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Dry eye disease (DED) is a frequently observed eye complaint, which has recently attracted considerable
research interest. Conventional therapy for DED involves the use of artificial tear products, cyclosporin,
corticosteroids, mucin secretagogues, antibiotics and nonsteroidal anti-inflammatory drugs. In addition,
ocular drug delivery systems based on nanotechnology are currently the focus of significant research
effort and several nanotherapeutics, such as nanoemulsions, nanosuspensions, microemulsions, lipo-
somes and nanomicelles, are in clinical trials and some have FDA approval as novel treatments for
DED. Thus, there has been remarkable progress in the design of nanotechnology-based approaches to
overcome the limitations of ophthalmic formulations for the management of anterior eye diseases.
This review presents research results on diagnostic methods for DED, current treatment options, and
promising pharmaceuticals as future therapeutics, as well as new ocular drug delivery systems.
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1. Introduction

Tear fluid is classified into three major fluid layers: lipid, aque-
ous and mucin (Fig. 1). The outer lipid-layer, which has a thickness
of 0.1 lm, is responsible for preventing evaporation of the tear
fluid as well as its overflow. The middle aqueous-layer, which
has a thickness of 7–8 lm, comprises the bulk of the tear film.
By contrast, the inner mucin-layer is 0.2 lm thick. Dry eye disease
(DED) is caused by various genetic and/or environmental factors
that may involve excessive tear evaporation or tear deficiency
and is known as dry eye syndrome, keratoconjunctivitis, hypofunc-
tional tear syndrome, ocular surface disease, scarring syndrome
and scarring keratitis [1–3]. Thus, the putative pathogenetic mech-
anisms of DED include inflammation of the lacrimal gland and
hyperosmolarity of the tear film.

The prevalence of DED varies widely among epidemiological
studies depending on how the disease is defined and diagnosed,
and which population is surveyed. Therefore, it is difficult to keep
a tally of the number of patients in the world diagnosed with DED.
On the other hand, the number markedly increases with age and is
estimated to make up 7.4% to 33.4% of the worldwide population in
the 1998–2003 studies [4]. DED particularly affects those over
50 years of age, and onset more frequent in females than males
[5,6]. Established causes of DED include abnormal lipid production,
Lipid layer
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layer
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layer

Corneal epithelium

Fig. 1. Schematic diagram
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mucus in the tear film, and too much tear evaporation or decreased
secretion [7–9]. DED can be classified into evaporative DED and
tear deficient DED (Fig. 2). Tear evaporative DED is brought on by
increased tear evaporation, whereas tear deficient DED is caused
by decreased amounts of tear secretion. For evaporative DED, the
eyes become dry due to greater tear evaporation. Factors, such as
reduced blinking due to excessive screen time, use of contact
lenses, preservatives used in topical ocular therapies, dry weather,
heating, deficiency in vitamin A and air pollution can interfere with
the tear film, leading to corneal ulcers, infection, and in severe
cases, blindness [10–12]. Abnormal lipid production due to ble-
pharitis or meibomian gland dysfunction is known to be the main
cause of these evaporative forms of DED, and an inadequate
lipid-layer induces evaporative loss of tear fluid [13,14]. In addi-
tion, tear deficient DED is also found in individuals suffering from
autoimmune diseases, such as Sjögren’s syndrome, in the elderly,
and in postmenopausal women [15–17]. Dysfunction of the tear
fluid functional unit induces activation of inflammatory cells, such
as T lymphocytes, due to lack of anti-inflammatory components in
the eye and uncontrolled irritation of the eye. As a result, T cells
liberate cytokines, which cause inflammation of the ocular glands
and the ocular surface, leading to lytic symptoms and abnormal
tear drops [18,19]. DED decreases the quality of life and reduces
functional vision, leading to difficulty in typing and reading.
Tearfilm

Corneal 

epithelium

Corneal endothelium

Bowman’s 

membrane

Descemet’s 

membrane

Stroma

of the ocular surface.
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Eyelid problems

Evaporative DED
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Fig. 2. Factors involved in the development of evaporative DED and tear deficient
DED.
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Moreover, DED causes eye pain, redness, blurred vision, foreign
body sensation, excessive tearing, variable vision, and burning/itch-
ing of the eyes [20,21]. DED is classified into three stages (Grade
1–3) according to diagnostic results shown in Fig. 3 [1,22]. This
review describes the management of DED, in addition to the latest
drug delivery systems (DDS) that may be used to treat the disorder.
2. Diagnosis of DED

Diagnostic tests for DED include tear fluid protein immunoas-
say, impression cytology, tear film break-up time (TBUT), Schirmer
test, epithelial staining, tear fluid osmolarity test, and Tear Func-
tion Index (TFI). Tear fluid contains proteins, such as immunoglob-
ulin A (IgA), lipocalin, aquaporin 5, epidermal growth factor (EGF),
tear fluid lactoferrin, and tear fluid lysozyme. These proteins can be
quantified by ELISA in a so-called tear fluid protein immunoassay.
Impression cytology is a measurement method in which biopsies of
the conjunctiva and outer lacrimal gland are taken and observed
using a microscope to obtain information on the etiology of the dis-
ease, such as progressive ocular surface changes (e.g., keratiniza-
tion or a significant decrease in goblet cell count) [23,24]. This
method is highly sensitive and robust, although it requires expert
microscopic evaluation and the application of appropriate stains.
The Schirmer test can also be used to quantitatively measure the
amount of tear secretion over a specified period of time [25]. This
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mild fatigue

Annoyin

limiting

Conjunctival 

staining
None to mild

Corneal 

staining
None to mild

Corneal/

Tear sign
None to mild Mild d

Lid/Meibomian 

glands

Meibomian gland

disease (MGD)

variably present

MGD v

TBUT: tear film 

break-up time
Variable

Schirmer score Variable 1
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procedure is carried out by using a local anesthetic and positioning
a slim strip of filter paper over the inferior vessels [26,27]. TBUT is
a quantitative test to measure the stability of tear fluid [28], eval-
uated by the time it takes for the tear fluid to break down after
blinking. The normal value of TBUT is 20 to 30 s, but<10 s indicates
a pathological state of DED development. Epithelial staining can
assist in assessing corneal damage, tear characteristics, and the
degree of dryness. Fluorescein, lissamine green, or rose bengal
are typically used for this type of assessment [29]. The normal
osmolarity of the eye is approximately 310 mOsm/L, but this
increases with the progression of DED. Therefore, measurement
of tear osmolarity provides qualitative information on tear produc-
tion [27,28]. Previous multicenter studies suggest that tear osmo-
larity testing is the best way to diagnose and evaluate DED
(Lemp et al. [30]). A more sensitive and specific test that measures
tear dynamics to diagnose DED is a quantitative tear measurement
test known as TFI. In addition, meibomian gland dysfunction
(MGD) can be identified by meiboscopy, meibography, and mei-
bometry [31]. Typically, two or more tests are performed to accu-
rately diagnose DED.

3. Management of DED

There are many treatment options for DED (Fig. 4). The goals of
treatment are to restore the ocular surface and normalize tear fluid
production, improve patient comfort, and alleviate DED symptoms
[28]. Treatment can range from artificial tear products, anti-
inflammatory medications, cyclosporin A (CsA), mucin secreta-
gogues, corticosteroids, dietary supplements (omega-3 fatty acids),
vitamin A, autologous serum eye drops, tetracycline, tacrolimus,
macrolides, punctal plugs, and surgery. Moreover, education, envi-
ronmental or dietary modifications are also effective. Table 1 and
Table 2 list the representative commercially available products
(Table 1) and representative DED drugs currently in clinical trials
(Table 2) for the treatment of DED. The following are the conven-
tional treatment options used for DED [32].
everity levels
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g and/or activity
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Annoying, chronic and/or

constant limiting activity
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Variable Moderate central
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Fig. 4. Schematic diagram of treatment options for DED.

Table 1
Representative commercially ophthalmic formulations for treatment of DED.

Drug Brand name Manufacture

No drug Lacrisek� Ofta mono BIOSOOFT
No drug Modusik-A Ofteno� SOPHIA
No drug Tears Again� OCuSOFT Inc.
Artificial tear products Systane Ultra lubricant Alcon Inc.
Artificial tear products Tears Naturale Forte Lubricant Eye Drops Alcon Inc.
Artificial tear products Tears Naturale P.M. eye ointment Alcon Inc.
Artificial tear products Refresh Celluvisc Allergan India Pvt. Ltd.
Artificial tear products Refresh contacts Allergan India Pvt. Ltd.
Artificial tear products Refresh Endura (for long-term relief) Allergan India Pvt. Ltd.
Artificial tear products Refresh Liquigel Allergan India Pvt. Ltd.
Artificial tear products Refresh Tears Drops Allergan India Pvt. Ltd.
Artificial tear products Tear Plus lubricant drops Allergan India Pvt. Ltd.
Artificial tear products Advanced eye relief environmental lubricant Bausch & Lomb Inc.
Artificial tear products Advanced eye relief lubricant ointment Bausch & Lomb Inc.
Artificial tear products Soothe XP Bausch & Lomb Inc.
Artificial tear products GenTeal drops and gel Novartis Ltd.
Artificial tear products Hypo Tears Plus eye drops Novartis Ltd.
Bromfenac (0.1%) Bronuc ophthalmic solution 0.1% Takeda Pharmaceutical Co. Ltd.
Cationic O/W emulsion technology Retaine Ocusoft, Inc.
Cationic O/W emulsion technology MGD Ocusoft, Inc.
Cyclosporine-A (0.05%) Systane Balance Alcon Inc.
Cyclosporine-A (0.05%) Optive Plus� Allergan, Inc.
Cyclosporine-A (0.05%) Refresh Dry Eye Therapy Allergan, Inc.
Cyclosporine-A (0.05%) Refresh Endura� Allergan, Inc.
Cyclosporine-A (0.05%) Restasis� Allergan, Inc.
Cyclosporine-A (0.05%) Lacrinmune� Bausch & Lomb Inc.
Cyclosporine-A (0.05%) Liposic� Ophthalmic Liquid Gel Bausch & Lomb Inc.
Cyclosporine-A (0.05%) T-sporin� Hanlim Pharm. Co., Ltd
Cyclosporine-A (0.05%) Emustil� Moorfields Pharmaceuticals
Cyclosporine-A (0.05%) Cyporin-N� Taejoon Pharmaceutical Co., Ltd
Cyclosporine-A (0.09%) Cequa� Sun Pharma Canada Inc.
Cyclosporine-A (0.05%) Cyclomune Sun Pharma Ind. Ltd.
Cyclosporine-A (0.1%) Cationorm� Santen Ltd
Cyclosporine-A (0.1%) Ikervis� Santen Ltd
Cyclosporine-A (0.1%) Papilock mini� Santen Ltd
Diclofenac sodium ophthalmic solution (0.1%) Voltaren Novartis Ltd.
Diquafosol sodium (3%) Diquas ophthalmic solution 3% Santen Pharmaceutical Co. Ltd.
Ketorolac tromethamine (0.4%) Acular LS Allergan India Pvt. Ltd.
Lifitegrast Xiidra Novartis Ltd.
Loteprednol etabonate (0.5%) Lotemax Bausch & Lomb Inc.
Ofloxacin and dexamethasone ZO-D eye drops FDC Ltd.
Omega 3 fatty acids Thera tears nutrition Advanced Vision Research
Omega-3 fatty acids Remogen� Omega TRB Chemedica Ltd.
2 osmolytes L-carnitine Refresh Optive Allergan, Inc.
Pranoprofen (0.1%) Pranopulin Senju Pharmaceutical Ltd.
Rebamipide (2%) Mucosta ophthalmic suspension UD2% Otsuka Pharmaceuticals Co. Ltd.
Sodium hyaluronate Hyalein ophthalmic solution Santen Pharmaceutical Co. Ltd.
Tobramycin USP Toba Allergan India Pvt. Ltd.
Tobramycin and dexamethasone Toba DM Allergan India Pvt. Ltd.
Tobramycin and fluorometholone Toba F Allergan India Pvt. Ltd.
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Table 2
Representative DED drugs in clinical trials.

Functions Drug Stage Reference

A mucin-like glycoprotein Lacritin Phase II [33]
A mucin-like glycoprotein Lubricin Phase II [34]
Anti-inflammatory and/or

immunosuppressive
Loteprednol etabonate
0.25% suspension

FDA-
approved

[35]

Anti-inflammatory and/or
immunosuppressive

OCS-02 Phase II [36]

Anti-inflammatory and/or
immunosuppressive

A higher concentration
of Cyclosporine

Phase III [37]

Anti-inflammatory and/or
immunosuppressive

Tacrolimus (0.03%) eye
drops

Phase Ⅳ [38]

Anti-inflammatory and/or
immunosuppressive

Rapamycin (sirolimus) Phase I [39]

Anti-inflammatory and/or
immunosuppressive

EBI-005 Phase III [40]

Anti-inflammatory and/or
immunosuppressive

Resolvin E1 analogues Phase II [41]

Biological components Albumin 5% Phase II [42]
Biological components Estradiol Phase II [43]
Biological components N-acetylcysteine Phase II [44]
Biological components Thymosin b4 Phase II [45]
Biological components Amniotic membrane

extract eye drops
Phase I /
II

[46]

Biological components Mesenchymal stem
cells

Phase I /
II

[47]

Mucin secretagogues Tavilermide (MIM-D3,
1% or 5%)

Phase II [48]

Mucin secretagogues Ecabet sodium Phase III [49]
Mucin secretagogues Mycophenolate mofetil Phase II [50]
Mucin secretagogues 15(s)-HETE or

Icomucret
Phase III/
II

[51]

Other’s products Visomitin (SkQ1) phase II /
III

[52]

Other’s products Tivanisiran (SYL1001) phase III [53]
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3.1. Artificial tear products

