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Abstract

Cyclosporine has been established as a gold standard for its immunosuppressant action. Apart from this, the molecule is boon in
treating broad spectrum of diseases like rheumatoid arthritis, psoriasis, and dry eye syndrome. The broad spectrum of cyclo-
sporine demands efficient delivery systems by several routes. Neoral® and Sandimmune® are currently available formulations
for oral route, whereas Restasis® is used for ocular delivery of cyclosporine. The available formulations serve the purpose only to
a limited extent due to constraints like high molecular weight, low solubility, low permeability, bitter taste, and narrow therapeutic
index of cyclosporine. Therefore, several novel formulations like microemulsion, self-emulsifying systems, nanoparticles, and
microspheres were developed to overcome these constraints, exploring different routes like oral, ocular, and topical for cyclo-
sporine. Additionally, iontophoresis and ultrasound-mediated delivery has also been studied to improve its poor permeability in
topical delivery, whereas biodegradable implants were reported to increase the retention time in cornea and prolonged the release
of cyclosporine by ocular route. Although these recent advances in cyclosporine delivery look promising, its clinical translation
require in depth studies to deliver safe, efficacious, and stable formulation of cyclosporine. This review focuses on challenges of

cyclosporine delivery and the recent advancements for overcoming the constraints.
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Introduction

Cyclosporine is a neutral, lipophilic, cyclic undecapeptide
with molecular weight of 1202 g/mol (Fig. 1). It is obtained
naturally by extraction from Tolypocladium inflatum,
Tolypocladium niveum, Aspergillus terreus, Penicillium
Sfellutanum, and Aspergillus fumigatus [1]. Cyclosporine can
also be synthesized chemically using N-methylated peptides
via series of isonitrile coupling reaction [2, 3]. It has seven N-
methylated peptide bonds, which have encouraged chemist to
come up with an effective modification of these bonds to
overcome the poor oral bioavailability (28%) of cyclosporine.
Being a cyclic peptide, cyclosporine can easily penetrate the
cells via passive diffusion which is the key facet of this won-
der molecule [4]. Immense research has been carried out after
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the discovery of cyclosporine to develop several other N-
methylated peptides which could not only impart receptor
selectivity but also improve bioavailability [5]. Initially, it
was investigated as an antifungal agent by Sandoz but clinical
use was limited by its narrow spectrum. Later in 1976, the
selective immunosuppressive action of cyclosporine was dis-
covered and then it was emerged as a golden standard in
immunopharmacology. The structural elucidation indicated
that the active sites for immunosuppressive action are posi-
tions 1, 2, 3, and 11 [6].

Cyclosporine is effective against a broad spectrum of dis-
eases however it is primarily explored for its use as an immu-
nosuppressant [7]. Cyclosporine invention created an era of
selective lymphocyte inhibition that aided in improving
knowledge of technical, immunobiologically, and clinical as-
pects of transplantation [8]. Although cyclosporine cannot
address all transplant-related complication, it definitely im-
proved the incidence of chronic rejection and patient survival
after organ transplantation. Cyclosporine was also explored
for its local action to reduce pain in conditions like rheumatoid
arthritis [9]. It is commonly used in treatment of psoriasis,
atopic dermatitis, and toxic epidermal necrolysis [10].
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Fig. 1 Chemical structure of cyclosporine

Lately, cyclosporine has also used in treatment of chronic dry
eye syndrome [11].

The journey of conventional formulations started with
Sandimmune® oral solutions of cyclosporine (50 mg/mL
and 100 mg/mL) by Sandoz. Later, Sandimmune® softgel
capsules were brought into market to improve the patient com-
pliance. Both Sandimmune® formulations were oil based, and
it was hypothesized that these formulations were emulsified
with the aid of bile salts in the gastrointestinal tract (GIT) upon
oral administration. Consequently, the oral absorption of cy-
closporine was critically influenced by the droplet size of in
situ emulsion and the emulsification by pancreatic lipase. In
this process, the meals rich in fat helped in enhancing bioavail-
ability by increasing bile flow [12]. However, both
Sandimmune® formulations exhibited large variation with re-
spect to bioavailability and pharmacokinetics. Therefore, to
improve pharmacokinetic properties of these formulations,
Sandimmune® was converted into improved Neoral® formu-
lations by innovator company. Neoral® was developed as

Table 1  Recent patents of cyclosporine

microemulsion based formula which led to an immediate for-
mation of dispersion when in contact with GIT fluid [13].
Since the new formulation is not dependent on bile secre-
tion and food intake, comparatively improved absorption with
less variability was observed. Neoral® solution showed a re-
duced droplet size of the microemulsion formed in the GIT
which helped in further absorption. Neoral® served the pur-
pose of improved drug delivery, but it was necessary to devel-
op more efficacious and target specific drug delivery systems
for cyclosporine which lead to intense research in this area.
Recent patents of cyclosporine are listed in the Table 1, and
list of marketed products (generic and brand) of cyclosporine
is given in Table 2. Thus, this review article is based on com-
prehensive literature review on novel drug delivery system of
cyclosporine with different routes of administration.

Mechanism of action of cyclosporine

Cyclosporine, an immunosuppressant, mainly targets the
helper subset of T lymphocyte and lymphokine productions,
which prevents the upregulation of immune system of the
body after activating antigen presenting cell. T helper cell
recognizes a foreign antigen which is in conjunction with
self-antigen and activates CD4 and CD3 antigens [14, 15]. A
series of reaction activates, which results in production and
release of lymphokines and receptor expression which gives
positive feedback T helper cell’s surface [16]. There are main-
ly two mechanisms reported by which cyclosporine acts in the
body namely, “calcineurin/NFAT pathway” and “JNK and
p38 signaling” pathways [17].

Calcineurin/NFAT pathway

Cyclosporine mainly acts by inhibition of T cells by blocking
cytokines transcription genes like IL-2 and IL-4 [18].
Cyclosporine binds to T cells and attaches with cytosolic
cyclophilins, abundant in clophilin T cell [19, 20]. This

Patent No Applicant

Title

Date of Grant of Patent

US 10,039,803 Huons Co. Ltd.

