most emulsions contain
submicron-sized particles prepared with oils (eg, sesame oil,
castor oil, soya oil, paraffin oil, paraffin light, lanolin,
Vaseline® [Unilever], corn oil, glycerin monostearate, me-
dium chain monoglycerides, and medium chain triglycerides)
and emulsifiers (eg, phospholipids [Lipoid], polysorbate 80
(Tween® 80), Cremophor® RH, poloxamer 407, poloxamer
188, Miranol® C,M, and tyloxapol) that are well tolerated at
the concentrations used in these formulations.>® Emulsions
can be anionic (negatively charged) or cationic (positively
charged) depending on the components added to the for-
mulation during the emulsion process.>® Oil-in-water emul-
sions are often used as topical ocular drug delivery carriers
to enhance membrane };ermeability and cellular uptake of
lipophilic molecules.’' =3

Anionic emulsions. Anionic emulsions are commer-
cially available in some countries and include Optive Plus®
(Allergan), Systane® Balance (Alcon), Soothe® XP (Bausch
and Lomb), Emustil® (SIFI), Refresh Endura® (Allergan),
Restasis® (Allergan), Durezol® (Alcon), Aquarest®/Lip0sic
(Bausch and Lomb), Soft Santear® (Santen), and Lipimix®
(Pharma Stulln). Like liposomes, anionic emulsions have
demonstrated a favorable tolerability profile, in that they
decrease eye irritation and vision disturbances. For instance,
an anionic lipid emulsion of Miglyol® 840 oil (IOI Oleo
GmbH) and lecithin®® tested in rabbits was well tolerated
and had a low ocular lesion index after topical instillation
(30 uL) every 30 min for 6 h (Tables 1 and 2).53

In terms of efficacy, Emustil (an anionic emulsion con-
taining natural phospholipids) significantly improved tear
volume and reduced corneal damage when applied 4 times a
day for 7 days either as a monotherapy or in combination
with sodium hyaluronate in a mouse model of dry eye.”’
Artificial tears containing sodium hyaluronate and castor oil
tested in a porcine short-term dry eye model also had a
protective effect against corneal desiccation.”® Similarly,
coating emulsions with chitosan was shown to prolong the
residence time of the emulsion in the tear fluid of rabbits.>

Studies evaluating the efficacy of commercially avail-
able anionic emulsions to improve dry eye symptoms and
lipid tear film stability in human patients have shown pos-
itive results (Table 2). Of note, a pilot study in 5 asymp-
tomatic and 10 symptomatic, aqueous tear-deficient dry eye
patients who were given Refresh Endura (castor oil with
1% glycerin and 1% polysorbate 80) once a day in one eye
and saline as control in the other eye demonstrated lipid
tear film restructuring after a single instillation of treat-
ment.®® Another pilot study in normal and dry eye patients
reported increased tear film lipid thickness, tear film break-
up time, and comfort scores up to 1h postinstillation of
Refresh Endura, as well as overall symptom improvement
for up to 4h postinstillation in patients with symptomatic
dry eye.®!

In patients with mild-to-moderate dry eye treated with an
anionic emulsion of 1.25% castor oil or 0.32% HPMC

GARRIGUE ET AL.

monotherapy 3 times daily for 30 days, both treatments
resulted in decreased tear evaporation rates, but only the
emulsion improved lipid layer structure at day 30.°> A
multicenter observational study evaluated 1,209 dry eye
patients for 4 weeks after starting or switching to Optive
Plus, which contains carboxymethylcellulose, glycerol, L-
carnitine, erythritol, and a polysorbate 80 vessel that de-
livers pure castor oil to the tear film. The results indicated
improvements in dry eye severity, tear break-up time, and
Schirmer’s test scores relative to baseline.®?

Emustil administered 4 times daily for 90 days to evapora-
tive dry eye patients improved tear stability and decreased tear
osmolarity and corneal staining to a greater extent than 2 other
comparators, Lubristil® 0.15% sodium hyaluronate unidose
(SIFT) and Dacriosol® 0.3% hydroxypropyl methylcellulose
unidose (Alcon).34 However, a 3-month clinical study com-
paring Emustil to Cationorm® (Santen) or Optive® (Allergan)
in patients with moderate dry eye reported no significant im-
provement in tear film break-up time or fluorescein staining
following treatment with Emustil **