Artificial tear products are ocular lubricating eye drops used as
the first line of treatment for irritation and dryness associated with
tear deficient DED. The artificial tears have both active and inactive
ingredients, and the demulcents and emollients are main active
ingredients. The demulcent is usually a water-soluble polymer that
helps to protect and lubricate the mucous membranes of the eye,
and the emollient is a fat or oil found in both tears and ointments,
andmany artificial tears use flaxseed oil, castor oil or mineral oil. In
the treatment of DED, the lubricating tear ointments are also used.
Due to decreased vision after application, lubricating tear oint-
ments are generally used just before sleep. Although mild cases
require four applications per day, severe cases need more frequent
dosing (usually 10–12 times per day). Increasing the viscosity of
the artificial tear product prolongs its residence time in the eye
but may cause temporary blurring [54]. Components, such as
sodium hyaluronate, chondroitin sulfate, polyvinyl derivatives
and cellulose influence adhesion to the ocular surface, residence
time and viscosity [55]. Many ophthalmic products also contain
preservatives to prolong shelf life and reduce the likelihood of bac-
terial contamination. Artificial tear products are prescribed based
on the severity of the disorder, sensitivity to preservatives, risk of
contamination and cost. Management of DED often involves artifi-
cial tear products combined with other treatments, such as cyclos-
porin, corticosteroids, mucin secretagogues and antibiotics.
3.2. Cyclosporin

Topical administration of the immunomodulator cyclosporin A
(CsA) is used as a treatment for DED caused by inadequate tear
secretion [56,57]. Indeed, several studies show the topical applica-
tion of CsA can provide beneficial effects for patients with DED
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[58]. CsA inhibits the activation of T lymphocytes and enhance-
ment of goblet cells, while also reducing the amount of inflamma-
tory cytokines in the conjunctival epithelium [3,59]. Moreover, CsA
prevents the mitochondria-mediated apoptosis pathway [60].
Thus, the CsA is widely used, but negative results have also been
reported. The CsA ophthalmic solution 0.05% (Restasis�) is used
treatment for chronic DED in the USA, although, 0.05% CsA eye
drops/emulsions reduced cytokines and inflammatory cells on ocu-
lar surfaces, and also led to the severe burning sensation which
was the major limiting factor for its use in patients of DED [61].
Thus, it is required cautions design of CsA eye drops/emulsions.
Since the approval of Restasis� in 2002 several original CsA-
based products for ocular diseases have been developed. Topical
formulations of CsA used in different parts of the world include
the following: 0.005% Lacrinmune� emulsion (Argentina), 0.05%
Cyclorin� (Bangladesh), 0.05% Cyporin� solution (Myanmar and
Bangladesh), 0.05% TJ Cyporin� (Korea), 0.1% Ikervis� cathionic
emulsion (Europe), 0.1% Papilock mini ophthalmic solution (Japan)
and 0.1% Modusic-A Ofteno� Solution (South America). All of these
commercial products are regional [62].

3.3. Corticosteroids

Corticosteroids applied directly to a part of the body, for exam-
ple fluorometholone, methylprednisolone, prednisolone, dexam-
ethasone, and loteprednol etabonate, are effective in treating
inflammatory conditions of the ocular surface. Corticosteroids pro-
vide induction of lymphocyte apoptosis, downregulation of
interleukin-1 (IL-1) and tumor necrosis factor-a (TNF-a) by inhibi-
tion of the NF-jB (nuclear factor-kappa B) signaling cascade, and
suppression of inflammatory factor production. Loteprednol has
been granted Food and Drug Administration (FDA) approval to
treat short-term DED [35,63]. These corticosteroids also have
FDA approval for the treatment of inflammatory conditions associ-
ated with keratoconjunctivitis, which is inflammation of the cor-
nea and conjunctiva [3,64,65]. However, short-term treatment
with topical corticosteroids is recommended because prolonged
use can lead to cataracts, glaucoma, and ocular infections.

3.4. Mucin secretagogues

Diquafosol directly promotes tear secretion from epithelial cells
and mucin secretion from goblet cells in the conjunctiva via inter-
action with P2Y2 receptors. However, it has been reported that
diquafosol does not act directly on the lacrimal gland and fails to
elicit protein secretion from isolated glands [66]. Nonetheless,
diquafosol both stimulates mucin secretion from goblet cells in
the conjunctiva and increases expression of genes encoding
membrane-bound mucin in epithelial cells of the cornea [67].
Diquas ophthalmic solution (3% diquafosol ophthalmic solution),
which was developed by Santen Pharmaceutical Co. Ltd., was
launched in Japan at the end of 2010 as a new treatment for DED
with a novel mechanism of action for stimulating tear and mucin
secretion [68]. Indeed, Diquas ophthalmic solution is now the
established treatment for DED in Japan.

Rebamipide has long been used as a therapeutic agent for gas-
tric ulcers, and its mucoprotective properties are also beneficial
for the treatment of DED [69–72]. Previous studies have shown
that topical application of rebamipide increases the number of
goblet cells and promotes secretion of mucin-like proteins in the
human bulbar conjunctiva and tear ducts [73,74]. Moreover, reba-
mipide improves both vital stain and tear fluid degradation time.
Mucosta ophthalmic solution UD 2% (2% rebamipide ophthalmic
solution), developed by Otsuka Pharmaceutical, Co., Ltd., was given
regulatory approval in 2011. In clinical trials, patients with DED
were treated with four daily infusions of Mucosta ophthalmic solu-
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tion UD 2%. These trials have demonstrated that Mucosta oph-
thalmic solution UD 2% is effective in improving the symptoms
of DED [69,70,75]. The effect of two formulations are similar, and
Diquas ophthalmic solution, which promotes tear and mucin secre-
tion onto the ocular surface, and Mucosta ophthalmic suspension
UD2%, which stimulates mucin secretion, facilitate the selective
treatment of the lacrimal layer. On the other hand, the major dif-
ference is that Diquas ophthalmic solution is a solution type, while
Mucosta ophthalmic suspension UD2% is a suspension type, and
some patients complain of temporary visual disturbances after
Mucosta ophthalmic suspension UD2%, possibly because of the
suspension type.
3.5. Omega 3 fatty acids

Eicosanoids, which are derived from 20-carbon containing
polyunsaturated fatty acids, act as local hormones [76] to reduce
inflammation and alter the composition of myoblast lipids. There-
fore, the oral administration of omega 3 fatty acids has been ben-
eficial for DED patients [3,77]. Indeed, several commercial
products, such as Bio Tears and Thera Tears, have demonstrated
the value of some fatty acids in the treatment of DED. Research
indicates the topical application of a-linolenic acid may be a novel
therapy for treating inflammatory changes and clinical signs in
keratoconjunctivitis. Specifically, the topical administration of a-
linolenic acid significantly reduces inflammatory changes and
signs of DED at both the molecular and cellular levels [78].
3.6. Antibiotics

Antibiotics, for example bacitracin and erythromycin, are pre-
scribed to treat meibomian gland dysfunction [79]. In addition,
an ophthalmic formulation of tetracycline has been designed for
the treatment of chronic DED. Tetracycline and its variants,
minocycline and doxycycline, are broad-spectrum antibiotics with
anti-inflammatory activities that are frequently used as ocular sur-
face anti-inflammatory agents. Several studies have demonstrated
tetracycline can diminish the activity of collagenase and phospho-
lipase A2, as well as matrix metalloproteinase-9 (MMP-9) in ocular
surface tissues, and downregulate production of IL-1b and TNF-a
[80]. In addition, when the derivative doxycycline is applied topi-
cally to a DED model, it exhibits a sedative effect and acts as a bar-
rier to the corneal epithelium [80]. In the clinical, the frequency
and interval of the eye drops are adjusted according to the condi-
tion of the patient.
3.7. Nonsteroidal anti-Inflammatory drugs (NSAIDs)

NSAIDs eye drops are used to reduce inflammation associated
with DED. This drug is prescribed primarily for its anti-
inflammatory rather than antibacterial action [3,81]. The NSAIDs
reduce ocular surface inflammation by inhibiting cyclooxygenase
activity, inhibiting prostaglandin synthesis, and lowering granulo-
cyte and monocyte migration and phagocytosis. The immunomod-
ulatory action of NSAIDs is low by comparison to glucocorticoids
for DED arising from autoimmune diseases, such as Sjögren’s syn-
drome [82]. NSAIDs widely used in ophthalmic formulations
include diclofenac sodium, pranoprofen, and bromfenac sodium.
Sodium bromfenac ophthalmic solution not only ameliorates the
symptoms of DED but it also improves tear production and reduces
the onset of inflammation in patients [83]. Furthermore, the inclu-
sion of sodium hyaluronate enhances the suppression of symptoms
caused by the treatment of pranoprofen and diclofenac sodium
[84,85].
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3.8. Vitamin A

Vitamin A is involved in the production of the inner mucin-layer
of the tear film, and its deficiency leads to goblet cell atrophy and
loss of the mucin-layer [1,86]. Eye drops containing vitamin A pro-
tect against inflammation caused by allergens and free radicals. A
combination of topical retinoic acid and systemic administration
of vitamin A have been studied as a potential treatment for DED
[87].

3.9. Autologous serum eye drops

Autologous serum eye drops contain fibronectin, vitamin A, epi-
dermal growth factor, and hepatocyte growth factor. Supplementa-
tion of these components helps maintain a healthy ocular surface.
Although these preparations have been shown to be highly thera-
peutic, they are not commercially available because their prepara-
tion is specific to each individual [88].

3.10. LFA-1 antagonists

Lifitegrast is a formulation approved by the FDA in 2016 for the
treatment of DED. Application of 5% lifitegrast has been found to
reduce ocular discomfort and DED scores [89]. The primary ligand
for lymphocyte function-associated antigen-1 (LFA-1) is intercellu-
lar adhesion molecule-1 (ICAM-1) [90]. Lifitegrast resembles the
molecular structure of ICAM-1 and behaves as a competitive antag-
onist to impede binding of LFA-1 and ICAM-1, preventing the
release of inflammatory factors [91].

3.11. Punctal plugs

Punctal plugs are medical devices that can be inserted into the
tear duct. The device improves the signs and symptoms of DED by
preventing outflow of tears from the lacrimal point through the
nasolacrimal duct [92]. After fitting, a follow-up inpatient appoint-
ment is recommended to check for plug dropout. Punctal plugs are
used in conjunction with artificial tear products.

3.12. New devices for the treatment of DED

An intranasal tear neuro-stimulator is a device that applies a
small electric current to stimulate the endings of the mucocuta-
neous nerves to increase tear secretion. Using this device 4x a
day for 180 days is reported to markedly increase the Schirmer
score and improve ocular symptoms. Although this treatment is
effective for patients with tear deficiency it is costly [93,94]. By
contrast, an extranasal tear neuro-stimulator enhances the secre-
tion of lachrymal fluid by applying a microcurrent to the junction
of the nasal cartilage and the nasal bone [94]. For patients with
an uneven corneal surface, scleral lenses are placed on the sclera.
Although this treatment can significantly improve the symptoms
of DED it is time consuming and costly to fit [95]. Aero Pump’s
med spray is a new ophthalmic drug delivery system that allows
micro- and nano-technology ophthalmic formulations to be
applied directly to an open eye from a short distance without caus-
ing a blink reflex. Effective treatment of DED is anticipated by using
this device together with commercially available ophthalmic drops
[96].

4. Novel drug delivery systems

The use of a DDS via ocular administration can minimize the
side effects arising from systemic absorption [97]. Moreover, a
novel DDS is likely to avoid the need for frequent administration,
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Fig. 5. Illustration of nanoformulations for topical administration in the ophthalmic field.
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as well as providing improved ocular bioavailability and reduced
side effects. Various types of particulate systems (nanoemulsions,
liposomes, nanomicelles, dendrimers, nanocarriers and other’s
nanoformulations [98]) have been investigated as potential deliv-
ery technologies (Fig. 5). Ophthalmic medicine using these systems
referred as nanoparticles (colloidal drug carriers of 10 nm-
1000 nm) [99,100]. These nanoparticles can deliver both lipophilic
and hydrophilic drugs, as well as performing target-specific deliv-
ery, efficient drug absorption and sustained drug release [99,101–
103]. Nanoparticles for ophthalmic DDS are usually composed of
lipids, such as fatty acids and triglycerides together with natural
polymers, such as sodium alginate, albumin, gelatin, and chitosan.
Synthetic polymers, such as polymethacrylic acid, polycyanoacry-
late, Eudragit� (RS100 and RL100), poly(e-caprolactone), poly(lac-
tic acid-co-glycolide) (PLGA) and polyacrylamide are also
frequently used [104]. DDS via nanoparticles has been employed
to treat various ophthalmic diseases, including DED. The rationale
for the application of these particulate systems as an ophthalmic
DDS includes prolonged residence time and delayed ejection due
to the interaction of mucin with bioadhesive polymer chains and
the potential for uptake of the particulates into the ocular
mucin-layer [105]. Many of these systems are still in the experi-
mental phase, and are being applied to various drugs in clinical
use to determine their usefulness. On the other hand, the useful-
ness and safety of some product has been confirmed, and, FDA-
approved nanotherapeutics for DED include nanoemulsions based
on CsA, such as Cyclokat� and Restasis�, and nanomicelle formula-
tions, such as Cequa� [106]. This section outlines studies related to
various nanotechnology systems for therapeutic DDS suitable for
the treatment of DED. A brief overview of the studies is presented
in Table 3. In addition, DDS technologies for DED treatment cur-
rently in the research phase are also included.

4.1. Emulsions (Microemulsions and Nanoemulsions)

Microemulsions are approximately 100 nm nanodispersions in
a one-phase system containing water, oil, and amphiphiles (co-
surfactants and surfactants) that have a high spreading coefficient
and low surface tension, which enhances diffusion/mixing of drug
with tear fluid as well as improving drug contact time on the cor-
neal surface [155]. Therefore, these emulsions are considered to be
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an effective vehicle for drug delivery [156]. In a recent study, MiD-
ROPS for the delivery of CsA, which is an ocular DDS system based
on a microemulsion, was developed and its therapeutic effect
found to be higher than that of Restasis� (twice a day) using a
mouse model of DED [108]. Furthermore, microemulsions based
on the triglyceride of docosahexaenoic acid (TG-DHA) have been
reported to be effective at treating a rabbit DED model [112].
Remogen� Omega is also composed of omega-3 fatty acids dis-
solved in a medium of glycerol/polyacrylic acid/alkyl acrylate
crosspolymer as an emollient and hydrating agent [157,158].
Lubricants used in eye drops include a lipofilm microemulsion.
These formulations have been shown to enhance the treatment
of patients with DED [159]. As a result, it is likely that more bio-
compatible microemulsion systems will be used to treat DED in
the future.

