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Agrip

Syklédextrin eru hjalparefni sem notud eru lyfjaform svo sem vatnslausnir (t.d.
stungulyf) og fost lyfjaform (t.d. toflur), til ad auka leysanleika, stodugleika og
adgengi lyfianna. | pessu verkefni var notkun syklédextrina sem hjalparefni i
augndropum rannsokud. Rannsakad var hvernig syklédextrin hafa ahrif a
edlisefnafreedilega eiginleika (p.e. leysanleika og st6dugleika) lyfja og hvernig
pau auka frasog lyfja i gegnum lifreenar himnur. Einnig voru rannsékud ahrif
syklédextrina a frumur augans, svo sem ahrif peirra & sjonhimnu augans.

Adgengi lyfs sem gefid er a yfirbord augans er oftast adeins 3 til 5%, pad
er adeins 3 til 5% af lyfinu frasogast inn i augad. Helstu asteedur lélegs
adgengis augnlyfja fra yfirbordi augans er takmarkad frasog peirra i gegnum
lifreenar himnur, svo sem i gegnum hornhimnuna. Flest Iyf eru einnig fitusaekin
og hafa pvi moérg hver takmarkadan leysanleika i vatni. Pau leysast illa upp i
augndropum, sem oftast eru vatnslausnir lyfja, og tarahimnunni sem hylur
yfirbord augans. Onnur stor askorun er efnafreedilegur dstédugleiki margra
lyfja i vatnslausnum sem takmarkar geymslupol augndropa. Heaegt ad nota
syklédextrin til ad auga baedi stédugleika og leysni lyfja. | vatnslausnum
mynda syklédextrin fléttur (p.e. komplexa) med fitusseknum lyfjum.
Fitusaeknar sameindir, eda fitusaeknir hlutar sameindanna, setjast i op i midju
syklédextrinsameindanna sem ba verja lyfin fyrir utanadkomandi &hrifum i
lausninni.  Syklodextrin geta einnig auki® adgengi lyfjanna ad lifreenum
himnum og par med adgengi peirra inn i augad. Ad lokum hafa nylegar
rannséknir synt ad syklédextrin geta myndad fléttur med ymsum lifreenum
efnasambdndum eins og kolesterdli. bvi er ekki dsennilegt ad haegt verdi ad
nota syklédextrin vid medhondlun a sjonhimnusjukdémum, eins og Stargardt-
sjukdémi og slagaedastiflu i sjonhimnu. Rannséknir a eiturverkunum
syklédextrina a sjénhimnu eru pé takmarkadar.

Anrif ymissa syklodextrina & leysanleika og stédugleika takrélimus og
difluprednats i vatni voru rannsékud. Ahrifum syrustigs (pH), syklédextrina og
fiollida a nidurbrotsferla og nidurbrotshrada lyfjanna voru rannsékud® med
vokvagreini (HPLC) og massagreini (MS). Myndun flétta lyfja og syklodextrin
var kénnud med ymsum adferdum svo sem NMR, DSC og FTIR. Ahrif
syklédextrina & flaedi lyfja i gegnum himnur voru rannsékud. Ad lokum voru
ahrif 2-hydroxyprépyl-B-syklodextrins (HPBCD) og metyl-B-syklodextrins
(RMBCD) a frumur sjénhimna ur musum rannsékud.



Rannséknir a nidurbrotshrada syndu ad takrélimus hefur hamarks
stédugleika i vatnslausn vid pH a milli 4 og 6, @ medan difluprednat er
stédugast vid pH um 5. Nidurbrotid beggja lyfjanna eykst verulega ef pH-id fer
yfir 6. MS rannséknir syndu ad vatnsrof var adalorsék nidurbrots takrélimus i
HPBCD vatnslausnum. Leysanleikarannséknir syndu ad B-syklodextrin (BCD)
og afleidur pess mynda vatnsleysanlegar fléttur med takrélimusi og eru bestu
syklédextrinin til ad auka leysanleika lyfsins i vatni, en y-syklodextrin (yCD) og
afleidur pess voru bestar fyrir diflaprednat. Ennfremur syndu
stédugleikarannsoknir med syklédextrinum og mismunandi fjdllidum ad
stodugleiki takrélimus i vatni jokst med bléondu HPBCD og tyloxapdli.
Rannsoéknir & difluprednati gafu svipadar nidurstddur par sem blanda af 2-
hydroxyprépyl-y-syklédextrini (HPyCD) og poloxamer 407 reyndist best. ba
voru einkenni flétta difliprednats og HPyCD rannsokud a baedi fostu formi og
i lausn, pad er difluprednat/HPyCD fléttu og difluprednat/HPyCD/péloxamer
flettu. NanoSight var notad til ad meela myndun diflaprednat/HPyCD
nandéagna og difluprednat/HPyCD/péloxamer nandagna, steerd peirra og
staerdardreifingu sem hlutfall af styrk péloxamers. Nidurstédurnar voru sidan
stadfestar med rafeindasmasjarrannséknum (TEM). Eiginleikar fléttanna a
fostu formi voru rannsakadar med DSC og FTIR. Rannsoknir a flaedi
hydrokortisons i gegnum himnur syndu ad styrkur mismunandi leysanleika
aukandi efna (p.e. HPBCD, etandls og natriumlarylsulfats) haféi markverd ahrif
& flaedi hydrokortisons i gegnum himnur. Ahrifin voru tengd varmafreedilegu
astandi lyfsins i vatnslausninni. Rannsoknir a eiturahrifum syndu ad RMBCD
haféi meiri eiturahrif en HPBCD, sem sjonhimnan poldi i allt ad 10 mM HPBCD
styrk. Auk pess syndu rannséknir sem gerdar voru & flurljdmandi afleidum
soému syklodextrina ad baedi RMBCD og HPBCD geta farid djupt inn i
sjonhimnuna.

Pott ad HPBCD hafi reynst besta syklodextrinid fyrir takrélimus og aukid
baedi leysanleika pess og stédugleika, var aukningin ekki naegjanleg til ad haegt
veeri ad mynda takrélimus augndropa. Leysaleiki difluprednats i vatnslausnum
sem innihéldu HPyCD neegdi til ad mynda augndropa sem innihalda 0,1%
difluprednat, sem er tvofalt meira magn en i peim difliprednat augndropum
sem nu eru @ markadi. Frekari rannsoknir parf p6 ad gera til ad fullhanna
augndropana.



Abstract

Cyclodextrins (CDs) have been widely used as pharmaceutical excipients for
formulation purposes for different drug delivery systems. Recent developments
have explored their use in ophthalmic drug delivery to overcome the challenges
faced due to the anatomical and physiological barriers of the eye. Other big
challenges in the ocular delivery are the poor aqueous solubility and chemical
instability of many drugs in aqueous solutions and the short retention time. As
we know, CDs can be used to improve the stability and solubility of hydrophobic
drugs in aqueous CD solutions through the formation of drug/CD complexes.
The lipophilic molecules of parts of larger drugs can enter the CD cavity and
hence can be protected from external factors in the solution. Not only this but
the use of CDs as solubilisers has helped in the permeation properties of
different hydrophobic drugs. In addition to this, recent studies have shown that
CDs are able to form complexes with a variety of biomolecules, such as
cholesterol. This has subsequently paved the way for the possibility of using
CDs in retinal diseases, such as Stargardt disease and retinal artery occlusion,
where CDs could absorb cholesterol pumps, but the studies on the retinal
toxicity of CDs are limited.

This study aimed to explore the applicability of CDs in ophthalmic delivery
as solubilisers/stabilisers for various hydrophobic drugs (tacrolimus and
difluprednate) to develop a vehicle for aqueous eye drops, their concentration
effect on important parameters for formulation like permeation, and to examine
the retinal toxicity of different CDs and their localisation within retinal tissues.

Phase-solubility and kinetics studies were performed in the presence of
different CDs at different pH values for tacrolimus and difluprednate. A mass
spectrometric (MS) study was also done to elucidate the degradation
mechanism of the tacrolimus in an aqueous CD solution. Furthermore,
stabilisation studies were done with CD and different polymers to further
improve the stability of these drugs. After this, the characterisations of drug/CD
complexes were done using techniques like NMR, DSC, and FTIR. Permeation
studies were done with hydrocortisone to study the effect of different solubiliser
concentrations on the permeation. Finally, cytotoxicity studies with 2-
hydroxypropyl-BCD (HPBCD) and randomly methylated [-cyclodextrin
(RMBCD) were done using wild-type mouse retinal explants, the terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay, and
fluorescence microscopy.

Kinetics studies showed that tacrolimus has a maximum stability between
pH 4 and 6 while difluprednate has one at around pH 5. The degradation is



vigorous in basic conditions after pH 6 for both drugs. The MS studies showed
that hydrolysis was the main cause of tacrolimus degradation in aqueous
HPBCD solutions. Phase-solubility studies revealed that BCD and its
derivatives were good solubilisers for tacrolimus, while yCD and its derivatives
for difluprednate. Furthermore, stability studies with CD and different polymers
showed that the stability of tacrolimus was improved with the combination of
HPBCD and tyloxapol. But still, tacrolimus degradation was around more than
30% with 5% HPBCD and 2% tyloxapol. A similar trend was observed in the
case of difluprednate where the drug degradation was less than 1% in the
combination system with 15% HPyCD and 4% poloxamer 407. Studies with
tacrolimus were not continued due to the unsatisfactory stability results. After
this, the characterisations of drug/CD complex in solid- and solution-states
were done in binary (difluprednate/HPyCD) and ternary
(difluprednate/HPyCD/poloxamer) systems. NanoSight was used to measure
the drug/CD and drug/CD/polymer aggregates with observed increasing
micelles aggregate size with an increasing poloxamer concentration. This was
confirmed by transmission electron microscopy (TEM) studies. The solid-state
characterisation of these binary and ternary complexes done by using DSC
and FTIR showed the disappearance of the characteristic peaks confirming the
presence of an inclusion complex in our system.

Permeation studies showed that the concentration of different solubilisers
(HPBCD, ethanol, and sodium lauryl sulfate; SLS) had a pronounced effect on
the permeation of hydrocortisone across different membrane barriers. This was
shown by the flux profiles where we observed decreasing flux values when the
concentration of HPBCD and ethanol was increased/decreased from the
concentration when hydrocortisone was in a saturated solution. The
permeation of hydrocortisone in SLS system revealed a different profile with
decreasing flux over increasing SLS concentration.

Cytotoxicity studies showed that RMBCD was more toxic to retinal explants
when compared to HPBCD, which the retina can safely tolerate at levels as
high as 10 mM. Additionally, studies conducted with fluorescent forms of the
same CDs showed that both CDs can penetrate deep into the inner nuclear
layer of the retina, with some uptake by Miller cells.

To conclude, even though HPBCD was a better solubiliser/stabiliser for
tacrolimus among the CDs tested, tacrolimus was not adequately chemically
stable to be formulated as aqueous eye drops. In the case of difluprednate, it
was possible to solubilise 0.1% difluprednate in an aqueous HPyCD solution,
which is twice as much as the commercially available eye drops, and stabilise



in an aqueous solution using a combination of CD and polymer. However, in
order to formulate into eye drops, further studies with different excipients and
different parameters are needed. In addition to this, the solubiliser
concentration does play a critical role in the permeation capability of the drug
molecule across the barrier membrane which is, in turn, related to the
thermodynamic activity of the drug molecule. Lastly, HPBCD was found to be
a safer option than RMBCD for retinal drug delivery and may advance the use
of CDs in the development of drugs in this field. Hopefully, these obtained
results could be beneficial in further exploration of CDs in various fields of
ophthalmic drug delivery either as drug carriers or the drug itself.
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1 Introduction

1.1 Cyclodextrins: Structure and Physiochemical properties

Cyclodextrins (CDs) are enzymatic degradation products of starch which were
first discovered and described in the 19th century by Antoine Villers; he
described them as “cellulosines”. However, it was not until the early 20th
century when Franz Schardinger did most of the work on further
characterisation, methods of preparation and purification of CDs [1-3]. He was
also the first one to state them as cyclic polysaccharides. Friedrich Cramer
later in the 1940s worked more on purification and separation of natural CDs
and was responsible for them being finally called cyclodextrins [2].

Cyclodextrins are cyclic oligosaccharides consisting of a-D-glucopyranose
with a hydrophobic central cavity and a hydrophilic outer surface. The
glucopyranose units are in the chair conformation hence the cyclodextrins are
shaped like a truncated cone rather than perfect cylinders. The hydroxyl
functions are oriented to the cone exterior while the central cavity is lined by
the skeletal carbons and ethereal oxygen of the glucose residues giving it a
lipophilic character [4]. They are less susceptible to enzymatic degradation and
are better solubilising and complexing agents even though they have identical
physicochemical and biological features as analogous linear dextrins because
of their cyclic configuration [1, 5].

The natural a, B, and y-cyclodextrins consist of six, seven, and eight
glucopyranose units, respectively [4]. CD molecules are relatively large, with
several hydrogen donors and acceptors and do not permeate lipophilic
membranes [6]. The natural CDs, particularly BCD, have limited aqueous
solubility due to relatively strong intermolecular hydrogen bonding in the crystal
state. These confine the usage of natural CDs in some applications [4, 7, 8].
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Figure 1. Schematic representation of aCD, BCD, and yCD. Based on [9].
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Several hydrophilic CD derivatives have been synthesised through the
random substitution of CD’s hydroxyl groups so as to overcome the limitations
of the physiochemical properties of these CDs, such as aqueous solubility,
stability, and complex formation abilities. The amorphous mixture of CD
isomeric derivatives was formed when substituted by hydrophilic or even
hydrophobic groups. This resulted in marked water solubility enhancements of
these CDs and their complexes. The CD derivatives such as methylated,
hydroxypropylated, and sulfobutyl ether are hydrophilic and form highly water-
soluble complexes with lipophilic drugs [1, 4, 10-12].

Some important physicochemical characteristics of natural CDs and their
derivatives are outlined in Table 1.

Table 1. Physicochemical properties of native CDs and their hydroxypropyl derivatives
[4, 9, 13-16].

Properties aCD BCD yCD
No. of glucose units 6 7 8
Molecular weight in grams per mol 972.8 1135 1297
Water solubility at approx. 25°C 145 18.5 232
Log P octiwater -13 -14 -17
No. of water molecules in the cavity 6 11 17
Diameter of cavity (nm) 0.5-0.6 0.6-0.8 0.8-1.0

Hydroxypropylated derivatives

Properties HPaCD HPBCD HPyCD
Degree of substitution 3.6 4.2 4.2
Molecular weight (g/mol) 1180 1380 1540
Water solubility at 25°C >600 >600 >600
Log P octiwater -11 -11 -13

1.2 CD complexation

The central cavity of the cyclodextrin molecule is lined with skeletal carbons
and ethereal oxygen of the glucose residues, which makes it lipophilic. The
polarity of the cavity has been estimated to be similar to that of an aqueous
ethanolic solution. It provides a lipophilic micro-environment into which
appropriately sized drug molecules may enter [11]. CDs are able to form
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inclusion complexes with several drugs provided that their structure (or part of
it) fits in the CD cavity. No covalent bonds are formed or broken during drug/CD
complex formation in the aqueous solution and the complexes are readily
dissociated [5, 17].

Free drug molecules are in equilibrium with the molecules bound within the
CD cavity. In all of the complexation process associated with CDs, the
measurement and knowledge of the stability of equilibrium constant (K¢) or its
inverse, and the dissociation constant(Kd) are crucial since these values
provide an index of change of physicochemical properties that result upon
host-guest binding [11, 17]. It has been thought that the main driving force for
drug/cyclodextrin complex formation is the release of enthalpy-rich water
molecules from the cyclodextrin cavity [18], whereas other important forces
involved are van der Waals interactions, hydrogen bonding, hydrophobic
interactions, the release of ring strain in the cyclodextrin molecule, and
changes in solvent-surface tension [11].

In aqueous solutions, CDs self-assemble to form nano-sized aggregates.
The fraction of CD molecules forming aggregates is insignificant but the
aggregation increases rapidly with increasing CD concentration. Also, the
formation of CD complexes can increase the tendency of CDs to form
aggregates and can lead to the formation of micellar-type CD aggregates,
capable of solubilising poorly soluble compounds that do not readily form
inclusion complexes [2, 19].

Drug/CD complexes in the solution can be prepared by an adding excess
amount of the drug to an aqueous CD solution, the suspension agitated for up
to 1 week at the desired temperature to which the suspension is
filtered/centrifuged to form a clear drug/CD complex solution. While the solid
drug/CD complexes are prepared by removing the water from the aqueous
drug/CD solution by evaporation or sublimation [20].

The CD complexation can affect many physiochemical properties of drugs
such as their chemical stability and aqueous solubility [3, 21, 22]. CD based
inclusion and non-inclusion complexes are widely used to improve oral
bioavailability and enable parenteral dosage form configuration for molecules
with less optimum physicochemical properties. They have very low toxic
potential, are not orally bioavailable making them true oral carriers, and are
affordable [7]. They are also widely used in the food and cosmetic industries
to protect labile molecules against light and oxidation, stabilise emulsions,
mask unpleasant odors, protect flavors and remove cholesterol from eggs and
dairy products [3, 21, 22].
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1.3 Cyclodextrins as drug solubilisers and stabilisers

1.3.1Drug solubilisation

CDs interact with poorly water-soluble drugs to increase their apparent
solubility. One of the most prominent mechanisms by which solubilisation
occurs is inclusion complex formation. The guest and host molecules are in
dynamic equilibrium with the complex [17].

CDs are usually preferred to organic solvents because of their favorable
toxicological profile [17]. CDs often solubilise compounds as a linear function
of their concentration based on their inclusion complex formation. This means
that both the drug and CD concentrations are reduced in a linear manner,
suggesting that the precipitation after either oral or i.v. dosing is not likely, at
least theoretically. Meanwhile, this is highly likely in organic solvents where a
solubilising solute is a log function of their concentration (Hildebrand equation).
As the solvent comes across the aqueous environment, the solubilising power
of the formulation is lost and precipitation can occur [23-25]. The drug/CD
complexes are continuously being formed and broken apart, and the rates of
formation and dissociation of drug/CD complexes are very close to the
diffusion-controlled limits [25].

1.3.1.1 Phase-solubility analysis

Phase-solubility analysis of the effect of the complexing agents on the
compound being solubilised has been widely used to determine the stability
constant and to better understand the stoichiometry of the equilibrium as well.
In practice, it is performed by adding an excess of a poorly water-soluble drug
to several vials with a constant volume of an aqueous vehicle containing a
successively larger concentration of the CD. The purpose of using an excess
drug is to maintain as high a thermodynamic activity of the drug as possible.
The vials are shaken at the desired temperature until equilibrium is established.
The suspensions are filtered and the total drug concentration of the drug is
quantified using necessary analytical techniques. The phase-solubility profile
is then made by evaluating the effect of the CD on the apparent solubility of
the drug [17].

Higuchi and Connons (1965) have described the different phase-solubility
profiles: A-type phase-solubility profiles can be related to the water-soluble CD
derivatives and the B-types to the less soluble natural CDs [26].

The drug solubility increases with increasing CD concentration in the A-type
profiles due to the formation of water-soluble drug/CD complexes. There are
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further three subtypes of A-type: AL profiles indicate a linear increase in
solubility as a function of solubiliser concentration, Ar systems indicate an
isotherm wherein the curve deviates in a positive direction from linearity (i.e.
the solubiliser is proportionally more effective at higher concentrations), and
An relationships indicate a negative deviation from linearity (i.e. the CD is
proportionally less effective at higher concentrations) [17].

B-type profiles are related to the formation of complexes that have limited
solubility in water. For B-type profiles, an initial increase in drug solubility is
observed with increasing CD concentration, then a plateau is formed, where
the dissolved drug concentration is at its maximum, followed by a decrease in
the total concentration of dissolved drugs [27]. Two subtypes have been
described. The Bs type denotes some limited soluble complexes, and the B
type is indicative of insoluble complexes where the initial ascending component
of the isotherm has not risen [17].

The different types of phase-solubility diagrams are shown in Figure 2.
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Figure 2. Different types of phase-solubility diagrams and classification of guest/CD
complexes according to Higuchi and Connors [26].

The most common complex observed is the 1:1 drug/CD complex where
one drug molecule (D) forms a complex with one CD molecule:

K11
D+CD < D/CD (1)

Such 1:1 complex display AL-type phase-solubility profiles and the stability
constant of the complex (K1:1) can be calculated from Equation (2) where So is
the apparent intrinsic solubility of the drug in the complexation media when no
CD is present. The value of K11 is frequently between 50 and 2000 M-' with a
reported mean value of 490 M- for BCD [1, 28].

Slope

K = So (1 - Slope) (2)
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When a drug molecule forms a complex with more than one CD molecule,
a consecutive complexation is assumed, thus stability constants of higher-
order complexes (Ki:n) should be calculated using a different model [17]. The
most common stoichiometry is the formation of 1:2 D/CD complexes, where
one drug molecule forms a complex with two CD molecules:

D/CD + CD <3 D/(CD)2 3)

Ar phase-solubility types are usually observed under such conditions.
Equation 4, which is a quadratic model, allows the estimation of both stability
constants (Ki:1 and K1:2). The value of K1:2 is often in the range of 10 to 500 M-
1 or significantly lower than that of Ki.1[1, 17].

[Se] = [Sol + Ki.1 [So] [CD] + Ki.q Ky [So] [CD]? 4)

The determination of the complexation efficiency (CE) can be a better
alternative to Ki:1 for comparing the solubilising effect of CDs [4]. The CE
determination (Equation 5) has less variation because it can be calculated from
only the slope of the linear phase-solubility diagram [17, 28, 29].

_ [b/cD] _ Slope
CE = [cD] ~— 1-Slope (5)

1.3.2 CDs as drug stabilisers

Drug complexation can be considered as molecular encapsulation where the
drug molecule is at least partly shielded from various reactive molecules by the
CDs, i.e. CDs can insulate a labile compound from a potentially corrosive
environment. Hence, CD complexation can affect drug stability by influencing
processes like hydrolysis, oxidation, isomerisation, photodegradation,
racemisation, and even enzyme-catalysed degradation [11].

Chemical stability can be enhanced when the reactive groups are
accommodated in the cyclodextrin cavity, thereby preventing inter- or intra-
molecular reactions [30]. Inclusion complex generally leads to drug protection
and Table 2 below shows some of the examples of the effect of CD
complexation on drug decomposition caused by different degradation
pathways in aqueous solution.



Table 2. The effect of complexation on the stability of drugs in aqueous solution.