In habitual contact lens wearers experiencing symptoms
of contact lens discomfort, Systane Balance (dimyristoyl
phosphatidylglycerol, hydroxypropyl-guar, mineral oil,
polyoxyl 40 stearate) improved lens comfort, wearing time,
lid wiper epitheliopathy, and corneal staining when admin-
istered up to 4 times per day versus a nonlipid contact lens
rewetting drop.®® Systane Balance moderately improved
corneal staining and tear film break-up time in patients with
dry eye associated with MGD, and approximately 60% of
patients switching to Systane Balance preferred it to their
usual lubricant eye drops or artificial tears.®®

A randomized, parallel-group, controlled, investigator-
masked comparison study in patients with lipid-deficient dry
eye treated with Systane Balance or saline 4 times daily for
4 weeks showed that Systane Balance restored tear film
stability, improved ocular surface staining, and improved
meibomian gland functionality.®’ In addition, dry eye pa-
tients treated with either Refresh Dry Eye Therapy® (castor
oil with 1% glycerin and 1% polysorbate 80) or Soothe
(light mineral oil 1.0% and mineral oil 4.5%) demonstrated
increased lipid layer thickness, but treatment with Soothe
resulted in greater improvements in lipid layer thickness.®®
Castor oil eye drops, another investigational anionic emul-
sion product, have been well tolerated and have effectively
improved symptom scores, tear interference grade, tear
evaporation, rose bengal staining, tear film break-up time,
and orifice obstruction scores in MGD patients when ad-
ministered 6 times daily for 2 weeks.®

Carbomer-based lipid artificial tears improved both dry
eye symptoms and signs, including Schirmer’s test values
and tear film break-up time, similar to or better than hy-
droxypropyl (HP)-guar gel after 2 and 4 weeks of treat-
ment.”” Furthermore, meibomian gland secretion improved
to a greater extent after 3 months of combination therapy
with anionic emulsions, lid hygiene, and omega-3 nutri-
tional supplementation versus treatment with only warm and
wet compresses in patients with lipid-deficient dry eye.”'

In the published clinical trials reviewed herein, the
most common adverse event related to the application of
anionic emulsions observed between studies was blurred
vision,00:62:63.66 However, in some studies, adverse events
were not reported.>*” This underlines the safety of their
use as ophthalmic drug delivery systems.



LIPID-BASED PRODUCTS FOR OCULAR SURFACE

Cationic emulsions. Cationic emulsions are biphasic for-
mulations of positively charged oil nanodroplets (oily phase)
dispersed in water (the continuous phase) (Fig. 1, 2b).72’73
The positively charged nanodroplets within cationic emul-
sions interact with the negatively charged ocular surface
mucins and cell membranes.>"’>"* This bioadhesive property
prolongs eye drop residence time and improves the bio-
availability of lipophilic drug molecules delivered through
these emulsions.>37%73 The physicochemical parameters of
a cationic emulsion influence its stability and physiological
biocompatibility; for instance, the optimal properties of na-
nodroplets include a size less than 200nm, a pH between 5
and 7, and an osmolarity of approximately 270 mOsm/kg.”?

Choosing the appropriate cationic agent is also essen-
tial. Several agents such as stearylamine, oleylamine,
poly(ethylenimine), poly(L-lysine), 1,2-di-(9Z-octadecenoyl)-
sn-glycero-3-phosphoethanolamine (DOPE), 1,2-di-(9Z-
octadecenoyl)-3-trimethylammoniumpropane (DOTAP), and
benzalkonium chloride (BAK) derivatives are available, but
their use as cationic agents is limited by toxicity, stability,
or regulatory issues. These limitations encourage the de-
velopment of unpreserved ophthalmic preparations.”> Ce-
talkonium chloride (CKC), a C16 BAK derivative, is the
preferred cationic agent in cationic emulsions because it has
superior lipophilicity that limits it to the oily phase of the
oil-in-water nanoemulsion, thereby minimizing toxicity.72

In emulsions, quaternary ammoniums, such as CKC, which
are not found in the aqueous phase, are solely used as cationic
agents and do not exert detergent activity or preservative
action.”*”*7%"7 Cationic emulsions also provide improved
spreading coefficients on the cornea and conjunctiva versus
conventional eye drops and anionic emulsions, thereby im-
proving ocular surface wettability. This has been demon-
strated by Cationorm (Santen; also known as Retaine® MGD
in the US; OCuSOFT®), a preservative-free cationic emul-
sion, in contact angle and surface tension studies’? (Table 1).
Additionally, a cationic emulsion containing a combination of
phospholipids (Lipoid E 80), poloxamer 188 (Pluronics F68),
and stearylamine as emulsifiers had a favorable tolerability
profile when administered (40 single-drop instillations per
day for 5 days) to rabbit eyes, des3pite the potential of stear-
ylamine causing ocular irritation.’