Nanoemulsions are two-phase systems consisting of an
aqueous-phase, oil-phase, co-surfactant and a surfactant, with
nanoparticles (10 nm-100 nm). These nanoparticles possess a high
surface to volume ratio, which can enhance drug diffusion.
Increased residence time of nanoemulsion induced drug molecules
released into the tear fluid after ophthalmic application is desirable
[160]. Oil-in-water nanoemulsions are used as vehicles for CsA,
which is a lipophilic drug [117]. Restasis� (nanoemulsion of CsA)
is approved in the USA and many other countries for the treatment
of DED. The composition of Restasis� includes a 0.05% oil-in-water
anionic nanoemulsion of CsA dissolved in polysorbate 80 (surfac-
tant), castor oil (solubilizer) and water. The nanoemulsions con-
taining CsA can possess anionic, cationic or nonionic properties.
In general, cationic nanoemulsions of CsA increase drug residence
time in the anterior cornea, which consists of an anionic ocular sur-
face [6,117,161]. Lacrinmune� is also available as an ophthalmic
formulation with a composition similar to that of Restasis�, but
with sodium hyaluronate [162]. The hyaluronic acid derivatives
are applied in artificial tear products, such as Opticalmax�, Hya-
lein�, and Vismed� to treat mild to moderate DED. In addition,
Cationorm� and Ikervis� are formulations that utilize nanoemul-
sion technology for DDS, marketed as oil-in-water cationic
nanoemulsions (CNE) containing cetalkonium chloride [62,117].
Cationorm� is also marketed as an OTC drug in some European
and South Asian countries [150,163]. Although nanoemulsion tech-
nology leads to improved persistence on the ocular surface, its use



Table 3
Studies on novel DDS in DED.

Pharmaceutical technology Drug References

Dendrimer Dexamethasone [107,108]
Dendrimer Synthetic sulfonamide derivatives [109]
Emulsions (microemulsions) Cyclosporine A [108,110]
Emulsions (microemulsions) Riboflavin phosphate and Docosahexaenoic acid in triglyceride form [111,112]
Emulsions (nanoemulsions) No drug [113,114]
Emulsions (nanoemulsions) Cyclosporine A [61,115,116]
Emulsions (nanoemulsions) cetalkonium chloride [62,117]
Liposomes No drug [118]
Liposomes Astaxanthin [119]
Liposomes Azithromycin [120]
Liposomes Cyclosporine A [121]
Liposomes Heat shock protein 47 (HSP47) [122]
Liposomes Medroxyprogesterone [123]
Liposomes Phospholipon 90G, cholesterol, a-tocopherol (vitamin E) [124]
Liposomes Phosphatidylcholine, cholesterol, and a-tocopherol [125]
Liposomes Phosphatidylcholine, cholesterol, vitamins A and E [126]
Liposomes Phospholipid [127]
Liposomes Sirolimus [39]
Liposomes Tetracycline [128]
Micelles No drug [129]
Micelles Cyclosporine A [130–137]
Micelles Pimecrolimus [138]
Micelles Vitamin A [139]
Other’s nanoformulations No drug [140]
Other’s nanoformulations Amfenac [141]
Other’s nanoformulations Cyclosporine A [142–148]
Other’s nanoformulations Epigallocatechin gallate [149]
Other’s nanoformulations Mineral oil (light & heavy) [150]
Other’s nanoformulations Petrolatum, lanolin, medium-chain triglycerides (MCT) [114]
Other’s nanoformulations Phospho sulindac [151]
Other’s nanoformulations Plasmid coding MUC5AC protein [152]
Other’s nanoformulations Poly(ethylene glycol) and catechin [153]
Other’s nanoformulations Sirolimus [154]

Most of the nanocarrier systems published in the literature were also proposed as alternatives to the commercially available Restasis� CsA ophthalmic emulsion.
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is restricted because of stability problems related to aggregation
[61]. Therefore, further understanding is needed to expand the
clinical application of this technology.
4.2. Nanosuspensions

Nanosuspensions are colloidal dispersions (particle size 1 lm or
less) of poorly water-soluble drugs whose dispersion stabilization
is ensured by inert polymer resins and surfactants. There are two
major methods for preparing nanosuspensions. The breakdown
method involves a reduction in the size of large particles by bead
milling or high-pressure homogenization. The build-up method
generates colloidal dispersions by preventing nucleation and parti-
cle growth under appropriate conditions after dissolution
[164,165]. Nanosuspensions are generally considered to be better
than the previously described nanoemulsions. For example,
in situ nanosuspensions containing CsA have a particle size
of < 505 ± 5 nm, a zeta potential of �0.07 ± 0.05 mV, and a polydis-
persity index value of 0.23 ± 0.03, which leads to improved drug
delivery. Specifically, the concentration of CsA in pig cornea using
a nanosuspension was higher than that of Restasis� after a single
treatment [i.e., corneal concentration of CsA was 545 ± 137 ng/g
using Restasis� and 3165 ± 597 ng/g using a nanosuspension]
[166]. Experimental results have also shown that in situ nanosus-
pensions cause less irritation to the rabbit eye compared to Resta-
sis� [167]. Topical vitamin A eye drops prepared by high-pressure
homogenizer technology using surfactants, such as Pluronic, ben-
zalkonium chloride, and polysorbate 80, have also been shown to
be beneficial for DED therapy [168,169]. Moreover, it was reported
that the rebamipide residence time and accumulation on the ocu-
lar surface can be increased by regulating the particle size of the
Mucosta Ophthalmic Suspension UD 2% to a range of 140–
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150 nm [170]. Thus, nanosuspension technology provides a safe
and effective means of delivering hydrophobic drugs to the ocular
surface. However, as with nanoemulsions, the physical stability of
nanosuspensions needs to be improved before their applicability
can be fully realized.
4.3. Liposomes

Liposomes are spherical vesicles 25 nm to 10 lm in diameter
comprising a bilayer of phospholipids. The liposomes adhere to
the cornea by coating with an adhesive polymer or by dispersion
of liposomes in an adhesive gel, thereby facilitating the efficient
delivery of water soluble drugs [171]. Furthermore, liposomes with
a positive charge are known to bind efficiently to the negatively
charged mucin associated with the corneal epithelium, resulting
in enhanced drug delivery (Fig. 6). Liposome formulations for the
treatment of DED are referred to as lipid-containing eye drops,
such as Vyseo�, Clarimist�, Tears Again�, ActiMistTM, and
OptrexTM. These lipid-containing eye drops are useful for the treat-
ment of patients with mild to moderate evaporative DED. In addi-
tion, it has been shown that the lipid-containing eye drops improve
stability of the tear fluid and decrease tear fluid osmolarity more
effectively than ophthalmic formulations containing hydrox-
ypropyl methylcellulose or sodium hyaluronate [172]. Liposomal
sirolimus has also been prepared and this formulation is currently
being assessed for the treatment of DED [39,57]. Thus, liposomes
can alleviate DED symptoms in patients and enhance the structure
and stability of the tear film. However, practical aspects of the
application of this system as an ophthalmic DDS are limited due
to the difficulty of scale-up and problems associated with stability
during the manufacturing process. Further basic research into lipo-
somes for DED therapy are likely to resolve these problems.
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Fig. 6. Illustration showing the interaction of cationic liposomes on the cornea with the negatively charged mucin-layer.
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4.4. Nanomicelles

Nanomicelles are colloidal carrier systems with dimensions
ranging from 5 nm to 200 nm, which block copolymers and surfac-
tants self-assembling in aqueous solution [173–175]. The nanomi-
celles synthesized from block copolymers consisting of different
hydrophobic and hydrophilic monomer units are called polymeric
nanomicelles [176], while nanosized micelles composed of amphi-
philic molecules with water loving head groups (anionic, cationic,
zwitterionic or nonionic) and hydrophobic tails are referred to as
surfactant nanomicelles. Treatment of DED using polymeric
nanomicelles and surfactant nanomicelles is described below.

Polymeric micelles represent a promising DDS for the manage-
ment of DED. It has been reported that methoxy poly(ethylene
glycol)-hexyl substituted poly (lactides) (MPEG-hexPLA) polymeric
nanomicelles carrying CsA displayed biocompatibility in human
corneal epithelial cells and were effective for the treatment of
DED [135,177]. Moreover, the pre-corneal residence (327 ng/mL)
in rabbits treated with MPEG-hexPLA micelle eye drops loaded
with 0.05% CsA was significantly improved compared to Restasis�

(142 ng/mL) 3 h after instillation. In addition, the concentration of
CsA in rat corneal tissue instilled with MPEG-hexPLA micelles
(1540 ng/g tissue) was also significantly higher by comparison
with Restasis� (<2 ng/mL) [135,177]. These results using the
MPEG-hexPLA micelles containing poorly water-soluble drugs,
such as CsA, were applied as ApidSOLTM for the treatment of DED.
Soluplus�, a graft copolymer containing polyvinyl acetate, polyvi-
nyl caprolactam, and polyethylene glycol (PVAc-PVCap-PEG,
30/57/13), has also been introduced as a DED treatment [177].
Guo et al [178] demonstrated 0.5 mg/mL Soluplus� micelles con-
taining CsA ophthalmic drops were superior to commercial CsA
oil-based 10 mg/mL ophthalmic solution in terms of corneal resi-
dence of CsA, and suggested that the Soluplus� micelles may be
a potential alternative to existing commercial products. Moreover,
Soluplus� micelles loaded with a-linolenic acid display prolonged
drug corneal residence time, and the therapeutic utility of this sys-
tem for DED has been investigated [175,179]. Furthermore, it was
reported that methoxy poly(ethylene glycol)-poly(lactide) polymer
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(mPEG-PLA) micelles containing CsA had 4.5 times greater resi-
dence, and the effect in the cornea was prolonged in comparison
with a 0.05% CsA emulsion [133,134]. Some of these drug-loaded
polymeric nanomicelle formulations have been accepted for clini-
cal trials in cancer treatment, but not yet for DED. If these formu-
lations are commercialized, they have the potential to supply an
effective and simple treatment for DED patients.On the other hand,
surfactant nanomicelles are expected to provide an effective means
of delivering therapeutic agents to treat DED. A recent study used a
0.1% CsA self-assembling micellar system with polyethylene
glycol-fatty alcohol ether type nonionic surfactants (Sympatens
AS or Sympatens ACS) to deliver CsA [137]. The CsA concentration
in the cornea of pigs instilled with the micellar CsA solution
(1557 ng/g cornea) was higher than that of Restasis� (545 ng/g cor-
nea). In an experimental system using rapamycin nanomicelles
with polyethylene glycol-distearoyl phosphatidylethanolamine
(PEG-DSPE), autoimmune-induced lacrimal gland inflammation
was suppressed [180]. Moreover, lacrimal fluid secretion and ocu-
lar surface damage was improved in a non-obese diabetic model
mouse of Sjögren’s syndrome disease [180]. In addition, Mitra
et al. prepared a 0.1% CsA nanomicelle system consisting of a mixed
polymer of octoxynol-40 and hydrogenated castor oil-40 (0.05:1.0,
%), which exhibit very low critical micelle concentrations
(0.00707%) [136]. The 0.1% CsA nanomicelle preparation delivered
therapeutically significant levels of CsA to the cornea, conjunctiva,
and sclera of rabbits [136]. Fig. 7 shows the concentration of CsA in
each ocular tissue of the rabbits after a single instillation. More-
over, CsA concentrations in all ocular tissues except the tear and
upper eyelid repetitively instilled with a 0.05% CsA nanomicelle
formulation (OTX-101, 4 times/day, interval time 2 h) was signifi-
cantly enhanced over that of Restasis� [181]. These findings may
result from superior contact of the outer oil-layer of the tear with
the oil-based vehicle. OTX-101 was approved by the US FDA in
August 2018 as Cequa� (OTX-101, 0.09%) ophthalmic solution for
the treatment of DED in adult patients [162]. Thus, surfactant-
based nanomicellar systems could be the key to achieving
improved drug treatment for DED.
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Fig. 7. Ophthalmic distribution of CsA in rabbits instilled with a topical ophthalmic nanomicellar solution of CsA (CEQUA�). Mean ± S.E. n = 4. The data were cited from Ref.
163.
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4.5. Nanostructured lipid carriers

Nanostructured lipid carriers (NLCs) contain approximately 30%
liquid lipids that lack a crystalline structure in the solid state [182].
As such, NLCs can accommodate more drugs between the fatty acid
moieties of the glycerides than solid lipid nanoparticles (SLNs)
[183]. NLCs are prepared by melt-emulsification, and Cys-NLC
can be generated by incubation with NLCs and thiolated polyethy-
lene glycol monostearate (Cys-PEG-SA). The Cys-NLC provided high
residence of CsA in the tear of rabbits for over 6 h without irritation
[184]. Moreover, the residence time of CsA in the tear and ocular
tissue of rabbits instilled with Cys-NLC were significantly higher
in comparison with those of oil or non-thiolated NLC [185]. Thus,
Cys-NLC may prove to be valuable for the treatment of DED. In
addition, NLC ophthalmic solutions based on phosphatidylcholine
and squalene have been reported to be useful as artificial tear
products [186]. These NLC ophthalmic solutions form a stable cor-
neal film. Ocular surface residence was good, which offered
improved protection to the corneal surface in a model animal (rab-
bit) of evaporative DED by comparison with polymer-based com-
mercial artificial tear products [186]. However, additional studies
are warranted to clarify the safety of the ophthalmic additives
prior to clinical application.

4.6. Dendrimers

Dendrimers are a new type of polymer with a radially branched
structure that typically adopts a 3D morphology symmetric about
the core. The dendrimers can act as nanocapsules because they
possess internal spaces that may encapsulate drugs. Moreover, var-
ious functional dendrimers can be prepared by attaching biocom-
patible polymers and functional groups to decorate the
dendrimer surface. As such, dendrimers have potential applica-
tions for the treatment of DED due to their facile surface modifica-
tion and good water solubility. For example, polyamidoamine
(PAMAM)-based divalent water-soluble dendrimers with two sul-
fonamide units show high level affinity (nM range) for matrix met-
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alloproteinase 9, which is involved in DED. The efficacy of these
formulations has also been demonstrated in a rabbit system for
experimental DED [187]. Furthermore, the usefulness of
dendrimer-dexamethasone conjugates for DED therapy has been
investigated [188]. It was reported that a subconjunctival injection
of the formulation conjugate preferentially localized to infiltrating
cells in an autoimmune lacrimal gland inflammation-induced rab-
bit model, and the infiltration was significantly attenuated [188].
However, the long-term safety of dendrimers has not yet been fully
demonstrated in the eye, and further safety evaluation is needed
[189].