US 9,927,225 Ocular technologies Sarl

US 9,320,801 Industry-academic Cooperation
Foundation, Younsei University
Huons Co.,Ltd

US 9,248,191 Allergan, Inc

US 8,980,839 Ashim K. Mitra

Sidney L. Weiss
US 7,825,087 Elan Pharma International Ltd

Ophthalmic composition comprising
cyclosporine and trehalose

Topical formulations and uses thereof

Cyclosporine-containing non-irritative
nanoemulsion ophthalmic composition

Methods of providing therapeutic effects
using cyclosporin components

Topical aqueous nanomicellar, ophthalmic
solutions and uses thereof

Nanoparticulate and controlled release
compositions comprising cyclosporine

August 7, 2018

April 10, 2018
April 26, 2016

February 2, 2016
March 17, 2015

November 2, 2010
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Table 2 List of marketed

products of cyclosporine Country Name of Formulation Company Type of Formulation Route of administration
USA Cyclosporine Apotex Capsule Oral
Cyclosporine Sandoz
Cyclosporine ‘Wockhardt
Cyclosporine Watson Capsule, Solution Oral
Cyclosporine Ivax
Neoral® Novartis
Sandimmune® Novartis
Gengraf Abbott
Cyclosporine ‘Wockhardt Eye drops Ocular
Restasis Allergan
Cyclosporine Luitpold Injection Intra-venous
Cyclosporine Perrigo
Sandimmune® Novartis
Japan Ciclosporin Mylan Capsule Oral
Ciclosporin Towa
Amadra Toyo
Cicporal Nichi-Iko
Pharmaceutical
Neoral® Novartis Capsule, solution Oral
Sandimmun® Novartis
Ciclosporin Nichi-Iko Eye drops Ocular
Pharmaceutical
Papilock Mini Santen
Pharmaceutical
Sandimmun® Novartis Injection Intra-venous
Europe Ciqorin Teva
Vanquoral Teva
Equoral Teva
Neoral® Novartis Capsule, Solution Oral
Sandimmun® Novartis
Ikervis Santen Eye drops Ocular
Pharmaceutical
Restasis Allergan
Sandimmun® Novartis Injection Intra-venous

increases the intra-cellular calcium ion concentration which
leads to activation of calmodulin. Calmodulin attaches to cal-
cineurin A (calmodulin dependent protein phosphatase) and
stimulates the auto-inhibitory action of calcineurin A which
results in activation of phosphatases activity causing inflam-
mation. However, cyclosporine and cyclophilin complex
binds to calcineurin A and reduces the phosphatases activity,
thereby reducing the inflammatory response [21, 22]. Family
members of nuclear factor of activated T cell (NFAT) are de-
phosphorylated by calcineurin which allows the translocation
into nucleus, showing genes expression by cis element NFAT
[23]. De-phosphorylation by calcineurin inhibits the nuclear
translocation of NFAT members, thus activating the T cells as
depicted in Fig. 2.

Action on JNK and p38 signaling pathways

Recent studies show that the cyclosporine blocks both p38
and c-Jun N-terminal kinase (JNK) pathways in addition to
calcineurin blocking activity [24]. Mitogen-activated protein
kinase (MAPK) pathway is a mechanism in eukaryotic signal-
ing cascade [25].

The distinct subgroups of MAPK are extracellular signal
regulated kinase (ERK), JNK, and p38 in mammalian cell
[26]. JNK and p38 work in stress response like inflammation
and apoptosis [27, 28]. p38 signaling pathway stops the tran-
scriptional activation of NFAT cis element consisting of bind-
ing site for AP1 and NFAT [29]. Thus, it shows the inhibition
action of p38 and JNK by cyclosporine signifies the
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specificity for immunosuppressive action and, along with this,
cyclosporine does not have any effect on ERK pathway acti-
vation [30].

Pharmacokinetics of cyclosporine

Cyclosporine is a lipophilic drug, which belongs to BCS class
IT which shows very poor solubility [31]. Pharmacokinetic of
cyclosporine is characterized by irregular parameters and er-
ratic oral bioavailability [32]. It shows slow and incomplete
absorption from gastrointestinal tract (GIT) and gets predom-
inantly absorbed from upper intestine [33]. The time when
maximum concentration (¢,,,) of cyclosporine is attained is
1.5 to 2 h. The rate of absorption is affected by gastric motility,
cholestasis, biliary diversion, steatorrhea, and reduced pancre-
atic secretion. It does not show pH-dependent solubility due to
lack of ionizable functional groups. Interestingly, it shows
unusual temperature-dependent solubility which is reported
to be 106.1 pg/mL at 13 °C and 9.29 pg/mL at 38.5 °C
[34]. This can be explained by the conformational change of
the amino acid residue at position 8 which on loss of hydration
water with increasing temperature affects the conformation of
cyclosporine and subsequently its solubility [35]. There is a
significant difference between the bioavailability of cyclo-
sporine in various populations. African-American shows de-
creased bioavailability and low absorption as compared to
whites [36]. This is because of variation in the frequency of
polymorphisms in MDR1 and CYP3A enzyme gene encoding
[37, 38].

Cyclosporine mostly binds to the lipoproteins of high, low,
and very low density that acts as reservoir [39]. When the

Fig. 2 Cyclosporine mechanism
of action via NFAT calcineurin

Cyclosporine
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serum cholesterol level is above 3.1 mmol/Lit, cyclo-
sporine shows toxic effect but surprisingly hypertriglyc-
eridemia reduces the side effect. The volume of distri-
bution is from 4 to 8 Lit per kg of body weight. Tissue
contents of cytoplasmic binding show the slow accumu-
lation of cyclosporine which retains for months, even
after the discontinuation of therapy. Deposition of drug
is found majorly in the liver, pancreas, kidney, heart,
muscular tissue, and lungs.