Drug CD(s) Observations Ref.
Hydrolysis
Novocaine aCD, BCD The presence of both studied CDs retarded the hydrolysis of the drug in alkaline solution. [31]
Tauromustine HPaCD, HPBCD, All studied CDs stabilised the drug in an acidic environment (pH 1.98 and 4.06) with the highest| [32]
maltosylBCD effect for HPaCD, however in neutral conditions (pH 6.38), no stabilisation was observed.
Drug oxidation
Sulfamethoxazole | HPBCD The stability of the drug within the complex under oxidation stress at 50°C was improved 11- [33]
fold when compared with the drug subjected to the same conditions.
Trimethoprim HPBCD Complexation reduced the degradation of the drug under oxidation stress at 50°C 4.2-fold. [33]
Photostability
Bufexamac SBERCD Complexation improved the photostabilty of bufexamac while CD presence increased the drug | [34]
degradation constant by 30%.
Doxycycline BCD Complexation increased the photostabilty of doxycycline with exposure to light ten-fold. [35]
Epimerisation and racemisation
S-(-)-scopolamine | aCD, BCD, RMBCD, aCD enhanced the racemisation of scopolamine while other studied CDs stabilised the drug [36,
HERBCD, HPBCD, yCD with the following order: yCD < CD < HepCD < HPBCD < RMBCD. 37]
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Even though CD complexation generally increases the stability in solution,
it might have an opposite effect in some cases. E.g., Complexation of vitamin
K with BCD accelerates decomposition in a solution where labile groups might
reside in a different part of the CD cavity and are not protected by
encapsulation even though the hydrophobic part accommodates in the CD
cavity [38].

The inclusion phenomenon affects not only the drug in aqueous media but
also in the solid-state where the drug/CD complexes occur in the amorphous
state. However, the drug degradation kinetics in the solid-state progress slowly
and are more complicated compared to in aqueous solutions. Solid drug/CD
complexes are more water-soluble than pure hydrophobic drugs. So, the solid-
state composition caused by the moisture is in turn accelerated by the
formation of water-soluble drug/CD complexes. This was observed in
carmofur, an anticancer drug when complexed with BCD. Meanwhile, CD
complexation increases both their chemical and physical stability under dry
conditions [11].

Yet, there are some studies on the solid-state where CDs display the
stabilising effect of the complexed drug e.g., limaprost/CD (binary and ternary
complexes) where the limited water mobility results in increased stability of
limaprost in the solid-state [39].

1.3.2.1 Calculation of the drug degradation constants in CD
solutions

The complex formation process by the inclusion of the guest within the CD
cavity is a reversible process and the free drug (D) is in dynamic equilibrium
with the drug/cyclodextrin complex (D/CD).

In diluted media, one guest molecule forms a complex with one host (CD)
molecule, which means 1:1 complexes are formed and K11 is the stability
constant for the complex.

D+ CD = D/CD (6)

i kf lkc
Degradation products

where k¢ is the observed first-order rate constant for the drug degradation
within the complex (D/CD) and ks represents the observed first-order rate
constant for the degradation of the free drug (D). Here D represents the drug.
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The observed first-order rate constant (kobs) for the drug degradation is the
weighted average of kr and K:

Kobs = ki - fr + k¢ - o (7)

where fis the fraction of drug in solution that is unbound (i.e. free) and fc is
the fraction of drug in solution that is bound in a CD complex. Further
manipulation of the mathematical equations gives:

kobs = % (8)
where [CD] is the concentration of the free (i.e. unbound) CD in the aqueous

medium. If the total CD concentration (i.e. [CD]t = [CD] + [D/CD]) is much

greater than the total drug concentration (i.e. [D]r = [D] + [D/CD]) then [CD] =

[CDIr:

Kr + keK1:1 [CDJ)

Kobs = (1 + K1 [CD]Y) ©)

. y = slope x + intercept

~ slope = kobs (h™")

Inc
1
’
’,

time(h)

Figure 3. Experimental determination of observed rate constant (kobs).

The kobs is determined experimentally at each concentration of CD. The plot
of the natural logarithm of the remaining drug concentration against time gives
a straight line where the slope gives kobs.

The ks is also determined when no CD is present in the aqueous medium.

Rearrangement of Equation (9) gives Equation (10) [40]:

1 1 1 1

= +
ki-kobs  K1:1(ki-ks) ~ [CDIr) ks - ke (1 O)
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Knowing ks, both ke and K1:1 can be calculated after the construction of the
Lineweaver-Burk plot (Figure 4) using Equation (10). The value of k¢ is
obtained from the ordinate intercept and ks, and K1:1 is obtained by dividing the
slope into the ordinate intercept.

Intercept = e
* 1
= - RN ke = Kr - - (h'1)
o« . intercept
r-] s ;
_{O . K1- — intercept (M'1)
| _ AN slope
o ~
x N
g N
- \\
— ~
\\
I 1 1
1/[CD]

Figure 4. Lineweaver-Burk plot.

1.4 Cyclodextrin and polymer system for drug stabilisation

Even though the exact mechanism of how polymers interact with the CDs is
not known, many studies have shown that at low concentrations, polymers
increase the complexing abilities of CDs. Not only this, they enhance the
bioavailability of drugs in aqueous CD solutions, solubilise CD and its
complexes and enhance the formation of complexes between CDs and drugs.

The addition of a small amount of various water-soluble polymers to an
aqueous complexation medium, followed by the heating of the medium in an
autoclave, significantly increase the apparent stability constant of the drug/CD
complex. Such an effect has been obtained through the formation of drug-
hydroxy-acid ternary complexes of salts with basic drugs [11, 41].

Similarly, the encapsulation properties of CDs can be improved by forming
ternary complexes. The ternary complexes are supramolecular systems
composed of three distinct molecular entities and polymers are the most widely
used ternary components in drug/CD systems. The combined use of polymer
and CD was more effective in enhancing the aqueous solubility of the drug
compared to the corresponding drug/CD or drug/polymer binary systems and
the effect was synergistic compared to additive. Besides these, the
combination of CDs and polymer systems not only can enhance the properties
of both the CDs or polymers but also modify the physicochemical, chemical,

10
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and bioavailability properties of guest molecules including the stability [42]. It
is believed that the addition of a ternary component to the binary complex leads
to an improved macromolecular assembly [28, 42-48] and has been used to
improve the bioavailability as well [49].

Results have been reported where the combination of HPRCD and PEG-
4000 helped in improving the stability of the drug, glimepiride tablets, and
showed consistent therapeutic efficacy [50]. Also, nano emulsion emulsified by
tween 80 and HPBCD showed good stability [51]. Likewise, the combination of
HPBCD and poloxamer 407 was used to prepare a stable thermally sensitive
hydrogel for a potentially effective ophthalmic doxycycline delivery system [52].
Poloxamer 407 has been used as a carrier of both poorly water-soluble and
amphiphilic drugs, and it spontaneously forms nano-sized micellar aggregates
with a hydrophobic core and a hydrophilic shell. The drug/yCD/HPyCD
complex was stabilised by poloxamer 407 through the formation of multi-
component aggregates [53]

In this project, we also try to use the combination of CD and different
polymers to better stabilise the chemically unstable drug in an aqueous
solution.

1.5 Guest/Cyclodextrin complex formation and its
characterisation

We have previously described that the peculiar shape of the CDs provides a
hydrophilic exterior and a lipophilic cavity, which helps in creating a
hydrophobic microenvironment in an aqueous solution. Due to this property,
CDs can entrap completely or a part of poorly water-soluble drugs as
represented in Figure 5 [3, 5]. The main driving forces involved in this
phenomenon are weak interactions such as the hydrophobic effect, van der
Walls and London dispersion forces, hydrogen bond interactions, and the
release of enthalpy-rich water molecules from the cavity [4, 54-57].

— 0
. + )« —
| N OH

Host-CD Guest Guest/Host
inclusion complex

Figure 5. Schematic drawing of the formation of 1:1 guest/host CD complex.
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In an aqueous solution, the inclusion complexes are constantly in fast
dynamic equilibrium [9, 15, 25] and these interactions are fragile and can fall
apart easily like under physiological conditions [15]. The inclusion formation is
dependent upon several factors like the type of CD, its cavity size, method of
preparation, temperature, etc. [46]. Generally, CDs form inclusion complexes
following a simple 1:1 stoichiometry (i.e. one guest molecule is included by one
CD molecule) [28], but the formation of higher-order inclusion complexes [58]
and non-inclusion complexes should not be excluded [59-62].

Phase-solubility study is the most common method to study the complex
formation and determine their stoichiometry in the solution. However, there are
other different analytical methods which have been widely used to confirm their
formation, both in solution- and solid-states [1, 28, 63, 64] and they are
described in Table 3.

12



Table 3. Examples of CD complexes confirmed by various analytical methods.

Analytical method

Guest/CD system

Phase-solubility studies

Cyclosporine A/native CDs, HPaCD, RMBCD, and HPyCD [65]
Hydrocortisone/native CDs, HPBCD, SBEBCD, and HPyCD [66]

Ultraviolet/Visible (UV)

Naproxen/native CDs, HPBCD, MBCD [64], ltraconazole/HPBCD [67]

Circular dichroism spectroscopy

Biphenylacetic acid/3CD, HPBCD, MBCD [68]

Fluorescence spectroscopy

Benzocaine/BCD [69], Warfarin/BCD [70]

NMR "H-NMR Gemfibrozil/yCD, HPyCD [71], Danazol/BCD [72]
3c-NMR | Naproxen/native CDs, HPBCD, MBCD [73], Ascorbic acid/ HPECD [74]
2D Benzopenicillin/BCD, RMBCD [75]
ROESY Lidocaine/HPBCD [76]

Potentiometry Arsthinol/HPBCD, RMBCD [77]

HPLC Betamethasone-related steroids/BCD, yCD [78]

CE Nicardipine/native CDs, HPaCD, HPBCD, HPyCD [79]

DSC Salbutamol/ native CDs, MBCD [80], Meloxicam/native CDs [81]

TGA Taxifolin/BCD, yCD, HPBCD [82], Furosemide/BCD [83]

HSM Ibuproxam/native CDs [84]

X-Ray Diffraction SCXRD S-ibuprofen/BCD [85], Bornerol enantiomers/aCD, BCD [86]
PXRD Naproxen/RMBCD, DIMEBCD [87], Quercetin/BCD, HPBCD [88]

FTIR

Dioclein/BCD [89], ibuproxam/BCD [90]

Raman spectroscopy

Bexaldehyde, vanillin, cinnamaldehyde/BCD [91], Diclofenac
sodium/BCD [92]

SEM

Meloxicam/native CDs [81], Sulfamethazine/BCD, MBCD [93]

TEM

Itraconazole/HPBCD [94], Hydrocortisone/HPyCD [66]
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1.6 CD applications

The CD complexation process (inclusion or non-inclusion) changes various
physicochemical properties of the guest molecules which are different from the
properties of the free guest molecules. CDs have been widely used to increase
the guest molecule’s solubility, stability, dissolution rate, to improve their
permeability, protect flavors, protect labile compounds from degradation,
modify the chemical reactivity of guest molecule, increase bioavailability and/or
biological activity of the guest, catalyse reactions and separate
isomers/enantiomers, and for the production of different drug delivery systems
[2, 3]. Because of this versatility of the complexation process, researchers
have broadly used CDs in different fields like the agrochemical industry, the
food and beverage industry [15, 22], environmental protection, the chemical
industry [54, 95], and the cosmetic and pharmaceutical industry [2, 21].

There are many marketed pharmaceutical
cyclodextrin which are summarised in Table 4.

formulations containing

Table 4. Examples of some marketed pharmaceutical formulations containing
cyclodextrin. Based on[4, 5, 7].

Formulation Drug/CD Trade name and Company
Oral delivery Limaprost/aCD Opalmon, Ono
Omeprazole/BCD Omebeta, Betafarm
PGE2/BCD Prostarmon E, Ono
Sublingual delivery | Nitroglycerin/SCD Nitropen, Nihon Kayaku

(Japan)

Ocular delivery

Diclofenac sodium/HPyCD

Voltaren Ophtha (Novartis)

Chloramphenicol/RMBCD Clorocil, Oftalder
Nasal delivery 17B-Estradio/RMBCD Aerodiol, Servier
Intravenous Voriconazole/SBEBCD Vfend, Pfizer
Mitomycin/HPBCD MitoExtra, Novartis
Intramuscular Aripiprazole/SBERCD Abilify, Bristol-Myers Squibb
Ziprasiodne mesylate/SBERCD | Geodon, Pfizer
Rectal Cisapride/HPBCD Propulsid, Janssen
Dermal Dexamethasone/BCD Glymesason, Fujinaga
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1.6.1Topical delivery to the eyes
1.6.1.1 The eye anatomy and physiology

The eye consists of an anterior segment that comprises the cornea, aqueous
humor, iris, and lens, and a posterior segment that includes the vitreous humor,
retina, sclera, and optic nerve. There are two main routes of drug penetration
into the eye; the corneal route (cornea - aqueous humor - intraocular tissue)
and the scleral route (conjunctiva - sclera > choroid/retinal pigment
epithelium) [96-99].

Conjunctiva = @v Rectus lateralis
Iris : T Blood-retinal

barrier

Cornea

Tear film —11

—_—y

Aqueous /1

2
Corneal
epithelium

Conjunctival
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——
Rectus medialis

Blood-aqueous
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Figure 6. Anatomy of the human eye [100].

The main barrier layer towards the drug penetration through the cornea is
the lipophilic epithelium which contributes about 90% of the barrier towards
hydrophilic drugs and about 10% of the barrier towards lipophilic drugs. The
epithelium consists of three to six layers of tightly adherent epithelial cells. The
epithelial surface is covered with microvilli. Drugs penetrate the epithelium
either transcellularly (i.e. through the cells) or paracellularly (i.e. through pores
between the cells); the dominant route for lipophilic drug molecules [101].

The sclera is composed of mainly collagen fibers in the
mucopolysachharides matrix. The primary route for drug permeation through
the sclera is passive diffusion through an aqueous pathway. The permeability
of the sclera does not display any apparent dependence on the drug
lipophilicity but displays a strong dependence on the molecular weight of the
drug, i.e. the hydrodynamic radius of the permeating drug molecule, with the
permeability coefficient decreasing with increasing molecular weight [102].
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The surface of the eye is covered with mucus, a gel-like fluid containing
mostly water and mucins, which form hydrogen bonds with the surrounding
water molecules increasing the thickness and viscosity of the tear fluid,
referred to at unstirred water layer [103].

1.6.1.2 Obstacles to topical delivery

Passive drug diffusion into the eye is affected by three major obstacles [103,
104]. The first is aqueous drug solubility. Only dissolved drugs can permeate
into the eye and increasing the solubility of poorly water-soluble drugs will
increase their concentration gradient over the unstirred water layer and
consequent passive diffusion into the eye. The second obstacle is the drug’s
short contact time with the eye surface. When an eye drop is applied to the
eye, the drop is mixed with the tear fluid and dispersed over the eye surface,
the majority of which is drained from the surface. The drug concentration
decreases due to dilution by tear turnover and corneal and non-corneal
absorption. The third major obstacle is the lipid membrane barrier, the cornea,
and conjunctiva/sclera. The permeation rate through the lipophilic membrane
is affected by the drug’s ability to partition from the aqueous exterior into the
lipophilic membrane. In addition to that, the permeation rate is also affected by
whether or not the drug is charged [105].

Various formulation approaches have been employed in order to improve
the bioavailability of ophthalmic drugs and cyclodextrins have been widely
used as solubilising systems to enhance the drug solubility in the aqueous tear
fluid [98, 106, 107]. However, for effective delivery to the eye, all these
obstacles should be addressed.

1.6.1.3 Toxicological considerations

Safety and toxicity are the main concerns with using CDs as pharmaceutical
excipients. The route of CD administration can influence the degree of these
parameters. Natural CDs are not absorbed through the gastrointestinal tract;
thus their oral administration is practically non-toxic [108]. Parenterally
administered CDs are rapidly eliminated from the body without undergoing
metabolism [16]. Natural CDs are considered to be non-corrosive excipients in
topical formulations, however they are more toxic than their derivatives. (aCD
> SBEBCD = HPBCD > yCD > HPyCD) [109].

1.6.1.4 CDs as drug carriers in eye drops

Among various applications of CDs, they have been used to form aqueous eye
drop solutions with many lipophilic drugs. This has been possible not only
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because CDs increase the water solubility of the drug but also enhance drug
absorption into the eye and reduce local irritation [110]. Their use as useful
excipients in the formulation of eye drops covers various drugs including
steroids, carbonic anhydrase inhibitors, pilocarpine, and cyclosporins [65, 110-
112]. These selections will likely expand owing to their extensive use in
ophthalmology.

Drugs in aqueous eye drops have very low bioavailability and have to be
administered frequently. This makes them difficult to administer, especially for
older patients, and tend to deliver much more of the drugs to the general blood
circulation than to the eye. Despite all these drawbacks, patients prefer low-
viscosity aqueous eye drops over other forms of ophthalmic drug delivery
system [105].

The drug molecules in the CD cavity may dissociate from the CD molecules
through complex dilution in the aqueous tear fluid. Not only this, but the
included drug can be replaced by some other suitable molecule (e.g., lipids),
or when the complex is located in close approximation to a lipophilic biological
membrane (such as the eye cornea), the drug may be transferred to the matrix
for which it has the highest affinity [110].

The different studies on the effects of cyclodextrin on permeability and
delivery through biological membranes showed that hydrophilic CDs act as
true carriers by keeping the lipophilic drug molecules in the solution and
delivering them to the membrane surface. There, the drug molecules partition
from the CD cavity into the lipophilic membrane. The lipophilic membrane has
a low affinity for the large hydrophilic CD molecules and the drug/CD
complexes and hence they will remain in the aqueous exterior e.g., tear fluid
[25, 55, 113-116]. CDs also do not contribute to disrupting the ophthalmic
barrier like the conventional penetration enhancers as CDs enhance drug
penetration into the eye by carrying the lipophilic drug molecules through the
mucin layer and increasing the availability at the lipophilic eye surface [113].
E.g., the formation of CD complexes with corticosteroids, chloramphenicol,
diclofenac, cyclosporine, and sulfonamide carbonic anhydrase inhibitors
demonstrate significant corneal penetration [105, 115]. Not only this, but
cyclodextrin-based dexamethasone eye drops are well tolerated in the eye and
seem to provide a higher degree of bioavailability and clinical efficiency than
the steroid eye drop formulations presently available [110]. Another advantage
of using CDs would be, it is possible to increase the drug concentration and
bioavailability and formulate with more effective and less frequent dosing.
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They have been shown to reduce irritation after topical administration to the
eye and also enhance the chemical stability of the drugs in aqueous solutions.
For optimum bioavailability, it is important to add excess CD to the aqueous
vehicles more than needed, to dissolve the drug dose in the vehicle [105].

1.6.1.5 CD and drug permeation through biological membranes

Conventional penetration enhancers, such as fatty acids, surfactants, and
quaternary ammonium compounds, enhance drug permeation into and
through bio-membranes, such as the cornea, by permeating into the bio-
membrane where they temporary decrease its barrier properties, while the
permeation enhancing behavior of CDs is different. They are only able to
enhance the permeation of relatively lipophilic drug molecules that have limited
solubility in water and only from aqueous media [117-119]. Many studies show
that depending on the vehicle composition and the drug/CD molar ratio CDs
can both enhance and hamper drug permeation through bio-membranes [119,
120].

Topical drug delivery to the eye via eye drops is affected by drug availability
at the eye surface, that is in the tear fluid and the epithelia (i.e. cornea and
conjunctiva). The consequent increase in drug permeation through inner
tissues is a direct result of enhanced drug availability in the cornea and
conjunctiva epithelium [121].

Thus, the permeation from the surface of the eye can be described as a
permeation through a simple bilayer mathematically. Here, the train drainage
and first-pass effect of the conjunctiva and choroid are omitted. The mucus
layer is the first barrier that forms an aqueous diffusion barrier and the drug
flux through the mucus follows Fick’s first law. The drug partition from the
aqueous exterior into the lipophilic membrane is the second barrier and the
partition coefficient represents the drug distribution between the aqueous
exterior to the membrane and the external layer of the epithelium.

The epithelium is the third barrier that forms a lipophilic membrane and the
drug flux through it also follows Fick’s first law. Fick’s law states that passive
drug diffusion through the two barriers is driven by the concentration gradient
of the dissolved drug within the mucus layer and the epithelium. Likewise, the
drug partition coefficient between the epithelium and the mucus layer is the
drug concentration ratio between those two layers [9, 122-124].

Along with these, the thermodynamic activity of the drug should also be
considered [125, 126]. The thermodynamic activity is equal to one in a
saturated solution and under such conditions, the drug has the highest
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potential for leaving the aqueous exterior and entering the cornea. The activity
is greater than one in supersaturated solutions but these are physically
metastable states [127].

The thermodynamic activity increases with the increasing drug
concentration, approaching unity in a drug saturated medium. The addition of
solubilisers, such as CDs and surfactants, to an aqueous drug solution
containing a fixed amount of dissolved drug will lower the drug activity. Thus,
under normal conditions, CDs will lower the potential of the drug exiting the
tear fluid and entering the cornea or conjunctiva/sclera, and hence the ability
to partition into the epithelium is decreased [128].

However, adding a solubiliser to an aqueous drug suspension in such a way
that, while the concentration of the dissolved drug is increased and the tear
fluid kept saturated with the drug, the drug activity will not lower. The
thermodynamic activity of the drug is kept at its maximum under such
conditions and hence the dissolved drug molecules are at their highest exiting
potential and the drug flux through the bilayer membrane barrier will increase.
The high thermodynamic activity of the dissolved drug molecules in the
external mucus layer will enhance their ability to partition into the epithelium
and create a steep concentration gradient within the epithelium [105, 121].

Such effect was observed in the study of hydrocortisone permeation from
the HPBCD solution, where the drug concentration was kept constant and the
CD concentration was increased and decreased from the concentration, where
the activity of the drug was maximum as it was in a saturated condition [121].
Likewise, Flynn et al. used a water-soluble co-solvent instead of a solubiliser
and obtained similar results [129].

Here, we have tried to study more in detail the thermodynamic activity of
the permeating drug molecules using different solubilisers, co-solvents, and
surfactants in different membranes.

1.6.2 CDs in various retinal diseases and the related toxicities

Drugs for the treatment of retinal diseases are most often delivered via
intravitreal injections or implants where the drug is administered directly into
the vitreous humor, the hydrogel-type fluid that occupies the space between
the lens and the retina. The vitreous consists mainly of (99%) water in a
network of collagen and hyaluronic acid. In humans, the volume of the vitreous
humor is about 4 mL. Drug molecules must be dissolved in the aqueous
vitreous to permeate into the retinal tissue. After intravitreal injection,
hydrophilic and high molecular weight drugs (e.g., proteins and peptides) are
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known to be excreted via an anterior route to the aqueous humor while small
lipophilic drugs easily pass the retina and are removed via the posterior
choroidal flow [130]. The half-life of a dissolved drug in the vitreous humor is
typically less than 10 to 24 hours, where small molecules have a shorter half-
life than biomolecules like proteins [131, 132]. It is expected that the hydrophilic
CD molecules (molecular weight between about 1000 and 2000 Da) are readily
removed from the vitreous humor after intravitreal injection. CDs might be able
to enhance retinal delivery of poorly soluble lipophilic drugs after intravitreal
administration.