4.7. Polymers

Chitosan is a cationic polymer found in the exoskeleton of crus-
taceans that displays bioadhesive characteristics. The adhesive
properties of chitosan are related to electrostatic interactions,
hydrophobic effects and hydrogen bonding [190]. The CsA level
in cornea and conjunctiva of rabbits instilled with CsA-loaded chi-
tosan nanoparticles is significantly higher than that of chitosan
solutions/suspensions containing CsA [191]. Indeed, chitosan has
been used in the preparation of nanoparticles for DED therapy in
numerous studies. Moreover, chitosan-coated liposomes of CsA
are decorated with the positively charged polymer chitosan, which
is also known to prolong drug residence time and enhance drug/-
nanocarrier penetration from the membrane surface. These chi-
tosans, which have excellent adhesive properties and can
penetrate tight junctions, are approved by the US FDA for treat-
ment of DDS [192]. Thus, the chitosan coating helps bind liposomes
to the mucus/lipid membranes of corneal epithelial cells [193].

Several DED treatments with gelatin-based nanoparticles have
also been reported. In a previous study, cationized gelatin-based
nanoparticles carrying a plasmid encoding a modified MUC5AC
protein [pMUC5AC] was generated and the delivery ability of
pMUC5AC-nanoparticles assessed using healthy mice and experi-
mental DED model mice [194]. The modified MUC5AC expression
in pMUC5AC-nanoparticle-treated mice was elevated compared
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to that of the controls. Moreover, inflammation was reduced, and
tear production improved in the pMUC5AC-nanoparticle-treated
mice. Furthermore, amphenac-loaded poly(catechin) capped-gold
nanoparticles was found to inhibit damage to the ocular tissue of
a DED rabbit model [195].

PLGA is a synthetic copolymer of polylactic acid and polygly-
colic acid that is known for its biocompatibility and biodegradabil-
ity. As such, PLGA is frequently used in DDS to treat eye conditions
[196]. Several PLGA nanoparticles containing CsA have also been
investigated for the treatment of DED. For example, it have been
reported that PLGA nanoparticles of CsA plus Eudragit�RL (PLGA:
Eudragit�RL (75:25) nanoparticles) [148] with positively charged
properties increase tear fluid concentration (366.3 ng/g) in com-
parison with CsA solution in rabbit eyes. Moreover, CsA in phenyl-
boronic acid-modified PLGA nanoparticles generated using a
nanoprecipitation method was found to be highly effective in the
treatment of a DED mouse model [197]. In addition, phosphosulin-
dac (PS) solution and PS-loaded nanoparticle (PS-NP) formulations
have been evaluated as a potential DED therapy. The PS is metab-
olized to PS sulfone and sulfide after administration, and these
three molecules are converted to sulindac. The sulindac is subse-
quently metabolized to sulindac sulfide and sulphon. The PS levels
in the ocular tissue of the eye instilled with PS solution was lower,
and the PS metabolite levels higher in comparison with PS-NP
[198].

4.8. Nanowafers

Nano-reservoirs called nanowafers are small, transparent, cir-
cular discs, which allow a loaded drug to be gradually released
from the disc. The polymers used to prepare nanowafers have been
approved for human use by the FDA. Therefore, this technology can
be applied to clinical studies and tested in humans [199]. More-
over, the nanowafers adhere to the ocular surface even when the
eyelid is constantly blinking, and their transparency does not inter-
fere with normal vision. Thus, nanowafers incorporating drugs dis-
solve slowly in the tear fluid to release the drug over an extended
time [200]. The therapeutic effect of nanowafers incorporating
dexamethasone and carboxymethylcellulose (once a day for 5 days)
was similar to that of dexamethasone eye drops (given twice a day)
[201]. Taken together, these findings suggest nanowafers are an
attractive treatment option for ocular diseases.

4.9. Other products

4.9.1. Biodegradable DDS
Bioink is a biomaterial used to transport living cells during bio-

printing. Commonly used bioinks include gelatin, hyaluronic acid,
collagen, fibrinogen, and glycerol. As an application of this bioink
for DED treatment, Park et al. [202] produced a novel lens-
shaped biodegradable DDS using gelatinous methacrylate and hya-
luronic acid. The lens-type biodegradable DDS degrades at 37 �C
but not at 4 �C. Exposure to tears after application results in pro-
gressive degradation and drug delivery. In addition, due to the nat-
ure of the bioink, tears display increased transparency and surface
smoothness. Furthermore, lens-type biodegradable DDS can be
easily fabricated using a 3D printer. However, further research is
required to ensure the visibility of the lenses and to maintain a
constant concentration of the drug after degradation. DDS of these
lens-type devices has the potential to contribute not only to the
protection of the cornea and to facilitate ease of treatment, but also
to the regeneration of the epithelium.

4.9.2. Cyclodextrin
Cyclodextrins increase the solubility and sustained release of

drugs in tear fluid, as well as improving drug penetration and
11
bioavailability into the eye. CsA aqueous ophthalmic solutions,
tacrolimus, loteprednol etabonate, and OCS-02 (anti-TNFa anti-
body), prepared using these cyclodextrins are reported to be effec-
tive for the treatment of DED [203].
4.9.3. kPI-121
Mucus-Permeable Particles (MPPs) are coated nanoparticles

with reduced affinity for mucin that are able to transit the mucus
barrier. KPI-121 is an ophthalmic suspension that utilizes this
strategy to efficiently deposit loteprednol etabonate to ocular tis-
sue. In clinical trials, KPI-121 has been shown to significantly
reduce the symptoms and signs of DED compared to placebo.
KPI-121 0.25% was granted approval by the FDA in 2020 [204].
5. Conclusion

The development of effective methods to treat DED with mini-
mal impact on physiological function is urgently needed. The intro-
duction of new drugs and colloidal delivery systems will result in
more effective treatments for DED. Nanotechnology is a versatile
tool for cosmetics, regenerative medicine, diagnostics, drug deliv-
ery systems and novel drugs. In particular, recent advances in the
design of nanotechnology-based approaches to overcome the lim-
itations of existing ophthalmic formulations for the treatment of
anterior eye diseases has been remarkable (Fig. 8). Several nanoth-
erapeutics have been given FDA approval and numerous others are
in clinical trials or in the early or late stages of development. It
seems only a matter of time before the potential of these agents
for the treatment of DED treatment is realized. The use of nanofor-
mulations for ophthalmic drugs is promising, although additional
research is still needed to investigate issues related to scale-up,
biocompatibility, formulation stability, drug release, and
pharmacokinetics.
Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.
Acknowledgments

Not applicable.



N. Nagai and H. Otake Advanced Drug Delivery Reviews 191 (2022) 114582
Funding

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

References

[1] M.A. Lemp, C. Baudouin, J. Baum, M. Dogru, G.N. Foulks, S. Kinoshita, P.
Laibson, J. McCulley, J. Murube, S.C. Pflugfelder, M. Polando, I. Toda, The
definition and classification of dry eye disease: report of the definition and
classification subcommittee of the international Dry Eye WorkShop (2007),
Ocular Surf. 5 (2007) 75–92, https://doi.org/10.1016/s1542-0124(12)70081-
2.

[2] E.M. Messmer, The pathophysiology, diagnosis, and treatment of dry eye
disease, Dtsch. Arztebl. Int. 112 (2015) 71–81, https://doi.org/10.3238/
arztebl.2015.0071.

[3] M.A. Javadi, S. Feizi, Dry eye syndrome, J. Ophthalmic Vis. Res. 6 (2011) 192–
198.

[4] E. Shimizu, Y. Ogawa, H. Yazu, N. Aketa, F. Yang, M. Yamane, Y. Sato, Y.
Kawakami, K. Tsubota, M.C. Lin, ‘‘Smart Eye Camera”: An innovative
technique to evaluate tear film breakup time in a murine dry eye disease
model, PLoS ONE 14 (5) (2019) e0215130.

[5] D.A. Schaumberg, J.E. Buring, D.A. Sullivan, M.R. Dana, Hormone Replacement
Therapy and Dry Eye Syndrome, JAMM. 286 (2001) 2114–2119, https://doi.
org/10.1001/jama.286.17.2114.

[6] D.A. Schaumberg, D.A. Sullivan, M.R. Dana, Epidemiology of dry eye
syndrome, Adv. Exp. Med. Biol. 506 (2002) 989–998, https://doi.org/
10.1007/978-1-4615-0717-8_140.

[7] M.A. Lemp, Report of the National Eye Institute/Industry workshop on Clinical
Trials in Dry Eyes, CLAO J. 21 (1995) 221–232.

[8] E. Peters, K. Colby, The tear film, in Foundation Volume 2: Physiology of the
Eye and Visual System, in: W. Tasman, E.A. Jaeger (Eds.), Duane’s Foundations
of Clinical Ophthalmology, Lippincott Williams & Wilkins, Duane’s
Ophthalmology on CD rom, Philadelphia, 2006.

[9] M.E. Johnson, P.J. Murphy, Changes in the tear film and ocular surface from
dry eye syndrome, Prog. Retin. Eye Res. 23 (2004) 449–474, https://doi.org/
10.1016/j.preteyeres.2004.04.003.

[10] V.D. Wagh, D.U. Apar, Cyclosporine A Loaded PLGA Nanoparticles for Dry Eye
Disease: In Vitro Characterization Studies, Journal of Nanotechnology 2014
(2014) 1–10.

[11] P. Versura, P. Nanni, A. Bavelloni, W.L. Blalock, M. Piazzi, A. Roda, E.C. Campos,
Tear proteomics in evaporative dry eye disease, Eye 24 (2010) 1396–1402,
https://doi.org/10.1038/eye.2010.7.

[12] R.W. Yee, H.G. Sperling, A. Kattek, M.T. Paukert, K. Dawson, M. Garcia, S.
Hilsenbeck, Isolation of the Ocular Surface to Treat Dysfunctional Tear
Syndrome Associated with Computer Use, Ocul. Surf. 5 (2007) 308–315,
https://doi.org/10.1016/s1542-0124(12)70096-4.

[13] G.N. Foulks, K.K. Nichols, A.J. Bron, E.J. Holland, M.B. McDonald, J. Daniel
Nelson, Improving Awareness, Identification, and Management of Meibomian
Gland Dysfunction, Ophthalmology 119 (2012) S1–S12, https://doi.org/
10.1016/j.ophtha.2012.06.064.

[14] W.E. Shine, J.P. McCulley, Keratoconjunctivitis sicca associated with
meibomian secretion polar lipid abnormality, Arch. Ophthalmol. 116 (1998)
849–852, https://doi.org/10.1001/archopht.116.7.849.

[15] M. Fujita, T. Igarashi, T. Kurai, M. Sakane, S. Yoshino, H. Takahashi, Correlation
Between Dry Eye and Rheumatoid Arthritis Activity, Am. J. Ophthalmol. 140
(2005) 808–813, https://doi.org/10.1016/j.ajo.2005.05.025.

[16] D.A. Schaumberg, D.A. Sullivan, M. Reza Dana, Epidemiology of Dry Eye
Syndrome, Adv. Exp. Med. Biol. 506 (2002) 989–998, https://doi.org/10.1007/
978-1-4615-0717-8_140.

[17] O.D. Schein, B. Muñoz, J.M. Tielsch, K. Bandeen-Roche, S. West, Prevalence of
Dry Eye Among the Elderly, Am. J. Ophthalmol. 124 (1997) 723–728, https://
doi.org/10.1016/s0002-9394(14)71688-5.

[18] J.Y. Niederkorn, Regulatory T Cells and the Eye, Chem. Immunol. Allergy 92
(2007) 131–139, https://doi.org/10.1159/000099263.

[19] S. Barabino, M.R. Dana, Dry Eye Syndromes, in: J.Y. Niederkorn, H.J. Kaplan
(Eds.), Chemical Immunology and AllergyImmune Response and the Eye,
KARGER, Basel, 2007, pp. 176–184.

[20] A. Solomon, D. Dursun, Z. Liu, Y. Xie, A. Macri, S.C. Pflugfelder, Pro- and anti-
inflammatory forms of interleukin-1 in the tear fluid and conjunctiva of
patients with dry-eye disease, Invest. Ophthalmol. Vis. Sci. 42 (2001) 2283–
2292.

[21] Y. Ohashi, R. Ishida, T. Kojima, E. Goto, Y. Matsumoto, K. Watanabe, N. Ishida,
K. Nakata, T. Takeuchi, K. Tsubota, Abnormal protein profilesin tears with dry
eye syndrome, Am. J. Ophthalmol. 136 (2003) 291–299, https://doi.org/
10.1016/s0002-9394(03)00203-4.

[22] J. Murube, J. Németh, H. Höh, P. Kaynak-Hekimhan, J. Horwath-Winter, A.
Agarwal, C. Baudouin, J.M. Benítez del Castillo, S. Cervenka, L. ChenZhuo, A.
Ducasse, J. Durán, F. Holly, R. Javate, J. Nepp, F. Paulsen, A. Rahimi, P. Raus, O.
Shalaby, P. Sieg, H. Soriano, D. Spinelli, S.H. Ugurbas, G. Van Setten, The Triple
Classification of Dry Eye for Practical Clinical Use, Eur. J. Ophthalmol. 15
(2005) 660–667, https://doi.org/10.1177/112067210501500602.

[23] M. Calonge, Y. Diebold, V. Sáez, A. Enríquez de Salamanca, C. García-Vázquez,
R.M. Corrales, J.M. Herreras, Impression cytology of the ocular surface: a
12
review, Exp. Eye Res. 78 (2004) 457–472, https://doi.org/10.1016/j.
exer.2003.09.009.

[24] M. Rolando, F. Terragna, G. Giordano, G. Calabria, Conjunctival Surface Damage
Distribution in Keratoconjunctivitis Sicca. An Impression Cytology Study,
Ophthalmologica 200 (1990) 170–176, https://doi.org/10.1159/000310101.

[25] S.C. Pflugfelder, A. Solomon, M.E. Stern, The Diagnosis and Management of
Dry Eye: A Twenty-Five-Year Review, Cornea 19 (2000) 644–649, https://doi.
org/10.1097/00003226-200009000-00009.