The isoenzyme, cytochrome P-450, converts the cyclospor-
ine in its metabolites retaining the cyclic structure with higher
polarity. The biotransformation starts with hydroxylation on
gamma or eta position of amino acids, intermolecular forma-
tion of tetrahydrofuran ether at first amino acid, and demeth-
ylation of fourth amino acid. Some metabolites are formed in
second step by demethylation and hydroxylation. Ml
and M17 are metabolites formed by hydroxylation of
amino acids at positions 1 and 9 which exhibit consid-
erable immunosuppressant effect. In contrast, M8 which
is also formed by hydroxylation of amino acids at po-
sitions 1 and 9 and M21 which has an N-methylated
amino acid at position 4 exhibited evidently reduced
immunosuppressive activity when compared to cyclo-
sporine [40]. Almost 90% of cyclosporine elimination
is mainly by metabolism, having a half-life of 6 to
8 h, and the clearance rate is 2 to 32 mL/kg, varying from
patient to patient. Higher dose is required for children as they
show higher clearance rate than adults.

It does not produce mutagenicity or tumor induction in
animals in vivo or in vitro. There are 20% chances of cyclo-
sporine to cross blood-brain barrier in kidney recipients and
liver transplants [41]. Cyclosporine oral suspension overdose

Signal lon

Channel
T cell

\ // receptor

th
patnway T cell
l - >
Cyclophilin

Signal for T cell receptor
to increase intracellular
calcium and activation of
calmodulin

- o o,

P

@

-_— )

. Cyclosporine inhibits
. x NFAT and calcineurin

Reduction in

Calmodulin

P 4

._) Calcineurin A
pathway

phosphatase Cal

activity

of NFAT and tr
of NFAT members

- - t i 1
tes into 1

+ Auto-inhibitory

@ Springer

action of
Calcineurin A.
« Activation of
phosphatase
activity




Drug Deliv. and Transl. Res. (2019) 9:1067-1081

1071

causes mild syndromes like stomach upset, hypertension,
flushing, and dysesthesias. A common complication among
the transplant recipients is acute pancreatitis. It increases the
level of serum prolactin and decreases the testosterone level
which causes gynecomastia in males [42].

Cyclosporine has large inter- and intra-patient variabilities
in absorption, and being a narrow therapeutic index drug, it
has the potential to induce nephrotoxicity [43]. The ir-
reversible morphological alterations in the kidney are
major limiting factor for the use of cyclosporine. Due
to the risk of nephrotoxicity, the dosage guidelines has
been established to recommend an upper dose limit of
5 mg/kg/day and reduction in dose is also advisable
when serum creatinine is raised by more than 30% of
pre-treatment values [44]. Thus, therapeutic drug moni-
toring is essential for cyclosporine therapy as it has a
high potential of exhibiting permanent toxicity to the
kidney [45].

Constraints in drug delivery of cyclosporine

Belonging to BCS class II, cyclosporine has low solubility
results into reduced absorption and consequently scarce bio-
availability which is the underlying constraint in oral delivery
and restricts its use as an oral immunosuppressant. The taste of
cyclosporine is bitter which restrains patient compliance on
oral administration [46]. Structurally, it is a high molecular
weight compound which hinders its permeability, thereby lim-
iting its use in treatment of dermatological disorders like pyo-
derma gangrenosum, atopic dermatitis, toxic epidermal
necrolysis, and psoriasis [47]. In case of rheumatoid arthritis
where cyclosporine is used to reduce the inflammation locally,
permeability and penetration of cyclosporine are major loop-
holes. Cyclosporine is susceptible to enzyme degradation and
poor corneal transfer, draining with tears which cause hin-
drance in its ocular delivery, hence limiting its use in treatment
of chronic dry eye syndrome [48]. Another limiting parameter
in ocular delivery is lack of predictive animal models available
for ocular drug evaluation. Although cyclosporine has trans-
formed various treatment therapies, its use is restricted due to
the marginal difference between immunosuppression and
nephrotoxicity [49]. It exhibits variable pharmacokinetic pa-
rameters leading to drastic differences in absorption pro-
file. Age, race, and concomitant drug regimen are de-
mographic factors affecting pharmacokinetic profile in
given patient [50]. Erratic pharmacokinetic fluctuations
of cyclosporine add on to the challenge in cyclosporine
delivery. This wonder molecule can be explored clini-
cally to treat a broad spectrum of disorders, and hence,
overcoming these physicochemical and pharmacokinetic
discrepancies is a primary concern in designing effective de-
livery systems of cyclosporine.

Oral drug delivery systems for cyclosporine

Oral route of drug delivery is one of the conventional yet well-
accepted routes of drug delivery due to its non-invasive nature
and ease in administration [51]. The innovator company,
Sandoz, also formulated cyclosporine as oral capsules and oral
solutions which were yet to be site specific and safer formu-
lations. Therefore, the need to explore oral delivery system is
evident considering its crucial immunosuppressant activity in
organ transplantation. An overview the oral drug delivery sys-
tems available for cyclosporine is seen in Fig. 3.

Cyclosporine tablets

Cyclosporine tablets were formulated with an aim to improve
stability, retention time at absorption site, improve dissolution,
and taste masking. Most of the approaches were focused on
self-emulsifying systems which can form a fine emulsion in
GIT with mild agitation provided by gastric motility [52].
Based on the droplet size of emulsion formed, they are clas-
sified as self-nanoemulsifying systems and self-
microemulsifying systems.