In ophthalmic drug delivery, CDs have mainly been applied topically to the
eye with little or no reports on their intravitreal administration [133-135].
Hydrophilic CDs, such as HPBCD and SBERCD, have been shown to be well
tolerated when applied topically to the eye with no detectable side effects [108].

Moreover, CDs tend to form complexes with biomolecules as well. aCD and
BCD are better suited to solubilising phospholipids and cholesterol respectively
while yCD is less lipid-selective. The studies done on the erythrocyte
membranes showed that the affinity of CDs to solubilise follows the order y-
CD << B-CD < a-CD for phospholipids and a-CD < y-CD << B-CD for
cholesterol [136]. And, the hemolytic activity was reduced in the presence of
hydrophilic substituents (e.g., hydroxypropyl, sulfobutyl ether, etc.) compared
to the parent CDs, while the lipophilic ones (e.g., methylated CDs)
demonstrated the strongest hemolytic activities. The hemolysis is related to
the removal of erythrocyte membrane components, especially phospholipids
and cholesterol hence the CDs complexation with lipids can be very relevant
[137]. Similar reports were found with BCD derivatives where the cytotoxic
effect, hemolytic activity, and the cholesterol complexation of the CDs are
correlated [138, 139]. Therefore, most biological effects of CDs are based on
their interaction with membranes rich in lipids and their ability to extract lipids
(e.g., phospholipids and cholesterol) from the plasma membrane. This
particular behaviour has been employed in many applications like cholesterol
manipulation, the control of viral and bacterial infections, the treatment of
Alzheimer’s diseases, etc. [140].

Furthermore, Nociari et al. observed that BCD extracted lipofuscin
bisretinoids from the retinal pigment epithelium (RPE) [141]. Based on all
these observations, it was proposed that CDs can be used to develop
therapeutic candidates for many retinal degenerative diseases like Stargardt
disease that is an inherited form of macular degeneration causing central
vision loss and sometimes referred to as juvenile macular degeneration. The
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cause of Stargardt disease is characterised by an abnormal accumulation of
lipofuscin in the retina [142]. Similarly, topical administration of HPBCD as eye
drops over 3 months has shown significant efficacy in reducing amyloid-beta
and inflammation in aged mouse retina and consequently improving retinal
function by elevating retinal pigment epithelium-specific protein 65 (RPE 65),
a key molecule in the visual cycle [143]. Even oral HPBCD treatment in mice
exhibited a reduction in the retinal cholesterol content and changes in the
retinal sterol, gene, and protein levels [144].

1.7 Model drugs

Tacrolimus (FK506) is a 23-membered macrolide lactone produced by the
bacterium Streptomyces tsukubaensis. It is a potent immunosuppressant used
to prevent graft rejection after organ transplants [145]. Recent studies have
found that immunomodulators like tacrolimus are especially effective for the
treatment of anterior inflammatory ocular disorders and can replace
corticosteroids that frequently cause cataracts and induce glaucoma [146].
Similarly, in diseases like atopic dermatitis and dry eyes, topical tacrolimus
formulations have been noted to have significant therapeutic efficacy [147].
However, tacrolimus is a highly lipophilic compound (LogP 4.8) and has a
water solubility of only about 1 pg/mL. In addition to this, the drug is susceptible
to hydrolysis resulting in very low stability in aqueous solutions [146].

Difluprednate is a synthetic glucocorticoid that is rapidly hydrolysed to 6a,9-
difluoro-11p3,17,21-trihydroxypregna-1,4-diene-3,20-dione  17-butyrate, a
deacetylated metabolite of difluprednate, in the aqueous humor after
penetration into the eye [148, 149]. It is used for the treatment of postoperative
inflammation and inflammation and pain associated with endogenous uveitis
[150]. Itis lipophilic (LogP 2.9) and has a very limited water solubility (less than
1 pg/mL) [149, 151] and stability and the only commercially available
formulation of difluprednate (Durezol®, Alcon, the United States of America) is
an oil-in-water ophthalmic emulsion with 0.05% difluprednate [152].

Hydrocortisone is a widely used corticosteroid to treat various inflammation
disorders of the eye. It has a water solubility of around 0.4 mg/mL and a log P
value of 1.61 [153].

Tacrolimus and difluprednate were used for the studies presented in this
thesis in order to stabilise these drugs into aqueous eye drop solutions using
different CDs and polymers and provide a basis for an optimum formulation for
ophthalmic delivery. Hydrocortisone was chosen as a model drug for the
permeation studies to study the effect of the thermodynamic activity of the
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permeating drug molecule primarily because of its high solubility in different
solubilisers, co-solvents, and surfactants.

Figure 7. Chemical structure of (a) tacrolimus, (b) difluprednate, and (c) hydrocortisone
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2 Aims

The major aims of this project were: the investigation of CDs and CD-polymer
system for the stabilisation of poorly water-soluble and chemically unstable
drugs in aqueous solutions in order to provide a solid foundation for stable,
safe, and effective formulations for opthalmic delivery; study the
thermodynamic considerations of the permeation drug molecule when
permeating through different membrane barriers; and the toxicity of different
CDs on retinal explants to explore their applicability for future ophthalmic
formulations.

The research was divided into the following tasks:

1. Stability and kinetics studies of drug (tacrolimus and difluprednate)
degradation in CD solutions. The purpose was to investigate the
chemical stability and kinetics of tacrolimus and difluprednate in
various CD solutions, elucidate the degradation mechanism, and
provide a mode of stabilisation in aqueous solutions.

2. Solubilisation in various CDs and stabilisation in a CD-polymer system
to further improve the solubiilty and stability of tacrolimus and
difluprednate.

3. Characterisation of selected drug/CD systems by complementary
methods (NMR, FTIR, DSC) in order to confirm complexation and
evaluate the complexation pattern.

4. Studying the permeation of a guest molecule (hydrocortisone) in
different systems (drug/CD, drug/co-solvent, drug/surfactants) across
different barrier membranes to provide more insight into the
thermodynamic effect of the permeating molecule.

5. Cytotoxicity studies of different CDs on retinal explants to further
explore the applicability in various retinal diseases.
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3 Materials and methods

3.1 Materials

Model drugs, (tacrolimus and difluprednate) were purchased from Shanghai
Huirui Chemical Technology Co., Ltd., China while hydrocortisone from Fagron
Chemicals, Netherlands.

a-Cyclodextrin (aCD), B-cyclodextrin (BCD), y-cyclodextrin (yCD) and 2-
hydroxypropyl-p-cyclodextrin (HPBCD) with degree of substitution(DS)
4.2(MW 1380) were kindly provided by Janssen Pharmaceutica, Belgium, 2-
hydroxypropyl-y-cyclodextrin (HPyCD) with DS 4.0-5.6
(MW 1540) by Chemical Marketing Concepts Europe, the Netherlands, and
sulfobutyl ether B-cyclodextrin (SBEBCD) (sodium salt) with DS 4.8 (MW 2163)
by CyDex Pharmaceuticals, Lenexa. 2-hydroxypropyl-a-cyclodextrin (HPaCD)
with DS 0.6(MW 1180) and randomly methylated p-cyclodextrin (RMBCD) with
DS 12.6(MW 1312) were purchased from Wacker Chemie, Munich, Germany,
and sulfobutyl ether y-cyclodextrin (SBEyCD) with DS 4.2(MW 1961) from
CYDEX Pharmaceuticals, the United States of America. 6-deoxy-6-[(5/6)-
fluoresceinylthioureido]-RMBCD, 6-deoxy-6-[(5/6)-fluoresceinylthioureido]-
HPBCD and 6-deoxy-6-[(5/6)-rhodaminylthioureido]-HPRCD were kindly
provided by Cyclolab, Hungary. Similarly, we purchased tyloxapol reagent
grade and poloxamer 407 from Sigma-Aldrich, the United States of America,
and tween 80 from Tokyo Chemical Industry Co., Ltd., Japan.

A Spectra/Por semi-permeable membrane with molecular cut-offs
(MWCOs) of 6-8 KDa was purchased from Spectrum Europe, the Netherlands.
A permeapad barrier membrane was purchased from innoME GmbH,
Germany.

Milli-Q water (Millipore, the United States of America) was used to prepare
both the CD solutions and mobile phase for UHPLC measurements. Reagents
for quantitative analysis by ultra-high performance liquid chromatography
(UHPLC) were commercial products of analytical grade. Acetonitrile (ACN),
methanol (MeOH), ethanol, dimethyl sulfoxide (DMSO), trifluoroacetic acid
(TFA), ammonium bicarbonate, and ammonium hydroxide were purchased
from Sigma-Aldrich, St. Louis Missouri, the United States of America. Formic
acid, acetic acid, and phosphoric acid were purchased from GmbH chemicals

25



Manisha Prajapati

GmbH, Germany. All other chemicals were commercially available products of
special reagent grade.

3.2 Quantitative analysis

3.2.1 Quantitative analysis of model drugs (tacrolimus,
difluprednate, and hydrocortisone)

Quantitative determination of tacrolimus was performed on a reversed-phase
ultrahigh-performance liquid chromatographic (UHPLC) component system
from Thermo Fisher Scientific Vanquish HPLC system consisting of a VF-P10-
A pump, a VF-A10-A autosampler, a VH-C10-A column compartment, a VWD-
3100 UV-Vis detector operated at 205 nm, and a Phenomenex Kinetex C18
1.7um 100 x 2.1 mm with a security guard ULTRA HOLDER. The column
temperature was 50°C and the mobile phase consisted of acetonitrile (ACN)
and Milli Q water containing 0.1% (v/v) trifluoroacetic acid (60:40). The flow
rate was 0.4 mL/min, the sample injection volume was 10 pL, and the retention
time (Rt) was 3 min.

Quantitative determination of difluprednate was performed on a reversed-
phase UHPLC component system from Thermo Fisher Scientific Vanquish
HPLC system consisting of a VF-P10-A pump, a VF-A10-A autosampler, a VH-
C10-A column compartment, a VWD-3100 UV-Vis detector operated at 240
nm, and a Phenomenex Kinetex C18 1.7um 100 x 2.1 mm column with a
security guard ULTRA HOLDER. The column temperature was 40°C. The
mobile phase consisted of ACN and Milli Q water containing 0.1% (v/v) ortho-
phosphoric acid (50:50). The flow rate was 0.3 mL/min, the sample injection
volume was 5 pL, and the retention time (Rt) was 3 min.

Quantitative determination of hydrocortisone was performed on a reversed-
phase UHPLC component system from Thermo Fisher Scientific Vanquish
HPLC system consisting of a VF-P10-A pump, a VF-A10-A autosampler, a VH-
C10-A column compartment, a VWD-3100 UV-Vis detector operated at 240
nm, and a Symmetry C18 3.5 pym 100 x 2.1 mm column. The column
temperature was 25°C. The mobile phase consisted of ACN and Milli Q water
containing 0.1% (v/v) acetic acid (50:50). The flow rate was 0.25 mL/min, the
sample injection volume was 5 L, and the retention time (Rt) was 1.2 min.

Quantitative determination of cholesterol was performed on a reversed-
phase HPLC system from Merck-Hitachi, Germany consisting of an L 4250 UV-
Vis detector operated at 203 nm, an L 6200 A Intelligent pump, an AS-2000A
Autosampler, a D-2500 Cromato-Integrator, and a Phenomenex Luna 5um
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C18 reversed-phase column (150 x 4.6 mm). The mobile phase consisted of
methanol, acetonitrile, isopropyl alcohol, and tetrahydrofuran (50:25:25:0.1).

3.3 Solution-state experiments
3.3.1 Kinetics studies

3.3.1.1 Buffers

Hydrochloric acid-potassium chloride buffer (pH 1-2), citrate buffer (pH 3-6),
phosphate buffer (7-8), and carbonate-bicarbonate buffer (pH 9) were
prepared by mixing aqueous solutions of the acid with the aqueous solutions
of the corresponding salt. The concentration of the buffer salts was 0.1 M. The
ionic strength of the media was not adjusted. Also, volatile buffers like 20 mM
ammonium bicarbonate, ammonium hydroxide, and formic acid were used in
the mass spectroscopic (MS) studies. Various amounts (expressed as % w/v)
of different CDs were added to the buffer solutions when the effects of CDs
were investigated.

3.3.1.2 Degradation kinetics in drug/CD system

The drug degradation (tacrolimus and difluprednate) was investigated by
adding stock solution (100 pL) of the drug in methanol to aqueous buffer
solution (5 mL), previously equilibrated at 40°C in a heating block, and mixed
thoroughly. The initial concentration was 2.48 mM for tacrolimus and 3.93 mM
for difluprednate. The pH of the final reaction mixture was determined at the
end of each experiment with a pH meter standardised at 40°C. All reactions
were run under pseudo-first-order conditions. Aliquots (5 uL) were injected into
the column at various time intervals, and the first-order rate constant (kobs) was
determined by linear regression of the natural logarithm of the remaining drug
concentration vs time plots.

3.3.2 Identification of degradation products using MS Quad/LC-
MS

The degradation products of tacrolimus in aqueous CD solution were identified
using LC-Ms. All samples for mass spectrometer (MS) studies were prepared
as described above in the kinetics studies (3.3. 7) using MS-compatible buffers.
The samples were diluted with the mobile phase before analysing by Waters
ACUITY UPLCTM (Waters Corporation, the United States of America) coupled
to Waters QToF SYNAPT G1 mass spectrometer (Waters MS Technologies,
the United Kingdom). The UPLC system was equipped with a binary solvent
delivery system and autosampler. A chromatographic analysis of tacrolimus
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degradation products was conducted on an ACQUITY UPLC BEH C18 column
(2.1 mm x 100 mm, 1.7 ym; Waters corp., the United States of America). The
mobile phase consisted of solvent A: 10 mM ammonium acetate in water pH
5.5, and solvent B: 10 mM ammonium acetate in ACN pH 5.5. A gradient
elution was used at a flow rate of 0.50 mL/min as follows: initial 40%B 0-0.1
min, linear gradient from 0.1-5 min from 40%B to 100%B, holding at 100%B 5-
5.5 min, linear gradient from 100%B to 40%B 5.5-5.6 min and holding at 40%B
5.6-7 min.

The injection volume was 4 pyL. The Synapt G1 QT.F-MS mass
spectrometer was operated in positive electrospray ionisation mode (capillary
voltage 3.2 kV, source temperature 120°C, desolvation temperature 400 °C,
cone gas flow 50 L/h, desolvation nitrogen gas flow 800 L/h). lons with mass
range 50-1000 m/z (mass-to-charge ratio) were scanned. All samples were
analysed in triplicates. The UPLC-QToF-MS system and data acquisition were
controlled by the MassLynx v4.1 software (Waters Corp., the United States of
America).

3.3.3 Phase-solubility studies

Solubility studies were determined by adding an excess amount of drug to
aqueous solutions containing various concentrations of CD at a pH of
maximum stability (around pH 5 for both tacrolimus and difluprednate). The
suspensions formed were sonicated in an ultrasonic bath (Edmund Buhler
GmbH) for 90 minutes for tacrolimus and 60 minutes for difluprednate. The
vials containing these suspensions were then shaken at room temperature.
After equilibrium (24 hours for tacrolimus and 7 days for difluprednate), the
aliquots were filtered through a 0.45 ym membrane filter unit (Phenomenex,
the United Kingdom), diluted with 50% aqueous acetonitrile solution (whenever
necessary), and analysed by UHPLC.

Phase-solubility studies were performed according to the method of Higuchi
and Connors [26]. The stability constant (K1:1) and the complexation efficiency
(CE) were calculated from the slope of the linear part of the phase-solubility
profiles previously described in the introduction chapter (section 1.3.1.1).

_ Slope
Kiq = So (1 — Slope) (11)
[D/CD] Slope
CE=S5,K.= “[cb] — T-Slope (12)

3.3.4 Stabilisation with cyclodextrin and polymers

Poloxamer 407, tween 80, and tyloxapol polymers were used in these studies.
Aqueous solutions containing 5% (w/v) HPBCD and polymers (from 0 to 5%
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w/v) were prepared to which 100 pL of tacrolimus stock solution (2.48 mM) was
added. While, aqueous solutions containing 15% (w/v) HPyCD and polymers
(from 0 to 4% wi/v) were prepared with difluprednate concentration of 0.1%
(w/v). These solutions were subjected to one cycle of autoclaving and the
remaining drug concentration was measured by using the UHPLC method.

3.3.5 NanoSight Wave for particle size measurement

The laser-based light scattering analysis of CD particles was performed with
NanoSight NS300 (Malvern), fitted with an O-ring top plate. Nanoparticle
tracking analysis (NTA) software was used to capture images and process
data, representing the concentration, size distribution, and intensity of particles
in the sample. A sample measurement was done in static mode using a capture
time of 60 seconds and 5 repeats. The camera level was adjusted to 11 so that
all particles were visible. The same camera level was used for all of the
samples. A suitable detection level was selected for data analysis to limit the
detection of non-particles and was between levels 4-12. The result for each
sample was based on the average of five measurements obtained from the
NTA and represented by average particle concentration, average particle size
(i.e. mean size), and mode size (i.e. the size that displays the highest peak).

3.3.6 '"H-NMR (nuclear magnetic resonance) spectroscopy

Solutions of the pure compounds (i.e. difluprednate and HPyCD),
difluprednate/HPyCD, and the difluprednate/HPyCD/poloxamer complexes
were prepared by dissolving the freeze-dried solid complex in D20. Their
spectrum and chemical shift values were recorded by using a 400 MHz 'H-
NMR spectrometer (BRUKER™ model AVANCE IlII HD, Brucker Biospin
GmbH, Germany). The resonance at 4.8000 ppm, due to residual solvent
(D20), was used as an internal reference. The "H-NMR chemical shift change
(Ad") was calculated as

AY = 6comp|ex — Ofree (13)

3.3.7 Morphological analysis by Transmission Electron
Microscope (TEM)

The morphology of HPBCD aggregates, RMBCD aggregates,
difluprednate/HPyCD, and difluprednate/HPyCD/poloxamer nanoaggregates
was studied visually by TEM. Samples were prepared using 4% of uranyl
acetate as a negative staining agent. Firstly, 3 uL of each sample were loaded
into a coated grid on Parafilm® located inside a petri dish, and left to dry for 30
min at 37-40°C. After centrifugation of uranyl acetate at 10,000 rpm for 5 min,
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a drop of 26 uL of the dye was transferred to another petri dish containing a
Parafilm® flip-loaded grid onto uranyl acetate and left for 5 min. The excess
dye was removed and the grid was dried with filter paper and left at room
temperature for 12 hours. Finally, the samples were analysed using a Model
JEM 1400 TEM (JEOL, Japan).

3.3.8 In vitro permeation studies

Permeability studies were used to study the permeation of hydrocortisone (HC)
solubilised in different systems like HPBCD, ethanol, and sodium lauryl sulfate
(SLS) and the effect of these solubilisers” concentration on permeation.

These studies were carried out in unjacketed Franz diffusion cells with a
diffusion area of 1.77 cm2 (SES GmBH — Analyse system, Germany). The
donor phase (DP) consisted of 2 mL of different samples (different HC/CD
complexes from phases solubility experiments, HC/ethanol, and HC/SLS)
while the receptor phase consisted of 2% (w/v) HPBCD solution (degassed
previously to remove the dissolved air). Two mL of donor phase were added
to the donor compartment, while the receptor compartment was filled with 12
mL of the degassed HPBCD solution. Different types of membranes (cellulose
and permeapad membranes) were used to physically separate the donor and
receptor compartments. These experiments were operated at room
temperature, with continuous magnetic stirring of the receptor phase at 300
rem.

200 pL aliquot (receptor phase) were collected at different time intervals
and immediately replaced with the same volume of the fresh receptor phase.
The samples were collected over a period of 4 hours and were then quantified
using the UHPLC validated methods (section 3.2.1). The calculation of the
steady state flux (Jss) of the drug was obtained from the slope (d¢/dt) applying
the linear regression relationship between time and the amount of the drug in
the receptor chamber and is given by Equation (14).

Jss =Aé_((;t= papp -Cq (14)

Where A is the diffusion area (1.77 mc2), Papp is the apparent permeability
constant and Caq is the total drug concentration in the donor phase.

In order to assure sink conditions were maintained, common guidelines
were followed and the volume change and the final concentration of the
components in the donor phase were assessed.
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3.4 Solid-state experiments

3.4.1 Preparation of solid inclusion complex

Samples were prepared using a freeze-drying method [3, 154]. Clear
supernatant solutions from phase solubility studies of difluprednate in HPyCD
solutions, that had displayed AL-type profiles and solutions containing
difluprednate, HPyCD, and poloxamer 407, were used to confirm the presence
of difluprednate/CD complexes. Ten mL of the samples were placed in the vials
and freeze-dried at -55 °C for 3 days in a Snijdersscientific 2040 Freeze dryer
(Snijders Labs, the Netherlands).

3.4.2 Differential Scanning Calorimetry (DSC)

The DSC thermograms of pure difluprednate, pure CD, and their freeze-dried
complexes were recorded on a Netzsch DSC 214 polyma (Netzsch GmbH,
Germany). Samples were weighed in an aluminium closed pierced crucible and
an identical empty was one used as reference. Using a constantly purged
nitrogen atmosphere, samples were heated up at a rate of 10 °C/min over 25-
200 °C temperature range.

3.4.3Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectra of pure difluprednate, pure CD, and their freeze-dried
complexes were measured with an FTIR spectrometer (Thermo Fisher
Scientific model Nicolet iS10, Waltham, the United States of America) using an
Attenuated Total Reflectance (ATR) technique. Data were obtained in the
range of 500-4000 cm~'. Analyses were performed at room temperature.

3.5 Assessment on the retinal cytotoxicity of B-cyclodextrin
derivatives

3.5.1 Animals

The C3H wild-type mouse line was used in all studies [155]. Animals were used
irrespective of gender and were housed with free access to food and water
under standard white light with 12 hour light/dark cycles. They were sacrificed
at postnatal day (P) 13 by CO:2 asphyxiation followed by cervical dislocation.
All procedures were performed in accordance with the German law on animal
protection (Tierschutzgesetz) and approved by the institutional animal welfare
office of the University of TUbingen.
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3.5.2 Culturing and treatment of organotypic retinal explant
cultures

To study the cytotoxicity of CDs on the retinal tissue, retinas from mice were
isolated for culturing for an extended time period. The detailed protocol is
described elsewhere [156] but will be summarised here. Immediately after
animal sacrifice, the eyes were enucleated and incubated for 5 min at RT in
R16 serum-free culture medium (Gibco, the United States of America). To
promote the removal of the sclera and choroid, the eyes were transferred to a
preheated (37°C) solution of 0.12% proteinase K (MP Biomedicals, France)
and incubated for 15 min. Afterwards, the eyes were soaked in 1:4 mixtures of
10% FBS/medium to stop the protease reaction. The eyes were dissected
under sterile conditions. The retina with the retinal pigment epithelium (RPE)
attached was isolated and cultured on a transwell membrane (polycarbonate,
0.4 uym pore size, COSTAR, the United States of America) with the RPE side
facing down in a 6-well plate. One mL of complete medium (CM, R16 medium
with supplements; detailed under [156] was added to each well. The explants
were allowed to recover from the explantation procedure in a sterile incubator
(37°C, 5% CO2) for 48 hours before the treatment began. The CM was
exchanged every second day by removing 0.7 mL of the CM in the plate and
adding 0.9 mL fresh CM to account for evaporation and conserve
neuroprotective agents produced by the retinal cultures. The cultures were
treated at P15 and incubated for 48 hours. Treatment was done by placing 20
pL of an isotonic CD solution (adjusted by NaCl) carefully on the top of the
retina to cover the whole tissue. Either 10 mM or 100 mM CD were used. For
rhodamine- or fluorescein-labelled CD, 5 mM were applied. Alternatively, a
0.9% NaCl solution was added as a control. All treatment solutions were
passed through sterile filters (PES, 0.22 ym, Merck Millipore, Ireland) before
being introduced to the culture.