[26] A.A. Afonso, D. Monroy, M.E. Stern, W.J. Feuer, S.C. Tseng, S.C. Pflugfelder,
Correlation of tear fluorescein clearance and Schirmer test scores with ocular
irritation symptoms, Ophthalmology 106 (1999) 803–810, https://doi.org/
10.1016/S0161-6420(99)90170-7.

[27] N. Yokoi, A. Komuro, Non-invasive methods of assessing the tear film, Exp.
Eye Res. 78 (2004) 399–407, https://doi.org/10.1016/j.exer.2003.09.020.

[28] A.J. Bron, M.B. Abelson, G. Ousler, E. Pearce, A. Tomlinson, N. Yokoi, J.A. Smith,
C. Begley, B. Caffery, K. Nichols, D. Schaumberg, O. Schein, M. Calonge, C.
Baudouin, E. Goto, F. Grus, J. Paugh, Methodologies to Diagnose and Monitor
Dry Eye Disease: Report of the Diagnostic Methodology Subcommittee of the
International Dry Eye Workshop (2007), Ocular Surf. 5 (2007) 108–152,
https://doi.org/10.1016/s1542-0124(12)70083-6.

[29] A.J. Bron, V.E. Evans, J.A. Smith, Grading of Corneal and Conjunctival Staining
in the Context of Other Dry Eye Tests, Cornea 22 (2003) 640–650, https://doi.
org/10.1097/00003226-200310000-00008.

[30] M.A. Lemp, A.J. Bron, C. Baudouin, J.M. Benítez Del Castillo, D. Geffen, J.
Tauber, G.N. Foulks, J.S. Pepose, B.D. Sullivan, Tear Osmolarity in the
Diagnosis and Management of Dry Eye Disease, Am. J. Ophthalmol. 151
(2011) 792–798, https://doi.org/10.1016/j.ajo.2010.10.032.

[31] K.K. Nichols, G.N. Foulks, A.J. Bron, B.J. Glasgow, M. Dogru, K. Tsubota, M.A.
Lemp, D.A. Sullivan, The International Workshop on Meibomian Gland
Dysfunction: Executive Summary, Invest. Ophthalmol. Vis. Sci. 52 (2011)
1922–1929, https://doi.org/10.1167/iovs.10-6997a.

[32] G. de Oliveira Fulgêncio, J.B. Saliba, S.L. Fialho, A. da Silva Cunha Júnior,
Cyclosporine-loaded delivery system for the treatment of
keratoconjunctivitis sicca: a pilot study, Rev. Bras. Oftalmol. 72 (2013) 232–
236, https://doi.org/10.1590/S0034-72802013000400005.

[33] N.A. McNamara, S. Ge, S.M. Lee, A.M. Enghauser, L. Kuehl, F.Y.L. Chen, M.
Gallup, R.L. McKown, Reduced Levels of Tear Lacritin Are Associated With
Corneal Neuropathy in Patients With the Ocular Component of Sjögren’s
Syndrome, Invest. Ophthalmol. Vis. Sci. 57 (2016) 5237–5243, https://doi.org/
10.1167/iovs.16-19309.

[34] A. Lambiase, B.D. Sullivan, T.A. Schmidt, D.A. Sullivan, G.D. Jay, E.R. Truitt 3rd,
A. Bruscolini, M. Sacchetti, F. Mantelli, A Two-Week, Randomized, Double-
masked Study to Evaluate Safety and Efficacy of Lubricin (150 lg/mL) Eye
Drops Versus Sodium Hyaluronate (HA) 0.18% Eye Drops (Vismed�) in
Patients with Moderate Dry Eye Disease, Ocular Surf. 15 (2017) 77–87,
https://doi.org/10.1016/j.jtos.2016.08.004.

[35] K. Beckman, J. Katz, P. Majmudar, A. Rostov, Loteprednol Etabonate for the
Treatment of Dry Eye Disease, J. Ocul. Pharmacol. Ther. 36 (2020) 497–511,
https://doi.org/10.1089/jop.2020.0014.

[36] A. Galor, Efficacy and Safety of OCS-02 a novel, potent, topical TNFa antibody
in acute anterior uveitis (AAU): a phase 2 study, Invest. Ophthalmol. Vis. Sci.
62 (2021) 3476.

[37] D.L. Wirta, G.L. Torkildsen, H.R. Moreira, J.D. Lonsdale, J.B. Ciolino, G. Jentsch,
M. Beckert, G.W. Ousler, P. Steven, S. Krösser, A Clinical Phase II Study to
Assess Efficacy, Safety, and Tolerability of Waterfree Cyclosporine
Formulation for Treatment of Dry Eye Disease, Ophthalmology 126 (2019)
792–800, https://doi.org/10.1016/j.ophtha.2019.01.024.

[38] I. Varela Rey, M. Gonzalez-Barcia, L. García-Quintanilla, A. Castro-Balado, M.
Busto-Iglesias, I. Zarra-Ferro, A. Fernández-Ferreiro, 4CPS-323 Evaluation of
the use, adherence and tolerance of 0.03% tacrolimus eye drops, Eur. J. Hosp.
Pharm. 28 (2021) A76, http://dx.doi.org/10.1136/ejhpharm-2021-eahpconf.155.

[39] M.A. Linares-Alba, M.B. Gómez-Guajardo, J.F. Fonzar, D.E. Brooks, G.A. García-
Sánchez, M.J. Bernad-Bernad, Preformulation Studies of a Liposomal
Formulation Containing Sirolimus for the Treatment of Dry Eye Disease, J.
Ocul. Pharmacol. Ther. 32 (2016) 11–22, https://doi.org/10.1089/
jop.2015.0032.

[40] J. Kovalchin, B. King, A. Masci, E. Hopkins, J. Fry, J. Hou, C. Li, K. Tenneson, S.
Weber, G. Wolfe, K. Collins, E.S. Furfine, Preclinical Development of EBI-005:
An IL-1 Receptor-1 Inhibitor for the Topical Ocular Treatment of Ocular
Surface Inflammatory Diseases, Eye Contact Lens 44 (2018) 170–181, https://
doi.org/10.1097/ICL.0000000000000414.

[41] K. Cholkar, B.C. Gilger, A.K. Mitra, Corrigendum to ‘‘Topical delivery of
aqueous micellar Resolvin E1 analog (RX-10045)” [Int. J. Pharm. 498 (2016) 326-
334], Int. J. Pharm. 509 (2016) 528, https://doi.org/10.1016/j.ijpharm.2016.04.012.

[42] A. Higuchi, R. Ueno, S. Shimmura, M. Suematsu, M. Dogru, K. Tsubota,
Albumin rescues ocular epithelial cells from cell death in dry eye, Curr. Eye
Res. 32 (2007) 83–88, https://doi.org/10.1080/02713680601147690.

[43] D. Schmidl, L. Szalai, O.G. Kiss, L. Schmetterer, G. Garhöfer, A. Phase II,
Multicenter, Randomized, Placebo-Controlled, Double-Masked Trial of a
Topical Estradiol Ophthalmic Formulation in Postmenopausal Women with
Moderate-to-Severe Dry Eye Disease, Adv. Ther. 38 (2021) 1975–1986,
https://doi.org/10.1007/s12325-021-01680-3.

[44] X. Li, B. Kang, I.H. Woo, Y. Eom, H.K. Lee, H.M. Kim, J.S. Song, Effects of Topical
Mucolytic Agents on the Tears and Ocular Surface: A Plausible Animal Model of
Mucin-Deficient Dry Eye, Invest. Ophthalmol. Vis. Sci. 59 (2018) 3104–3114,
https://doi.org/10.1167/iovs.18-23860.

https://doi.org/10.1016/s1542-0124(12)70081-2
https://doi.org/10.1016/s1542-0124(12)70081-2
https://doi.org/10.3238/arztebl.2015.0071
https://doi.org/10.3238/arztebl.2015.0071
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0015
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0015
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0020
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0020
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0020
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0020
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0020
https://doi.org/10.1001/jama.286.17.2114
https://doi.org/10.1001/jama.286.17.2114
https://doi.org/10.1007/978-1-4615-0717-8_140
https://doi.org/10.1007/978-1-4615-0717-8_140
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0035
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0035
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0040
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0040
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0040
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0040
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0040
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0040
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0040
https://doi.org/10.1016/j.preteyeres.2004.04.003
https://doi.org/10.1016/j.preteyeres.2004.04.003
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0050
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0050
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0050
https://doi.org/10.1038/eye.2010.7
https://doi.org/10.1016/s1542-0124(12)70096-4
https://doi.org/10.1016/j.ophtha.2012.06.064
https://doi.org/10.1016/j.ophtha.2012.06.064
https://doi.org/10.1001/archopht.116.7.849
https://doi.org/10.1016/j.ajo.2005.05.025
https://doi.org/10.1007/978-1-4615-0717-8_140
https://doi.org/10.1007/978-1-4615-0717-8_140
https://doi.org/10.1016/s0002-9394(14)71688-5
https://doi.org/10.1016/s0002-9394(14)71688-5
https://doi.org/10.1159/000099263
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0095
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0095
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0095
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0095
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0095
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0095
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0100
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0100
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0100
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0100
https://doi.org/10.1016/s0002-9394(03)00203-4
https://doi.org/10.1016/s0002-9394(03)00203-4
https://doi.org/10.1177/112067210501500602
https://doi.org/10.1016/j.exer.2003.09.009
https://doi.org/10.1016/j.exer.2003.09.009
https://doi.org/10.1159/000310101
https://doi.org/10.1097/00003226-200009000-00009
https://doi.org/10.1097/00003226-200009000-00009
https://doi.org/10.1016/S0161-6420(99)90170-7
https://doi.org/10.1016/S0161-6420(99)90170-7
https://doi.org/10.1016/j.exer.2003.09.020
https://doi.org/10.1016/s1542-0124(12)70083-6
https://doi.org/10.1097/00003226-200310000-00008
https://doi.org/10.1097/00003226-200310000-00008
https://doi.org/10.1016/j.ajo.2010.10.032
https://doi.org/10.1167/iovs.10-6997a
https://doi.org/10.1167/iovs.16-19309
https://doi.org/10.1167/iovs.16-19309
https://doi.org/10.1089/jop.2020.0014
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0180
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0180
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0180
https://doi.org/10.1016/j.ophtha.2019.01.024
https://doi.org/10.1089/jop.2015.0032
https://doi.org/10.1089/jop.2015.0032
https://doi.org/10.1097/ICL.0000000000000414
https://doi.org/10.1097/ICL.0000000000000414
https://doi.org/10.1080/02713680601147690
https://doi.org/10.1007/s12325-021-01680-3
https://doi.org/10.1167/iovs.18-23860


N. Nagai and H. Otake Advanced Drug Delivery Reviews 191 (2022) 114582
[45] C.E. Kim, H.K. Kleinman, G. Sosne, G.W. Ousler, K. Kim, S. Kang, J. Yang, RGN-
259 (thymosin b4) improves clinically important dry eye efficacies in
comparison with prescription drugs in a dry eye model, Sci. Rep. 8 (2018)
10500, https://doi.org/10.1038/s41598-018-28861-5.

[46] M.L. Pérez, S. Barreales, N. Sabater-Cruz, E.M. Martinez-Conesa, A.
Vilarrodona, R.P. Casaroli-Marano, Amniotic membrane extract eye drops: a
new approach to severe ocular surface pathologies, Cell Tissue Bank 23 (3)
(2022) 473–481.

[47] X. Lu, N. Li, L. Zhao, D. Guo, H. Yi, L. Yang, X. Liu, D. Sun, H. Nian, R. Wei,
Human umbilical cord mesenchymal stem cells alleviate ongoing
autoimmune dacryoadenitis in rabbits via polarizing macrophages into an
anti-inflammatory phenotype, Exp. Eye Res. 191 (2020), https://doi.org/
10.1016/j.exer.2019.107905.

[48] K. Meerovitch, G. Torkildsen, J. Lonsdale, H. Goldfarb, T. Lama, G.
Cumberlidge, G.W. Ousler 3rd, Safety and efficacy of MIM-D3 ophthalmic
solutions in a randomized, placebo-controlled Phase 2 clinical trial in patients
with dry eye, Clin. Ophthalmol. 7 (2013) 1275–1285, https://doi.org/10.2147/
OPTH.S44688.

[49] C. Mito, H. Tokushige, T. Kida, H. Sakaki, T. Ogawa, Ecabet Sodium Promotes
MUC5AC Secretion in Rabbit Tears, Invest. Ophthalmol. Vis. Sci. 48 (2007) 384.

[50] H. He, H. Ding, A. Liao, Q. Liu, J. Yang, X. Zhong, Effects of mycophenolate
mofetil on proliferation and mucin-5AC expression in human conjunctival
goblet cells in vitro, Mol. Vis. 16 (2010) 1913–1919.

[51] D.A. Gamache, Z.Y. Wei, L.K. Weimer, S.T. Miller, J.M. Spellman, J.M. Yanni,
Corneal Protection by the Ocular Mucin Secretagogue 15(S)-HETE in a Rabbit
Model of Desiccation-induced Corneal Defect, J. Ocul. Pharmacol. Ther. 18
(2002) 349–361, https://doi.org/10.1089/10807680260218515.

[52] E.Y. Zernii, O.S. Gancharova, V.E. Baksheeva, M.O. Golovastova, E.I. Kabanova,
M.S. Savchenko, V.V. Tiulina, L.F. Sotnikova, A.A. Zamyatnin Jr, P.P. Philippov,
I.I. Senin, Mitochondria-Targeted Antioxidant SkQ1 Prevents Anesthesia-
Induced Dry Eye Syndrome, Oxid. Med. Cell. Longev. 2017 (2017) 9281519,
https://doi.org/10.1155/2017/9281519.

[53] J.M. Benitez-Del-Castillo, J. Moreno-Montañés, I. Jiménez-Alfaro, F.J. Muñoz-
Negrete, K. Turman, K. Palumaa, B. Sádaba, M.V. González, V. Ruz, B. Vargas, C.
Pañeda, T. Martínez, A.M. Bleau, A.I. Jimenez, Safety and Efficacy Clinical
Trials for SYL1001, a Novel Short Interfering RNA for the Treatment of Dry Eye
Disease, Invest. Ophthalmol. Vis. Sci. 57 (2016) 6447–6454, https://doi.org/
10.1167/iovs.16-20303.

[54] G.J. Berdy, M.B. Abelson, L.M. Smith, M.A. George, Preservative-Free Artificial
Tear Preparations: Assessment of Corneal Epithelial Toxic Effects, Arch.
Ophthalmol. 110 (1992) 528–532, https://doi.org/10.1001/
archopht.1992.01080160106043.