Self nanoemulsifying drug delivery system (SNEDDS) is
the mixture of oil, surfactant, and co-surfactant that can spon-
taneously form oil in water nanoemulsion in GIT after oral
administration [53]. Li et al. and Zhang et al. formulated con-
trolled release osmotic pump tablets of cyclosporine via
SNEDDS [54]. Labrafil M 1944 CS, Cremophor EL, and
Transcutol P were used as oil, surfactant, and co-surfactant
respectively for liquid SNEDDS. Various additives like su-
crose, lactose monohydrate, partly gelatinized starch,
povidone, and talc were used to compressed tablets by wet
granulation method. Further, tablets were coated with cellu-
lose acetate with pore forming agent, polyethylene glycol
(PEG) 4000. It was observed that release rate was dependent
on inner osmotic pressure, ratio of osmotic agent to
suspending agent, amount of pore forming agent, and diame-
ter of release orifice. The osmotic formulation revealed linear
drug release over the period of 12 h, displaying zero-order
kinetics. The in vivo pharmacokinetic study in beagle dogs
showed that #,,,, was prolonged to 4.3 +0.5 h, and maximum
serum concentration (c;,x) Was significantly reduced to 72.9
+10.9 ng/Lit when compared to Neoral® which had #,,,, of
1 h and ¢ypax of 157.9 £44.5 ng/Lit. Also, Neoral® had bio-
logical half-life (#,,) of 6.6 = 1.6 h, whereas ¢, of suggested
formulation was 8.3 +3.4 h. Thus, this approach could be
beneficial in the reduction of dosing frequency and overcom-
ing the fluctuations in the pharmacokinetic profile of the con-
ventional cyclosporine formulations.

In other study, Zhao et al. formulated self-
microemulsifying tablets of cyclosporine by liquisolid com-
pact technique in order to improve dissolution profile [55].
Here, the mixture of lauroglycol FCC:Maisine 35-1 (1:1 w/
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Fig. 3 Oral delivery systems for
cyclosporine
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w) was used as oil phase; PEG 35 castor oil and PEG 400 were
selected as surfactant and co-surfactant respectively. The lig-
uid system is converted to powder form by blending with
microcrystalline cellulose, and further, the mixture was com-
pressed into tablet. In vitro multimedia dissolution studies, the
self microemulsifying tablets showed 80%, 70%, and 98%
drug release in deionized water, pH 1.2 simulated gastric fluid
and pH 6.8 0.1 simulated intestine fluid correspondingly at
the end of 90 min, whereas the conventional tablets revealed
very less drug release (20%, 15% and 18% in respective me-
dia) comparatively. Hence, self microemulsifying approach
can be useful in improving rate and extend of cyclosporine
dissolution.

To overcome the bitter taste of cyclosporine, Zidan et al.
formulated taste masked orodispersible tablets by direct com-
pression technique along with self-emulsifying approach [56].
Also, orodispersible tablet offers an excellent patient compli-
ance, especially among the pediatric group. Capmul MCM-
C8, Emulphor, sweet orange oil mixed together to form ho-
mogenous transparent crude self-emulsifying drug delivery
system. Orodispersible tablets were prepared by cyclosporine
loaded self-emulsifying drug delivery system mixed with wa-
ter for 24 h in horizontal shaking bath, and the slurry was
lyophilized and frozen at — 70 °C for 2 h. The taste masking
efficiency was done in vitro using electronic tongue (e-
tongue) with seven potentiometric sensors using Ag/AgCl as
reference electrode. The optimized cyclosporine-loaded self-
emulsifying drug delivery system and its oro-dispersible for-
mulation were prepared as nanoemulsion either by
disintegrating or by dispersing in 5 mL artificial saliva equiv-
alent to 25 mg of cyclosporine. Taste masking efficiency was

@ Springer

Low solubility
and
bioavailability

Mucoadhesive
Microsphere

Mucoadhesive
Microsphere

determined by Euclidean distance values and discrimination
indices, and it was observed that the unpalatable taste of cy-
closporine was concealed by formulating it into SEDDS
orodispersible form.

Floating microspheres

Microspheres are spherical, solid matrix particles having par-
ticle size in micron range. Floating microsphere is a type of
gastroretentive delivery system which floats on the gastric
fluid to achieve desired drug release. Prolonged gastric reten-
tion helps to attain desired drug plasma concentration without
much fluctuations [57]. Cyclosporine floating microspheres
were prepared to extend the drug absorption in gastrointestinal
tract, which consequently leads to increase in bioavailability.
Lee et al. formulated cyclosporine floating microsphere
using Eudragit S100, polyvinyl alcohol, and tacrine by solvent
diffusion method [58]. Eudragit S100 and drug were dissolved
in ethanol, with addition of isopropanol and dichloromethane.
The solution was then slowly introduced into 0.4% polyvinyl
alcohol under stirring. The formed microspheres were collect-
ed via filtration and dried at 50 °C for 12 h. The particle size of
the microsphere was observed 75 to 1000 um. The micro-
sphere process parameters were optimized; it was observed
that the most stable emulsion of Eudragit S100 was in poly-
vinyl alcohol solution when dissolved in
ethanol:dichloromethane (1:1) at 40 °C. In order to improve
microspheres preparation, ethanol system was replaced by
isopropanol for controlling diffusion rate. Isopropanol diffu-
sion rate was slower than the ethanol; thus, it provides more
time for droplet formation. When various ratios of ethanol and
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dichloromethane with isopropanol were prepared, yield was
74 to 96% with irregular shape particles. When dichlorometh-
ane and isopropanol were used without ethanol, diffusion rate
became slower as more time was taken to harden. The use of
all three organic phases results in improved diffusion. The
fraction of microspheres floating on the medium in in vitro
study was linearly reduced up to 24 h. Therefore, it could be
interpreted that in vivo drug absorption would be linear for an
extended duration.

Mucoadhesive microspheres

In order to improve retention time of the formulation,
mucoadhesive microspheres were prepared that imparts ad-
vantages like improved absorption and bioavailability.
Owing to its high surface to volume ratio and intimate contact
with absorption site, prolonged release of the drug and site
specific targeting can be achieved to reduce the dosing fre-
quency subsequently [59].