3.5.3 Preparation of retinal tissue sections

After treatment of organotypic retinal explant cultures with CD or saline, the
cultures were fixed in a 4% paraformaldehyde/PBS solution for at least 45 min.
The explants were cryoprotected by introducing an incremental amount of
sucrose to the well plate, i.e. 10% sucrose, 20% sucrose, and 30% sucrose for
10 min, 20 min, and 30 min (at RT), respectively. Afterwards, the area of the
retina culture attached to the transwell membrane was cut out with fine
scissors, and the membrane piece was submerged in an embedding medium
(Tissue-Tek O.C.T. Compound, Sakura Finetek Europe, the Netherlands),
followed by snap freezing in liquid nitrogen. The frozen specimens were

32



Materials and methods

sectioned on an NX50 cryostat (ThermoFisher, the United States of America)
to produce 14 pm thick sections on Superfrost Plus object slides (R.
Langenbrinck, Germany) used for direct imaging or further staining.

3.5.4 Assessing cell death in retinal sections using the TUNEL
assay

A terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
assay was used to stain the nuclei with damaged (nick-end) DNA [157]. This
was done to quantify the number of dying cells in retinal cultures after treatment
with CD or saline to assess the cytotoxicity of the CDs. Firstly, microscopy
slides with retinal sections were rehydrated with PBS. A proteinase K solution
preheated to 37°C (0.21 pg/mL, TBS) was added and incubated for 5 min at
37°C. After washing with TBS, a solution of ethanol/acetic acid was added and
incubated for 5 min before washing. A blocking solution consisting of 1%
bovine serum albumin, 10% normal goat serum, 3% PBST, and 2.5% fish
gelatin in PBS was incubated on the sections (1 hour, RT). A TUNEL reaction
solution consisting of the enzyme solution and labelling solution from the In
Situ Cell Death Detection Kit (TMR red, Product No. 12156792910, Sigma
Aldrich) was prepared in a 1:9 ratio, diluted in blocking solution (1:1), and
incubated with the slides at 37°C for 1 hour. The slides were washed with PBS,
and a mounting medium with DAPI (Vectashield, Vector Laboratories, the
United States of America) was added. Samples were kept at 2-8°C for at least
30 min before imaging with fluorescent microscopy (Axio Imager Z2 ApoTome,
Carl Zeiss Microscopy GmbH, Germany), using a CCD camera with a 20X
objective. Ex.JEm. of 548/561 nm was used to detect TUNEL labelling at
random locations on the section. Image acquisition was done by recording z-
stacks, each with 10 images 1 ym apart. Values like exposure time for the red
(TUNEL) channel, binning, and brightness/contrast of each image were kept
consistent. To quantify the number of dying cells, in either the inner or outer
nuclear layer in the tissue section, the following equation was used:

TUNEL " Is (%) = #TUNEL positive nuclei X 100% 15
positive cells (%) = zr—-cF layer / Average area of nuclei e (19

To analyse statistical significance within the dataset, one-way ANOVA with
Tukey’'s multiple comparisons test (a = 0.05) was performed using GraphPad
Prism 8.

3.5.5 Determining retinal uptake of fluorescently labelled 8-
cyclodextrin derivatives

Fluorescently labelled CD (fluorescein-HPBCD, rhodamine-HPBCD, and
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fluorescein-RMBCD) was added to organotypic retinal explant cultures as
described previously. Slides with retinal tissue sections were rehydrated in
PBS for 10 min before mounting medium with DAPI (Vectashield, Vector
Laboratories, the United States of America) was added. Images were recorded
with fluorescent microscopy as described above. Green (Ex./Em. 493/513) and
red (Ex./Em. 558/575) channels were used to detect fluorescein and
rhodamine, respectively. Image acquisition was done by recording z-stacks,
each with 14 images 1 ym apart. Values like exposure time for the green and
red channels, binning, and brightness/contrast of each image were kept
consistent. Sections from the saline-treated retinas were imaged using the
same parameters to determine the level of auto-fluorescence from the cultures.
Alternatively, tile pictures showing the entire retinal section were recorded by
stitching together adjacent projected z-stacks in the image acquisition software
(ZEN 2.6, Carl Zeiss Microscopy GmbH, Germany).
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4 Results and Discussion

4.1 Stability, kinetics, and mechanism of drug degradation
in CD solutions

4.1.1Effect on CD concentration and pH on drug degradation in
the CD solution

The degradation of the drugs (tacrolimus and difluprednate) has been shown
to follow pseudo-first-order kinetics in aqueous buffer CD solutions. This kinetic
behavior was not affected even by the introduction of up to 7.5% (w/v) CD to
the reaction medium as a linear relationship was obtained in all cases between
the logarithms of the percent of the remaining drug concentration and time.
The representative first-order plots are given in Figure 4.
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Figure 8. Representative first-order plots (In (drug concentration remaining) against
time) for the degradation of (a) tacrolimus in 2.5 % (w/v) HPBCD solution pH 7.4, 8 and
9; (b) difluprednate in 5% (w/v) HPBCD pH 1.9 and 2.5

These results are consistent with a kinetic system where a drug degrades
at a higher rate outside of the CD inclusion complex than within the complex.

D + CD = D/CD (16)

e

Degradation products

Where K1:1 = complex stability constant
ks = observed rate constant of the free drug degradation

kc = observed rate constant for the drug degradation within the complex
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K11, ke, and kr were calculated as described previously (section 1.3.2.1)

The influence of pH on the degradation of tacrolimus and difluprednate in
aqueous HPBCD solution was investigated over the pH range of 1-9. The ionic
strength of the buffer was not controlled. The pH-rate profiles for the observed
first-order degradation of tacrolimus in aqueous HPBCD solutions at 40°C are
shown in Figure 9.

o 25%CD & 5%CD 4« 7.5%CD -+ 0%CD

log(Kops)

ES

0 2 4 6 8 10
pH( at 40°C)

Figure 9. pH rate profile for tacrolimus in HPBCD solution at 40°C

The pH rate profile of tacrolimus in CD solution showed a plateau region in
the pH range of 4-6, a small increase in degradation rate between pH 2 and 3,
and a sharp increase at pH 6. The degradation pattern was similar for all the
CD concentrations tested where we observe a decrease in the observed rate
constant for higher CD concentrations. Degradation was massive when there
was no CD present. This clearly shows that the tacrolimus degradation
decreases with increasing CD concentration. It is most stable at pH between 4
and 6, both in CD and CD-free media.

Tacrolimus is in the unionised form at all pH values tested and all of the k¢
and ks values for tacrolimus in HPBCD solution are presented in Table 5.

Table 5. Values of ks, ke, and K1:1 for tacrolimus in aqueous HPBCD solutions in the pH
range of 2-9.

pH 2 3 4 5 6 7.4 8
ks (h") 0.032 | 0.019 0.0175 | 0.0175 | 0.0175 | 0.07 028 |5
ke (h) 0.013 | 0.0071 | 0.0070 | 0.0069 | 0.0071 | 0.0072 | 0.037 | 1.18
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kc/ ks

0.40

0.37

0.40

0.40

0.40

0.10

0.13

0.24

Kia(M1) | 47.47

46.57

44.91

45.29

44.49

21.53

66.35

47.35

ks > ke at all of the pH values tested showed that the drug degraded at a
higher rate outside the CD complex than within the complex at all pH tested.
Also, the both kc and ks curves follow similar pathways shown by Figure 10.
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Figure 10. Log ks (e) and log ke (o) of tacrolimus in HPBCD solution at 40°C. The rate
constants (i.e. krand kc) are first-order and have the unit h-".

The shapes of both curves (i.e. for ks and kc) show that the hydrolysis
reaction of tacrolimus in aqueous CD solutions and CD free media consists of
three regions, that is the specific acid-catalysed (i.e. H3O* catalysed) region at
pH below about 3, an uncatalysed region or plateau between pH 3 and 7, and
a specific base-catalysed (i.e. OH- catalysed) region at pH above about 7.
Hence, the rate of hydrolysis is dependent upon the pH of the medium and
both ke and kr are composed of three terms as shown by Equations (17) and
(18).

ki = kn[H*] + ko + kon [OH] (17)
ke = k'H[H*] + ko + k o1 [OH] (18)

where ku and k’'w are acid-catalysed, ko and ko uncatalysed and kon and
k’on being basic-catalysed rate constants.

The curves have a negative slope below pH values 3 and the kc and ks in
Equations (17) and (18) are dominated by ku and k'w, respectively. This
hydrolysis reaction is catalyzed by H3O* ions. For pH values between 4 and 6,
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the curves have zero slopes and ko and k’o were dominating. Lastly, from pH
7 onwards, we observe a positive slope where kon and k’on were dominating
as the hydrolysis was catalysed by HO- ions.

The values of kn, k'H, Ko, kK'o, kon and k’on for different reaction pathways
that constitute the whole hydrolysis process were determined (Table 6).

Table 6. Values of kn, k'H, ko, ko, kon, and k’on for tacrolimus in aqueous HPBCD
solution.

ku kon ko

3.2 M'h! 1.73 x 105 M-h"! 0.016 h!

K'n K on K'o

1.3 M-'h! 4.09 x 10* M-'h"" 6.76 x 103 h"

The definitive expression of the kr and kc at 40°C is now given by Equations
(19) and (20).

ki = 3.2 [H*] + 0.016 + 1.73 x 105 [OH'] (19)
ke = 1.3 [H*] + 6.76 x 10-3 + 4.09 x 104 [OH-] (20)

All of these results demonstrated that the hydrolysis reaction of tacrolimus
followed an acid-base catalysis mechanism in CD and CD free media. The
degradation was the fastest in basic medium as shown by the dominant
reaction pathway catalysed by HO- ions.

However, difluprednate shows a V-shaped profile in the pH range of 1-9
(Figure 11). The maximum stability was obtained at pH 5 with a sharp inflection
below or above pH 5. It has a pka value of 13.55 and is in unionised form at all
pH values tested.

1-
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-2
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Figure 11. pH rate profile for difluprednate in aqueous HPBCD solutions at 40°C.
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The slope of the curve increases sharply at lower and higher pH values
suggesting efficient catalysing by hydronium and hydroxide ions at acidic and
basic pH respectively as observed in the case of tacrolimus as well. So, the
experimental results could be fitted to the following equation:

Kobs = kn[H*] + ko + kon[OH"] (21)

ku is dominant below pH 4 where the slope of the curve is negative and kon
is dominant for pH values greater than 6 where the slope of the curve is
positive, and ko is dominating at a pH between 4 and 5. These three rate
constants were determined to be kn = 0.109 M-' h', kon = 2.6 x 10* M-" h-!, and
ko=2.94 x 105 h'', and inserting these values into Equation (21) gives:

kobs = 0.109 [H*] + 2.6 x 105 + 2.6 x 10* [OH'] (22)

4.1.2 Effect of different cyclodextrins on drug stability

Tacrolimus is most stable at a pH between 4-6 while the degradation rate is
accelerated under basic conditions (pH above 7). The effect of different natural
CDs such as aCD and BCD on the tacrolimus degradation was tested (Table
7). Tacrolimus did not readily form a complex with yCD so this CD was not
regarded in this study. kr and kc values were calculated to see the stabilisation
provided by different CDs and are given in Table 7.

Table 7. Values of k¢, krand K11 for tacrolimus at 40°C and pH 5 or 9 in various aqueous
CD solutions.

pH 5 9
cD aCD BCD HPBCD = aCD BCD HPBCD
ke (h™") 0.0175 | 0.0175 | 0.0175 5 5 5
ke (h™) 0.0035 0.003 | 0.00716 | 1.02 0.97 1.18
ke/ke 0.20 0.17 0.41 0.20 0.19 0.23
Ki:1 (M) 65.63 1170 44.9 419 2515 47.35

ke values for aCD and BCD were comparatively lower than that of HPBCD
at both pH values tested. Tacrolimus was stabilised by the CD complexation
under all conditions given by the kc /ks ratio. BCD provided better stabilization
in both conditions among the CDs tested as shown by lower k¢ values and the
highest K1:1 values.
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Similarly, difluprednate was most stable at a pH of about 5 with a higher
degradation rate both below and above pH 5. In order to compare the
stabilisation provided by different CDs, the observed rate constants (kobs), the
acid-catalysed rate constant (kn), and the basic-catalysed rate constant (kon)
were calculated at 30 mM concentration except for BCD (maximum solubility
used, equivalent to 13.2 mM) under acidic and basic conditions and are listed
in Table 8.

Table 8. Observed rate constant (kobs), acid-catalysed rate constant (kn), and basic-

catalysed rate constants (kon) of difluprednate at 40°C in different CDs at 30mM
concentration, except BCD at 13.2mM.

Acidic conditions Basic conditions

Samples | pH kobs (h") | kn (M* h) | pH Kobs (h™1) | kon (M- h-1)
No CD 1 0.028 0.28 9 2.70 91,000
HPBCD | 1.06 | 0.022 0.25 9.07 1.24 35,200
HPyCD | 1.04 | 0.017 0.18 9.13 2.49 62,400
aCD 1.01 | 0.026 0.26 9.09 1.85 51,000
BCD 1.00 | 0.025 0.26 9.11 1.67 43,800
yCD 1.01 | 0.021 0.21 9.09 7.25 200,000

All of the CDs were able to stabilise difluprednate in aqueous solution
except yCD in basic media where the rate constant was almost 3 times more
than the observed rate constant when no CD is present. It seems like yCD was
catalysing difluprednate degradation in basic conditions which were supported
by a very high kon value.

Under basic conditions, HPBCD gave the lowest kon values among all the
CDs tested displaying that difluprednate was better stabilized by HPBCD under
such conditions. However, HPyCD gave the lowest kx value followed by the
natural yCD and HPBCD gave the lowest kon value meaning that that the
HPyCD was able to better stabilise the drug under acidic conditions. After this,
we calculated the value of kc (degradation constant from within the CD
complex) of these two CDs (HPBCD and HPyCD) under acidic and basic
conditions using the Lineweaver plot (section 1.3.2.1) to compare the stability
provided by these CDs in specifics.
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Table 9. Values of ke, ki, and K1:1 for difluprednate at 40°C at pH 1 and 9 in aqueous
HPBCD and HPyCD solutions.

pH 9
cD HPBCD HPyCD HPBCD HPyCD
ke (h) 0.028 0.028 2.70 2.70
ke (h1) 0.019 0.009 240 0.85
Ko/ks 0.71 0.32 0.88 0.31
K11 (M) 18.16 52.73 193.17 13.88

ke is lower than krunder all conditions for both the CDs, suggesting that the
degradation from within the complex was slower in all cases. Difluprednate
degraded more than 3- and 1.2-folds slower within HPBCD and HPyCD
complex respectively in basic media (pH 9). In acidic media (pH 1),
difluprednate degraded more than 1.3-folds slower within HPBCD complex and
more than 3-folds slower within HPyCD complex shown by the lower kc/ks ratio
and stability constant values for HPyCD.

In brief, BCD provided better stabilisation for tacrolimus in both acidic and
basic conditions. Difluprednate was better stabilised by HPyCD under acidic
conditions. Since difluprednate was most stable at pH 5 (i.e. acidic conditions),
HPyYCD seemed like a better host for difluprednate in terms of stability.

4.1.3 Drug degradation mechanism in cyclodextrin solution

Preliminary studies with tacrolimus showed that oxidation might not be a major
degradation pathway in an aqueous CD solution. This was concluded because
no significant difference in rate constant (Table 10) was observed when the
degradation studies were done with and without purging the reaction media
with nitrogen and also with and without 0.5% EDTA. EDTA forms complexes
with metal ions that can catalyse oxidation degradation of tacrolimus.

Table 10. Values of observed rate constants (kobs) of tacrolimus in HPBCD solution at
pH 5 and 9 with and without 0.1% EDTA.

kobs (h-1)

pH 5

pH 9

With 0.1% EDTA

0.0014

0.96
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Without EDTA 0.0016 0.91

UHPLC-MS studies were then used to profile and identify the degradation
products of tacrolimus in CD solution. Parameters like mass/charge (m/z)
values, fragmentation pathway, and chromatographic properties were
employed to identify the degradation products.

Under acidic conditions, tacrolimus (Rt 4.04 min) degradation was relatively
slow. Tacrolimus degradation in HPBCD buffer solution at pH 2.5 yielded a
mixture of two compounds that were more polar than tacrolimus with retention
times (Rt) of 2.88 and 2.90. Both had identical masses 844 [M *Na] *. These
two compounds could be isomers as the mass spectra and fragmentation data
were quite similar and practically indistinguishable from each other. The MS
data of these compounds coincided with the hydrolysed form of tacrolimus at
its lactone group when analysed by MassLynx software. Il'ichev et al.
mentioned similar results where the lactone group is hydrolysed during the
degradation of tacrolimus-related compounds like everolimus and sirolimus
[158]. Another compound was obtained at 4.38 Rt with m/z 808, which was less
polar than tacrolimus. The MS data indicated that dehydration might have
occurred with a loss of water molecules resulting in the formation of a less polar
compound.

Under basic conditions (pH 10), tacrolimus degraded completely within 1
hour. Here, it also generated two compounds, with the retention time of 2.90
and 2.99 with identical masses 844 [M *Na] *. These compounds presented
the same elemental composition and similar fragmentation data as given by
the hydrolysed form of tacrolimus under acidic conditions which suggest that
all these compounds could be isomers. Another major product slightly more
polar than tacrolimus was observed with a retention time (Rt 3.38) and 826 [M
+Na] *. This was identified as the open-chain form of a compound formed by
the dehydration of the tacrolimus molecule by the elemental composition from
the MS data. Skytte et al. observed the formation of the same compound when
they treated tacrolimus with 1,5-diazabicyclo [4.3.0] nonene (DBN) in
dichloromethane (basic conditions) [159]. It seems like tacrolimus has
undergone hydrolysis at the lactone group and a dehydration reaction to from
a double bond based on the structure of this compound. The proposed
degradation mechanism of tacrolimus in HPBCD solution can be represented
in Figure 12.
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Figure 12. Proposed tacrolimus degradation pathways in aqueous HPBCD solutions.

4.1.4 Phase-solubility studies

Different CDs were used to determine the solubility of tacrolimus and
difluprednate in aqueous solutions by the phase-solubility method of Higuchi
and Connors [26]. The interaction of different CDs with tacrolimus and
difluprednate usually led to an increase in their apparent aqueous solubility due
to the formation of drug/CD complexes. Phase solubility plots were constructed
by plotting the CD concentration versus the concentration of the drug in the
solution. The slopes were calculated using different portions of the graph
depending upon the phase solubility type (A-types: all CD concentration
ranges; B-types: just the initial linear portion). These slopes and the
determined intrinsic solubility (So) were used to calculate other parameters like
the stability constant (Ki:1), the complexation efficiency (CE), and the molar
ratio (MR).
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Figure 13. Phase-solubility diagrams of (a) tacrolimus and (b) difluprednate in different
CDs in pure water at room temperature. Each point represents the mean of triplicate
experiments.

Natural CDs have lower water solubility compared to their
hydroxypropylated derivatives and tend to form aggregates. This aggregate
formation can contribute to the definition of phase solubility profiles for many
drugs [160, 161].

We observe three different types of phase solubility diagrams, that is Ac-
type diagram where a strict linear relationship is observed, the Ap-type diagram
with positive deviation from the linearity, and the Bs-type diagram where the
solubility of the drug/CD complex is limited in the aqueous media.
Distinguishing between the two A-types was done by comparing the correlation
coefficient values (r?) where the solubility curves with r? values greater than
0.99 are regarded as AL type and less than 0.99 are regarded as Ar [28].

aCD, HPaCD, and SEBBCD displayed AL phase-solubility type while the
rest of the CDs displayed Ar phase-solubility type for tacrolimus. Contrasting
results were observed for difluprednate where aCD and HPaCD showed Arp
type and the rest of the CDs showed AL type except for yCD. yCD with
difluprednate exhibited Bs type where the solubility decreased gradually after
increasing yCD concentration from 5% (w/v) onwards. This is common
behavior for native CD, especially yCD because of their relatively limited water
solubility and also the aggregation properties where the CD molecules and
drug/yCD complexes self-assemble to form aggregates that precipitate from
the solution [162].
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Table 11. Stability Constants (K1:1 and Ki:2) and complexation efficiency (CE) of tacrolimus/CD and difluprednate/CD complexes in pure water
at room temperature (pH about 5).

Tacrolimus Difluprednate
Type Slope Ki1:1 K1:2 CE Type Slope Ki1:1 K12 CE
aCD AL 0.0003 500 i 0.0003 Ap 0.016 172 30 0.016
BCD Ap 0.0017 571 66 0.0017 AL 0.011 2006 i 0.011
ycD Ap 0.0002 50 9 0.0002 Bs 0.0498 9036 i 0.052
HPaCD AL 0.0005 278 b 0.0005 Ap 0.0056 464 19 0.002
HPBCD Ap 0.001 174 4 0.001 AL 0.0082 1425 i 0.008
HPyCD Ap 0.00009 55 7 0.00009 AL 0.0369 6605 e 0.038
RMBCD Ap 0.0025 500 3 0.0025 AL 0.0366 6550 e 0.038
SEBBCD AL 0.0007 269 o 0.0007 AL 0.0116 2024 o 0.011
SBEyCD NA NA NA NA NA AL 0.0696 13358 o 0.075
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Among the natural CDs, BCD had the highest stability constant for
tacrolimus and yCD for difluprednate. suggesting that these CDs" cavities were
of appropriate size for the respective drugs. The hydroxypropyl derivatives of
the natural aCD and BCD had inferior stability constants compared to natural
CDs. Similar results were obtained in the case of difluprednate where the
hydroxypropyl derivatives of BCD and yCD have inferior stability constants.
The reduced ability of these hydroxypropyl derivatives might be due to the
steric hindrance of the substituent groups at the CD cavity [163].

RMBCD showed a comparatively high stability constant for both tacrolimus
and difluprednate explained by the increased hydrophobic cavity of the CD
upon methylation of the OH-groups.