[55] M.F. Saettone, D. Monti, M.T. Torracca, P. Chetoni, Mucoadhesive Ophthalmic
Vehicles: Evaluation of Polymeric Low-Viscosity Formulations, J. Ocul.
Pharmacol. 10 (1994) 83–92, https://doi.org/10.1089/jop.1994.10.83.

[56] E.H. Gokce, G. Sandri, M.C. Bonferoni, S. Rossi, F. Ferrari, T. Güneri, C.
Caramella, Cyclosporine A loaded SLNs: Evaluation of cellular uptake and
corneal cytotoxicity, Int. J. Pharm. 364 (2008) 76–86, https://doi.org/10.1016/
j.ijpharm.2008.07.028.

[57] A. Avramoff, W. Khan, A. Ezra, A. Elgart, A. Hoffman, A.J. Domb, Cyclosporin
pro-dispersion liposphere formulation, J. Control. Release. 160 (2012) 401–
406, https://doi.org/10.1016/j.jconrel.2011.12.016.

[58] H.D. Perry, R. Solomon, E.D. Donnenfeld, A.R. Perry, J.R. Wittpenn, H.E.
Greenman, H.E. Savage, Evaluation of Topical Cyclosporine for the Treatment
of Dry Eye Disease, Arch. Ophthalmol. 126 (2008) 1046–1050, https://doi.org/
10.1001/archopht.126.8.1046.

[59] K.S. Kunert, A.S. Tisdale, M.E. Stern, J.A. Smith, I.K. Gipson, Analysis of Topical
Cyclosporine Treatment of Patients with Dry Eye Syndrome: Effect on
Conjunctival Lymphocytes, Arch. Ophthalmol. 118 (2000) 1489–1496,
https://doi.org/10.1001/archopht.118.11.1489.

[60] S. Matsuda, S. Koyasu, Mechanisms of action of cyclosporine,
Immunopharmacology 47 (2000) 119–125, https://doi.org/10.1016/s0162-
3109(00)00192-2.

[61] A. Abidi, P. Shukla, A. Ahmad, Lifitegrast: A novel drug for treatment of dry
eye disease, J. Pharmacol. Pharmacother. 7 (2016) 194–198, https://doi.org/
10.4103/0976-500X.195920.

[62] F. Lallemand, M. Schmitt, J.L. Bourges, R. Gurny, S. Benita, J.S. Garrigue,
Cyclosporine A delivery to the eye: A comprehensive review of academic and
industrial efforts, Eur. J. Pharm. Biopharm. 117 (2017) 14–28, https://doi.org/
10.1016/j.ejpb.2017.03.006.

[63] M. Korenfeld, K.K. Nichols, D. Goldberg, D. Evans, K. Sall, G. Foulks, S. Coultas,
K. Brazzell, Safety of KPI-121 Ophthalmic Suspension 0.25% in Patients With
Dry Eye Disease: A Pooled Analysis of 4 Multicenter, Randomized, Vehicle-
Controlled Studies, Cornea 40 (2021) 564–570, https://doi.org/10.1097/
ICO.0000000000002452.

[64] S.C. Pflugfelder, M.E. Stern, Therapy of lacrimal keratoconjunctivitis, in: S.C.
Pflugfelder, W.B. Roger (Eds.), Dry Eye and Ocular Surface Disorders, Marcel
Dekker Inc., New York, 2004, pp. 309–320.

[65] G.N. Foulks, Pharmacological Management of Dry Eye in the Elderly Patient,
Drugs Aging 25 (2008) 105–118, https://doi.org/10.2165/00002512-
200825020-00003.

[66] Y. Takaoka-Shichijo, T. Murakami, M. Nakamura, [Stimulatory effect of
diquafosol tetrasodium on tear fluid secretion in normal rabbits], Atarashii
Ganka, 28 (2011)1029-1033, Japanese.

[67] Y. Takaoka-Shichijo, M. Nakamura, [Stimulatory effect of diquafosol
tetrasodium on the expression of membrane-binding mucin genes in
13
cultured human corneal epithelial cells], Atarashii Ganka, 28 (2011) 425–
429, Japanese.

[68] M. Nakamura, T. Imanaka, A. Sakamoto, Diquafosol Ophthalmic Solution for
Dry Eye Treatment, Adv. Ther. 29 (2012) 579–589, https://doi.org/10.1007/
s12325-012-0033-9.

[69] S. Kinoshita, K. Oshiden, S. Awamura, H. Suzuki, N. Nakamichi, N. Yokoi,
Rebamipide Ophthalmic Suspension Phase 3 Study Group, A Randomized,
Multicenter Phase 3 Study Comparing 2% Rebamipide (OPC-12759) with 0.1%
Sodium Hyaluronate in the Treatment of Dry Eye, Ophthalmology 120 (2013)
1158–1165, https://doi.org/10.1016/j.ophtha.2012.12.022.

[70] S. Kinoshita, S. Awamura, K. Oshiden, N. Nakamichi, H. Suzuki, N. Yokoi,
Rebamipide Ophthalmic Suspension Phase II Study Group, Rebamipide (OPC-
12759) in the Treatment of Dry Eye: A Randomized, Double-Masked,
Multicenter, Placebo-Controlled Phase II Study, Ophthalmology 119 (2012)
2471–2478, https://doi.org/10.1016/j.ophtha.2012.06.052.

[71] J.D. Ríos, M. Shatos, H. Urashima, H. Tran, D.A. Dartt, OPC-12759 Increases
Proliferation of Cultured Rat Conjunctival Goblet Cells, Cornea 25 (2006) 573–
581, https://doi.org/10.1097/01.ico.0000208819.24990.0d.

[72] H. Urashima, T. Okamoto, Y. Takeji, H. Shinohara, S. Fujisawa, Rebamipide
Increases the Amount of Mucin-like Substances on the Conjunctiva and
Cornea in the N-Acetylcysteine-Treated In Vivo Model, Cornea 23 (2004)
613–619, https://doi.org/10.1097/01.ico.0000126436.25751.fb.

[73] S. Kase, T. Shinohara, M. Kase, Histological observation of goblet cells
following topical rebamipide treatment of the human ocular surface: A case
report, Exp. Ther. Med. 9 (2015) 456–458, https://doi.org/10.3892/
etm.2014.2108.

[74] S. Kase, T. Shinohara, M. Kase, Effect of Topical Rebamipide on Human
Conjunctival Goblet Cells, JAMA Ophthalmol. 132 (2014) 1021–1022, https://
doi.org/10.1001/jamaophthalmol.2014.431.

[75] S. Koh, Y. Inoue, T. Sugmimoto, N. Maeda, K. Nishida, Effect of Rebamipide
Ophthalmic Suspension on Optical Quality in the Short Break-up Time Type of
Dry Eye, Cornea 32 (2013) 1219–1223, https://doi.org/10.1097/
ICO.0b013e318294f97e.

[76] E.S. Rosenberg, P.A. Asbell, Essential Fatty Acids in the Treatment of Dry Eye,
Ocul. Surf. 8 (2010) 18–28, https://doi.org/10.1016/s1542-0124(12)70214-8.

[77] A.M. Al Mahmood, S.A. Al-Swailem, Essential fatty acids in the treatment of
dry eye syndrome: A myth or reality?, Saudi J Ophthalmol. 28 (2014) 195–
197, https://doi.org/10.1016/j.sjopt.2014.06.004.

[78] S. Rashid, Y. Jin, T. Ecoiffier, S. Barabino, D.A. Schaumberg, M. Reza Dana,
Topical Omega-3 and Omega-6 Fatty Acids for Treatment of Dry Eye, Arch.
Ophthalmol. 126 (2008) 219–225, https://doi.org/10.1001/
archophthalmol.2007.61.

[79] H.D. Perry, S. Doshi-Carnevale, E.D. Donnenfeld, R. Solomon, S.A. Biser, A.H.
Bloom, Efficacy of Commercially Available Topical Cyclosporine A 0.05% in the
Treatment of Meibomian Gland Dysfunction, Cornea 25 (2006) 171–175,
https://doi.org/10.1097/01.ico.0000176611.88579.0a.

[80] Z. Zhang, W.Z. Yang, Z.Z. Zhu, Q.Q. Hu, Y.F. Chen, H. He, Y.X. Chen, Z.G. Liu,
Therapeutic Effects of Topical Doxycycline in a Benzalkonium Chloride-
Induced Mouse Dry Eye Model, Invest. Ophthalmol. Vis. Sci. 55 (2014) 2963–
2974, https://doi.org/10.1167/iovs.13-13577.

[81] J.P. Gilbard, Ophthalmic solution with tetracycline for topical treatment of
dry eye disease, Advanced Vision Research LLC., Ann, Arbor EP1105139 B1
(2004).

[82] T.G. Coursey, C.S. de Paiva, Managing Sjögren’s Syndrome and non-Sjögren
Syndrome dry eye with anti-inflammatory therapy, Clin. Ophthalmol. 8
(2014) 1447–1458, https://doi.org/10.2147/OPTH.S35685.

[83] T.R. Walters, D.F. Goldberg, J.H. Peace, J.A. Gow, Bromfenac Ophthalmic
Solution 0.07% Once Daily Study Group, Bromfenac Ophthalmic Solution
007% Dosed Once Daily for Cataract Surgery: Results of 2 Randomized
Controlled Trials, Ophthalmology 121 (2014) 25–33, https://doi.org/10.1016/
j.ophtha.2013.07.006.

[84] S. Kilic, K. Kulualp, Efficacy of Several Therapeutic Agents in a Murine Model
of Dry Eye Syndrome, Comp. Med. 66 (2016) 112–118.

[85] X. Liu, S. Wang, A.A. Kao, Q. Long, The Effect of Topical Pranoprofen 0.1% on
the Clinical Evaluation and Conjunctival HLA-DR Expression in Dry Eyes,
Cornea 31 (2012) 1235–1239, https://doi.org/10.1097/
ICO.0b013e31824988e5.

[86] A.J. Bron, L.S. Mengher, The ocular surface in keratoconjunctivitis sicca, Eye
(Lond) 3 (1989) 428–437, https://doi.org/10.1038/eye.1989.64.

[87] A. Sommer, N. Emran, Topical Retinoic Acid in the Treatment of Corneal
Xerophthalmia, Am. J. Ophthalmol. 86 (1978) 615–617, https://doi.org/
10.1016/0002-9394(78)90177-0.

[88] G. Geerling, S. MacLennan, D. Hartwig, Autologous serum eye drops for ocular
surface disorders, Br. J. Ophthalmol. 88 (2004) 1467–1474, https://doi.org/
10.1136/bjo.2004.044347.

[89] J.A. Hovanesian, K.K. Nichols, M. Jackson, J. Katz, A. Chan, M.B. Glassberg, B.
Sloesen, C. Korves, C. Nguyen, A. Syntosi, Real-World Experience with
Lifitegrast Ophthalmic Solution (Xiidra�) in the US and Canada:
Retrospective Study of Patient Characteristics, Treatment Patterns, and
Clinical Effectiveness in 600 Patients with Dry Eye Disease, Clin.
Ophthalmol. 15 (2021) 1041–1054, https://doi.org/10.2147/OPTH.S296510.

[90] S.C. Pflugfelder, M. Stern, S. Zhang, A. Shojaei, LFA-1/ICAM-1 Interaction as a
Therapeutic Target in Dry Eye Disease, J. Ocul. Pharmacol. Ther. 33 (2017) 5–
12, https://doi.org/10.1089/jop.2016.0105.

https://doi.org/10.1038/s41598-018-28861-5
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0230
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0230
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0230
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0230
https://doi.org/10.1016/j.exer.2019.107905
https://doi.org/10.1016/j.exer.2019.107905
https://doi.org/10.2147/OPTH.S44688
https://doi.org/10.2147/OPTH.S44688
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0245
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0245
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0250
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0250
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0250
https://doi.org/10.1089/10807680260218515
https://doi.org/10.1155/2017/9281519
https://doi.org/10.1167/iovs.16-20303
https://doi.org/10.1167/iovs.16-20303
https://doi.org/10.1001/archopht.1992.01080160106043
https://doi.org/10.1001/archopht.1992.01080160106043
https://doi.org/10.1089/jop.1994.10.83
https://doi.org/10.1016/j.ijpharm.2008.07.028
https://doi.org/10.1016/j.ijpharm.2008.07.028
https://doi.org/10.1016/j.jconrel.2011.12.016
https://doi.org/10.1001/archopht.126.8.1046
https://doi.org/10.1001/archopht.126.8.1046
https://doi.org/10.1001/archopht.118.11.1489
https://doi.org/10.1016/s0162-3109(00)00192-2
https://doi.org/10.1016/s0162-3109(00)00192-2
https://doi.org/10.4103/0976-500X.195920
https://doi.org/10.4103/0976-500X.195920
https://doi.org/10.1016/j.ejpb.2017.03.006
https://doi.org/10.1016/j.ejpb.2017.03.006
https://doi.org/10.1097/ICO.0000000000002452
https://doi.org/10.1097/ICO.0000000000002452
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0320
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0320
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0320
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0320
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0320
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0320
https://doi.org/10.2165/00002512-200825020-00003
https://doi.org/10.2165/00002512-200825020-00003
https://doi.org/10.1007/s12325-012-0033-9
https://doi.org/10.1007/s12325-012-0033-9
https://doi.org/10.1016/j.ophtha.2012.12.022
https://doi.org/10.1016/j.ophtha.2012.06.052
https://doi.org/10.1097/01.ico.0000208819.24990.0d
https://doi.org/10.1097/01.ico.0000126436.25751.fb
https://doi.org/10.3892/etm.2014.2108
https://doi.org/10.3892/etm.2014.2108
https://doi.org/10.1001/jamaophthalmol.2014.431
https://doi.org/10.1001/jamaophthalmol.2014.431
https://doi.org/10.1097/ICO.0b013e318294f97e
https://doi.org/10.1097/ICO.0b013e318294f97e
https://doi.org/10.1016/s1542-0124(12)70214-8
https://doi.org/10.1016/j.sjopt.2014.06.004
https://doi.org/10.1001/archophthalmol.2007.61
https://doi.org/10.1001/archophthalmol.2007.61
https://doi.org/10.1097/01.ico.0000176611.88579.0a
https://doi.org/10.1167/iovs.13-13577
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0405
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0405
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0405
https://doi.org/10.2147/OPTH.S35685
https://doi.org/10.1016/j.ophtha.2013.07.006
https://doi.org/10.1016/j.ophtha.2013.07.006
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0420
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0420
https://doi.org/10.1097/ICO.0b013e31824988e5
https://doi.org/10.1097/ICO.0b013e31824988e5
https://doi.org/10.1038/eye.1989.64
https://doi.org/10.1016/0002-9394(78)90177-0
https://doi.org/10.1016/0002-9394(78)90177-0
https://doi.org/10.1136/bjo.2004.044347
https://doi.org/10.1136/bjo.2004.044347
https://doi.org/10.2147/OPTH.S296510
https://doi.org/10.1089/jop.2016.0105


N. Nagai and H. Otake Advanced Drug Delivery Reviews 191 (2022) 114582
[91] C.C. Chan, C.L. Prokopich, Lifitegrast Ophthalmic Solution 5.0% for Treatment
of Dry Eye Disease: Overview of Clinical Trial Program, J. Pharm. Pharm. Sci.
22 (2019) 49–56. https://doi.org/10.18433/jpps29895.