Malaekeh-nikouei et al. formulated chitosan-coated micro-
sphere encapsulated with cyclosporine by solvent
evaporation—emulsification method [60]. Cyclosporine and
poly(lactic-co-glycolic acid) (PLGA) were dissolved in di-
chloromethane, emulsified by polyvinyl alcohol 0.3% w/w
using homogenizer. For chitosan microsphere coating, micro-
sphere was immersed in chitosan (0.5% w/w) followed by
centrifuged at 15,000 RPM for 15 min and further freeze dried
under vacuum. The electrostatic charge on PLGA (positive)
and chitosan (negative) causes the formation of coat on the
microsphere. Further, the poly-cationic nature of chitosan pro-
vides electrostatic interaction with negatively charged mucus
due to ionization of sialic acid. Chitosan flexible structure
showed physical enlargement between molecular chain
and mucus component leading to the prolonged resi-
dence time. Chitosan also improves drug absorption
and provides protection against enzyme degradation in
GIT. The in vitro mucin adsorption test indicated that
adsorption of mucin on entire surface of chitosan micro-
spheres was identical, and almost 70% adsorption was
observed. The mucoadhesive properties of these delivery
systems accompanied with its potential for surface mod-
ification would increase the prospects for efficient oral
drug delivery of cyclosporine.

Being a most convenient route, oral drug delivery systems
of cyclosporine with aforementioned approaches have been
studied by researchers. These novel formulations help to im-
prove dissolution rate, prolong the retention time at absorption
site to increase absorption rate, and aid in taste masking
which in turn helps to overcome the key constraints of
cyclosporine oral delivery. Yet, oral delivery of this cy-
clic peptide faces the major challenge of degradation
against gastric enzymes which has to be overcome to
increase its use as an oral immunosuppressant.

Ocular drug delivery systems for cyclosporine

Cyclosporine is preferred choice in treating inflammatory oc-
ular conditions like chronic dry eye syndrome, uveitis, corneal
healing, and vernal keratoconjunctivitis [61]. Considering
broad spectrum of cyclosporine for ophthalmic diseases, it is
crucial to develop effective, site-specific ocular delivery for
local action. Poor solubility, large molecular weight, hydro-
phobic nature of cyclosporine, and protective mechanism of
eyes make the development of its ocular delivery more chal-
lenging. Restasis® is US Food and Drug Administration ap-
proved ocular cyclosporine formulation, and Ikervis® has
been recently approved for use in Europe. Still there is unmet
need of more efficacious ocular formulations for cyclosporine
[62, 63]. An outline of ocular drug delivery systems studied
for cyclosporine is represented by Fig. 4.

Prodrug approach

Prodrugs are compounds which metabolized to get converted
into pharmacologically active form [64]. The prodrug ap-
proach is used for cyclosporine in order to overcome its poor
solubility and to enhance penetration. Rodriguez et al. formu-
lated aqueous formulation of cyclosporine for ocular applica-
tion by using N-methyl-glucamine salt as a prodrug having
molecular weight of 1570 g/mol [65]. The ex vivo permeation
and accumulation studies done using pig eyes showed that
80% of prodrug formulation could permeate through the cor-
nea. In comparative permeation study, it was found that the
amount of cyclosporine permeated through the cornea by
prodrug approach was 20 to 140 times greater than cyclospor-
ine in oil. The in vivo distribution studies in albinos Lewis rats
indicated that the cyclosporine in prodrug form showed 70
times higher concentration in cornea when compared to cy-
closporine in oil whereas in conjunctiva level of cyclosporine,
prodrug was 5 times higher than the later [66]. It was conclud-
ed from the study that prodrug approach has several advan-
tages such as higher permeation and accumulation capacities,
higher tissue deposition, access of more drug through con-
junctival route, and low risk of systemic complications.

Solid lipid nanoparticles

Solid lipid nanoparticles (SLNs) are dispersions of biodegrad-
able solid lipids in water which allow incorporation of hydro-
philic and hydrophobic drugs [67]. SLNs help in improving
the solubility, penetration, and prolonged effect of cyclospor-
ine when delivered via ocular route. Gokge et al. formulated
cyclosporine loaded SLNs for improving in vivo efficiency
and evaluating ocular tolerance in rabbits [68]. SLNs were
prepared by high shear homogenization followed by ultra-
sonication method using glyceryl behenate, Pluronic F68,
Tween 80 as lipid, surfactant, and co-surfactant. The rabbit
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cornea model was used for trans-corneal penetration due to its
similarity with human eye. In in vivo study, the reten-
tion time of cyclosporine was prolonged to 8 h in the
cal-de-sac and pre-corneal area due to the small size of
SLNs. At physiological pH, anionic corneal epithelium
allows the positively charged solute to cross the mem-
brane selectively; however, negatively charged SLN par-
ticles provide therapeutic levels, possibly due to corneal
cellular uptake. A conclusion could be drawn that the
suggested approach could be promising in improving
the corneal efficiency of cyclosporine.

Basaran et al. formulated cyclosporine loaded cationic
SLNs for ocular delivery by hot homogenization method
using tripalmitin, glyceryl dibehenate, and Tween 80 as lipid
and surfactant to increase the corneal contact time of cyclo-
sporine with help of octadecylamine [69]. The SLN formula-
tion offers two advantages; first, it facilitates the transfer of
drug through corneal route and second it ensures the adher-
ence to the membrane, inhibiting draining with tears. In
in vivo release profile studied in sheep model, the drug con-
centration in aqueous and vitreous humor was maintained up
to 48 h. For chitosan and collagen nanoparticles, Lallemand
et al. reported release of cyclosporine which was decreased
after 2 h and 8 h respectively [70]. These SLN-based formu-
lations were found to be superior in prolonging release of
cyclosporine.

Injections

Since cyclosporine is used to treat chronic ocular inflamma-
tory disorders, there is a need to develop drug delivery sys-
tems which prolongs the action of cyclosporine. Intra-vitreal
injection prepared by using liposomes and microspheres was
studied for developing its effective ocular delivery. Though
this approach is invasive, it offers advantages like reduction
in dosing frequency, prolonged retention time in cornea,

Fig. 4 Ocular delivery systems
for cyclosporine
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bypassing protective mechanisms of eye, and avoiding loss
of formulation with tears [71].