In additional preclinical studies, human corneal epithelial
cells (HCE-2 cells) were incubated with Cationorm or Sys-
tane, each diluted 1:10, for up to 30 min. The dilution was
used to mimic in vivo conditions, whereas the 30-min expo-
sure time was longer than would be realistically expected
in vivo. Neither Cationorm nor Systane were associated with
any significant change in HCE-2 cell morphology or viability,
and reduced inflammatory responses were elicited versus
BAK, suggesting that both products would be better options
than BAK for long-term use in DED.”® Moreover, cationic
emulsions utilizing BAK (0.02%) and CKC (0.002%) as
cationic agents were less toxic than BAK/CKC aqueous so-
lutions at the same concentrations in a severe eye irritation
rabbit model (15 instillations at 5-min intervals).79 In this
same study, a CKC-containing cationic emulsion caused a
similar degree of redness, chemosis, and conjunctiva secre-
tions as the phosphate-buffered saline control.”’

The tolerability of cationic emulsions was also confirmed
with a latanoprost-loaded emulsion in HCE cells, in a rat
corneal wound model, and in a rabbit ocular tolerance mod-
el.®8! Cationic lipids have also demonstrated the potential
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for exhibiting both antimicrobial and anti-inflammatory
properties.®? Glucocorticoid-linked polyamine cationic lipids
induce glucocorticoid receptor translocation and display
bactericidal activity against several strains of Pseudomonas
aeruginosa.®* Cationorm reduced stromal inflammatory cell
infiltration as determined by in vivo confocal microscopy.®

In patients with mild-to-moderate dry eye, instillation of
Cationorm (1 drop per eye 4 times daily for 28 days) im-
proved tear film break-up time as early as Day 7 and was
well tolerated by patients (Table 2).* In this same study,
a significant improvement in lissamine green staining was
observed after 28 days of treatment, suggesting that this
cationic emulsion reinforces the lipid layer, minimizes evap-
oration, and stabilizes the tear film to protect the ocular
surface.®® In another clinical trial of Cationorm and
Vismed® (TRB Chemedica) in patients with moderate-to-
severe dry eye, although both eye drops showed similar
safety profiles and efficacy in terms of improvements in
objective signs of dry eye, Cationorm was superior in im-
proving the global symptoms score of ocular discomfort.®’

These cationic emulsions are lipid-based drug nanocarriers
and promising new vehicles for ocular drug delivery, for
example, delivery of ciclosporin, to treat various ocular
surface diseases, including dry eye.”>* Although ciclosporin
has potent anti-inflammatory properties and is an established
second-line treatment option for dry eye, ocular deliver; of
ciclosporin is challenging because it is highly lipophilic.”*""
Nonetheless, ocular delivery of ciclosporin is enhanced by
encapsulating it in a cationic emulsion, increasing its bio-
availability and corneal penetration.”'-32%788

In the published clinical trials reviewed here, the most
common adverse events related to the application of cationic
emulsions were eye pain, instillation site pain, or irritation,
and these events were mostly mild in severity.®*®® These
data show the use of cationic emulsions as ophthalmic drug
delivery systems is well tolerated.

Other Lipid-Based Carriers

Other lipid-based products, including sterile ophthalmic
ointments, are used as more conventional lubricants.?> These
products do not contain water and thus do not directly
moisturize the ocular surface or replenish tears, but they
can potentially replenish waxes or oils through delivery of
white petrolatum, mineral oil, or lanolin.®® When used as
drug delivery vehicles (eg, for ketorolac, tacrolimus, ciclo-
sporin, gefarnate, etc.), ophthalmic ointments prolong pre-
corneal residence time and sustain drug availability.39-°!
These types of lubricants have been used for the treatment of
DED, but their high viscosity often leads to blurred vision upon
application.”>*> However, when used at bedtime, ophthalmic
ointments provide sustained effect without this uncomfort-
able side effect.?® Pure oily solutions (eg, castor oil, olive
oil, corn oil, etc.) are often used in hospital-compounded
ophthalmic preparations of various drugs, including ciclo-
sporin.”*** However, the role of their intrinsic properties in
supplementing or stabilizing the TFLL is unknown.