[92] M. Balaram, D.A. Schaumberg, M.R. Dana, Efficacy and tolerability outcomes
after punctal occlusion with silicone plugs in dry eye syndrome, Am. J.
Ophthalmol. 131 (2001) 30–36, https://doi.org/10.1016/s0002-9394(00)
00620-6.

[93] K. Gumus, K.L. Schuetzle, S.C. Pflugfelder, Randomized Controlled Crossover
Trial Comparing the Impact of Sham or Intranasal Tear Neurostimulation on
Conjunctival Goblet Cell Degranulation, Am. J. Ophthalmol 177 (2017) 159–
168, https://doi.org/10.1016/j.ajo.2017.03.002.

[94] M.D. Yu, J.K. Park, A.L. Kossler, Stimulating Tear Production: Spotlight on
Neurostimulation, Clin. Ophthalmol. 15 (2021) 4219–4226, https://doi.org/
10.2147/OPTH.S284622.

[95] M.T.B. Nguyen, V. Thakrar, C.C. Chan, EyePrintPRO therapeutic scleral contact
lens: indications and outcomes, Can. J. Ophthalmol. 53 (2018) 66–70, https://
doi.org/10.1016/j.jcjo.2017.07.026.

[96] R. Kraus, W. Woethuis, Advanced drug delivery for dry eye treatment,
ONdrugDelivery Magazine 104 (2020) 4–6.

[97] R.D. Bachu, P. Chowdhury, Z.H.F. Al-Saedi, P.K. Karla, S.H.S. Boddu, Ocular
Drug Delivery Barriers-Role of Nanocarriers in the Treatment of Anterior
Segment Ocular Diseases, Pharmaceutics 10 (2018) 28, https://doi.org/
10.3390/pharmaceutics10010028.

[98] J.V. Natarajan, A. Darwitan, V.A. Barathi, M. Ang, H.M. Htoon, F. Boey, K.C.
Tam, T.T. Wong, S.S. Venkatraman, Sustained Drug Release in Nanomedicine:
A Long-Acting Nanocarrier-Based Formulation for Glaucoma, ACS Nano 8
(2014) 419–429, https://doi.org/10.1021/nn4046024.

[99] S.H.S. Boddu, Polymeric Nanoparticles for Ophthalmic Drug Delivery: An
Update on Research and Patenting Activity, Recent Pat, Nanomed. 2 (2012)
96–112, https://doi.org/10.2174/1877912311202020096.

[100] A.D. Vadlapudi, K. Cholkar, S.R. Dasari, A.K. Mitra, Ocular Drug Delivery, Jones
& Bartlett Learning LLC., Burlington, 2015, pp. 219–263.

[101] D. Peer, J.M. Karp, S. Hong, O.C. Farokhzad, R. Margalit, R. Langer, Nanocarriers
as an emerging platform for cancer therapy, Nat. Nanotechnol. 2 (2007) 751–
760, https://doi.org/10.1038/nnano.2007.387.

[102] C. Losa, P. Calvo, E. Castro, J.L. Vila-Jato, M.J. Alonso, Improvement of Ocular
Penetration of Amikacin Sulphate by Association to Poly(butylcyanoacrylate)
Nanoparticles, J. Pharm. Pharmacol. 43 (1991) 548–552, https://doi.org/
10.1111/j.2042-7158.1991.tb03534.x.

[103] C. Losa, L. Marchal-Heussler, F. Orallo, J.L. Vila Jato, M.J. Alonso, Design of New
Formulations for Topical Ocular Administration: Polymeric Nanocapsules
Containing Metipranolol, Pharm. Res. 10 (1993) 80–87, https://doi.org/
10.1023/a:1018977130559.

[104] H.Z. Bu, H.J. Gukasyan, L. Goulet, X.J. Lou, C. Xiang, T. Koudriakova, Ocular
Disposition, Pharmacokinetics, Efficacy and Safety of Nanoparticle-
Formulated Ophthalmic Drugs, Curr. Drug Metab. 8 (2007) 91–107, https://
doi.org/10.2174/138920007779815977.

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

[106] M. John, R.N. Gacche, Nano-formulations for Ophthalmic Treatments, Arch.
Pharm. Pharma. Sci. 1 (2017) 028–035. https://doi.org/10.29328/journal.hps.
1001005.

[107] U. Soiberman, S.P. Kambhampati, T. Wu, M.K. Mishra, Y. Oh, R. Sharma, J.
Wang, A.E. Al, S. Towerki, W.J. Yiu, R.M.K. Stark, Subconjunctival injectable
dendrimer-dexamethasone gel for the treatment of corneal inflammation,
Biomaterials 125 (2017) 38–53, https://doi.org/10.1016/j.
biomaterials.2017.02.016.

[108] T.G. Coursey, R.A. Wassel, A.B. Quiambao, R.A. Farjo, Once-Daily
Cyclosporine-A-MiDROPS for Treatment of Dry Eye Disease, Transl. Vis. Sci.
Techn. 7 (2018) 24, https://doi.org/10.1167/tvst.7.5.24.

[109] B. Richichi, V. Baldoneschi, S. Burgalassi, M. Fragai, D. Vullo, A. Akdemir, E.
Dragoni, A. Louka, M. Mamusa, D. Monti, D. Berti, E. Novellino, G. De Rosa, C.T.
Supuran, C. Nativi, A Divalent PAMAM-Based Matrix Metalloproteinase/
Carbonic Anhydrase Inhibitor for the Treatment of Dry Eye Syndrome,
Chemistry 22 (2016) 1714–1721, https://doi.org/10.1002/chem.201504355.

[110] Z. Rahman, X. Xu, U. Katragadda, Y.S.R. Krishnaiah, L. Yu, M.A. Khan, Quality
by Design Approach for Understanding the Critical Quality Attributes of
Cyclosporine Ophthalmic Emulsion, Mol. Pharm. 11 (2014) 787–799, https://
doi.org/10.1021/mp400484g.

[111] N. Lidich, A. Aserin, N. Garti, Structural characteristics of oil-poor dilutable
fish oil omega-3 microemulsions for ophthalmic applications, J. Colloid
Interface Sci. 463 (2016) 83–92, https://doi.org/10.1016/j.jcis.2015.10.024.

[112] N. Lidich, S. Garti-Levy, A. Aserin, N. Garti, Potentiality of microemulsion
systems in treatment of ophthalmic disorders: keratoconus and dry eye
syndrome–In vivo study, Colloids Surf. B Biointerfaces 173 (2019) 226–232,
https://doi.org/10.1016/j.colsurfb.2018.09.063.

[113] R. Rangarajan, H. Ketelson, Preclinical Evaluation of a New Hydroxypropyl-
Guar Phospholipid Nanoemulsion-Based Artificial Tear Formulation in
Models of Corneal Epithelium, J. Ocul. Pharmacol. Ther. 35 (2019) 32–37,
https://doi.org/10.1089/jop.2018.0031.

[114] W. Zhang, Y. Wang, B.T.K. Lee, C. Liu, G. Wei, W. Lu, A novel nanoscale-
dispersed eye ointment for the treatment of dry eye disease, Nanotechnology
25 (12) (2014) 125101.

[115] S. Akhter, M. Anwar, M.A. Siddiqui, I. Ahmad, J. Ahmad, M.Z. Ahmad, A.
Bhatnagar, F.J. Ahmad, Improving the topical ocular pharmacokinetics of an
14
immunosuppressant agent with mucoadhesive nanoemulsions: formulation
development, in-vitro and in-vivo studies, Colloids Surf. B Biointerfaces 148
(2016) 19–29, https://doi.org/10.1016/j.colsurfb.2016.08.048.

[116] H.S. Kim, T.I. Kim, J.H. Kim, K.C. Yoon, J.Y. Hyon, K.U. Shin, C.Y. Choi,
Evaluation of Clinical Efficacy and Safety of a Novel Cyclosporin A
Nanoemulsion in the Treatment of Dry Eye Syndrome, J. Ocul. Pharmacol.
Ther. 33 (2017) 530–538, https://doi.org/10.1089/jop.2016.0164.

[117] P. Daull, F. Lallemand, J.S. Garrigue, Benefits of cetalkonium chloride cationic
oil-in-water nanoemulsions for topical ophthalmic drug delivery, J. Pharm.
Pharmacol. 66 (2014) 531–541, https://doi.org/10.1111/jphp.12075.

[118] H. Pult, F. Gill, B.H. Riede-Pult, Effect of three different liposomal eye sprays
on ocular comfort and tear film, Cont. Lens Anterior Eye 35 (2012) 203–207,
https://doi.org/10.1016/j.clae.2012.05.003.

[119] T. Shimokawa, M. Yoshida, T. Fukuta, T. Tanaka, T. Inagi, K. Kogure, Efficacy of
high-affinity liposomal astaxanthin on up-regulation of age-related markers
induced by oxidative stress in human corneal epithelial cells, J. Clin. Biochem.
Nutr. 64 (2019) 27–35, https://doi.org/10.3164/jcbn.18-27.

[120] T. Ren, X. Lin, Q. Zhang, D. You, X. Liu, X. Tao, J. Gou, Y. Zhang, T. Yin, H. He, X.
Tang, Encapsulation of Azithromycin Ion Pair in Liposome for Enhancing
Ocular Delivery and Therapeutic Efficacy on Dry Eye, Mol. Pharm. 15 (2018)
4862–4871, https://doi.org/10.1021/acs.molpharmaceut.8b00516.

[121] P.R. Karn, H.D. Kim, H. Kang, B.K. Sun, S.E. Jin, S.J. Hwang, Supercritical fluid-
mediated liposomes containing cyclosporin A for the treatment of dry eye
syndrome in a rabbit model: comparative study with the conventional
cyclosporin A emulsion, Int. J. Nanomedicine 9 (2014) 3791–3800, https://
doi.org/10.2147/IJN.S65601.

[122] H. Ohigashi, D. Hashimoto, E. Hayase, S. Takahashi, T. Ara, T. Yamakawa, J.
Sugita, M. Onozawa, M. Nakagawa, T. Teshima, Ocular instillation of vitamin
A-coupled liposomes containing HSP47 siRNA ameliorates dry eye syndrome
in chronic GVHD, Blood Adv. 3 (2019) 1003–1010, https://doi.org/10.1182/
bloodadvances.2018028431.

[123] L. Soriano-Romaní, M. Vicario-de-la-Torre, M. Crespo-Moral, A. López-García,
R. Herrero-Vanrell, I. Molia-Martínez, Y. Diebold, Novel anti-inflammatory
liposomal formulation for the pre-ocular tear film: In vitro and ex vivo
functionality studies in corneal epithelial cells, Exp. Eye Res. 154 (2017) 79–
87, https://doi.org/10.1016/j.exer.2016.11.010.

[124] M. Vicario-de-la-Torre, M. Caballo-González, E. Vico, L. Morales-Fernández, P.
arriola-Villalobos, B. De Las Heras, J.M. Benítez-Del-Castillo, M. Guzmán, T.
millar, R. herrero-Vanrell, I.T. Molina-Martínez, Novel Nano-Liposome
Formulation for Dry Eyes with Components Similar to the Preocular Tear
Film, Polymers (Basel) 10 (2018) 425, https://doi.org/10.3390/
polym10040425.

[125] M. Vicario-de-la-Torre, J.M. Benitez-del-Castillo, E. Vico, M. Guzman, B. de-
las-Heras, R. Herrero-Vanrell, I.T. Molina-Martinez, Design and
Characterization of an Ocular Topical Liposomal Preparation to Replenish
the Lipids of the Tear Film, Invest. Ophthalmol. Vis. Sci. 55 (12) (2014) 7839–
7847.

[126] D. Acar, I.T. Molina-Martínez, M. Gómez-Ballesteros, M. Guzmán-Navarro, J.
M. Benítez-Del-Castillo, R. Herrero-Vanrell, Novel liposome-based and in situ
gelling artificial tear formulation for dry eye disease treatment, Cont. Lens
Anterior Eye 41 (2018) 93–96, https://doi.org/10.1016/j.clae.2017.11.004.

[127] J.P. Craig, C. Purslow, P.I.J. Murphy, J.S.W. Wolffsohn, Effect of a liposomal
spray on the pre-ocular tear film, Cont. Lens Anterior Eye 33 (2010) 83–87,
https://doi.org/10.1016/j.clae.2009.12.007.

[128] M.W. Shafaa, L.H. El Shazly, A.H. El Shazly, A.A. El Gohary, G.G. El Hossary,
Efficacy of topically applied liposome- bound tetracycline in the treatment of
dry eye model, Vet. Ophthalmol. 14 (2011) 18–25, https://doi.org/10.1111/
j.1463-5224.2010.00834.x.

[129] G. Prosperi-Porta, S. Kedzior, B. Muirhead, H. Sheardown, Phenylboronic-
Acid-Based Polymeric Micelles for Mucoadhesive Anterior Segment Ocular
Drug Delivery, Biomacromolecules 17 (2016) 1449–1457, https://doi.org/
10.1021/acs.biomac.6b00054.

[130] C. Di Tommaso, A. Torriglia, P. Furrer, F. Behar-Cohen, R. Gurny, M. Möller,
Ocular biocompatibility of novel Cyclosporin A formulations based on
methoxy poly(ethylene glycol)-hexylsubstituted poly(lactide) micelle
carriers, Int. J. Pharm. 416 (2011) 515–524, https://doi.org/10.1016/j.
ijpharm.2011.01.004.