Alghadyan et al. formulated liposome bound cyclosporine
for intra-vitreal injection by reverse phase evaporation process
using phosphatidylcholine, phosphatidylglycerol, and choles-
terol [72]. The systemic administration gives low therapeutic
level of ocular cyclosporine concentration while topical appli-
cation gives high corneal concentration and low vitreous con-
centration. The in vivo study performed in albino rabbits dem-
onstrated gradual decrease in the concentration of cyclospor-
ine in eye receiving liposomal dose. There is significant
change in the f1,, of free cyclosporine (6 h) to that of
liposome-bound cyclosporine (3 days) which was indicative
of prolong availability of the drug in liposome-bound form.

He et al. formulated the cyclosporine microsphere as treat-
ment vehicle for uveitis in rabbits using PLGA, polyvinyl
alcohol, and PEG 1000 by solvent evaporation followed by
freeze drying [73]. The intra-vitreal injection modified with
PF68 showed significant reduction in cellular infiltrate, in-
flammatory sign, protein level, and aqueous leukocyte count.
The surfactant, PF68, increases the solubility of cyclosporine
by solubilization effect, wetting the particle and lowering sur-
face tension. The microsphere showed gradual release with
increase in antiinflammatory action. From the in vivo study
in albino rabbits, it was estimated that amount of cyclosporine
entrapped would be sufficient to prolong its effect for
6 months.

In situ gels

Thermoresponsive ophthalmic in situ gels have been a prom-
ising drug delivery approach for ocular delivery as they pos-
sess excellent biocompatibility, increased drug loading effi-
ciency, and controlled drug release characteristics [74]. In case
of cyclosporine, they are used to increase corneal retention
time and to obtain a prolonged release. Yijun Wu et al.
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designed a thermosensitive copolymer, hyaluronic acid-g-
poly(N-isopropylacrylamide) (HAg-PNIPAAm), by coupling
carboxylic end-capped PNIPAAm to aminated hyaluronic ac-
id through amide bond linkages which were potential carrier
[75]. The suggested formulation had drug loading efficiency
of 73.92%. The in vitro release profile studies indicated that
during initial period of 12 h the release was faster followed by
a sustained release till 50 h. This approach also helped to
achieve concentration of cyclosporine in cornea up to
1455.8 ng/g of tissue; this was higher as compared to other
conventional approaches.

Contact Lens

The use of contact lens loaded with cyclosporine can help to
overcome poor corneal retention and low bioavailability.
Kapoor et al. suggested use of contact lens for cyclosporine
made using nanostructured poly (2-hydroxyethyl
methacrylate) (p-HEMA) hydrogels containing
microemulsions or micelles of Brij-52 [76]. The bioavailabil-
ity of cyclosporine when formulated as eye drops was less
than 5%. The suggested approach was able to enhance bio-
availability by 50%. Also, from the in vitro studies, it was
estimated that cyclosporine could be delivered up to 20 days
maintaining therapeutic doses. This approach thus helped in
reducing dosing frequency by prolonging the effect of
cyclosporine.

Implant

The frequent administration of injection is not easy, and
hence, implants of biodegradable polymers are looked upon
as substituents. They are effective for local treatment in ocular
disorders to avoid systemic side effects. Cyclosporine im-
plantable long-term sustained release formulation via use of
biodegradable polymers could be beneficial [77]. This ap-
proach also overcomes the ocular constraints associated with
protective mechanism of eye, poor retention time in cornea,
poor penetration, and draining with tears. Apel et al. formu-
lated subconjunctival biodegradable cyclosporine implant in
corneal transplant therapy [78]. Cyclosporine was mixed with
PLGA and dissolved in methylene chloride, and solvent was
evaporated for 48 h. This film was then kept for degassing
under vacuum for 3 days at 70 °C, 65 kPa pressure. The film
of 5 mm in diameter was punched and sterilized with
2.5 MRad of Cobalt®® gamma radiation. The in vivo
study in Dutch Belted rabbits showed that the release
of cyclosporine from implant was complicated due to
continuous degradation of polymer. As the polymer de-
grades, its molecular weight decreases which increases
the permeability of cyclosporine.

Restasis® approval by US FDA has encouraged the inves-
tigation of ocular drug delivery systems for cyclosporine. Its

main application in dry eye syndrome demands more effective
ocular drug delivery system. The said ocular delivery systems
have been useful to reduce enzyme degradation and may im-
prove poor corneal transfer and retention time in cornea. Still,
this can be improved further for making it more patient friend-
ly and by decreasing dosing frequency.

Topical drug delivery systems
for cyclosporine

Cyclosporine is gold standard for treatment of diseases like
psoriasis, toxic epidermal necrolysis, atopic dermatitis, and
inflammation associated with rheumatoid arthritis [79].
These diseases demand site specific topical therapy with local
effect. Conventional treatment options could meet these re-
quirements only to a limited extent. Being a topical drug de-
livery approach, one of the primary requisites of formulation
to be effective is penetrating the stratum corneum. With the
development of novel drug delivery systems like
microemulsion, penetration enhancers, nanoparticles, ionto-
phoresis technique, and ultrasound-mediated drug delivery
approaches, it is possible to develop effective and safe topical
formulation of cyclosporine, as represented in Fig. 5 [80].

Microemulsion

Microemulsions are mixture of oil surfactant and co-surfactant
which are clear, thermodynamically stable, and isotropic in
nature. They have considerable potential to incorporate wide
range of drugs [81].

Liu et al. formulated microemulsion of cyclosporine using
Aerosol OT, Tween 85, Iso propyl myristate, and water [82].
From the in vitro study, it was observed that, when the con-
centration of water increased in the microemulsion, perme-
ation increases. It was anticipated that increase in the hydra-
tion level of stratum corneum facilitates the drug permeation.
It was observed that permeation rate of cyclosporine was in-
creased from 1.44 to 3.58 ug/mL with zero-order kinetics. The
transdermal delivery of cyclosporine was increased up to 10
times using microemulsion approach as compare to topical
drug suspension. Thus, microemulsion approach can improve
transdermal permeation of cyclosporine significantly and aids
in achieving site specific local effect.