The use of complexation efficiency (CE) is a better approach for comparing
the solubilising potential of different CDs as the determination of the stability
constant values is strongly affected by the accuracy of the intercept (Sint) and
intrinsic solubility (So) obtained from the phase-solubility plots (theoretically Sint
should be equal to So) [27-29]. In our study, the CE values are higher for yCD
and its derivatives, especially for SBEyCD for difluprednate and RMBCD for
tacrolimus, which are reflected in the stability constant values of these CDs as
well.

From both the stability and solubility studies with different CDs, BCD
provided better stabilisation for tacrolimus in both acidic and basic conditions.
However, the limited solubilisation of tacrolimus by CD was problematic while
HPBCD provided better solubilisation. Therefore, further studies of tacrolimus
were conducted with HPBCD. Moreover, HPyCD seemed to be a better host
for difluprednate in terms of both solubilisation and stabilisation. Even though
these CDs were able to stabilise the drugs in solution, the stability obtained
was not sufficient, as required for the commercially available dosage forms.
So, different surfactants/polymers were used in combination with these CDs to
further improve the chemical stability of tacrolimus and difluprednate in
aqueous media.

4.1.5Solubilisation and stabilisation of drugs in CD-polymer
system

An aqueous solution containing CD and polymers like poloxamer 407,
tyloxapol, and tween 80 were used (from 0 to 5% w/v) for these studies. The
media contained 5% (w/v) HPBCD for the tacrolimus study to which 100 pL of
tacrolimus stock solution (2.48 mM) were added. Commercially available
difluprednate emulsion has 0.05% (w/v) drug while it was possible to solubilise
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0.1% with 15% (w/v) HPyCD. Hence, on the contrary, the combination of
polymers and 15% (w/v) HPyCD were prepared to solubilise 0.1%
difluprednate. These solutions were subjected to one cycle of autoclaving and
the remaining drug concentration was measured by using the UHPLC methods
explained before. Drug degradation was observed in both the combination of
CD and polymer and only CD and polymer, respectively, to observe the
stabilising effect of both the components alone and their combination.
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Figure 14. Tacrolimus degradation % after one cycle of autoclaving with 5% (w/v)
HPBCD and various % (w/v) of polymers (a) tween 80, (b) poloxamer 407, and (c)
tyloxapol.

Tacrolimus degradation in aqueous HPBCD solution showed more than
90% drug degradation within one autoclave cycle which is massive. The drug
stabilised by polymers individually and by the HPBCD-polymer system was far
better compared to only HPBCD. The combination system provided better
stability in all cases compared to individual components except in the case of
tween 80-HPBCD system from 2% tween 80 onwards, as shown in Figure 14.

The drug degradation decreased with increasing poloxamer concentration
up to 3% where the degradation again increased from 5% which applied to
when only poloxamer or the combination of poloxamer-HPBCD were used. A
similar trend was observed in the case of tyloxapol where tacrolimus
degradation was at a minimum at 2% tyloxapol and then increased upon
increasing tyloxapol concentration (for both only tyloxapol and tyloxapol-
HPBCD combination). The best result in our studies was with the combination
of HPBCD and 2% tyloxapol where about 30% of tacrolimus was degraded
which was still high for drug degradation.

However, promising results were observed in difluprednate stabilisation
with HPyCD and these polymers. The drug degradation % in the case of
difluprednate with these polymers is given in Figure 15.
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Figure 15. Difluprednate degradation % after one cycle of autoclaving with 15%(w/v)
HPyCD and various % (w/v) of polymers: (a) poloxamer 407, (b) tween 80, and (c)
tyloxapol.

The difluprednate degradation in the poloxamer-HPyCD system decreased
with increasing poloxamer concentration where the degradation was the least
at 4% combination (less than 1% drug degradation). Difluprednate degradation
was massive when only poloxamer was present in the solution, especially at
4%. Difluprednate was better stabilized in the combination system compared
to only HPyCD or poloxamer, and also HPyCD was a better stabiliser than
poloxamer when compared individually.

The tween 80-HPyCD combination showed that the degradation decreased
when the concentration of tween 80 was increased from 0.5 to 1% but again
increased from 2% onwards. The combination did not provide better
stabilisation compared to the individual components in all cases. One percent
tween 80 in 15% HPyCD solution exhibited no drug degradation but the
solubility of the drug was greatly reduced in the presence of tween 80. The
tyloxapol-HPyCD combinations followed the same trend as with tween 80,
where difluprednate degradation decreased up to 1% tyloxapol and then
increased again from 2%.

Overall, the minimum degradation was observed with the combination of
4% poloxamer and HPyCD as well as 1% tween and HPyCD. The tween 80-
HPyCD combination was not viewed as beneficial as solubility was heavily
reduced (only 0.37 mg/mL, which was less solubilisation than by pure HPyCD).
The reduction in the solubility might be due to the competitive displacement of
the drug molecules from the CD cavity by the polymers contributing to this
solubility problem [164].
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Furthermore, tyloxapol and poloxamer 407 were used in an attempt to
increase the solubility of the tacrolimus in combination with 5% HPBCD. Figure
16 shows the solubility of tacrolimus in 5% HPBCD along with various % of
poloxamer and tyloxapol.
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Figure 16. Solubility studies with 5% (w/v) HPBCD and various % (w/v) of (a)
poloxamer407 and (b) tyloxapol

The solubility of tacrolimus was increased by about 1.2-folds by poloxamer-
HPBCD combination but did not show an increasing trend with increasing
poloxamer concentrations. The addition of poloxamer to the complexation
media resulted in competition with drug molecules for the CD cavity and a
consequent displacement of the drug molecules from the CD cavity [164]. The
competitive displacement was probably compensated by the solubilising effect
of polymer micellization, hence we observed a slight increase in solubility.

In the case of tyloxapol-HPBCD, tacrolimus solubility increased with
increasing tyloxapol concentration in the ternary system. The solubilisation by
the combination system was more than the individual component in all cases
giving the maximum solubility of 0.3 mM at 5% tyloxapol-HPBCD. There might
have been no or little influence of drug-polymer competition for the CD cavity
in this case and has been explained previously [165].

In summary, the stability of tacrolimus and difluprednate could be further
improved with the drug/CD/polymer ternary system. The CD-poloxamer
system was found to be effective for difluprednate while CD-tyloxapol for
tacrolimus. The use of the CD-polymer system for drug stabilisation has been
studied before and thus our attempts to increase the stability of these drugs.
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CD stabilises the drug by the complexation process while polymers like
poloxamer and tyloxapol by micelle formation and protection of the
hydrophobic drug within the micelles [164, 166, 167]. Generally, the
combination of CD complexation and micellar solubilisation can lead to a
synergistic effect resulting in enhanced drug stability [17, 53, 168]. The
formation of micellar-type CD aggregates enabled the solubilization of very
poorly water-soluble drugs [19, 53, 169]. Tyloxapol, a non-ionic surfactant
oligomer, has been known to improve the solubility and stability of drugs by
either improving drug wettability or micellar incorporation of drug and drug/CD
complexes in the case of HPBCD [170]. Similarly, poloxamer 407 formed nano-
sized micellar aggregates with a hydrophobic core and a hydrophilic shell [53]
and acted as a stabiliser in dispersed systems [171].

In the case of difluprednate, increased stability with increased % of
poloxamer could indicate the formation of micellar CD aggregates with an
increase in % of polymers. A similar result was obtained with better stability
when the combination of CD and poloxamer was used [50, 169]. It has been
shown that the addition of a ternary component (polymers in our case) to the
binary complex (drug/CD) leads to improved macromolecular assembly [28,
42-48] and has been used to improve stability.

Even though slight improvements in terms of stability and solubility were
observed with tacrolimus using a CD-polymer system, tacrolimus was not
adequately chemically stable and hence no further studies were conducted.

In contrast, the stability of difluprednate in an aqueous solution could be
improved without compromising the target solubility with HPyCD and
poloxamer 407. Four percent (w/v) poloxamer and 15% (w/v) HPyCD was
found to be the best combination in terms of stability without compromising the
drug solubility intended, hence, further characterisation studies were done with
this combination.

4.2 Characterisation of drug/CD complex

4.2.1 Particle size measurement and morphological analysis
(NanoSight and TEM)

The poloxamer-HPyCD combination provided better difluprednate stabilisation
in an aqueous solution. To better understand the poloxamer-HPyCD system
and the drug/CD complexes, we tried to determine the particle size of the
poloxamer-HPyCD aggregates containing difluprednate by using Nanosight
Wave. The aggregate size of 15% HPyCD and its combination with different %
of poloxamer containing difluprednate are given in Table 12.
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Table 12. Aggregate size of difluprednate/HPyCD/poloxamer aggregates in solutions
containing different concentrations (% w/v) of poloxamer 407.

Poloxamer 407 concentration (%w/v) Aggregate size (nm)
0.0% 125.9
0.5% 160.7
1.0 % 194.1
2.0% 217.1
4.0% 234.1

The aggregate size of aqueous 15% HPyCD solution containing 0.1% (w/v)
difluprednate is approximately 161 nm. The aggregate size of the samples
increased when the combination of poloxamer 407 and HPyCD was used and
increased with an increasing percentage of poloxamer 407.

Studies have shown that CDs interact with the poloxamer unimer,
preferably by the inclusion of the hydrophobic propylene oxide segment into
the CD cavity [172]. The ethylene oxide unit of poloxamer has relatively high
hydrophilicity and hence has less tendency to penetrate into the cavities [173,
174]. When poloxamer is introduced to the CD media, reorganisation of the
whole system will occur [175-177]. Similar changes were observed when
poloxamer was added to an aqueous medium containing budesonide and
HPBCD [165].

The morphology and size of these samples were further confirmed by TEM
as shown in Figure 17. Aggregates with larger sizes (from 100 nm) do not have
a spherical shape like the ones below 100 nm. Instead, they look like clusters
of smaller spherically shaped aggregates [178]. The size of aggregates
observed from the TEM is somewhat smaller than the size of the aggregates
determined by NanoSight, as expected. This can be explained from the TEM
sample preparation, which can change the aggregate size or structure due to
the drying process involved.
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Figure 17. Transmission electron microscopic images of (a) difluprednate/HPyCD and
difluprednate/HPyCD/poloxamer complexes with different %(w/v) of poloxamer 407 (b)
0.5% poloxamer 407, (c) 1% poloxamer 407, (d) 2% poloxamer 407, and (e) 4%
poloxamer 407, at magnitude of 60 K.

4.2.2 'TH-NMR (nuclear magnetic resonance) spectroscopy

'H-NMR spectroscopy has become one of the most important methods for
structural elucidation of organic compounds in the solution state [179]. These
studies do not just provide the information on the characteristics of guest/CD
inclusion complexes but also the orientation of the guest molecule inside the
hydrophobic CD cavity [180, 181].

When an inclusion complex is formed, chemical shifts (A5") in the 'TH-NMR
spectra of the guest and the CD molecule are observed. The observed
chemical shifts of a specific host or guest can provide evidence for the
formation of inclusion complexes in solution, as major changes in the
microenvironment are known to occur between the free and bound states
[182]. In our study, the difference in the chemical shifts of the
difluprednate/HPyCD and difluprednate/HPyCD/poloxamer was noted and Ad”
calculated using the following equation:

AS = 6complex — Ofree (23)

where Ocomplex and Omee are chemical shifts between free and bound CD
molecules, respectively.

HPyCD has 6 protons located at different positions: on the interior of the
cavity (i.e. H3 and H5) and on the exterior part (H1, H2, H4, and H6) based on
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the molecular shape of CDs. Depending on the protons where the shifts are
more produced, different types of complexes can be formed: inclusion or non-
inclusion. More pronounced shifts at H3 and/or H5 proton mean that the drug
forms inclusion complexes with CD (incorporation inside the CD cavity), while
the H-protons on the outer CD surface will mean that the non-inclusion
complexes are formed [183-185]. Similarly, the shifts of H5 represent a ‘deep’
inclusion complex since its position in the CD cavity is deeper than H3 while
the shifts of H3 indicate a ‘shallow’ complex or partial inclusion [117, 186].

All these protons displayed significant resonance alternation in the
presence of guest molecules (difluprednate) and the 'TH-NMR chemical shifts
corresponding to HPyCD in free-state and complexes are shown in ppm and
listed in Table 13.

Table 13. The 'H-chemical shifts of HPyCD alone and in the presence of difluprednate
and poloxamer 407.

Protons | HPyCD difluprednate/HPyCD | difluprednate/HPyCD/
(A D) poloxamer 407(A &)

H1 5.151 -0.0025 -0.0014

H2 3.6571 0.0005 0.0014

H3 4.0548 -0.0043 -0.0043

H4 3.5032 0.0010 0.0034

H5 3.8895 -0.0028 -0.0021

The changes in 'H-chemical shifts (A&*) of the H1, H3, and H5 protons were
-0.0025, -0. 0043 and -0.0028, respectively, displaying upfield shifts. This can
be explained by the fact that water was replaced by the hydrophobic aromatic
ring(s) of the difluprednate molecule inside the cavity as these effects are an
indication of reduced hydration due to steric hindrance or hydrogen bonding
[187]. The upfield shift of the H3 was observed with higher changes than the
H5, where H5 was situated at the inner surface of the cavity of the primary
hydroxyl group side and H3 was located on the inner surface at the secondary
hydroxyl group side. So, the higher shielding effect on H3 with respect to H3
suggests that the difluprednate formed a shallow complex with HPyCD [117,
186]. Likewise, it has been explained that the upfield effects experienced by
the host molecules were most probably due to ring-current and magnetic
anisotropy effects created by the aromatic drug [188].
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H2 and H4 showed downfield shifts (A > 0) when difluprednate formed a
binary complex with HPyCD. This can be probably due to the de-shielding
effects of the van der Waals interaction between HPyCD and difluprednate
molecules or due to variation of local polarity upon complex formation [182,
186, 189, 190].

In the case of HPyCD in difluprednate/HPyCD/poloxamer ternary complex,
resonance protons in both internal and external cavities underwent upfield and
downfield shifts similar to the binary complex of HPyCD with difluprednate. The
addition of the polymer increased the shielding effect of the characteristic
protons in the outer cavity shown by greater Ad" values of H2 and H4. In
conclusion, we observe the shielding effect on both the internal and external
cavities of HPyCD in binary and ternary complexes while the presence of
polymer enhanced the interaction of difluprednate with the external part of the
HPyCD molecule.

4.2.3 Fourier transform infrared spectroscopy (FTIR)

A complex formation between drug and a CD usually leads to a
shifting/disappearing of the individual components characteristic bands or a
decrease in their intensity [191]. So, FTIR was used to elucidate the interaction
between difluprednate and HPyCD to observe the shifts of the vibrational
wavelengths of the components due to the presence of inclusion complexes
[191].

HPyCD was characterised by bands at 2930 cm-! due to the C-H stretching
vibrations, bands at 3370 cm' related to the symmetric and antisymmetric O-
H stretching mode, and other bands at lower frequencies. Concerning
difluprednate, it had characteristic bands at 1660.44 cm-', which are
representative of the unsaturated ketone or secondary carbonyl, and other
bands from 1720.41 cm-'to 1750.53 cm-! related to the acyclic ketone and
esters.
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Figure 18. FTIR spectra of (a) poloxamer 407, (b) difluprednate, (c) HPyCD, (d)
difluprednate/HPyCD complex, and (e) difluprednate/HPyCD/poloxamer complex

From the FTIR results of the complex state, all of the characteristic peaks
of difluprednate at 1660 and 1720 cm-! are not observed. This may suggest
that all of these carbonyls and acylic ketone/ester sections are complexed with
HPyCD. All of these disappearances of the absorption frequencies indicate
that HPyCD formed a complex with the drug, difluprednate. Similarly, the
characteristic peaks of difluprednate disappeared in the complex in the
presence of poloxamer. These changes indicated that HPyCD formed a
complex with the drug that included the polymer.

4.2 4 Differential Scanning Calorimetry (DSC)

Generally, the interaction between CD and drug can be revealed either by the
shifting or the disappearing of the individual components” melting point. Here,
DSC was applied to evaluate the solid-state characterisation of HPyCD, pure
difluprednate, and their complexes. The DCS thermograms of pure
difluprednate, HPyCD, and the complex of difluprednate and HPyCD are
shown in Figure 19.
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Figure 19. DSC of (a) difluprednate/HPyCD/poloxamer complex, (b)
difluprednate/HPyCD complex, (c) HPyCD, (d) difluprednate, and (e) poloxamer 407.

When a complex is formed between drug and CD molecules, the
disappearance or shifting of the individual endothermic peak to other
temperatures observed [192] indicates a change in the crystal lattice, melting,
boiling, or sublimation points [193]. The DSC results showed the typical
thermal curves from crystalline difluprednate with a well-defined sharp
endothermic peak at 191°C corresponding to the difluprednate melting point
with the decomposition of the drug. The CDs themselves do not display any
melting peak but decompose at a temperature above 300°C [194-196]. The
temperature range in this study was 0 to 250°C. However, HPyCD displayed
broad endothermic peaks between 60-130°C, which is indicative of
dehydration or the loss of water molecules from the CD cavity, upon heating.
The difluprednate peak has completely disappeared in the complex solid-state
with HPyCD and the one that has HPyCD and poloxamer 407 suggesting the
inclusion-complex formation and the existence of a new solid phase.

4.3 Effect of thermodynamic activity of the permeating drug
molecule: different solubiliser and different barrier systems

Different factors affect the permeation of drug molecules through the biological
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barrier including aqueous drug solubility, a drug’s short residence time, the
lipophilic membrane barrier, and lastly the thermodynamic activity of the
dissolved drug molecule. Sripetch ef al. have already described the theory
behind the critical role of the thermodynamic activity of the permeating
molecule and its effect [121]. Here, we have tried to explain that further in
detail.

Hydrocortisone (HC) was the model drug used for this purpose. The
permeation of hydrocortisone in three different solubiliser systems such as
cyclodextrin, ethanol, and SLS was studied in different barrier systems like
cellulose membrane and permeapad membrane. A permeapad membrane is
a biomimetic artificial barrier with cellulose hydrate foil supports coated with a
mixture of phospholipids and additives [197]. It proved to maintain high integrity
over time and in different pH environments [198].

4.3.1 Solubility profiles of hydrocortisone in different solubiliser
systems
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Figure 20. Solubility profiles of hydrocortisone in different solubiliser systems (a)
HPBCD, (b) ethanol, (c) SLS, and (d) DMSO.
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All the solubility studies were carried out at room temperature and it was
observed that different solubilisers have various solubilising capacity with
respect to hydrocortisone. HPBCD could solubilise hydrocortisone greatly
leading to a concentration of about 25 mg/mL in 15% (w/v) HPBCD.

In the case of ethanol, solubility increased with the concentration of ethanol
reaching the maximum at 80%, and then it showed a declining trend. It was
concurrent with the results obtained from Ali. et al. where they reported the
maximum solubility of hydrocortisone at value fractions of 80% of the ethanol
[199]. Sodium lauryl sulfate was also found to be a good solubiliser but only a
low concentration of up to 5% was used with respect to their toxicity in high
concentration and it has limited their high concentration use in various
formulation purposes [200]. However, DMSO was found to be a poor
solubiliser of hydrocortisone. That made it difficult to see the permeation
effects on the Franz cells and thus the studies were not regarded.

For our studies, the drug concentration was kept saturated at 10% (w/v)
HPBCD, 30% (v/v) ethanol, and 2% (w/v) SLS. The concentrations of the
solubiliser were increased and decreased further, keeping the drug
concentration the same. Solutions were obtained at higher concentrations
while suspension was obtained at the lower concentration. The flux was
calculated through the slope applying the linear relationship between the time
and the amount of the drug in the receptor chamber. Finally, the flux obtained
was plotted against the different concentrations of the solubiliser used.

4.3.2 Hydrocortisone in HPBCD system

Figure 21 shows the effect of HPBCD concentration on the flux of
hydrocortisone from an aqueous donor vehicle through different membrane
barriers.
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Figure 21. Effect of HPBCD concentration on the flux of hydrocortisone through (a)
cellulose membrane (MWCO 6000-8000) and (b) permeapad barrier.

All of the flux profiles show similar trends across all of the artificial
membranes with maximum flux at 10% HPBCD and a decreasing flux trend
when the HPBCD concentration is either decreased or increased. The total
hydrocortisone concentration was kept at 15 mg/mL in the donor compartment
but the concentration was increased from 5 to 15%. The concentration of
dissolved hydrocortisone increased with increasing HPBCD concentration until
all of the drugs were in solution and then remained constant at 15 mg/mL.

At 10% HPBCD, hydrocortisone was in the saturated condition in solution
with the thermodynamic activity at its maximum, so it was able to permeate
through the membrane at its highest potential giving the maximum flux. When
the HPBCD concentration was increased, it will lower the drug activity resulting
in a decreased permeability coefficient. So, CDs will decrease the potential of
the drug to enter the membrane when HPBCD was decreased even though the
concentration of dissolved hydrocortisone remained the same.

Cyclodextrin and cyclodextrin complexes are known to form aggregates or
micellar-like structures [54, 201]. Aggregates consisting of more than 2 to 8
hydrocortisone/HPBCD complexes will be unable to permeate membranes
depending upon the MWCO of the membrane [202]. So, in the cellulose
membrane, the decrease in flux at higher concentrations might be argued with
the formation of bigger cyclodextrin aggregates at higher concentrations and
their ability of not able to permeate through the membrane.

However, permeapad has a lipid layer sandwiched between the cellulose
membrane so in theory, no cyclodextrin molecules should enter the membrane
as cyclodextrin are very hydrophilic molecules that are unable to permeate the
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lipophilic membrane. The flux is solely from the permeation of drug molecules
itself.

Even though similar profiles were observed in all the barrier systems
studied, the flux was variable from one to another, and was especially high for
the cellulose membrane and low for the permeapad membrane. As explained
before, the comparatively high flux for the cellulose membrane might be due
to the flux from both the permeation of drug/cyclodextrin complexes and the
drug molecule itself. Consequently, relatively low flux in the permeapad was
observed as expected, as only the lipophilic drug molecule entered through the
membrane barrier.

4.3.3 Hydrocortisone in ethanol

The study was continued with hydrocortisone in the ethanol system and Figure
22 shows the effect of ethanol concentration on the flux of hydrocortisone from
an aqueous donor vehicle through different permeapad membrane barriers.
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Figure 22. Effect of ethanol concentration on the flux of hydrocortisone through the
permeapad barrier.

As expected, a similar profile was also observed in ethanol to that of
HPBCD. Here, the total hydrocortisone concentration was kept constant at 2
mg/mL in the donor compartment and the concentration of ethanol was
increased from 20% to 40%. The thermodynamic activity of the drug was at its
maximum at 30% when it was in saturated solution and hence the highest flux.
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Increasing or decreasing the ethanol concentration led to a decrease in drug
activity and consequently lower flux as observed.

Ethanol is generally used as a penetration enhancer and the enhancing
effect was found to be concentration-dependent especially for skin permeation
[203, 204]. That means that a higher flux will be observed with a higher ethanol
concentration, and that was the case found to be in the cellulose membrane
and hence the study was not regarded.