[131] C. Luschmann, W. Herrmann, O. Strauss, K. Luschmann, A. Goepferich, Ocular
delivery systems for poorly soluble drugs: an in-vivo evaluation, Int. J. Pharm.
455 (2013) 331–337, https://doi.org/10.1016/j.ijpharm.2013.07.002.

[132] M.A. Grimaudo, S. Pescina, C. Padula, P. Santi, A. Concheiro, C. Alvarez-
Lorenzo, S. Nicoli, Poloxamer 407/TPGS Mixed Micelles as Promising Carriers
for Cyclosporine Ocular Delivery, Mol. Pharm. 15 (2018) 571–584, https://
doi.org/10.1021/acs.molpharmaceut.7b00939.

[133] Y. Shen, Y. Yu, B. Chaurasiya, X. Li, Y. Xu, T.J. Webster, J. Tu, R. Sun, Stability,
safety, and transcorneal mechanistic studies of ophthalmic lyophilized
cyclosporine-loaded polymeric micelles, Int. J. Nanomedicine 13 (2018)
8281–8296, https://doi.org/10.2147/IJN.S173691.

[134] Y. Yu, D. Chen, Y. Li, W. Yang, J. Tu, Y. Shen, Improving the topical ocular
pharmacokinetics of lyophilized cyclosporine A-loaded micelles:
formulation, in vitro and in vivo studies, Drug Deliv. 25 (2018) 888–899,
https://doi.org/10.1080/10717544.2018.1458923.

[135] C. Di Tommaso, F. Valamanesh, F. Miller, P. Furrer, M. Rodriguez-Aller, F.
Behar-Cohen, R. Gurny, M. Möller, A Novel Cyclosporin A Aqueous
Formulation for Dry Eye Treatment: In Vitro and In Vivo Evaluation, Invest.
Ophthalmol. Vis. Sci. 53 (4) (2012) 2292.

https://doi.org/10.18433/jpps29895
https://doi.org/10.1016/s0002-9394(00)00620-6
https://doi.org/10.1016/s0002-9394(00)00620-6
https://doi.org/10.1016/j.ajo.2017.03.002
https://doi.org/10.2147/OPTH.S284622
https://doi.org/10.2147/OPTH.S284622
https://doi.org/10.1016/j.jcjo.2017.07.026
https://doi.org/10.1016/j.jcjo.2017.07.026
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0480
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0480
https://doi.org/10.3390/pharmaceutics10010028
https://doi.org/10.3390/pharmaceutics10010028
https://doi.org/10.1021/nn4046024
https://doi.org/10.2174/1877912311202020096
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0500
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0500
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0500
https://doi.org/10.1038/nnano.2007.387
https://doi.org/10.1111/j.2042-7158.1991.tb03534.x
https://doi.org/10.1111/j.2042-7158.1991.tb03534.x
https://doi.org/10.1023/a:1018977130559
https://doi.org/10.1023/a:1018977130559
https://doi.org/10.2174/138920007779815977
https://doi.org/10.2174/138920007779815977
https://doi.org/10.1016/j.addr.2005.07.005
https://doi.org/10.1016/j.addr.2005.07.005
https://doi.org/10.29328/journal.hps.1001005
https://doi.org/10.29328/journal.hps.1001005
https://doi.org/10.1016/j.biomaterials.2017.02.016
https://doi.org/10.1016/j.biomaterials.2017.02.016
https://doi.org/10.1167/tvst.7.5.24
https://doi.org/10.1002/chem.201504355
https://doi.org/10.1021/mp400484g
https://doi.org/10.1021/mp400484g
https://doi.org/10.1016/j.jcis.2015.10.024
https://doi.org/10.1016/j.colsurfb.2018.09.063
https://doi.org/10.1089/jop.2018.0031
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0570
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0570
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0570
https://doi.org/10.1016/j.colsurfb.2016.08.048
https://doi.org/10.1089/jop.2016.0164
https://doi.org/10.1111/jphp.12075
https://doi.org/10.1016/j.clae.2012.05.003
https://doi.org/10.3164/jcbn.18-27
https://doi.org/10.1021/acs.molpharmaceut.8b00516
https://doi.org/10.2147/IJN.S65601
https://doi.org/10.2147/IJN.S65601
https://doi.org/10.1182/bloodadvances.2018028431
https://doi.org/10.1182/bloodadvances.2018028431
https://doi.org/10.1016/j.exer.2016.11.010
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0625
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0625
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0625
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0625
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0625
https://doi.org/10.1016/j.clae.2017.11.004
https://doi.org/10.1016/j.clae.2009.12.007
https://doi.org/10.1111/j.1463-5224.2010.00834.x
https://doi.org/10.1111/j.1463-5224.2010.00834.x
https://doi.org/10.1021/acs.biomac.6b00054
https://doi.org/10.1021/acs.biomac.6b00054
https://doi.org/10.1016/j.ijpharm.2011.01.004
https://doi.org/10.1016/j.ijpharm.2011.01.004
https://doi.org/10.1016/j.ijpharm.2013.07.002
https://doi.org/10.1021/acs.molpharmaceut.7b00939
https://doi.org/10.1021/acs.molpharmaceut.7b00939
https://doi.org/10.2147/IJN.S173691
https://doi.org/10.1080/10717544.2018.1458923
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0675
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0675
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0675
http://refhub.elsevier.com/S0169-409X(22)00472-0/h0675


N. Nagai and H. Otake Advanced Drug Delivery Reviews 191 (2022) 114582
[136] K. Cholkar, B.C. Gilger, A.K. Mitra, Topical, Aqueous, Clear Cyclosporine
Formulation Design for Anterior and Posterior Ocular Delivery, Transl. Vis.
Sci. Technol. 4 (2015) 1, https://doi.org/10.1167/tvst.4.3.1.

[137] H. Kang, K.H. Cha, W. Cho, J. Park, H.J. Park, B.K. Sun, S.M. Hyun, S.J. Hwang,
Cyclosporine A micellar delivery system for dry eyes, Int. J. Nanomedicine 11
(2016) 2921–2933, https://doi.org/10.2147/IJN.S107569.

[138] F. Yingfang, B. Zhuang, C. Wang, X. Xu, W. Xu, Z. Lv, Pimecrolimus micelle
exhibits excellent therapeutic effect for Keratoconjunctivitis Sicca, Colloids
Surf. B Biointerfaces 140 (2016) 1–10, https://doi.org/10.1016/
j.colsurfb.2015.11.059.

[139] A. Ribeiro, I. Sandez-Macho, M. Casas, S. Alvarez-Perez, C. Alvarez-Lorenzo, A.
Concheiro, Poloxamine micellar solubilization of a-tocopherol for topical
ocular treatment, Colloids Surf. B Biointerfaces 103 (2013) 550–557, https://
doi.org/10.1016/j.colsurfb.2012.10.055.

[140] P.Y. Hsueh, M.C. Edman, G. Sun, P. Shi, S. Xu, Y.A. Lin, H. Cui, S.F. Hamm-
Alvarez, J.A. Mackay, Tear-mediated delivery of nanoparticles through
transcytosis of the lacrimal gland, J. Control. Release 208 (2015) 2–13,
https://doi.org/10.1016/j.jconrel.2014.12.017.

[141] Y.J. Li, L.J. Luo, S.G. Harroun, S.C. Wei, B. Unnikrishnan, H.T. Chang, Y.F. Huang,
J.Y. Lai, C.C. Huang, Synergistically dual-functional nano eye-drops for
simultaneously anti- inflammatory and anti-oxidative treatment of dry eye
disease, Nanoscale 11 (2019) 5580–5594, https://doi.org/10.1039/
c9nr00376b.

[142] W. Khan, Y.H. Aldouby, A. Avramoff, A.J. Domb, Cyclosporin nanosphere
formulation for ophthalmic administration, Int. J. Pharmaceutics 437 (2012)
275–276, https://doi.org/10.1016/j.ijpharm.2012.08.016.

[143] K. Hermans, D. Van Den Plas, E. Schreurs, W. Weyenberg, A. Ludwig,
Cytotoxicity and anti-inflammatory activity of cyclosporine a loaded PLGA
nanoparticles for ocular use, Pharmazie 69 (2014) 32–37.

[144] B. Yavuz, S.B. Pehlivan, A. Kaffashi, S. Çalamak, K. Ulubayram, E. Palaska, H.B.
Çakmak, N. Ünlü, In vivo tissue distribution and efficacy studies for
cyclosporine A loaded nano-decorated subconjunctival implants, Drug Deliv.
23 (2016) 3279–3284, https://doi.org/10.3109/10717544.2016.1172368.

[145] S. Liu, M.D. Dozois, C.N. Chang, A. Ahmad, D.L.T. Ng, D. Hileeto, H. Liang, M.M.
Reyad, S. Boyd, L.W. Jones, F.X. Gu, Prolonged Ocular Retention of
Mucoadhesive Nanoparticle Eye Drop Formulation Enables Treatment of
Eye Diseases Using Significantly Reduced Dosage, Mol. Pharm. 13 (2016)
2897–2905, https://doi.org/10.1021/acs.molpharmaceut.6b00445.

[146] F.A. Maulvi, H.H. Choksi, A.R. Desai, A.S. Patel, K.M. Ranch, B.A. Vyas, D.O.
Shah, pH triggered controlled drug delivery from contact lenses: addressing
the challenges of drug leaching during sterilization and storage, Colloids Surf.
B Biointerfaces 157 (2017) 72–82, https://doi.org/10.1016/
j.colsurfb.2017.05.064.

[147] S. Jóhannsdóttir, J.K. Kristinsson, Z. Fülöp, G. Ásgrímsdóttir, E. Stefánsson, T.
Loftsson, Formulations and toxicologic in vivo studies of aqueous
cyclosporine A eye drops with cyclodextrin nanoparticles, Int. J.
Pharmaceutics 529 (2017) 486–490, https://doi.org/10.1016/j.
ijpharm.2017.07.044.

[148] P. Aksungur, M. Demirbilek, E.B. Denkbas�, J. Vandervoort, A. Ludwig, N. Unlü,
Development and characterization of cyclosporine A loaded nanoparticles for
ocular drug delivery: Cellular toxicity, uptake, and kinetic studies, J. Control.
Release 151 (2011) 286–294, https://doi.org/10.1016/j.jconrel.2011.01.010.

[149] H.Y. Huang, M.C. Wang, Z.Y. Chen, W.Y. Chiu, K.H. Chen, I.C. Lin, W.V. Yang, C.
C. Wu, C.L. Tseng, Gelatin-epigallocatechin gallate nanoparticles with
hyaluronic acid decoration as eye drops can treat rabbit dry-eye syndrome
effectively via inflammatory relief, Int. J. Nanomedicine 13 (2018) 7251–
7273, https://doi.org/10.2147/IJN.S173198.

[150] G.A. Georgiev, N. Yokoi, Y. Nencheva, N. Peev, P. Daull, Surface Chemistry
Interactions of Cationorm with Films by Human Meibum and Tear Film
Compounds, Int. J. Mol. Sci. 18 (2017) 1558, https://doi.org/10.3390/
ijms18071558.

[151] Z. Wen, N. Muratomi, W. Huang, L. Huang, J. Ren, J. Yang, Y. Persaud, J. Loloi,
N. Mallangada, P. Kung, R. Honkanen, B. Ringas, The ocular pharmacokinetics
and biodistribution of phosphosulindac (OXT-328) formulated in
nanoparticles: Enhanced and targeted tissue drug delivery, Int. J. Pharm.
557 (2019) 273–279, https://doi.org/10.1016/j.ijpharm.2018.12.057.

[152] L. Contreras-Ruiz, G.K. Zorzi, D. Hileeto, A. López-García, M. Calonge, B. Seijo,
A. Sánchez, Y. Diebold, A nanomedicine to treat ocular surface inflammation:
performance on an experimental dry eye murine model, Gene Ther. 20 (2012)
467–477, https://doi.org/10.1038/gt.2012.56.

[153] H. Lee, W. Shim, C.E. Kim, S.Y. Choi, H. Lee, J. Yang, Therapeutic Efficacy of
Nanocomplex of Poly (Ethylene Glycol) and Catechin for Dry Eye Disease in a
Mouse Model, Invest. Ophthalmol. Vis. Sci. 58 (2017) 1682–1691, https://doi.
org/10.1167/iovs.16-20843.

[154] M. Shah, M.C. Edman, S.R. Janga, P. Shi, J. Dhandhukia, S. Liu, S.G. Louie, K.
Rodgers, J.A. Mackay, S.f., hamm-Alvarez, A rapamycinbinding protein
polymer nanoparticle shows potent therapeutic activity in suppressing
autoimmune dacryoadenitis in a mouse model of Sjögren’s syndrome, J.
Control. Release 171 (2013) 269–279, https://doi.org/10.1016/j.
jconrel.2013.07.016.

[155] S.L. Fialho, A. da Silva-Cunha, New vehicle based on a microemulsion for
topical ocular administration of dexamethasone, Clin. Exp. Ophthalmol. 32
(2004) 626–632, https://doi.org/10.1111/j.1442-9071.2004.00914.x.

[156] T.F. Vandamme, Microemulsions as ocular drug delivery systems: recent
developments and future challenges, Prog. Retin. Eye Res. 21 (2002) 15–34,
https://doi.org/10.1016/s1350-9462(01)00017-9.
15
[157] L.E. Downie, A. Gad, C.Y. Wong, J.H.V. Gray, W. Zeng, D.C. Jackson, A.J. Vingrys,
Modulating Contact Lens Discomfort With Anti-Inflammatory Approaches: A
Randomized Controlled Trial, Invest. Ophthalmol. Vis. Sci. 59 (2018) 3755–
3766, https://doi.org/10.1167/iovs.18-24758.

[158] B. Günther, D. Scherer, A. Pettigrew, Semifluorinated alkane compositions,
Novaliq GmbH., Heidelberg, US9,770,508 B2, 2017.

[159] H. Warouw, R. Ekantini, T. Widayanti, The Effectiveness of Lipofilm
Microemulsion Eye Drops in Dry Eye Syndrome by Enhancing The Tear
Film Quality, Jurnal Oftalmologi Indonesia (JOI) 7 (2009) 57i61.
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