Penetration enhancer

Penetration enhancers have been a mainstay in topical deliv-
ery since they help in enhancing penetration by decreasing
barrier resistance [83]. The higher molecular weight of cyclo-
sporine is responsible for its poor penetration through the skin.
The use of penetration enhancer could be beneficial in over-
coming this constraint of cyclosporine thereby developing
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efficient topical drug delivery. Lopes et al. formulated topical
delivery of cyclosporine using monoolein as penetration en-
hancer [84]. It acts as penetration enhancer by increasing skin
ceramides, fluidity of stratum corneum, and solubilization of
lipophilic cyclosporine. Different concentrations of 0, 5, 10,
20, and 70% of monoolein were prepared by dissolving in
propylene glycol followed by addition of cyclosporine. All
concentrations of monoolein showed increased penetration
up to 12 h post application, and when its 20 to 70% concen-
tration was used, it increased the drug concentration in stratum
corneum. It was observed that due to the lipophilic nature of
monoolein and cyclosporine, they exhibited high affinity to-
wards each other which facilitates the penetration of cyclo-
sporine and drug retention in the skin.

Nanoparticles

Among the various types of nanoparticles, SLNs have been
explored for topical delivery of cyclosporine. SLNs are drug
carriers used in topical delivery to enhance permeation and
obtain sustain release of drug. SLNs offer advantage of being
biocompatible and biodegradable which helps in reducing the
side effects [85]. Cyclosporine SLN formulation was devel-
oped to attain prolonged action of drug with improved
penetration.

Varia et al. formulated and characterized cyclosporine load-
ed SLNs with optimization of variables [86]. The formulation
was prepared by melt homogenization method using glyceryl
palmitostearate, glyceryl monostearate, and soya phosphati-
dylcholine and was converted to dried form by spray drying.

Fig. 5 Topical delivery systems
for cyclosporine
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It was found that the two lipids glyceryl palmitostearate and
glyceryl monostearate were considered to be the best carriers
for cyclosporine due to high entrapment efficiency and narrow
size distribution. Characterization studies showed smooth and
non-porous surface of SLNs and in vitro release of cyclospor-
ine from glyceryl monostearate followed Higuchi kinetics
while glyceryl palmitostearate followed first-order kinetics.
Cyclosporine—glyceryl monostearate SLNs showed initial
burst release (14% in first hour) followed by slow and steady
release pattern up to 20 h, whereas cyclosporine glyceryl
palmitostearate SLNs did not show any burst release. This
change in release could be attributed to difference in physico-
chemical properties of the lipids. The lipidic nature of SLNs
accelerates penetration of cyclosporine and further helps in
prolonging the release of drug which would aid in improving
the therapeutic benefit.

Cyclosporine SLNs was formulated for skin penetration by
melt homogenization method using 1,2,3-tridecanoylglycerol,
l-a-phosphatidylcholine, t-butyl alcohol, and Tween 80 as
lipids and surfactant. The study showed that the slightly neg-
ative charged nanoparticle was effective in skin penetration.
The in vitro permeation experiments indicated that cyclospor-
ine loaded SLNs had 2-fold higher permeation efficiency
when compared to cyclosporine oil mixture [87].

Nanoparticles have at least one dimension less than 100 nm
and have potential of improving penetration [88]. They also
offer advantages of surface modification [89]. Zlotkin et al.
formulated topically applied cyclosporine nanoparticle using
butyl acetate, sodium cholate, and lecithin by solvent evapo-
ration method to get particle size ranging from 30 to 650 nm
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[90]. In 30 nm, ex vivo penetration studies done using human
skin indicated that penetration through skin was observed
within 2 h while 24 h throughout the dermis. From the bio-
logical activity studies, there was no evidence of toxicity
found.

lontophoresis of lecithin vesicles

Iontophoresis is a technique of delivering drugs with the help
of electric current [91]. Combining iontophoresis with lecithin
vesicles which acts as a penetration enhancer helps to over-
come poor penetration and low absorption rate of
cyclosporine.

Boinpally et al. formulated lecithin vesicles of cyclosporine
for skin permeation using soya phosphatidylcholine, sodium
cholate, ethanol, and chloroform by rotary evaporator [92].
Lecithin and anodal iontophoresis enhanced the permeation
of cyclosporine; cathodal iontophoresis presented lowest
amount of penetration due to negatively charged cholate and
chloride ions. Increased permeation of lecithin was done by
electro-osmosis by passing electric current. The ex vivo ab-
sorption studies done using human skin showed that the sug-
gested approach enhanced the absorption up to 4.9 times. The
results of study were very encouraging for penetration en-
hancement and improving absorption rate of cyclosporine.

Guo et al. formulated lecithin vesicle carrier for transder-
mal delivery of cyclosporine using soya bean lipid, lecithin
(prepared by column chromatography), and sodium cholate
using conventional rotatory evaporation sonication method
[93]. Lecithin and cyclosporine dissolved in methanol and
chloroform mixture (1:1); the mixture was dried under vacu-
um to form thin film and then hydrated in 0.9% NacCl to form
lipid coarse suspension followed by sonication. Sodium cho-
late was added to the NaCl suspension containing 3.75% of
cyclosporine followed by vigorously shaken. The formulation
was ultra-sonicated for 15 min and kept at 37 °C for 72 h until
equilibrium was achieved. When iontophoresis is applied, in-
crease in voltage applied increases the permeation but pre-
treatment with enhancers changed the nature of skin.
Lecithin vesicles with sodium cholate showed transfer of cy-
closporine while sodium cholate micelles and vesicles without
cholate failed to permeate into the skin. The synergistic effect
of sodium cholate and lecithin enhances the penetration of
vesicles into the skin. The cholate vesicles were capable of
penetrating into the stratum corneum due to the transcutane-
ous hydration force caused by difference in concentration of
water between the skin interior and skin surface. Loosening of
interstices occurred due to hydration of skin helps in accumu-
lation of cyclosporine; also, fusion of vesicles with skin en-
hances the penetration. In vivo study done in Kunming mice