However, in the case of the permeapad, studies have shown that the
membrane better tolerated ethanol up to 40%, maintaining the integrity over a
period of 5 hours [205]. Hence, it can be expected that the flux profile we have
observed was also due to the thermodynamic activity of the drug molecule.

4.3.4 Hydrocortisone in sodium lauryl sulfate

The flux profile in SLS was different to what we have observed in the case of
HPBCD and ethanol. Here, the total hydrocortisone was kept constant at 6
mg/mL and the concentration of the SLS was increased from 0.5 % to 5% SLS.
The highest flux was observed in the low concentration of SLS and the flux
continued to decrease with increasing concentration of SLS.
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Figure 23. Effect of SLS concentration on the flux of hydrocortisone through (a)
cellulose membrane (MCO 6000-8000) and (b) permeapad barrier

But here, we have to consider that the critical micelle concentration of SLS
is 0.2% [206] and the formation of micelles might have effects on the drug
permeation as well. There could be an interaction between SLS micelles (with
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or without hydrocortisone) and the surface of the barrier depositing the micelles
and increasing the resistance of the diffusion layer that hydrocortisone has to
pass. This was explained by Bibi et al. in the permeapad barrier system in
Polysorbate 80 system [205].

Therefore, we could explain the role of the thermodynamic activity on the
permeation of hydrocortisone from solubiliser systems like HPBCD and ethanol
across different artificial membrane barriers supporting our hypothesis.

4.4 Cytotoxicity of B-cyclodextrin derivatives in retinal
explant cultures

4.4.1 Particle size and TEM data analysis

CDs self-assemble to form nano-sized aggregates and the formation of the
aggregates is concentration-dependent. The aggregate formation increases
with increasing CD concentration. Natural CDs like a, B, and yCD form
aggregates in low concentrations while hydrophilic CDs like hydroxypropylated
derivatives have less tendency to form aggregates at low concentrations [19].
Although the aggregation in pure aqueous CD solutions is generally low, the
aggregation is frequently enhanced by the formation of drug/CD complexes.
Furthermore, the aggregation and the size of the aggregates increase with an
increasing CD concentration [207].

In order to observe aggregation, we have measured the particle size of the
highest concentration of CD used, i.e. 100 mM using NanoSight, and
confirmed by TEM.

(a) (b)

Figure 24. Transmission electron microscopy images of cyclodextrin (CD) aggregates
at a magnitude of 30 K. (a) 100 mM HPBCD and (b) 100 mM RMBCD. The average
diameter of RMBCD aggregates appeared to be around two times larger than that of
HPBCD.
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CDs are enabling pharmaceutical excipients widely used in pharmaceutical
formulations and the concentration of CDs used will depend upon the type of
CDs. However, based on their favorable toxicological and pharmacological
profiles, they can be used in relatively high concentrations [208]. Some
limitations to this can be natural CDs, especially BCD where they have limited
solubility compared to hydroxypropyl or sulfobutylether derivatives [4].

Both CDs used in our study (HPBCD and RMBCD) have high water solubility
hence high concentrations of these CD derivatives could be used in order to
observe their potential toxicity on retinal explants. Aggregates were observed
in aqueous HPBCD and RMBCD solutions. The average diameter of the
HPBCD aggregate, as determined by NanoSight, was 148 nm and that of
RMBCD was 305 nm. Larger aggregates (diameter >100 nm) do not have a
spherical shape like smaller ones (<100 nm). Instead, they look like clusters of
smaller, spherically-shaped aggregates [178]. The aggregate diameters
observed with TEM are smaller than those determined by NanoSight. This can
be explained by the TEM sample preparation, where the aggregate size or
structure can change during sample preparation.

Generally, it is thought that only the free drug molecules, which have
dissociated from the CD complex, are able to permeate cell membranes [4].
However, recent findings have revealed that CD molecules can enter the cells
by endocytosis [209] and this may also be true for drug/CD complexes [210].
However, it should be noted that it is highly unlikely that the large and
hydrophilic CD aggregates will enter cells.

4.4.2 Cytotoxicity of B-Cyclodextrin derivatives in retinal explant
cultures

The TUNEL assay was employed to quantify the number of dying cells in
histological sections from retinal explant cultures incubated with CDs (Figure
25).

63



Manisha Prajapati

Control 10 mM RMBCD 10 mM HPBCD

(a)

100 mM RMBCD 100 mM HPBCD

(b)

% % %

TUNEL positive cells %
»
1

TUNEL positive cells %

> OO O S P OO
& Y O RO SIIRONY
& S S & & IR
S 88 S & &6
S o RO NN

Inner retina Outer retina

Figure 25. Cytotoxicity of B-derivatives of cyclodextrin in retina explant cultures. (a)
Sections of retinal cultures to which different CD solutions were applied; the saline
solution was used as the control. The terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) assay (red) was used to detect dying cells. DAPI (blue) was used
as a nuclear counterstain. Cultures were derived from wild-type mice at postnatal day
(P) 13. CDs were added at P15 and incubated with the cultures for a duration of 48
hours. ONL = outer nuclear layer, INL = inner nuclear layer, and GCL = ganglion cell
layer. (b) Analysis of average TUNEL positive cells (%) in both INL and ONL from
cultures with different CD solutions and the control. Results represent the mean + SD
for n = 3 explant cultures per group. A statistical analysis was performed using one-way
ANOVA with Tukey’s multiple comparisons tests (a = 0.05) and asterisks represent the
significant difference (** = p <0.01 and *** = p < 0.001).
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The relative cytotoxicity of the CDs was expressed as the percentage of
TUNEL positive cells in the respective part of the retinal tissue section. They
were counted in both the outer retina (outer nuclear layer, ONL) and inner
retina (inner nuclear layer, INL) (Figure 25a). Most of the cells typically
degenerate quickly after explant tissue preparation in the ganglion cell layer
(GCL) due to the cutting of the optic nerve, hence, TUNEL positive cells were
not counted there.

The top of the retinal cultures (side closest to the GCL) was applied with 10
and 100 mM CD solutions and this is the route the CDs would naturally follow
after intravitreal injection.

For 100 mM, the TUNEL positive cell values in the INL were about 0.5%,
5%, and 0.6% for the control, RMBCD, and HPBCD, respectively, while for the
ONL, they were about 3%, 12%, and 6% for the control, RMBCD, and HPRCD,
respectively (Figure 25b). This showed that both CDs were toxic compared to
the control when used in 100 mM concentrations. RMBCD was significantly
more toxic compared to HPBCD, both in INL and ONL. HPBCD was
predominantly toxic to ONL cells, i.e. where the cell bodies of photoreceptors
are located.

For 10 mM, the TUNEL positive cell values in the INL were about 0.4% and
0.4% for HPBCD and RMBCD, respectively and for the ONL, they were about
1.8% and 4.8% for HPBCD and RMPBCD, respectively. Here, RMBCD still
exhibited significant toxicity and killed cells, especially in ONL, while the
number of TUNEL positive cells for HPBCD was similar to the control. This
exhibited that the retina could safely tolerate levels as high as 10 mM HPBCD.

RMPBCD displayed higher toxicity at both concentrations studied compared
to HPBCD. RMBCD is a modified BCD where about two-thirds of the hydroxy
groups have been replaced by methoxy groups, while in the case of HPRCD,
only a few of the CD-hydroxyl groups have been substituted by 2-
hydroxypropyl groups. This contributes to high lipophilicity in RMBCD, with a
logP value of -6 [1, 211, 212] while the logP value of HPBCD is about —11.
Different properties of CDs like the solubilising capacity, the tissue irritating
effect, the hemolytic activity, and the surface activity are vastly affected by their
lipophilicity. The more lipophilic the compound, the easier it penetrates the cell
layer. However, because of the size and hydrophilicity of the CD molecule, it
has been explained that the permeability of CDs through biological membranes
is negligible [1].
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It has been shown recently that CD was able to penetrate every cutaneous
layer of the human skin [213]. In addition, relatively high amounts of HPECD
and dimethyl-B-cyclodextrin were absorbed via the rectum of rats and excreted
into the urine, suggesting CD complexes may be absorbable through the rectal
mucosa [214]. However, the latest findings regarding the endocytosis of CDs
gave a whole new perspective of CDs being able to enter cells [209].

CD molecules can easily form complexes with natural hydrophobic
molecules including the cellular components based on the host-guest
interaction. Phospholipids are the preferred cellular target for aCD and
cholesterol for BCD [215]. Because of this property, they have the capacity to
remove membrane components such as cholesterol, phospholipids, and
proteins directly affecting cells and biological barriers. Both a and B CDs can
cause dose-dependent hemolysis and cytotoxicity and the substituents on the
CD ring greatly impact these effects [108, 136, 216].

Cholesterol is one of the major components of the cell membrane
constituting 30% of total lipids and plays an important structural role in
membrane stability [217]. Since BCD has an affinity for cholesterol, this CD
can induce the release of cellular cholesterol inducing lysis of the cell
membrane [216]. Consequently, the cholesterol content of the membranes can
decrease thus affecting the function of the cell membrane and disrupting the
barrier function of the cell layers [215]. Additionally, it was found that
cholesterol extraction caused the destabilisation of tight-junction protein
complexes, which are localised in lipid rafts [215].

Methylated B-cyclodextrins tend to interact strongly with lipids [218, 219],
and there is a correlation between the cytotoxic effect and the cholesterol
complexation properties of BCD derivatives [138]. The higher complexation
with cholesterol will impose more toxicity on the cells.

Cholesterol represents >98% of the total sterols in the retina [220]. The
stronger interaction of CD with the lipids/cholesterol in retinal cells can aid in
more vigorous cell membrane destabilisation and more cell death. Likewise,
there are similar reports on Muller glial cells where the cholesterol status plays
an important role. Low cholesterol is harmful to the retinal cells; hence, more
cholesterol extraction by RMBCD might have caused more toxicity [220]. This
impression was further supported by our phase-solubility studies of cholesterol
with different B-cyclodextrin derivates (Figure 26).
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Figure 26. Phase-solubility diagrams of cholesterol in various aqueous B-cyclodextrin
derivatives at room temperature. The diagram shows the CD concentration plotted
against the cholesterol concentration. Overall, cholesterol was solubilised about five-
fold more by RMBCD than by HPRCD. Each point represents the mean of triplicate
experiments. Key: o = HPRCD and o = RMBCD.

Cholesterol was solubilised five-folds more effectively by RMBCD than
HPBCD (Figure 26). Due to the higher lipophilicity of RMBCD as explained
before, cholesterol had a higher affinity for them compared to hydrophilic
cyclodextrin like HPBCD. The cholesterol solubilisation was also affected by
the structure of the CD derivative, like the number and position of the methyl
groups and the presence of ionic groups [138]. Similar results have been
obtained when the toxicity of these CDs was tested on different cell lines. The
cytotoxicity of methylated BCDs was found to be very high in pulmonary Calu-
3 cells while hydroxypropylated CD was proven to be safe for pulmonary drug
delivery [221].

In another study, a high concentration of HPBCD up to 200 mM presented
no cytotoxicity on Caco-2 cell lines, and the cholesterol extraction capacity was
considered a predictive factor for BCD derivatives cell toxicity [138].

Furthermore, RMBCD possesses surface-active properties [222, 223] and
it even shows a detergent-like mechanism of lipid solubilisation when
interacting with lipid vesicles. Here, RMBCD was first adsorbed onto the vesicle
surface, which was followed by RMBCD partitioning from the aqueous medium
into the phospholipid bilayers forming lipid-RMBCD mixed assemblies and
finally the lipid solubilisation into micelle like aggregates [224]. The cells in the
ONL are photoreceptor cells, and cholesterol is an important component of
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photoreceptor membranes, relevant for the cells” function [225, 226]. Hence,
photoreceptors might suffer more from the cholesterol extraction capacity of
the CDs, something that might be particularly relevant for the higher toxicity
observed with RMBCD. Additionally, the cell death in the ONL might be
exacerbated by an overall higher sensitivity of photoreceptors, when compared
to INL cells.

4.4.3 Fluorescent microscopy of fluorescently-labelled
cyclodextrin derivates to study cellular uptake in retinal cultures

The overall distribution of fluorescently-labelled CDs was investigated after the
cytotoxicity studies on explant cultures. For this purpose, RBITC-HPBCD
(rhodamine-labelled HPBCD), FITC-HPBCD (fluorescein-labelled HPBCD),
and FITC-RMBCD (fluorescein-labelled RMBCD) were used and the
fluorescent intensity in the inner and outer retina was quantified (Figure 27)
and compared to the control specimen to account for auto-fluorescence
coming from the tissue itself.

No difference in fluorescent intensity between FITC-labelled CDs was
observed for the inner and outer retina, indicating that the HPBCD and RMBCD
distribute similarly within the retinal tissue. Therefore, the difference in
cytotoxicity between the two compounds was likely due to their respective
effects on the cells, as discussed above, and not because of differences in the
overall tissue distribution.
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Figure 27. Uptake of fluorescently-labelled CDs in the retina explant culture. (a)
Overview of tissue sections from wild-type(WT) mice explant cultures to which three
different fluorescently-labelled CDs were added to the side facing down in the image.
(b) Close-up images of the sections were taken for an analysis of the fluorescent signal.
Images from control sections (without added CDs) were used to measure the intensity
of the red and green autofluorescence (AF) coming from the tissue itself. For this
analysis, the outer retina is defined as the area from the outer nuclear layer (ONL) to
the retinal pigment epithelium (RPE), while the inner retina encompasses the area from
the ganglion cell layer (GCL) to the inner nuclear layer (INL). Seg. = segments of the
photoreceptors (inner and outer segment) membrane on which the retinal explant was
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cultured. (c) Analysis of the average fluorescent intensity coming from either the inner
or outer retina. For both inner and outer retina, a high signal was detected from RBITC-
labelled CDs, while the signal was lower and similar for FITC-labelled CDs. Results
represent the mean + SD for n = 3, where n is the number of animals.

Some subtle differences between FITC-labelled CDs were observed. For
FITC-HPBCD, a string-like structure was seen, spanning across the inner and
outer retina. This was not as prominent in cultures where FITC-RMBCD was
applied (Figure 27a). This type of staining suggests that the CDs had partly
been taken up by the Mdller glial cells.

When using a rhodamine-labelled HPBCD, we observed an elevated signal
in the retina. The signal-to-noise ratio was higher for RBITC-HPBCD than for
FITC-HPBCD (Figure 27, c). This allowed us to detect the specific uptake in
photoreceptors, which supported the result from the cytotoxicity analysis,
where HPBCD mainly killed cells in the outer retina.

However, it should be noted that the dye labelling could also have affected
cell uptake. First of all, we did not observe the same Miiller cell uptake in
retinas with RBITC-HPBCD, compared with retinas with FITC-HPBCD. Since
the rhodamine molecule is positively charged, the rhodamine-conjugated CDs
might bind to negatively charged cell membranes and extracellular matrix
elements, possibly facilitating cellular uptake. FITC and RBITC CD derivatives
behave differently and are internalised by different processes. The labelling
increases the molecular weight and may alter the properties of the parental
CDs, while these still retain high water solubility and cannot cross the cell
membrane by passive diffusion. However, there are reports suggesting that
endocytosis was observed in fluorescent CDs as well [210]. Mdller cells have
the capacity to assemble and secrete lipoproteins which can be utilised by
photoreceptors or inner retinal neurons, serving as an intraretinal source of
cholesterol [227]. This could explain the Mdller cell uptake of HPBCD. While
the fluorescent CDs do not behave exactly as their non-fluorescent form, these
studies enhance the understanding of the behavior of labelled CD derivatives
at the tissue level [228].
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5 Summary and conclusions

This dissertation focused on different topics on the applicability of cyclodextrins
in ophthalmic delivery whether as stabiliser/solubiliser for hydrophobic drugs
or as the drug entity itself and the toxicity related with it. Also, it covered a small
part on the effect of the thermodynamic activity of the permeating drug
molecule across different barrier systems in different solubilisers including
CDs. Firstly, tacrolimus and difluprednate were selected as model drugs. The
study aimed at investigating the chemical stability and kinetics of tacrolimus
and difluprednate in various CD solutions to provide a mode of stabilisation.
Different kinetics studies and phase solubility studies were performed in
aqueous solutions containing different CDs at different pH values. Mass
spectrometry studies were also performed to elucidate the degradation
mechanism of tacrolimus in CD solution. After all these, the CD which was
found to be the best solubiliser and stabiliser was selected to study with
different polymers like poloxamer 407, tween 80, and tyloxapol to further
improve the stability for both tacrolimus and difluprednate. Then,
characterisation of the drug/CD complexes was done using techniques like
NMR, DSC, and FTIR. Secondly, the toxicity of different BCD derivatives was
studied on retinal explants to explore their use in various retinal diseases.
Finally, investigations on the effect of solubiliser concentrations on the
permeation of the drug molecule was performed.

The following observations were made in this dissertation:

e The stability of tacrolimus and difluprednate was determined as the
function of the medium acidity. CDs tend to stabilise both drugs under
pH conditions tested (1-9) as observed by comparing the rate
constants of the free and unbound drug (i.e. within the complex). The
stabilisation was more enhanced under acidic conditions. Both drugs
were found to be stable at around pH 5 and the degradation was
vigorous in basic conditions.

e Tacrolimus degradation in CD solutions was mainly due to hydrolysis
of the lactone linkage both under acidic and basic conditions,
dehydration or simultaneous hydrolysis, and dehydration to yield the
final product. This was confirmed by mass spectroscopic studies using
the MassLynx software.

e Phase-solubility studies were done with various natural CDs and their
derivatives. It showed that BCD and its derivatives increased
tacrolimus solubility much more than the other CDs tested while yCD
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and its derivatives could solubilise difluprednate more compared to
other CDs.

Based on the described solubility and stability studies, HPBCD and
HPyCD were found to be the best CDs in terms of stability and
solubility for tacrolimus and difluprednate, respectively.

Further stabilisation of tacrolimus was done with HPBCD and different
polymers. The stability and solubility were improved when the
combination of CD and polymers were used, particularly with
poloxamer 407 and tyloxapol. However, tacrolimus was not
adequately chemically stable to be formulated as aqueous eye drops.
Promising results were obtained with HPyCD-polymers systems in the
case of difluprednate. The stability was greatly improved with the
combination of HPyCD and poloxamer 407 system especially with
15% HPyCD and 4% poloxamer 407. This system could solubilise
0.1% difluprednate and the drug degradation was less than 1%.
Difluprednate/HPyCD and difluprednate/HPyCD/poloxamer system in
solution were characterised by measuring the micelle aggregate size
using NanoSight and confirmed by TEM. Likewise, "H-NMR confirmed
the presence of drug/CD complexes in both binary
(difluprednate/HPyCD) and ternary (difluprednate/HPyCD/poloxamer)
systems confirmed by the observed shifts in proton peaks. Solid-state
characterisation studies using different methods like DSC and FTIR
further confirmed the presence of drug/CD complexes in both binary
and ternary systems. Even though difluprednate could be stabilised in
an aqueous solution consisting of CD and polymers, various other
parameters like viscosity, tonicity, etc., need to be considered and,
further studies with different excipients should be done to formulate
this drug into aqueous eye drops.

Permeation studies of hydrocortisone in different solubiliser systems
across different artificial membrane barriers showed that the
concentration of these solubilisers do affect the thermodynamic
activity of hydrocortisone in the solution and consequently, the
permeation. This was shown by the flux profile against solubiliser
concentration with the decrease in flux when the solubiliser
concentration is increased/decreased from the saturated conditions.
Cytotoxicity studies of HPBCD and RMBCD on retinal explants showed
that both CDs were toxic to the retina when the concentration was as
high as 100 mM. RMBCD was significantly toxic even at a low
concentration while the retina could safely tolerate as high as 10 mM
HPBCD.

From the cytotoxicity studies done by using TUNEL assay, it can be
concluded that the higher toxicity of RMBCD might be due to its high
lipophilicity, more vigorous cholesterol extraction capacity, and
surface-active properties. Fluorescent microscopy of fluorescently-
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labelled cyclodextrin derivatives accounted that the difference in
cytotoxicity was likely due to their respective effects on the cells rather
than their distribution.

To summarise, our results suggested that CD can be used as a good
solubiliser and stabiliser for poorly water-soluble and chemically unstable
drugs in an aqueous solution. This can be further improved by using the
combination of drug and polymers systems. However, detailed studies should
be done to better understand the drug/CD/polymer system and the interactions
within them. Permeation through the biological membrane is one of the
important factors that need to be considered while developing any kind of
formulation. We could provide more insight on the effect of the thermodynamic
activity of the drug molecule when permeating across different barriers. This
could help in choosing different solubilisers and their concentration for the
optimum formulation. Lastly, the use of CDs for various retinal diseases has
been explored in the last decades and our toxicity analysis together with
fluorescent studies could be employed in further developing CDs as drugs or
drug carriers for the treatment of retinal diseases.

73






10.

11.

12.

13.
14.

15.

16.

17.

References

Jansook, P., N. Ogawa, and T. Loftsson, Cyclodextrins: structure,
physicochemical properties and pharmaceutical applications.
International Journal of Pharmaceutics, 2018. 535(1): p. 272-284.
Loftsson, T. and D. Duchéne, Cyclodextrins and their pharmaceutical
applications. Int J Pharm, 2007. 329(1-2): p. 1-11.

Del Valle, E.M.M., Cyclodextrins and their uses: a review. Process
Biochemistry, 2004. 39(9): p. 1033-1046.

Loftsson, T., et al., Cyclodextrins in drug delivery. Expert Opinion on
Drug Delivery, 2005. 2(2): p. 335-351.

Kurkov, S.V. and T. Loftsson, Cyclodextrins. Int J Pharm, 2013.
453(1): p. 167-80.

Tiwari, G., R. Tiwari, and A.K. Rai, Cyclodextrins in delivery systems:
Applications. J Pharm Bioallied Sci, 2010. 2(2): p. 72-9.

Loftsson, T. and M.E. Brewster, Pharmaceutical applications of
cyclodextrins: basic science and product development. J Pharm
Pharmacol, 2010. 62(11): p. 1607-21.

Loftsson, T. and M.E. Brewster, Cyclodextrins as Functional
Excipients: Methods to Enhance Complexation Efficiency. Journal of
Pharmaceutical Sciences, 2012. 101(9): p. 3019-3032.

Loftsson, T., et al., Effects of cyclodextrins on drug delivery through
biological membranes. J Pharm Sci, 2007. 96(10): p. 2532-46.
Antlsperger, G. and G. Schmid. Toxicological Comparison of
Cyclodextrins. in Proceedings of the Eighth International Symposium
on Cyclodextrins. 1996. Dordrecht: Springer Netherlands.

Loftsson, T. and M.E. Brewster, Pharmaceutical applications of
cyclodextrins. 1. Drug solubilization and stabilization. J Pharm Sci,
1996. 85(10): p. 1017-25.

Pitha, J., et al., Hydroxypropyl-B-cyclodextrin: preparation and
characterization, effects on solubility of drugs. international Journal of
Pharmaceutics, 1986. 29(1): p. 73-82.