There are a number of other lipid-based formulations of
drug carriers aside from ointments (Fig. 1, 3a, b). Poly-
aphrons are lipid-containing carriers with oil droglets in the
micron range encapsulated within a water film’> that are
being investigated as vehicles for ciclosporin delivery to treat
DED (EudraCT number: 2015-000937-54).°® Ciclosporin has



658

also been successfully loaded into biocompatible semi-
fluorinated alkanes, and in an ex vivo corneal model, this
carrier provided more effective diffusion of ciclosporin
through the corneal barrier than Restasis (Table 1).”” Re-
cently, another semifluorinated alkane-based drug delivery
carrier (NovaTears® [perfluorohexyloctane]; Novaliq GmbH)
has been shown to effectively stabilize the tear film, reduce
corneal staining, and improve dry eye symptoms in patients
with mild-to-moderate dry eye without impacting visual
acuity (Table 2).”8

Lipid nanocarriers are a class of colloids that includes
nanostructured lipid carriers (NLCs), solid lipid nano-
particles (SLNSs), and lipid—drug conjugates. Recent studies
show that NLCs may be useful for ocular drug delivery
given their potential to improve drug penetration owing to
increased bioadhesion to the ocular epithelium.”~'°" SLNs
are modified nanoemulsions that substitute the liquid oil
phase with a solid lipid core and are typically composed of
physiological lipid mixtures of high melting point mono-,
di-, and triglycerides and waxes stabilized by surfactants.'%*
Like nanoemulsions, SLNs are biocompatible, physically
stable, and capable of carrying drugs, such as ciclosporin
and other anti-inflammatory drugs, for the treatment of
ocular surface diseases.””'?*1°% SLNs are internalized by
ocular tissues and may improve the bioavailability of en-
capsulated drugs;'® however, their benefit in supplementing
the tear film or the compatibility of their high melting point
lipids with the TFLL have yet to be explored.

In the published clinical trials reviewed above, the in-
cidence of adverse events following application of semi-
fluorinated alkane drops occurred in few (<5) patients, and
there were no serious adverse events reported. However,
some patients showed signs of mild-to-moderate hyper-
sensitivity to semifluorinated alkane drops.”® Overall, data
suggest that oily solutions, SLNs, and NLCs are generally
well tolerated.

Conclusion

Lipid-based therapies (liposomal sprays and emulsion eye
drops) are an attractive alternative to water-based artificial
tears because they more closely mimic the composition of
the tear film. Lipid-based therapies not only relieve patient
symptoms immediately after topical administration, but
may also directly improve the lipid tear film structure and
thickness component in ocular surface disease, resulting in
enhanced tear film stability. Furthermore, their composition
and rheology may benefit tear film properties and tear film
stability. Components in the aqueous phase of the emulsions
(eg, osmoprotectants such as glycerin, emulsifiers, or poly-
mers) may also provide additional effect on the ocular surface
(eg, lubrication, osmoprotection). Oil-in-water emulsions
reduce the signs and symptoms of all types of dry eye,>%*
but are particularly recommended for lipid-deficient dry
eye patients.®> Cationic emulsions provide optimal ocular
spreading and residence time with ocular surface benefits to
improve DED, especially in MGD patients.”5*

The favorable tolerability profile and efficacy of lipid-
based therapies in improving both signs and symptoms of
dry eye make them a g)romlsmg therapeutic option in the
management of DED.?"738719 [ inid-based therapies also
have the potential to be combined with conventional ocu-
lar surface disease therapies such as lid wipes, omega-3
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supplementation, c1clos;/por1n or diquafosol for disease and
symptom management.”"'**1% Finally, cationic lipids pos-
sess anti-inflammatory properties,®*% 106 providing a new
perspective of lipid-based therapy for ocular surface in-
flammation and disease.'®”’

Improvements in drug delivery mechanisms may provide
patients with a longer duration of symptom relief, improve
adherence and compliance, and ultimately improve patient
satisfaction. In particular, nanotechnologies such as NLCs
and SLNs offer the possibility of a high degree of control
over pharmacokinetic variables such as residence time,
penetration of ocular tissues, solubility, and rate of release.””

The choice and composition of the lipids added to arti-
ficial tears, in terms of their polarity and quantity, should be
further studied to understand their impact on and potential
to improve the TFLL and dry eye symptoms and disease
progression. An interdisciplinary approach involving lipi-
domics, surface chemistry, molecular dynamics, lipid aber-
rations, rheology, and computational biophysics may address
this need.”>'%12
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