Table 3  Vision table with constraints and proposed drug delivery systems for cyclosporine
Route  Drug Delivery System Constraints resolved Key Features Indications Ref.
Oral Self emulsifying tablets Poor dissolution, low Improved stability, retention ~ Immunosuppression [96, 97]
gastric retention time time and taste masking Inflammation associated
Floating microspheres Low bioavailability, poor Improved absorption, with rheumatoid arthritis
Mucoadhesive microspheres ~ retention at absorption site  bioavailability and
extended release
Ocular Prodrug Approach Poor solubility, Higher permeation, low risk ~ Chronic dry eye syndrome, [98, 99]
low penetration of systemic complication Posterior blepharitis,
Solid lipid nanoparticles Low corneal efficiency Prolonged release Ocular rosacea, Uveitis
Poor solubility
Injections Draining with tears, Reduction in dosing
poor solubility frequency
In situ gels Poor corneal retention Controlled release
Contact lens Poor retention time, Prolonged release,
low bioavailability improved bioavailability
Implants Poor permeability Reduction in dosing frequency
Topical Microemulsion Poor permeation Help to achieve site Toxic Epidermal Necrolysis, [100-102]

Penetration enhancer Poor penetration,

specific local effect
Improved penetration

Systemic Lupus Erythematosus,
Pyoderma Gangrenosum,

Nanoparticles

Iontophoresis of
lecithin vesicles

Ultrasound mediated
drug delivery system

low retention time

Poor permeation efficiency

Poor penetration,
low bioavailability

Poor penetration

through stratum corneum
Possibility of surface
modification
Enhanced penetration when
accompanied with
penetration enhancer
Improved penetration
through stratum corneum

Psoriasis
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showed the measurable amount of flexible vesicle transported
in the blood after 2 h while conventional vesicles failed for the
same. When stratum corneum layer was destroyed, large
amount of vesicles (187.329 53.21 ng/mL) was transferred
in the blood within 1 h, showing that permeation barrier stra-
tum corneum was bypassed. It can be concluded that combin-
ing iontophoresis with use of penetration enhancers increases
penetration of cyclosporine.

Ultrasound-mediated drug delivery system

Low-frequency ultrasound governs the movement of drug mol-
ecules through the skin by using ultrasound, also termed as
sonophoresis [94]. Combining this approach with use of pene-
tration enhancers helps to improve penetration of cyclosporine,
making the drug delivery more effective. Liu et al. formulated
topical delivery of cyclosporine using azone, sodium lauryl
sulfate (SLS), N-methyl pyrrolidine, and dimethyl sulfoxide
(DMSO) as skin penetration enhancers by low-frequency ultra-
sound [95]. The in vitro study was carried on modified Franz
diffusion apparatus. When ultrasound was applied alone, no
significant exchange was observed at 0.4 W/cm?, whereas at
0.8 W/cm?, penetration was increased by 7-fold. It is believed
that the ultrasound enhances the skin permeation by lowering
the barrier properties of stratum corneum by creating the small
pores on the skin surface and disorganizing the bilayer. When
combining ultrasound and chemical enhancers, 25-fold in-
crease in the dermal delivery was observed. Since the amount
of penetration enhancers that can be used is limited for their
safety concerns, this approach helps to overcome the drawback
which makes penetration of cyclosporine more efficient.

Cyclosporine is mainstay treatment option for psoriasis and
inflammation associated with rheumatoid arthritis, and thus,
topical delivery systems would be more beneficial. Being a
high molecular weight drug permeability of cyclosporine is
very less. The above approaches can overcome poor topical
penetration to a certain extent. In the future, the combination
of approaches can be studied such as chemically modified
drug formulated into topical nanoformulation. Nevertheless,
none of the topical formulation of cyclosporine has been cur-
rently marketed which by itself demands more extensive study
for development of effective formulation.

The constraints and recent advanced delivery systems sug-
gested for cyclosporine are presented in Table 3.

Conclusion

The multifaceted therapeutic profile of cyclosporine commands
the attention even after five decades of its discovery. The use of
this well-established drug is still limited due to inherent con-
straints in drug delivery and its routes of administration. The
advances in cyclosporine delivery have been reported by

@ Springer

several research papers and patents. The low solubility and
subsequent poor oral bioavailability of this drug are the bases
of designing self-emulsifying systems, mucoadhesive, and
floating systems to increase the GIT retention time and improve
the rate and extent of absorption. The future aspects of oral drug
delivery system may be focused on the use of synthetic modi-
fication of cyclosporine which not only addresses the poor
solubility but also takes care of GIT enzyme degradation.
Similarly, various nanoformulations can be used for improving
GIT absorption or drug cocktails to overcome the cytochrome
P-450 metabolism which ultimately help in improving absorp-
tion. In the ocular delivery of cyclosporine, the poor corneal
transfer and less retention time in cornea act as a major barriers.
These hurdles were overcome with the use of implants, lipo-
some, and microsphere-based intra-vitreal injections and
prodrug. Development of ophthalmic delivery systems can be
further focused on chemically modified cyclosporine form to
improve ocular penetration and permeation. The use of erodible
inserts could be a promising approach to primarily reduce dos-
ing frequency and increase patient compliance. The high mo-
lecular weight of cyclosporine reduces its penetration ability
which is the major restraint in topical preparations. Hence, ap-
proaches like use of penetration enhancers, SLNs, iontophore-
sis, ultrasound, and microemulsions were recommended for
topical delivery of cyclosporine. Novel topical formulations
like microneedles, micro/nanosponges, nanogels, and electro-
poration may be explored to surpass stratum corneum, a major
penetration barrier. Novel preparations of cyclosporine need
formulation and process scalability to exploit them commer-
cially. The regulatory aspects of formulations and patent exclu-
sivity are other factors to be considered for successful market
transfer. In conclusion, effective, non-toxic, stable, and patient
friendly formulation is the need of hour for complete utilization
of this wonder molecule, cyclosporine.
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