Dodziuk, H.

Duchéne, D. and D. Wouessidjewe, Pharmaceutical Uses of
Cyclodextrins and Derivatives. Drug Development and Industrial
Pharmacy, 1990. 16(17): p. 2487-2499.

Marques, H.M.C., A review on cyclodextrin encapsulation of essential
oils and volatiles. Flavour and Fragrance Journal, 2010. 25(5): p. 313-
326.

Stella, V.J. and Q. He, Cyclodextrins. Toxicologic Pathology, 2008.
36(1): p. 30-42.

Brewster, M.E. and T. Loftsson, Cyclodextrins as pharmaceutical
solubilizers. Advanced drug delivery reviews, 2007. 59(7): p. 645-666.

75



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

76

Menard, F.A., M.G. Dehhiya, and C.T. Rohdes, Physico-Chemical
Aspects of the Complexaion of Some Drugs with Cyclodextrins. Drug
Development and Industrial Pharmacy, 1990. 16(1): p. 91-113.
Messner, M., et al., Self-assembled cyclodextrin aggregates and
nanopatrticles. International Journal of Pharmaceutics, 2010. 387(1):
p. 199-208.

Duchene, D., Cyclodextrins and Their Industrial Uses, Editions de
Santé, Paris, 1987. Search PubMed, 1987: p. 134-136.

Buschmann, H.-J. and E. Schollmeyer, Applications of cyclodextrins in
cosmetic products: A review. Journal of cosmetic science, 2002. 53(3):
p. 185-192.

Fenyvesi, E., M. Vikmon, and L. Szente, Cyclodextrins in food
technology and human nutrition: benefits and limitations. Critical
Reviews in Food Science and Nutrition, 2016. 56(12): p. 1981-2004.
Pitha, J. and T. Hoshino, Effects of ethanol on formation of inclusion
complexes of hydroxypropylcyclodextrins with testosterone or with
methyl orange. International journal of pharmaceutics, 1992. 80(1-3):
p. 243-251.

Pitha, J., et al., Preparation of drug: hydroxypropyicyclodextrin
complexes by a method using ethanol or aqueous ammonium
hydroxide as co-solubilizers. International journal of pharmaceutics,
1992. 80(1-3): p. 253-258.

Stella, V.J., et al., Mechanisms of drug release from cyclodextrin
complexes. Advanced drug delivery reviews, 1999. 36(1): p. 3-16.
Higuchi, T., A phase solubility technique. Adv. Anal. Chem. Instrum.,
1965. 4: p. 117-211.

Saokham, P., et al., Solubility of cyclodextrins and drug/cyclodextrin
complexes. Molecules, 2018. 23(5): p. 1161.

Loftsson, T., D. Hreinsdoéttir, and M. Masson, Evaluation of
cyclodextrin  solubilization of drugs. International journal of
pharmaceutics, 2005. 302(1-2): p. 18-28.

Loftsson, T., D. Hreinsdottir, and M. Masson, The complexation
efficiency. Journal of Inclusion Phenomena and Macrocyclic
Chemistry, 2007. 57(1-4): p. 545-552.

Crowley, P.J., Excipients as stabilizers. Pharmaceutical Science &
Technology Today, 1999. 2(6): p. 237-243.

Iglesias-Martinez, E., |. Brandariz, and F. Penedo, Cyclodextrin effects
on physical-chemical properties of novocaine. Journal of Inclusion
Phenomena and Macrocyclic Chemistry, 2007. 57(1): p. 573-576.
Loftsson, T. and J. Baldvinsdottir, Degradation of tauromustine
(TCNU) in aqueous solutions. Acta pharmaceutica nordica, 1992. 4(3):
p. 129-132.

Pourmokhtar, M. and G. Jacobson, Enhanced stability of
sulfamethoxazole and trimethoprim against oxidation using
hydroxypropyl-B-cyclodextrin. Die Pharmazie-An International Journal
of Pharmaceutical Sciences, 2005. 60(11): p. 837-839.



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Seto, Y., et al, In vitro photobiochemical characterization of
sulfobutylether-B-cyclodextrin formulation of bufexamac. Journal of
pharmaceutical and biomedical analysis, 2011. 55(3): p. 591-596.
Kogawa, A.C., et al., Increasing doxycycline hyclate photostability by
complexation with B-cyclodextrin. Aaps Pharmscitech, 2014. 15(5): p.
1209-1217.

Blaschke, G., E. Lamparter, and J. Schliter, Racemization and
hydrolysis of tropic acid alkaloids in the presence of cyclodextrins.
Chirality, 1993. 5(2): p. 78-83.

Aso, Y., S. YOSHIOKA, and Y. TAKEDA, Epimerization and
racemization of some chiral drugs in the presence of human serum
albumin. Chemical and pharmaceutical bulletin, 1990. 38(1): p. 180-
184.

Tabushi, |., et al., Specific inclusion catalysis by .beta.-cyclodextrin in
the one-step preparation of vitamin K1 or K2 analogs. Journal of the
American Chemical Society, 1979. 101(4): p. 1019-1026.

Inoue, Y., et al., Stabilizing effect of B-cyclodextrin on limaprost, a
PGET1 derivative, in limaprost alfadex Tablets (Opalmon®) in highly
humid conditions. Chemical and Pharmaceutical Bulletin, 2014: p.
¢14-00150.

Lineweaver, H. and D. Burk, The determination of enzyme dissociation
constants. Journal of the American chemical society, 1934. 56(3): p.
658-666.

Loftsson, T. and H. Fridriksdéttir, The effect of water-soluble polymers
on the aqueous solubility and complexing abilities of B-cyclodextrin.
International Journal of Pharmaceutics, 1998. 163(1): p. 115-121.
Folch-Cano, C., M. Yazdani-Pedram, and C. Olea-Azar, Inclusion and
Functionalization of Polymers with Cyclodextrins: Current Applications
and Future Prospects. Molecules, 2014. 19(9): p. 14066-14079.
Messner, M., et al., Self-assembly of cyclodextrins: the effect of the
guest molecule. International Journal of Pharmaceutics, 2011. 408(1-
2): p. 235-247.

Castagne, D., et al., Spectroscopic studies and molecular modeling for
understanding the interactions between cholesterol and cyclodextrins.
Journal of Pharmacy & Pharmaceutical Sciences, 2010. 13(3): p. 362-
377.

Lahiani-Skiba, M., et al., Solubility and dissolution rate of
progesterone-cyclodextrin-polymer systems. Drug development and
industrial pharmacy, 2006. 32(9): p. 1043-1058.

Challa, R., et al., Cyclodextrins in drug delivery: an updated review.
Aaps Pharmscitech, 2005. 6(2): p. E329-E357.

Kang, J., et al., Cyclodextrin complexation: influence on the solubility,
stability, and cytotoxicity of camptothecin, an antineoplastic agent.
European journal of pharmaceutical sciences, 2002. 15(2): p. 163-170.
Becket, G., L.J. Schep, and M.Y. Tan, Improvement of the in vitro
dissolution of praziquantel by complexation with a-, B-and y-
cyclodextrins. International journal of pharmaceutics, 1999. 179(1): p.
65-71.

77



49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

78

Anwer, M., et al., Improving the Solubilization and Bioavailability of
Arbidol Hydrochloride by the Preparation of Binary and Ternary (-
Cyclodextrin Complexes with Poloxamer 188. Pharmaceuticals, 2021.
14(5): p. 411.

Ammar, H.O., et al., Implication of inclusion complexation of
glimepiride in cyclodextrin—polymer systems on its dissolution, stability
and therapeutic efficacy. International Journal of Pharmaceutics,
2006. 320(1): p. 53-57.

Hou, K., et al., Nanoemulsion of cinnamon essential oil Co-emulsified
with  hydroxypropyl-B-cyclodextrin and Tween-80: Antibacterial
activity, stability and slow release performance. Food Bioscience,
2021. 43: p. 101232.

He, Z.-x., et al., Doxycycline and hydroxypropyl-B-cyclodextrin
complex in poloxamer thermal sensitive hydrogel for ophthalmic
delivery. Acta Pharmaceutica Sinica B, 2011. 1(4): p. 254-260.
Jansook, P., et al., Cyclodextrin-poloxamer aggregates as
nanocarriers in eye drop formulations: dexamethasone and
amphotericin B. Drug development and industrial pharmacy, 2016.
42(9): p. 1446-1454.

Szeijtli, J., Introduction and general overview of cyclodextrin chemistry.
Chemical reviews, 1998. 98(5): p. 1743-1754.

Rajewski, R.A. and V.J. Stella, Pharmaceutical applications of
cyclodextrins. 2. In vivo drug delivery. Journal of pharmaceutical
sciences, 1996. 85(11): p. 1142-1169.

Bekers, O., et al., Cyclodextrins in the pharmaceutical field. Drug
development and industrial pharmacy, 1991. 17(11): p. 1503-1549.
Saenger, W., Cyclodextrin inclusion compounds in research and
industry. Angewandte Chemie International Edition in English, 1980.
19(5): p. 344-362.

Sau, S., et al., Higher-order cyclodextrin complexes: The naphthalene
system. Journal of inclusion phenomena and macrocyclic chemistry,
2004. 48(3): p. 173-180.

Malanga, M., et al., “Back to the future”: a new look at hydroxypropyl!
beta-cyclodextrins. Journal of pharmaceutical sciences, 2016. 105(9):
p. 2921-2931.

Sousa, F.B.D., et al., Supramolecular self-assembly of cyclodextrin
and higher water soluble guest: thermodynamics and topological
studies. Journal of the American Chemical Society, 2008. 130(26): p.
8426-8436.

Loftsson, T., M. Masson, and M.E. Brewster, Self-association of
cyclodextrins and cyclodextrin complexes. Journal of pharmaceutical
sciences, 2004. 93(5): p. 1091-1099.

Loftsson, T., et al., Self-association and cyclodextrin solubilization of
drugs. Journal of pharmaceutical sciences, 2002. 91(11): p. 2307-
2316.

Mura, P., Analytical techniques for characterization of cyclodextrin
complexes in the solid state: A review. Journal of Pharmaceutical and
Biomedical Analysis, 2015. 113: p. 226-238.



64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Mura, P., Analytical techniques for characterization of cyclodextrin
complexes in aqueous solution: A review. Journal of Pharmaceutical
and Biomedical Analysis, 2014. 101: p. 238-250.

Jéhannsdéttir, S., et al., Development of a cyclodextrin-based
aqueous cyclosporin A eye drop formulations. International journal of
pharmaceutics, 2015. 493(1-2): p. 86-95.

Messner, M., et al.,, Self-assembly of cyclodextrin complexes:
aggregation of hydrocortisone/cyclodextrin complexes. International
journal of pharmaceutics, 2011. 407(1-2): p. 174-183.

Miyake, K., et al., Characterization of itraconazole/2-hydroxypropyl-
beta-cyclodextrin inclusion complex in aqueous propylene glycol
solution. Int J Pharm, 1999. 179(2): p. 237-45.

Ventura, C., et al., Comparative study on inclusion compounds of 4-
biphenylacetic acid with [B-cyclodextrin, hydroxypropylated-3-
cyclodextrins, and methylated-B-cyclodextrins. Drug development and
industrial pharmacy, 1994. 20(14): p. 2245-2265.

Pinto, L.M., et al., Physico-chemical characterization of benzocaine-£-
cyclodextrin inclusion complexes. Journal of pharmaceutical and
biomedical analysis, 2005. 39(5): p. 956-963.

Vasquez, J.M., et al., Fluorescence enhancement of warfarin induced
by interaction with [B-cyclodextrin. Biotechnology progress, 2009.
25(4): p. 906-914.

Fernandez, L., et al., Analysis of the complexation of gemfibrozil with
y-and hydroxypropyl-y-cyclodextrins. Journal of pharmaceutical and
biomedical analysis, 2008. 47(4-5): p. 943-948.

Jadhav, G. and P. Vavia, Physicochemical, in silico and in vivo
evaluation of a danazol-f-cyclodextrin complex. International Journal
of Pharmaceutics, 2008. 352(1-2): p. 5-16.

Bettinetti, G., et al., Carbon-13 Nuclear Magnetic Resonance Study of
Naproxen Interaction with Cyciodextrins in Solution. Journal of
pharmaceutical sciences, 1991. 80(12): p. 1162-1170.

Garnero, C. and M. Longhi, Study of ascorbic acid interaction with
hydroxypropyl-B-cyclodextrin and triethanolamine, separately and in
combination. Journal of pharmaceutical and biomedical analysis,
2007. 45(4): p. 536-545.

Popielec, A., et al., Effect of B- and y-cyclodextrins and their
methylated derivatives on the degradation rate of benzylpenicillin.
Journal of Inclusion Phenomena and Macrocyclic Chemistry, 2018.
91(3): p. 199-209.

Adhikari, S., et al., Elucidation of the orientation of selected drugs with
2-hydroxylpropyl-B-cyclodextrin using 2D-NMR spectroscopy and
molecular modeling. International Journal of Pharmaceutics, 2018.
545(1): p. 357-365.

Becherirat, S., et al., The antitumor effects of an arsthinol-cyclodextrin
complex in a heterotopic mouse model of glioma. European Journal of
Pharmaceutics and Biopharmaceutics, 2013. 85(3): p. 560-568.
Flood, K.G., E.R. Reynolds, and N.H. Snow, Characterization of
inclusion complexes of betamethasone-related steroids with

79



79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

80

cyclodextrins using high-performance liquid chromatography. Journal
of Chromatography A, 2000. 903(1-2): p. 49-65.

Pomponio, R., et al., Photostability studies on nicardipine—cyclodextrin
complexes by capillary electrophoresis. Journal of pharmaceutical and
biomedical analysis, 2004. 35(2): p. 267-275.

Marques, H.C., J. Hadgraft, and |. Kellaway, Studies of cyclodextrin
inclusion complexes. |. The salbutamol-cyclodextrin complex as
studied by phase solubility and DSC. International Journal of
Pharmaceutics, 1990. 63(3): p. 259-266.

Naidu, N.B., et al., Physicochemical characterization and dissolution
properties of meloxicam—cyclodextrin binary systems. Journal of
pharmaceutical and biomedical analysis, 2004. 35(1): p. 75-86.

Yang, L.-J., et al., Host—guest system of taxifolin and native
cyclodextrin or its derivative: Preparation, characterization, inclusion
mode, and solubilization. Carbohydrate polymers, 2011. 85(3): p. 629-
637.

Garnero, C., AKK. Chattah, and M. Longhi, Improving furosemide
polymorphs properties through supramolecular complexes of -
cyclodextrin. Journal of pharmaceutical and biomedical analysis,
2014. 95: p. 139-145.

Mura, P., et al., Effects of the host cavity size and the preparation
method on the physicochemical properties of ibuproxam-cyclodextrin
systems. Drug development and industrial pharmacy, 1999. 25(3): p.
279-287.

Braga, S.S., et al., Solid state inclusion compound of S-ibuprofen in -
cyclodextrin: structure and characterisation. New Journal of
Chemistry, 2003. 27(3): p. 597-601.

Christoforides, E., D. Mentzafos, and K. Bethanis, Structural studies
of the inclusion complexes of the (+)-and (-)-borneol enantiomers in
a-and B-cyclodextrin. Journal of Inclusion Phenomena and
Macrocyclic Chemistry, 2015. 81(1-2): p. 193-203.

Mura, P., et al., Interaction of naproxen with crystalline and amorphous
methylated [3-cyclodextrin in the liquid and solid state. Supramolecular
Chemistry, 2001. 12(4): p. 379-389.

Pralhad, T. and K. Rajendrakumar, Study of freeze-dried quercetin—
cyclodextrin binary systems by DSC, FT-IR, X-ray diffraction and SEM
analysis. Journal of pharmaceutical and biomedical analysis, 2004.
34(2): p. 333-339.

Rezende, B.A., et al., Complexation with B-cyclodextrin confers oral
activity on the flavonoid dioclein. International journal of
pharmaceutics, 2009. 367(1-2): p. 133-139.

Mura, P., et al., Comparative study of ibuproxam complexation with
amorphous B-cyclodextrin derivatives in solution and in the solid state.
European journal of pharmaceutics and biopharmaceutics, 2002.
54(2): p. 181-191.

da Silva, AAM.M,, et al., B-Cyclodextrin Complexes of Benzaldehyde,
Vanillin and Cinnamaldehyde: A Raman Spectroscopic Study1.
Carbohydrate Chemistry, 1995. 14(4-5): p. 677-684.



92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

lliescu, T., M. Baia, and V. Miclaus, A Raman spectroscopic study of
the diclofenac sodium—fB-cyclodextrin interaction. European journal of
pharmaceutical sciences, 2004. 22(5): p. 487-495.

Zoppi, A., et al., Binding of sulfamethazine to [-cyclodextrin and
methyl-B-cyclodextrin. AAPS PharmSciTech, 2013. 14(2): p. 727-735.
Alomrani, A.H., et al., ltraconazole-hydroxypropyl-B-cyclodextrin
loaded deformable liposomes: in vitro skin penetration studies and
antifungal efficacy using Candida albicans as model. Colloids Surf B
Biointerfaces, 2014. 121: p. 74-81.

Han, S.M., Direct enantiomeric separations by high performance liquid
chromatography using cyclodextrins. Biomed Chromatogr, 1997.
11(5): p. 259-71.

Novack, G.D. and A.L. Robin, Ocular pharmacology. The Journal of
Clinical Pharmacology, 2016. 56(5): p. 517-527.

Chastain, J.E., et al., Distribution of topical ocular nepafenac and its
active metabolite amfenac to the posterior segment of the eye.
Experimental Eye Research, 2016. 145: p. 58-67.

Vadlapudi, A., et al., Ocular drug delivery. Drug Deliv. Jones Bartlett
Learn. Burlingt. Ma USA, 2015. 1: p. 219-263.

Raghava, S., M. Hammond, and U.B. Kompella, Periocular routes for
retinal drug delivery. Expert Opinion on Drug Delivery, 2004. 1(1): p.
99-114.

Willoughby, C.E., et al., Anatomy and physiology of the human eye:
effects of mucopolysaccharidoses disease on structure and function —
a review. Clinical & Experimental Ophthalmology, 2010. 38(s1): p. 2-
11.

Rabinovich-Guilatt, L., et al., Cationic Vectors in Ocular Drug Delivery.
Journal of Drug Targeting, 2004. 12(9-10): p. 623-633.

Prausnitz, M.R. and J.S. Noonan, Permeability of cornea, sclera, and
conjunctiva: A literature analysis for drug delivery to the eye. Journal
of Pharmaceutical Sciences, 1998. 87(12): p. 1479-1488.

Loftsson, T., et al., Topical drug delivery to the posterior segment of
the eye: anatomical and physiological considerations. Die Pharmazie-
An International Journal of Pharmaceutical Sciences, 2008. 63(3): p.
171-179.

Urtti, A., Challenges and obstacles of ocular pharmacokinetics and
drug delivery. Advanced drug delivery reviews, 2006. 58(11): p. 1131-
1135.

Loftsson, T. and E. Stefansson, Cyclodextrins and topical drug
delivery to the anterior and posterior segments of the eye. Int J Pharm,
2017.531(2): p. 413-423.

F Fangueiro, J., et al., Ocular drug delivery-new strategies for targeting
anterior and posterior segments of the eye. Current pharmaceutical
design, 2016. 22(9): p. 1135-1146.

Achouri, D., et al., Recent advances in ocular drug delivery. Drug
development and industrial pharmacy, 2013. 39(11): p. 1599-1617.

81



108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

82

Irie, T. and K. Uekama, Pharmaceutical applications of cyclodextrins.
Ill.  Toxicological issues and safety evaluation. Journal of
pharmaceutical sciences, 1997. 86(2): p. 147-162.

Monnaert, V., et al., Behavior of a-, 3-, and y-cyclodextrins and their
derivatives on an in vitro model of blood-brain barrier. Journal of
Pharmacology and Experimental Therapeutics, 2004. 310(2): p. 745-
751.

Loftsson, T. and E. Stefansson, Cyclodextrins in eye drop
formulations: enhanced topical delivery of corticosteroids to the eye.
Acta Ophthalmologica Scandinavica, 2002. 80(2): p. 144-150.
Jansook, P., et al., Cyclodextrin solubilization of carbonic anhydrase
inhibitor drugs: Formulation of dorzolamide eye drop microparticle
suspension. European  Journal of Pharmaceutics and
Biopharmaceutics, 2010. 76(2): p. 208-214.

JARvinen, T., et al., Sulfobutyl Ether B-Cyclodextrin (SBE-B-CD) in
Eyedrops Improves the Tolerability of a Topically Applied Pilocarpine
Prodrug in Rabbits. Journal of Ocular Pharmacology and
Therapeutics, 1995. 11(2): p. 95-106.

Loftsson, T. and M. Masson, Cyclodextrins in topical drug
formulations: theory and practice. International Journal of
Pharmaceutics, 2001. 225(1): p. 15-30.

Masson, M., et al., Cyclodextrins as permeation enhancers: some
theoretical evaluations and in vitro testing. J Control Release, 1999.
59(1): p. 107-18.

Loftssona, T. and T. Jarvinen, Cyclodextrins in ophthalmic drug
delivery. Adv Drug Deliv Rev, 1999. 36(1): p. 59-79.

Uekama, K., F. Hirayama, and T. Irie, Cyclodextrin Drug Carrier
Systems. Chemical Reviews, 1998. 98(5): p. 2045-2076.

Saokham, P. and T. Loftsson, y-Cyclodextrin. International Journal of
Pharmaceutics, 2017. 516(1): p. 278-292.

Loftsson, T., et al., Pharmacokinetics of cyclodextrins and drugs after
oral and parenteral administration of drug/cyclodextrin complexes.
Journal of Pharmacy and Pharmacology, 2016. 68(5): p. 544-555.
Kurkov, S.V., E.V. Ukhatskaya, and T. Loftsson, Drug/cyclodextrin:
beyond inclusion complexation. Journal of inclusion phenomena and
macrocyclic chemistry, 2011. 69(3-4): p. 297-301.

Loftsson, T., Formulation of drug-cyclodextrin complexes, in
Percutaneous Penetration Enhancers Chemical Methods in
Penetration Enhancement. 2015, Springer. p. 189-205.

Sripetch, S. and T. Loftsson, Topical drug delivery to the posterior
segment of the eye: Thermodynamic considerations. International
Journal of Pharmaceutics, 2021. 597: p. 120332.

Flynn, G. and S.H. Yalkowsky, Correlation and prediction of mass
transport across membranes I: Influence of alkyl chain length on flux-
determining properties of barrier and diffusant. Journal of
pharmaceutical sciences, 1972. 61(6): p. 838-852.



123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Flynn, G., O. Carpenter, and S.H. Yalkowsky, Total mathematical
resolution of diffusion layer control of barrier flux. Journal of
pharmaceutical sciences, 1972. 61(2): p. 312-314.

Zwolinski, B.J., H. Eyring, and C.E. Reese, Diffusion and Membrane
Permeability. The Journal of physical chemistry, 1949. 53(9): p. 1426-
1453.

Ishii, H., H. Todo, and K. Sugibayashi, Effect of thermodynamic activity
on skin permeation and skin concentration of triamcinolone acetonide.
Chemical and Pharmaceutical Bulletin, 2010. 58(4): p. 556-561.
Schwarb, F.P., et al., Effect of concentration and degree of saturation
of topical fluocinonide formulations on in vitro membrane transport and
in vivo availability on human skin. Pharmaceutical research, 1999.
16(6): p. 909-915.

Coldman, M., B. Poulsen, and T. Higuchi, Enhancement of
percutaneous absorption by the use of volatile: nonvolatile systems as
vehicles. Journal of pharmaceutical sciences, 1969. 58(9): p. 1098-
1102.

Masson, M., et al., Investigation of drug—cyclodextrin complexes by a
phase-distribution method: some theoretical and practical
considerations. Chemical and pharmaceutical bulletin, 2005. 53(8): p.
958-964.

Flynn, G. and R. Smith, Membrane diffusion Ill: Influence of solvent
composition and permeant solubility on membrane transport. Journal
of pharmaceutical sciences, 1972. 61(1): p. 61-66.

Varela-Fernandez, R., et al., Drug delivery to the posterior segment of
the eye: Biopharmaceutic and pharmacokinetic considerations.
Pharmaceutics, 2020. 12(3): p. 269.

Jaffe, G.J., P. Ashton, and P.A. Pearson, Intraocular drug delivery.
2006: CRC Press.

Chaudhari, P., V.M. Ghate, and S.A. Lewis, Supramolecular
cyclodextrin complex: Diversity, safety, and applications in ocular
therapeutics. Experimental Eye Research, 2019. 189: p. 107829.
Castro-Balado, A., et al., New ophthalmic drug delivery systems. Farm
Hosp, 2020. 44(4): p. 149-157.

Loftsson, T. and E. Stefansson, Cyclodextrins in ocular drug delivery:
theoretical basis with dexamethasone as a sample drug. Journal of
Drug Delivery Science and Technology, 2007. 17(1): p. 3-9.

Moiseev, R.V., et al., Penetration Enhancers in Ocular Drug Delivery.
Pharmaceutics, 2019. 11(7): p. 321.

OHTANI, Y., et al., Differential effects of a-, B- and y-cyclodextrins on
human erythrocytes. European Journal of Biochemistry, 1989. 186(1-
2): p. 17-22.

Arima, H., K. Motoyama, and T. lIrie, Recent Findings on Safety
Profiles  of  Cyclodextrins,  Cyclodextrin  Conjugates, and
Polypseudorotaxanes, in Cyclodextrins in Pharmaceutics, Cosmetics,
and Biomedicine. 2011. p. 91-122.

83



138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

84

Kiss, T., et al., Evaluation of the cytotoxicity of B-cyclodextrin
derivatives: Evidence for the role of cholesterol extraction. European
Journal of Pharmaceutical Sciences, 2010. 40(4): p. 376-380.
Vecsernyés, M., et al., Cyclodextrins, Blood—Brain Barrier, and
Treatment of Neurological Diseases. Archives of Medical Research,
2014. 45(8): p. 711-729.

Leclercq, L., Interactions between cyclodextrins and cellular
components: Towards greener medical applications? Beilstein Journal
of Organic Chemistry, 2016. 12: p. 2644-2662.

Nociari, M.M., et al., Beta cyclodextrins bind, stabilize, and remove
lipofuscin bisretinoids from retinal pigment epithelium. Proceedings of
the National Academy of Sciences, 2014. 111(14): p. E1402-E1408.
Racz, B., et al., A non-retinoid antagonist of retinol-binding protein 4
rescues phenotype in a model of Stargardt disease without inhibiting
the visual cycle. Journal of Biological Chemistry, 2018. 293(29): p.
11574-11588.

Hoh Kam, J., et al., Topical cyclodextrin reduces amyloid beta and
inflammation improving retinal function in ageing mice. Experimental
Eye Research, 2015. 135: p. 59-66.

El-Darzi, N., et al.,, 2-Hydroxypropyl-B-cyclodextrin reduces retinal
cholesterol in wild-type and Cyp27a1-/-Cyp46a1-/- mice with
deficiency in the oxysterol production. British Journal of
Pharmacology, 2021. 178(16): p. 3220-3234.

Akashi, T., et al., Quantitative determination of tautomeric FK506 by
reversed-phase liquid chromatography. Journal of Pharmaceutical
and Biomedical Analysis, 1996. 14(3): p. 339-346.

Siegl, C., et al., Pharmacokinetics of topically applied tacrolimus
dissolved in Marinosolv, a novel aqueous eye drop formulation. Eur J
Pharm Biopharm, 2019. 134: p. 88-95.

Arima, H., et al., Comparative studies of the enhancing effects of
cyclodextrins on the solubility and oral bioavailability of tacrolimus in
rats. Journal of pharmaceutical sciences, 2001. 90(6): p. 690-701.
Tajika, T., et al., Pharmacokinetic features of difluprednate ophthalmic
emulsion in rabbits as determined by glucocorticoid receptor-binding
bioassay. J Ocul Pharmacol Ther, 2011. 27(1): p. 29-34.

Yamaguchi, M., et al., Formulation of an ophthalmic lipid emulsion
containing an anti-inflammatory steroidal drug, difluprednate.
International journal of pharmaceutics, 2005. 301(1-2): p. 121-128.
Jamal, K.N. and D.G. Callanan, The role of difluprednate ophthalmic
emulsion in clinical practice. Clin Ophthalmol, 2009. 3: p. 381-90.
Tajika, T., A. Isowaki, and H. Sakaki, Ocular distribution of
difluprednate ophthalmic emulsion 0.05% in rabbits. J Ocul Pharmacol
Ther, 2011. 27(1): p. 43-9.

Stringer, W. and R. Bryant, Dose uniformity of topical corticosteroid
preparations: difluprednate ophthalmic emulsion 0.05% versus
branded and generic prednisolone acetate ophthalmic suspension 1%.
Clin Ophthalmol, 2010. 4: p. 1119-24.



153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

Ali, H.S.M., et al., Hydrocortisone nanosuspensions for ophthalmic
delivery: A comparative study between microfluidic nanoprecipitation
and wet milling. Journal of Controlled Release, 2011. 149(2): p. 175-
181.

Kicuntod, J., et al., Theoretical and Experimental Studies on Inclusion
Complexes of Pinostrobin and  (-Cyclodextrins.  Scientia
Pharmaceutica, 2018. 86(1): p. 5.

Sanyal, S. and A.K. Bal, Comparative light and electron microscopic
study of retinal histogenesis in normal and rd mutant mice. Z Anat
Entwicklungsgesch, 1973. 142(2): p. 219-38.

Belhadj, S., et al., Long-Term, Serum-Free Cultivation of Organotypic
Mouse Retina Explants with Intact Retinal Pigment Epithelium. J Vis
Exp, 2020(165).

Loo, D.T., In situ detection of apoptosis by the TUNEL assay: an
overview of techniques. Methods Mol Biol, 2011. 682: p. 3-13.
Ilichev, Y.V., L. Alquier, and C.A. Maryanoff, Degradation of
rapamyecin and its ring-opened isomer: role of base catalysis. Arkivoc,
2007.12: p. 110-131.

Skytte, D.M., et al., Some transformations of tacrolimus, an
immunosuppressive drug. European Journal of Pharmaceutical
Sciences, 2013. 48(3): p. 514-522.

Coleman, A.W., et al., Aggregation of cyclodextrins: An explanation of
the abnormal solubility of B-cyclodextrin. Journal of inclusion
phenomena and molecular recognition in chemistry, 1992. 13(2): p.
139-143.

Wu, A., X. Shen, and Y. He, Investigation on y-cyclodextrin nanotube
induced by N, N'-diphenylbenzidine molecule. Journal of colloid and
interface science, 2006. 297(2): p. 525-533.

Jansook, P., M.D. Moya-Ortega, and T. Loftsson, Effect of self-
aggregation of y-cyclodextrin on drug solubilization. Journal of
Inclusion Phenomena and Macrocyclic Chemistry, 2010. 68(1): p. 229-
236.

Prajapati, M., F.F. Eiriksson, and T. Loftsson, Stability
characterization, kinetics and mechanism of tacrolimus degradation in
cyclodextrin solutions. International Journal of Pharmaceutics, 2020.
586: p. 119579.

Nogueiras-Nieto, L., et al., Competitive displacement of drugs from
cyclodextrin inclusion complex by polypseudorotaxane formation with
poloxamer: implications in drug solubilization and delivery. Eur J
Pharm Biopharm, 2012. 80(3): p. 585-95.

Akkari, A.C.S., et al, Budesonide-hydroxypropyl-B-cyclodextrin
inclusion complex in binary poloxamer 407/403 system for ulcerative
colitis treatment: A physico-chemical study from micelles to hydrogels.
Colloids and Surfaces B: Biointerfaces, 2016. 138: p. 138-147.

Ruth, E. and M. Chika, Influence of Cosolvents and Surfactants on the
Rate Constant (Log K) of Sparfloxacin. Transl Biomed, 2018. 9(4): p.
155.

85



167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

86

ELEFE, R.G. and D. OMEJE, DEGRADATION KINETICS OF
EFAVIRENZ AND SPARFLOXACIN IN AQUEOUS SOLUTION:
INFLUENCE OF COSOLVENTS AND SURFACTANTS.
Rodriguez-Perez, A., et al., Drug solubilization and delivery from
cyclodextrin-pluronic aggregates. Journal of nanoscience and
nanotechnology, 2006. 6(9-10): p. 3179-3186.

Bonacucina, G., et al., Effect of hydroxypropyl B-cyclodextrin on the
self-assembling and thermogelation properties of Poloxamer 407.
European journal of pharmaceutical sciences, 2007. 32(2): p. 115-122.
Muankaew, C., et al., Effect of y-cyclodextrin on solubilization and
complexation of irbesartan: influence of pH and excipients.
International journal of pharmaceutics, 2014. 474(1-2): p. 80-90.
Dumortier, G., et al., A review of poloxamer 407 pharmaceutical and
pharmacological characteristics. Pharmaceutical research, 2006.
23(12): p. 2709-2728.

Qin, J., et al., Self-assembly of B-cyclodextrin and pluronic into hollow
nanospheres in aqueous solution. Journal of Colloid and Interface
Science, 2010. 350(2): p. 447-452.

Klyamkin, A., I. Topchieva, and V. Zubov, Monomolecular films of
pluronic-cyclodextrin inclusion complexes at the water-gas interface.
Colloid and polymer science, 1995. 273(6): p. 520-523.

Gaitano, G.G., W. Brown, and G. Tardajos, Inclusion complexes
between cyclodextrins and triblock copolymers in aqueous solution: a
dynamic and static light-scattering study. The Journal of Physical
Chemistry B, 1997. 101(5): p. 710-719.

Franco, M.K., et al.,, Budesonide-Hydroxypropyl-B-Cyclodextrin
Inclusion  Complex in  Poloxamer 407 and Poloxamer
407/403Systems-A Structural Study by Small Angle X-Ray Scattering
(SAXS). Biomedical Journal of Scientific & Technical Research, 2018.
10(5): p. 8046-8050.

Valero, M. and C.A. Dreiss, Growth, Shrinking, and Breaking of
Pluronic Micelles in the Presence of Drugs and/or B-Cyclodextrin, a
Study by Small-Angle Neutron Scattering and Fluorescence
Spectroscopy. Langmuir, 2010. 26(13): p. 10561-10571.

He, C., SW. Kim, and D.S. Lee, In situ gelling stimuli-sensitive block
copolymer hydrogels for drug delivery. Journal of Controlled Release,
2008. 127(3): p. 189-207.

Do, T.T., R. Van Hooghten, and G. Van den Mooter, A study of the
aggregation of cyclodextrins: Determination of the critical aggregation
concentration, size of aggregates and thermodynamics using
isodesmic and K2—K models. International journal of pharmaceutics,
2017. 521(1-2): p. 318-326.

Schneider, H.J., et al., NMR Studies of Cyclodextrins and Cyclodextrin
Complexes. Chem Rev, 1998. 98(5): p. 1755-1786.

Goswami, S. and M. Sarkar, Fluorescence, FTIR and 1H NMR studies
of the inclusion complexes of the painkiller lornoxicam with B-, y-
cyclodextrins and their hydroxy propyl derivatives in aqueous solutions



181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

at different pHs and in the solid state. New Journal of Chemistry, 2018.
42(18): p. 15146-15156.

Yuan, C., Z. Jin, and X. Xu, Inclusion complex of astaxanthin with
hydroxypropyl-B-cyclodextrin: UV, FTIR, 1H NMR and molecular
modeling studies. Carbohydrate Polymers, 2012. 89(2): p. 492-496.
Thi, T.D., et al., Comparison between 2-hydroxypropyl-3-cyclodextrin
and 2-hydroxypropyl-y-cyclodextrin for inclusion complex formation
with danazol. Journal of Inclusion Phenomena and Macrocyclic
Chemistry, 2011. 71(1): p. 137-147.

de Jesus, M.B., et al., Non-inclusion complexes between riboflavin and
cyclodextrins. Journal of Pharmacy and Pharmacology, 2012. 64(6):
p. 832-842.

Pessine, F.B., A. Calderini, and G.L. Alexandrino, Cyclodextrin
inclusion complexes probed by NMR techniques. Magnetic resonance
spectroscopy, 2012. 3: p. 264.

Saha, S., et al., Study to explore the mechanism to form inclusion
complexes of B-cyclodextrin with vitamin molecules. Scientific reports,
2016. 6(1): p. 1-12.

Thi, T.D., et al., Comparison of the Complexation between
Methylprednisolone and Different Cyclodextrins in Solution by
<sup>1</sup>H-NMR and Molecular Modeling Studies. Journal of
Pharmaceutical Sciences, 2010. 99(9): p. 3863-3873.

Bekiroglu, S., et al., Ab initio and NMR studies on the effect of
hydration on the chemical shift of hydroxy protons in carbohydrates
using disaccharides and water/methanol/ethers as model systems.
Org Biomol Chem, 2004. 2(2): p. 200-5.

Djedaini, F., et al.,, High-Field Nuclear Magnetic Resonance
Techniques for the Investigation of a [B-Cyclodextrin:Indomethacin
Inclusion Complex. Journal of Pharmaceutical Sciences, 1990. 79(7):
p. 643-646.

Ribeiro, L., et al., Multicomponent complex formation between
vinpocetine, cyclodextrins, tartaric acid and water-soluble polymers
monitored by NMR and solubility studies. European Journal of
Pharmaceutical Sciences, 2005. 24(1): p. 1-13.

Zhao, R., T. Tan, and C. Sandstrém, NMR studies on puerarin and its
interaction with beta-cyclodextrin. Journal of biological physics, 2011.
37(4): p. 387-400.

Narayanan, G., et al.,, Analytical techniques for characterizing
cyclodextrins and their inclusion complexes with large and small
molecular weight guest molecules. Polymer Testing, 2017. 62: p. 402-
439.

Couto, A.R.S., et al., Interaction of native cyclodextrins and their
hydroxypropylated derivatives with parabens in aqueous solutions.
Part 1: evaluation of inclusion complexes. Journal of Inclusion
Phenomena and Macrocyclic Chemistry, 2019. 93: p. 309-321.
Yadav, V.R,, et al., Effect of cyclodextrin complexation of curcumin on
its solubility and antiangiogenic and anti-inflammatory activity in rat
colitis model. AAPS PharmSciTech, 2009. 10(3): p. 752-762.

87



194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

88

Cirri, M., et al., Solid-state characterization of glyburide-cyclodextrin
co-ground products. Journal of thermal analysis and calorimetry, 2004.
77(2): p. 413-422.

Jansook, P., et al., yCD/HPyCD mixtures as solubilizer: solid-state
characterization and sample dexamethasone eye drop suspension. J
Pharm Pharm Sci, 2010. 13(3): p. 336-50.

Muankaew, C., et al., Cyclodextrin-based telmisartan ophthalmic
suspension: Formulation development for water-insoluble drugs. Int J
Pharm, 2016. 507(1-2): p. 21-31.

Di Cagno, M.P. and A. Bauer-Brandl, Assembly for assessing drug
permeability with adjustable biomimetic properties. 2019, Google
Patents.

di Cagno, M., H.A. Bibi, and A. Bauer-Brandl, New biomimetic barrier
Permeapad™ for efficient investigation of passive permeability of
drugs. Eur J Pharm Sci, 2015. 73: p. 29-34.

Ali, H.S.M., et al., Solubility of Budesonide, Hydrocortisone, and
Prednisolone in Ethanol + Water Mixtures at 298.2 K. Journal of
Chemical & Engineering Data, 2010. 55(1): p. 578-582.

Bondi, C.A., et al., Human and Environmental Toxicity of Sodium
Lauryl Sulfate (SLS): Evidence for Safe Use in Household Cleaning
Products. Environmental health insights, 2015. 9: p. 27-32.

Angelova, A., C. Ringard-Lefebvre, and A. Baszkin, Drug-
Cyclodextrin Association Constants Determined by Surface Tension
and Surface Pressure Measurements: Il. Sequestration of Water
Insoluble Drugs from the Air—Water Interface: Retinol-3 Cyclodextrin
System. Journal of colloid and interface science, 1999. 212(2): p. 280-
285.

Loftsson, T., M. Masson, and H.H. Sigurdsson, Cyclodextrins and drug
permeability through semi-permeable cellophane membranes.
International Journal of Pharmaceutics, 2002. 232(1): p. 35-43.
SUGIBAYASHI, K., M. NEMOTO, and Y. MORIMOTO, Effect of
several penetration enhancers on the percutaneous absorption of
indomethacin in hairless rats. Chemical and pharmaceutical bulletin,
1988. 36(4): p. 1519-1528.

Sakdiset, P., et al.,, High-throughput screening of potential skin
penetration-enhancers using stratum corneum lipid liposomes:
preliminary evaluation for different concentrations of ethanol. Journal
of pharmaceutics, 2017. 2017.

Bibi, H.A., et al., Permeapad™ for investigation of passive drug
permeability: the effect of surfactants, co-solvents and simulated
intestinal fluids (FaSSIF and FeSSIF). International journal of
pharmaceutics, 2015. 493(1-2): p. 192-197.

Sulek, M\W., T. Wasilewski, and K.J. Kurzydtowski, The Effect of
Concentration on Lubricating Properties of Aqueous Solutions of
Sodium Lauryl Sulfate and Ethoxylated Sodium Lauryl Sulfate.
Tribology Letters, 2010. 40(3): p. 337-345.



207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

Loftsson, T., P. Saokham, and A.R. S& Couto, Self-association of
cyclodextrins and cyclodextrin complexes in aqueous solutions.
International Journal of Pharmaceutics, 2019. 560: p. 228-234.
Loftsson, T., Cyclodextrins in Parenteral Formulations. Journal of
Pharmaceutical Sciences, 2021. 110(2): p. 654-664.

Rosenbaum, A.l, et al.,, Endocytosis of beta-cyclodextrins is
responsible for cholesterol reduction in Niemann-Pick type C mutant
cells. Proceedings of the National Academy of Sciences, 2010.
107(12): p. 5477-5482.

Réti-Nagy, K., et al., Endocytosis of fluorescent cyclodextrins by
intestinal Caco-2 cells and its role in paclitaxel drug delivery.
International Journal of Pharmaceutics, 2015. 496(2): p. 509-517.
Szente, L. and J. Szejtli, Highly soluble cyclodextrin derivatives:
chemistry, properties, and trends in development. Advanced Drug
Delivery Reviews, 1999. 36(1): p. 17-28.

Rezanka, M., Synthesis of substituted cyclodextrins. Environmental
Chemistry Letters, 2019. 17(1): p. 49-63.

Weisse, S., et al., Enhancement of vitamin A skin absorption by
cyclodextrins. Journal of Drug Delivery Science and Technology,
2004. 14(1): p. 77-86.

Matsuda, H. and H. Arima, Cyclodextrins in transdermal and rectal
delivery. Advanced Drug Delivery Reviews, 1999. 36(1): p. 81-99.
Haimhoffer, A., et al., Cyclodextrins in Drug Delivery Systems and
Their Effects on Biological Barriers. Scientia Pharmaceutica, 2019.
87(4): p. 33.

Kilsdonk, E.P.C., et al., Cellular Cholesterol Efflux Mediated by
Cyclodextrins *. Journal of Biological Chemistry, 1995. 270(29): p.
17250-17256.

Krause, M.R. and S.L. Regen, The Structural Role of Cholesterol in
Cell Membranes: From Condensed Bilayers to Lipid Rafts. Accounts
of Chemical Research, 2014. 47(12): p. 3512-3521.

Irie, T., et al., Enhancing effects of cyclodextrins on nasal absorption
of insulin in rats. International Journal of Pharmaceutics, 1992. 84(2):
p. 129-139.

Yancey, P.G., et al., Cellular Cholesterol Efflux Mediated by
Cyclodextrins: DEMONSTRATION OF KINETIC POOLS AND
MECHANISM OF EFFLUX™ Journal of Biological Chemistry, 1996.
271(27): p. 16026-16034.

Lakk, M., et al., Cholesterol regulates polymodal sensory transduction
in Miiller glia. Glia, 2017. 65(12): p. 2038-2050.

Matilainen, L., et al., In vitro toxicity and permeation of cyclodextrins in
Calu-3 cells. Journal of Controlled Release, 2008. 126(1): p. 10-16.
Cserhati, T. and J. Szejtli, Surfactant activity of methylated b-
cyclodextrins. Tenside Surfactants Detergents, 1985. 22(5): p. 237-
238.

Azarbayjani, A.F., et al., Surface tension and wettability in transdermal
delivery: a study on the in-vitro permeation of haloperidol with

89



224.

225.

226.

227.

228.

90

cyclodextrin across human epidermis. Journal of Pharmacy and
Pharmacology, 2010. 62(6): p. 770-778.

Boulmedarat, L., et al., Evaluation of Buccal Methyl-3-Cyclodextrin
Toxicity on Human Oral Epithelial Cell Culture Model. Journal of
Pharmaceutical Sciences, 2005. 94(6): p. 1300-1309.

Mauch, D.H., et al., CNS synaptogenesis promoted by glia-derived
cholesterol. Science, 2001. 294(5545): p. 1354-1357.

Fliesler, S.J., et al., Partial Rescue of Retinal Function and Sterol
Steady-State in a Rat Model of Smith-Lemli-Opitz Syndrome. Pediatric
Research, 2007. 61(3): p. 273-278.

Ramachandra Rao, S. and S.J. Fliesler, Cholesterol homeostasis in
the vertebrate retina: biology and pathobiology. Journal of Lipid
Research, 2021. 62: p. 100057.

Varadi, J., et al., Pharmacokinetic Properties of Fluorescently Labelled
Hydroxypropyl-Beta-Cyclodextrin. Biomolecules, 2019. 9(10): p. 509.



